
Abstract Accumulation of abnormally phosphorylated
tau results in the formation of neurofibrillary tangles
(NFTs) in the neuronal cell soma and neuropil threads
(NTs) in the cell processes. In the present study, we used
immunohistochemistry to investigate serially cut thick tis-
sue sections from the brains of patients with Alzheimer’s
disease (AD) and non-demented elderly subjects. In the
early stages of neurofibrillary pathology, clusters of NTs
occurred occasionally in the cerebral cortex. Each NTs
cluster, the entire extent of which was observed in the se-
rial sections, corresponded to a dendritic tree that was ar-
borized from a tau-positive neuron. Adult human brain
contains six tau isoforms with three having three car-
boxyl-terminal tandem repeat sequences that are encoded
by exon 10 (3R-tau) and the other three having four repeat
sequences (4R-tau). Three isoform patterns, 3R-tau(+)/
4R-tau(-), 3R-tau(-)/4R-tau(+) and 3R-tau(+)/4R-tau(+),
were seen in NFTs in early stage AD lesions. In an indi-
vidual neuron, the isoform pattern was consistent between
the NFTs in the cell soma and the NTs in the cell
processes. The results of this study indicate that, in early
stages of AD and age-associated neurofibrillary changes,
tau accumulates simultaneously in the cell soma and cell
processes of affected neurons. The process of AD and
age-associated tau pathology is not tau-isoform-specific,
but the ratio of 3R-tau and 4R-tau isoforms involved in

the neurofibrillary changes varies and is specific to indi-
vidual neurons.
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Introduction

Neurofibrillary lesions constitute a neuropathological
hallmark not only in the brain in Alzheimer’s disease
(AD) but also in the brain during physiological aging not
associated with cognitive impairment [15]. They include
neurofibrillary tangles (NFTs), which were visualized
originally by silver staining and more specifically by tau
immunostaining, pretangles, which are defined as non-
fibrillar accumulations of tau and are considered to be
premature NFTs [3, 4], and neuropil threads (NTs), which
account for 85–90% of cortical tau pathology in physio-
logical aging as well as in the early stages of AD [15].
The vast majority of NTs occurs in dendrites, while a
small portion of them occurs in axons [17, 22]. The neu-
rofibrillary changes may be central to the neurodegenera-
tive processes in AD. Nevertheless, there has been some
controversy with respect to the sequence of tau accumula-
tion in various portions of individual neurons. Some in-
vestigators argued that NFTs in the cell soma and NTs in
the cell processes were formed simultaneously [4, 5, 7],
while others claimed that NTs formation preceded NFTs
formation, at least in some neurons [18].

Human tau is encoded by a single gene consisting of
16 exons on chromosome 17q21. Alternative splicing of
exons 2, 3 and 10 generates six isoforms that differ by the
presence of either three or four carboxyl-terminal tandem
repeat sequences that are encoded by exon 10 (3R-tau and
4R-tau, respectively) [1, 12, 16], as well as by the pres-
ence or absence of sequences encoded by exons 2 and 3.
In some neurodegenerative diseases, 3R-tau or 4R-tau iso-
forms accumulate differently in a disease-specific manner
[2, 9, 10, 20, 21]. On the other hand, both 3R-tau and
4R-tau accumulate in the brain in AD and physiological
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aging [12, 19]. There is a paucity of immunohistochemi-
cal studies that distinguish between 3R-tau and 4R-tau,
since well-characterized antibodies specific to 3R-tau or
4R-tau were only developed recently.

In the present study, we used immunohistochemistry to
investigate the early stages of tau accumulation in neu-
rofibrillary lesions in AD and physiological aging. We
studied the sequence of tau accumulation in the cell soma
and cell processes of individual neurons by analysing the
spatial relationship between NFTs/pretangles and NTs in
serially cut thick sections. We also describe the tau iso-
form patterns in the early stages of NFT and NT forma-
tion in AD using monoclonal antibodies to 3R-tau and
4R-tau.

Materials and methods

We obtained postmortem brain tissue from 10 autopsied patients: 
7 with schizophrenia, 2 with AD and 1 with mild cognitive im-
pairment (MCI). While it remains to be determined whether the
neurofibrillary pathology in patients with schizophrenia is compa-
rable to age- and sex-matched controls, evidence indicates that
these two groups are indistinguishable by qualitative observations
at least [8, 14]. Routine neuropathological examination revealed
that all patients had Alzheimer-type pathology (NFTs, NTs and se-
nile plaques). Braak’s staging of neurofibrillary changes [6] was
stage I in 5 schizophrenia patients; stage II in 2 schizophrenia pa-
tients and the MCI patient; stage IV in 1 AD patient and stage VI
in the other AD patient. The MCI patient was considered to be a
very early stage of AD. Age, sex, diagnosis and Braak stages of
every patient are summarized in Table 1. Small brain blocks were
taken at the time of autopsy from the hippocampus and the tempo-
ral isocortex in the schizophrenia and MCI patients and from the
visual cortex and the precentral gyrus in the AD patients so that all
brain blocks had early stage Alzheimer-type neurofibrillary patho-
logy.

For immunohistochemistry with a monoclonal mouse antibody
to hyperphosphorylated tau, AT8 (Innogenetics, USA), brain blocks
were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, 
pH 7.4 for 2 days and transferred to a maintenance solution of 15%
sucrose in 0.01 M phosphate-buffered saline (PBS), pH 7.4. Serial

sections were cut on a freezing microtome at a thickness of 100 µm
and stored in the maintenance solution until stained. Six serially
cut sections were taken from each patient and stained with AT8.
Following a pretreatment with 0.5% H2O2 for 30 min, sections
were treated for 60 min with 10% bovine serum and incubated for
7 days with AT8 diluted at 0.2 µg/ml in PBS containing 0.3% Tri-
ton X-100 (PBS-Tx) and 10% bovine serum. AT8 recognizes tau
phosphorylated at serine 199/202. Sections were then treated with
a biotinylated anti-mouse IgG antibody (1:1000 in PBS-Tx; Vector
Lab, USA) for 24 h, followed by incubation with the avidin-
biotinylated horseradish peroxidase (HRP) complex (ABC Elite,
Vector Lab) for 3 h. Peroxidase labelling was detected by incuba-
tion with a solution containing 0.01% 3,3’-diaminobenzidine (DAB),
0.6% nickel ammonium sulphate, 0.05 M imidazole and 0.00015%
H2O2. A dark-purple reaction product appeared after about 5 min,
at which time the reaction was terminated by transferring the sec-
tion to PBS-Tx.

For immunohistochemistry with mouse monoclonal anti-3R-tau
and anti-4R-tau antibodies (RD3 and RD4, respectively [11, 21]),
brain blocks were fixed in 70% ethanol in physiological saline for
2 days and transferred to the maintenance solution. Sections were
cut at a thickness of 40 µm. Prior to immunostaining, sections were
pretreated with 99% formic acid for 60 s. Sections were incubated
for 2 days with RD3 (1:200 in PBS-Tx with 10% bovine serum) or
RD4 (1:1000). The primary antibody labelling was visualized sim-
ilarly to that of AT8. For double immunostaining with RD3 and
RD4, sections were first stained with either RD3 or RD4 as de-
scribed above. Following treatment with 0.5% H2O2 for 60 min,
the second immunohistochemical cycle for the other antibody was
carried out similarly to the first except that nickel ammonium sul-
phate was eliminated from the DAB solution to yield a brown par-
ticipate. In this double immunostaining system, the cells labelled
brown in the second cycle are considered to be negative for the
first cycle primary antibody (1st (-)/2nd (+)). It could not be deter-
mined whether the cells labelled purple for the first cycle primary
antibody are negative or positive for the second cycle primary an-
tibody (1st (+)/2nd (-) or 1st (+)/2nd (+)) since the dominant purple
precipitate may mask the brown precipitate.

Results

Figure 1 illustrates AT8 immunostaining of 100-µm-thick
serial sections of the entorhinal cortex from a patient with
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Case Sex, age Clinical Braak Sample Frequency No. of neuritic The proportion of neurons 
no. diagnosis stage clusters traced  that are DAB+Ni-/Ni+

from one end 
NFT NT to the other 3R-4R+ / 3R+ 3R+4R- / 4R+

1 67M MCI 2 Hip + + 7 NA NA
2 77M AD 4 Precentral + + 5 NA NA

Visual + + 7 NA NA
3 55M Schizo 1 Hip ++ ++ 10 NA NA
4 69F Schizo 1 Hip + + 8 NA NA
5 72M Schizo 2 Hip + + 3 0.60 0.57
6 50M Schizo 1 Hip + + 1 0.86 0.67
7 65M Schizo 1 Hip ++ ++ 1 0.62 0.57
8 85F Schizo 1 Hip ++ ++ 4 0.67 0.56
9 76F Schizo 2 Hip + + 6 0.42 0.60

10 75M AD 6 Precentral + + NA 0.62 0.64
Visual + + NA 0.72 0.58

Table 1 Data of patients employed in this study (MCI mild cog-
nitive impairment, AD Alzheimer’s disease, Schizo schizophrenia,
Hip hippocampal region including mediobasal temporal isocortex,
Precentral precentral cortex, Visual visual cortex, Frequency of

NFT + 0–2 per x40 field, ++, 3–5 per x40 field in the area where
NFTs are most frequent, Frequency of NT + rare, ++ sparse, 
+++ mild, ++++ moderate, +++++ severe, NA not available)
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Fig. 1a–e immunostaining of 100-µm-thick, serial sections with
AT8, which recognizes abnormally phosphorylated tau. The entorhi-
nal cortex of a patient with schizophrenia, who was stage I of Braak’s
neurofibrillary pathology staging. A cluster of NTs shows a ring-like
or firework-like morphology. Most, if not all, NTs can be traced to
the tau-positive neuronal cell body shown in c. Bar=100 µm

Fig. 2a, b Parahippocampal gyrus of a schizophrenia patient with
neurofibrillary pathology (Braak’s stage II). The anti-3R-tau anti-
body (RD3) immunostains neuronal cell soma and proximal
processes (a) as well as distal processes (b). Bar=100 µm

Fig. 3 The anti-4R-tau antibody (RD4) immunostains neuronal
cell soma, proximal and distal processes. Bar=100 µm

Fig. 4 Double immunostaining with RD3 (purple) and RD4 (brown).
The hippocampus of a patient with schizophrenia (Braak’s stage I).
Two RD3(+) NFTs (arrowheads) and an RD3(-)/RD4(+) NFTs
(arrow) are evident. Bar=100 µm

Fig. 5 Double immunostaining with RD4 (purple) and RD3 (brown).
The hippocampus of a patient with schizophrenia (Braak’s stage I).
RD4(+) NFTs (arrowheads) and RD4(-)/RD3(+) NFTs (arrows)
NFTs are evident. Bar=100 µm



schizophrenia. A cluster of NTs, which shows as a fire-
work-like formation, was seen in the neuropil, but NTs were
otherwise sparse. In Fig. 1c, most NTs of the cluster seem
to be connected with a tau-positive neuron. Since such an
observation is possible only in areas in an early stage of
neurofibrillary pathology, we employed the mediobasal
temporal cortex of patients with Braak’s stage I or II and
the precentral or visual cortex of patients with AD. The
degree of neurofibrillary pathology as well as the number
of neuritic clusters traced from one end to the other end
are summarized in Table 1. We identified and traced the
entire extent of more than 30 independent clusters of NT
in the sets of serial sections from all 10 patients. In the
center of every cluster that we were able to observe from
one end to the other through serial sections, we found a
tau-positive neuronal cell soma from which the NT ap-
peared to radiate.

Both 3R-tau and 4R-tau were detected in early stages
of AD-type tau pathology. RD3, an anti-3R tau antibody,
labelled neuronal cell soma (Fig. 2a) as well as both prox-
imal (Fig. 2a) and distal (Fig. 2b) portions of the cell
processes. Figure 3 illustrates a neuron that is stained with
RD4, an anti-4R tau antibody. No significant difference
was seen between RD3 and RD4 staining with respect to
the distribution of immunopositive tau accumulations in
the cell soma and processes of individual neurons. Both
RD3-positive neurons and RD4-positive neurons were
present in all patients examined (Table 1). No difference
was found between RD3-positive and RD4-positive neu-
rons with respect to the type of neurons, distribution and
morphology.

Double immunostaining with RD3 and RD4 revealed
that every patient had RD4-positive and RD3-negative
neurons (Fig. 4), as well as RD3-positive and RD4-nega-
tive neurons (Fig. 5). In both combinations of double im-
munostaining, i.e. RD3 first and RD4 second and vice
versa, the neurons labelled purple for the first-cycle pri-
mary antibody outnumbered the brown-labelled, 1st (-)/
2nd (+) neurons. Since purple-labelled, 1st (+) neurons can
be either 2nd (-) or 2nd (+), a portion of purple neurons are
considered to be positive for both RD3 and RD4. There
was no apparent difference in number between RD3(+)/
RD4(-) neurons and RD3(-)/RD4(+) neurons. However, it
has to be noted that such a comparison was made in nearby,
but not identical, sections and that all sections employed
in this study contained only a small number of NFT, which
may produce some ambiguity.

The hippocampal and temporal regions of the schizo-
phrenia and MCI patients, as well as the precentral and vi-
sual cortices of the AD patients, were similar with respect
to the occurrence and morphology of RD3 and RD4 im-
munoreactivity.

Discussion

Accumulation of abnormally phosphorylated tau results in
the formation of NFTs in the neuronal cell soma and NTs
in the cell processes. In both sites, tau pathology com-

mences as an accumulation of amorphous tau aggregates.
Tau aggregates then develop into fibrillar structures that
are discerned as paired helical filaments or straight fila-
ments by electron microscopy. It has yet to be established
at which cell site, the cell soma or the cell processes, tau
abnormality begins in an individual neuron. Braak and
colleagues claimed that NFTs in the cell soma and NTs in
the cell processes were formed simultaneously [4, 5, 7].
Schmidt et al., on the other hand, argued that more than
half of NTs arose from neurons without NFTs [18]. These
authors, however, analysed the spatial relationship be-
tween NFTs and NTs in single sections.

To overcome this uncertainty, we employed serially cut
thick sections, which permitted us to examine every vi-
sual field to a depth of 600 µm, so that the entire extent of
tau-positive dendritic trees could be observed. We also
employed brains with very early stages of Alzheimer-type
neurofibrillary pathology where tau-positive neurons were
so sparse that we were able to identify a single tau-posi-
tive dendritic tree in an area that was essentially devoid of
NTs derived from other neurons. With such an experi-
mental design, we traced most, if not all, NTs to their orig-
inating neurons. We found that NTs occurred as a cluster
in the early stages of neurofibrillary pathology. Each clus-
ter of NTs corresponded to a dendritic tree that was ar-
borized from a single tau-positive neuronal cell body. The
results of this study appear to confirm and support the no-
tion by Braak and colleagues. Iwatsubo et al. reported that
NTs seemed to grow in both proximal and distal direc-
tions in neuronal cell processes [13]. Together with our re-
sults, it is suggested that once a tau abnormality is initi-
ated in a given neuron, the process takes place simultane-
ously in multiple sites of the affected neuron.

Adult human brain contains six tau isoforms, three 3R-tau
and three 4R-tau [1, 12, 16]. In neurodegenerative dis-
eases with tau pathology, tau isoforms often accumulate in
a disease-specific manner [2, 9, 10, 20, 21]. In AD, bio-
chemical analyses suggest that both 3R-tau and 4R-tau are
involved similarly in the disease process. This contrasts
with such tauopathies as progressive supranuclear palsy,
corticobasal degeneration and argyrophilic grain disease
in which 4R-tau predominates and with Pick’s disease in
which 3R-tau predominates. In the earliest stage of tau ab-
normality in AD and age-associated neurofibrillary pa-
thology, the isoform pattern of abnormally accumulated tau
remains to be elucidated, partly because of the lack of well-
characterized antibodies specific for 3R-tau and 4R-tau
and applicable to immunohistochemistry.

In the present study, we used two recently developed mono-
clonal antibodies that are specific to 3R-tau and 4R-tau,
respectively [12, 21]. These antibodies work well for im-
munohistochemistry on postmortem brain tissue sections.
We found three isoform patterns of tau in NFTs in the
early stage of AD, that is, 3R-tau(+)/4R-tau(-), 3R-tau(-)/
4R-tau(+) and 3R-tau(+)/4R-tau(+). All three isoform pat-
terns were found in every patient. While the isoform pat-
tern differed among neurons, it was consistent in all por-
tions of individual neurons. In other words, if the NFTs in
a given neuronal cell soma show one isoform pattern, the
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NTs in both distal and proximal portions of the cell
processes show the same isoform pattern. It is therefore
possible to speculate that the process of AD and age-asso-
ciated tau pathology is not tau-isoform-specific, but that
the tau isoforms involved in the pathological processes
are specific to each neuron. The tau mRNAs for the six
isoforms are not equally expressed in neurons [12]. The
isoform pattern of NFTs and NTs might depend on the tau
isoforms expressed by the neuron that gives rise to the
NFTs and NTs. In this study, we were not able to find sig-
nificant differences in the distribution and morphology
between neurons that accumulate predominantly 3R-tau
or 4R-tau.

In summary, we have shown that hyperphosphorylated
tau accumulates simultaneously in the cell soma and cell
processes in early stages of AD, as well as in age-associ-
ated neurofibrillary lesions. The NFTs and NTs in early
stages of AD contain either 3R-tau or 4R-tau, or both.
Such an isoform difference may depend on the nature of
individual neurons that bear the NFT and NT. The patho-
genesis of AD and age-associated neurofibrillary changes
is not likely to be tau-isoform-specific.
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