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Septins are evolutionarily conserved cytoskeletal
GTPases that can form heteropolymer complexes in-
volved in cytokinesis and other cellular processes. We
detected expression of the human septin genes
Nedd5 , H5 , Diff6 , and hCDC10 in postmortem brain
tissues using the reverse transcription-coupled poly-
merase chain reaction and their products by immu-
noblot analysis. Four antibodies directed against
three septins, Nedd5, H5, and Diff6, consistently la-
beled neurofibrillary tangles, neuropil threads, and
dystrophic neurites in the senile plaques in brains
affected by Alzheimer’s disease but did not label ob-
vious structures in young control brains. Immuno-
electron microscopy revealed that Nedd5 localized to
the paired helical filaments. Pre-tangles, the precur-
sory granular deposits that accumulate in the neuro-
nal cytoplasm, also were labeled with the antibodies.
These findings suggest that at least the three septins
are associated with tau-based paired helical filament
core, and may contribute to the formation of neuro-
fibrillary tangle as integral constituents of paired he-
lical filaments. (Am J Pathol 1998, 153:1551–1560)

Alzheimer’s disease (AD) is a group of neurodegenera-
tive disorders of multiple pathogeneses. The histopathol-
ogy of the AD brain is characterized by profound neuro-
nal loss and two distinct pathological features: senile
plaques and neurofibrillary changes including neurofibril-
lary tangles (NFTs), neuropil threads, and dystrophic
neurites in the senile plaques.1 The number of NFTs
correlates with the severity of dementia,2,3 indicating a
positive role for NFT in the functional disturbance of tan-
gled neurons. As exemplified by transgenic mice that
overexpress one of the neurofilament subunits,4,5 exces-
sive cytoplasmic deposit of certain proteins can disturb
neuronal homeostasis, resulting in acceleration of the
degenerative processes. This may also be true with AD

brains, in which NFTs progressively displace the normal
neuronal cytoskeleton. Recent genetic approaches have
revealed a number of key molecules for the pathogenesis
of AD, ie, amyloid b-protein precursor (bPP), presenilins,
and apolipoprotein E4.6 So far, however, causal roles of
these molecules in NFT formation have yet to be estab-
lished.

NFT consists of a variety of abnormal filamentous
structures represented by paired helical filaments (PHFs)
8–20 nm in diameter with a helical periodicity of 80 nm.7

PHF is also the common structural basis of neuropil
threads and a subset of dystrophic neurites in the senile
plaque.8 PHF is a heteropolymer complex of polypep-
tides, a major constituent of which is a microtubule-asso-
ciated protein, tau. The presence of tau in NFT/PHF has
been established by immunochemical analyses of brain
tissues9–11 and sequencing of PHF-derived pep-
tides.12–14 This structural heterogeneity of PHFs in vivo is
attributable to biochemical modifications of tau15–17

and/or involvement of other components.
Septins comprise a novel class of the GTPase family

originally identified in the budding yeast mutants CDC3,
CDC10, CDC11, and CDC12, which are commonly de-
fective in cytokinesis.18,19 The yeast septin gene prod-
ucts are the major constituents of the ;10-nm filaments
formed beneath the plasma membrane at the mother-bud
neck.20,21 In Drosophila, at least three septins are con-
centrated near the contractile ring and in the nervous
system as heteropolymer complexes.22–24 In mammals,
at least seven septin genes have been reported to date:
Diff6,25 H5,26 and Nedd527,28 in the mouse and
hCDC10,29 KIAA0129, KIAA0158,30 and CDCrel-131 in
humans. Our database search and expression analyses
revealed that (1) the counterparts of mouse Diff6 and H5
are expressed in humans, (2) the counterpart of hCDC10
is expressed in the mouse, and (3) KIAA0158 is the
human counterpart of the mouse Nedd5 gene (see be-
low). Thus the human and mouse genomes share at least
four septin genes, Diff6, H5, Nedd5, and CDC10. (Note
that the mammalian CDC10 genes are not orthologs of
the budding yeast CDC10 gene.) We have been studying
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the mammalian septin system since we isolated the
mouse Nedd5 gene. Nedd5 is a ubiquitous cytoskeletal
component that interacts with actin-based structures
such as contractile ring and stress fibers.28 Recently, a
set of septins were identified in a protein complex that
can interact with sec6/8 complex in the rat brain.32 Since
sec6/8 complex is a cluster of molecules essential for
exocytosis, another role of the septins may be to link the
secretory machinery to actin-based cytoskeleton be-
neath plasma membrane.

In the course of screening neuropathological implica-
tions of septins based on their potential to form a filamen-
tous complex, we tested whether they can contribute to
the neurofibrillary pathology. We report here that three
human septins, Nedd5, Diff6, and H5, are commonly
deposited in and around NFTs in AD brains, whereas
hCDC10 is not. Our findings raise the possibility that at
least three septins are involved in the neurodegeneration
of AD by forming heteropolymer complexes which di-
rectly or indirectly interact with tau in the PHF.

Materials and Methods

Cases

Human brain tissue samples were obtained from the
Department of Neurology, Kyoto University Hospital.
Neuropathological diagnoses were based on the stan-
dard criteria for AD.33 Tissues from age-matched pa-
tients without dementia-causing diseases were used as
the controls. Three AD (range, 65–82 years) and 7 control
(5 age-matched, range, 63–85 years; 2 young, 33 and 35
years) brain samples were analyzed by immunoblotting
and reverse transcription-coupled polymerase chain
reaction (RT-PCR), and five additional AD samples
(range, 73– 80 years) were used only for immunocyto-
chemistry. Specimens taken from the right temporal
cortices and hippocampi were quickly frozen in liquid
nitrogen and then used in the biochemical analyses.
Those taken from the left hemispheres were immersion-
fixed and used in the histochemical analyses.

RNA Extraction and RT-PCR

The methods have been described elsewhere.34 In brief,
the poly(A)1 RNA (1 mg) isolated from each hippocampal
sample was reverse transcribed from an oligo-dT primer
in 33 ml of reaction medium using First Strand Synthesis
Kit (Pharmacia, Uppsala, Sweden). Each sample was
diluted to 1000 ml and heat-inactivated, then 10 ml was
amplified in a 20-ml standard PCR reaction mixture con-
taining 0.2 mmol/L primers (see below) and 1.25 mCi
[a-32P]dCTP under the following conditions for 20 cycles:
0.5 minute at 96°C, 0.5 minute at 52°C, and 1 minute at
72°C. Each sample was electrophoresed through a 5%
polyacrylamide gel and densitometry was done with an
image analyzing system, BAS2000 (Fuji, Tokyo, Japan).
The amount of amplified b-actin gene fragment was used to
estimate the amount of input cDNA for calibration. Control
experiments were performed to determine the range of PCR

cycles over which amplification efficiency remained con-
stant and to confirm that the amount of PCR product was
proportional to the amount of input RNA. The identity of
each PCR product was confirmed by its size and by direct
sequencing. The following pairs of oligonucleotides were
used as the primers (the corresponding nucleotide posi-
tions are shown in parentheses): KIAA0158/human Nedd5,
AATCTGAGGATGAGACAGGG (2850–2869) and TGGG-
TAGTAAAACCAAAGGG (3258–3277); R53785/human
Diff6, AAGCTTTCCCGCCAGAGCGC (3–22) and CGG-
GACGTGGCCTCAGAGGG (172–191); W69298/human
H5, TCTCTGGGCAGTCAGCAGGG (31–50) and CAT-
TATGGAGAACTACCGGG (379–398) S72008/hCDC10,
CAAAGGTTCCATTCAGTGCAGC (1720–1741) and
CTCTTCAAGAGGCCATGATTCC (2191–2212); X00351/
human b-actin, AGAAGAGCTATGAGCTGCCTGACG
(751–774) and TACTTGCGCTCAGGAGGAGCAATG
(1028–1051).

Production and Purification of Antibodies

The production and characterization of the two anti-
Nedd5 antibodies, 6 and 11, were reported previously.28

We also raised antibodies against three synthetic pep-
tides; C10C (EQQNSSRTLEKNKKKGKIF; residues 400–
418 of hCDC10), H5C (DFPIPAVPPGTDPE; residues in
the putative product of a human cDNA clone W69298
and mouse H5) and D6C (TEIPLPMLPLADTE, residues
corresponding to a part of the putative product of a
human cDNA clone R53785, which is similar to residues
315–328 of mouse Diff6). Each peptide was conjugated
to an equal weight of maleimide-activated bovine serum
albumin (Pierce, Rockford, Illinois) via a cysteine residue
added to the amino-terminus. Animals were immunized
with the bovine serum albumin-conjugated antigen (0.1
mg of H5C and C10C for a guinea pig, 0.5 mg of D6C for
a rabbit) emulsified in Freund’s complete adjuvant (Sig-
ma, St. Louis, MO). After boosting with Freund’s incom-
plete adjuvant (Sigma) once or twice, collected sera were
fractionated with ammonium sulfate and affinity purified
using the corresponding peptides coupled with fluoro-
methylpyridinium toluene sulfonate-activated Cellurofine
(Seikagaku, Tokyo, Japan).

Immunoblot Analysis

We followed the standard protocols of Sambrook et al35

with some modifications.28 In brief, the frozen tissue sam-
ples were sonicated directly in nonreducing sodium do-
decyl sulfate (SDS) buffer and then ultracentrifuged at
80,000 3 g for 20 minutes. The supernatant was incu-
bated at 100°C for 5 minutes with 2-mercaptoethanol.
The lysate containing 25 mg of total protein was sepa-
rated on 10% SDS-PAGE and transferred to a polyvi-
nylide difluoride membrane (Micron Separations, West-
borough, MA). The membrane was incubated overnight
in the blocking buffer [0.2% Tween 20 in Tris-buffered
saline (TBS, pH 7.4) containing 1% bovine serum albu-
min], then with each antibody (1 mg/ml) in the blocking
buffer for 1 hour. The membrane was washed with TBS-
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Tween 20 and then incubated in the blocking buffer
containing an appropriate secondary antibody conju-
gated with alkaline phosphatase (Chemicon, Temecula,
CA, 1:5000). The immune complex was detected by a
chromogenic reaction. The signals were digitized with an
optical scanner, GT8000 (Epson, Tokyo, Japan), and the
software NIH Image 1.55 was used for densitometry.

Immunocytochemistry

We performed immunocytochemistry on the brain sec-
tions using rabbit polyclonal antibodies against Nedd5 (6
and 11) and Diff6 (D6C-1) and guinea pig polyclonal
antibodies against H5 (H5C-1) and hCDC10 (C10C-1).
Postmortem brain samples were immersion-fixed with 4%
paraformaldehyde in 0.1 mol/L phosphate buffer (PB) for
24–48 hours. After cryoprotection for 48 hours h in 20%
sucrose in 0.1 mol/L PB, the tissues were sliced 30 mm
thick. The sections were treated for 0.5 hours with 0.5%
H2O2 in 0.1 mol/L phosphate-buffered saline (PBS, pH
7.4) containing 0.1% Triton X-100 to deplete endogenous
peroxidase activities. The slides were then incubated
with the primary antibodies (1 mg/ml) followed by biotin-
ylated anti-rabbit IgG (Vector, Burlingame CA, 1:200) or
anti-guinea pig IgG (Vector, 1:200), and the avidin-biotin-
horseradish peroxidase (Vector, 1:100). The specific im-
mune complex was detected with diaminobenzidine-
nickel ammonium sulfate.

For double immunofluorescence cytochemistry of H5
(H5C-1) and either Nedd5 (antibody 6) or Diff6 (D6C-1),
the sections from AD brains were incubated with each
combination of the primary antibodies, then with fluores-
cein isothiocyanate-conjugated anti-rabbit IgG antibody
(Chemicon, 10 mg/ml) and biotinylated anti-guinea pig
IgG antibody (Vector, 1:200), followed by treatment with
Texas Red-conjugated avidin (Vector, 1:1000). For dou-
ble staining of phosphorylated tau (Tau2, Sigma, 1:1000
or AT8, Innogenetics, Zwijndrecht, Belgium, 1:1000) and
either of Nedd5 (6), H5 (H5C-1) or Diff6 (D6C-1), we used
fluorescein isothiocyanate-conjugated anti-mouse IgG
(Chemicon, 10 mg/ml) and biotinylated antibodies (ie,
anti-rabbit IgG for Nedd5 and Diff6, and anti-guinea pig
IgG for H5, Vector, 1:200) with Texas Red-conjugated
avidin (Vector, 1:1000). The sections were observed
through the appropriate filters.

Double staining for C4d and septins were done as
follows: Sections were sequentially incubated with mouse
monoclonal antibody against C4d (Quidel, San Diego,
CA, 1:1000) and the biotinylated secondary antibody and
developed for 10 minutes in a solution containing 0.02%
diaminobenzidine and 150 mmol/L H2O2 in 50 mmol/L
Tris-Cl (pH 7.6). After incubation in 150 mmol/L H2O2 in
PBS for 30 minutes, the sections went through the second
staining cycle with each of the anti-septin antibodies and
biotinylated secondary antibody, then they were devel-
oped in 0.02% diaminobenzidine and 0.6% nickel ammo-
nium sulfate solution. Consequently, C4d was stained
brown and septins were labeled dark purple.

Immunoelectron Microscopy

A pre-embedding method was used for the immunoelec-
tron microscopy. Paraformaldehyde-fixed entorhinal cor-
tices from AD patients were sectioned (50 mm thick) in a
vibratome. The sections were blocked with 20% normal
goat serum for 1 hour and then incubated with anti-
Nedd5 antibodies (6 or 11, 1 mg/ml) in 0.1 mol/L PB
overnight at 4°C, followed by incubation with 1.4 nm
gold-coupled anti-rabbit IgG (Nanoprobes, Stony Brook,
NY, 1:100). Sections were postfixed in 1% glutaraldehyde
in distilled water for 10 minutes. The sections were
treated with HQ Silver enhancement kit (Nanoprobes),
then with 1% OsO4 in 0.1 mol/L PB, stained with 1%
uranyl acetate, dehydrated in ethanol, and flat-embed-
ded in epoxy resin. Serial ultrathin sections 50 nm thick
were observed with an H-7100 electron microscope (Hi-
tachi, Tokyo, Japan).

Results

Expression of Human Septin Genes in the Brain

The complete human septin cDNA sequences of
KIAA0158 (encoding the human counterpart of mouse
Nedd5, which we call human Nedd5 in this paper) and
hCDC10 are available in the database. In addition, there
are partial human cDNA sequences (eg, accession nos.
R36763 and W69298) encoding polypeptides that are
85% and 94% identical to the amino- and carboxy-termi-
nal sequences, respectively, of mouse H5. Likewise, we
found several other human cDNAs (eg, accession nos.
AA262134 and R53785) encoding polypeptides that are
96% and 98% identical to the middle and carboxy-termi-
nal portions, respectively, of mouse Diff6. Given the high
interspecies conservation of the amino acid sequences
of the septin counterparts (eg, 99% between human and
mouse Nedd5) and the moderate amino acid identities
(50–60%) shared among the septins in a given mamma-
lian species,18 these cDNA fragments are likely to be
derived from the human counterparts of the mouse H5
and Diff6 genes. In this study, we have therefore re-
garded R36763/W69298 and AA262134/R53785 as par-
tial cDNA fragments of the human H5 and Diff6 genes,
respectively.

We assessed expression of the four human septin
genes (Nedd5, hCDC10, H5, and Diff6) in postmortem
brain samples using RT-PCR analysis. We found that the
four septin genes were expressed in all of the brain
samples investigated in this study: AD (n 5 3), age-
matched control (n 5 5), and young control (n 5 2) brains
(Figure 1a). The identity of each PCR product was con-
firmed by size and DNA sequence. Densitometric data of
each septin gene’s expression level in the three groups
were as follows (standardized with the b-actin gene ex-
pression level, arbitrary unit): Nedd5 (AD 101 6 7, age-
matched 106 6 12, young 119 6 11), hCDC10 (108 6 3,
119 6 8, 146 6 16), H5 (122 6 5, 107 6 4, 121 6 1), Diff6
(130 6 2, 125 6 4, 135 6 16). We could not detect any
consistent differences in the expression levels among
these limited number of samples.
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Characterization of the Septin Antibodies

We raised polyclonal antibodies against the four mam-
malian septins (Nedd5, H5, Diff6 and CDC10) using re-
combinant proteins or synthetic peptides that correspond
to amino acid sequences highly conserved between the
human and mouse counterparts but distinct from the
other septins. Authenticity of the two antibodies (6 and
11) that recognize distinct regions of human/mouse
Nedd5 was established previously.28 Three other anti-

bodies were raised against synthetic peptides corre-
sponding to portions near the carboxy-termini of H5,
Diff6, and CDC10 (H5C-1, D6C-1, C10C-1), respectively.
These sequences were not shared by any other polypep-
tide in the database.

Using these antibodies, we performed immunoblot
analysis with mouse embryonic and human brain tissues.
As we reported previously,28 the two anti-Nedd5 antibod-
ies detected 41.5-kd proteins both in the mouse and
human tissues. These bands were abolished after treat-
ment of each antibody with excess corresponding anti-
gen (Figure 1b). Likewise, each of the antibodies H5C-1,
D6C-1, and C10C-1 detected a single band of expected
size (54, 42, and 49 kd, respectively) in the human and
mouse tissue samples (Figure 1b). Each band was abol-
ished by preadsorption with excess amount of the corre-
sponding antigen but not with the other septin antigens
(Figure 1b and data not shown). These results estab-
lished that each antibody reacted specifically with the
corresponding human septins in the brain samples with-
out mutual cross-reactivity. The molecular weights of the
putative human H5, Diff6 and hCDC10 estimated by the
immunoblotting are comparable to those of the mouse
homologs, providing additional evidence of their identity
as the human counterparts.

We assessed the amount of Nedd5 in SDS-soluble
fractions of the hippocampal and temporal cortices from
AD (n 5 3), age-matched control (n 5 5), and young
control (n 5 2) brains. Densitometric analysis of the
bands showed no consistent differences among the
groups; AD 116 6 16, age-matched 145 6 20, young
136 6 13 (Figure 1c).

Detection of Septins in Brain Tissue Sections

We immunostained paraformaldehyde-fixed, free-floating
tissue sections from histopathologically confirmed AD
brains (n 5 8) as well as from those of age-matched (n 5
5) and young (n 5 2) control cases. Anti-Nedd5 antibody
6 labeled numerous NFTs and neuropil threads in the
entorhinal cortex of AD brains (Figure 2a). Positive stain-
ing was completely abolished by preadsorption of the
antibodies with excess antigens but was not affected by
preadsorption with antigens of the other septins (Figure
2, a and b, and data not shown). Elimination of the pri-
mary antibodies also abolished the signals. In contrast,
these antibodies did not label obvious structures more
than diffuse cytoplasmic staining in the young control
brains (Figure 2c and data not shown). In AD brains,
antibodies 6 and 11 against Nedd5 consistently stained
NFTs (Figure 2, d and e). Nedd5 was also detected in
neurites in the neuropil (neuropil threads) and dystrophic
neurites in senile plaques of AD brains (Figure 2a). These
Nedd5-positive structures were abundant, particularly in
the hippocampus and entorhinal cortex. Antibodies
against H5 (H5C-1) and Diff6 (D6C-1) gave essentially
the same staining patterns as those of 6 and 11, whereas
an antibody against hCDC10 (C10C-1) did not label NFTs
(Figure 2, f and g, and data not shown). NFTs sparsely
distributed in the age-matched entorhinal cortices were

Figure 1. Expression of the four septins in AD and control brains. a: RT-PCR
analysis of the human septin genes expressed in the hippocampus. Poly(A)1

RNA (;10 ng) from human hippocampal regions was reverse-transcribed
and subjected to PCR using primer sets for human Nedd5, Diff6, H5, and
hCDC10, and for b-actin as an internal control. Representative results for AD
brains (lanes 1–3), age-matched (lanes 4–7, 10) and young (lanes 8, 9)
control brains, and a negative control without template cDNA (NC) are
shown. b: Characterization of the four anti-septin antibodies used in this
study. Each antibody (6 and 11 for Nedd5, H5C-1 for H5, and D6C-1 for
Diff6) was tested by immunoblotting of lysates from mouse embryos (at
gestational day 13.5) and a normal human hippocampus. Each lane con-
tained 25 mg of total protein. Immunoreactive bands (arrowheads) were
abolished when antibodies preadsorbed with the corresponding antigens
were used. c: Immunoblot of the hippocampal lysates of AD and control
brains. A representative blot showing Nedd5 (detected by antibody 11) in
brains from AD patients (lanes 1–3), age-matched controls (lanes 4–7, 10)
and the young individuals (lanes 8, 9). Each lane contained 25 mg of total
protein.
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Figure 2. Immunocytochemical detection of septins in AD and control brains. a: Anti-Nedd5 antibody 6 labeled numerous NFTs, neuropil threads and dystrophic
neurites in the senile plaques in the entorhinal cortex of an AD brain. b: Preadsorption of 6 with the antigen peptide abolished the signals on an adjacent section
from the same patient as in a. c: A representative section of the entorhinal cortex from a young individual showing minimal cytoplasmic staining for Nedd5. d
to g: Sections of the entorhinal cortex and hippocampus from AD brains immunostained with the following anti-septin antibodies; 6 (d) and 11 (e) for Nedd5,
H5C-1( f ) for H5, and D6C-1(g) for Diff6. NFTs, neuropil threads, and dystrophic neurites are intensely labeled with the four antibodies but the normal-appearing
neurons are not stained. h to j: Higher magnifications of the immunolabeled AD brain sections. NFTs, neuropil threads (h), and dystrophic neurites of senile plaque
(i) are intensely stained with anti-Nedd5 antibody 6. Some glial tangles are also seen in h. In j, H5-immunoreactive granules (pre-tangles) beside the manifest NFT
in the neuronal cytoplasm are shown (arrow). Scale: 200 mm (a-c), 130 mm (d, e) , 100 mm (f, g), 50 mm (h-j ).
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also stained for Nedd5, H5, and Diff6, but not for hCDC10
(data not shown).

The three septins (Nedd5, H5 and Diff6) were also
detected in the cytoplasm of a small number of neurons
that did not manifest NFTs, where immunoreactivities
were distributed in a granular pattern (Figure 2j and data
not shown), probably corresponding to the pre-tangles
(also referred to as stage 0 tangles36 or Group 1 tan-
gles37).

Septin-positive fibrous structures, which appear to be
glial tangles in astrocytes, were also found in small non-
pyramidal cells in AD brains (Figure 2h).

Colocalization of Septins and Tau in
Intracellular NFTs

Drosophila and rat septins are known to form heteropoly-
mer complexes in vivo.23,24,32 However, we found that
tissue distribution and subcellular localization of Nedd5,
H5, Diff6, and CDC10 in mouse and human cells are not
necessarily identical (Kinoshita, Valencik, Kinoshita, Prin-
gle, and Noda, manuscript in preparation). Thus we
tested colocalization of the septins in NFTs. Double im-
munofluorescence staining of the hippocampus and en-
torhinal cortex of AD brains showed largely overlapping
labeling patterns for H5 and Diff6 (Figure 3, a and b),
except for a few Diff6-positive NFTs that were H5-nega-
tive (arrowheads in Figure 3b). Similar results were ob-
tained for the combination of Nedd5 and H5 (data not
shown). We then compared localization of the septins
and tau, the major constituent of NFTs. For instance,
double labeling of AD hippocampi for Diff6 (with D6C-1
antibody) and phosphorylated tau (with commercial an-
tibodies Tau2 or AT8) showed that roughly 95% of NFTs
were doubly labeled for both tau and Diff6 (Figure 3, c
and d). We therefore concluded that the septins localize
close to the phosphorylated tau in the majority of NFTs.
Interestingly, however, some other neurons appeared to
contain almost exclusively either tau (Figure 3f) or Diff6
(Figure 3e). Even in the double-positive neurons, subcel-
lular distributions of Diff6 and tau appear overlapping but
not identical (Figure 3, c and d): tau is enriched both in
somatic and dendritic NFTs, whereas Diff6 appears to
localize more proximally (see Discussion). These data
also support the observation that the antibodies are not
mutually cross-reactive.

After disintegration of tangled neurons, NFTs are
known to remain in situ and exposed to the extracellular
milieu. These extracellular NFTs (eNFTs) have a unique
immunocytochemical profile: ie, a number of tau epitopes
have been lost, probably through proteolytic processing.
Meanwhile, activation of the complement system takes
place against eNFTs, resulting in heavy decoration with
various complement proteins.38 Our double-staining
analysis showed that the distribution patterns of septin-
positive NFTs and complement C4d-positive NFTs
(eNFTs) were mutually exclusive (Figure 3g). These find-
ings indicate that septin-positive NFTs are formed intra-
cellularly and that the septin epitopes may be lost due to

proteolytic degradation or other modifications after neu-
ronal collapse.

Electron Microscopic Detection of a
Septin in PHF

Ultrastructural localization of a septin in the NFTs was
analyzed in the entorhinal cortex of AD patients using a
pre-embedding, immunogold-labeling method by using
anti-Nedd5 antibodies (6 and 11). Both of the two anti-
bodies gave specific labeling along PHFs (Figure 4, a
and b, and data not shown). No labeling was detected in
association with neurofilaments, glial fibrils or any other
normal structures in the cytoplasm.

Discussion

We showed that the three human septins, Nedd5, H5 and
Diff6, are concentrated in intracellular NFTs, dystrophic
neurites in senile plaques, neuropil threads in the brains
of all of the AD patients studied and, to a much lesser
extent, in some elderly controls. It is unlikely that staining
was due to nonspecific labeling or cross-reactivity to
other proteins, in particular the major NFT component
tau, for three reasons: (1) none of the known septins
shares similarities in the primary structure with tau; (2) the
results were consistent with antibodies directed against
two distinct epitopes in Nedd5; and (3) double staining
with each septin and tau revealed a minor but obvious
dissociation in their localization.

As assessed by the RT-PCR and immunoblot analyses,
brains from young individuals contain as much septin
mRNAs and their products as AD brains. By immunocy-
tochemistry, however, no obvious structure more than
diffuse cytoplasmic staining was found in young brains
(Figure 2b). We are not sure of the specificity of this
staining because the signal intensity is as weak as the
background level of preadsorbed one (Figure 2c). Such
discrepancy between the immunoblot and immunocyto-
chemistry results is reminiscent of the case of tau.39 In
normal neurons, tau is distributed along microtubules or
diffusely in the cytoplasm, which is barely detectable with
current immunocytochemical techniques. Tau becomes
detectable only at high concentrations in the neurofibril-
lary changes. Similar explanation may apply to the sep-
tins. In addition, certain conformational changes through
the aggregation process might enhance immunoreactiv-
ity, as has been proposed for anti-tau antibodies, Alz-50
and MC-1.40 Our negative results with an anti-hCDC10
antibody could be explained by reduced immunoreactiv-
ity after conformational changes or epitope masking
through complex formation. Alternatively, hCDC10 may
be in fact excluded from NFT because isoelectric points
of Nedd5, Diff6, and H5 are 6.2, 5.6, and 5.5, respec-
tively, whereas those of hCDC10 and tau are 9.0 and 9.9.
Thus, the three acidic septins can be highly interactive
with extremely basic protein tau, while a basic septin
hCDC10 cannot.
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The three septins exist not only in typical NFTs but in
granular or fine fibrillar deposits in the neuronal soma as
well. These structures may be considered as the earliest
detectable stage of NFT formation (stage 0 tangles36 or

Group 1 tangles37). These changes were not found in
young control brains, but were sparsely present in elderly
controls. This may reflect the fact that degenerative neu-
ronal changes accompanied by NFTs also develop, to a

Figure 3. Double immunolabeling analyses of the entorhinal cortices from AD brains. a and b: H5 (a) and Diff6 (b) were labeled respectively with Texas Red
and fluorescein. Signals for H5 and Diff6 largely overlap in the NFTs. However, a few NFTs are positive exclusively for H5 (double arrowhead) or Diff6
(arrowheads). c2f: Tau and Diff6 were labeled respectively with fluorescein (green) and Texas Red (red). The two signals were largely colocalized (shown as
yellow in c, d), but found dissociated in some cases; ie, red cells (e) and green cells ( f ) (arrowheads). Note their distinct subcellular distribution in a single neuron
(arrow in c, d). g: C4d and Nedd5 (6) were labeled brown and dark purple, respectively. Note that C4d-positive extracellular NFTs contain little, if any,
immunoreactivity for Nedd5 (arrowhead). Diffuse plaques are intensely stained for C4d but not for Nedd5 (arrow). Scale: 100 mm.
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much lesser extent, with normal aging.41 The presence of
septins in such pre-tangles indicates that precursory,
septin-containing aggregates are formed diffusely in the
cytoplasm during the latent or earliest stage of NFT for-
mation. The dissociation of immunoreactivities for septins
and tau in a minor fraction of tangled neurons (Figure 3,
e and f) may be attributable to masking of the epitopes by
steric hindrance or secondary modification. However, the
composition of Diff6-positive, phosphorylated tau-nega-
tive NFT-like structures (Figure 3e) would be intriguing
because such accumulation of septins might be a novel
mode of neurodegeneration.

Ample evidence has established that hyperphospho-
rylated tau is the major constituent of PHFs.15 Because
hyperphosphorylation of tau reduces its affinity for micro-
tubules, it has been postulated that the increased un-
bound tau in the cytoplasm aggregates into PHFs. How-
ever, failure of tau-overexpressing transgenic mice to
develop neurofibrillary changes42 suggests that addi-
tional factors are required to promote NFT/PHF formation.
On the other hand, extracellular accumulation of amyloid
b protein (Ab) is considered as a major factor in AD, but
transgenic mice that overexpress bPP or its variants do
not develop NFTs despite heavy Ab deposits in the
brain.43,44 Such diseases as dementia pugilistica, viral
encephalitis (subacute sclerosing panencephalitis),
Guam Parkinson-dementia complex,45 Niemann-Pick
disease type C,46 and myotonic dystrophy47 show neu-
rofibrillary pathology without marked Ab deposits. These
data indicate that diverse factors can trigger NFT forma-
tion as a final common pathway; however, tau is not
sufficient and Ab deposition is not necessary.

We have demonstrated that Nedd5, hCDC10, H5, and
Diff6 are associated with actin cytoskeleton and recruited
in the neurite and growth cone28 (Kinoshita, Valencik,

Kinoshita, Pringle, and Noda, manuscript in preparation).
Recently, a fraction of septins in the cytoplasm have been
identified in a complex that interacts with the sec6/8
complex in the rat brain.32 Although physiological func-
tions of the septin complex in the mammalian brain are
yet to be determined, these and other data obtained in
other species18,21,23 suggest that mammalian septins
provide scaffolds for organization of submembranous
structures, neuronal polarity, and vesicle trafficking. We
have previously shown that the assembly of septin fila-
ment is regulated by several factors such as growth
signals, actin filament, and GTP hydrolysis, and that di-
rect and indirect disturbances of these factors result in
abnormal distribution and aggregation of Nedd5.28

Therefore, whatever the original pathogenetic factors
may be, disturbed septin assembly in neurons may affect
the vesicular transport and structural integrity, eventually
accelerating the degenerative processes.

Septins are also present in glial tangles in some de-
generating astrocytes (Figure 2h). We also observed
septin-positive glial tangles in the brains of multiple sys-
tem atrophy patients (unpublished data). Thus involve-
ment of septins in the pathological structures may be a
common degenerative process in neuronal and glial lin-
eages across distinct disease entities.

We found that overexpression of Nedd5 in cultured
cells gives rise to septin-containing fibrous or flame-
shaped deposits in the cytoplasm (unpublished data).
This suggests that excessive and/or disproportional ag-
gregation of septin monomers in the cytoplasm can pro-
vide scaffolds for further recruitment of proteins such as
septins and tau, promoting formation of pre-tangles and,
subsequently, of NFTs. Testing whether the septin scaf-
folds accelerate the organization of tau into NFTs, or vice
versa, should provide important insights into the molec-

Figure 4. Immunoelectron micrographs for Nedd5 in the entorhinal cortex of an AD brain. a: An electron micrograph showing that gold particles for Nedd5
(arrow) specifically labeled NFTs in the neuronal cytoplasm. Scale: 4 mm. b: A higher magnification of the NFTs. The gold particles are concentrated along PHFs
in the cytoplasm. Scale: 0.4 mm.
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ular mechanisms of NFT formation and the neuronal de-
fects in AD.
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