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Absence of Abnormal Hyperphasphorylation of Tau in Intracellular
Tangles in Alzheimer's Disease

WiLLiaM BONDAREFR, PH.D., M.D., CHarLES R, HARRINGTON, PH.D.,
CLAaUDE M. WiscHIK, M.D,, PH.D., DougLas L, Hauser, B.A., aND MARTIN RoTH, M.D., Sc.DD.

Abstract. Adult human nerve cells contain taun prolein, a phosphorylated mierotubule-associated protein, that is hyperphos-
phorylated in the fetus ond in patients with Alzheimer's disesse. Hyperphosphorylation, which diminishes the microtubule-
binding capacity of tau, destabilizes microtubules and may cnhonce the formation of poired helical filaments that constitute
neurofibrillary tangles in Alzheimer's disease. Here, we use phasphorylation-dependent anti-tau antibodies to detect specific
epitopes that characterize hyperphosphorylated tau. Qur demonstration of intracellular tangles containing full-length tau that
are not immunolabeled by (hese antibodies suggesis that hyperphosphorylation of 1au is not obligatory in the formation of

neurofibrillary tangles in Alzheimer's disease.
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INTRODUCTION

A close relationship between neurofibrillary tangles
(NFT) and dementia in Alzheimer’s disease (AD) has
been established (1-5). Neurofibrillary tangles, which are
well developed in pyramidal neurons of hippocampus, are
composed of densely packed bundles of microscopic-size
filaments, made up largely of paired helical filaments
(PHF) (6, 7). Paired helical filaments are known to con-
tain tau protein as an integral constituent (8, 9). In ad-
dition to NFT, PHF occur in neuropil threads and dys-
trophic neurites associated with plaques (10).

A monoclonal antibody, Alz50, recognizes pathologi-
cal PHFE-coniaining structures and certain tangle-free neu-
rons, presumably before the formation of NFT (11, 12).
On immunoblots, it recognizes all hurmnan lau isoforms in
normal adult and fetal brains (13, 14) and A68, a mixture
of sarkosyl-insoluble tan proteins with apparent molecu-
lar mass of 60-68 kDa prepared from brains of AD pa-
tients (15). Whereas normal adult tau protein is phos-
phorylated to a limited extent (2-3 mols phesphate per
mol taw) in postmortem brain, A68 is abundantly phos-
phorylated at multiple sites, including serine 202 and ser-
ine 396, which are not phospherylated in normal adult,
autopsy-derived tau (15, 16). Phosphorylation of these
two sites also occurs in fetal tau (16, 17).

Phosphorylated residues that have been identified in
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fetal and PHF tau include serine 202, serine 2335, serine
262, serine 396, serine 404, threonine 231 and threonine
181 (18, 19). With the exception of serine 202 and serine
394, these sites have been found to be partially phos-
phorylated in normal adult tau (19). In PHF tau, these
sites are abundantly phosphorylated (19) and PHF tau
can, therefore, be said io be abnormally phosphorylated
(i.e. hyperphosphorylated). Hyperphosphorylated tau, i.e.
that which is fully phosphorylated at serine 202 and ser-
ine 396, is also known as A68 (20),

One possible consequence of hyperphosphorylation of
tau is the loss of normal microtubule-binding capacity
and, consequently, the destabilization of microtubules
(21, 22). As it has been claimed that A68 proteins are
essential building blocks of PHF (15), it has been pro-
posed that a second consequence of abnormal hyper-
phosphorylation is the facilitation of PHF formation. This
proposal seems incongruous with the formation of PHF-
like polymers from tau fragments containing only the re-
peat region (23, 24) and full-length non-phosphorylated
recombinant tau {25). It could be speculated, therefore,
that phosphorylation of serine 202 and/or serine 396 is
not abligatory for PHF formation in vivo. The existence,
demonstrated here, of intracellular NFT with full-length
tau unlabeled {or in large part unlabeled) by phosphor-
ylation-dependent antibodies that otherwise recognize
serine 202 and serine 396 suggests that phosphorylation
at these sites is not an essential prerequisite for PHF for-
mation.

MATERIALS AND METHODS

Segments of medial temporal lobe containing the hippocam-
pus were obtained from {1 patients (Table 1) with well-docu-
mented AD. The diagneosis in each case satisfied NINCDS/
ADRDA criteria for definite AD (26). The specimens were
fixed in methanol containing 5% acetic acid, embedded in par-
affin wax, and sectioned serially at 15 um as has been described
(27). The sections were stained with Congo red {28) and im-
munolabeled with an antd-tan antibody. They were incubated
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TABLE 1
Numbers of AT8-positive and AT8-negative Intracellular
Tangles per mm? Hippocampus {Area CAl} and Clinical
Characteristics of Patients with Probable Alzheimer's

Disease
Intracellular
tangles
Speci-
men Age Sex Dur PMI ATS+ AT8—
40 76 M 4 un 46.7 6.2(12)
a4 91 F 7 6 5.6 6.1 (52)
&5 78 M 8 10 376 0
75 72 M 10 33 50.3 R ()]
71 75 F 9 14 6.5 3.5(3%)
78 67 F 7 50 314 7.9 (20)
8O 84 M 3 11 353 6.2(15)
g1 84 F 10 15 63.9 0.9(1)
26 un M un un 17.1 0 (0)
100 92 F 6 12 37.0 1.8 (5)
104 76 M 4 17 18.9 1.8 (2)

Age = age at death in years.

Dur = duration of dementia in years.
PMI = Postmortem Interval.

un = Unknown.

() = % 1otal intracellular tangles.

overnight with the primary antibody (diluted 1:20 with phos-
phate-buffered saline, PBS), washed with PBS, and incubated
for 1 hour with a fluorescein isothiocyanate (FITC)-conjugated
anti-mouse immunoglobulin (used with monoclonal primary
antibodies) or a FITC-conjugated anti-rabbit immunoglobulin
(used with polyclonal antibodies). The sections were mounted
on glass slides in Citifluor (Ted Pella, Inc. Redding, CA). The
method of immunolabeling has heen described (29).

Antibodies

The anti-tau antibodies used were; AT8, AT180, and AT270
{provided by I[nnogenstics N.V., Ghent, Belgium); SMI3]
(Sternberger Monaclonals, Baltimore, MD); Alz50 (provided
by Dr. Peter Davies); and BR133.

SMI31 has been shown to recognize a phosphorylation-de-
pendent site between serine residues 396 and 404 (30). AT8
immunoreactivity depends upon phosphorylation of serine 202
(17). Other phosphorylation-dependent antibodies, AT270 and
AT180, recognize epitopes requiring phospherylation at three-

nine 181 and threcnine 231, respectively (19). Part or all of the
epitope recognized by Alz50 has been demonstrated in aminc
acid sequence 2—-10 of tau protein and appears nol to be phos-
phorylation-dependent (31), although Aiz50 has also been
shown to recognize a phosphatase-sensitive epitope (32).
BRI133 is a polyclonal antibody raised against amine acids 1-
16 (33). These antibodies and their epitopes are summarized in
Figure I.

Contocal Microscopy

Sections stained with Congo red and immunclabeled with an
anti-tau antibody were analyzed with a confocal microscope.
The two fAuorescence images, when superimposed, produced
red and yellow images corresponding, respectively, to Cango
red-stained and FITC-labeled objects, the former being more or
less red depending on the relative amount of the FITC-labaled
epilope present.

Sections were visualized at an initial magnification of 200-
600X with a Nikon epifluorescence microscope equipped with
20/0.75 and 60/1.4 (oil immersion) planapochromatic objeclive
lenses. Selected microscopic fields were then scanned with an
MRC-600 laser scanning confocal microscope imaging system
(Bio-Rad, Cambridge, MA). The system was equipped with an
argon laser and high sensitivity 488 nm and 514 nm exciter
filters. The emission spectra from the excited flucrophores were
passed to photomultipliers, viewed on a monitor and pholo-
graphed. :

RESULTS

Both intra- and extracellular NFT are stained with
Congo red (27), a diazo dye used in neurohistology.
When viewed with a fluorescence microscope, intracel-
lular NFT appear as densely packed bundles of intracy-
toplasmic filaments emitting a bright red fluorescence.
These Conge red-labeled intracellular NFT appeared as
brightly fluorescent objects in the red fluorophore-visu-
alizing channel (514 nm exciter filter) of the laser scan-
ning confocal imaging system (Fig. 2C, solid arrow). In
the green fluorophore-visualizing channel (488 nm excit-
er filter) they were barely visible (Fig. 2B, solid arrow).
Intracellular NFT that are stained with Congo red and not
immunolabeled appear red when the two channel images
are superimposed (Fig. 2A, solid arrow). Intracellular

MICROTUBULE BINDING
ALZ-50 DOMAIN
(2-10)
| Lol i
N @ 181 20 231 : 253 35 396/404 c
} bt t
BR 133 ATZI0 AT AT180 SMI
(1-18)
Fig. 1. Diagram of the longest human tau protein isoform. Phosphorylation sites are indicated by P When known, the loci

of epitopes recognized by antibodies used in this study are identified.

S Navroparhel Exp Newrol, Vol 34, Sepramber, 1995
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Fig. 2. Confocal microscope images of intracellular tangles
in sections of hippocampal pyramidal neurons incubated with
FITC-tagged AT8 and stained with Congo red, A, Merged im-
age resulting from the superimposition of 488 nm and 514 nm
channel images. The red intracellular tangle, not immunola-
beled with ATS, is indicated by a closed arrow; the immuno-
labeled tangle is yellow (open arrow). B. In the 488 nm channel
an intracellular tangle, net immunolabeled by ATS, is barely
visible (closed arrow); an intracellular tangle immunolabeled by
AT8 is clearly visible (open arrow). C, In the 514 nm channel
intracellular tangles are clearly visible, brightly luorescent im-
ages (arrows). Bar = 50 um,

INFT that are stained with Congo red and simultaneously
immunclabeled with a FITC-tagged anti-tau antibody had
a similar structure but emitted a red-yellow fluorescence
when viewed with a fluorescence microscope due to the
combined presence of red (Congo red) and green (FITC)
fluorophores, The NFT appeared more or less yellow de-
pending upon the relative amounts of the two fluoro-
phores. They appeared with variable brightness when
viewed in either the 514 nm (Fig. 2C, open arrow) or
488 nm (Fig. 2B, open arrow) channel of the confocal
microscope depending on the relative amounts of Congo
red and FITC. When the 514 nm and 488 nm channel
images were merged, the original color was captured
(Fig. 2A, open arraw). In ne case could an intraceliular
NFT be identified that emitted a green fluorescence,
which would be indicative of antibody labeling in the
absence of Congo red staining.

In specimens stained with Congo red and immunola-
beled with FITC-tagged ATS, SMI31, AlzS0, AT18G, or
AT270, intracellular NFT usually emitted a bright yellow
fluorescence in the flucrescence microscope. A small per-
centage of such intracellular NFT emitted a bright red
fluorescence, indicating a total, or virtoally total, lack of
immunolabeling with the above anti-tau antibodies. For
example, the absence of immunaolabeling of intracellular
NFT that had alsc been stained with Congo red is illus-
trated in Figure 3. While no immunclabeling with SMI31
or Alz50 is seen in the 488 nm channel (Fig. 3C, D), the
Congo red-stained NFT are clearly seen in the 514 nm
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channel (Fig. 3B, F) of the confocal microscope. The
composite, merged images are seen in Figure 3A and B.

The numbers of Congo red-stained intracellular tangles
that failed to immunolabel with AT8 were counted in area
CAl of the hippocampus and expressed both as the mean
value per mm? and as a percentage of the total number
of intracellular tangles. As the numbers of neurons that
failed to immunolabel with ATZ were similar to those
failing to immunolabel with SMI31, Alz50, AT180, or
AT270, data are presented only for AT8 (Table 1). No
significant correlations were found between the number
or the proportion of AT8-negative neurons and age, sex,
duration of dementia, or postmortem interval (PMI).

In specimens stained with Congo red and immuncla-
beled with BR133 all intracellular NFT emitted a bright
vellow fluorescence in the fluorescence microscope. In
ne case was it possible to demonstraie an intracellular
NFT emiiting only a red Auorescence. In the confocal
microscope, 488 nm (Fig. 4A) and 514 nm (Fig. 4B)
channel images were virtually identical and the merged
images (Fig. 4C) were essentially yellow,

DISCUSSION

These findings suggest the existence of a small popu-
lation of intracellular NFT that stain with Congo red but
fail to immuonolabel with antibodies against specific phos-
phorylation-dependent epitopes. Two of these epitopes,
which are typically recognized by AT8 and SMI31, have
been demonstrated in fetal tau but are not detectable (in
postmortem brain) in normal adult tau (reviewed in 34).
They typically oceur in intracellular PHF and are char-
acteristic of hyperphesphorylated tau (A68) proteins (15).
Similarly, a small percentage of Congo red-stained intra-
cellular NFT fail to label with Alz50 (Fig. 3D). Because
Alz50 has been shown to recognize a non-phosphorylated
epitope in the amino acid sequence containing residues
2-10 (31), the lack of Alz50 immunclabeling might sug-
gesl the loss of the N-terminal region of the tau molecule.
Alternatively, it is possible that unidentified conforma-
tional changes to the molecule might make the N-termi-
nal epitope inaccessible to Alz50. Additionally, an un-
identified sequence(s) or conformation not contained in
residues 2—10 might contribute to the epitope recognized
in intracellular NFT (35).

Because all intracellular NFT are immunolabeled by
BRI133 (Fig. 4), an antibady that recognizes an epitope
within amino acid sequence 1-16 (33), our findings sug-
gest that loss of the amino terminus of tau is not respon-
sible for the failure of a small population of intracellular
NFT to label with Alz50 or AT8. This would imply that
conformational changes associated with the absence of
AT8 immunoreactivity may also be responsible for the
loss of Alz50 immunoreactivity. It has been demonstrated
that phosphorylation can produce conformational
changes in normal tau {(36).

J Mewrapatiol Exp Newra!, Vol 54, September, 1993
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Fig. 3.

Confocal microscope images of intracellular tangles in sections incubated with FITC-tagged SMI31 or FITC-ragged

Alz50 and stained with Conga red. A. SMI31 and Congo red, merged image. B, Alz50 and Congo red, merged image. C. SMI3|
and Congo red, 488 nm channel. D. Alz50 and Congo red, 488 nm channel, E. SMI31 and Congo red, 514 nm channel. E Alz50

and Congo rad, 514 nm channel. Bar = 10 pm.

In excisional biopsy specimens of human brain ob-
tained during surgecy (37) and in fresh rat brain (38),
PHF tau, fetal tau, and normal adult human tau appear to
be phosphorylated at similar phosphorylation sites in-
cluding serine 202, serine 396, threonine 181, and thre-
onine 231. Because these sites are more likely to remain
phespherylated in PHF tau than in normal adult tau in
postmortem specimens, it has been suggested that hyper-
phosphorylation of PHF tau results from the downregu-
lation of certain protein phosphatases in AD (37). Tt
might also be suggesied that variations in the immuno-
reactivity of phosphorylation-dependent epitopes of PHF
tau, as reported here, might reflect variations in PMIL.
However, we failed to find statistically significant corre-
lations between PMI and the number or proportion of
unlabeled intracellular NFT (Table 1), suggesting, in-

J Neirapathal Exp Nearal, Vol 54, September, 1995

stead, the presence of a small population of NFT that are
not phosphorylated at sites usually phosphorylated in
PHF tau.

Our findings suggest that hyperphosphorylation of tau
need not be an obligatory prerequisite for the formation
of NFT. Although the metabolic process(es) underlying
the phosphorylation of tau in intracellular NFT is not
known, we would speculate that the accumulation of non-
hyperphosphorylated tau into at least some PHF is con-
sistent with our findings. There is no evidence of de-
phosphorylation of tau after being accumulated into PHE
in vivo, although this has been demoenstrated in vitro (17)
and might contribute to the pool of normal tau from
which PHF are formed. It seems unlikely that tau is de-
phosphorylated after NFT formation because the intra-
cytoplasmic phosphatases would be expected to com-
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Fig. 4. Confacal microscope images of intracellular tangles immunolabeled with FITC-tagged BR 133 and stained with Congo
red. A. 488 nm channel. B. 514 nm channel. C. Merged image. Bar = 50 pm.

mence their action at the surface of the NFT prior to
acting on internal filaments; image reconstruction by con-
focal microscopy gives no evidence of layers with dif-
ferent degrees of phosphorylation in any NFT.

The demonstration of NFT composed of little or no
hyperphosphorylated tau argues against the necessity of
abnormal phosphorylation for PHF assembly in AD (15,
17). It is, however, consistent with recent findings show-
ing that only a minority of PHF are hyperphosphorylated
in AD and that hyperphaspharylation inhibits the binding
of tau to itself in the formation of tau complexes (39,
40). Our findings suggest that hyperphosphorylation of
PHF tau can be seen as a variable secandary event that

occurs after PHF begin to accumulate in the somatoden-
dritic compartment of affected neurons.

The physical properties of tau depend upon its state of
phosphorylaticn (36), and hyperphasphorylation has been
shown to resull in a decreased capacity to bind tubulin
and stabilize microtubules (21, 22, 41—43). Indeed, it is
conjectured that hyperphospheorylation of tau leads to a
loss of microtubular integrity and failure of intracellular
transport systems and that this is associated with neuro-
fibrillary pathology and neuronal death in A} (44, 45).

Hyperphosphorylation of tau may also promete PHF
formation in AD (15, 23, 24, 41). However, our results
from this and other studies (39, 40) indicate that it may

J Neuropathol Exp Neurol, Vol 54, Sepiember, 1995
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not be a necessary prerequisite of PHF formation. The
results of recent studies showing only minor abnormali-
ties in tau-deficient mice (46) also point to the improb-
ability that hyperphosphorylation of tau in PHF contrib-
utes directly to the process of neuronal death in AD.
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