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Functional Studies of Alzheimer’s Disease Tau Protein

Qun Lu and John G. Wood
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In vitro assays were used to monitor and compare the kinetic
behavior of bovine tubulin polymerization enhanced by tau
proteins isolated from Alzheimer’s disease (AD) and nonde-
mented (ND) age-matched control brains. Tau from AD cases
induced slower polymerization and a steady state turbidity
value approximately 50% of that stimulated by tau from con-
trol cases. Tau from the most severe AD case was least
effective at promoting polymerization. Dark-field light mi-
croscopy of the control samples revealed abundant micro-
tubule formation and many microtubule bundles. Microtubule
assembly was observed in AD samples as well, but bundling
was not obvious. These results were confirmed by negative-
stain electron microscopy. Morphological analysis showed
that AD tau-induced microtubules were longer than control
microtubules. Furthermore, our initial results suggest that
the reduction of AD tau activity is correlated with neurofi-
brillary pathology in AD brains. Earlier reports indicated that
AD tau is modified by phosphorylation (Grundke-igbal et al.,
1986; Wood et al., 1986; Igbal et al., 1989; Brion etal., 1991a,b;
Lee et al., 1991). Our results support the hypothesis that tau
modification compromises its function by altering its ability
to nucleate and bundle microtubules.

[Key words: Alzheimer’s disease, tau protein, microtubule
assembly, functional alteration, kinetic assay, light and elec-
tron microscopy|]

Microtubules are the fundamental organelle for fast axonal
transport, which is essential for the renewal of axons and mem-
branes in the nerve terminal. Defective microtubule assembly
and stabilization in neurons, therefore, could lead to impaired
axonal transport and abnormal synaptic transmission. The sta-
bility of microtubules in neurons can be achieved in a number
of ways, including tubulin posttranslational modification and
the regulation of microtubule-associated proteins (MAPs) of
either the high-molecular-weight MAPs or the low-molecular-
weight tau proteins (for review, see Matus, 1988; Mitchison and
Kirschner, 1988).

Tau proteins are a heat-stable family of developmentally reg-
ulated phosphoproteins that are generated by alternative splic-
ing of a single gene (Drubin et al., 1984; Lee et al., 1988; Himm-
ler, 1989; Kosik et al., 1989). In vitro, tau stimulates the assembly
of microtubules at tubulin concentrations well below the critical
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concentration at which pure tubulin assembles (Weingarten et
al., 1975; Cleveland et al., 1977). In cultured fibroblasts, which
do not contain endogenous tau, microinjected tau can incor-
porate into microtubules and stabilize them against depoly-
merization conditions (Drubin and Kirschner, 1986; Lu and
Wood, 1991b).

In brain, tau is largely localized in axons (Binder et al., 1985;
Brion et al., 1988). However, in AD brain tau becomes an
integral part of paired helical filaments (PHFs) in neurofibrillary
tangles of neuronal cell bodies as well as dystrophic neurites
associated with neuritic plaques (Brion et al., 1985; Grundke-
Igbal et al., 1986, 1988; Kosik et al., 1986; Wood et al., 1986).
This dislocation is accompanied by abnormal phosphorylation
(Grundke-Igbal et al., 1986; Wood et al., 1986; Igbal et al.,
1989; Brion et al., 1991a; Lee et al., 1991). Recently, it was
found that A68, a putative AD-specific protein (Wolozin et al.,
1986), is an abnormally phosphorylated tau and is the only
component of a class of PHFs (Lee et al., 1991). The tubulins,
the main building block of microtubules from AD brain, are
functionally competent to reassemble and form microtubules
in vitro, but microtubule assembly from AD brain homogenates
is not observed (Igbal et al., 1986). Thus, modification of tau
may be responsible for the defective microtubule assembly, as
phosphorylated bovine tau was found to be less efficient in
promoting tubulin polymerization than dephosphorylated tau
(Lindwall and Cole, 1984). Although it is reasonable to hy-
pothesize that the alteration of tau distribution and chemistry
contributes to the disruption of neuronal microtubule integrity
and the formation of AD pathology, it has not been established
whether AD tau, before it transforms into PHFs, is still func-
tional. In this study, we used in vitro assays including kinetic
analysis and subsequent dark-field light microscopy and electron
microscopy to address the questions whether AD tau in soluble
form is functionally competent to promote microtubule for-
mation and whether the microtubules thus formed express dis-
tinct behavior and morphology when compared with that stim-
ulated by ND tau. The results show that AD tau can stimulate
microtubule assembly but with slower kinetics and different
microtubule morphology, which supports the hypothesis that
abnormal tau is involved in modification of the neuronal mi-
crotubule system and AD pathogenesis.

Materials and Methods

Protein purification. Bovine tubulin was isolated through temperature-
dependent microtubule polymerization—depolymerization cycles and
further purified by DEAE-Sephacel ion exchange column chromatog-
raphy (Detrich, 1986). Tau was isolated using a modified method (Pol-
lock and Wood, 1988) of perchloric acid extraction of heat-stable frac-
tions (HSF) by Baudier et al. (1987). Fresh half AD or ND brains with
average postmortem times of 7 hr were homogenized in cold 20 mm
2-[N-morpholinoJethanesulfonic acid (MES) buffer, pH 6.85 with 2 mm



ethylene glycol bis(8-aminoethyl) ether-N,N,N’, N'-tetra-acetic acid
(EGTA), 1 mm MgSO,, 0.75 m NaCl, and 1 mm S-mercaptoethanol.
Protease inhibitors leupeptin (10 ug/ml), pepstatin A (10 pg/ml), apro-
tinin (125 KIU/ml; KIU = Kallikrein inhibitory unit), and 2 mm phen-
ylmethylsulfonyl fluoride (PMSF) were added fresh to the buffer before
homogenization. The 75,000 x g supernatant of brain homogenates
was boiled at 95°C for 5 min in the same buffer with 0.75 m NaCl and
2 mm pr-dithiothreitol (DTT) to generate HSF. Proteins other than tau
were precipitated by perchloric acid treatment and removed by cen-
trifugation. Tau was also separated from high-molecular-weight micro-
tubule-associated protein MAP-2 by molecular sieve chromatography
of the HSF on a Bio-Gel A 1.5 M column. Tau protein used for kinetic
experiments was concentrated using an ultrafiltration unit (Amicon Corp.,
Danvers, MA) to 3-5 mg/ml and centrifuged at 45,000 x g for 20 min
to remove aggregates before experiments. Protein concentrations were
determined using a Bio-Rad protein assay based on the Bradford method
(1976). Western blot analysis was performed as described previously
(Wood et al., 1986). Quantitative analysis of the bands and the ratio of
tau to tau fragments was performed using a Bio-Rad 620 video densi-
tometer.

Pathology. Hippocampal slices from AD and ND brains were fixed
in fresh PLP (paraformaldehyde, lysine, sodium periodate, and NaCl)
mixture of McLean and Nakane (1974). Vibratome sections, 50 um, of
hippocampus were stained using a modified Sevier-Munger silver im-
pregnation method (Sevier and Munger, 1965). The occurrences of tan-
gles and plaques were counted primarily in CAl and CA4 subdivision
of hippocampi at 200 x under the Zeiss Axiovert 35 light microscope.
The densities of tangles and plaques were determined by averaging the
data from total area of 2.1-10.8 mm? with statistical analysis performed
using CRICKET GRAPH software on the Apple Macintosh Ilci computer.

Kinetic analysis. DEAE-Sephacel tubulin was mixed with AD or ND
tau at 4°C, and polymerization was initiated in 0.1 m piperazine-N,N'*-
bis[2-ethanesulfonic acid] (PIPES) with 2 mm EGTA and 1 mm MgSO,,
pH 6.72, by adding 1 mm guanosine 5'-triphosphate (GTP) and raising
the temperature to 37°C. The kinetic behavior was monitored by re-
cording turbidity changes at 350 nm o.d. using a Beckman DU-64 UV
spectrophotometer with a Kinetics Soft-Pac® module and temperature
controller.

Light and electron microscopy. After the kinetic measurements were
completed, aliquots were taken from cuvettes for dark-field light mi-
croscopic examination. In addition, 5 pl aliquots were dropped onto
Formvar-coated grids and negatively stained with 2% uranyl acetate for
electron microscopy. Some samples were fixed in 0.2% glutaraldehyde
prior to electron microscopic (EM) examination. For thin-section elec-
tron microscopy, aliquots were centrifuged at 45,000 x g for 30 min
at 32°C to pellet microtubules. These samples were then fixed in 0.2%
glutaraldehyde, postfixed in 1% OsQ,, and embedded for thin sectioning.
Sections were examined and photographed using a Jeol 100 CX II
transmission electron microscope.

Microtubule length determination. Microtubule numbers and lengths
were determined first using thin-section electron microscopy. The ratio
of long microtubules versus short microtubules (LMT/SMT) was de-
termined on photographic prints. The numbers shown are averaged
values + SEM. Long microtubules were arbitrarily defined as micro-
tubules longer than 0.5 ym. In more recent studies, to obtain more
global views of the microtubule population, microtubule lengths were
measured on the photographs taken under dark-field light microscopy.
In this case, single microtubules were counted and thick bundles of
microtubules were omitted because it was not possible to determine the
number and length of individual microtubules in the bundles. A mi-
crotubule length distribution was generated and statistical analysis per-
formed using crICKET GRAPH and CANVAs® software on the Apple
Macintosh II ci computer.

Results

Differential kinetic activity of AD and ND tau to induce
microtubule assembly

To study whether AD tau is capable of stimulating microtubule
assembly, it is necessary to use purified tubulin and tau in the
assembly assays. Fresh bovine brain microtubules were ob-
tained through temperature-dependent polymerization—depo-
lymerization cycles, and tubulin was further purified by DEAE-
Sephacel ion exchange column chromatography. Figure 1 shows
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Figure 1. Western Blots of the proteins isolated for in vitro assays. A,
Bovine tubulin immunostained with monoclonal anti-« tubulin DM1A;
B, isolated human tau immunoblotted with mAb Tau-1. Gel lanes were
loaded with 4.2 pg total protein. Molecular weight standards are indi-
cated on the right (arrowheads); from top to bottom: 205 kDa, 116 kDa,
66 kDa, 45 kDa, and 36 kDa.

Western blots of typical samples of bovine tubulin and human
tau used for kinetic analysis. The bovine tubulin was devoid of
microtubule-associated proteins as judged by Coomassie blue—
stained gels (data not shown). AD and ND tau were isolated
based on the heat-stable and perchloric acid—soluble properties
of tau proteins. Human tau proteins isolated by our method
contained the major isoforms at 55-70 kDa MW with some
degradation products. These bands were reactive with Tau-1
monoclonal anti-tau (a gift generously provided by Dr. L. Binder
at the University of Alabama, Birmingham) and polyclonal anti-
tau (Sigma, St. Louis, MO). MAP-2 was not detected on Coo-
massie blue-stained gels or on Western blots (data not shown).
Densitometry was employed to compare the amount of tau
isoforms and their proteolytic fragments among cases and we
found no significant differences by statistical analysis (¢ test, p
> 0.01, n=4).

Above the critical concentration, tubulin can self-polymerize
invitroin an appropriate buffer with addition of GTP and raising
the temperature to 37°C (Weingarten et al., 1975). When mi-
crotubules are formed, they scatter light and the solution be-
comes viscous. The light scattering can be measured quantita-
tively by recording the turbidity changes at 350 nm o.d. When
ND tau and AD tau are mixed with DEAE-Sephacel tubulin
and polymerization is initiated as described above, a micro-
tubule assembly kinetics recording is obtained (Fig. 24). This
figure compares one case pair of AD and ND tau for their ability
to stimulate microtubule assembly, and it shows that AD tau
can induce tubulin polymerization but at a slower rate and less
effectively than ND tau. In fact, the level of polymerization at
steady state for the AD sample was only 68% of that for the
ND control. Figure 2B summarizes kinetic experiments testing
a total of eight cases (five AD samples and three ND controls)
for their tau activities. Again, AD tau appeared to be able to
induce tubulin to polymerize when compared with tubulin self-



510 Lu and Wood » Functional Studies of Aizheimer's Tau Protein

0.8r —o— NDtau
—a— AD tau

Figure 2. Turbidimetric assay illus-
trating the kinetic behavior of bovine
tubulin polymerization induced by AD
tau and age-matched ND control tau.
A, One pair of AD and ND tau was
tested for their activity to promote mi-
crotubule assembly monitored by tur-
bidity changes at 0.d. 350 nm. Squares,
ND tau activity; triangles, AD tau ac-
tivity. [tubulin], 2.99 mg/ml; [tau], 0.2
mg/ml. B, Summary of the tau activity
for eight AD and ND cases. Open
squares, ND tau activity and each point
is an average value from three cases;
solid squares, AD tau activity and each
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point is an average value from five cases; \ \
triangles, tubulin self assembly and each 0'00 10 20
point represents two independent ex-
periments.

polymerization. However, their activities were greatly reduced
to an average value for all cases of 50.57% of that for ND
controls. These results suggested that the AD tau ability to in-
duce microtubule assembly in vitro was altered quantitatively
but not qualitatively.

Microtubule morphology and behavior

Although recording of turbidity changes enables us to measure
quantitatively and therefore differentiate AD tau and ND tau
for their abilities to induce tubulin polymerization, alternative
assays are required to demonstrate microtubule formation and
structure. In earlier studies, microtubules were pelleted by cen-
trifugation after the kinetic measurement was completed and
then prepared for thin-section electron microscopy. Figure 3
shows that both ND and AD tau were able to induce microtubule
formation. The ultrastructure of the individual microtubules
from ND control and AD samples appeared similar. However,
large numbers of microtubules in ND controls were of relatively
short size (Fig. 3B), while self-assembled microtubules were
significantly longer (Fig. 34). When the ratio of long microtu-
bules to short microtubules (LMT:SMT) was correlated with
the amplitude of assembly (represented as the percentage change
of turbidity at the steady state of tubulin polymerization; for
ND tau, the activity was assigned as 100% turbidity change in
each paired experiment), the ND tau control had a very low
LMT:SMT ratio (Fig. 44). Interestingly, AD tau-induced mi-
crotubule populations showed an LMT:SMT between ND con-
trols and self-assembly (Figs. 3C, 44), which agrees with the
kinetic data. This observation is consistent with other work
showing that under steady state conditions of assembly, MAP-
depleted microtubules were longer than MAP-rich microtubules
(Farrell et al., 1987).

To obtain a more global view of microtubule populations,
dark-field light microscopy was employed to compare the length
distribution of microtubules assembled in the presence of AD
or ND tau. When aliquots taken from the cuvettes where tubulin
polymerization had reached steady state were examined, nu-
merous microtubules were observed in both ND controls and
AD samples (Fig. 5). However, calculation of microtubule length
distribution indicated that ND controls had more, but shorter,
microtubules than AD samples (Fig. 6). Five cases in two paired
experiments were studied for microtubule length distribution,
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and the mean microtubule lengths were 2.04 = 0.17 um for ND
microtubules versus 3.58 =+ 0.41 um for AD microtubules. Thus,
microtubule length analysis from both EM and dark-field light
microscopic data demonstrated a correlation of higher ampli-
tude of assembly to shorter microtubule lengths (Fig. 4). A rea-
sonable interpretation of these results is that when there are
finite tubulin molecules available for polymerization, a greater
number of microtubule seeds are formed and stabilized in the
presence of more assembly-competent ND tau molecules so that
at steady state there are more microtubules of shorter size.
Dark-field light microscopy revealed another interesting dif-
ference between AD and ND tau-induced microtubule forma-
tion. Extensive bundling or grouping of microtubules was ob-
served in ND controls (Fig. 54,C), but this was rarely seen in
AD samples (Fig. 5B,D). Negative-stain electron microscopy
confirmed the bundling in ND controls, and also confirmed
minimal microtubule bundling in AD samples (Fig. 74,B).

Tau activity in vitro is correlated with Alzheimer pathology

We then examined the relationship between the reduction of
AD tau activity and the severity of the disease. The presence
of neurofibrillary tangles and neuritic plaques in the hippocam-
pus, the amygdala, and frontal and temporal cortices is the
hallmark pathology in AD and is correlated with the degree of
dementia (Rewcastle, 1991). We selected hippocampus to mea-
sure tangle and plaque densities in 7-10 areas each of ~0.3
mm?, The average value was compared against the amplitude
of microtubule assembly obtained as described earlier. Table 1
shows the correlation of tangle and plaque density with the
amplitude of microtubule assembly. The ability of tau protein
to stimulate microtubule assembly was correlated with the tangle
density such that a greater number of tangles was reflected in
lower tau activity.

Discussion

In this article we have demonstrated that AD and ND tau exhibit
differential abilities to stimulate microtubule assembly, and ND
tau-induced microtubules are both shorter and more bundled
than those induced by AD tau. Furthermore, initial comparisons
suggest that the reduction of AD tau activity is correlated with
an increase in neurofibrillary tangle density in AD brain hip-
pocampus. The results predict consequences for microtubule



Figure 3. Thin-section electron micrographs of the assembled micro-
tubules. A, Self-polymerized microtubules. B, ND tau-induced micro-
tubule formation. C, AD tau-induced microtubule formation. Self-poly-
merized microtubules are long. Note that the ultrastructure of ND and
AD microtubules appeared similar; however, the majority of ND mi-
crotubules are of relatively short size while the AD microtubule fraction
contains both long and short microtubules. Scale bar, 0.3 pm.

stability, axonal transport functions, and potential mechanisms
for PHF formation in AD brain.

The assembly data show that the AD tau function of pro-
moting microtubule assembly is compromised compared to ND
tau. A likely consequence is that the microtubule system in
disease-affected neurons would be defective. This prediction is
supported by studies of Igbal et al. (1986). They showed that
microtubule reassembly from AD brain homogenates was not
observed, whereas neurofilaments could be reassembled. They
further showed that tubulins from AD brains were competent
to form microtubules with the addition of DEAE-Dextran. Nie-
to et al. (1990) showed that HSFs, prepared from AD brains
and incubated with purified porcine tubulin, generated protein
aggregates and that microtubules were rarely observed. Nieto et
al. (1991) further demonstrated that the binding to microtubules

The Journal of Neuroscience, February 1993, 13(2) 511

o
o

LMT/SMT
2
=

3R SA 8% AD 40% AD 100% ND
Amplitude of MT Assembly

B

w

MT Mean Length (um)
38 ]

o

28 SA 10R AD 52% AD 100% ND
Amplitude of MT Assembly

Figure 4. Histograms showing the relationship between microtubule
(MT) length and amplitude of microtubule assembly. A, Microtubule
length ratio correlated with amplitude of microtubule assembly. LMT/
SMT, the ratio of long microtubule number to short microtubule num-
ber. Long microtubules are arbitrarily defined as longer than ~0.5 pm.
The microtubule numbers and lengths were determined on electron
micrograph prints. B, Mean of microtubule length correlated with am-
plitude of microtubule assembly. The microtubule lengths were mea-
sured on dark-field light micrograph prints. All the data shown here are
averaged value = SEM. The amplitude of assembly is represented as
the percentage change of turbidity at steady state of tubulin polymer-
ization, and the amplitude of assembly for ND tau activity is assigned
to 100% for each paired experiment. The LMT:SMT for self-assembled
microtubules (SA) is assigned as 1.

of tau-related fragments isolated from PHFs was reduced. The
prediction is further supported by the observations of Ellisman
et al. (1987), who used three-dimensional reconstruction from
serial sections of biopsy tissue to show a paucity of microtubules
in the cytoplasm of tangle-bearing neurons. In the present study,
we provide evidence that directly points to AD tau as the cause
of the defective microtubule system in AD brain. This conclu-
sion is strengthened by our use of a defined in vitro system that
used only purified bovine tubulin and AD or ND tau proteins.

The reduced ability of AD tau to stimulate microtubule as-
sembly and the subsequent paucity of microtubules in affected
neurons would have direct consequences for the cell. Axons
require microtubule-based fast axonal transport for renewal of
membrane components. The efficient operation of this system
requires a relatively stable population of microtubules. The un-
stable population predicted from our results and those of other
groups would directly and adversely affect axonal transport pro-
cesses. Over time and with significant diminution in microtu-
bule number, the neuron would reach a state of inability to
maintain distal axonal processes. The cell would degenerate



Figure 5. Assembled microtubule populations visualized by dark-field light microscopy. 4 and C show the morphology of assembled microtubule
population induced by ND tau. Note that in A4 there are both single microtubules and microtubule bundles (arrowheads). In C, there are many
short microtubules grouped together (arrowheads) with some long microtubules. B and D show the morphology of assembled microtubules induced
by AD tau. Note that in B and D there are many microtubules (arrowheads) but microtubule bundles similar to 4 and C are not seen. Scale bar,
10 pm.

10 30
o | A Mean= 3.91¢ 0.23 um - |B Mean= 1.64% 0.11 um
ogt s
2 -
2o =
o o
| | .
24t s
= b
52t s
" "

0

0 4 5 6 7 8 4 5 6 7 8 9 10

Length (um) Length (um)

20 10
o |C Mean=229:035wm | o |D Mean= 3.27 ¢ 0.43 um
El! 5 9]
= a
= 3 6l
o °
‘610 s C
— |5
5 F 4
° 5 2l
b "

0 0

o 1 2 3 4 5 6 7 8 9 10 0 2 3 4 5 6 7 8 9 10
Length (um) Length (um)

Figure 6. Histograms showing examples of length distribution of microtubules measured from dark-field light microscopy at steady states. 4, Self-
assembled microtubules. B, ND tau-induced microtubules. C and D, AD tau-induced microtubules.



Figure 7. Ultrastructure of assembled microtubules visualized by elec-
tron microscopy with negative staining. 4, ND tau-induced microtu-
bules showing distinct bundling; B, AD tau-induced microtubules. Note
that the microtubule bundling is not obvious although there are possible
associations between adjacent microtubules (arrowhead). Scale bar, 0.5
uIm.

those processes, thus severing the functional connection of the
disease-affected neuron to its ensemble of neurons forming a
circuit involved in mediating cognitive function and behavior.

The observation that soluble tau not yet incorporated into
soluble or insoluble PHFs has compromised ability to assemble
microtubules has implications for AD pathogenesis. Neurofi-
brillary tangles from AD brains are highly insoluble even in
strong detergents such as SDS. Greenberg and Davies (1990)
isolated a distinct group of PHFs soluble in SDS buffer and
sharing similarities with tau proteins. Lee et al. (1991) directly
demonstrated that A68, a putative AD-specific protein (Wolozin
et al., 1986), is a modified form of normal tau and is the major
(or only) component of a group of SDS-soluble PHFs. At pres-
ent, we do not know how normal tau, which is soluble in aqueous
solution, transforms into SDS-insoluble PHFs, but the presence
of several intermediates, including the tau reported in this ar-
ticle, suggests a sequence of tau modifications. However, Bram-
blett et al. (1992) suggested that soluble tau in AD brain may
be transformed to A68 rapidly without involvement of an in-
termediate stage. We have previously demonstrated that the
soluble tau isolated by our methods is modified by phosphor-
ylation at the site recognized by the Tau-1 antibody (Pollock
and Wood, 1988). Lee et al. (1991) have shown that their SDS-
soluble PHF tau is modified by phosphorylation on at least two
acceptor sites. Thus, a plausible model for PHF formation would
include a series of phosphorylation events at several aberrant
acceptor sites (Grundke-Igbal et al., 1986; Wood et al., 1986;
Igbal et al., 1989; Brion et al., 1991a; Kopke-Secundo et al.,
1991; Lee et al., 1991). It may be of interest that the soluble
tau we are studying is apparently an early modified form, yetis
already deficient in its functional ability to assemble microtu-
bules. This property likely affects microtubule function as elab-
orated above, but other offshoots are possible as well. One par-
ticularly meaningful possibility is that AD tau proteins, deprived
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Table 1. Relationship between amplitude of microtubule assembly
and Alzheimer cytoskeletal pathology

Ampli-
tude®
(MT as- Clinical
Case Sex/age  Tangles® Plaques® sembly) diagnosis
1 F/55 - — 100 ND
2 M/75 — — 100 ND
3 M/92 - — 100 ND
4 F/77 6 + 0.80 9 +0.77 68 AD
5 F/85 4+ 2.02 37 + 8.13 52 AD
6 M/64 59 + 0.85 22 +0.90 8 AD

= AD cytoskeletal pathology: shown as number of tangles or plaques in hippocampi
per square millimeter + SEM; —, very few/not detected.

& Amplitude of microtubule (MT) assembly is represented as percentage change
of turbidity at the steady state of microtubule assembly; amplitude of MT assembly
for ND tau activity is assigned as 100%.

of their normal interaction with microtubules, may accumulate
as free proteins where they would be available to self-associate
as polymers. Over time and with additional phosphorylation,
these polymers could progressively alter into the final SDS-
insoluble neurofibrillary tangle. It should be noted that the func-
tional deficit in AD tau may be more pronounced than we have
demonstrated. Although we make every effort to ensure that
our starting brain material is selected to allow enrichment in
tau from regions of abundant pathology, our samples undoubt-
edly contain some normal tau from nonaffected neurons. This
would shift the kinetic data toward that observed for the control
samples, so that the significant decrease in functional activity
we observe may actually be greater for the modified tau.

We used dark-field light microscopy and EM to demonstrate
that microtubules assembled in the presence of AD tau were
longer than self-assembled microtubules but shorter than mi-
crotubules assembled by ND tau. This supports the hypothesis
that AD tau function is altered since, at steady state conditions,
MAP-deficient microtubules are generally longer than MAP-
rich microtubules (Farrell et al., 1987).

We also presented evidence that AD tau may be less efficient
at bundling microtubules than ND tau. In addition to its role
in microtubule assembly in vitro(Weingarten et al., 1975; Cleve-
land et al., 1977), tau can bind to and stabilize microtubules in
cultured RAT-1 cells (Drubin and Kirschner, 1986) and CHO
cells (Lu and Wood, 1991b). Transfected cells overexpressing
tau exhibit distinct bundles of microtubules that are highly re-
sistant to microtubule depolymerizing drug treatments (Kanai
et al., 1989; Lewis et al., 1989; Bass et al., 1991; Knops et al.,
1991). The functional consequences of microtubule bundling
induced by tau is presently unclear, but it could play a role in
microtubule stabilization in axons. This is particularly possible
at the initial segment where microtubules are tightly packed
(Peters et al., 1991). We are currently using microinjection pro-
tocols to investigate the properties of AD and ND tau with
respect to microtubule bundling in living cells. Regardless of
the ultimate significance of microtubule bundling to neuronal
function, the present results offer one more property whereby
AD tau is altered in its functional capacity.

Our initial results suggest that the ability of tau to stimulate
microtubule assembly is negatively correlated with the degree
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of cytoskeletal pathology, particularly the neurofibrillary tangle.
Although this is clearly a satisfying trend, additional cases will
be required to illustrate the detailed specifics of this correlation.
In summary, we have shown that a soluble form of AD tau
is less efficient than ND tau at promoting microtubule assembly.
This AD tau is in an early stage of modification that is most
likely an aberrant phosphorylation event at one or more sites.
A predicted consequence supported by available evidence is that
axonal microtubules would be unstable. This in turn would
adversely affect fast axonal transport processes critical to sur-
vival of the neuron. Consistent with the kinetic data, micro-
tubule morphology and behavior are different in the presence
of AD compared to ND tau. An additional functional conse-
quence possible from these observations is that tau not com-
petent to promote assembly may exist as a free monomer that
could self-associate to form polymer. In a stepwise fashion ac-
companied by additional phosphorylation events, the polymer
could be converted into the SDS-insoluble neurofibrillary tangle.
Experiments to address the latter possibility are underway.
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