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Paired helical filaments (PHFs) in the neurofibrillary tangles
(NFTs) in Alzheimer’s disease (AD) brains are composed of
highly phosphorylated isoforms of tau (PHFtau) that fail to bind
microtubules (MTs), and the levels of MT-binding competent tau
are decreased in AD brains with abundant PHFtau. Because
this loss of MT binding could compromise the viability of tangle-
bearing AD neurons by destabilizing MTs, we asked whether
these events could be initiated by inhibiting protein phos-
phatase 1 (PP1) and PP2A in cultured human neurons (NT2N
cells) using okadaic acid (OK) and calyculin-A (CL-A). The
treatment of NT2N cells with OK and CL-A increased tau phos-
phorylation, decreased the binding of tau to MTs, and selec-
tively depolymerized the more stable detyrosinated MTs but not

the more labile tyrosinated MTs. Significantly, this led to the
rapid degeneration of axons, which are enriched in the more
stable detyrosinated MTs, and PP2A was implicated in the
initiation of this cascade of events because PP2A but not PP1
was closely associated with MTs in the NT2N cells. These
studies imply that inactivation of PP2A in vulnerable neurons of
the AD brain may play a mechanistic role in the conversion of
normal tau into PHFtau, in the depolymerization of stable MTs,
and in the degeneration of axons emanating from tangle-
bearing neurons.
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Paired helical filaments (PHFs), the dominant structures in the
neurofibrillary tangles (NFTs) in the Alzheimer’s disease (AD)
brain, are composed of hyperphosphorylated isoforms of tau
known as PHFtau (for recent reviews, see Lee and Trojanowski,
1995; Trojanowski et al., 1996; Goedert et al., 1997). Tau is a
microtubule (MT)-associated protein that binds to and stabilizes
MTs in addition to promoting MT assembly (Weingarten et al.,
1975; Drubin et al., 1986; Goode and Feinstein, 1994). The
binding of tau to MTs is regulated by phosphorylation such that
PHFtau binds poorly to MTs (Lindwall and Cole, 1984; Bram-
blett et al., 1993; Drewes et al., 1995) and binds to MTs only after
enzymatic dephosphorylation (Bramblett et al., 1993). Because
the level of MT-binding competent tau is reduced in regions of
the AD brain with abundant NFTs and PHFtau (Bramblett et al.,
1992), this decrease may lead to the depolymerization of MTs
and may compromise neuronal viability in AD by disrupting
axonal transport (Lee and Trojanowski, 1995; Trojanowski et al.,
1996; Goedert et al., 1997).

Initially, the sites and the extent of the phosphorylation of
PHFtau distinguished PHFtau from autopsy-derived normal
adult brain tau (Lee et al., 1991; Hasegawa et al., 1992; Goedert
et al., 1993, 1994; Morishima-Kawashima et al., 1995). Although

PHFtau could be generated by overactive kinases, studies of
biopsy-derived normal brain tau implicated inactive phosphatases
in the formation of PHFtau (Matsuo et al., 1994). Furthermore,
most of the putative “abnormal” phosphorylation sites in PHFtau
have been shown now to be phosphorylated in rapidly processed
normal rat and human brain tau (Matsuo et al., 1994; Mawal-
Dewan et al., 1994). Thus, PHFtau seems to result from the
excessive phosphorylation of normal phosphate acceptor residues
in tau by overactive kinases and/or by hypoactive phosphatases.
However, it is unknown whether this imbalance of kinase and
phosphatase activities has a direct effect on MT stability in
neurons of the AD brain.

Previous studies have shown that MT functions require a
dynamic equilibrium between polymerized and depolymerized
MTs (Saxton et al., 1984; Schulze et al., 1987; Webster et al.,
1987b). A subset of MTs exhibit long turnover rates (Webster et
al., 1987a) and an increased resistance to MT-depolymerizing
drugs (Khawaja et al., 1988). This more stable pool of MTs
contains detyrosinated a-tubulin (Glu-tubulin) that is generated
posttranslationally by the removal of the Tyr residue from the C
terminus of the more dynamic form of a-tubulin (Tyr-tubulin)
(Gundersen and Bulinski, 1988; Bulinski and Gundersen, 1991).
Significantly, cultured postmitotic sympathetic neurons express
much more Glu-MTs than rapidly dividing Chinese hamster
ovary cells express (50 vs 1–2%; Gundersen et al., 1984; Bass and
Black, 1990), and axons contain a higher percentage of stable
MTs than dendrites (58 vs 25%; Baas et al., 1991). However, the
mechanisms that regulate the dynamic equilibrium between po-
lymerized and depolymerized MTs in neurons are incompletely
understood, and it is unclear how an imbalance of kinases and
phosphatases leads to the formation of PHFtau, perturbs MTs,
and contributes to the degeneration of neurons in AD.
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Using cultured NT2N cells as an in vitro model of human
neurons (Pleasure et al., 1992), we showed that the inhibition of
protein phosphatases such as protein phosphatase 2A (PP2A)
could play a mechanistic role in the conversion of normal tau into
PHFtau, in the disruption of MTs, and in the degeneration of
tangle-bearing neurons in AD.

MATERIALS AND METHODS
Cell culture. The NTera-2 (NT2) cells isolated from a human teratocar-
cinoma-derived embryonal carcinoma cell line (Andrews et al., 1984; Lee
and Andrews, 1986) were grown and maintained as described (Pleasure
et al., 1992). NT2 cells were treated with retinoic acid for 5 weeks to
induce differentiation into postmitotic neuron-like cells (NT2N cells)
and then were replated at a density of 8.0 3 10 6 cells per 100 mm 2 dish
coated with poly-D-lysine (10 mg/ml) and Matrigel (Collaborative Re-
search, Bedford, MA). The NT2N cells were maintained in DMEM HG
with 5% fetal bovine serum (FBS) and with penicillin /streptomycin with
mitotic inhibitors (1 mM cytosine arabinoside, 10 mM fluorodeoxyuridine,
and 10 mM uridine) for 4–6 weeks or until ;95% of the cells acquired the
phenotype of neurons (Pleasure et al., 1992; Pleasure and Lee, 1993).

Phosphatase inhibitors. Phosphatase inhibitors were stored at 270°C in
small aliquots as concentrated stock solutions dissolved in 1% dimethyl-
sulfoxide (DMSO). They included the following aliquots: 500 mM okadaic
acid (OK), 100 mM calyculin A (CL-A), and 500 mM 1-norokadone, an
inactive analog of OK (LC Labs, Woburn, MA). The properties of these
reagents have been described in several previous reports (Bialojan and
Takai, 1988; Cohen et al., 1989, 1990; Ishihara et al., 1989; Gurland and
Gundersen, 1993; Matsuo et al., 1994; Sontag et al., 1995, 1996; Merrick
et al., 1996).

Isolation of tubulin and tau from NT2N cells. Total tubulin was ex-
tracted from NT2N cultures by scraping the cells in ice-cold reassembly
(RA) buffer (0.1 2-[N-morpholino]ethanesulfonic acid, 0.5 mM MgSO4 , 1
mM EGTA, and 2 mM dithiothreitol, pH 6.8) containing a mixture of
protease inhibitors (2 mM phenylmethylsulfonyl fluoride, 20 mM NaF, 0.5
mM sodium orthovanadate, and N-tosyl-L-phenylalanine chloromethyl
ketone, Na-p-tosyl-L-lysine chloromethyl ketone, leupeptin, pepstatin,
and soybean trypsin inhibitor each at 10 mg/ml). After incubation on ice
for 10 min, the cells were sonicated, and the supernatants were collected
after centrifugation at 100,000 3 g for 20 min at 4°C.

Soluble tubulin and insoluble MT polymers were obtained by scraping
the cultures in 1 ml of 37°C MT stabilization buffer, i.e., RA buffer
containing 2 mM GTP and 20 mM taxol to stabilize MTs (Schiff et al.,
1979; Vallee, 1982) plus 0.1% (v/v) Triton X-100, 2 mM dithiothreitol,
and a mixture of protease and phosphatase inhibitors. Taxol was a gift
from Dr. V. Narayanan (Drug Synthesis and Chemistry Branch, Division
of Cancer Treatment, National Cancer Institute). This scraped culture
material was then homogenized in a glass homogenizer and centrifuged
at 100,000 3 g for 20 min at 30°C, generating a supernatant fraction
containing soluble tubulin and a pellet fraction containing MT polymers.

In a similar manner, tau bound to pelleted MTs was separated from
unbound tau that partitioned in the supernatant with soluble tubulin.
Cultures were scraped into MT stabilization buffer, homogenized, and
centrifuged as described above. The supernatant was boiled for 10 min;
the pellet was resuspended in ice-cold RA buffer containing 0.75 M NaCl,
was sonicated to release the bound tau from the MTs, and then was
boiled for 10 min. After both fractions were boiled, the samples were
centrifuged again to generate heat-stable tau-enriched samples that were
then concentrated by centrifugation through Amicon Microcon-10 spin
columns. Finally, fetal human brain tau was used as a control sample in
some of the studies of tau from the NT2N cells, and these fetal tau
proteins were isolated from autopsy-derived prenatal human brains as
described (Bramblett et al., 1992).

Western blot analysis. Protein samples were separated by SDS-PAGE
and then electroblotted onto nitrocellulose membranes for Western blot
studies. Antibody binding was quantified using 125I-labeled goat anti-
mouse IgG for mouse monoclonal antibodies (mAbs) and 125I-labeled
protein A for rabbit polyclonal antisera (Bramblett et al., 1992; Matsuo
et al., 1994; Mawal-Dewan et al., 1994) and then exposing the nitrocel-
lulose membranes to PhosphorImager plates. Quantification was per-
formed with the IMAGEQUANT software provided with the Phospho-
rImager (Molecular Dynamics, Sunnyvale, CA), and these experiments
were repeated at least three times. Protein analysis was performed using
Coomassie blue as a dye reagent with bovine serum albumin as the
standard (Pierce, Rockford, IL). For nonquantitative immunoblotting,

antibody binding was detected with the peroxidase–anti-peroxidase
method using diaminobenzadine as a substrate (Lee et al., 1991) or with
Enhanced Chemiluminescence (DuPont NEN).

Antibodies. The anti-tubulin antibodies used were anti-Glu-tubulin anti-
sera, which was a gift from Drs. C. Bulinski and G. Gundersen (Columbia
University) (Gundersen et al., 1984); the anti-Tyr-tubulin antibody known
as TUB-1A2 (Kreis, 1987) and the anti-acetylated tubulin antibody known
as 6-11b-1 (Piperno and Fuller, 1985; Piperno et al., 1987), which were
purchased from Sigma (St. Louis, MO); the anti-a-tubulin and anti-b-
tubulin mAbs (Blose et al., 1984), which were purchased from Amersham
(Boston, MA); and the anti-Tyr-tubulin antibody known as YL1/2
(Kilmartin et al., 1982), which was purchased from Accurate Chemicals
(Westbury, NY). Two phosphate-independent anti-tau mAbs used were
T14 and T46 (Kosik et al., 1988; Trojanowski et al., 1989), one of which
(T46) recognizes an epitope located at the C terminus of tau that is shared
by the microtubule-associated protein (MAP) known as MAP2c (Kosik et
al., 1988; Ksiezak-Reding et al., 1990). Two phosphate-dependent anti-tau
antibodies that recognize PHFtau also used were the T3P antiserum (Lee
et al., 1991) and the PHF1 mAb, which was kindly provided by Dr. P.
Davies (Albert Einstein College of Medicine) (Greenberg et al., 1992;
Otvos et al., 1994). Other antibodies used here were the mAb AP14
(Geisert et al., 1990), which is specific for MAP2 and was donated by Dr.
L. Binder; the mAb HO14 (Pleasure et al., 1990), which is specific for highly
phosphorylated forms of the midsize neurofilament (NF-M) subunit; the
mAb 9–1E10, which is specific for the growth-associated protein (GAP)
known as GAP-43 (Goslin and Banker, 1990); an anti-PP2A antibody to the
catalytic subunit of PP2A, which was a gift from Dr. B. Hemmings (Miess-
cher Institute, Basel, Switzerland); and an antiserum to the catalytic subunit
of protein phosphatase 1 (PP1), which was purchased from Upstate Bio-
technology (Lake Placid, NY).

Indirect immunofluorescence. For the immunofluorescence studies,
NT2N cells were grown on glass coverslips (25 mm in circumference)
using the method described by Goslin and Banker (1991) with minor
changes. NT2N cells that were plated on glass coverslips (at a density of
;0.2 3 10 6 cells per coverslip) were cocultured with a feeder layer
of NT2 cells that were plated on the bottom of the well. Three drops of
paraffin were placed at the outer edge of each coverslip (coated previ-
ously with poly-D-lysine and Matrigel) to support the coverslips with the
NT2N cells above the feeder layer of NT2 cells at the bottom of the wells
during coculture. The NT2N cells were maintained in culture as de-
scribed above for 3–4 weeks to allow the establishment of polarity as
monitored by the segregation of MAP2 to the somatodendritic compart-
ment and of highly phosphorylated NF-M to the axon using immunoflu-
orescence methods (Pleasure et al., 1992; Bramblett et al., 1993). Immu-
nofluorescence was performed on cultures that were washed with PBS
and fixed according to one of two protocols. In the first procedure, cells
were fixed with methanol at 220°C for 10 min, allowed to dry at room
temperature, and rehydrated in PBS. In the second procedure, cells were
fixed with 2% paraformaldehyde and 0.05% gluteraldehyde in PHEM
buffer (60 mM 1,4-piperazinediethanesulfonic acid, 20 mM HEPES, 10
mM EGTA, and 1 mM MgSO4 ) (Bramblett et al., 1993), rinsed with PBS,
extracted with 0.1% Triton X-100 in PHEM buffer, washed with PBS,
rinsed with 0.15 M glycine, pH 7.4, to quench the gluteraldehyde
autofluorescence, and washed with PBS. The cultures were then incu-
bated overnight at 4°C with a primary antibody, and bound antibody was
detected with a secondary antibody (donkey anti-mouse, anti-rabbit, or
anti-rat) coupled to FITC or to Texas Red (Jackson ImmunoResearch,
West Grove, PA).

Transmission and immunoelectron microscopy. Cultures of NT2N cells
were either untreated or treated with 50 nM CL-A for 5, 15, and 60 min
and were prepared for transmission electron microscopy (EM) and
immuno-EM as described (Baas and Black, 1990; Baas et al., 1991; Lee
et al. 1991). Cultured NT2N cells were washed with PBS at 37°C and
were fixed for 1 hr at 37°C in 0.1 M cacodylate buffer, pH 7.0, containing
2% gluteraldehyde and tannic acid at 2 mg/ml. The cultures were rinsed
three times with 0.1 M cacodylate buffer, post-fixed for 30 min in 1%
osmium tetroxide, rinsed once in 0.1 M cacodylate buffer, rinsed three
times in 0.05 M maleate buffer, pH 5.2, stained for 10 min in 1% uranyl
acetate in 0.05 M maleate buffer, pH 6.0, rinsed three times with 0.05 M
maleate buffer, pH 5.2, dehydrated in an ascending series of ethanols,
and embedded in Epon. Embedded samples were stained for 60 min at
60°C with 1% toluidine blue in 1% borax (Baas and Black, 1990) to
visualize the axons and to ensure that thin sections were taken from areas
enriched for axons as confirmed by phase-contrast photos of the trimmed
block before sectioning. Thin sections cut parallel to the substratum were
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stained with uranyl acetate and lead citrate. For the immuno-EM studies,
CL-A-treated and untreated NT2N cells were fixed, extracted with
detergent, and incubated with primary antibodies exactly as described
above for indirect immunofluorescence. The bound primary antibody
was visualized with a goat anti-rabbit or anti-rat IgG secondary antibody
conjugated to 5 nm gold particles (Amersham). The sections were then
viewed with a Hitachi H-600 electron microscope (Nissei Sangyo Amer-
ica, Gaithersburg, MD).

Studies of the association of PP1 and PP2A with MTs. These studies
were performed using rat brain- and NT2N cell-derived MTs. Rat brain
MTs were obtained by homogenizing fresh adult rat brain in two volumes
of ice-cold RA buffer plus protease inhibitors in a glass homogenizer and
by centrifuging at 10,000 3 g for 20 min at 4°C. The supernatant was
decanted and centrifuged again at 100,000 3 g for 60 min at 4°C. The
resulting supernatant was incubated in the presence of 1 mM GTP and 20
mM taxol at 37°C for 20 min to promote the assembly of MT polymers.
MTs were then pelleted through a 5% sucrose cushion at 30,000 3 g for
30 min at 30°C, and protein concentrations were determined as described
above. Supernatant and MT pellet fractions were then analyzed for the
presence of MT-associated PP2A and PP1 by Western blotting as de-
scribed above.

MTs from NT2N cells were obtained by scraping cells from 10–15 100
mm 2 dishes into 0.5–1.0 ml of ice-cold PHEM buffer plus 0.2% Triton
X-100 and protease inhibitors and by homogenizing. The samples were
centrifuged at 100,000 3 g for 60 min at 4°C. The resulting high-speed
supernatant was incubated with GTP and taxol as described above, and
the MTs were pelleted by centrifugation as described above.

Presentation of results f rom studies performed using CL-A and OK. In
the studies described below, similar or nearly identical results were
obtained after treatment of the NT2N cells with CL-A and OK. Hence,
for simplicity, only the results obtained with either CL-A or OK are
described in each of the following sections, and in most of the experi-
ments summarized, the results obtained with CL-A are described in
detail.

RESULTS

Inhibitors of PP2A and PP1 increase tau
phosphorylation and decrease the binding of tau to
MTs in NT2N cells
To determine the effects of inhibitors of PP2A and PP1 on tau
phosphorylation and on the binding of tau to MTs, we treated
NT2N cells with 50 nM CL-A for varying lengths of time. Not
surprisingly, low concentrations of CL-A resulted in increased
tau phosphorylation as indicated by a retardation in the electro-
phoretic mobility of tau (Fig. 1A, compare lane 0S with lanes 15S
and 30S) and by an increase in the immunoreactivity of tau
detected by phosphorylation-dependent antibodies such as T3P
and PHF1 (data not shown) as well as by other phosphorylation-
dependent antibodies to PHFtau (Merrick et al., 1996). In addi-
tion, the binding affinity of tau for MTs progressively decreased
(Fig. 1A, compare S and P lanes) after longer exposure to CL-A.
Indeed, quantitative immunoblot analysis revealed that ;40% of
tau was recovered in the soluble fraction in control cultures,
whereas after 15 min of treatment with CL-A, ;90% of the tau
protein is located in the soluble fraction (Fig. 1A,B). Because
similar results were obtained with OK, these data indicate that
treatment of NT2N cells with inhibitors of PP2A and PP1 in-
creases the phosphorylation state of tau and decreases the binding
of tau to MTs.

Preferential destruction of axons in NT2N neurons
treated with phosphatase inhibitors
During the course of treatment of NT2N neurons with CL-A, we
noted that a subset of neuronal processes were rapidly and selec-
tively destroyed. Because NT2N cells develop a large number of
polarized processes that exhibit the morphological and molecular
properties of either axons or dendrites (Pleasure et al., 1992), we

sought to determine whether axons or dendrites were selectively
vulnerable to CL-A-induced degeneration. To do this, we used
data from previous studies showing that the somatodendritic
domain of neurons is rich in MAP2 (Bernhardt and Matus, 1984;
Pleasure et al., 1992), whereas axons are rich in highly phosphor-
ylated neurofilament proteins (Pleasure et al., 1992). Thus, we
performed single and double label indirect immunofluorescence
studies using the AP14 mAb to MAP2 and the HO14 mAb to
highly phosphorylated NF-M to demonstrate that the NT2N cells

Figure 1. A, Effects of CL-A on tau phosphorylation and on MT binding
in NT2N cells. NT2N neurons were treated with 50 nM CL-A for the
times (in minutes) indicated below each lane and were processed to detect
unbound tau in the supernatant (S) and tau bound to MTs in the pellet
(P). S and P fractions of treated and untreated NT2N cells were analyzed
in Western blots using a mixture of two anti-tau (T14, T46) mAbs. B, Tau
distribution between supernatants (Sup) and pellets. The levels of tau in
the supernatants and pellets were quantified, and the values are expressed
as the percentage of the total tau level for each time point. Data represent
mean 6 SEM (n 5 5).
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extended highly polarized dendrites and axons, respectively (Fig.
2A1,A2). When similar studies were performed on the NT2N
cells treated with CL-A, HO14 mAb confirmed that axons rapidly
degenerated (Fig. 2A3). Although the number of MAP2-positive
dendrites seemed to diminish, many remained smooth and un-
disrupted (Fig. 2A4).

To confirm and extend these observations, we double labeled
the NT2N cells before and after treatment with CL-A using
HO14 mAb and an antibody to GAP-43, a protein that is ex-
pressed in axons during periods of active growth and is found in
association with vesicular transport. In untreated cells, the anti-
GAP-43 antibody stained axons like the HO14 mAb but displayed
a punctate pattern of immunoreactivity [compare HO14 staining
(Fig. 2B1) with GAP-43 staining (Fig. 2B2)]. However, after
treatment with CL-A, both the HO14 and GAP-43 positive axons
of the NT2N cells rapidly degenerated (Fig. 2B3,B4).

Phosphatase inhibitors decrease Glu-tubulin levels and
increase Tyr-tubulin levels in NT2N cells

We examined phosphatase inhibitor-induced changes in the dif-
ferent posttranslationally modified forms of MTs by treating
NT2N cultures with 100 nM OK for up to 4 hr. These studies
showed that the levels of Glu-tubulin and acetylated-tubulin (Ac-
tubulin) in the more stable pool of MTs were dramatically re-
duced with progressively longer treatment times (Fig. 3A,C, com-
pare lane 1 with lane 5). Quantitative analysis of Western blots
revealed that after 4 hr of treatment, Glu-tubulin immunoreac-
tivity was only 20% relative to untreated cultures, indicating that
the level of stable MTs had been reduced by 80%. The levels of
Tyr-tubulin concomitantly increased (Fig. 3B, compare lane 1
with lanes 4 and 5) by 55% after 4 hr of treatment. However, we
cannot directly compare the changes detected by one antibody

Figure 2. Double-label immunofluores-
cence of CL-A-treated NT2N cells. Pairs of
antibodies were used to double-label un-
treated (A1, A2, B1, B2) and CL-A-treated
(50 nM for 60 min; A3, A4, B3, B4 ) cultures.
Cultures were double-labeled with HO14
mAb to highly phosphorylated NF-M in ax-
ons (A1, A3) and with AP14 mAb to MAP2
in perikarya and dendrites (A2, A4 ). Arrows
point to axons, whereas arrowheads identif y
dendrites. Note that all axons are destroyed
in treated cultures, whereas some dendrites
remain intact. Similar cultures were stained
with HO14 mAb (B1, B3) and with 9 –1E10
mAb, which recognizes GAP-43 (B2, B4 ).
Again, note the preferential degeneration of
axons. Scale bar, 100 mm.
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with the changes observed for the other because of the different
affinities of these antibodies. Because acetylation is another post-
translational modification of a-tubulin that correlates with the
stabilization of MTs, it was not surprising that OK treatment of
the NT2N cells for 4 hr resulted in a 40% decrease in Ac-tubulin

levels (Fig. 3C). Because the levels of tubulin did not change in
these experiments (as monitored with the anti-b-tubulin anti-
body), it is unlikely that tubulin synthesis and turnover were
altered significantly by OK treatment (Fig. 3D). To validate the
effects of OK further, we treated NT2N cultures with

Figure 3. The time course of the ef-
fects of OK treatment on Glu- and
Tyr-tubulin levels in NT2N neurons.
NT2N cultures were treated with 100
nM OK for up to 4 hr and analyzed by
quantitative Western blotting using
antibodies specific for modified a-tu-
bulin: A, Glu-tubulin; B, Tyr-tubulin;
C, Ac-tubulin; D, b-tubulin. OK de-
creased Glu- and Ac-tubulin levels
and increased Tyr-tubulin levels.
Note that the b-tubulin immunoreac-
tivity is constant indicating that total
tubulin levels are unaffected. Values
for each time point were calculated as
the percentage of untreated cultures
and illustrated in the bar graphs below
each set of Western blots. Data rep-
resent mean 6 SEM (n 5 4; asterisks
indicate significance, *p , 0.005 and
**p , 0.05; Student’s t test, indepen-
dent pairs).
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1-norokadone, an inactive analog of OK, but this analog did not
reduce the levels of Glu-tubulin in the NT2N cells. Taken to-
gether, these findings indicate that inhibitors of PP2A and PP1
induce a decrease in the pool of stable MTs followed by a rapid
retyrosination of Glu-tubulin resulting in an increase in the more
labile Tyr-tubulin.

Phosphatase inhibitors depolymerize Glu-MTs but
not Tyr-MTs
To determine whether the reduction in Glu-tubulin levels was
caused by a selective reduction in Glu-MTs, we treated NT2N
cells with CL-A and processed the cultures to analyze soluble and
insoluble cytoskeletal proteins in the NT2N cells and to monitor
changes in the distribution of tubulin between protomers and MT
polymers. Inhibition of protein phosphatases resulted in de-
creased Glu-MTs in the insoluble cytoskeletal fraction, consistent
with a breakdown or disassembly of the stable pool of MTs (Fig.
4A, compare lanes 1 and 2 with lanes 11 and 12). Furthermore,
quantitative analysis indicated that in untreated cultures 86% of
Glu-tubulin was present as Glu-MTs and that after 4 hr of
treatment with CL-A only 34% of Glu-MTs remained in the
insoluble cytoskeletal fraction (Fig. 4E,G). Notably, this decrease
in Glu-MTs is not compensated for by an increase in the soluble
Glu-tubulin. Instead, there is a decrease in soluble Glu-tubulin,
and this indicates that when Glu-MTs depolymerize, the Glu-
tubulin released from these polymers is rapidly retyrosinated (see
below and Fig. 4B). Thus, these data suggest that inhibition of
PP1 and PP2A induces a depolymerization of stable Glu-MTs
and that the tubulin subunits released from these polymers
quickly undergo retyrosination.

Consistent with this view, Figure 4B shows that Tyr-tubulin
immunoreactivity increases in the supernatant fractions (Fig. 4B,
compare lane 1 with lanes 9 and 11) of CL-A-treated NT2N cells,
and that the Tyr-tubulin immunoreactivity in the pellet fraction
remains approximately the same for each time point (Fig. 4B,
compare lane 2 with lanes 10 and 12). Furthermore, quantitative
analysis showed that in control cultures 60% of Tyr-tubulin was
soluble and 40% was polymerized into MTs (Fig. 4B). However,
after 4 hr of CL-A treatment, total Tyr-tubulin immunoreactivity
(Fig. 4B, S plus P) is increased, as reflected by a dramatic increase
(;193%) in soluble Tyr-tubulin monomers (Fig. 4G). Signifi-
cantly, there is no change in Tyr-MTs in the pellet fraction.

Because OK and CL-A treatment leads to the selective disas-
sembly of stable MTs in the NT2N cells, this should result in a
decrease in the levels of total a-tubulin-containing MTs in the
pellet fraction with a concomitant increase in a-tubulin in the
soluble fraction, and this is illustrated in Figure 4D (compare lane
2 with lanes 10 and 12 and lane 1 with lanes 9 and 11). The
percentage of a-tubulin-containing MTs decreased from 80% for
control cultures to 20% for cultures treated with CL-A for 4 hr
(Fig. 4F,G). However, the total signal of the soluble plus the
cytoskeletal fractions for each time point showed no significant
change, indicating that, as the amount of MTs in the pellet
decreases, the soluble fraction of tubulin protomers increases,
which is consistent with the notion that the decrease in MT
polymer was not caused by the degradation of tubulin (also see
Fig. 3D). Significantly, the effect of CL-A on Glu-tubulin and tau
seems to follow a similar time course (Figs. 1, 4). Finally, if the
inhibition of phosphatases induces the depolymerization of stable
MTs, then the levels of Ac-tubulin (which also serves as a marker
of stable MTs) should decrease as a result of CL-A treatment,
and this finding is demonstrated in Figure 4C (compare lane 2

with lanes 10 and 12). Because no Ac-tubulin is detected in the
soluble fractions, deacetylation must be very rapid.

Taken together, these data indicate that inhibition of PP1 and
PP2A results in the depolymerization of MTs and that this
depolymerization is selective for the more stable pool of MTs.
Furthermore, these data also suggest that the tubulin subunits
released from the CL-A-induced depolymerization of Glu-MTs
are rapidly retyrosinated and/or deacetylated, and that the rate-
limiting step in this process is the depolymerization of the more
stable MTs that are rich in Glu-tubulin.

Phosphatase inhibitors induce rapid and selective
destruction of axonal MTs
To investigate the ultrastructural effects of phosphatase inhibitors
on the NT2N cells, we used transmission EM to study CL-A-
treated NT2N cells. To do this, we focused our EM studies on
areas of the cultures that were the farthest away from cell body
clumps in which axons are most abundant (Pleasure et al., 1992)
(Fig. 2). The axons of untreated NT2N cells contained many long,
uninterrupted MTs that were oriented parallel to the axolemma
(Fig. 5A,B). However, after 5 min of treatment with CL-A, short
fragments of MTs appeared that were oriented at various angles
to the long axis of the axon, but the axolemma seemed to remain
intact (Fig. 5C). Longer treatment with CL-A resulted in the
degeneration of many of the axons. However, in those axons
remaining, we observed an increase in the abundance of short
MT fragments, a reduction in the number of intact MTs, and
accumulations of amorphous material in the axoplasm (Fig. 5D).
Thus, these data are consistent with the view that CL-A induces
the breakdown of axonal Glu-rich MTs and that this breakdown
may account for the preferential destruction of axons by CL-A
described above.

Phosphatase inhibitors reduce the abundance of
Glu-MTs in axons
To explore the basis of this axonal pathology in greater detail, we
undertook immuno-EM studies to determine whether Glu-MTs
in the axons of NT2N cells were affected by CL-A treatment. In
untreated cultures, immunoreactive Glu-MTs were far more nu-
merous than Tyr-MTs in axons (Fig. 6A,B), whereas the abun-
dance of Glu-MTs and Tyr-MTs was similar in cell bodies (Fig.
6E,F) and dendrites (data not shown). Varying the concentra-
tions of the primary antibodies to Glu-tubulin and to Tyr-tubulin
did not alter the distribution of the labeled MTs in axons. Spe-
cifically, the relative abundance of Glu-MTs remained far greater
than that of Tyr-MTs (data not shown), and we never observed
Glu-MT-rich segments existing in continuity with Tyr-MT-rich
segments in individual MTs. Instead, immunogold particles dem-
onstrated Glu-MTs over the entire length of individual MTs
within the main shaft of axons. After treatment of the NT2N cells
with CL-A, there was a reduction in the total number of axonal
MTs, especially Glu-MTs, the most abundant pool of MTs in
these axons (Fig. 6, compare A,B with C,D). Given the similar
abundance of Glu-MTs and Tyr-MTs in cell bodies and den-
drites, the loss of Glu-MTs is not as apparent in cell bodies (Fig.
6, compare E,F with G,H). Thus, the selective degeneration of
axons after treatment with CL-A may reflect the greater abun-
dance of Glu-MTs in the axons of the NT2N cells.

PP2A is associated with MTs in the NT2N cells
Because CL-A and OK inhibit both PP1 and PP2A, we sought to
determine which of these enzymes might be responsible for the
decrease in Glu-MT levels described above by determining
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Figure 4. Effect of CL-A treatment on MT poly-
mer levels in NT2N cells. NT2N cultures were
treated with 50 nM CL-A for up to 4 hr, processed
for soluble tubulin (S) and MT polymers ( P), and
analyzed by quantitative Western blotting: A, Glu-
tubulin; B, Tyr-tubulin; C, Ac-tubulin; D,
a-tubulin. E, F, Bar graphs demonstrating the loss
of stable Glu-MTs and the decrease of a-MTs,
respectively, from the pellets (P) after treatment
of NT2N cells with CL-A for the indicated times.
The decrease in MTs was calculated as the
amount of tubulin immunoreactivity in the pellet
divided by total tubulin immunoreactivity in un-
treated NT2N cells. G, Bar graph showing the
soluble tubulin remaining in the supernatant (S)
and the MT polymers recovered in the pellets ( P)
for Glu-tubulin, Tyr-tubulin, Ac- tubulin, and
a-tubulin in untreated cultures and cultures
treated with CL-A for 4 hr. Data represent
mean 6 SEM (n 5 4; asterisks in bar graphs
indicate significance, *p , 0.005; Student’s t test,
independent pairs).
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whether one or both of these phosphatases was closely associated
with MTs in the NT2N cells. To address this question, we incu-
bated high-speed supernatants from rat brain homogenates and
from NT2N cells with taxol at 37°C, and the MTs were pelleted

by centrifugation. Consistent with the results of Sontag et al.
(1995), we detected PP2A in association with pelleted MTs (Fig.
7A,C), whereas PP1 was recovered only in the soluble fraction
(Fig. 7B,D). Thus, these observations suggest that the inhibition
of PP2A by the phosphatase inhibitors used here accounts for the
alterations in tau and MTs described above.

DISCUSSION
In the studies reported here, we show that inhibition of PP1 and
PP2A in cultured human neuron-like NT2N cells by OK and
CL-A results in (1) the hyperphosphorylation of tau, (2) the
decreased binding of tau to MTs, (3) the selective depolymeriza-
tion of the more stable Glu-MTs, especially in axons, and (4) the
rapid degeneration of axons. Furthermore, we also show that
axons of NT2N cells contain more Glu-MTs than cell bodies and
dendrites, which suggests that the abundance of Glu-MTs in
axons may render these processes more vulnerable to rapid de-
generation after treatment with OK and CL-A. However, we
cannot rule out the possibility that phosphatase inhibitors may
have a direct effect on axons. Although the precise sequence of
events leading to these abnormalities remains to be elucidated,
the demonstration here that PP2A (but not PP1) is closely asso-
ciated with MTs in the NT2N cells leads us to infer that OK and
CL-A induce the alterations described above by inhibiting a pool
of MT-associated PP2A. Although the relevance of these findings
to AD must be explored further, our data are consistent with
growing evidence implicating the inactivation of PP2A in the
formation of NFTs and in the degeneration of neurons in the AD
brain (Goedert et al., 1992; Matsuo et al., 1994; Sontag et al.,
1995, 1996).

The selective destruction of Glu-MTs (but not Tyr-MTs) in
NT2N cells by OK or CL-A is in agreement with a previously
published report demonstrating a complete breakdown of Glu-
MTs in fibroblasts and in epithelial cells after treatment with the
same inhibitors (Gurland and Gundersen, 1993). However, it was
postulated by Gurland and Gundersen that PP1 but not PP2A is
the phosphatase that regulates the stability of Glu-MTs. This
hypothesis is based on the observation that CL-A (which is a
more potent inhibitor of PP1 than is OK) is more effective in
inducing the depolymerization of Glu-MTs. However, it is well
known that the concentration of inhibitors needed to inhibit a
specific phosphatase in intact cells depends on the actual concen-
tration of the phosphatase in these different cell types. Often,
high concentrations (micromolar) of these inhibitors are required
for complete inhibition (Cohen et al., 1990). Thus, it may be
difficult to identify definitively the specific phosphatase that is
responsible for the observed effects based on pharmacological
manipulation alone. Recently, PP2A has been shown to be capa-
ble of binding to MTs (Sontag et al., 1995). Our finding that the
catalytic subunit of PP2A but not PP1 can be recovered bound to
MTs in high-speed supernatants obtained from rat brain and
NT2N cells suggests that the species of PP2A associated with
MTs may be in a position to regulate the stability of MTs directly.
However, it should be pointed out that a lack of association of PP1
does not mean that PP1 cannot regulate Glu-MT stability. Future
studies using specific inhibitors of PP1 or PP2A could help resolve
this issue.

Previous studies have demonstrated that the distribution of Glu-
MTs varies for different cell types. For example, fibroblasts and
epithelial cells exhibit a subpopulation of stable MTs that com-
prises exclusively Glu-MTs (Schulze, 1987). By contrast, individual

Figure 5. Electron micrographs of axonal MTs treated with CL-A.
NT2N cultures were treated with 50 nM CL-A for 0 min (A, B), 5 min ( C),
or 60 min (D) and analyzed by EM. Control cultures contain long,
continuous MTs (arrows) of uniform orientation, and treated cultures
contain many short MT fragments (arrowheads) oriented at various angles
to the long axis of the axon. Scale bar, 100 nm.
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MTs in the main shafts of axons of sympathetic neurons are
composed of a Glu-MT-rich segment located proximal to and in
direct continuity with a Tyr-MT-rich domain such that stable and
labile regions in the axon exist as distinct domains on individual

MTs (Baas and Black, 1990). Our immuno-EM analysis of the
organization of Glu-MTs and Tyr-MTs in individual MTs in the
main axonal shafts of NT2N cells suggests a third arrangement.
Unlike those observed for non-neuronal cells and for sympathetic

Figure 6. Immuno-EM of axonal and perikarya Glu-MTs and Tyr-MTs after treatment with CL-A. NT2N cells were treated with 50 nM CL-A for 0
min (A, B, E, F ) or for 15 min (C, D, G, H ). A, C, E, G, Cells first immunolabeled with the anti-Glu-tubulin antibody and then with 5 nm gold-conjugated
goat anti-rabbit IgG. B, D, F, H, Cells first incubated with the anti-Tyr-tubulin antibody and then with 5 nm gold-conjugated rabbit anti-rat IgG. AX(2)
and AX(1) denote immunolabeling of untreated and CL-A-treated axonal MTs, whereas CB(2) and CB(1) represent immunolabeling of untreated and
CL-A-treated MTs in neuronal perikarya. Scale bar, 100 nm.
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neurons, individual axonal MTs in NT2N neurons comprise pre-
dominantly Glu-MTs with a small amount of Tyr-MTs interdis-
persed along the entire lengths of these very long MTs. The
discrepancy between the distribution of Glu- and Tyr-MTs in
axonal MTs in sympathetic neurons versus NT2N neurons is un-
clear. It is possible that the distribution of axonal Glu-MTs and
Tyr-MTs in the NT2N cells represents a more mature and stable
MT in contrast to the sympathetic neuronal cultures used in pre-
vious studies (Baas and Black, 1990).

We have demonstrated here that treatment of NT2N cells with
inhibitors of PP2A and PP1 results in the preferential destruction
of axons, and we speculate that this is likely the consequence of
multiple downstream signaling events regulated by PP2A and
PP1. The present study also shows that the depolymerization of
stable Glu-MTs, the hyperphosphorylation of tau, and the re-
duced binding of tau to MTs are among the critical events that are
linked to the destruction of the axon. Other components of the
neuronal cytoskeleton such as the neurofilament triplet proteins
may also contribute to the degeneration of the axon induced by
inhibitors of PP2A and PP1. Indeed, recent in vitro studies have
shown that the inhibition of PP2A leads to the increased phos-
phorylation of neurofilament triplet proteins at specific sites,
resulting in the disassembly of neurofilaments (Saito et al., 1995).
Because one of the functions of neurofilaments is to stabilize the
axon, the dissolution of the neurofilament network also could
contribute to the destruction of the axon. Alternatively, the
effects of PP2A and PP1 inhibitors on axons could be mediated by
changes in the activities of a number of kinases such as MAP
kinase and glycogen synthase kinase 3, because the activities of
these kinases have been shown to be regulated by phosphatases
(Gotoh et al., 1991; Cross et al., 1994). Thus, these and other
phosphorylation-dependent enzymes may directly or indirectly
regulate the stability of the neuronal cytoskeleton including MTs
(Felix et al., 1990; Gotoh et al., 1991; Faruki et al., 1992).
Although a number of other mechanisms could be implicated in
the OK- and CL-A-induced destruction of axons in the NT2N
cells, more detailed information on neuronal phosphatases is
needed to test hypotheses about the nature of these mechanisms.
For example, additional studies are needed to confirm whether
PP2A is the only phosphatase that mediates the OK- and CL-A-
induced destabilization of MTs in the NT2N cells. Furthermore,
the precise subunit composition of PP2A isoforms in neurons
must be determined. Although we provide circumstantial evi-
dence to implicate PP2A in the destabilization of MTs by OK and

CL-A in the NT2N cells, and this is consistent with the recent
studies of PP2A in non-neuronal cells (Sontag et al., 1995, 1996),
alternative experimental strategies and further research on neu-
ronal MTs and phosphatases are needed to assess the validity of
our interpretation of the data reported here.

These uncertainties notwithstanding, the results presented
here suggest that the downregulation of phosphatases such as
PP2A and PP1 may be sufficient to set off a cascade of events that
leads to the genesis of neurofibrillary lesions. This cascade in-
cludes the selective depolymerization of the more stable Glu-
MTs, as well as an increase in the phosphorylation of tau, and the
inability of this hyperphosphorylated tau to bind and stabilize
MTs, i.e., abnormalities that distinguish PHFtau from normal
tau. We speculate that these events lead to the dissolution of the
MT network, the dying back of the axon, and the degeneration of
tangle-bearing neurons in AD (Bramblett et al., 1993; Lee and
Trojanowski, 1995; Trojanowski et al., 1996; Goedert et al., 1997).
Further studies of these events may provide insights into the role
of neurofibrillary lesions in the degeneration of neurons in AD.
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