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tion significantly. Instead, the expression level of pura-
trophin-1 mRNA in the patient cerebella appeared slightly
low compared with that in control cerebella (fig. 7A).
On real-time RT-PCR analysis by TagMan technique,
the expression of puratrophin-1 mRNA in the patient
cerebella appeared lower than that in the control samples
(fig. 7B). The tendency of reduction was seen for both
total and short-form purairphin-1 mRNAs, although the
significance was not proven statistically (P = .0641 for
total puratrophin-1 mRNA; P = .1649 for short-form
puratrophin-1 mRNA).

The in vitro study with puratrophin-1 5-UTR se-
quences subcloned into luciferase expression vectors
showed significantly reduced luciferase activity; the con-
struct had mutant allele T, and the wild-type construct
had allele C (fig. 7C). These data suggest that the C—=T
change in the puratrophin-1 5' UTR could lead to re-
duced mRNA expression.

Expression of Puratrophin-1 in Control Human
and Mouse Tissues and in Brains of Patients
with 16q22.1-Linked ADCA

We next examined puratrophin-1 expression by im-
munohistochemistry using rabbit polyclonal Prirhni-
Abs. Puratrophin-1 expression was seen in many control
human tissues and mouse cochlea (fig. 8). Interestingly,
puratrophin-1 expression was commonly seen in epithe-
lial cells, such as epithelial cells in the human testis and
hair cells in the mouse cochlea. As far as we examined
in human tissues, the strength of immunoreactivity cor-
related with the mRNA expression level revealed by RT-
PCR experiments {fig. 6).

In control human brains, both full-length and short-
form puratrophin-1 was expressed faithfully in various
neurons but most strongly in Purkinje cells (fig. 94). In
chromosome 16q22.1-linked ADCA brains, a striking
difference was noted: the presence of microscopic ag-
gregates. of puratrophin-1 in the cytoplasm of Purkinje
cells (fig. 9B). These aggregates were detected with all
Prtrhnl-Abs, which indicates that full-length puratro-
phin-1 and short-form puratrophin-1 were both in-
volved in the aggregate. On the other hand, puratrophin-
1 aggregates were not obvious in neurons other than
Purkinje cells. The finding of puratrophin-1 aggregates
was specific to chromosome 16q22.1-linked ADCA
brains, since the aggregates were not seen in other dis-
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eases showing degeneration of Purkinje cells, such as
SCA6 or MSA.

We next examined the expression of G58K and of the
- and B-spectrin on control and chromosome 16g22.1-
linked ADCA brains. Whereas G58K and spectrin were
homogeneously stained in control brains {fig. 9C and
9E), these proteins both formed aggregation within the
Purkinje cell of chromosome 16q22.1-linked ADCA
brains {fig. 9D and 9F). This further suggests that for-
mation of puratrophin-1 aggregates is abnormal and
associates with disturbances of Golgi apparatus and
spectrin.

Discussion

The single-nucleotide C—T substitution in the 5 UTR of
the puratrophin-1 gene is strongly associated with chro-
mosome 16q22.1-linked ADCA, as evidenced by the fol-
lowing three points. First, this single-nucleotide change
was the only specific difference detected in patients, as
far as we screened all exons and intron-exon boundaries
of the 21 annotated genes lying within the founder chro-
mosome. The change completely segregated with the dis-
ease in 52 unrelated families that originated in all sec-
tions of Japan, whereas such a change was not seen in
1,000 control chromosomes. We also screened for ge-
nomic rearrangement by Southern-blot analysis, but we
did not observe any changes. Second, the C—T change
was not a mere polymorphism present in the founder
chromosome, since it resulted in reduced expression in
the in vitro luciferase assay. Consistently, tendency for
reduction in mRNA expression was seen in the cerebel-
lum of chromosome 16q22.1-linked ADCA. Third, pur-
atrophin-1 was aggregated in the major target neuron
(i.e., the Purkinje cell) of chromosome 16¢22.1-linked
ADCA. The Golgi-apparatus membrane protein (G58K)
and spectrin, both important cytoskeletal proteins, were
also aggregated. Since aggregation of mutated protein is
a common feature of many neurodegenerative disorders
(Ross and Poirier 2004), a single-nucleotide change in
the 5" UTR in the puratrophin-1 gene appears to be the
mutation that causes chromosome 16q22.1-linked
ADCA. Most mutations that cause ADCAs reside in
genes encoding proteins whose functions are not well
understood, except for the alA-calcium channel
(Ca,2.1) for SCA6 (Zhuchenko et al. 1997), PKCy for

Figure 8

Expression of puratrophin-1 in control human and mouse tissues. A and B, Human testis. C and D, Human prostate gland. E

and E Human pancreas. G and H, Human kidney. I and J, Mouse cochlea. A, C, E, G, and I, Immunochistochemical analysis with use of the
polyclonal anti—puratrophin-1 antibody SV01. B, D, E H, and J, Hematoxylin and eosin stain of the section adjacent to that shown in A, C,
E, G, and I, respectively. Puratrophin-1 is expressed in many tissues, with varying strength. In particular, Leydig cells in the testis (arrow in
A), epithelial cells in the prostate gland (C), and Langerhans islet in the pancreas (E) showed strong immunoreactivity. Inmunoreactivity in
the kidney was weak (G). Expression in the cochlea was particularly intense at the sensory hairlets (arrow in I). Hair cells of the stria vascularis
also showed immunoreactivity (arrowhead in I). All scale bars = 50 pm.
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Figure 9 Immunohistochemical analysis of puratrophin-1, Golgi-apparatus membrane protein {(G58K), and spectrin in control cells and
samples from a patient’s cerebellum. A, Puratrophin-1 expression in the cell body of Purkinje cells, visualized with use of rabbit polyclonal
anti~puratrophin-1 antibody (FLO1), B, With use of same antibody FLO1, aggregation of puratrophin-1 (arrow), seen in a Purkinje cell of a
brain affected with chromosome 16q22.1-linked ADCA. C, G58K expression, seen diffusely in the cell body of control Purkinje cells. D, G58K
aggregation (arrow), morphologically quite similar to the puratrophin-1 aggregate, seen in a patient’s Purkinje cell. E, Spectrin expression, seen

in the cell body of a control Purkinje cell. F Spectrin aggregation in a patient’s Purkinje cell, All scale bars = 50 pm.
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SCA14 (Chen et al. 2003), TATA-binding protein for
SCA17 (Koide et al. 1999), and FGF14 for ADCA with
FGF14 mutation (van Swieten et al. 2003). Puratrophin-
1 is the first known protein related to intracellular sig-
naling and cytoskeleton that is associated with ADCA.
Our preliminary results suggest that the frequency of
chromosome 16q22.1-linked ADCA is relatively high,
since it was ranked the third most frequent ADCA in
Japan, after MJD/SCA3 and SCA6. Since chromosome
16q22.1-linked ADCA had a strong founder effect, it
will be important to clarify whether this specific C—=T
change is seen in other ethnic groups. Particularly, it is
extremely important to clarify whether original patients
with SCA4 reported from North American and German
populations harbor mutation within the puratrophin-1
gene (Flanigan et al. 1996; Hellenbroich et al. 2003).

A heterozygous, single-nucleotide substitution in the
5 UTR that is associated with aggregation of the gene
product is a unique feature as a cause of human disease.
Generally, a single-nucleotide substitution in the S’ UTR
may result in expression of aberrant mRNA, abnormal
trafficking of mutant transcripts due to conformational
changes, or reduced transcription of mRNA, as in 8
thalassemia intermedia (Sgourou et al. 2004). In the
present study, no aberrant transcripts were cloned from
patient brains. Instead, the result from the in vitro study
suggested that the transcription efficiency could be re-
duced significantly by the C—T substitution in the 5
UTR of the puratrophin-1 gene. Consistent with this in
vitro finding, levels of puratrophin-1 mRNA tended to
be lower in cerebella of patients with 16q22.1-linked
ADCA than in those of AD-affected controls. Further
studies comprising a larger number of samples that in-
clude “neurologically normal” controls will be neces-
sary to confirm that reduced puratrophin-1 mRNA ex-
pression is associated with the C—T change in the 5’
UTR. Although aggregations of mutated proteins in
most neurodegenerative diseases are due to conforma-
tional changes produced by amino acid alterations, re-
duced protein expression may also cause protein ag-
gregation, such as the neurofilament light-chain aggre-
gation in anterior horn cells of patients with amyotro-
phic lateral sclerosis (ALS) (Bergeron et al. 1994). It is
currently not known how the C—T change in the pur-
atrophin-1 gene leads to puratrophin-1 aggregation.
However, it is possible that alteration in the stoichiometry
or changes in the protein stability, observed in neuro-
filament proteins in ALS (Ge et al. 2003), also exist for
puratrophin-1 in chromosome 16g22.1-linked ADCA.
In addition, it should be noted that since reduction of
puratrophin-1 mRNA levels in patient cerebella was
small, that may not be a sufficient explanation of the
formation of aggregation. It will be important to assess
the puratrophin-1 mRNA levels specifically in Purkinje
cells, where the protein aggregates.
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Puratrophin-1 is a novel protein with four important
domains: the spectrin repeat, CRAL/TRIO, Rho GEF/
DH, and PH domains. Therefore, the puratrophin-1
gene would be the fifth gene that encodes Rho GEF
protein to be associated with human disease, after the
FGD1GEF gene for faciogenital dysplasia (Pasteris et
al. 1994), the ARHGEFé6 gene for X-linked nonsyn-
dromic mental retardation (Kutsche et al. 2000), the
ARHGEF10 gene for autosomal dominant neuropathy
with thin myelinated fibers (Verhoeven et al. 2003), and
the ALS2 gene for the autosomal recessive juvenile mo-
tor neuron disease ALS2 (Hadano et al. 2001; Yang et
al. 2001). GEFs exert diverse functions in intracellular-
membrane trafficking and microtubule dynamics and
ultimately regulate numerous cellular responses—such
as proliferation, differentiation, and movement—Dby ac-
tivating small G-protein GTPases (Rossman et al. 2005).
Although Rho GEF/DH and PH domains are typical for
Rho GEF proteins, the presence of a spectrin repeat
suggests that puratrophin-1 could be targeted to the
Golgi-apparatus membrane, where it may regulate cer-
tain membrane dynamics through modulating actin
(Godi et al. 1998; Lemmon et al. 2002). The CRAL/
TRIO domain is implicated in the nerve growth factor
{NGF) pathway that leads to neurite outgrowth through
activating Rho G (Estrach et al. 2002}, which indicates
that puratrophin-1 may also have a role in cell differ-
entiation signaling through NGE In the present study,
we showed that the Golgi-apparatus membrane protein
and spectrin both form aggregation in the Purkinje cells
of patient brains, which strongly supports the hypothe-
sis that puratrophin-1 indeed interacts with these es-
sential cytoskeletons. Formation of these aggregations,
which seems to be a new phenomenon implicated in
pathogenesis of human disease, could be deleterious for
cells, since Golgi-apparatus membrane proteins and spec-
trin are important in maintaining cellular architecture,
as noted for autosomal dominant polycystic kidney dis-
eases (Charron et al. 2000). In addition, it also seems
rational to speculate that disturbance of puratrophin-1
may affect Purkinje-cell morphology and eventually
cause the peculiar Purkinje-cell atrophy that character-
izes chromosome 16q22.1-linked ADCA, since Rho
GEFs are implicated particularly in neural morphogene-
sis and connectivity by regulating actin dynamics (Godi
et al. 1998).

Finally, the association of progressive hearing im-
pairment in patients with chromosome 16q22.1-linked
ADCA may suggest a role of puratrophin-1 in hearing.
As far as we were able to examine by auditory tests,
42.8% of study families had hearing impairment. Au-
diometric configurations showing mid-frequency U-
shaped or flat-shaped pattern also suggested that the
hearing impairment of these patients was not a simple
age-related hearing loss. However, it should be noted
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that some families had moderate hearing impairment,
whereas other families had only mild hearing impair-
ment, which may indicate the presence of other modi-
fying genetic factors for this phenotype. Further clinical
analyses with use of detailed auditory tests are needed
to ascertain how strongly hearing impairment is asso-
ciated with ataxia. If hearing impairment is confirmed
as being complicated by chromosome 16q22.1-linked
ADCA, puratrophin-1 will be the first deafness/hearing-
impairment protein related to Rho GEF. Since mutations
in the y-actin gene (ACTG1; DFN20/26) (Zhu et al.
2003), genes coding proteins that interact with actin
(e.g., the myosins espin and harmonin), or a gene coding
proteins that coordinate actin polymerization (Mburu
et al. 2003) are known to cause deafness, it is possible
that puratrophin-1 disruption causes hearing impair-
ment by disturbing actin dynamics in the cochlea. In
support of this hypothesis, expression of puratrophin-
1 was seen in mouse cochlear hair cells, in which actin
is also expressed (Mburu et al. 2003). Rho GTPases are
also important regulators of actin cytoskeleton in stereo-
cilia development, which is crucial for auditory trans-
duction (Kollmar 2001). We hypothesize that the pur-
atrophin-1 gene mutation ultimately causes hearing im-
pairment by dysregulation of actin in the cochlea. Fur-
ther studies, such as targeted disruption of puratrophin-
1 in mouse, will be important for clarifying whether
puratrophin-1 has a role in hearing.

In summary, we have identified that a single-nucleo-
tide C—T substitution in the 5 UTR of the gene pur-
atrophin-1 is strongly associated with chromosome
16q22.1-linked ADCA. If patients with SCA4 are found
to harbor mutations in this gene, it would suggest that
the chromosome 16q22.1-linked ADCA in Japan is al-
lelic with SCA4. Identification of the mechanism of pur-
atrophin-1 expression, the upstream signaling cascade
that activates puratrophin-1, and the actual Rho
GTPase activated by puratrophin-1 would be the next
key steps for understanding the molecular mechanisms
that underlie cellular degeneration of chromosome
16g22.1-linked ADCA and hearing impairment.
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Abstract

Introduction: Studies examining the correlation between aortic pulse wave velocity (PWV) and atherosclerosis have reported conflicting
results. The present paper verifies this correlation by conducting autopsy examination of elderly subjects.

Methods: A total of 3456 PWYV examinations had been performed on 1538 elderly people, as a part of routine physical check-up. During
long-term follow-up, many of these subjects died, and autopsy study could be conducted on 304 of these subjects. The average age at death
of the subjects was 83 years and the male: female ratio was 6:5. The pathological atherosclerotic index (PAI) was defined as the average
pathological degree of atherosclerosis in eight large arteries, including aorta.

Results: Significant positive correlations were observed between the age and PWV (y=0.273, P<0.001), and between the systolic blood
pressure and PWV (¥ =0.478, P <0.001). There was a significantly positive correlation between the aortic atherosclerotic degree and mean
PWYV (p=0.239, P <0.005), and between the PAT and mean PWV (y =0.323, P <0.001). The partial regression coefficient between the PAI
and mean PWV was 0.209, after adjusting for the mean systolic blood pressure and age at death.

Conclusion: The present study proved a weak correlation between the PWV and the pathologically verified degree of the aortic and systemic
atherosclerosis. ‘

© 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords: Aging; Aorta; Atherosclerosis; Compliance; Elderly; Human; Pulse wave velocity

1. Introduction observed in elderly or hypertensive cases increase the arterial
stiffness. Meanwhile, the atherosclerosis is frequently asso-

The pulse wave velocity (PWV) is a marker of the elas- ciated with aging and hypertension. Although the atheroscle-
ticity of elastic or muscular arteries (aorta and its major rosis is initially localized to the intima, it finally affects the
branches), and reflects mainly the mechanical properties of entire arterial lJumen and results in medial destruction and fi-
the arterial wall. Diffuse sclerotic changes of the arterial wall brosis, and intimal calcification. Thus, the diffuse atheroscle-

rosis likely causes the increase of arterial stiffness, especially

Abbreviations: BAL brain ath o o ) in the advanced stage. Conflicting results have been reported

. reviations: BAL brain atherosclerotic index; CSI, coronary stenotic on the correlation between the arterial stiffness and the sever-
index; PAI, pathological atherosclerotic index; PW'V, pulse wave velocity X . .

* Corresponding author. Tel.: +81 3 3964 1141; fax: +81 3 3964 1982, ity of atherosclerosis. Avolio et al. reported that the PWV cor-

E-mail address: sawabe@tmig.or.jp (M. Sawabe). related well with the age in a northern Chinese community,
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known for its low serum cholesterol level and low preva-
lence of atherosclerosis in its population, and argued that
atherosclerosis is therefore probably not the dominant factor
responsible for the increase of PWV with aging [1,2]. Re-
cent studies have reported that the PWV is high in cases with
atherosclerotic complications, such as those with coronary
heart disease and cerebrovascular disease, and that it is an
important risk factor of cardiovascular mortality and primary
coronary events, concluding that the PWV may indeed be a
clinical marker of atherosclerosis [3-6]. Several trials of radi-
ological evaluation of atherosclerosis by ultrasound, CT and
MRI have been reported {7,8], and a significant correlation
has been described between the PWV and surrogate radio-
logical markers of atherosclerosis, such as the carotid artery
intima-media thickness and plaques in the carotid arteries and
aorta [9,10]. Since the degree of atherosclerosis differs from
artery to artery, and even within the same artery, it is uncertain
how reliably these radiological markers would reflect the de-
gree of aortic or systemic atherosclerosis. Thus, the definitive
and most direct assessment method of atherosclerosis still re-
mains the pathological examination of resected arterial speci-
mens or autopsy materials. However, no reports are available
in the English medical literature that provides evidence of
a positive correlation between PWV and the pathologically
verified degree of atherosclerosis.

We performed PWV measurements as a part of routine
physical check-up in a large number of elderly people and
reported the results in a previous publication [11]. Many of
these subjects died during long-term follow-up, and autopsy
study could be conducted on some of them at our hospi-
tal. The present paper presents the results of a pathological
study on the correlation between PWV and the severity of
atherosclerosis, based on 304 elderly autopsy examinations.

2. Patients and methods
2.1. Patients

A total of 3456 PWYV examinations were performed on
1538 unselected residents of Itabashi Home for the Aged,
Tokyo, as a part of routine physical check-up between 1984
and 1996, During this period and subsequent long-term
follow-up, some of these subjects died, and autopsy could be
conducted in 304 cases among these residents at the Depart-
ment of Pathology of Tokyo Metropolitan Geriatric Hospital,
Tokyo, Japan. Both Itabashi Home for the Aged and Tokyo
Metropolitan Geriatric Hospital are located in the same cam-
pus. The autopsy cases were composed of 165 males and
139 females. The age at death ranged from 67 to 103 years
with an average age of 83 years. The most common cause
of death was malignant neoplasms (29%), followed by infec-
tion (24%) and respiratory insufficiency excluding pneumo-
nia (13%). Myocardial infarction and cerebrovascular disease
were the main causes of death in 30 cases (10%) and 27 cases
(9%), respectively. Aneurysmal rupture was found in seven
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Fig. 1. Schematic diagram of the PWV measurement. Ouoted from Figure
3 of the article no. [12] of the reference lists, by Yoshimura et al. by courtesy
of the copyright holder. D, distance (in meters) from the second intercostal
space at the right sternal edge to the point where the femoral pulse is palpated;
1.3 is a calculated constant of the ratio of the aortic length to D; ¢, the
time interval (second) from the onset of the rapid ascending limb of the
carotid pulse wave to that of the femoral pulse wave; f, central pulse wave
transmission time (second), namely, the time interval from the beginning of
the second heart sound to the notch of the carotid pulse wave.

cases (2%). Other diseases included gastrointestinal diseases
(4%), renal failure (2%), hepatopancreatic diseases (1%), and
miscellaneous conditions (6%). No cases of Takayasu’s ar-
teritis or Marfan’s syndrome were included.

In the present study, the relationship between the results
of PWV examination and the clinicopathological findings in
these autopsy cases was analyzed.

2.2. Pulse wave velocity

The aortic, carotid-femoral PWV was measured by a
tonometric method, using the Automatic Aortic Pulse Wave
Velocity Meter (MCG400) manufactured by Fukuda Den-
shi Co. Ltd., Tokyo. According to Yoshimura’s method
[12], the PWV was calculated using the following equa-
tion: PWV = (D x 1.3)/(t + t), and the schematic diagram
of the PWV examination was shown in Fig. 1. The sys-
tolic and diastolic pressures were measured at these exami-
nations. The reproducibility of the PWV measurement was
checked by the review of 49 cases in which the PWV was
measured twice at 4-month intervals. The correlation coef-
ficient was high (y=0.733, P <0.0001). The average values
of the PWV and blood pressure were used for the statistical -
analyses, when the PWV examinations were repeated in any
person. ‘

2.3. Vascular pathology

After en-bloc extirpation of the cervical, mediastinal,
retroperitoneal and pelvic organs at autopsy, the large ar-
teries were cut open and fixed in 10% formalin solution.
The severity of atherosclerosis was evaluated macroscopi-
cally by examination of their inner surfaces, except for the
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case of the splenic and superior mesenteric arteries, which
were evaluated on cut sections. According to modification of
Gore-Tejada’s atherosclerotic index [13], the atherosclerosis
in the large arteries was semi-quantitatively scored on a scale
of 0-8 according to the ratio of the atheroma-occupied area
to the entire surface area: negligible (O point, ratio = 0-1/20),
minimal (2 points, 1/20-1/6), mild (4 points, 1/6-1/3), mod-
erate (6 points, 1/3-2/3), and severe (8 points, 2/3~1). The
large arteries examined included the common carotid artery,
subclavian artery, aorta, splenic artery, superior mesenteric
artery, common iliac artery, external iliac artery, and left
femoral artery. In the case of bilateral arteries, the average
score of the left and right sides was calculated. The term
_of “atheroma” was used in a broad sense, and it included
fatty streaks, fibrous plaques, fibro-fatty plaques, and com-
plicated lesions. It did not include mild diffuse intimal thick-
ening, which is described as the aging phenomenon. Thus,
the atherosclerotic changes could be differentiated from the
aging changes of the arteries. The Pathological Atheroscle-
rotic Index (PAI) was defined as the average value of the
atherosclerotic scores in these eight large arteries. The PAI
was calculated in 275 cases in which the atherosclerotic
scores of all the eight arteries could be evaluated.

The Coronary Stenotic Index (CSI) was measured by one
of the authors (K.C.), as previously reported [ 14,15]. Intracra-
nial arteries were also semi-quantitatively examined by one
of the authors (H.Y.), as previously reported [16]. The Brain
Atherosclerotic Index (BAI) was defined as the average of the
atherosclerotic scores of five intracranial arteries, including
the anterior cerebral arteries, middle cerebral arteries, poste-
rior cerebral arteries, basilar artery and vertebral arteries.

2.4. Statistical analysis

The atherosclerotic scores of individual arteries were com-
pared by Friedman’s test. The average values of the PWV
and PAI were compared by Student’s t-test or Welch’s ¢-
test. The atherosclerotic scores of the left- and right-sided
arteries were compared by Wilcoxon’s rank sum test. The
correlations among the PWV, age at death, blood pressure,
the atherosclerotic scores of individual arteries, and the PAI
were studied by Spearman’s rank correlation or Pearson’s
correlation. The correlation coefficients of Spearman’s rank
correlation and Pearson’s correlation were designated as p
and y, respectively. Finally, a meta-regression method was
applied to examine whether the changing rate of an individ-
ual’s PWYV was correlated with the PAL The significance level
was set at 0.05. The SAS system for Windows (Version 8.1)
and StatView (Version 5.0) (SAS Institute Inc., NC) were
used for the statistical analyses. The statistical analyses were
performed by two of the authors (N.T. and M.S.).

2.5. Ethical considerations

Written informed consents were obtained from the be-
reaved family of the patients at the time of autopsy. The use of

autopsy materials for medical education and research is gen-
erally permitted in accordance with the Act of Post-mortem
Examinations of Japan.

3. Results
3.1. Pulse wave velocity

The histogram of the mean PWV showed normal distribu-
tion, with a mean (£5.D.) 0f 9.6 (£1.8) m/s. The mean PWV
ranged from 5.1 to 14.3 m/s. About 61% of the cases showed
abnormally high PWYV values of more than 9m/s. A total
of 782 PWYV examinations had been performed in the 304
autopsy cases. The average (S.D.) and median numbers of
PWYV examinations per case were 2.6 (£:1.9) and twice times,
respectively. The largest number of examinations in one pa-
tient was 15 times. The intervals between the date of the last
PWYV examination and the date of death ranged from 10 days
to 12.7 years. The average (£S.D.) and median intervals were
4.1 (£3.1) years and 3.5 years, respectively.

3.2. Clinical data and PWV

A positive correlation was observed between the age of
the subjects at the time of the PWV examination and the
PWV (n=3057, y=0.273, P<0.001). In the autopsy cases,
a similar correlation between the age at death and the mean
PWYV was noted (n =304, y = 0.250, P < 0.001). When the last
PWYV data were applied in place of the mean PWV, weaker
correlations were observed in the entire analysis. No signif-
icant sexual difference in the PWV was observed (n=304,
P>0.1).

Histograms of the mean systolic and diastolic pressures
and the mean pulse pressure showed normal distribution. The
average pressures (£5.D.) were 146 (£20), 77 (£10), and 69
(£18) mmHg, respectively. A positive correlation was noted
between the blood pressures and the PWYV at all PWV ex-
aminations, as shown in Table 1. Similar correlations were
observed between the mean blood pressure and the mean
PWYV in the autopsy cases.

Table 1
Correlations between blood pressure and the pulse wave velocity

Correlation P
coefficients, ()

All PWYV examinations (n =3456)

Systolic pressure 0.478 <0.001

Diastolic pressure 0.294 <0.001

Pulse pressure 0.390 <0.001
Autopsy cases (n=2304)

Mean systolic pressure 0.504 <0.001

Mean diastolic pressure 0.336 <0.001

Mean pulse pressure 0.370 <0.001

Values are Pearson’s correlation coefficients between blood pressure and
pulse wave velocity. PWV indicates pulse wave velocity.
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Table 2

Comparison of the mean PWV and the PAI between cases with and without atherosclerosis-related diseases

Atherosclerosis-related diseases n® (%) Disease No disease PP

Pulse wave velocity (m/s)
Hypertension 198 (65%) " 9.89 (£1.75) 9.00 (£1.61) <0.001
Diabetes mellitus 52 (17%) 9.80 (£1.84) 9.53 (£1.73) ns.
Hyperlipidemia 71 (23%) 9.57 (£1.58) 9.59 (£1.81) n.s.
Ischemic heart disease 78 (26%) 971 (£1.77) 9.54 (£1.75) n.s.
Cerebrovascular disease 109 (36%) 9.74 (£1.85) 9.49 (£1.70) n.s.

Pathological atherosclerotic index (points)
Hypertension 180 (65%) 4.78 (£1.42) 3.93 (£1.26) <0.001
Diabetes mellitus 49 (18%) 5.18 (£1.32) 4.34 (+1.40) <0.001
Hyperlipidemia 66 (24%) 4.71 (£1.57) 4.42(+1.37) ns.
Ischemic heart disease 70 (25%) 5.17 (£1.39) 4.26 (+£1.36) <0.001
Cerebrovascular disease 98 (36%) 4.75 (£1.49) 4.35 (£1.37) <0.05

Values are mean (£S.D.) of the PWV and PAL PWYV indicates pulse wave velocity; PAI, pathological atherosclerotic index; and n.s., not significant.
* Number of cases with an atherosclerosis-related disease, with percentages indicated in parentheses.

b Student’s t-test.

A multiple regression analysis of the PWV in all the
examinations (rn=3454) showed significant contributions
of systolic blood pressure (§=0.448, P<0.0001) and age
(B=0.183, P <0.0001).

Underlying diseases and complications of atherosclerosis
were frequently encountered, as shown in Table 2. The mean
PWYV was significantly different between hypertensive and
normotensive cases. No significant differences of the PWV
were observed in relation to other diseases.

3.3. Vascular pathology

The average atherosclerotic scores varied significantly
among the individual arteries (P < 0.001), as shown in Table 3.
The scores for the aorta and arteries of the lower extrem-
ities (common iliac and femoral arteries) were high, while
those for the visceral arteries (splenic and superior mesen-
teric arteries) were low. A majority (85%) of the cases showed
moderate to severe aortic atherosclerosis. There were no sig-
nificant differences in the scores between the left-sided and
right-sided arteries in the case of arteries examined bilaterally

(common carotid, subclavian, common iliac and external iliac
arteries).

The histogram of the PAI revealed a normal distribution
with a mean (+S.D.) of 4.5 (&-1.4) points and a range from
1.1 to 7.9 points.

3.4. Clinical data and vascular pathology

There was a positive correlation between the age at death
and the PAI (n =275, y =0.219, P <0.001). There was no sig-
nificant difference in the PAI between the two sexes (P > 0.5).
There were significantly positive correlations between the
mean systolic pressure and the PAI (y=0.175, P <0.005),
and between the mean pulse pressure and the PAI (¥ =0.191,
P <0.005); on the other hand, there was no significant cor-
relation between the mean diastolic pressure and the PAI
(y=0.002, P>0.5).

As shown in Table 2, significant differences of the
mean PAI were found between cases with and with-
out atherosclerosis-related diseases, except for the case
of hyperlipidemia. Table 2 indicates that the PAI is

Table 3

Atherosclerotic score of individual arteries and its correlation with the mean PWV

Name of arteries (a.) n Atherosclerotic score Correlation with mean PWV P
Common carotid a. 301 324 0.286 <0.001
Subclavian a. 301 4 (2-5) 0.318 <0.001
Aorta 299 7 (6-8) 0.239 <0.005
Splenic a. 297 2 (0-5) 0.300 <0.001
Superior mesenteric a. 290 2 (0-4) 0.334 <0.001
Common iliac a. 301 8 (6-8) 0.291 <0.005
External iliac a. 301 4 (2-6) 0.248 <0.005
Left femoral a. 300 6 (4-8) 0.330 <0.001
CSI 304 7(10-12) 0.186 <0.005
BAI 268 3.2(1.8-44) 0.208 <0.001

Values in each column are number of cases examined, the median of the atherosclerotic scores with percentiles (25-75%) indicated in parentheses, Spearman’s
correlation coefficients (p) between the atherosclerotic score and the mean PWYV, and the level of significance. PWV indicates pulse wave velocity; CSI,
coronary stenotic index (range: 0~15); BAI brain atherosclerotic index (range: 0-8).
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Fig. 2. Correlation between the pathological atherosclerotic index and the
mean pulse wave velocity.

more related to atherosclerosis-related diseases than the
PWV.

3.5. Vascular pathology and PWV

As shown in Table 3, there were positive correlations be-
tween the atherosclerotic scores of the individual arteries
and the mean PWYV. When the arteries with atherosclero-
sis more than moderate degree (>6 points) were regarded
as the atherosclerotic arteries, a significant correlation was
present between the total numbers of the atherosclerotic ar-
teries and the PWV (¥ =0.335, P <0.0001). There was also a
significantly correlation between the PAI and the mean PWV
(y=0.323, P<0.001), as shown in Fig. 2. Table 4 summa-
rizes the correlations between the PAI and the mean PWV
under specific conditions. In normotensive cases, a positive
correlation was observed (0 =0.336, P <0.005) between the
PAI and the mean PWV. The Spearman’s correlation coeffi-
cient was higher in the cases that underwent repeated PWV

Table 4 .
Correlations between the PAI and mean PWV
n Correlation coefficients (o) P
All autopsy cases 275 0.353 <0.001
Blood pressure
Normotensive 95 0.336 <0.005
Hypertensive 180 0.271 <0.001
Number of PWV examinations )
Single 124 0.312 <0.001
Multiple 151 0.390 <0.001
Premortem interval?
0-1.9 years 87 0.337 <0.005
2.0-4.9 89 0.284 <0.01
>5.0 99 0.459 <0.001

Values are Spearman’s correlation coefficients (o) between the PAland PWV.
PAl indicates pathological atherosclerotic index; PWYV, pulse wave velocity.

2 Premortem interval between the date of the last PWV examination and
the date of death.

Table 5
Multiple regression analysis of the pulse wave velocity in autopsy cases
(n=304)

Standardized partial Correlation
regression coefficients coefficients
(B-values) (y-values)
Mean systolic blood 0.444" 0.038
pressure
Age at death 0.154™ 0.036
PAI 0.209" 0.258
Coefficient of 0.331

determination (R?)

PAI: pathological atherosclerotic index.
* P<0.0001.
** P<0.005.

examinations (o = 0.390) than in those who underwent a sin-
gle examination (p =0.312). The correlation between the PAI
and the mean PWV was studied with respect to the premortem
intervals between the date of the last examination and the date
of death. The Spearman’s correlation coefficient between the
PAI and the mean PWV was low (p=0.284) in cases with
an intermediate interval (2-4.9 years), and high (p=0.459)
in those with a long interval (=5 years), while it was inter-
mediate (0 =0.337) in the cases where the interval was short
(<2 years). Thus, the correlation between the PAI and PWV
seemed to be independent of the premortem intervals in the
present autopsy cases.

A “changing rate” of PWV was defined as a regression
coefficient of PWV in simple regression analysis. The meta-
regression analysis showed a positive correlation between
the changing rate of PWV and the PAI, independent of the
mean PWYV values. Each 1 m/s increase of PWV per month
corresponded to an increase of PAI of 0.69 points.

A multiple regression analysis was performed to deter-
mine the contributions of the major decisive factors of the
PWYV. Three independent factors, namely, age at death, mean
systolic blood pressure and the PAI, were selected for the
analysis. The result of the analysis was shown in Table 5.
The standardized partial regression coefficient and correla-
tion coefficient between the PAI and the mean PWV were
0.209 and 0.258, respectively. Thus, the PAI accounted for
only 5% (=0.209 x 0.258) of the variability of the variance
of the PWV.

4. Discussion

Arteriosclerosis comprises three different pathological en-
tities: atherosclerosis of elastic or muscular arteries, Moncke-
berg arteriosclerosis (medial calcific sclerosis) of muscular
arteries, and arteriolosclerosis. All of these entities are very
common in the elderly and, in the present study, 85% of the
subjects showed moderate to severe atherosclerosis of the
aorta. In the early stage of atherosclerosis, the intima is in-

~ volved, but the subsequent medial destruction and fibrosis
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result in arterial dilatation and decrease of elasticity. Mean-
while, the PWV reflects the mechanical properties of the ar-
terial wall, especially the amount and structure of the elastic
fibers in the media, and is closely correlated with the blood
pressure. The present study revealed a weak, but positive
correlation between the PAI and the PWV in normotensive
subjects. A changing rate of the PWV, as well as the PWV
itself, was correlated with the PAL In other words, a higher
changing rate meant more severe atherosclerosis. Takahashi
performed serial PWV measurements in a variety of patients
and the results were consistent with ours, in that the chang-
ing rate of the PWV was especially high in cases of hyper-
tension, ischemic heart disease and diabetes mellitus [17].
The correlation coefficient between the PAI and the PWV
was higher in those cases who underwent repeated examina-
tions than in the cases who underwent a single examination.
These results led us to conclude that repeated PWV measure-
ments could give us precise information about the severity of
atherosclerosis.

The blood pressure and age of the patients are both impor-
tant factors influencing the PWV. But, it is uncertain whether
the high PWYV values among hypertensive patients and the
elderly are caused by the physiological responses to high
blood pressure and the aging process, or by the concomi-
tant atherosclerosis which is also common in these subpop-
ulations. Multiple regression analysis in the present study
showed that atherosclerosis was a more important factor in-
fluencing the PWV than the age of the patients. Earlier reports
stated that aging is the dominant factor responsible for re-
duced arterial compliance, in other words, increases of PWYV,
and that the concomitant atherosclerosis is an additional fac-
tor of arterial stiffness [1,2]. The decrease and fragmentation
of elastic fibers and increase of collagen fibers in the arterial
wall associated with aging are considered to be the cause of
the increase of PWV. Hosoda et al. reported that the elastic
fiber contents of the aorta in non-atherosclerotic cases sharply
decreased from 40% in neonates to 27% in the sixth decade,
but it remained unchanged thereafter until the ninth decade
[18]. Since the cases examined in the present study were all
elderly people over the age of 67 years, Hosoda’s data were
not inconsistent with our results.

To the best of our knowledge, there is no report so far
in English medical literature of the existence of a correla-
tion between the PWV and the severity of atherosclerosis as
examined by pathological methods. Otuska [19] performed
a pathological study on this subject based on 72 autopsy
examinations and reported, in a Japanese journal, the exis-
tence of a positive correlation between the PWV and patho-
logical changes in the aorta, especially the intimal changes
seen in atherosclerosis. Farrar et al. [20,21], in a series of
experimental studies on non-human primates, reported that
atherosclerosis caused thickening of the arterial wall and me-
dial degeneration, which caused an increase of the PWV.
He also observed that discontinuation of a diet high in fat
caused regression of atheroma and decrease of the PWV
values [22].

Blacher et al. [10] studied the correlations between the
PWYV and the severity of atherosclerosis in selected arteries
in hypertensive patients. In their studies, the diagnosis of the
atherosclerosis depended on clinical information and imag-
ing techniques such as the carotid echography and abdominal
CT. Our study was different from the other studies including
the one by Blacher et al., in that the assessment was based on
the pathological examination, which can detect the subclin-
ical or uncomplicated atherosclerosis. They reported a good
correlation between the PWYV and the severity of atheroscle-
rosis in aorta and the arteries of the lower limbs. The present
study showed a relatively good correlation with the PWV in
the femoral artery and a relatively weak one in the aorta.

Some limitations of our study warrant attention. As the
intervals between the date of the PWV measurements and
the date of death were occasionally very long, in some cases
more than 5 years, the atherosclerosis might have progressed
or regressed after the last examination. In the present study,
however, a long interval was not associated with any decrease

_in the correlation coefficient between the PAI and the PWV.,

In several reports, high PWV were described in the pa-
tients with hypertension, diabetes mellitus, hyperlipidemia,
ischemic heart disease and cerebrovascular diseases. In con-
trast, the differences in the PWV were statistically significant
only in hypertension in the present study. Furthermore, the
correlation between PAI and PWV seems so weak, consid-
ering only 5% of the variability of PWV was explained by
PAI. We frequently observed that the pathological features
differ significantly from case to case among the cases with
the same degree of atherosclerosis. These features included
presumable important influencing factors of the PWV, such as
the degree of medial destruction, the diameter of the arterial
lumen, and the presence of calcification. This pathological
variety may result in a low correlation between the severity
of atherosclerosis and the PWV. The weak correlation might
be caused by the long premortem intervals mentioned above.
Since the tonometric assessment employed in this study is
known to less accurate and reproducible than a newly devel-
oped oscillometric method [23]. Future autopsy study with
an oscillometric PWV measurement is expected to reveal a
better association between atherosclerosis and PWV.

5. Perspectives

The PWV examination has become a powerful screening
tool to detect the subjects with high cardiovascular and cere-
brovascular risks. The present study provides indisputable
pathological evidence that the PWV correlates with the sever-
ity of aortic and systemic atherosclerosis. Meanwhile, a bet-
ter association of the PAI to atherosclerosis-related diseases
than that of the PWV indicated that the pathological assess-
ment (PAI) of atherosclerosis was superior to its physiolog-
ical assessment (PWV). Since pathological examinations of
atherosclerosis are impossible to perform in living subjects,
the development of alternative noninvasive imaging tech-
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niques for morphological assessment, such as CT or MRI,
is necessary and would be of great benefit in the future.
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Citrullinated proteins are the products of a posttransla-
tional process in which arginine residues undergo modi-
fication into citrulline residues when catalyzed by
peptidylarginine deiminases (PADs) in a calcium ion-
dependent manner. In our previous report, PAD2
expressed mainly in the rat cerebrum became activated
early in the neurodegenerative process. To elucidate
the involvement of protein citrullination in human neuro-
nal degeneration, we examined whether citrullinated
proteins are produced during Alzheimer’s disease (AD).
By Western blot analysis with antimodified citrulline
antibody, citrullinated proteins of varied molecular
weights were detected in hippocampal tissues from
patients with AD but not normal humans. Two of the
citrullinated proteins were identified as vimentin and
glial fibrillary acidic protein (GFAP) by using
two-dimensional gel electrophoresis and MALDI-TOF
mass spectrometry. Interestingly, PAD2 was detected in
hippocampal extracts from AD and normal brains, but
the amount of PAD2 in the AD tissue was markedly
greater. Histochemical analysis revealed citrullinated
proteins throughout the hippocampus, especially in the
dentate gyrus and stratum radiatum of CA1 and CA2
areas. However, no citrullinated proteins were detected
in the normal hippocampus. PAD2 immunoreactivity
was also ubiquitous throughout both the AD and the
normal hippocampal areas. PAD2 enrichment coincided
well with citrullinated protein positivity. Double immu-
nofluorescence staining revealed that citrullinated pro-
tein- and PAD2-positive cells also coincided with
GFAP-positive cells, but not all GFAP-positive cells
were positive for PAD2. As with GFAP, which is an
astrocyte-specific marker protein, PAD2 is distributed
mainly in astrocytes. These collective results, the

© 2005 Wiley-Liss, Inc.

abnormal accumulation of citrulinated proteins and
abnormal activation of PAD2 in hippocampi of patients
with AD, strongly suggest that PAD has an important
role in the onset and progression of AD and that citrulli-
nated proteins may become a useful marker for human
neurodegenerative diseases. © 2005 Wiley-Liss, Inc.

Key words: Alzheimer’s disease; astrocyte; citrulline;
glial fibrillary acidic protein; PAD; vimentin

Numerous proteases and posttranslational modifica-
tion enzymes participate in neurodegeneration, such as that
in patients with Alzheimer’s disease (AD) and Parkinsons
disease (Keller et al., 2000; Maccioni et al., 2001). However,
little attention has been paid to one such group of agents,
peptidylarginine deiminases (PADs; EC 35315 Rogers and
Simmonds, 1958; Kubilus et al., 1980; Kubilus and Baden,
1983; Ishigami et al., 1996). PADs are a group of posttransla-
tional modification enzymes that citrullinate (deiminate)
protein arginine residues in a calcium ion-dependent man-
ner, yielding citrulline residues. Enzymatic citrullination
abolishes positive charges of native protein molecules, inevi-
tably causing significant alterations in their structure and
functions (Lamensa and Moscarello, 1993; Imparl et al., 1995;
Tarcsa et al., 1996). In mammalian tissues, PADs are found as
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TABLE I. Subject Demographic Data*
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Braak stage
Age (years) PMI (hr) Gender BW (g) NFT SP
AD 845+ 14 79 £ 21 3M/7F 1,104 £ 99 V1 (10) C (10
Control 792 *+ 16 65 * 24 5M/4 F 1,226 * 31 19 0(), A@

*Data are expressed as mean = SEM. Parentheses indicated the number of subject. PMI, post-mortem interval;
BW, brain weight; NFT, neurofibrillary tangle; SP, senile plaque; AD, Alzheimer disease.

five different isoforms (i.e, types 1-4, 6), which differ in
specificity for various synthetic substrates, such as benzoyl-
L-arginine ethyl ester and benzoyl-L-arginine, and in tissue
distribution (Watanabe et al., 1988; Terakawa et al., 1991;
Chavanas et al.,, 2004). All these isoforms display nearly
identical amino acid sequences (Watanabe and Senshu, 1989;
Tsuchida et al., 1993; Nishijyo et al., 1997, Ishigami et al.,
1998; Nakashima et al., 1999; Rusd et al., 1999), but they
appear to be dissimilar in tissue-specific expression, as evi-
denced by reverse transcriptase-polymerase chain reaction
(Ishigami et al., 2001). Among them, only PAD2 has been
proved to be an occupant of the rat central nervous system
(Kubilus and Baden, 1983; Watanabe et al., 1988; Terakawa
et al, 1991). Immunocytochemical studies have localized
PAD2 in glial cells, especially astrocytes (Vincent et, al.,
1992; Asaga and Ishigami, 2000, 2001), microglial cells
(Vincent et al., 1992; Asaga et al., 2002), and oligodendro-
cytes (Akiyama et al., 1999). Because citrullinated proteins
were rarely located in the enzyme-positive glial cells exam-
ined with our sensitive detection method (Senshu et al,
1992), we assumed that PAD2 is normally inactive (Asaga
and Ishigami, 2000, 2001; Asaga et al., 2002). However, glial
fibrillary acidic protein (GFAP) was highly susceptible to
the attack of PAD2 in excised rat brains deliberately left at
room temperature (Asaga and Senshu, 1993). These findings
provided a clue that PAD2 normally remains inactive but
becomes active and citrullinates cellular proteins when the
intracellular calcium balance is upset during neurodegenera-
tive changes.

The pathological presentation of AD involves the
selective death of pyramidal neurons and an accumulation
of two main abnormal protein aggregates, senile plaques
(SPs) and neurofibrillary tangles (NFTs; Katzman, 1986;
Smith, 1998). Although NFTs and SPs are found in many
areas of the cerebrum, they are concentrated mainly in the
hippocampus and cerebral cortex. The former site actually
appears to be more important, since pathological indices are
first localized in that region (Maccioni et al., 2001). Our pre-
vious report indicates that levels of PAD2 are more than
threefold higher in the hippocampus than in the cortex of
rat brains (Asaga and Ishigami, 2000). Moreover, PAD2 acti-
vates and citrullinates various cerebral proteins under
hypoxic conditions (Asaga and Ishigami, 2000) and during
kainic acid-evoked neurodegeneration (Asaga and Ishigami,
2001; Asaga et al., 2002), suggesting the involvement of pro-
tein citrullination in neurodegenerative processes. The
present study was therefore designed to test the hypothesis
that PAD2 plays a role in AD and that citrullinated proteins

are active participants in the neurodegenerative process, par-
ticularly in the hippocampus.

MATERIALS AND METHODS

Human Subjects

Brain specimens used in this study were removed at
autopsy from 10 patients with AD (seven women and three
men) and nine (four women and five men) normal subjects. The
subjects’demographic data are summarized in Table I. Specimens
were taken from the hippocampus and divided into two parts.
One part was fixed with 4% paraformaldehyde and processed
for paraffin embedding. Another part was immediately frozen in
dry ice. All AD patients met accepted criteria for the neuro-
pathologic diagnosis of AD based on the National Institute of
Aging (NIA)-Reagan Institute Criteria for the Neuropatho-
logical Diagnosis of AD (1997), combining abundant neuritic
plaques in the neocortex (definite AD with Consortium to
Establish a Registry for AD Criteria) and a profusion of NFTs
in the limbic and neocortical areas (Braak and Braak stage VI).
Normal subjects used as controls were individuals with no his-
tory of dementia or other neurologic disorders. Neuropathologic
evaluation of control brains revealed only age-associated gross
and histopathologic alterations (Braak and Braak NFT stage I
and senile plaque stage 0 or A). The human studies were
approved by the Tokyo Metropolitan Institute of Gerontology
(TMIG) Review Boards.

Preparation of Tissue Samples

Frozen hippocampi of AD and control subjects’ brains
were homogenized in a lysis buffer (001 M Tris-HCI, pH 76,
1 mM phenylmethylsulfonyl fluoride, 0.1 % NP-40) with a Poly-
tron homogenizer. For sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), an aliquot of the homogenates
was mixed with an equal volume of 0.125 M Tris-HCI, pH 6.8,
4% SDS, 20% glycerol, 10% 2-mercaptoethanol, and 0.005%
bromophenol blue (sample buffer) and heated in boiling water
for 5 min. The protein content of cell homogenates was meas-
ured by the method of Lowry et al. (1951) with bovine serum
albumin as a standard.

Detection of Citrullinated Proteins

Citrullinated proteins were detected by Western blotting
as described previously (Senshu et al., 1992). Briefly, equal
amounts of protein (10 pg/lane) were separated by SDS-PAGE
on vertical slab 10% acrylamide gels (1 mm X 9 cm) by the
method of Laemmli (1970). Proteins were then electrophoreti-
cally transferred from acrylamide gels onto a membrane of poly-
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Fig. 1.- Western blot analysis of citrullinated proteins and PAD2 in the
hippocampus of AD and control brain. Tissue homogenates (10 pg)
were separated by SDS-PAGE and transferred to a PVDF membrane.
A: Typical protein profiles detected by amido black staining. B: Citrul-
linated protein profiles detected as described in Materials and Methods.
C: Immunoreactive PAD2 profiles. Lane 1, age-matched control; lane 2,
AD. Asterisks indicate the citrullinated MBP.

vinylidene difluoride (PVDF;, Millipore, Billerica, MA) by the
method of Towbin et al. (1979). Citrulline residues on the mem-~
brane were modified by overnight incubation at 37°C in modifi~
cation medium [1 volume of 1% diacetyl monoxime/0.5%
antipyrine/1 N acetic acid, and two volumes of a mixture of 85%
H3PO4/98% HySO4/H,O (20/25/55) containing 0.025% FeCls).
The membrane was then incubated successively with antimodi-
fied citrulline IgG antibody produced in a rabbit and with puri-
fied (Senshu et al., 1992), horseradish peroxidase-labeled goat
anti-rabbit IgG (Bio-Rad, Hercules, CA). Chemiluminescence
signals were detected on Kodak XAR films with ECL Western
Blotting Detection Reagents (Amersham Bioscience, Piscat-
away, INJ).

Two-Dimensional Gel Electrophoresis and
Proteome Analysis

Protein extraction and twa-dimensional gel electrophore-
sis (2-DE) were performed as reported previously (Toda et al.,
1998; see also http://proteome.tmig.orjp/2D/2DE method.html).
Briefly, 100 mg of tissue sample were crushed in liquid nitrogen
and lysed with 300 pl of 5 M urea, 2 M thiourea, 2% CHAPS,
2% SB3-10, 1% Pharmalyte (pH 3-10; Amersham Bioscience),
1% dithiothreitol (DTT), and 1% proteinase inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO) with sonication. One hundred
micrograms of protein were loaded onto gel strips with an
immobilized pH gradient (pH 4~7; 18 cm; Amersham Bio-
sciences), and isoelectric focusing was performed on a Cool-
PhoreStar model 3610 (Anatech, Tokyo, Japan). After isoelectric
focusing, strips were equilibrated with 50 mM Tris-HCI, pH 6.8,
6 M urea, 2 M thiourea, 2% SDS, 30% glycerol, and 1% DTT
for 30 min and then with the same solution containing 4%
iodoacetamide instead of DTT for 30 min. Each equilibrated
strip was mounted on a 7.5% SDS-polyacrylamide gel and fixed

PI7.0

2nd

Qo vgn

Al A2 B182B3 B4 Al A2 B1B2B3 B4

Fig. 2. Proteome analysis of citrullinated proteins in the hippocampus
of AD brain. A: Two-dimensional protein profiles of the AD hippo-
campus. Proteins were separated on the basis of pI (x-axis) and molecu~
lar mass (y-axis). Spots were visualized with Sypro Ruby gel staining.
IEF, isoelectric focusing. Tubulin and actin were identified by peptide
mass fingerprinting and a subsequent database search. B: Enlarged pro-
teins of AD hippocampus from 2-DE gels indicated as a rectangular
area in A. C: Western blot analysis of citrullinated proteins from 2-DE
gels indicated as rectangular area in A. Numbered spots were identified
by mass spectrometry.

with shark-tooth combs. SDS-PAGE was performed on a
vertical format using a Tricine buffer system. After second-
dimension electrophoresis, gels were fixed in 10% methanol and
6% acetic acid for 30 min, and protein spots were visualized by
Sypro Ruby (Molecular Probes, Eugene, OR) staining, follow-
ing the manufacturer’s recommendations.

A square (8 X 8 cm) containing tubulin was cut off from
the gel slab and then applied to Western blots to detect the citrulli-
nated proteins according to the method described above, because
these citrullinated proteins were previously detected at the same
position of tubulin on 2-DE using minislab gel (8 X 8 cm). At this
time, the citrullinated proteins were detected by using the highly
sensitive reagent ECL Advance (Amersham Bioscience). There-
after, the protein spots visualized with Cypro Ruby and matched
with the citrullinated proteins were excised with a Proteome-
Works Spot Cutter (Bio-Rad) followed by in-gel digestion with
trypsin according to the manufacturers specifications. The
digested peptide was directly mixed with an equal volume of
10 mg/ml o-cyano-4-hydroxycinnamic acid, and peptide mass
spectra were obtained on an AXIMA-CFR MALDI-TOF-MASS
(Shimadzu, Kyoto, Japan) platform. Peptide mass mapping was
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TABLEII. Proteins Identified From 2-DE Gels of AD Hippocampus by MALDI-TOF Mass Spectrometry

Theoretical value Experimental value

Sequence NCBI
Spotno.? Protein Probability coverage (%) accession Nos. pl kDa pl kDa
Al Vimentin 38E+4-02 68 CAA3%600 51 53.7 51 49.2
A2 Vimentin 4.3E+02 71 CAA3%600 51 537 5.1 491
Bl GFAP 31E+-02 53 NP_002046 54 499 52 435
B2 GFAP 33E402 57 NP_002046 54 499 52 448
B3 GFAP 32E-+02 55 NP_002046 54 499 53 474
B4 GFAP 33E+4-02 60 NP_002046 5.4 499 53 499

*The numbering and lettering corresponding to the 2-DE gets image shown in Figure 2A.

performed by using Mascot Search (Matrix Science Ltd., London,
United Kingdom).

Immunohistochemistry

The paraffin-embedded sections (6-pm-thick) of AD and
control hippocampi were deparaffinized, rehydrated, and pre-
treated by heating in a microwave oven for 10 min in citrate buf-
fer. Citrullinated proteins were detected as described previously
(Ohsawa et al., 2001; Ishigami et al., 2002a). Briefly, sections
were postfixed with 4% paraformaldehyde and 2.5% glutaralde-
hyde, and then they were incubated in the modification medium
at 37°C for 3 hr to modify citrulline residues in situ. Immunos-
taining of citrullinated proteins was performed with antimodi-
fied citrulline IgG and the Vectastain Elite ABC kit (Vector
Laboratories, Burlingame, CA) using 3,3’ -diaminobenzidine as
a chromogenic substrate. Human PAD2 and GFAP were stained
with rabbit anti-human PAD2 prepared as described previously
(Ishigami et al., 2002b) and monoclonal antibodies to GFAP
(Sigma-Aldrich), respectively. Sections were also subjected to
hematoxylin staining for histological examinations. To evaluate
the degree of citrullinated protein and PAD2 immunoreactivity,
we used a scoring system, in which immunoreactivity was arbi-~
trarily defined from grade 0 (no immunoreactivity detected) to
grade 4 (the most intensive immunoreactivity detected). The
scores obtained from 10 AD and nine control subjects were then
averaged.

The citrullinated proteins, human PAD2 and GFAP, were
detected with immunofluorescent labeling and confocal micro~
scopy (LSM-510 laser scanning microscope; Carl Zeiss,
Oberkochen, Germany). Primary antibodies were visualized
with Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 594
goat anti-mouse [gG (Molecular Probes).

Statistical Analysis

The results are expressed as the mean = SEM. The proba-
bility of statistical differences between experimental groups was
determined by a Student’s ~test, as indicated.

RESULTS

Identification and Characterization of Citrullinated
Proteins in the Hippocampi of AD Patients and
Normal Controls

Figure 1A shows total proteins in hippocampal
extracts from brains of AD and normal individuals in
which amido black staining delineated obviously different
profiles. In particular, the protein bands between 30 and

50 kDa were notably smaller in the AD hippocampal
extracts. Moreover, the citrullinated protein profile from
AD hippocampal samples manifested species not detected
in those from normal brains (Fig. 1B) as judged by the
procedures described in Materials and Methods. In particu-
lar, a band migrating at approximately 20 kDa, which was
previously shown to be myelin basic protein (MBP) in cul-
tured oligodendrocytes (Akiyama et al., 1999), was present
in relatively large quantities in the AD hippocampus but
essentially undetectable in this region from normal brains.
We confirmed the identity of this protein by immunopreci-
pitation using specific MBP antiserum (data not shown).
Western blots of PAD2 revealed a single band migrating at
approximately 75 kDa in hippocampal extracts from both
normal and AD brains (Fig, 1C).

AD hippocampal proteins were further characterized
by 2-DE (Fig. 2A). Because citrullinated proteins were
detected in abundance migrating over 35 kDa, as shown in
Figure 1B, the gel region outlined in Figure 2A was cut out
(Fig. 2B), and the citrullinated proteins were subjected to
Western blotting for identification. Figure 2C shows several
of the AD hippocampal citrullinated proteins detected and
identification of these proteins by peptide mass fingerprint-
ing and a subsequent database search. These methods identi-
fied vimentin as proteins Al and A2 and GFAP as proteins
B1, B2, B3, and B4 (Table II). Some citrullinated proteins
were visible throughout the gel (Fig. 2A), even outside the
region cut out (data not shown).

Immunohistochemical Localization of Citrullinated
Proteins and PAD?2 in Hippocampal Regions and
Cell Type

Figure 3A shows the regional localization of citrulli-
nated proteins in the hippocampus of an AD brain. Citrulli~
nated proteins were detected throughout the hippocampus,
especially in the conjugation region between molecular
layers of hippocampus and dentate gyrus as well as poly-
morphic layers of dentate gyrus and stratum radiatum of
CAl and CA2 areas. No such proteins were found in the
granular layer of the dentate gyrus. Moreover, no citrulli-
nated proteins at all were detected in a normal hippocampus
(Fig. 3B). A scoring systemn adopted to evaluate the degree
of citrullinated protein immunoreactivity in the hippocam-
pus then revealed significantly greater immunoreactivity in
the AD hippocampus than in its normal counterpart
(Fig. 4A). In contrast, PAD2 immunoreactivity was detect-
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Fig. 3. Immunohistochemical staining of citrullinated proteins and PAD2. Hippocampal sections
from AD (A,C) and control (B,D) brains were stained for citrullinated proteins (A,B) and PAD2
(C,D) as described in Materials and Methods. E: Higher magnification of A. Arrows indicate the cit-
rullinated protein-positive cells. F: Higher magnification of C. Arrows indicate the PAD2-positive
cells. Gr, granule cell layer; Mo, molecular cell layer. Scale bars = 500 pm in A-D, 50 pm in E.E
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Fig. 4. Immunoreactive intensity of citrullinated proteins and PAD2 in the hippocampi of AD and
control brains. The immunoreactivity of citrullinated proteins (A) and PAD2 (B) in the hippocampus
was graded (grade O to 4) as described in Materials and Methods. Values are expressed as means ==
SEM of 10 AD and nine control subjects. Data were compared by Students t-test.

able all through the hippocampus, both in the AD and in
normal brain, but not in the granular layer of the dentate
gyrus (Fig. 3CD). A scoring system adopted to evaluate the
degree of PAD2 immunoreactivity in the hippocampus
revealed significantly greater immunoreactivity in the AD
hippocampus than in its normal countérpart (Fig. 4B). The
PAD2-enriched region coincided well with the citrullinated
protein-positive regions (Fig. 3A,C). At higher microscopic
magnification in the polymorphic layer of dentate
gyrus, figures of citrullinated protein-positive cells and
PAD2-positive cells were apparent as astrocyte-like cells
(Fig. 3E,F). To confirm whether these citrullinated protein-
and PAD2-positive cells were astrocytes, we performed
double-immunofluorescence staining for citrullinated pro-
tein or PAD2 and GFAP, which is an astrocyte-specific
marker protein, followed by confocal microscopy (Fig. 5).
GFAP-positive fluorescence signals clearly coincided with
citrullinated protein-positive signals (Fig. 5A—C) as well as
PAD2-positive signals (Fig. 5D-F). Almost all GFAP-posi-
tive cells showed immunoreactivity for PAD2, despite a
few exceptions. Thus, PAD2 was distributed mainly in
astrocytes.

DISCUSSION

We report here, for the first time, the abnormal accu-
mulation of citrullinated proteins and abnormal activation
of PAD?2 in brain extracts from patients with AD. Citrulli-
nated proteins were barely detectable in normal human
brain extracts, although PAD2 was almost universally
present.

Previously, we found similar results in the normal
rat brain (Asaga and Ishigami, 2000, 2001). Additionally,
physiologic insults such as hypoxia and kainic acid adminis-
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tration also resulted in the appearance of citrullinated pro-
teins (Asaga and Ishigami, 2000, 2001; Asaga et al., 2002).
PAD2 was present in the rat .cerebrum and especially
enriched in -the dentate gyrus and stratum radiatum of
hippocampus, the amygdala, the hypothalamus, and the
cortex, but few or no citrullinated proteins were detected
in those regions. Under hypoxic conditions (Asaga and
Ishigami, 2000) and during kainic acid-evoked neurodegen-
eration (Asaga and Ishigami, 2001; Asaga et al., 2002), PAD2
became activated in regions undergoing neurodegeneration
and functioned to citrullinate various cerebral proteins,
indicating the involvement of protein citrullination in neu-
rodegenerative processes. We are convinced that these past
and present results confirm the involvement of protein cit-
rullination in human neurodegenerative disease.

In the present study, Western blot analysis revealed
numerous citrullinated proteins in the AD hippocampus.
We identified citrullinated vimentin.and GFAP, which were
shown as several independent spots by 2-DE and proteomic
analysis (Fig. 2C, Table II). Because protein citrullination
results in a decrease in the net positive charge of proteins,
cach spot must be shown as several pI values with different
degrees of citrullination resulting in neutralization of pro-
teins. In the epidermis of mice, we previously identified cit-
rullinated cytokeratins and filaggrin as several independent
spots separable by 2-DE and detected by Western blotting
(Senshu et al., 1995, 1999). Citrullination of cytokeratins and
filaggrin occurs during the latest stages of epidermal differ-
entiation and is thought to play a key role in the cornifica-
tion process (Senshu et al., 1995). Although citrullination of
vimentin and GFAP seems to be much more specific than
that of other intracellular proteins, it is still unclear whether
citrullination of vimentin and GFAP has physiologically



