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Synaptic deficits are closely correlated with cognitive
dysfunction in Alzheimer’s disease (AD), and synaptic
integrity is regulated by the actin cytoskeleton. We
demonstrated here that the Wiskott-Aldrich syn-
drome protein family verprolin-homologous protein
(WAVE), a key molecule for actin assembly, co-aggre-
gated with both hyperphosphorylated tau and phos-
phorylated collapsin response mediator protein 2
(CRMP2) in neurofibrillary tangles and abnormal
neurites of the AD brain. Although phosphorylated
CRMP2 accumulation was induced in the brains of
JNPL3 mice, WAVE accumulation was not detected in
the brains of either JNPL3 or Tg2576 mice that devel-
oped neurofibrillary tangles and amyloid-� (A�)
plaques, respectively. Interestingly, both phosphory-
lated CRMP2 accumulation and WAVE accumulation
were recapitulated in the brains of 3xTg-AD mice that
developed neurofibrillary tangles and A� plaques. In
addition, we found an interaction between WAVE,
CRMP2, and hyperphosphorylated tau in the cytoso-
lic fraction of the AD brain. Taken together, WAVE
accumulation may require both A�/amyloid precur-
sor protein and tau pathologies, and an interaction
between WAVE, CRMP2, and hyperphosphorylated
tau may be involved in this process. Thus, WAVE
accumulation may be involved in A�/amyloid precur-
sor protein mediated-tangle modification, suggesting
a possible correlation between WAVE accumulation

and synaptic deficits induced by disturbances in actin
assembly in AD brains. (Am J Pathol 2009, 175:17–24; DOI:

10.2353/ajpath.2009.080908)

The pathological hallmarks of Alzheimer’s disease (AD)
include senile plaques, neurofibrillary tangles (NFTs),
synaptic loss, and neurodegeneration.1 Senile plaques
are formed by the accumulation of extracellular amy-
loid-� (A�), which is generated from the amyloid precur-
sor protein (APP), and NFTs are composed of paired
helical filaments (PHFs) in neuronal perikarya. Minute
bundles of PHFs are found in dendrites as neuropil threads
(curly fibers) and in axonal terminals as dystrophic neurites
surrounding senile plaques. The main component of PHFs
has been identified as abnormally hyperphosphorylated
tau protein.2 Tau is a microtubule-associated protein;
therefore, one component in the developmental cascade
of AD may include a disturbance of microtubule
cytoskeleton.3

The formation of abnormal neurites such as neuropil
threads and dystrophic neurites in AD brains is associ-
ated with aberrant neuritic sprouting.4 Neuritic sprouting
is critically dependent on the interplay between microtu-
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bule and actin cytoskeletons.5 Furthermore, synaptic in-
tegrity is maintained by the precise formation of dendritic
spines that are major sites of synaptic contacts, and the
formation is structurally regulated by the actin cytoskele-
ton.6 On the other hand, progressive synaptic dysfunc-
tion is found in AD brains and closely correlates with
cognitive deficits.7 Thus, the disruption of the actin cy-
toskeleton, as well as the disturbance of microtubule
assembly are suggested to be involved in the develop-
mental cascade in AD. However, the relationship be-
tween disruptions of microtubule and actin cytoskeletons
and the involvement of A�/APP and tau pathologies in
actin cytoskeletal disturbance in AD remain poorly
understood.

Recently, Wiskott-Aldrich syndrome protein family ver-
prolin-homologous protein (WAVE) has been identified as
a key molecule for actin assembly,8 and WAVE knockout
mice demonstrated the association between WAVE dys-
function and impaired learning and memory.9,10 In addi-
tion, collapsin response mediator protein 2 (CRMP2) reg-
ulates microtubule assembly in neurons.11 A recent study
has reported that CRMP2 interacts with the specifically
Rac1-associated protein 1/WAVE complex, and trans-
ports WAVE into the axonal growth cones.12 Thus,
CRMP2 and WAVE seem to be mediators required in the
cross talk between microtubule and actin cytoskeletons.
Previous studies have demonstrated that CRMP2 is
highly phosphorylated and is associated with NFTs and
abnormal neurites in AD brains.13,14 In this context, the
abnormality of CRMP2 possibly influences the property of
WAVE and furthermore actin assembly.

Materials and Methods

Human Materials and Preparation of Brain
Section

All experiments using human materials were performed in
accordance with the guidelines of ethical committees of
Kyoto Pharmaceutical University. Informed consent was
obtained from all subjects. The tissue of frontal cortices
from a patient who was clinically and histopathologically
diagnosed as AD (age; 67-year-old, CERAD criteria; C,
Braak stage; IV), and a control (age; 77-year-old, CERAD
criteria; A, Braak stage; I) with no clinical or morpholog-
ical evidence of brain pathology were used. The dis-
sected tissue blocks were fixed in 10% formalin and were
cut into 20-�m sections on a cryostat.

Preparation of Sarkosyl-Insoluble Fraction

Temporal cortices from four AD patients and four controls
were homogenized in 10 mmol/L HEPES buffer (pH 7.0)
containing 0.32 M/L sucrose, 0.05% NaN3, and cocktails
of protease inhibitors and phosphatase inhibitors as de-
scribed previously.15 After centrifugation at 12,000 � g
for 30 minutes, the supernatants were collected as the
cytosol fraction and the resulting precipitates were used
for the preparation of the sarkosyl-insoluble fraction,
which is enriched in PHFs, as described previously.16

Briefly, the precipitates were washed three times with the
same homogenization buffer, and then protein concen-
trations were measured. Three milligrams of proteins
were re-homogenized in 500 �l of the homogenization
buffer and one-tenth volume of 10% sarkosyl solution was
added. The homogenates were mixed by vortex, and
then incubated for 1 hour at 37°C. After centrifugation at
100,000 � g for 1 hour, the pellets were dissolved in 50 �l
of Laemmli’s sample buffer and analyzed as the sarkosyl-
insoluble fractions.

Animals

Triple transgenic mice (3xTg-AD) expressing human
Swedish double-mutated APP (APP)swe, human mutated
four-repeat tau (tauP301L), and human mutated presenilin
1 (PS1M146V) were originally generated by Oddo and
colleagues.17 Hemizygous Tg2576 mice expressing
APPswe

18 and hemizygous JNPL3 mice expressing
tauP301L

19 were purchased from Taconic (Germantown,
NY). Only female mice were used in this study. All animal
experiments were approved by the Committee for Animal
Research at Kyoto Pharmaceutical University and the
Animal Care and Use Committee of Georgetown Univer-
sity Medical Center. Mice were sacrificed by cervical
dislocation and brains were immersion fixed in 4% para-
formaldehyde. The cryoprotected brain blocks were cut
into 20-�m sections on a cryostat.

Immunohistochemistry

The free-floating human brain sections and mouse brain
sections were incubated with an antibody against A�
(clone 6E10, epitope; aa. 3 to 8 of A�, 1:1000, Chemicon,
Temecula, CA), phosphorylated tau (clone AT8, epitope;
phosphorylated Ser202 and phosphorylated Thr205 of
tau, 1:3000, Innogenetics, Gent, Belgium), phosphory-
lated CRMP2 (clone 3F4, epitope; phosphorylated
Thr509 and phosphorylated Ser522 of CRMP2, 1:100,
IBL, Gunma, Japan), or WAVE (H-180, immunogen; aa.
1-180 of human WAVE1, 1:100, Santa Cruz, Santa Cruz,
CA). The clone 6E10 antibody reacts with APP, secreted
APP, C-terminal fragments of APP and A� (A�/APP).
Sections were then incubated with a biotinylated anti-
mouse or anti-rabbit IgG antibody (1:2000, Vector Labo-
ratories, Burlingame, CA), and followed by the incubation
with avidin peroxidase (ABC Elite Kit, 1:4000, Vector
Laboratories). Subsequently, the labeling was visualized
by incubation with 50 mmol/L Tris-HCl buffer (pH 7.6)
containing 0.02% 3,3�-diaminobenzidine and 0.0045%
hydrogen peroxide with nickel enhancement.

Laser Confocal Microscopy

Sections were co-incubated with rabbit polyclonal anti-
WAVE antibody (H-180, 1:100) and mouse monoclonal
anti-phosphorylated tau antibody (clone AT8, 1:3000) or
mouse monoclonal anti-phosphorylated CRMP2 antibody
(clone 3F4, 1:100); or rabbit polyclonal anti-phosphory-
lated tau antibody (pThr205, epitope: phosphorylated
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Thr205 of tau, 1:1000, Sigma, Saint Louis, MO) and
mouse monoclonal phosphorylated CRMP2 antibody
(clone 3F4, 1:100). In the semiquantitative analysis de-
scribed below, the immunoreactive area of clone AT8
antibody was corresponded to that of pThr205 (99.5 �
6.9%) in the AD brain. The primary antibodies were then
probed with Alexa Fluor 546-labeled anti-mouse IgG an-
tibody and Alexia Fluor 488-labeled anti-rabbit IgG anti-
body (each diluted 1:500, Invitrogen, Carlsbad, CA). For
the thioflavin S staining, brain sections mounted on glass
slides were incubated with 1% thioflavin S solution in 70%
ethanol, and then rinsed with 70%, 95%, and 100% eth-
anol. Subsequently, fluorescence was detected using a
laser scanning confocal microscope (LSM510META, Carl
Zeiss, Jena, Germany). Semiquantitative image analysis
of immunoreactive area was performed as described
previously20 using the software WinRoof (Mitani, Fukui,
Japan). For z-axis scanning, images of 1-�m confocal
z-series were acquired, and the images obtained were
reconstructed with the software ImageBrowser (Carl
Zeiss).

Western Blotting

Western blotting was performed as described previously.15

The cytosol fraction and sarkosyl-insoluble fractions were
subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis. Immunoblotting was performed by
transferring proteins from the slab gel to a sheet of
polyvinylidene difluoride membrane by electroelution.
The membrane was incubated with antibody against
phosphorylated tau (clone AT8; 1:200), caspase-3 (clone
19/Caspase-3/CPP32, immunogen; aa. 1-219 of human
CPP32, 1:1000, BD Bioscience, San Jose, CA), CRMP2
(clone C4G, immunogen; aa. 486-528 of CRMP2, 1:100,
IBL), or WAVE (H-180, 1:1000), followed by the horserad-
ish peroxidase-conjugated secondary antibody (each di-
luted 1:1000, GE Health care, Buckinghamshire, UK).
The bound horseradish peroxidase-labeled antibodies
were detected by chemiluminescence (ECL kit, GE
Health care).

Immunoprecipitation

Cytosol fraction from the AD brain was mixed with 10 �l of
protein G-Sepharose (GE Health care) and 5 �g of IgG of
an antibody against A�/APP (clone 6E10), phosphory-
lated tau (clone AT8), non-phosphorylated tau (clone
Tau1, epitope; non-phosphorylated Ser199 and non-
phosphorylated Ser202, Chemicon), total tau (clone
Tau5, immunogen; middle aa. sequence of bovine tau,
Chemicon), WAVE (H-180), or �-synuclein (clone 42, im-
munogen: aa. 15-123 of rat synuclein-1, BD Bio-
sciences). After the incubation for 3 hours at 4°C, mixture
was centrifuged at 10,000 � g for 10 minutes. The pre-
cipitates washed were boiled for 5 minutes in Laemmli’s
sample buffer. Aliquots were run on polyacrylamide gels
and subjected to Western blotting with antibody against
CRMP2 (clone C4G, 1:100), non-phosphorylated tau

(clone Tau1, 1:500), or phosphorylated tau (clone AT8,
1:200).

Results

Accumulation of WAVE in AD Brain

Localization of WAVE in non-dementia and AD brains was
compared with that of hyperphosphorylated tau and
phosphorylated CRMP2. Accumulation of hyperphospho-
rylated tau (Figure 1A) was detected in NFTs (black
arrow), neuropil threads (black arrowheads), and dystro-
phic neurites (white arrowheads) in the frontal cortex of
the AD brain, but not in the non-dementia brain. Consis-
tent with a previous study,13 phosphorylated CRMP2
(Figure 1B) was accumulated in NFTs (black arrows),
neuropil threads (black arrowheads), and dystrophic
neurites (white arrowheads) of the AD brain. However, no
significant staining was observed in the non-dementia
brain. WAVE immunoreactivity (Figure 1C) was faintly and
diffusely observed in the non-dementia brain paren-
chyma. In the AD brain, distinct intraneuronal accumula-
tion of WAVE was detected in structures resembling NFTs
(black arrows), neuropil threads (black arrowheads), and
dystrophic neurites (white arrowheads).

In the laser confocal microscopic analysis, we found
that WAVE co-localized with hyperphosphorylated tau
(Figure 1D) and phosphorylated CRMP2 (Figure 1E) in
NFTs, neuropil threads, and dystrophic neurites in the AD
brain. Hyperphosphorylated tau and phosphorylated
CRMP2 were also co-localized in the AD brain (Figure
1F). Semiquantitative image analysis revealed that
70.0 � 7.7% of hyperphosphorylated �- or 75.9 � 4.4% of
phosphorylated CRMP2-immunoreactive structures con-
tained WAVE immunoreactivity (Figure 1, G and H, re-
spectively), and 89.2 � 4.7% of hyperphosphorylated
�-immunoreactive structures contained phosphorylated
CRMP2 (Figure 1I). Thus, immunoreactive area was
larger in the order of hyperphosphorylated tau, phos-
phorylated CRMP2, and WAVE in the AD brain.

WAVE Accumulation in the Sarkosyl-Insoluble
Fraction and Interaction of CRMP2, Tau, and
WAVE in the Cytosol Fraction of the AD Brain

We prepared sarkosyl-insoluble fractions from non-de-
mentia and AD brains. To confirm the fractionation, we
first examined the detection of hyperphosphorylated tau
as a positive control and caspase-3, a soluble cytosol
protein, as a negative control for the sarkosyl-insoluble
fraction from the AD brain (Figure 2A). Although the
amount of hyperphosphorylated tau in the sarkosyl-insol-
uble fraction was greater than that in the cytosol fraction,
caspase-3 was only detected in the cytosol fraction of the
AD brain. Thus, PHFs-associated proteins were enriched
in the sarkosyl-insoluble fraction. In these sarkosyl-insol-
uble fractions, we detected hyperphosphorylated tau,
CRMP2, and WAVE in AD brains, but not in non-dementia
brains (Figure 2B). Taken together, the above studies
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suggest that hyperphosphorylated tau, CRMP2, and
WAVE are co-aggregated in NFTs and abnormal neurites
in AD brains.

We next examined the interaction of CRMP2 with A�/
APP, tau, or WAVE in the AD brain by immunoprecipita-
tion (Figure 2C). An approximately 62-kDa band of
CRMP2 was detected in the AD cytosol fraction. This
band was also detected in the AD cytosol fraction immu-
noprecipitated by the antibody against hyperphosphory-
lated tau (clone AT8), non-phosphorylated tau (clone
Tau1), total tau (clone Tau5) or WAVE, but not by the
antibody against A�/APP (clone 6E10) or �-synuclein.
Thus, CRMP2 appears to interact with tau and WAVE,
and its affinity for hyperphosphorylated tau seems to be
stronger than non-phosphorylated tau. We further exam-
ined the interaction of WAVE with non-phosphorylated tau
or hyperphosphorylated tau. In the AD cytosol fraction
immunoprecipitated with anti-WAVE antibody, whose

volume is three times as much as that used for the
CRMP2 detection (Figure 2C), hyperphosphorylated
tau (Figure 2E), but not non-phosphorylated tau (Figure
2D), was slightly detected. Thus, WAVE faintly associ-
ated with hyperphosphorylated tau in the cytosol frac-
tion of the AD brain. This result suggests that WAVE
and tau may interact with each other through CRMP2,
and stronger affinity of CRMP2 for hyperphosphory-
lated tau than non-phosphorylated tau may allow us to
detect the slight interaction of hyperphosphorylated
tau to WAVE.

CRMP2 and WAVE Pathologies in JNPL3 Mice,
Tg2576 Mice, and 3xTg-AD Mice

To examine the effects of hyperphosphorylated tau and
A�/APP on the CRMP2 and WAVE pathologies, we first

Figure 1. Localization of WAVE in the frontal
cortex of non-dementia and AD. A: Although no
hyperphosphorylated tau was detected in the
non-dementia brain, marked accumulation of
hyperphosphorylated tau was detected in NFTs
and abnormal neurites in the AD brain. B: No
immunoreactivity of phosphorylated CRMP2
was detected in the non-dementia brain, whereas
marked accumulation of phosphorylated CRMP2
was found in NFTs and abnormal neurites in the
AD brain. C: Faint WAVE immunoreactivity was
observed throughout the brain parenchyma and
moderate immunoreactivity was detected in
neuronal perikarya of the non-dementia brain.
On the other hand, intraneuronal accumulation
of WAVE was detected in NFTs- and abnormal
neurites-like structures of the AD brain. Inset
shows high magnification of each panel. Scale
bars in A–C � 500 �m (upper and middle
panels), 50 �m (inset), and 50 �m (lower
panel). Arrows, black arrowheads, and
white arrowheads indicate NFTs, neuropil
threads, and dystrophic neurites, respectively.
D–F: In the confocal microscopic analysis,
WAVE (D and E; green) was co-localized with
hyperphosphorylated tau (clone AT8; D; red) or
phosphorylated CRMP2 (clone 3F4; E; red) in
neurons of the AD brain. In addition, hyper-
phosphorylated tau (pThr205; F; red) was also
co-localized with phosphorylated CRMP2 (clone
3F4; F; green). NFT: neurofibrillary tangle, NT:
neuropil threads, DN: dystrophic neurites. Scale
bars in D � 20 �m for all panels in D–F. G–I: In
the semiquantitative image analysis, the immu-
noreactive areas of hyperphosphorylated tau
(clone AT8) and WAVE; phosphorylated CRPM2
(clone 3F4) and WAVE; or hyperphosphory-
lated tau (pThr205) and phosphorylated
CRMP2 (clone 3F4) were measured using the
images taken by the confocal microscopic anal-
ysis, and then standardized with the areas of
AT8, 3F4, and pThr205 respectively. Results
were given as mean � SEM. The statistical
significance of differences was determined by
student’s t-test. *P � 0.05 in G, H, and I vs. the
value in AT8, 3F4, and pThr205 respectively.
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analyzed brains of aged JNPL3 mice and Tg2576 mice.
In 16-month-old JNPL3 mice, although no A�/APP accu-
mulation was observed (Figure 3A), marked accumula-
tion of hyperphosphorylated tau (Figure 3B) and phos-
phorylated CRMP2 (Figure 3C) was detected in neurons
of the hippocampus. While diffuse WAVE immunoreactiv-
ity was observed throughout the hippocampal paren-
chyma, no intraneuronal accumulation of WAVE was de-
tected in JNPL3 mice (Figure 3D). In 20-month-old
Tg2576 mice, marked extracellular deposits of A�/APP

were formed in the hippocampus (Figure 3E). However,
no intraneuronal accumulations of hyperphosphory-
lated tau (Figure 3F), phosphorylated CRMP2 (Figure
3G), and WAVE (Figure 3H) were detected. Similar
results above were also detected in the amygdala and
cortex (see supplemental Figure S1 at http://ajp.
amjpathol.org).

We further analyzed brains of 3xTg-AD mice. In the
hippocampus (Figure 3I) and amygdala (see supplemen-
tal Figure S2A at http://ajp.amjpathol.org), accumulation
of intraneuronal A�/APP was detected at 10 months of
age, and extracellular deposits of A�/APP were formed at
16 months and 21 months of age. Hyperphosphorylated
tau and phosphorylated CRMP2 were detected in the
neurons of the hippocampus (Figure 3, J and K) and
amygdala (see supplemental Figure S2, B and C at http://
ajp.amjpathol.org) at 16 months and 21 months, but not at
10 months of age. Furthermore, intraneuronal accumula-
tion of WAVE was found weakly at 16 months and dis-
tinctly at 21 months of age in the hippocampus (Figure
3L) and amygdala (see supplemental Figure S2D at
http://ajp.amjpathol.org). In the cerebral cortex of
3xTg-AD mice (see supplemental Figure S2E-H at http://
ajp.amjpathol.org), intraneuronal accumulation of A�/APP
was already present at 10 months of age, and diffuse
extracellular deposition of A�/APP was detected at 16
and 21 months of age. However, no intraneuronal accu-
mulations of hyperphosphorylated tau, phosphorylated
CRMP2, and WAVE were detected. Thus, intraneuronal
accumulations of phosphorylated CRMP2 and WAVE
were induced in the brain regions where pathologies of
A�/APP and tau occurred concurrently in aged 3xTg-AD
mice.

We next performed three-dimensional image analysis
in the hippocampus of 21-month-old 3xTg-AD mice. All
intraneuronal accumulations of WAVE were found inside
the hyperphosphorylated tau (Figure 3M)- or phosphory-
lated CRMP2 (Figure 3N)-immunoreactive neurons.
These results further support the interaction of WAVE with
hyperphosphorylated tau and CRMP2. We also found
that all thioflavin S-positive NFTs contained WAVE
immunoreactivity (Figure 3O). The number of WAVE-im-
munoreactive neurons was less than that of hyperphos-
phorylated �- or phosphorylated CRMP2-immunoreactive
neurons, while it was more than the number of neurons
stained by thioflavin S (see supplemental Figure S2I at
http://ajp.amjpathol.org).

In the JNPL3 mice, any WAVE accumulations were not
detected. However, there is a possibility that the absence
of WAVE accumulation is simply due to the lack of thio-
flavin S-positive NFTs in the hippocampus, amygdala,
and cortex of JNPL3 mice. Therefore, we further analyzed
the brain region where NFTs are abundant in JNPL3
mice.19 In the brainstem of 16-month-old JNPL3 mice,
although we found a lot of thioflavin S-positive NFTs and
the co-localization of phosphorylated CRMP2 (see sup-
plemental Figure S3D at http://ajp.amjpathol.org), no
WAVE accumulation was detected (Figure 3P). In addi-
tion, we found a few thioflavin S-positive NFTs in the
hippocampus, amygdala, and cortex of JNPL3 mice.

Figure 2. WAVE accumulation in the sarkosyl-insoluble fraction and inter-
action of CRMP2, tau, and WAVE in the cytosol fraction of the AD brain. A:
Although the amount of hyperphosphorylated tau in the sarkosyl-insoluble
fraction was greater than that in the cytosol fraction, caspase-3 was only
detected in the cytosol fraction of the AD brain. Thus, PHFs-associated
proteins were enriched in the sarkosyl-insoluble fraction. B: In the sarkosyl-
insoluble fractions, hyperphosphorylated tau, CRMP2, and WAVE were de-
tected in AD brains, but not in non-dementia brains. C: Ten microliters of
immunoprecipitated samples of the AD cytosol fraction were run on the gel,
and blotted with anti-CRMP2 antibody (clone C4G). CRMP2 immunoreactiv-
ity was detected in the AD cytosol fraction immunoprecipitated by the
antibody against hyperphosphorylated tau (clone AT8), non-phosphorylated
tau (clone Tau1), total tau (clone Tau5) or WAVE, but not in that immuno-
precipitated by the antibody against A�/APP (clone 6E10) or �-synuclein. D
and E: Thirty microliters or 2 �l of the AD cytosol fraction immunoprecipi-
tated with antibody against WAVE or total tau (clone Tau5), respectively,
were run on the gel, and blotted with antibody against non-phosphorylated
tau (clone Tau1; D) or phosphorylated tau (clone AT8; E). D: No immuno-
reactivity of non-phosphorylated tau was detected in the AD cytosol fraction
immunoprecipitated with anti-WAVE antibody. In the AD cytosol fraction
immunoprecipitated with Tau5 antibody, a smear band of non-phosphory-
lated tau was detected. E: In the AD cytosol fraction immunoprecipitated
with anti-WAVE antibody or Tau5 antibody, a smear band of phosphor-
ylated tau was slightly detected. P-Tau and Phospho-Tau: phosphorylated
tau, Non-phospho-Tau and Non-P-Tau: non-phosphorylated tau, �-Syn:
�-synuclein, IP: immunoprecipitation, IB: immunoblotting. *nonspecific
bands of IgGs used for the immunoprecipitation.
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However, we detected the intraneuronal accumulation of
phosphorylated CRMP2 but not WAVE accumulation (see
supplemental Figure S3 at http://ajp.amjpathol.org). Thus,
WAVE accumulation was not detected in the thioflavin
S-positive NFTs of the JNPL3 mice.

Discussion

In this study, we demonstrated intraneuronal accumula-
tion of WAVE in the AD brain. In 16- and 21-month-old
3xTg-AD mice, intraneuronal WAVE accumulation was

Figure 3. WAVE accumulation was induced in
the brain regions where pathologies of A�/APP
and tau occurred concurrently. In the hip-
pocampus of JNPL3 mice (A–D), although no
accumulation of A�/APP (clone 6E10) was de-
tected (A), marked hyperphosphorylated tau
accumulation (clone AT8) was observed in
neurons (B). Intraneuronal accumulation of
phosphorylated CRMP2 (clone 3F4) was also
detected (C). Diffuse immunoreactivity of
WAVE (H-180) but no intraneuronal accumula-
tion was observed in the parenchyma (D). In the
hippocampus of Tg2576 mice (E–H), marked
extracellular deposition of A�/APP was ob-
served (E). No intraneuronal accumulations of
hyperphosphorylated tau (F) and phosphory-
lated CRMP2 (G) were detected. Diffuse immu-
noreactivity of WAVE but no intraneuronal ac-
cumulation was observed in the parenchyma
(H). In the hippocampus of 3xTg-AD mice (I–L),
intraneuronal accumulation of A�/APP was al-
ready observed at 10 months of age, and extra-
cellular deposits of A�/APP were detected at 16
and 21 months of age (I). Hyperphosphorylated
tau was accumulated in neurons at 16 and 21
months of age (J). Similarly, phosphorylated
CRMP2 was accumulated at 16 and 21 months of
age (K). In addition to the diffuse immunoreac-
tivity of WAVE, intraneuronal accumulation of
WAVE was found in neurons at 16 months and
21 months of age (L). M–O: Abnormal neurons
in the hippocampus of 21-month-old 3xTg-AD
mice were double-immunolabeled with anti-
bodies against WAVE (green in M and N) and
hyperphosphorylated tau (clone AT8; red in M)
or phosphorylated CRMP2 (clone 3F4; red in N).
Alternatively, abnormal neurons were immuno-
labeled with anti-WAVE antibody (red in O) and
NFTs were counterstained with thioflavin S
(Thio S; green in O). The different panels of
views show the z-axis images re-constructed
with the 1-�m confocal z-series. P: In the brain-
stem of 16-month-old JNPL3 mice, thioflavin S-
positive NFTs (Thio S; green) were observed,
WAVE immunoreactivity (red) was not detected.
Scale bars shown in A � 50 �m for A–L. Scale
bars shown in M and P � 50 �m for M–P.
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recapitulated in the hippocampus and amygdala. The
3xTg-AD mice develop intraneuronal accumulations of
A�/APP around 3 to 6 months of age17 and the extracel-
lular A�/APP plaques around 14 months of age in the
hippocampus.21 In contrast, pathology of hyperphospho-
rylated tau is apparent between 12 to 15 months of age.17

We also detected the pathologies of A�/APP and hyper-
phosphorylated tau in the hippocampus and amygdala of
3xTg-AD mice at 16 and 21 months of age. Furthermore,
in these regions, we found intraneuronal accumulation of
WAVE. However, no WAVE accumulation was detected at
the time when the pathology of A�/APP was only manifest
(10 months of age) in 3xTg-AD mice. In addition, in the
cerebral cortex of these mice, we could not detect any
hyperphosphorylated tau or WAVE accumulations at all
ages investigated in this study. Thus, single pathology of
A�/APP is unlikely to induce WAVE accumulation, and the
results of Tg2576 mice strongly support this notion. Al-
though the oldest JNPL3 mouse examined in this study
was 16 months of age due to its relatively short life
span,19 marked intraneuronal accumulation of hyper-
phosphorylated tau was detected in the hippocampus,
amygdala, and cortex, and thioflavin S-positive NFTs
were observed in the brainstem. However, a single trans-
gene of human mutant tau did not induce the WAVE
accumulation in JNPL3 mice. Thus, a combination of the
pathologies of A�/APP and tau may be required for the
intraneuronal accumulation of WAVE.

On the other hand, intraneuronal accumulation of
phosphorylated CRMP2 was found in brain regions man-
ifesting the pathology of hyperphosphorylated tau in
JNPL3 mice and 3xTg-AD mice. However, no accumula-
tion of phosphorylated CRMP2 was found in brain regions
where only A�/APP pathology was detected in Tg2576
mice and 3xTg-AD mice. Thus, our results suggest that
phosphorylated CRMP2 accumulation is initiated by the
hyperphosphorylated tau. Likewise tau,22 CRMP2 is se-
quentially phosphorylated by cyclin-dependent kinase 5
and glycogen synthase kinase 3� and then acquires the
immunoreactivity for the clone 3F4 antibody.23 Further-
more, the release of APP intracellular domain by �-secre-
tase seems to increase glycogen synthase kinase 3�
activity and subsequently enhances the phosphorylation
of CRMP2.24 Cole and colleagues also reported that hy-
perphosphorylation of CRMP2 occurs in AD brains, which
may be induced by processes leading to excessive A�
generation, as an early event in the development of AD.25

They further used 3xTg-AD mice and JNPL3 mice to
examine the effect of the A� and tau pathologies on the
CRMP2 phosphorylation by Western blot analysis and
detected hyperphosphorylation of CRMP2 in 3xTg-AD
mice but not in JNPL3 mice. Together with results in our
immunohistochemistry, CRMP2 accumulated in neurons
of 3xTg-AD mice may be hyperphosphorylated, whereas
that in JNPL3 mice may be physiologically phosphory-
lated. Thus, the hyperphosphorylation and accumulation
of CRMP2 may be initiated independently by processes
in A� generation and hyperphosphorylated tau, respec-
tively. In fact, the co-localization of A�/APP and tau pa-
thologies was reported in NFTs26 or synaptosomes of AD

brain,27 and the direct interaction of tau with APP is
indicated.28

In this study, WAVE was co-accumulated with hyper-
phosphorylated tau and phosphorylated CRMP2 in neu-
rons of the AD brain, and the interaction between WAVE,
CRMP2, and hyperphosphorylated tau was found in the
cytosol fraction of AD. Furthermore, three-dimensional
analysis confirmed the interaction in the hippocampus of
3xTg-AD mice. In addition, the extent of the intraneuronal
accumulation of WAVE was less than that of hyperphos-
phorylated tau and phosphorylated CRMP2 in brains of
AD and 3xTg-AD mice. Thus, these results suggest that
tau pathology may induce intraneuronal accumulation of
phosphorylated CRMP2, which in turn initiate WAVE ac-
cumulation. However, in JNPL3 mice, no WAVE accumu-
lation was detected in neurons showing phosphorylated
CRMP2 accumulation. Therefore, the hyperphosphoryla-
tion of CRMP2 induced by the pathology of A�/APP may
be important for subsequent WAVE accumulation. Thus,
we suggest that hyperphosphorylation of CRMP2 may be
induced by pathology of A�/APP, and then intraneuronal
accumulation of hyperphosphorylated CRMP2 is medi-
ated by hyperphosphorylated tau. Subsequently, the ac-
cumulation of hyperphosphorylated CRMP2 may initiate
the accumulation of WAVE in neurons of AD brains (see
supplemental Figure S4 at http://ajp.amjpathol.org).

A recent study suggested that a direct interaction
between tau and actin cytoskeletal network may be a
critical mediator of hyperphosphorylated �-induced neu-
rotoxicity.29 Furthermore, abnormality of p21-activated
kinase, which also regulates actin assembly, is reported
in AD brains, and its involvement in A�-induced signaling
and synaptic deficit has been suggested.30 Thus, in-
creasing evidence indicates that the disturbance of actin
assembly is induced by various mechanisms and is
closely related to synaptic dysfunction and neurodegen-
eration occurs in AD brains. In addition, in our preliminary
examination, we found that random and/or aberrant neu-
rite extensions revealed by the F-actin staining were ob-
served during the massive co-expression of phosphory-
lated tau, phosphorylated CRMP2, and WAVE in rat
primary cultured neurons (see supplemental Figure S5 at
http://ajp.amjpathol.org). Thus, our study supports previ-
ous reports suggesting the deficits of actin assembly in
AD brains, and provides a novel idea in the pathway of
the disturbance of actin cytoskeletons. However, the pos-
sibility still remains that WAVE accumulation is only in-
volved as a subset of NFTs that has no effect in the AD
pathology. Taken together, we suggest that WAVE accu-
mulation may be involved in the tangle modification by
pathology of A�/APP, and imply the possible correlation
between WAVE accumulation and synaptic deficits me-
diated by disturbance of actin assembly in AD brains.
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