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1. Introduction

Cyclic AMP response element-binding protein (CREB) is a
transcription factor (Brindle and Montminy, 1992) that was
originally shown to be phosphorylated at serine residue 133
(Ser-133) by an activated cAMP-dependent protein kinase A
and mitogen activated protein kinases (MAPKs). The phos-
phorylation of this residue allows the recruitment of CREB-
binding protein (CBP) or its paralogue, p300 (Johannessen et
al,, 2004; Roach et al., 2005). CREB regulates responses to
growth factors, inflammatory mediators, and some cell-
activating agents by binding to cAMP response elements
(CRE) (Caivano and Cohen, 2000; Liu et al, 2004; Ma and
Eisenach, 2002; Mayr and Montminy, 2001). The phosphor-
ylation of CREB participates in a wide range of cellular
events in the nervous system, including neuronal dif-
ferentiation (Bender et al,, 2001), neuronal survival (Ryu et
al.,, 2005), neuropathic pain (Ma and Quirion, 2001), and in-
flammation (Etienne-Manneville et al., 1999). Little is known
about the phosphorylation of CREB in autoimmune central
nervous system (CNS) disease models such as experimental
autoimmune encephalomyelitis (EAE), which is characterized
by reactive gliosis as well as infiltration of autoimmune T
and bystander cells (Schonrock et al., 1998; Shin et al., 1995,
2003).

Our previous studies have shown that the MAPK pathway,
which is upstream of CREB, is activated in autoimmune
inflammation in the nervous system (Ahn et al., 2004; Moon

et al, 2005; Shin et al, 2003) and that the resulting pro-
inflammatory cytokines are associated with the induction of
EAE paralysis (Tanuma et al, 1997). These factors are
associated with the activation of CREB in each cell type.
The aim of the present study was to determine whether
CREB is implicated in the course of EAE, which is an animal
model of human multiple sclerosis. :

2. Results

2.1.  Clinical progression of experimental autoimmune
encephalomyelitis and histopathological findings

EAE-affected rats immunized with myelin basic protein (MBP)
developed floppy tails (grade 1, G.1) on days 9-11 post-immu-
nization (p.i.) and exhibited progressive hind limb paralysis
(G.2 or G.3) on days 12-14 p.i. All of the rats recovered on day
21 p.i. (recovery 0, R.0).

Histopathological examination showed no infiltrating cells
in the spinal cord of the normal controls (Fig. 1A). With hind
limb paralysis, inflammatory cells infiltrated the parenchyma
of the spinal cord in EAE-affected rats (day 12 p.i.; Fig. 1B). In
the EAE lesions, most of the inflammatory cells were ED1-
positive macrophages (Fig. 1C) and monoclonal anti-T cell
receptor afp (R73)-positive T cells (Fig. 1D). The clinical
observations and histological findings related to EAE largely
corresponded to those described previously (Shin et al., 1995,
2003).

Fig. 1 - Histopathological examination of nommal and EAE-affected rat spinal cords. (A) There are no inflammatory cells in the
spinal cords of the normal control rats. (B) On day 12 after the injection of myelin basic protein, many inflammatory cells are
present in the spinal cord of EAE-affected rats. (C, D) The majority of the inflammatory cells within the EAE lesions are
ED1-positive macrophages (C, arrows) and R73 (TCR o f)-positive T cells (D, arrows). A and B: hematoxylin—eosin staining.

C and D: immunostained with either ED1 (C) or R73 (D) and counterstained with hematoxylin. Scale bars: in panels A and B,

80 pm; in panels C and D, 40 pm.
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2.2.  Activation of CREB and ATF-1 in the spinal cord in EAE

Antibody to the phosphorylated form of CREB (p-CREB) detects
endogenous levels of CREB only when CREB is phosphorylated
at Ser-133 and also detects the phosphorylated form of CREB-
related protein activating transcription factor-1 (p-ATF-1).
Therefore, we used different normalized bands for the ana-
lysis of p-CREB and p-ATF-1; the intensity of p-CREB was nor-
malized to CREB, and the intensity of p-ATF-1 was normalized
to beta-actin.

The level of p-CREB in the spinal cord was semiquantita-
tively evaluated during the course of EAE, using Western blot
analysis. The expression of p-CREB immunoreactivity was
detected at low levels in the spinal cord of normal control
rats (density, 0.35+0.06 OD/mm? n=5); it significantly
increased in the spinal cord during the peak stage of EAE
(G.3, day 12 p.i; 1.57+0.15 OD/mm? n=5; p<0.05 vs. controls)
and subsequently declined in the recovery stage (R.0, day
21 p.i.; 0.34x 0.07 OD/mm?, n=5; p<0.05 vs. peak stage of EAF)
(Fig. 2).

The expression of p-ATF-1 immunoreactivity was also
detected at low levels in the spinal cord of normal control rats
(0.26£0.04 OD/mm? n=5); it significantly increased in the
spinal cord in the peak stage of EAE (G.3, day 12 p.i.; 0.84+0.13
OD/mm? n=5; p<0.05 vs. controls). The expression was

slightly lower in the recovery stage of EAE (R.0, day 21 p.i;
0.53+0.1 OD/mm? n=5) but was still higher than the control
level (p<0.05 vs. controls) (Fig. 2).

2.3.  Localization of p-CREB in spinal cord sections from
EAE-affected rats

2.3.1. p-CREB immunoreactivity

Immunohistochemically, p-CREB was detected in a few glial
cells in the normal rat spinal cord (Fig. 3A). In the peak stage
of EAE (G.3, day 12 p.i), many p-CREB-positive glial cells
were detected in the white (Fig. 3B) and gray (data not
shown) matter of the spinal cord. In addition, during the
peak stage of EAE, there was massive infiltration of inflam-
matory cells in the parenchyma, where some round cells
were positive for p-CREB (Fig. 3C). In the recovery stage of
EAE (R.0, day 21 p.i.), there were fewer inflammatory cells
than in the peak stage, and a few glial cells were positive for
p-CREB (Fig. 3D).

In addition, p-CREB was detected in neurons in the dorsal
horn lamina of the normal rat spinal cord (mean number+
SEM: 39.57+7.62) (Fig. 4A). In the peak stage of EAE (G.3, day 12
p-i.), p-CREB-positive neurons in the dorsal horn lamina were
increased compared with normal control rats (66.57+7.62;
p<0.05 vs. controls) (Fig. 4B); the immunoreactivity decreased
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Fig. 2 - Western blot analysis of p-CREB and p-ATF-1 expression in the spinal cord of rats with EAE. Spinal cord samples
were collected from normal control rats, rats at the peak stage of EAE (day 12 p.i.; stage G.3), and rats during the recovery stage
(day 21 p.i.; stage R.0). (A) Representative photographs of Westem blots; arrowheads indicate the expression of p-CREB

(~43 kDa), p-ATF-1 (~35 kDa), CREB (~43 kDa), and beta-actin (~45 kDa). (B) Semiquantitative analysis of p-CREB
immunoreactivity in spinal cords, normalized to the intensity of CREB expression in the same immunoblot. The p-CREB
expression is significantly greater in spinal cords from rats sacrificed at the peak of EAE (G.3, p<0.05) than in spinal cords from
control rats, and the expression level declines to control levels during the recovery stage (R.0) from EAE. Data (mean +SEM) are
from five experiments. *p<0.05 vs. normal controls and the recovery stage of EAE. (C) Semiquantitative analysis of p-ATF-1
immunoreactivity in spinal cords, normalized to the intensity of beta-actin expression in the same immunoblot. p-ATF-1 is
detected in the normal controls, and its expression is significantly increased in EAE-affected spinal cords. *p<0.05 vs. normal

controls.
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Fig. 3 - Immunohistochemical staining of p-CREB in the spinal cords of normal control rats (A) and rats at the peak (day 12 p.i.)
(B, C) and recovery stages of EAE (day 21 p.i.) (D). (A) p-CREB is weakly detected in some glial cells (arrow) in the spinal cord of
normal control rats. (B, C) In the peak stage of EAE, glial cells show increased immunoreactivity for p-CREB (B, arrows), and
p-CREB-positive inflammatory cells are detected in the subarachnoid space (B, arrowheads) and parenchyma (C, arrowheads).
(D) In the recovery stage of EAE, some p-CREB immunoreactive cells remain (arrow). Counterstained with hematoxylin. Scale
bars: 40 pm.
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Fig. 4 - Immunohistochemical staining of p-CREB in the dorsal horn lamina in the spinal cords of normal control rats (A) and
rats at the peak (day 12 p.i.) (B) and recovery stages of EAE (day 21 p.i.) (C). (A) p-CREB is constitutively immunostained in the
dorsal hom lamina in the normal controls. (B, C) The p-CREB immunoreactivity is significanty increased in the dorsal horn
lamina in the peak stage (B) and has declined in the recovery stage of EAE (C). (D) Tissue from a rat in the peak stage of EAE
stained without primary antisera shows no staining. Counterstained with hematoxylin. Scale bars: 100 pm.
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Fig. 5 - Immunofluorescent co-localization of p-CREB (A, D; red) with anti-GFAP (B, E; green) in the spinal cords of normal control
rats (A-C) and rats at the peak stage of EAE (day 12 p.i.) (D-F). (A—C) In the normal controls, some p-CREB-immunopositive glial
cells are co-localized in GFAP-positive astrocytes in the spinal cords (arrows). (D-F) In the EAE-affected spinal cords, many
p-CREB-positive glial cells were positive for GFAP (arrows). C and F are merged images. Scale bars: 50 pm.

significantly in the recovery stage of EAE (43.86+5.2; p<0.05 vs.
peak stage of EAE) (Fig. 4C). Some p-CREB-positive ependymal
cells were detected in the spinal cords of normal control rats
and rats with EAE (data not shown).

2.3.2. Identification of p-CREB-positive cells in the spinal cords
of normal controls and rats with EAE

The patterns of p-CREB immunofluorescence in the spinal
cords of normal control rats and rats with EAE were similar to
those seen with single immunoperoxidase staining (Figs. 3
and 4). Very little p-CREB (Fig. 5A, red) was immunodetected in
GFAP-positive-astrocytes (Fig. 5B, green) in the control spinal
cord (Fig. 5C, merge). In the EAE spinal cord (day 12 p.il,
p-CREB-positive astrocytes increased (Figs. 5D-F). p-CREB

(Fig. 6A, red) was abundant in ED1-positive cells (Fig. 6B,
green; Fig. 6C, merge), suggesting that the majority of macro-
phages were positive for p-CREB in EAE lesions at the peak
stage.

3. Discussion

This study is the first to show that a gene transcription factor,
CREB, is phosphorylated in host and inflammatory cells in the
spinal cord of animals with EAE, particularly during the peak
stage, suggesting that CREB phosphorylation is closely asso-
ciated with autoimmune inflammatory attack in the spinal
cord.

Fig. 6 - Immunofluorescent co-localization of p-GREB (A) with ED1 (B) in the spinal cord of rats in the peak stage of EAE
(day 12 p.i). A large amount of p-CREB (A, red; arrows) was immunostained in ED1-positive macrophages (B, green; arrows)

(C, merge; arrows). Scale bars: in A-C, 20 pm.
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With regard to the phosphorylation of CREB in the peak
stage of EAE, the activation of CREB has been associated with
signal enzymes such as MAPKs (Shin et al., 2003) as well as pro-
inflammatory cytokines, including interferon-vy (IFN-vy) and
tumor necrosis factor-a (TNF-a) (Renno et al., 1995; Tanuma et
al, 1997). The MAPKs transduce a variety of extracellular
stimuli through a cascade of protein phosphorylation, leading
to the activation of gene transcription factors (Seger and Krebs,
1997). Two potential in vivo substrates for the MAPK pathway
are CREB and the closely related ATF-1. MAPKs phosphorylate
CREB at Ser-133 (Johannessen et al., 2004). Moreover, several
further lines of evidence are consistent with the hypothesis
that CREB and ATF-1 become phosphorylated at the relevant
sites in response to growth factors, inflammatory mediators,
and some cell-activating and -damaging stimuli (Caivano and
Cohen, 2000; Kingsley-Kallesen et al., 1999; Zaman et al., 1999).
This study confirms that the phosphorylation of CREB in EAE
lesions occurs in the inflammatory cells, astrocytes, and
neurons, which corresponds to the increased phosphorylation
of MAPKs in rats with EAE as reported in our previous study
(Shin et al,, 2003). Thus, we postulate that the activation of
MAPKs affects the phosphorylation of CREB in affected cells in
the spinal cord with EAE through the activation of CREB and
ATF-1 signaling pathways.

In response to stimuli, macrophages undergo a series of
processes such as chemotaxis, phagocytosis, and the release of
inflammatory mediators (Rotshenker, 2003). IFN-y has been
shown to activate the CREB signaling pathway in murine
peritoneal macrophages (Liu et al., 2004), and the activation of
CREB/ATF-1 promotes the production of pro-inflammatory
cytokines such as TNF-« and interleukin-1p (IL-1p) in lipopo-
lysaccharide (LPS)-stimulated macrophages (Caivano and
Cohen, 2000). The inflammatory mediators (IFN-y and TNF-a)
described above have been closely associated with EAE lesions
(Renno et al., 1995; Tanuma et al., 1997). Considering the data
obtained from the present study, we postulate that pro-
inflammatory cytokines, including IFN-v, activate ED1-posi-
tive macrophages with an increased phosphorylation of CREB,
possibly leading to the further production of pro-inflammatory
cytokines, including TNF-a.

With regard to the inflammatory stimuli involved in the
phosphorylation of CREB in astrocytes, which are an impor-
tant cell type in EAE, it is known that LPS induces an increase
in CREB phosphorylation via the MAPK pathway in cultured
astrocytes (Buzas et al.,, 2002). In addition, LPS has been
associated with the induction of IL-1 and TNF-« in cultured
human astrocytes (Velasco et al., 1991). In the present study,
we found that the phosphorylation of CREB increased in reac-
tive astrocytes in the peak stage of EAE, suggesting that CREB
activation may be involved in the gene transcription of inflam-
matory mediators in autoimmune-stimulated astrocytes as
well as in macrophages.

Although the phosphorylation of CREB has been immuno-
detected at intense levels in macrophages and astrocytes in
EAE, it was also found in the dorsal horn neurons in the peak
stage of EAE in the present study. This finding implies that
increased phosphorylation of CREB plays an important role in
the sensory function during the course of EAE. There is a
general consensus that the phosphorylation of CREB in dorsal
horn neurons is possibly involved in the generation and

maintenance of neuropathic pain caused by partial sciatic
nerve ligation (Ma and Quirion, 2001) and spinal cord injury
{Crown et al., 2006).

It was recently shown that, in both active and passive EAE,
there was an initial increase in tail withdrawal latency
(hypoalgesia) that peaked several days prior to the peak in
motor deficits during the acute disease phase (Aicher et al,,
2004). Considering these results, it is highly possible that
increased CREB phosphorylation in the dorsal homn neurons in
the spinal cord of rats with EAE leads to the generation and
maintenance of neuropathic pain.

When all the findings are taken into consideration, they
suggest that increased phosphorylation of CREB occurs in the
spinal cord in the peak stage of EAE and contributes to the
activation of inflammatory cells such as macrophages, to the
occurrence of reactive astrogliosis, and partially to the gene-
ration of neuropathic pain during the course of rat EAE and
possibly in human multiple sclerosis.

4. Experimental procedures
4.1.  Animals

Lewis rats were obtained from Harlan (Indianapolis, IN) and
were bred in our animal facility. Male rats (7-8 weeks old; 160—
200 g) were used in this study. All experiments followed
accepted ethical guidelines.

4.2.  Induction of experimental autoimmune
encephalomyelitis

The footpads of both hind feet of rats in the EAE group were
injected with 100 pl of an emulsion that contained equal parts
of MBP (1 mg/ml) and complete Freund’'s adjuvant (CFA)
supplemented with Mycobacterium tuberculosis H37Ra (5 mg/
ml) (Difco, Detroit, Ml). Control rats were immunized with CFA
only. After immunization, the rats were observed daily for
clinical signs of EAE. The progression of EAE was divided into
seven clinical stages: Grade 0 (G.0), no signs; G.1, floppy tail;
G.2, mild paraparesis; G.3, severe paraparesis; G.4, tetrapar-
esis; G.5, moribund condition or death; and R.0, recovery (Shin
et al., 1995).

4.3, Antibodies

Rabbit polyclonal anti-p-CREB (Ser-133) and anti-CREB anti-
bodies were obtained from Cell Signaling Technology (Beverly,
MA). The p-CREB antibody also detects the phosphorylated form
of CREB-related protein ATF-1 (as characterized by the manu-
facturer). Mouse monoclonal anti-beta-actin and mouse anti-
GFAP were obtained from Sigma (St. Louis, MO}. ED1 (mouse
monoclonal anti-rat macrophages) was obtained from Serotec
(London, UK). R73 (mouse monoclonal anti-T cell receptor af3)
was obtained from Blackthom (Bicester, Bucks, UK).

4.4.  Tissue sampling

The rats were sacrificed under ether anesthesia. The spinal
cords were dissected from each group at 12-14 and 21 days p.i.
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(n=>5 rats/group); these periods coincided with the peak (G.3,
day 12-14 p.i.) and recovery (R.0, day 21 p.i.) stages of EAE.
Samples of the spinal cords were processed for embedding in
paraffin wax after fixation in 4% paraformaldehyde in phos-
phate-buffered saline (PBS, pH 7.4). Paraffin sections (5 um
thick) were used for all immunostaining, except for the T cell
marker R73. For T cell immunostaining, pieces of the spinal
cords were snap-frozen in optimal cutting temperature
compound (Sakura, Tokyo, Japan), and sections (8 pm thick}
were cut using a cryostat (Leica, Nussloch, Germany). Addi-
tional spinal cord samples were snap-frozen and stored for
immunoblot analysis.

4.5.  Western blot analysis

The spinal cord tissue was homogenized in modified radio-
immunoprecipitation assay (RIPA) buffer (20 mM Tris, pH 7.5,
150 mM NacCl, 1% Triton-X 100, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate, 1% NP-40, 10 mM NaF, 1 mM
EDTA, 1 mM EGTA, 1 mM NazVO,, 1 mM PMSF, 10 pg/ml
aprotinin, and 10 pg/mi leupeptin) with 20 strokes in a homo-
genizer. The homogenate was transferred to microtubes and
centrifuged at 14,000 rpm for 20 min, and the supernatant was
harvested.

For the immunoblot assay, supernatant samples containing
40 ug of protein each were loaded into individual lanes of 10%
sodium dodecy! (lauryl) sulfate-polyacrylamide gels, electro-
phoresed, and immunoblotted onto nitrocellulose membranes
(Schleicher and Schuell, Keene, NH). The residual binding sites
on the membrane were blocked by incubation with 5% nonfat
milk in Tris-buffered saline (TBS; 10 mM Tris-HCl, pH 7.4, and
150 mM NaCl) for 1 h. Subsequently, the membrane was
incubated for 2 h with rabbit polyclonal anti-p-CREB (1:1000
dilution) antibody. The membranes were washed three times
in TBS containing 0.1% Tween 20 and then incubated with
horseradish peroxidase-conjugated anti-rabbit IgG (Vector,
Burlingame, CA) for 1 h. Bound antibodies were detected
using chemiluminescent substrate (WEST-one™ Kit; iNtRON
Biotech Inc., Kyungki, Korea) according to the manufacturer’s
instructions. After imaging, the membranes were stripped and
reprobed using anti-CREB and anti-beta-actin antibodies. The
optical density (per mm?) of each band was measured with a
scanning laser densitometer (GS-700, Bio-Rad, Hercules, CA),
and these values are presented as means+ SEM. The ratios of
the density of each p-CREB or p-ATF-1 band relative to that of
the CREB or beta-actin band, respectively, were compared
using Molecular Analyst software (Bio-Rad).

The data were analyzed using one-way ANOVA followed
by the Student-Newman-Keuls post hoc test for multiple
comparisons. In all cases, p<0.05 was taken as statistically
significant.

4.6.  Immunohistochemistry

Paraffin sections were used for the immunoperoxidase stain-
ing of p-CREB and rat macrophages, and frozen sections were
used for the detection of T cells.

Briefly, paraffin-embedded spinal cords (5-pm sections)
were deparaffinized by treatment with citrate buffer (0.01 M,
pH 6.0) in a microwave for 10 min. To identify T cells, the frozen

spinal cord sections were air-dried and fixed in 4% parafor-
maldehyde buffered with 0.1 M PBS (pH 7.2) for 20 min. After
three washes with PBS, the sections were treated with 0.3%
hydrogen peroxide in methyl alcohol for 20 min to block
endogenous peroxidase activity.

After three washes with PBS, the sections were incubated
with 10% normal goat or horse serum and then with the
primary antigens, including rabbit polyclonal anti-p-CREB
(1:200 dilution), ED1 (1:800 dilution), and R73 {1:1,000 dilution).
Immunoreactivity was visualized using the avidin-biotin
peroxidase reaction (Vector Elite kit, Vector, Burlingame, CA).
Peroxidase was developed using a diaminobenzidine sub-
strate kit (Vector). Sections were counterstained with hema-
toxylin before mounting. As a control, the primary antisera
were omitted for a few test sections in each experiment.

To examine the cell phenotype in p-CREB expression,
double immunofluorescence was applied using cell type-
specific markers: ED1 for monocyte-like macrophages and
anti-GFAP for astrocytes. First, paraffin sections were reacted
sequentially with rabbit anti-p-CREB (1:100 dilution), biotiny-
lated anti-rabbit IgG (Vector) (1:200 dilution), and tetramethyl
rhodamine isothiocyanate (TRITC)-labeled streptavidin
(Zymed, San Francisco, CA) (1:1,000 dilution). The slides were
then incubated with ED1 (1:200 dilution) and anti-GFAP (1:200
dilution), followed by fluorescein isothiocyanate (FITC)-
labeled goat anti-mouse IgG (1:50 dilution; Sigma).

To minimize lipofuscin autofluorescence, the sections
were washed in PBS (3x1 h) at RT, dipped briefly in distilled
H,0, treated with 10 mM CuSO, in ammonium acetate
buffer (50 mM CH3;COONH,, pH 5.0) for 20 min, dipped briefly
again in distilled H,0, and then returned to PBS. The double
immunofluorescence-stained specimens were examined
under an FV500 laser confocal microscope (Olympus, Tokyo,
Japan).

To semiquantify the immunostaining for p-CREB-positive
neurons in the dorsal horn lamina, the number of p-CREB-
positive dorsal horn neurons was counted in seven spinal
cords from each group.
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Abstract

To evaluate the effect of interferon beta-1b (JFNB-1b) on multiple sclerosis (MS) with severe optic nerve and spinal cord demyelination,
we examined the relationship between IFNB-1b treatment outcome and the clinical and genetic characteristics of three types of demyelinating
diseases of the central nervous system, i.e., neuromyelitis optica (NMO), MS and MS with severe optic-spinal demyelination. Japanese MS
frequently carried HLA DPB1*0501, which is associated with NMO. MS with DPB1*0501 showed severe optic-spinal demyelination
represented by longitudinally extensive spinal cord lesion, blindness and CSF pleocytosis. IFNB-1b treatment did not succeed in these
patients because of the increase of optic nerve and spinal cord relapse and other severe side effects. IFNB-1b should not be administered to
demyelinating patients with genetic and clinical characteristics mimicking NMO such as HLA DPB1*0501 allele, longitudinally extensive -
spinal cord lesion, blindness and CSF pleocytosis even if they have symptomatic cerebral lesions as typically seen in MS. The present study

strongly suggests that these patients should be diagnosed as having NMO.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Interferon beta-1b (IFNB-1b) treatment was reported to be
effective for Japanese multiple sclerosis (MS) patients [1].
However, in Japan, there are a considerable number of MS
patients with very severe optic nerve and spinal cord demy-
elination mimicking neuromyelitis optica {2,3]. Neuromyelitis
optica (NMO) was defined as an inflammatory demyelinating
disease in the central nervous system (CNS) in which the lesions
are localized in the optic nerve and spinal cord [4]. Conversely,
diagnostic criteria for MS only include patients who have
cerebral lesions without a long spinal cord lesion extending over
three vertebral segments and CSF pleocytosis [5). Therefore,
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patients with cerebral demyelinating lesions accompanied by
longitudinally extensive spinal cord lesion and CSF pleocytosis
were not classified as either NMO or MS, according to the
previous diagnostic criteria. Recently, revised diagnostic criteria
for NMO were published [6,7]. Autoantibodies called NMO-
IgG taken from North American and Japanese NMO patients
were reported to stain the perivascular and pial structures of the
brain tissue [8,9], and the clinical characteristics of NMO-IgG-
positive patients have been partially characterized [10]. How-
ever, appropriate treatment for such borderline patients remains
difficult because the therapeutic strategy for NMO is different
from that for MS.

In the present study, we hypothesized that IFNB-1b treat-
ment is not effective for MS patients with severe optic nerve-
spinal demyelination because these patients have genetic and
clinical characteristics mimicking NMO. Based on this hy-
pothesis, we retrospectively analyzed the clinical and genetic
features of NMO, MS and borderline patients and examined
the relationship between clinical and genetic phenotypes and
the effects of IFNB-1b treatment. Consequently, we concluded
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that IFNB-1b treatment rather exacerbated the clinical status of
such borderline patients with cerebral demyelinating lesions
accompanied by the NMO-specific HLA allele, DPB1*0501,
longitudinaily extensive spinal cord lesion, CSF pleocytosis
and blindness.

2. Patients and methods
2.1. Patients

We evaluated a series of patients admitted to the Depart-
ment of Neurology, Tokyo Metropolitan Neurological Hos-
pital, Japan, between August and December 2003, and
followed these patients until March 2006. At the time of
admission, twenty-seven patients demonstrated clinically
confirmed demyelinating disease in the CNS and had shown
two or more separate attacks involving the cerebrum, spinal
cord or optic nerve that were not attributable to other dis-
eases. During the follow-up period, eight neurologists in our
hospital examined each patient regularly and one of the study
neurologists (YW) reviewed all medical records after the
follow-up period.

2.2. Diagnosis

We diagnosed NMO (n=12) based on three “absolute
criteria” from Wingerchuk’s first diagnostic criteria that
require optic neuritis, acute myelitis and an absence of evi-
dence of clinical disease beyond the optic nerve or spinal cord
{4]. The presence or absence of “supportive criteria” that
include longitudinally extensive spinal cord lesion (LESL),
CSF pleocytosis and severe optic neuritis is not considered
for the diagnosis.

We diagnosed MS patients (n=15) according to McDonald’s
criteria. These patients had two or more demyelinating attacks
including symptomatic cerebral lesions. Abnormality on
“paraclinical tests” including LESL and CSF pleocytosis is
not discussed for the diagnosis. We classified MS patients to one
of the two clinical courses of MS: relapsing-remitting MS
(RRMS) or secondary progressive MS (SPMS) after the follow-
up period [11]. Eight patients had RRMS, seven had SPMS.

LESL was defined as hyperintensity over a length of three or
more vertebral segments on T2-weighted sagittal images with a
1.5 T MRI scanner. CSF pleocytosis was defined as over
50 cells/uL. Severe optic neuritis was defined based on sequelae
of bilateral or unilateral complete blindness. After the follow-up
period, we reviewed all of the 27 patients’ medical records and
MRI images preserved in our hospital including those obtained
before August 2003, and determined the presence or absence of
these NMO-like characteristics in each patient.

2.3. Determination of the presence of HLA DPBI *0501 or
DRB1*1501 alleles

Consent was obtained from all subjects tested and the
study was approved by the Institute Review Board. Fifteen

milliliters of heparinized blood was drawn from 25 of 27
patients at the time of admission as well as from 36 healthy
control subjects, then peripheral blood Iymphocytes (PBL)
were isolated using the density gradient method. RNA
was extracted from PBL using RNAzol B (Biotecx Lab,
Houston, TX) or TRIzol (Invitrogen, Tokyo, Japan). cDNA
was synthesized using reverse transcription with ReverTra
Ace-a (Toyobo, Osaka, Japan). The presence or absence of
the DPB1*0501 or DRB1*1501 alleles in PBL samples was
determined according to the protocol in the 13th Interna-
tional Histocompatibility Workshop. For the determination
of DPB1*0501, cDNA was amplified using a DPB1-spectfic
primer pair (5'-GAGAGTGGCGCCTCCGCTCAT-3’ and
5'-GCCGGCCCAAAGCCCTCACTC-3’). Dot blot analy-
sis was performed using the following five digoxigenin-
labeled sequence-specific oligonucleotide (SSO) probes;
DPB0901 (5'-GAATTACCTTTTCCAGGGA-3'),
DPB5503 (5'-GGCCTGAGGCGGAGTACT-3'), DPB6906
(5'-GAGGAGAAGCGGGCAGTG-3'), DPB8503 (5'-
AGCTGGACGAGGCCGTGA-3"), and DPB1701W (5'-
GAATGCTACCCGTTTAAT-3’). The probes were labeled
with digoxigenin using a DIG oligonucleotide tailing kit
(Roche Applied Science, Mannheim, Germany). Detection
of hybridized probes was conducted with the chemilumi-
nescent signal detection system using CSPD (Tropix, Inc.
Bedford, MA, USA).
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Fig. 1. HLA analysis in 10 NMO and 15 MS, and 36 healthy subjects.
(A) Unexpectedly, the frequency of DRB1*¥1501 allele, which is known as a
major HLA allele of MS patients, did not differ between our MS patients and
healthy subjects, or between MS and NMO. N.S. indicated not significant.
(B) DPB1*0501 allele, which has been reported to be associated with NMO,
was carried significantly more frequently by the MS group than by healthy
subjects (p=0.03).
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For the determination of DRB1*1501, ¢cDNA was
amplified using a DR-2 specific primer pair (5'-TTCCTGT-
GGCAGCCTAAGAGG-3’ and 5-CCGCTGCACTGTG-
GAGCTCT-3). Then, the PCR products were examined
for the DR2 allelic subtypes by dot blot analysis using four
SSO. The SSO probes used in this study were as follows:
DRB2813 (5'-GTTCCTGGACAGATACTT-3'), DRB7011
(5’-GACATCCTGGAGCAGGCG-3'), DRB8601 (5'-AAC-
TACGGGGTTGGTGAG-3’), and DRB5706 (5'-
GCCTGACGCTGAGTACTG-3").

2.4. Interferon beta-1b (IFNB-1b) treatment

Eight million TU of IFNB-1b was injected subcutanéously
every other day for 10 MS patients. Patients started this
treatment either on admission to our hospital between August
and December 2003 or before this admission. Five other MS
patients were not treated with IFNB-1b because they refused
treatment with this drug when their physicians provided
information regarding the regimen. The treating physicians
were blinded as to the HLA subtyping. Two NMO patients

were also treated with IFNB-1b. However, their HLA were not
analyzed because consent was not given by these two patients.

2.5. Statistical analysis

The frequencies of HLA DPB1*0501 and DRB1*1501
were analyzed using Fisher’s exact probability method by a
commercial software package (SPSS version 10.0J, SPSS
Japan Inc, Tokyo, Japan).

3. Results

3.1. Japanese MS frequently carried HLA DPBI1*050]
which is associated with NMO

‘We analyzed the frequency of HLA alleles in the MS and
NMO groups (Fig. 1). Contrary to previous reports, the
frequency of the DRB1*1501 allele, which is a major HLA
allele of MS, did not differ between our MS and healthy
subjects. Moreover, the DPB1*0501 allele, which is
associated with NMO [12], was carried significantly more

Table 1

Clinical and genetic data of patients studied ,

Patient no. Sex Age, Clinical Disease EDSS DPB1*0501 DRBI1*1501 Cerebral LESL Blindness CSF Efficacy of
years diagnosis duration, years symptom pleocytosis IFNB-1b

1 M 50 RRMS 4 8.5 + + + + - + Relapse increased

2 F 45 RRMS 11 2.0 + - + + - + Relapse increased

3 F 54 RRMS 2 7.0 + - + + - - Skin ulcer

4 M 31 SPMS 8 15 + + - + - Skin ulcer

5 F 52 SPMS 39 6.0 + - + + - Relapse increased

6 M 26 RRMS <1 2.0 + - + - - - Continued

7 M 47 SPMS 19 6.5 + + + - - - NA

8 M 37 SPMS 15 85 - - + - + - - Continued -

9 F 24 RRMS <l 1.0 - + + - - - Continued

10 F 40 RRMS 4 20 - - + - - - Continued

11 M 33 RRMS 4 2.0 - - + - - Continued

12 M 37 sPMS 11 6.0 - + + - - - NA

13 F 52 SPMS 8 7.0 - + + - - - NA

14 M 4l SPMS 26 7.5 - - + - - - NA

15 M 25 RRMS <1 3.0 - - + - - - NA

16 F 77 NMO 2 7.5 + - - + + - NA

17 F 4 NMO 2 2.0 + - - + - - NA

18 F 36 NMO 9 7.0 + + - - - - NA

19 F 70 NMO 12 6.0 - - - + + - NA

20 F 62 NMO 9 20 - - - + - + NA

21 M 31 NMO <1 6.0 - - - + - - NA

22 F 52 NMO 9 35 - + - + - - NA

23 F 57 NMO 16 1.0 - + - + - - NA

24 M 32 NMO 1 1.0 - - - - - - NA

25 F 41 NMO 22 20 - + - - - - NA

26 F 43 NMO 4 45 NT NT - + - + Skin ulcer

27 F 39 NMO 19 35 NT NT - + - - Skin ulcer

Disease duration=disease duration at entry to this study (August to December 2003).

LESL=longitudinally extensive spinal cord lesion,
IFNB-1b=interferon beta-1b.

NA=not administered.

Skin ulcer=patients who discontinued IFNB-1b due to skin ulcer.

Continued=patients who continued IFNB-1b because relapse did not markedly increase and there were no severe side effects.

NT=not tested.
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Table 2

Positivity of severe optic-spinal characteristics and HLA allele, and effect of IFNB-1b in patients with MS and NMO

“Supportive criteria” for NMO* HLA

IFNB-1b treatment’

DPB1*0501 DPB1*0501 DPB1*0501 DPB1*0501
@) ) ) )
DRB1*1501 DRB1*1501 DRB1*1501 DRB1*1501
) *) (+) )
MS (n=15) () 3 2 0 1 Discontinued 5/6 (83%)
(n=6) Continued 1/6 (17%)
-) 1 3 4 Discontinued 0/4 (0%)
n=9) . : Continued 4/4 (100%)
NMO (n=10) Q) 2 2 3 NA
(n=7)
-) 0 1 1 NA
(n=3)

2«Supportive criteria” for NMO include a longitudinally extensive spinal cord lesion, CSF pleocytosis and blindness.

bCases/total administered (%).
IFNB-1b=interferon beta-1b.
NA =not administered.

frequently by MS patients (p=0.03) than by healthy subjects.
Thus, our MS group was thought to consist of a hetero-

geneous population demonstrating genetic characteristics of
both MS and NMO.

3.2. MS with DPBI1*0501 showed severe optic neuritis,
myelitis and CSF pleocytosis

We also analyzed the clinical characteristics of MS pa-
tients to determine whether some patients showed features of
NMO. Of 7 patients of the MS group (n=15) who carried the
DPBI1*0501 allele, two patients (patients 1 and 2) showed
both LESL and CSF pleocytosis (Table 1). One (patient 3)
showed only LESL. Another two patients (patients 4 and 5)
were blind. The remaining two (patients 6 and 7) did not show
these manifestations of severe optic-spinal demyelination. In
8 MS patients without the DPB1*0501 allele, only one pa-
tient (patient 8) had LESL and none showed blindness or CSF
pleocytosis. These findings demonstrate that MS patients
with the DPB1*0501 allele, HLA associated with NMO,
showed more severe optic neuritis, myelitis and CSF
pleocytosis than MS patients without DPB1*¥0501.

3.3. IFNB-1b treatment was not successful in MS with
genetic and clinical characteristics mimicking NMO

IFNB-1b treatment was discontinued in five MS patients
for the following reasons (Table 1). Patient 1 developed a
relapse with LESL after a few weeks of [FNB-1b admin-
istration and became confined to a wheelchair. IFNB-1b was
discontinued for 6 months then restarted. Again, the patient
developed another relapse with LESL. Patient 2 had
experienced only three relapses during the past 9 years
before IFNB-1b administration. Three months after IFNB-1b
treatment, she developed two separate relapses in the
cervical cord and optic nerve. Patient 5 showed secondary

progression of the disease without marked relapse for 7
years. Then, within 2 years after IFNB-1b treatment, she
developed continuous progression and 5 episodes of marked
relapses in the optic nerves leading to blindness. Patients 3
and 4 had severe skin ulcers at the injection sites requiring
surgical repair. The other 5 patients continued IFNB-1b
because relapse did not markedly increase and there were no
severe side effects. Flu-like symptoms appeared in patients 6,
9 and 11, but disappeared within 3 months. There were no
relapses during the follow-up period in patients 6, 9 and 10.
One relapse in the cerebrum occurred in patient 11. Sec-
ondary progression did not markedly speed up and there was
no marked relapse in patient 8. Thus, all five DPB1*0501-
positive MS patients who met the “supportive criteria” for
NMO, i.e., LESL, CSF pleocytosis or blindness, showed a
poor prognosis following IFNB-1b treatment (Table 2).
IFNB-1b treatment rather exacerbated the clinical status of
patients with cerebral demyelinating lesions accompanied by
LESL, CSF pleocytosis or blindness. These patients should
be classified as having NMO even if they have symptomatic
cerebral lesions.

IFNB-1b treatment was discontinued in two NMO pa-
tients because of the skin ulcers. Patient 26 had severe skin
ulcers at the injection sites requiring surgical repair. Patient
27 developed small skin ulcers and keloids within 1 month of
IFNB-1b treatment. Then, IFNB-1b was halted before the
skin ulcers became more severe.

4. Discussion

In the present study, we found that there were two phe-
notypes in the patient group showing symptomatic cerebral
demyelination. One phenotype is characterized by the pres-
ence of the NMO-specific HLA allele, DPB1¥0501, and
severe optic-spinal demyelination represented by longi-
tudinally extensive spinal cord lesion, blindness and CSF
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pleocytosis. Importantly, patients carrying this phenotype
showed a poor prognosis following IFNB-1b treatment. In
another phenotype, patients did not show severe optic nerve
and spinal cord demyelination and were successfully treated
with IFNB-1b. We demonstrated that IFNB-1b treatment
increases the frequency of severe optic nerve and spinal cord
relapses or skin ulcer as side effects in the former group of
MS. IFNB-1b treatment was also discontinued in two of our
NMO patients because skin ulcers developed as side effects.
We suppose that severe skin ulcer at the injection sites
requiring surgical repair is a side effect common to both
NMO and MS with severe optic-spinal demyelination.
IFNB-1b should not be administered to patients with genetic
and clinical characteristics mimicking NMO such as the
HLA DPB1*0501 allele, longitudinally extensive spinal
cord lesion, blindness and CSF pleocytosis, even if they have
symiptomatic cerebral lesions as typically seen in MS.

Three NMO patients (patients 18, 24 and 25) did not
fulfill any of the three “supportive criteria” for NMO
(Table 2). They should have been diagnosed as having MS
and treated with IFNB-1b even if they did not demonstrate
typical cerebral demyelination. IFNB-1b treatment has been
reported to be effective for the Japanese MS even in those
with lesions localized in the optic nerve and spinal cord [1].
This group should be distinguished from NMO and rather
included to MS according to the effect of IFNB-1b
treatment.

We agree with the revised criteria for NMO [7]. We
consider that the presence or absence of symptomatic cere-
bral lesions cannot be the absolute criterion for diagnosing
NMO and that the presence of longitudinally extensive
spinal cord lesion is essential for classification. The question
is whether these criteria are also applicable to Japanese
demyelinating patients. Nakashima et al. reported that the
frequency of NMO-IgG in Japanese NMO was only 63%,
although 15% of Japanese MS had NMO-IgG [10]. We
suspect that the reason for the low frequency of NMO-IgG in
NMO and the high frequency in MS might be misdiagnosis.
As discussed above, there are two types of borderline
patients in Japan. One phenotype is characterized by cerebral
demyelinating lesions accompanied by NMO-specific HLA
allele, DPB1*0501, and severe optic-spinal demyelination
represented by longitudinally extensive spinal cord lesion,
blindness and CSF pleocytosis. Another is MS with lesions
localized in the optic nerve and spinal cord. We consider that
the former phenotype is NMO and the latter is MS. Diag-
nosis and the frequency of NMO-IgG should be reanalyzed
to these Japanese borderline patients. Conversely, they re-
ported that complete blindness in at least one eye, as well as
longitudinally extensive spinal cord lesion, was a significant
feature in NMO-IgG-positive patients [10]. However, the
revised criteria for NMO do not address the issues of blind-
ness and CSF pleocytosis [7]. We should continue to discuss
the diagnostic criteria for NMO using HLA subtyping and
the old “supportive criteria” for NMO, i.e., longitudinally
extensive spinal cord lesion, blindness and CSF pleocytosis.

One limitation of our study is that the limited number of
patients was treated with IFNB-1b. In Japan, it has only been
several years since IFNB-1b was approved for use to date
and the number of patients treated with IFNB-1b remains
limited. We should closely monitor a larger numbers of
patients to obtain firmer conclusions.

In the present study, we analyzed the clinical and genetic
features of NMO, MS and borderline patients and examined
the relationship between clinical and genetic phenotypes and
the effects of IFNB-1b treatment. The outcomes demonstrat-
ed that IFNB-1b should not be administered to demyelinating
patients with genetic and clinical characteristics mimicking
NMO such as HLA DPB1*0501 allele, longitudinally ex-
tensive spinal cord lesion, blindness and CSF pleocytosis
even if they demonstrate symptomatic cerebral lesions. These
patients should be classified as having NMO even if they
have symptomatic cerebral lesions.
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It was recently demonstrated that amyloid g (AB) peptide vacci-
nation was effective in reducing the Ag burden in Alzheimer model
mice. However, the clinical trial was halted because of the devel-
opment of meningoencephalitis in some patients. To overcome this
problem, anti-Ag antibody therapy and other types of vaccination
are now in trial. In this study, we have developed safe and effective
nonviral Ag DNA vaccines against Alzheimer’s disease. We admin-
istered these vaccines to model (APP23) mice and evaluated AB
burden reduction. Prophylactic treatments started before Ag dep-
osition reduced Ag burden to 15.5% and 38.5% of that found in
untreated mice at 7 and 18 months of age, respectively. Therapeu-
tic treatment started after Ap deposition reduced Ag burden
to=50% at the age of 18 months. Importantly, this therapy induced
neither neuroinflammation nor T cell responses to A8 peptide in
both APP23 and wild-type B6 mice, even after long-term vaccina-
tion. Although it is reported that other anti-Ag therapies have
pharmacological and/or technical difficulties, nonviral DNA vac-
cines are highly secure and easily controllable and are promising
for the treatment of Alzheimer’s disease.

amyloid g-peptide | DNA vaccination

Izheimer’s disease is a chronic neurodegenerative disorder

that is the most common cause of progressive impairment
of memory and cognitive function in aged humans. The etiology
of the disease is thought to be the result of an imbalance between
amyloid B (ApB) production and clearance (amyloid cascade
hypothesis) (1, 2). On the basis of this hypothesis, Schenk et al.
(3) developed an AB-peptide vaccine, immunized amyloid pre-
cursor protein (APP)-transgenic mice with the peptide in com-
plete Freund’s adjuvant (CFA), and demonstrated a marked
amyloid reduction in the brain. Repetitive intranasal adminis-
tration of AB-peptide and adjuvant (4) and the passive transfer
of anti-Ap antibodies were also effective in reducing amyloid
deposits (5). Moreover, vaccinated mice showed an improve-
ment in memory loss (6, 7). Thus, AB peptide vaccine therapy
has been shown to be effective in animal models, and human
clinical trials were started with Betabloc (AN-1792), composed
of synthetic AB1-42 and QS21 as an adjuvant (8). However, the
phase II clinical trial was halted because of the development of
acute meningoencephalitis that appeared in 18 (6%) of 298
vaccinated patients (9). Importantly, it was later demonstrated
by autopsy that there was a significant reduction of amyloid
deposition and disappearance of degenerative axons in a treated
patient (10). At the same time, T cell-dominant meningeal
encephalitis was present in the cerebral cortex. These findings
suggest that the vaccine therapy is a promising strategy for
human Alzheimer’s disease if excessive immune reactions are
minimized to avoid unwanted neuroinflammation.

Recently, it was reported that naked plasmid DNAs encoding
proteins are taken into cells and produce the proteins in a small
amount for a relatively long period when injected into the muscle
or skin (11). Then, the proteins that are released in the extra-
cellular space induce antibodies against the proteins (12, 13).
Thus, gentle and quiet immune reactions could be obtained by
DNA vaccine administration. In our and other’s laboratories,

www.pnas.org/cgi/doi/10.1073/pnas.0600966103

immune therapies with DNA vaccines have been examined in
autoimmune disease models (14-17) and have been found to be
effective in preventing the diseases without the use of adjuvants.
Here, we developed nonviral AB DNA vaccines and were able
to reduce the amyloid burden in the cerebral cortex and hip-
pocampus of Alzheimer’s disease model (APP23) mice by
vaccination. Importantly, the side effects, such as T cell prolif-
eration and neuroinflammation, were absent even after long-
term administration of the vaccines in both APP23 and wild-type
B6 mice.

Results

Preparation and Characterization of Nonviral Ag DNA Vaccines. We
prepared three types of nonviral AB DNA vaccines using a
mammalian expression vector, pTarget. The sequence of AB1-42
and additional sequences were inserted in the plasmid, as shown
in Fig. 14. The first one contains only the AB1-42 sequence with
the Kozak sequence at the 5’ end (referred to as K-Ap vaccine)

- (Fig. 141). To the second, the Igk signal sequence of mouse Ig

was added to improve the secretion ability (IgL-AB vaccine)
(Fig. 142), and the third possesses the Fc portion of human Ig
at the 3’ end to maintain stability (AB-Fc vaccine) (Fig. 143).
Before in vivo administration, these DNA vaccines were trans-
fected to HEK295T cells, and the secretion of AB1-42 peptide
into the culture supernatant was assayed with Western blotting
(Fig. 1B). The production of intracellular AB1-42 peptide was
confirmed in all three vaccines by ELISA (data not shown). It
was clearly demonstrated that the supernatants of cultured cells
that had been transfected with IgL-AB and AB-Fc vaccines
contained translated proteins (4.5 and 35 kDa, respectively),
whereas K-AB-transfected cells did not secrete the peptide into
the extracellular space. These findings indicate that the addition
of the leader sequence is important for transportation of the
protein to the extracellular space as reported in ref. 18 and that
this event is critical for the effects of DNA vaccines (see below).

Reduction of Amyloid Burden by Ag DNA Vaccination. We used two
types of regimens to examine the effect of AB DNA vaccination,
i.e., prophylactic and therapeutic. For the prophylactic protocol,
vaccine administration was started at 3—4 months of age, before
the appearance of amyloid deposition. APP23 mice received 6
weekly and subsequent biweekly injections of the vaccines and
were examined at 7, 9, 12, 15, and 18 months of age (Fig. 1CI).
The paraffin-embedded sections of the brain were stained
immunohistochemically with 6F/3D against AB8-17, and the
area of amyloid depositions was quantitated as the total sum of
the pixels with NIH IMAGE software.
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Fig.1. Construction of DNA vaccines (A), in vitro characterization (B) and the
treatment protocol (C). (A) Three DNA vaccines were produced by using a
mammalian expression vector. DNA encoding the AB1-42 sequence was in-
serted in Xhol/Kpnl site of the plasmid (K-AB vaccine) (A1). In the second
vaccine, the signal sequence of mouse Igk is added to the 5’ end toimprove the
secretive efficiency {(IgL-Ap vaccine) (A2). The third vaccine possesses the Fc
portion of human immunoglobulins to improve the stability of the secreted
protein (Ag-Fcvaccine) (A3). (B) Western blot analysis revealed that translated
ApB proteins were detected in supernatants of cultured cells transfected with
IgL-AB and AB-Fc vaccines. (C) The protocol of vaccine treatment. To examine
the prophylactic effect of DNA vaccines, the vaccines were administrated to
APP23 mice starting from 3-4 months of age, before the appearance of
amyloid depositions. The mixture of one of the vaccines (100 p.g) and bupiv-
acaine (0.25 mg) was injected intramuscularly on a weekly basis for the first 6
weeks. Then, the vaccine without bupivacaine was injected every 2 weeks
thereafter. Mice were sampled at 7, 9, 12, 15, and 18 months of age (C7). For
therapeutic treatment, the vaccines were administered to APP23 mice starting

from 12 months of age, after the appearance of amyloid plaques. Samplings -

were performed at 15 and 18 months of age (C2). m, months of age.

In the first series of the prophylactic treatment, mice were
analyzed at 7, 9, and 12 months of age (Table 1, Exp. 1). At 7
months of age, granular amyloid depositions were recognized in
the frontal cortex in the control groups {empty-vector-
administered and untreated mice) (Fig. 2B). At this stage, AB
plaques were not detected in the hippocampus (data not shown).
In sharp contrast, cortical AB depositions in mice treated with
AB-Fc (Fig. 24), 1gL-AB, and A (data not shown) vaccines
were significantly reduced (P < 0.01). The AB burden was
reduced to =~15-30% of the untreated groups (Fig. 2E). At 12
months of age, amyloid depositions in untreated mice were
increased, and some of them became large (>50 pg) in the
frontal cortices of the untreated mice (Fig. 4C, which is pub-
lished as supporting information on the PNAS web site). Cortical
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Table 1. Summary of experimental data on nonviral AB DNA vaccine therapy against Alzheimer model mice

Inflammation

% AB burden (cortex) % AB burden (hippocampus)

Protocol

No

K-

No

K-

Duration
of Tx, mo

Startof Sampling,

No. of

. Mac3

CcD5

gL AB Emp Tx Fc 1gL AB Emp Tx
31.4 N.T.
N.T.

Fc
15.5

Regimen Weekly Biweekly Monthly

Tx, mo mo

animals

Group  Strain

Exp.

Neg
Neg
Neg

100 N.T. N.T. N.T. NT. Neg
N.T. Neg
26 Neg

100
100

93.1

103
103

18.2

X6 X3
X6

Prophylactic

3

15
32
17

Tg

N.T.

N.T.

N.T.

133 2841

x8 12.7

Prophylactic

Tg

100

65.3 114

22

286 513

33.7

X6 X12

Prophylactic

12

Tg

Neg
Neg

100 325 384 NT. 96 100 Neg
Neg

100

91.2

37.2

X24 30.6
X29

X6
X6

Prophylactic
Prophylactic

12
15

15
18

20

Tg
Tg

NT. 995 100

364 448

91.3

46.2 N.T.

38.5

16

403 435 NT. 100 100 Neg Neg
46 Neg

100
100

98.1

N.T.

49.9 N.T.

12 15 Therapeutic X6 x4 424 416
12 18 a7

23

Tg

Neg

N.T. 866 100

38

96.7

x10

X6

Therapeutic

19

Tg

Neg
Neg

Neg
Neg

N.T. 906 100 694 739 NT. 956 100
N.T. 100 74.8 92 100

81.7

67.6

X9
X12

Therapeuti

15
18

18
16

Tg

N.T.

91.7 75.6

88.1

79.6

Therapeutic

1

Tg

Neg

Neg
Neg
Neg

N.-T. NT. NT. NT. NT. NT. NT. NT. NT
NT. NT.

N.T.

x4

X9

X6

25
25

B6

Neg
Neg

N.T. N.T.

N.T.
N.T.

N.T. NT. NT. NT.

N.T.

X6
X6

B6
B6

N.T.

N.T.

NY. NT. NT. NT. NT. NT.

N.T.

x14

12

24

The vaccines were administered for the indicated duration to a large number of mice (176 APP23 and 74 B6 mice). In Exp. 1, the mice were divided into five groups as follows: Ag-Fc vaccine administration, IgL-Ag
vaccine administration, K-AB vaccine administration, empty-vector administration, and no treatment. in Exps. 2-5, the K-AB vaccine administration group was excluded from the analysis because of its lower efficacy

than other two vaccines. Each group consisted of 4-6 mice. Prophylactic effects were examined in Exps. 1 and 2. Therapeutic effects were examined in Exps. 3 and 4. All APP23 mice were analyzed

know whether the vaccines induce neuroinflammation. Tissues from three mice in each group were immunohistochemically stained with mAbs against CD5 and Mac-3. Neg, negative finding, i.e., no

immunohistochemically with mAb (6F/3D) against AB7-18. Then, the reduction of amyloid plaque was quantified, as shown in Materials and Methods. In Exp. 5, DNA vaccines were administered to B6 mice to
neuroinflammation; N.T., not tested; Exp., experiment; Tx, treatment; Tg, transgenic; Emp, empty vector.

Okura et al.
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Fig.2. Reduction of Ag burden in APP23 mice after DNA vaccination. (A) In
mice vaccinated with Ag-Fc vaccine, amyloid plaques in the frontal cortex
were reduced after 3 months of prophylactic treatment. (B) Immunohisto-
chemical examinations revealed that granular amyloid depositions were de-
tected in the frontal cortices of untreated mice at 7 months of age. (C) Amyloid
plaques were reduced in mice treated with Ag-IgL vaccine. (D) At 15 months
of age amyloid plaques of variable size were detected in the frontal cortices
of untreated mice. (E) Quantitative analysis demonstrated that the cortical Ag
burden at 7 months was significantly decreased (P < 0.01) after the prophy-
lactictreatment with AB-Fc (15.5% of untreated controls), IgL-AB (18.2%), and
AB vaccine (31.4%) compared with those found in untreated and empty-
vector-vaccinated mice. (F) Therapeutic treatment with Ag-Fc and IgL-AB
vaccines significantly reduced (P < 0.01) cortical Ag burden at 15 months. The
overali quantitative analysis is depicted in G. The amyloid deposition was first
detected in untreated mice at 7 months of age and rapidly increased after 15
months of age (open squares). Prophylactic administration of Fc-Ap vaccine
prevented the Ag deposition to 10-30% of that in untreated animals before
12 months of age and to 40-50% after 15 months (filled triangles). The effects
of therapeutic administration were almost the same as those of prophylactic
administration (open circles). Tx, treatment; emp, empty vector. Original
magpnification, X62 (A and B); x24 (Cand D).

AB depositions were significantly reduced (P < 0.01) to ~30-
50% of the untreated group (Fig. 4D) after Ap-Fc (Fig. 44) and
IgL-AB (Fig. 4B) vaccine treatment. AB depositions in the
hippocampus were also decreased equally (P < 0.01) (Table 1,
Exp. 1, Group 3). It was shown that the suppressive effect of
AB-Fc vaccine was almost equal to IgL-Ap vaccine. However,
K-AB vaccine was less effective than the former two (Figs. 2E
and 4D) and was not used in subsequent experiments. The
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second part of the prophylactic treatment analyzed the mice at
15 and 18 months of age (Table 1, Exp. 2). At these time points,
the plaques in untreated groups had rapidly increased. Un-
treated APP23 mice showed an age-dependent increase of
amyloid plaques in the cerebral cortex (Fig. 2G, open squares)
and hippocampus (data not shown). The prophylactic protocol,
using AB-Fc vaccine, revealed that the final reduction rate of AR
burden in the cerebral cortex at 18 months of age was ~38.5%
of untreated groups (Table 1, Exp. 2 and Fig. 2G, closed
triangles). These results demonstrated that two of the three
vaccines produced in this study were effective in prophylactic
treatment.

When considering the clinical applications, it is critical to
know the effects of the vaccines in therapeutic application. For
this purpose, the vaccination was started at 12 months of age, 6
months after the start of AB deposition, and the brains were
examined at 15 (Fig. 2) and 18 (Fig. 5, which is published as
supporting information on the PNAS web site) months of age. In
therapeutic treatment, amyloid plaques in the cortex were
significantly decreased (P < 0.01) (Fig. 2F) by AB-Fc and
IgL-Ap vaccination (Fig. 2D) compared with the controls (Fig.
2C). AB depositions in the hippocampus were also decreased
(P < 0.01) (Table 1, Exp. 3). Although the therapeutic protocol
(Fig. 2G, open circles) seemed to be less effective than the
prophylactic one (Fig. 2G closed triangles), the difference was
not significant. It should be noted that APP23 mice treated with
the therapeutic protocol received DNA vaccines for only 3 and
6 months, respectively (Table 1, Exp. 3). Thus, AB DNA vaccines
had sufficient effects, even if the vaccines were administrated
after amyloid depositions appeared.

Recently, it was reported that the intracellular AB deposition
in cortical pyramidal neurons is the first neurodegenerative
event in Alzheimer’s disease development (19). Therefore, we
counted the number of neurons containing intracellular Ap
depositions in the cortices of AB-Fc-vaccine-administered and
control mice. A B-deposited neurons were significantly decreased
with both the prophylactic (50.2% of untreated control, P <
0.01) and therapeutic (59.54%, P < 0.05) treatments at 15
months of age (Fig. 6, which is published as supporting infor-
mation on the PNAS web site).

 Change in the Serum Ag Antibody Titer After Vaccine Administration. '

The titers of serum anti-AB antibodies after the prophylactic
treatment (Table 1, Exps. 1 and 2) were determined by ELISA.
The levels of anti-AB antibodies were significantly increased (**,
P < 0.01; *, P < 0.05) 2- to 4-fold compared with the untreated
and empty-vector-vaccinated mice (Fig. 34). The titers showed
an age-dependent increase in both treated and untreated mice,
because the antibody production was induced in untreated
APP23 mice by high levels of AB in the sera of aged mice. In
contrast, the anti-Ap antibodies in the sera of wild-type B6 mice
were below the detection limit (data not shown). We also
analyzed the relationships between the amounts of amyloid
depositions and anti-AB titers (Fig. 3B). The amounts of amyloid
depositions were significantly smaller in mice with high antibody
titers. A significant correlation between the antibody titer and
the reduction of AB burden was observed at 7 months (r =
—0.642) (Fig. 3B, 7 months) and 9 months (r = —0.38965) (Fig.
3B, 9 months) of age by the CORREL function. The difference
became less clear at a later stage (Fig. 3B, 12 months).

T Cell-Proliferation Assay After Vaccine Administration. To deter-
mine whether DNA vaccination induces the T cell activation and
proliferation that are key steps for the development of neuroin-
flammation, APP23 and B6 mice were injected with DNA
vaccines. A group of mice were also immunized with Ap
peptide/CFA. Three weeks after the first injection, lymphocytes
were isolated and cultured with AB peptide (0-10 uM) for 3
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Fig.3. B and T cell responses of mice treated with Ag DNA vaccines. (A and

B) Titration of anti-Ag antibodies in vaccinated APP23 mice. The anti-AB
antibody titer in treated mice was significantly increased (*+, P < 0.01; *, P <
0.05) ~2- to 4-fold compared with the untreated group. The titer levels were
increased in untreated APP23 as wel! as treated mice at the same age period
(A). There was significant correlation between the serum anti-AB antibody
titer and the reduction of amyloid depositions at 7 months of age (CORREL
function r = —0.642, t0 = 2.648 > t10 = 2.228) (8). At 9 months of age, a
significant correlation was present, but the difference was less marked com-
pared with that at 7 months (r = —0.38965, t0 = 3.10 > t22 = 2.086). A
significant difference was not noted at 12 months of age (r = —0.325, t0 =
1.3309 < 17 = 2.110). (C and D) T cell responses in APP23 (C) and B6 (D) mice
after immunization with Ag peptide/CFA or DNA vaccination. Lymphocytes
isolated from two strains were incubated with Ag peptide (0-10 uM) for 3
days. Incorporation of [3HJthymidine was measured by liquid scintillation
spectrometry. in APP23 mice, neither T cells from peptide-immunized mice nor
those from DNA-vaccinated mice were activated in the presence of AB1-42 (C).
In contrast, Ag peptide immunization, but not DNA vaccination, induced a
significant T cell response in B6 mice (D). Alf of the data are the mean values =
SD, and the representative results from three different experiments are
shown. Tx, treatment; emp, empty vector.

days. Incorporation of [*H]thymidine was measured by using
liquid scintillation spectrometry. T cells from APP23 mice did
not react with AB peptide after both AB DNA vaccine and A

peptide administration (Fig. 3C). In sharp contrast, T cells from’

B6 mice responded significantly to AB peptide after immuniza-
tion with AB peptide, but not after AB DNA vaccination (Fig.
3D). Notably, AB DNA vaccination did not induce T cell
proliferation in either APP or B6 mice after three injections (Fig.
3C) and 5-month treatment (data not shown). These findings
suggest that T helper (Th)1 cells in APP23 mice are in an
immunologically tolerant state against AB1-42, probably because
of long-term exposure to a high level of AB1-42.

Pathological Examination of the Brains of Vaccinated Mice. The
presence or absence of neuroinflammation in the brain was
examined immunohistochemically after the long-term adminis-
tration of DNA vaccines. Because the T cell assay demonstrated
the significant differences between APP23 and B6 mice, patho-
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logical examinations were performed in both strains. Brain
sections were stained with anti-CD5 mAb against T cells and
with Mac-3 against macrophages. In the thymus (Fig. 74, which
is published as supporting information on the PNAS web site)
and spleen (Fig. 7B), a large number of lymphocytes and
macrophages were stained positively. In sharp contrast, inflam-
matory foci in the brain parenchyma and meninges were not
detected in either APP23 (Fig. 7 C and D) or B6 (Fig. 7 E and
F) mice.

Discussion

In this study, we developed nonviral AB DNA vaccines against
Alzheimer’s disease and demonstrated satisfactory effects in the
AB reduction in model mice. With the prophylactic and thera-
peutic protocols, treatment with both IgL-AB and AB-Fc re-
duced AB burden in the cerebral cortex to ~40-50% of the
untreated controls, although the latter was slightly more effec-
tive than the former. It should be noted that mice killed at 18
months of age received DNA vaccines for only the last 6 months.
These findings suggest that relatively short-term vaccination is
sufficient for the reduction of AB burden. Because it was
demonstrated in the other experimental setting that 50% reduc-
tion of AB burden resulted in full recovery of the cognitive
disturbance (6), the suppressive effects of DNA vaccines dem-
onstrated in this study is satisfactory. Furthermore, it was
reported that AB immunotherapy reduces not only extracellular
AB plaques but also intracellular AB accumulation and, most
notably, leads to the clearance of early tau pathology by using the
triple-transgenic model of Alzheimer’s disease (20-22). Taken
together, the outcome of DNA vaccine therapy is promising
when applied to human Alzheimer’s disease.

The elevation of anti-AB antibodies was also detected after
DNA vaccination. However, the antibody elevation was mild to
moderate (~2- to 4-fold) compared with that found in mice that
had received AB peptide (10,000-fold) (3). The adjuvant in
peptide vaccines (23) may activate Thl type T cells (10), which
induce the rapid increase of antibody titers as a result. As
demonstrated in this study, DNA vaccination was able to be
performed without adjuvants, resulting in the absence of obvious
T cell proliferation in both APP23 and B6 mice (Fig. 7) and did
not cause neuroinflammation, even after long-term DNA vac-
cination (Fig. 7, which is published as supporting information on
the PNAS web site). Importantly, mild elevation of the antibody
titers induced by DNA vaccines could reduce amyloid deposits,
probably because DNA vaccination constantly induces the an-
tibody production at a low titer for a long period. Thus, the
maintenance of high anti-Ap antibody titer levels is not neces-
sary for effective treatment with DNA vaccines.

To minimize excessive immune reaction in mice and patients,
we should recognize the difference in immunological reactions
against AB between the Alzheimer model and wild-type mice. As
clearly demonstrated here, there was no Th1i cell response to Af
peptide in APP23 mice after AB peptide/CFA injection,
whereas, in B6 mice, the same immunization protocol induced a
significant T cell response against AB peptide (Fig. 3D). These
findings strongly suggest that autoreactive Thl cells in model
mice are in a state of immune tolerance because of a high AB
expression from an early stage of life. In contrast, Th2 cells
helping the antibody production seem to be working, as evi-
denced by the fact that vaccinated animals possessed elevated
levels of anti-AB antibodies. Similar findings were reported by
Quet al. (24), with gene-gun administration of AB plasmid DNA.
Monsonego et al. (25) also reported that the immune responses
of T and B cells of model mice are low compared with those of
wild-type mice. In contrast, a significant T cell reactivity to A
peptide was detected in patients with Alzheimer’s disease (23).
Thus, strong immune induction is dangerous for patients with
Alzheimer’s disease.

Okura et al.
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The CpG motif, which exists in plasmid DNAs, is reported to
induce Thl-type immunity and up-regulates IFN-y production
under certain circumstances (26-28). However, this phenome-
non is observed only when a relatively high dose of CpG
oligonucleotides is used (29). In contrast, empty vectors con-
taining the CpG motif ameliorated the clinical and histological
severity of the autoimmune encephalomyelitis that is thought to
be a Thl-mediated disease, as shown in previous studies by us
(30) and others (31, 32).

Recently, AB DNA vaccines were developed by using virus
vectors (33, 34). Although, these vaccines effectively decreased
Ap depositions in the brains of model mice, the possibility of
viral replication could not be completely excluded. The plasmid
vector is safe and has no possibility of viral infection and
transformation because it exists as an episome without being
built into the chromosome in eukaryotic cells (12, 13). Another
important factor is related to technology. When DNA vaccines
are in clinical use, large amounts of vaccines are necessary for
treatment of a large number of patients who would be treated for
a long period. Nonviral DNA vaccines have an advantage
because they can be mass-produced with a high purity at a low
price.

In summary, we demonstrated that nonviral AB DNA vaccines
are highly effective and safe in reducing the AB burden in model
mice and, thus, are promising as a vaccine therapy against human
Alzheimer’s disease.

Matéﬁals and Methods

Animals. The APP23 transgenic mice used in this study express
human APP751 cDNA with Swedish double mutation under the
control of the neuron-specific mouse Thy-1 promoter (35, 36).
The Thy-1 expression cassette lacks intron 3, which contains the
elements required for expression in the thymus. RT-PCR and
Western blot analysis of APP23 mice have confirmed the lack of
detectable expression of the transgene in the thymus and spleen
(D. Abramowski, C. Sturchler-Pierrat, and M.S., unpublished
data). This finding is in agreement with a report by Moechars et
al. (37), who used the same expression cassette and also found
that the exogenous transgene with this promoter sequence is
expressed only in the brain but not in the thymus. APP23 mice
were initially established on a B6D2 background and have been
continuously backcrossed to C57BL/6J (B6). In APP23 mice,
amyloid depositions appear from 6 months of age, predomi-
nantly in the neocortex and hippocampus. A plaques have most
of the characteristics of human Alzheimer’s disease plaques,
including fibrillary AB cores, and are surrounded by dystrophic
neuritis and activated glial cells. Region-specific amyloid-
associated neurodegeneration, including neuron loss, synapse
deficits, and cholinergic alterations, are present in these mice
(38). Wild-type B6 mice were purchased from Charles River
Breeding Laboratories (Kanagawa, Japan). All animal experi-
ments were approved by the institute committee and performed
in accordance with institutional guidelines.

The Development of DNA Vaccine. We prepared three A DNA
vaccines using a pTarget mammalian expression system (Pro-
mega, Tokyo) (Fig. 14). The DNA fragment, encoding Ap1-42,
was made to anneal two oligonucleotides covering the entire
Ap1-42 sequence. The Kozak sequence was inserted at the 5’ end
of the AB1-42 sequence (referred to as K-AB vaccine). In the
second vaccine, the signal sequence of mouse Igk was added to
the 5’ end of the AB1-42 sequence to improve the secretory
efficiency of AB peptide (IgL-ABvaccine). The third vaccine was
made by adding the Fc portion of human immunoglobulins to the
3’ end of the AB1-42 sequence to stabilize the secreted protein
(AB-Fc vaccine). To prevent unwanted disulfide bonds, three
cystines in the sequence were substituted with serine.
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Transfection of DNA Vaccines and Western Blot Analysis. Three DNA
vaccines were transfected to HEK293T cells and the amounts of
produced AB peptide were measured by using ELISA. HEK293T
cells in 60-70% confluence were prepared on 6-well plates
(Costar, Cambridge, MA). The cells were first cultured in
serum-free RPMI medium 1640 for 2 h with one of three DNA
vaccines (K-AB, IgL-AB, or AB-Fc¢) and Lipofectamine PLUS
reagent (Invitrogen). Then, the cells were cultured overnight in
RPMI medium 1640 supplemented with 5% FBS for cellular
stabilization and growth. For the Western blot analysis, the cells
were again cultured in serum-free medium for an additional 8 h
to remove unnecessary proteins.

Culture supernatants and cell pellets were harvested and run
on NuPAGE 12% Bis-Tris gel (Invitrogen) and transferred to
the PVDF membrane (Immobilon-P; Millipore). After block-
ing with 10% nonfat milk, the blots were incubated with 6E10
(anti-human Ap1-17 antibody, 1:100; Abcam, Cambridge,
U.K.) at 4°C for 1 h, followed by .incubation with biotin-
conjugated anti-mouse IgG (1:1,000; Vector Laboratories) for
1 h and with ABC-HRP (VectorLaboratories) for 1 h. The
blots were developed by enhanced chemiluminescence re-
agents (Immunostar kit; Wako Biochemicals) according to the
manufacturer’s instructions.

Administration of the Vaccines. DNA vaccines (100 pg) and bu-
pivacaine (0.25 mg) in 100 pl was administered i.m. on a weekly
basis for 6 weeks (39). The vaccines without bupivacaine were
injected biweekly thereafter. To examine the prophylactic effect,
vaccination was started at 3—4 months of age, before amyloid
plaque appearance. The therapeutic treatment was started at 12
months of age, after amyloid plaque appearance.

Immunohistochemistry. Mice were killed under deep anesthesia,
and the brains were removed and immersion-fixed in 4% para-
formaldehyde. Paraffin-embedded sections (6 um) were stained
immunohistochemically with mAb (6F/3D) against AB8-17
(DAKO), anti-CD5 mAb against T lymphocytes (BD Bio-
sciences Pharmingen) and Mac-3 against mononuclear phago-
cytes (BD Biosciences Pharmingen). For 6F/3D staining, the
sections were pretreated in formic acid for 3 min. The sections
were then incubated in the primary antibody at a 1:200 dilution.
After washing, the sections were incubated with biotinylated
horse anti-mouse IgG (Vector Laboratories), followed by a
horseradish peroxidase (HRP)-labeled Vectastain Elite ABC kit
(Vector Laboratories). HRP-binding sites were detected in
0.005% diaminobenzidine and 0.01% hydrogen peroxide. CDS5
(1:25) and Mac-3 (1:25) stainings were performed similarly, with
overnight incubation of the primary antibodies.

Quantitative Analysis of A Burden. AB burdens were quantitated
in the cerebral cortex and hippocampus, according to the
method described in ref. 40. All of the procedures were per-
formed by an individual blind to the experimental condition of
the study. The images under an Olympus Vanox microscope
were captured with a 3 charge-coupled device Olympus digital
camera. The amyloid load was measured in 10 fields from the
cingulated to retrosplenial cortex in the left hemispheres of
the mice (600 X 400 pm each), chosen randomly. Analysis in the
hippocampus was performed on the entire hippocampus in a
similar manner. AB depositions that occupied the field were
expressed as pixels by using the NIH IMAGE software.

ELISA. Microtiter plates were coated with 2 pg/ml human AB1-40
(Peptide Institute, Osaka) in 0.1 M sodium carbonate buffer (pH
9.5) at 4°C overnight. After washing three times, plates were
incubated for 2 h with serial dilutions of plasma samples in PBS
in 12 rows of wells starting with 4-fold-diluted plasma (the
greatest dilution tested was 1:213). The plates were washed and
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incubated with a 1,000-fold dilution of biotinylated anti-mouse
IgG (Vector Laboratories), followed by incubation with 2-fold
dilutions of Vectastain ABC-kit solution (Vector Laboratories).
Bound antibodies were detected by using SIGMA FAST (Sigma-
Aldrich), and the absorbance at 450 nm was read on an auto-
mated plate reader (Model 550; Bio-Rad). The antibody titer
was defined as the reciprocal of the greatest dilution of plasma
that gives half-maximal binding to AB, which was determined by
dividing the highest ODysp value in the dilution range of each
sample by 2.

T Cell-Proliferation Assay. The proliferative responses of draining
lymph node cells were assayed in microtiter plates (Costar,
Cambridge, MA) by the uptake of [*H]thymidine. AB1-42
peptide (50 pg) emulsified with CFA (twice) and Fc-Ap vaccine
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(three times) was injected into APP23 mice or B6 mice, and then
the drainage lymph nodes were taken 3 weeks after the first
injection. Lymph node cells (2 X 103 cells per well) were cultured
with 0.3-10 uM AB1-42 peptide for 3 days and subsequently
pulsed for 18 h with 0.5 uCi (1 Ci = 37 GBq) of [*H]thymidine
(Amersham Pharmacia Biotech). Incorporation of [3H]thymi-
dine was measured by liquid scintillation spectrometry.

Statistical Analysis. Student’s ¢ test or Mann-Whitney’s U test was
used for the statistical analysis. Correlations between the anti-
body titer and the reduction of AB burden was estimated by the
CORREL function.
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Abstract

The expression of phospho-specific caveolin-1 (p-caveolin-1) was analyzed in the spinal cord of Lewis rats with experimental autoimmune
encephalomyelitis (EAE). Western blot analysis showed that p-caveolin-1 was constitutively expressed in normal spinal cords and that it significantly
increased in the spinal cord with EAE at both early and peak stages of EAE (P <0.05), and decreased slightly at the recovery stage of EAE.
Immunohistochemistry showed that p-caveolin-1 was constitutively expressed in few vascular endothelial cells and glial cells in the spinal cords
of normal rats. In EAE lesions, p-caveolin-1 was intensely immunostained in inflammatory T cells and macrophages. Therefore, we postulate that
phosphorylation of caveolin-1 occurred in the inflammatory cells of EAE lesions, and that caveolin-associated cell activation is mainly associated

with inflammatory cells that appear during early and peak stages of EAE.

© 2006 Elsevier Ireland Ltd. All rights reserved.
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Caveolin-1 is a structural protein of caveolae, which are flask-
shaped vesicular invaginations of the plasma membrane with
diameters of 50-100nm [4,8]. Caveolin is a transmembrane
adaptor molecule that recognizes glycosylphosphatidyl inositol
(GPI)-linked proteins and interacts with downstream cytoplas-
mic signaling molecules such as Src-family tyrosine kinases
and hetero-trimeric G proteins [9,10]. Caveolin is abundant in
a variety of cell types including adipocytes, endothelial cells,
smooth muscle cells [8], macrophages [3,7], astrocytes [5,13],
and differentiating PC 12 cells {2], possibly mediating signal
transduction. Under certain activation conditions, caveolin is
phosphorylated, and the phosphorylation of caveolin at Tyr-14,
Ser-88, and other residues in v-Src-transformed cells leads to
flattening, aggregation, and fusion of caveolae and caveolae-
derived vesicles [9]. Phosphorylation of caveolin affects the cell
shape, which is an important finding in the activation and migra-
tion of inflammatory cells.
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Experimental autoimmune encephalomyelitis (EAE) is an
experimentally induced autoimmune disease of the central ner-
vous system (CNS) mediated by CD4+ T cells, which is used as
an animal model of multiple sclerosis, a human demyelinating
disease [11]. EAE lesions are characterized by the infiltration
of T cells and macrophages into the subarachnoid space during
the early stage and the activation of microglia and astrocytes
during the peak symptomatic stage of the disease [14]. In a pre-
vious study, we found that caveolins significantly increase in the
spinal cord with EAE [13], but little is known about the phos-
phorylation state of caveolin-1. The goal of the present study
was to examine the expression of phospho-specific caveolin-1
(p-caveolin-1) and to localize its expression in spinal cords with
EAE.

Lewis rats were obtained from Harlan (Indianapolis, IN,
USA) and were bred in our animal facility. Female rats aged
7-12 weeks and weighing 160-200 g were used in the experi-
ments. All experiments were carried out using accepted ethical
guidelines. The footpads of both hind feet of the rats in the EAE
group were injected with 100 .l of an emulsion containing equal
parts of myelin basic protein (1 mg/ml) and complete Freund’s
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adjuvant (CFA) supplemented with Mycobacterium tuberculosis
H37Ra (5 mg/ml; Difco, Detroit, MI, USA). The rats in the con-
trol group were immunized with CFA only. After the injections,
the rats were observed daily for clinical signs of EAE. The pro-
" gression of EAE was divided into seven clinical stages: Grade 0
(G0), no signs; G1, floppy tail; G2, mild paraparesis; G3, severe
paraparesis; G4, tetraparesis; G5, moribund condition or death;
and RO, the recovery stage.

Rabbit polyclonal anti-p-caveolin-1 (Tyr-14, catalog #sc-
14037-R; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
mouse monoclonal anti-beta-actin (Sigma, St. Louis, MO, USA)
antibodies were used in this study. To identify cell phenotypes,
the following monoclonal antibodies were used; mouse mon-
oclonal anti-glial fibrillary acidic protein (anti-GFAP; Sigma),
ED1 (mouse monoclonal anti-rat macrophage; Serotec, Lon-
don, UK), R73 (mouse monoclonal anti-T cell receptor of3;
Blackthorn, Bicester, UK), OX1 (anti-leukocyte common anti-
gen CD45; Serotec), OX42 (anti-complement receptor type 3;
Serotec) antibodies. Biotinylated isolectin B4 (IB4) derived
from Griffonia simplicifolia (Sigma) was used to show vascular
endothelial cells [16] and activated microglia/macrophages.

In this study, spinal cords were sampled on Days 9-11, 1215,
and 21 post-immunization (p.i.), which coincided with the early
(G1), peak (G3), and recovery stages (RO) of EAE, respectively.
The spinal cords of normal rats were used as controls. At each
sampling, five rats from each group were sacrificed under deep
anesthesia, and pieces of the lumbar spinal cords were collected.
Spinal cord samples were processed for paraffin embedding
after fixation in 4% paraformaldehyde in phosphate-buffered
saline (PBS, pH 7.4) or quick-frozen and stored for later use in
immunoblotting. To prepare frozen sections, pieces of the lum-
bar spinal cords were snap-frozen in optimal cutting temperature
(OCT) compound (Sakura, Tokyo, Japan) and stored at —80°C
until use. Sections (8 pm thick) were cut in a cryostat (Leica,
Nussloch, Germany).

The spinal cord tissue was homogenized in modified radioim-
munoprecipitation assay (RIPA) buffer (20mM Tris, pH 7.5,
150 mM NaCl, 1% Triton-X 100, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate (SDS), 1% NP-40, 10 mM NaF,
{mM EDTA, 1mM EGTA, 1mM Na3VO,;, 1mM PMSF,
10 pg/ml aprotinin, and 10 pg/ml leupeptin) with 20 strokes in
a homogenizer. The homogenates were transferred to micro-
tubes and centrifuged at 14,000 rpm for 20 min, and the super-
natant was harvested. For the immunoblot assay, supernatant
containing 40 pg of protein was loaded into each lane of 12%
SDS-PAGE gels, electrophoresed, and immunoblotted onto
nitrocellulose membranes (Schleicher and Schuell, Keene, NH,
USA). The residual binding sites on the membrane were blocked
by incubation with 5% nonfat milk in Tris-buffered saline (TBS;
10 mM Tris—HCI (pH 7.4) and 150 mM NaCl) for 1 h, and then
incubated with rabbit polyclonal anti-p-caveolin-1 (Tyr-14) anti-
body for 2 h.

The blots were washed three times in TBS containing 0.1%
Tween-20 and then incubated with horseradish peroxidase-
conjugated anti-rabbit IgG (Vector, Burlingame, CA, USA) for
1 h. The bound antibody was detected using enhanced chemilu-
minescence (ECL) reagents (Amersham, Arlington Heights, IL,

USA) according to the manufacturer’s instructions. After imag-
ing, the membranes were stripped and reprobed using mono-
clonal anti-beta-actin antibody as the primary antibody (Sigma).
The density (OD/mm?) of each band was measured with a scan-
ning laser densitometer (GS-700; Bio-Rad, Hercules, CA, USA)
and was reported as the mean + S.E. The ratios of the density of
p-caveolin-1 band to that of the beta-actin band were compared
using Molecular Analyst software (Bio-Rad). The results were
analyzed statistically by one-way analysis of variance (ANOVA)
followed by the post hoc Student-Newman—Keul’s ¢-test for
multiple comparisons. In all cases, P <0.05 was considered sig-
nificant.

Briefly, paraffin-embedded spinal cord sections (5 um) were
deparaffinized, treated with citrate buffer (0.01 M, pH 6.0) in
a microwave for 3 min, and then treated with 0.3% hydrogen
peroxide in methy! alcohol for 20 min to block endogenous per-
oxidase activity. After three washes with PBS, the sections were
incubated with 10% normal goat serum, and then incubated for
1 h at room temperature with primary antibodies including rabbit
polyclonal anti-p-caveolin-1. Immunoreactivity was visualized
with an avidin-biotin peroxidase complex (Vector Elite; Vector).
The peroxidase reaction was developed using a diaminobenzi-
dine substrate kit (Vector).

To examine the cell phenotype of p-caveolin-1 expression,
double immunofiuorescence was applied. First, paraffin sec-
tions were reacted with primary rabbit anti-p-caveolin-1 and
followed by fluorescein isothiocyanate (FITC)-labeled goat anti-
rabbit IgG (Sigma, St. Louis, MO, USA). Then, the slides
were incubated with second primary reagent including ED1
and anti-GFAP, and sequentially reacted with tetramethyl rho-
damine isothiocyanate (TRITC)-labeled goat anti-mouse IgG
(Sigma). For the labeling of p-caveolin-1 and either OX1, 0X42
or R73, frozen sections were used. The frozen sections were
air-dried, fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) (pH 7.4) for 20 min, and hydrated. Then, the slides
reacted with rabbit anti-p-caveolin-1 were reacted biotinylated
anti-rabbit IgG (Vector), followed by TRITC-labeled strepta-

" vidin (Zymed, San Francisco, CA, USA), and then secondary

primary antibodies including OX1, OX42 or R73 and sequen-
tially reacted with FITC-labeled goat anti-mouse IgG (Sigma).
To see the co-localization of p-caveolin-1 and IB4 in EAE
lesions, sections were reacted with biotinylated IB4 (Sigma),
followed by TRITC-labeled streptavidin (Zymed, San Fran-
cisco, CA, USA). And then, secondary primary anti-p-caveolin-
1 was reacted and followed by FITC-labeled goat anti-rabbit IgG
(Sigma). To reduce or eliminate lipofuscin autofluorescence, the
sections were washed in PBS (three times for 1h) at RT, then
dipped briefly in distilled H,0, treated with 10 mM CuSOy in
ammonium acetate buffer (S0 mM CH3COONH,4, pH 5.0) for
20 min, dipped briefly again in distilled H,O, and returned to
PBS. The double immunofluorescence-stained specimens were
examined with an FV500 laser confocal microscope (Olympus,
Tokyo, Japan).

The level of p-caveolin-1 was semiquantitatively evaluated
in the spinal cord during the course of EAE using Western blot .
analysis. The expression of p-caveolin-1 immunoreactivity was
detected at low levels in the spinal cords of normal control rats



