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Finally, we also examined the localization of each phospho-
Tau epitope by immunofluorescence microscopy. As examples,
Fig. 6C shows untreated, control cultures stained with four
different phospho-Tau antibodies. In all cases, staining was
observed primarily in neurites but also in somas to a lesser
extent. The remaining seven phospho-specific antibodies gen-
erated similar images to those shown. These data demonstrate
that healthy neurons express basal levels of Tau phosphorylated
at each of these specific sites and that this observed level of
phosphorylation is not inherently toxic. Parallel images were
also captured for each phospho-Tau antibody during the time-
course of A treatment with no observable differences relative
to the pan-Tau images shown in Fig. 1 (data not shown).

In summary, the most important observation among these
data was the very surprising lack of dramatic effects of A3 treat-
ment upon site-specific Tau phosphorylation. However, it
should be noted that the transient increases observed in specific
phosphorylated epitopes could mediate important structural
and/or regulatory effects on Tau biochemistry that may influ-
ence subsequent cellular events.

Two-dimensional Immunoblotting Demonstrates the Lack of
a General AB-mediated Effect on Full-length Tau Phos-
phorylation—The unexpected absence of a dramatic and wide-
spread A effect on site-specific Tau phosphorylation led us to
question if we might have missed the bulk of a major phosphor-
ylation effect by assaying Tau phosphorylation in a site-specific
manner. Therefore, we fractionated lysates from the AB time-
course using two-dimensional gels and probed the immuno-
blots with the pan-Tau antibody. Because the first dimension is
isoelectric focusing and each phosphorylation event adds neg-
ative charges to its substrate, a marked effect on Tau phos-
phorylation at any site (including those not assayed above)
would appear as a shift in Tau migration toward the acidic side
of the gel. For frame of reference, based on the amino acid
sequence of rat Tau, a Tau molecule possessing two phosphates
has a predicted pl of 6.96, and a Tau molecule possessing 6
phosphates has a predicted pI of 6.25 (calculation at Scansite at
the Massachusetts Institute of Technology). Preliminary exper-
iments demonstrated that the different species of Tau with dif-
ferent isoelectric points separate optimally between a pI of 5
and 8. This result is consistent with reports that the pls of
recombinant Tau isoforms range from 7.1 to 8.5, whereas Tau
isolated from Alzheimer brain can have isoelectric points as low
as 5 (48, 49). We fractionated lysates from neurons treated with
A for up to 4 h. As seen in the Sypro Ruby stain of fractionated
non-Af treated extract (Fig. 7, top left), our gels effectively
resolve the proteins in the extract. Pan-Tau immunoblotting of
a non-Ap-treated lysate (Un panel) showed that the most
prominent Tau species were detected between a pI of 7 and 8 at
the full-length size. Lighter exposures reveal many individual
spots at different sizes and charges (data not shown). At the
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20-min A time point and to a lesser extent at the 3-min time
point, a small subset of Tau became acidified (note the arrows in
Fig. 7). Importantly, the observed acidification was transient
and did not persist beyond the 20-min time point. By 40 min in
the time-course, the full-length Tau signal looked much like the
non-ApB-treated sample. Thus, this general assay for AB-medi-
ated acidification of Tau did not detect the shift in isoelectric
point that would be predicted if AB-induced a dramatic
increase in Tau phosphorylation at sites other than those
assayed in Fig. 6.

On the other hand, consistent with the one-dimensional gel
analyses in Fig. 4, the two-dimensional gels detected extensive
AB-mediated Tau fragmentation as early as 20 min in the time-
course. Interestingly, these low molecular weight fragments
exhibited a broad range of pIs. The periodicity of the Tau frag-
ments migrating in the isoelectric focusing dimension (most
obvious in the 4-h time point) suggests that these Tau frag-
ments likely vary from one another by virtue of numbers of
phosphates per fragment, which is especially interesting
because we did not detect any significant amount of Tau frag-
ment phosphorylation with any of the 11 site-specific antibod-
ies (data not shown). This leads to the conclusion that these
fragments are likely phosphorylated on some subset of the
remaining ~20 known Tau phosphorylation sites. Fig. 8 sum-
marizes the kinetics of the events we observed when treating
hippocampal neurons with A oligomers.

DISCUSSION

To develop effective therapeutics for Alzheimer and related
dementias, it is essential that we acquire a thorough under-
standing of the biochemical events contributing to neuronal
cell death in these diseases. Toward that goal, this work sought
to define a detailed kinetic timeline of biochemical events in a
well controlled neuronal cell culture system. We began with
administration of A oligomers and ended with the induction
of neuronal cell death, focusing on candidate signaling path-
ways altered by A and a detailed analysis of Tau fragmentation
and Tau phosphorylation. The most important findings were as
follows. 1) AB oligomers rapidly induce robust calpain and
caspase proteolytic activities, with activity measurements and
substrate cleavage data, both, suggesting calpain activation is
more prominent than activation of caspase 3/7. 2) AB oligo-
mers rapidly reduce levels of phospho-GSK3 S while promoting
the cleavage of p35 into p25, suggesting increased activity of
both GSK3B and Cdk5. 3. Tau degradation is first detected after
only 10-20 min of AB administration. By 2—4 h, very little
full-length Tau remains, and there is a substantial accumula-
tion of a series of relatively stable Tau fragments. Inhibitor
studies indicate that Tau fragmentation is largely mediated by
calpain and, to a lesser extent, caspase 3/7. 4) Surprisingly, A3
administration does not dramatically increase full-length Tau

FIGURE 6. AB does not induce sustained increases in Tau phosphorylation at 11 single or double epitopes analyzed. A, shown are immunoblots of
AB-treated hippocampal neuronal lysates probed for 11 different phospho and site-specific Tau antibodies as well as Tau-1, Tau-5 and tubulin antibodies.
Marks to the left of the immunoblots indicate the 53-kDa size standard. KO, lysates from Tau knock-out mouse brain. Un, untreated samples. B, shown is
quantitative analysis of the phospho-Tau immunoblots in A, with untreated samples for each time-course set to 1. The inset graph displays analysis for total, BllI,
and acetylated tubulin immunoblots. Error bars represent S.E. for three independent experiments. ¥, p < 0.05 compared with untreated control. C,immuno-
fluorescence microscopy of untreated neurons stained for pan-Tau and the phospho-Tau antibodies indicated is shown. The Tau stain is red, whereas the

nuclear stain is blue. Magnification, 20 X.
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FIGURE 7. Two-dimensional immunoblotting demonstrates that AB treatment does not induce sustained acidic shifts in Tau isoelectric points as
would be predicted from hyperphosphorylation. Shown are two-dimensional anti-Tau immunoblots (using anti-pan-Tau) on a time-course of AB-treated
neuronal lysates first separated by pl between 5 and 8 and then separated by molecular weight. At the top left is a Sypro Ruby-stained gel of a control neuronal
cell lysate, demonstrating good separation and resolution of total cellular proteins. An untreated (Un) blot defines the two-dimensional pattern of control Tau.
Additional blots correspond to the designated time in the presence of AB. Solid arrows point to a small subset of Tau exhibiting an acidic pl shift at 3-and 20-min
time points; however, this signal is no longer present at later times. Open arrows point to the prominent accumulation of low molecular weight Tau fragments
starting after 40 min of AB treatment and accumulating through 4 h of treatment.

phosphorylation, as assayed by immunoblots with 11 different
site- and phospho-specific antibodies as well as two-dimen-
sional immunoblotting using a pan-Tau antibody. However,
subtle and transient increases in Tau phosphorylation are
observed at 4 distinct sites on Tau, at positions 181, 205, 262,
and 400. 5) Stable fragments of Tau induced by AB administra-
tion are likely to become phosphorylated, as suggested by their
altered isoelectric points on two-dimensional gels.

Consistent with previous work by Park and Ferreira (17) and
Gamblin et al. (25), our data confirm the roles of calpain and
caspase, respectively, in the dramatic fragmentation of Tau
when cultured hippocampal neurons are treated with toxic lev-
els of AB. We have expanded upon these earlier efforts by per-
forming a detailed biochemical analysis of numerous key
molecular events occurring either before or after Tau fragmen-
tation. This includes both an examination of altered kinases as
well as an extensive analysis of A effects on Tau phosphoryl-
ation utilizing both site- and phospho-specific anti-Tau anti-
bodies and one- and two-dimensional gels. These data demon-
strate that proteolytic fragmentation of Tau followed by Tau
fragment phosphorylation may be an important component of
AP action in Alzheimer disease. Furthermore, our data are
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especially timely in view of a recent controversy regarding the
toxic potential of the 17-kDa Tau fragment (17, 45). Our data
indicate that the 17-kDa fragment alone is likely not sufficient
to account for Af3 toxicity. Alternatively, we propose the com-
bination of loss of full-length Tau together with the generation
of multiple Tau fragments by both calpain- and caspase-medi-
ated proteolysis converge to promote cell death after exposure
to A oligomers. Finally, the extensive analysis conducted in
this study allows for a detailed chronological view of the many
neuronal parameters affected by exposure to AR.

The most rapid events we observed upon A treatment of the
hippocampal neurons were induction of both calpain and
caspase 3/7 activities. These findings are consistent with previ-
ous literature implicating caspase and calpain proteolysis as
early events in the Alzheimer disease pathway (50, 51). Based on
our protease inhibitor analysis, it appears that the early prote-
ase activities impact upon Tau function, degrading full-length
Tau and creating low molecular weight Tau fragments. Indeed,
calpain inhibition completely eliminated A 3-mediated produc-
tion of the 24-and 17-kDa Tau fragments, and caspase inhibi-
tion reduced the production of the 17-kDa fragment. These,
and other Tau fragments have been implicated in neuronal dys-
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FIGURE 8. Timeline summary of observed events on AB-treated hip-
pocampal neurons. The earliest events we observed were activation of
caspase and calpain proteases, which display maximal activity within 20 min
of AB treatment and return to normal levels by 4 h. Erk1/2 and Akt activities
are depleted within 30 minto 1 h of AB treatment. GSK3 8 and Cdk5 activation
also occurred rapidly and remained elevated throughout the entire time-
course. These events precede and overlap with changes in Tau biochemistry,
loss of full-length Tau, and accumulation of 17- and 24-kDa Tau fragments.
The surprising lack of sustained Tau phosphorylation is depicted as an early
spike (phosphorylated epitopes 181, 205, 262, and 400) and subsequent
reduction. Events observed that are not depicted in this figure include
reduced tubulinimmunofluorescence between 8 and 24 h and the rapid and
sustained increase in tubulin acetylation after A treatment.

function and eventual cell death (17, 18). However, because our
data demonstrate caspase and calpain inhibition protects
against the production of AB-mediated low MW Tau frag-
ments but only partially protect neuronal viability, it is likely
that a combination of insults contribute to neuronal cell death
(Fig. 5). It has recently been suggested that the 17-kDa Tau
fragment is not toxic to neurons when overexpressed, in con-
flict with earlier data implicating the 17-kDa fragment as the
source of A3-mediated toxicity (17, 45). Our results suggest the
generation of this fragment likely contributes to toxicity but is
not inherently toxic, as demonstrated by caspase inhibition dra-
matically reducing the production of this fragment but only
providing mild protective effects in cell viability as measured by
the ATP assay (Fig. 5).

How might one account for neuronal cell death that still
occurs in the presence of both the calpain and caspase 3/7
inhibitors? Because both caspase and calpain inhibition failed
to protect against the AB-mediated production of the slightly
faster migrating Tau bands on SDS-PAGE, these may represent
a Tau dysfunction independent of the proteases that contribute
to neuron toxicity.

The lack of a dramatic effect of A upon Tau phosphoryla-
tion is extremely surprising given the voluminous literature
(46), especially as even our own data suggest GSK38 and Cdk5
activation. The Tau specificity of the site-specific antibodies we
utilized was confirmed by their ability to recognize full-length
Tau in wild type rat extracts and their failure to detect bands in
the corresponding region of the gel from Tau knock-out mouse
extracts (Fig. 5). The lack of dramatic AB-induced increases in
Tau phosphorylation was independently confirmed by two-di-
mensional immunoblotting analysis, which would have easily
detected significant changes in Tau phosphorylation via
changes in Tau spot isoelectric points. Indeed, in vitro phos-
phorylation of Tau with purified Cdk5/p25 revealed the
expected series of increasingly acidic spots on two-dimensional
Tau immunoblots (data not shown). That our A was biologi-
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cally active was confirmed by its effects on kinase and protease
activities and the ultimate induction of neuronal cell death.
Thus, in our hands A does not dramatically alter Tau phos-
phorylation as part of its promotion of neuronal cell death.
Stated another way, marked Tau hyperphosphorylation is not
necessary for Af/Tau-mediated neuronal cell death. However,
we did observe rapid, transient, and relatively subtle increases
in Tau phosphorylation at four sites. In principle, these phos-
phorylation events could be involved in initiating downstream
biochemical events contributing to cell death. Interestingly,
phosphorylation at one of these sites, serine 262, has been
detected in “pre-tangle” neurons, suggesting this modification
is an early disease-related event (52). Furthermore, Tau phos-
phorylated at serine 262 exhibits reduced ability to bind and
polymerize microtubules (53), early events likely involved in the
demise of neurons. A more detailed and focused analysis of
these four specific sites will be required to elucidate their pos-
sible roles in promoting AB-mediated neuronal cell death.
Finally, it is notable that every one of the 11 sites tested for
phosphorylation exhibited reactivity with the phospho-specific
antibodies even in healthy control cells that were not treated
with AB and are readily detected with immunofluorescence
microscopy in the neurites of healthy neurons (Fig. 6). This
suggests that none of the sites tested here is inherently toxic
when phosphorylated.

If AB does not induce dramatic Tau phosphorylation, how
might one explain the vast literature showing Tau hyperphos-
phorylation in the Alzheimer brain? One possibility is that Tau
hyperphosphorylation is indeed a key component of the
Alzheimer pathway but is not induced by toxic levels of AB, at
least not by itself. Genetic analyses demonstrate that mutations
in the AB parent molecule, APP, cause early-onset Alzheimer
disease (54). The sites of those APP mutations implicate pro-
teolytic processing as a likely participant in the process, a con-
clusion that is greatly strengthened by disease-linked mutations
in presenilin, one of the APP proteolytic enzymes. However, the
proteolytic generation of AB also generates equal quantities of
two other peptides, the amyloid intracellular domain (AICD)
and the large extracellular APP domain. Both of these frag-
ments have been shown to cause neuronal dysfunction and cell
death independent of AB (55, 56). Our experimental system
focuses only on the toxic A component of this multifaceted
disease-related situation. It is plausible that both Af accumu-
lation and liberation of the extracellular and/or intracellular
APP fragments converge in disease progression, and Tau
hyperphosphorylation may be a consequence of one or both of
these other important components.

In contrast, AB promoted rapid and complete degradation of
full-length Tau within a few hours of treatment, generating a
family of smaller, relatively stable fragments. Because the Tau
fragments shift toward an acidic pI on two-dimensional gels,
consistent with increased phosphorylation, it is likely that Tau
is first fragmented by proteases and then phosphorylated by
kinases. This raises the question of why the fragments were not
detected by any of the 11 site- and phospho-specific antibodies.
Previous work has suggested that AB-mediated fragmentation
of Tau generates a relatively stable 17-kDa fragment, likely
located on the amino half of the molecule (17), which is con-
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sistent with our detection of this fragment with both Tau-1 and
Tau-5 antibodies. However, only 4 of the 11 phospho-epitopes
that we assayed lie within this region, specifically 181, 199/202,
205, and 217. Indeed, there are numerous additional potential
phosphorylation sites in the amino half of Tau, and additional
probing of these sites will help determine the nature of phos-
phorylation on the Tau fragments.

Because previous work demonstrates that A3-mediated neu-
ronal cell death requires Tau (6, 7), how might A promote
Tau-mediated neuronal cell death? As noted above, our data do
not support a role for AB-mediated full-length Tau hyperphos-
phorylation under toxic conditions. On the other hand,
AB-mediated Tau fragmentation could cause neuronal death
via a number of possible, non-mutually exclusive mechanisms.
For example, Tau fragments might promote Tau aggregation,
which could be inherently toxic, as has been suggested in pre-
vious cell culture studies (57). Alternatively, cell death could be
caused by the loss of normal Tau activity leading to misregula-
tion of microtubule dynamics and microtubule function (58,
59). This scenario could be mediated by several possible mech-
anisms, such as (i) the degradation of full-length Tau, (ii)
sequestration of full-length Tau by Tau aggregates, or (iii) frag-
ment induced disruption of Tau oligomerization, as recently
suggested (60). Yet another possibility is that the process of
proteolyzing an abundant protein such as Tau might saturate
and overwhelm the proteasome machinery, leading to cell
death. Finally, it also should be noted that combined calpain
and caspase proteolysis might produce other phosphorylated
Tau fragments from the carboxyl terminus of the molecule that
were too small to detect on our gels. Such fragments could
represent species of phosphorylated Tau prone to aggregation
and resistant to turnover by cellular machinery.

In summary, the most important conclusions of this paper
are that AB-mediated neuronal cell death involves rapid and
complete Tau fragmentation but no dramatic effects upon full-
length Tau hyperphosphorylation. If full-length Tau hyper-
phosphorylation is indeed a part of the biochemical pathway
leading to neuronal cell death in Alzheimer and related demen-
tias, our data indicate that toxic A3 does not mediate this effect,
at least not by itself. These observations will be important to
consider in the design of future efforts targeted at developing of
rational therapeutics for Alzheimer disease.
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