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Figure 2. Correlations of serum levels of soluble Sema4D with RA disease activities.

A) Serum levels of sSema4D were positively correlated with disease activity score 28 (DAS28), C reactive
protein (CRP), urinary deoxypyridinoline (u-DPD), and rheumatoid factor (RF). B) Serum sSema4D levels
before and after bDMARDs treatment in nine good responders and eight moderate responders or non-
responders, according to the DAS improvement criteria. C) Correlation of serum sSema4D reduction (post-
biologics/pre-biologics) with DAS28 improvement (post-biologics/pre-biologics) n = 17. * p < 0.05, ** p <
0.01, *** p < 0.001.
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Figure 3. Sema4D expression, and soluble Sema4D production with ADAMTS4 as the sheddase.

A) Histogram of cell-surface expression of Sema4D in peripheral blood in CD3+, CD19+, and CD14+ cells.
Results shown are representative findings from five RA patients and five healthy individuals. B) mRNA
expression of Sema4D in peripheral blood CD3+, CD19+, and CD14+ cells. Results from five RA patients
and five healthy individuals were shown. C) Levels of sSema4D in culture supernatant of THP-1 cells
cultured with recombinant MMP3, MMP9, ADAM17, and ADAMTS4 (n = 5 per group). Representative results
of three independent experiments are shown. D) Serum levels of ADAMTS4 in 20 RA patients and 16 healthy
individuals. E) Synovial fluid levels of ADAMTS4 in seven RA patients and ten OA patients. * p < 0.05, ** p

< 0.01, *** p < 0.001.
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Figure 4. Inflammatory cytokine production induced by Sema4D, and elevated ADAMTS4 expression by
inflammatory cytokines
A) TNF-a and IL-6 levels in culture supernatant of CD14+ monocytes from RA patients stimulated with
naturally cleaved sSema4D for 72 hours. Representative results of three independent experiments are
shown. B) TNF-a and IL-6 levels in culture supernatant of CD14+ monocytes from RA patients stimulated
with naturally cleaved sSema4D for 48 hours, with or without anti-Sema4D antibody. Representative results
of three independent experiments are shown. C, D) Elevated ADAMTS4 mRNA and protein levels in primary
cultures of synovial cells from RA patients. Data were compiled from five independent experiments. * p <
0.05, ** p < 0.01, *** p < 0.001.
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Figure 5. Blocking Sema4D ameliorates the severity of collagen-induced arthritis (CIA) in mice.

A) Average arthritis scores of CIA mice. Anti-Sema4D or control antibody (50 mg/kg) was administrated
intraperitoneally on days 28 and 35 (arrow) (n = 6 per group). Data are representative of three independent
experiments. B) Sections of a mouse ankle joint on day 42 after first immunization. Sections were stained
with H&E and Safranin O. C) Average pathological scores of paw sections on day 42 (n = 12 per group). D)
Serum levels of IL-6 and TNF-a on day 42 (n = 6). Data are means + SEM, and are representative of three
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Estrogen-Dependent Proteolytic Cleavage of
Semaphorin 4D and Plexin-B1 Enhances Semaphorin 4D-
Induced Apoptosis during Postnatal Vaginal Remodeling
in Pubescent Mice
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Abstract

Around the fifth week after birth, the vaginal cavity in female mouse pups opens to the overlaying skin. This postnatal tissue
remodeling of the genital tract occurs during puberty, and it largely depends upon hormonally induced apoptosis that
mainly occurs in the epithelium at the lower part of the mouse vaginal cavity. Previously, we showed that most BALB/c mice
lacking the class IV Semaphorin (Sema4D) develop imperforate vagina and hydrometrocolpos; therefore, we reasoned that
the absence of Sema4D-induced apoptosis in vaginal epithelial cells may cause the imperforate vagina. Sema4D signals via
the Plexin-B1 receptor; nevertheless detailed mechanisms mediating this hormonally triggered apoptosis are not fully
documented. To investigate the estrogen-dependent control of Sema4D signaling during the apoptosis responsible for
mouse vaginal opening, we examined structural and functional modulation of Sema4D, Plexin-B1, and signaling molecules
by analyzing both wild-type and Sema4D—/— mice with or without ovariectomy. Both the release of soluble Sema4D and
the conversion of Plexin-B1 by proteolytic processing in vaginal tissue peaked 5 weeks after birth of wild-type BALB/c mice
at the time of vaginal opening. Estrogen supplementation of ovariectomized wild-type mice revealed that both the release
of soluble Sema4D and the conversion of Plexin-B1 into an active form were estrogen-dependent and concordant with
apoptosis. Estrogen supplementation of ovariectomized Sema4D—/— mice did not induce massive vaginal apoptosis in 5-
week-old mice; therefore, Semad4D may be an essential apoptosis-inducing ligand that acts downstream of estrogen action
in vaginal epithelium during this postnatal tissue remodeling. Analysis of ovariectomized mice also indicated that Sema4D
contributed to estrogen-dependent dephosphorylation of Akt and ERK at the time of vaginal opening. Based on our resuits,
we propose that apoptosis in vaginal epithelium during postnatal vaginal opening is induced by enhanced Sema4D
signaling that is caused by estrogen-dependent structural changes of Sema4D and Plexin-B1.
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limited time window and only at the lower distal end of mouse
vaginal cavity in the vicinity of skin [1]. Subsequently, several
studies involving various types of knockout mice revealed the
crucial involvement of proapoptotic Bcl2 family proteins [2,3],
along with other signaling molecules, in mouse vaginal remodeling
[4,5]. However, the exact mechanisms by which rapid increases of

Introduction

In mice, the blind ending of the vaginal cavity in each female
pup opens to the skin around 5 weeks after birth when sex
hormone level rises in the internal environment; vaginal opening is
one of very few postnatal tissue remodeling events in mice [1]. The

study of transgenic mice that overexpress the human anti-
apoptotic protein Bcl-2 in the vaginal mucosa clearly shows that
this postnatal tissue remodeling process depends heavily on
massive mucosal apoptosis; these cell deaths occur in a very

PLOS ONE | www.plosone.org

estrogen level in the mouse internal environment induce the
extensive apoptosis in vaginal epithelium at the time of puberty
remain unknown {1,6]. We found that mice lacking Semaphorin
4D (Sema4D) often develop imperforate vagina and hydrometro-
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colpos [7}; Sema4D) is a semaphorin that controls axon guidance
during neuronal development [8,9].

Semaphorins are a family of secreted and transmembrane
glycoproteins with phylogenetically conserved domains; they were
originally identified as repulsive axon guidance molecules that
function during development of the nervous system [10]. Sema4D
(also called CD100} is a class 4 transmembrane-type semaphorin
that binds to Plexin-B1, which is a transmembrane receptor and a
member of the plexin family, to induce repulsive cytoskeletal
changes in growth cones of cultured neurons [11]. SemadD) and
Plexin-B1 interact via their conserved sema domains of ~400
amino acids each; each sema domain forms a seven-blade -
propeller fold in the extracellular domain of the respective protein
[10,12,13]. Binding of Sema4D to Plexin-Bl causes Plexin-Bl
molecules to cluster; this clustering facilitates GTPase activating
protein (GAP) activities of the two GAP domains in the
intraceflular region of ecach Plexin-Bl molecule [14]. The
augmented Plexin-B1 GAP activities in neurons 1) downregulate
activities of Ras family members and 2) induce dephosphorylation
of Akt and ERK and activation of glycogen synthase kinase
(GSK)-3pB; these events reduce integrin-mediated cell adhesion to
the extracellular matrix, and consequently induce morphological
remodeling of growth cones and dendrites in cultured neurons
[14,15,16]. In contrast, Sema4D binding to Plexin-Bl on
endothelial cells stimulates the activation of the phosphatidylino-
sitol 3-kinase (PI3K)-Akt pathway and of ERK to induce
endothelial cell migration [17,18]. Thus the Sema4D signal either
facilitates or weakens the same intracellular signaling pathway
depending upon the cell type and cellular context. Membrane-
bound Sema4D on T lymphocytes is cleaved via metalloprotease-
dependent proteolysis, and the extracellular domain is then shed as
diffusible secreted protein from a membrane surface to the
surrounding extracellular environment [19]. Soluble secreted
Sema4D is thought to function as a guidance cue that acts across
long distances to inhibit immune cell migration [19]. Plexin-B1 is
also converted from a precursor into an active heterodimeric form
composed of distinct subunits resulting from proprotein conver-
tase-mediated processing of Plexin-B1 [20]. The proteolytically
processed, active form of Plexin-Bl transmits a more intense
Sema4D-dependent intracellular signal than does the unprocessed
precursor [20].

The high frequency of vaginal atresia and the significant
attenuation of vaginal epithelial apoptosis in Sema4D-deficient
(Sema4D—/ ) mice indicates that vaginal mucosal apoptosis and
the vaginal opening process do not occur normally in these mice.
Furthermore, we demonstrated that Sema4D binds to Plexin-Bl
receptor to induce apoptosis of vaginal epithelial cells in culture. B-
Estradiol administration in infant Sema4D-deficient mice does not
induce precocious vaginal opening; therefore, Sema4D may
function downstream of estrogen action during postnatal vaginal
tissue remodeling [7]. However, mouse vaginal opening occurs 5
weeks after birth when estrogen levels increase rapidly in female
mice, and the pro-apoptotic signals in the maturing vaginal
epithelial cells may be enhanced via estrogen-mediated functional
modulation of Sema4D and Plexin-Bl. Here, we examined
whether estrogen induces structural and functional changes in
Sema4D and Plexin-Bl that lead to the induction of vaginal
epithelial apoptosis and the consequent tissue remodeling. The
results of our study indicated 1) that Sema4D cleavage and Plexin-
Bl activation were both estrogen dependent and 2) that these
events led to vaginal epithelial apoptosis in this postnatal tissue
remodeling event.

PLOS ONE | www.plosone.org
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Materials and Methods

Generation of Sema4D -/~ Mice

Sema4D~/~ mice generated by gene targeting [21] were
backcrossed with BALB/c mice for 10 generations. Pairs of
resultant heterozygous mice were bred to obtain homozygous,
knockout mice and their wild-type (W) littermates. The mice
were bred for the preparatory and pairwise in the animal facilities
of Wakayama Medical University and the animal center in the
Faculty of Pharmacy, Meijo University. Fach researcher and each
laboratory technician followed the guidelines promulgated by the
Physiological Society of Japan and the respective guidelines on
animal experiments from Wakayama Medical University and from
Meijo University when caring for or sacrificing mice and when
conducting protocols involving mice. Fach institutional Animal
Ethics Review committee, the Wakayama Medical University
committee and the Mejjo University committee, approved the
experimental protocols (approval number: 267; Wakayama
Medical University, 2012-yaku-jitsu-8; Meijo University).

Genotype Analysis

Mouse tail DNA, SemadD gene-specific primers, and PCR were
used as described previously to determine each mouse genotype
[21].

Immunohistochemistry and TUNEL Assay

Mice were sacrificed by intraperitoneal injection of pentobar-
bital sodium (Kyoritsuseiyaku Co., Tokyo, Japan) and then
subjected to transcardiac perfusion of 4% paraformaldehyde.
Lach vagina excised from a mouse was fixed overnight in 4%
paraformaldehyde solution. Fach vagina was then embedded
longitudinally in paraffin and cut into 4-pm serial sections.
Sections were immunolabeled with anti-cleaved caspase-3 (Cell
Signaling Technology, Beverly, MA), anti-Akt (Cell Signaling
Technology), or anti-Erkl1/2 antibody (Cell Signaling T'echnolo-
gy). TUNEL assays were performed basically as described
previously [22], using a fluorometric TUNEL assay system
(Promega, Madison, WI) following the manufacturer’s protocols.

Western Blot

To reduce the variance among samples, dissection of each
mouse vagina was conducted as follows. A mouse was sacrificed
via intraperitoneal injection of pentobarbital sodium; a laparotomy
was then performed to expose the reproductive organs, and the
fatty tissues around the vagina were then removed. The pubic
bone was resected to view the lower region of the vagina; the
urinary bladder, urethra, and rectum were then separated from
the vagina. In each case of an unopened vagina, the border area
between the lowest end of the vagina and the skin surface of the
expected vaginal orifice was transversely cut so that the septum
covering the lower extremity of the vagina [1] was included in the
vaginal tissue sample; simultaneously, the uterine cervix was pulled
ventrally with forceps. In each case of an opened vagina, the
region between the vaginal orifice and the surrounding skin was
cut while the uterine cervix was pulled ventrally with forceps. Each
vagina was obtained via a transverse cut beneath the lowest
extremity of the uterine cervix to exclude the cervix; each such
vagina was rapidly minced into small pieces on ice. Tissue extracts
were prepared by homogenizing the mouse vaginal tissue in T-
PER Tissue Protein Extraction Reagent (Thermo Scientific Inc.,
Waltham, MA) with a protease inhibitor, o-complete (Roche
Applied Science, Penzberg, Germany), and a phosphatase
inhibitor, PhosStop (Roche Applied Science). The Bio-Rad
Protein assay (Bio-Rad, Hercules, CA) was used to measure the
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Figure 1. Increase of soluble Sema4D and reorganization of Plexin-B1 receptor during vaginal development. (A) The membrane-
bound (larger) and soluble (smaller) forms of Sema4D are evident on western blots containing proteins from vaginal tissue extracts. The precursor
(larger) and active form (smaller) of Plexin-B1 are also evident on western blots containing proteins from vaginal tissue extracts; the active 75 kDa
form represents a fragment of the 300 kDa Plexin-B1 precursor produced by proprotein convertase. The fragments resulting from the proprotein
convertase-dependent cleavage are integrated into signaling-active receptors, which have a distinct conformation from the precursors [20]. Age
(weeks): vaginal protein extracts from 2-, 3-, 4, 4.5-, 5-, 8-, 9-, or 18-week-old mice. Mb: membrane-bound. (B) The ratio of soluble Sema4D to total
Sema4D increases significantly in 5-week-old mouse vaginal tissue. Each data point represents the mean * SEM of 3 to 6 mice. *P<0.05, ANOVA. (C)
The ratio of membrane-bound Sema4D to B-actin significantly decreases in 5-week-old vaginal tissue. Each column represents the mean * SEM of 4
mice. *P<0.05, ANOVA. (D) The ratio of soluble Sema4D to B-actin in 5-week-old mouse vaginal tissue is significantly higher than that in 2-, 3-, or 4-
week-old mouse vaginal tissue. Each value represents the mean * SEM of 3 to 6 mice. *P<0.05, ANOVA. (E) Based on real-time PCR data, the
expression of Sema4D mRNA increases significantly in vaginal tissue from 5-week-old mice as compared with that from any other developmental
stage. Plexin-B1 mRNA levels show no changes during vaginal opening except for a significant decline in 11-week-old mice. Each column represents
the mean * SEM of 4 mice. *P<<0.05, ANOVA. (F) The ratio of active Plexin-B1 to fB-actin is significantly higher in 5-week-old mouse vaginal tissue than
in that from any other developmental stage. Each point represents the mean = SEM of 3 to 6 mice. *P<<0.05, ANOVA.
doi:10.1371/journal.pone.0097909.g001

protein content in each tissue extract, and samples containing Ovariectomy and Estrogen Supplementation

15 ug of protein were prepared with a solution of 60 mM Tris- For each ovariectomy (OVX), both ovaries were excised from a
HCI (pH 6.8), 2% SDS, 10% glycerol, 0.1% bromophenol blue, 22-day-old mouse while the mouse was under anesthesia from
and 5% PB-mercaptoethanol; each of these samples was incubated intraperitoneal injection of pentobarbital sodium. As controls,
at 100°C for 5 min and subjected to electrophoresis through a sham operations, in which both ovaries were manipulated but not
10% SDS-polyacrylamide gel; separated proteins were then resected, were performed on WT or Sema4D—/— mice.
transferred to polyvinylidine difluoride membranes (Amersham Ovariectomized mice were then separated into three groups: in

Pharmacia Biotech, Buckinghamshire, UK). Sema4D, plexin-B1, two groups, from postnatal day 24 to postnatal day 34, B-estradiol
cleaved caspase-3, Akt, phospho-Akt, ERK1/2, and phospho-  (E2, 0.1 pg/kg body weight, Sigma Chemical Co., St. Louis, MO)
ERK1/2 were detected with the respective antibodies and an (OVX-E2 group) or vehicle oil (OVX-oil group) was injected daily

ECL-plus or ECL Western blot detection system in accordance  and subcutaneously into each mouse, and in the remaining group,
with the manufacturers’ instructions (Amersham). The antibodies no injection was administered (OVX group). The OVX-E2 and
utilized were anti-CD100/Sema4D (BD Transduction Laborato- OVX-oil groups were sacrificed for Western and immunohisto-

ries, NJ, USA), anti-plexin—B% (Sa.nta Cruz Biotechnology, Inc.), chemical analysis 24 hours after the last injection. Both sham-
anti-cleaved caspase-3 (Cell Signaling Technology), anti-Akt (Cell operated and OVX mice were also sacrificed for Western and -
Signaling Technology), anti-phospho-Akt (Cell Signaling Tech- immunohistochemical analysis on postnatal day 35. Uterine

nology), anti-Erkl/2 (Cell Signa}ing Technology), anti—phospht'a— weight of each mouse was measured to assess the effects of
Erkl/2 antibody (Cell Signaling Technology), and p-actin OVX, oil supplementation (OVX-oil) and estrogen supplementa-
antibody (Cell Signaling Technology). tion (OVX-E2), as shown in Fig. S1.
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Figure 2. Hormonal regulation of structural changes in Sema4D and Plexin-B1. (A-D) To investigate whether estrogen induces structural
changes in Sema4D, Plexin-B1, or both, ovariectomized mice receive daily subcutaneous injections (s.c.) of 17-estradiol (E2, 0.1 ng/kg) until 5 weeks
after birth. As expected, both soluble Sema4D and active Plexin-B1 are detected in vaginal tissue from sham-operated 5-week-old female WT mice
(SemadD+/+). Interestingly, after ovariectomy (OVX) and ovariectomy plus oil supplementation (OVX-oil), the amounts of both soluble Sema4D and
active Plexin-B1 significantly decrease. The decrease in active protein levels is rescued by daily subcutaneous injection of E2 (OVX-E2); these findings
indicate that the enzymes cleaving membrane-type Sema4D and Plexin-B1 precursor are induced by estrogen. In Sema4D~/- mice, OVX and OVX-
oil result in significant decreases in the active form of Plexin-B1; these decreases are abrogated by OVX-E2 treatment. Both membrane-bound and
soluble Sema4D are not evident in samples from Sema4D~/— mice. Each value in the graphs (C, D) represents the mean + SEM of 5 mice. *P<0.05,

ANOVA.
doi:10.1371/journal.pone.0097909.g002

Real-time RT-PCR

The SV Total RNA Isolation System (Promega, Madison, WI)
was used according to the manufacturer’s instructions to extract
RNA from vaginal tissues of sham-operated WT and Se-
mad4D—/— mice, as well as from OVX, OVX-oil, and OVX-
E2 mice. Total RNA was extracted from developing vaginal tissues
via the same procedure. The QuantiTect Primer Assays and the
following probes Mm_Semadd_1_SGQT00115206,
Mm_Plxnbl_1_SG QT00126483, Mm_B2m_2_SG
QTO01149547 (Qiagen, Tokyo, Japan) were used according to
the manufacturer’s instructions to perform real-time RT-PCR.

Statistics .

Each data value was expressed as a mean * standard error of
the mean (SEM). Comparisons between WT and Semad4D—/—
mice were conducted with the Student’s t-test or a one-way or two-
way analysis of variance (ANOVA) followed by a post hoc test. A
level of p<<0.05 was considered statistically significant.

Results

Conversion of Membrane-bound Sema4D to Soluble

Secreted Sema4D during Vaginal Development
Western blots were probed with anti-Sema4D antibodies to
examine the expression patterns of membrane-bound and soluble

PLOS ONE | www.plosone.org

secreted Sema4D during vaginal development; samples of tissue
extracts were taken from each stage of postnatal mouse vaginal
development. The ratio of soluble to total Sema4D was
significantly higher 5 weeks after birth, which is when vaginal
opening occurs, than at any other developmental stage (Fig. 1A,
B). Membrane-bound Sema4D level was significantly lower at 5
weeks after birth than at any other developmental stage (Fig. 1C).
The results illustrated that the rate of conversion from membrane-
bound Sema4D to secreted Sem4D was significantly higher at the
time of vaginal opening than at any other developmental stage.

Concordant with the significantly higher level of soluble
secreted Sema4D in 5-week-old vaginal tissues, the SemasD
mRNA level was also significantly higher in 5-week-old vagina
tissue based on real-time RT-PCR analysis (Fig. 1E).

Reorganization of Plexin-B1 during Vaginal Development

Western blots were probed with anti-Plexin-B1 antibodies to
examine whether the expression of the Sema4D receptor, Plexin-
B1, changed during vaginal development. Vaginal tissue protein
extracts from each developmental stage and anti-Plexin-Bl
antibodies that detected both a 300 kDa form and a smaller
75 kDa form were used for this analysis (Fig. 1A). The 300 kDa
protein represents the precursor form of Plexin-B1 that exists prior
to digestion by a protease, proprotein convertase [20]. The smaller
75 kDa protein represents the Plexin-Bl fragment that is

May 2014 | Volume 9 | Issue 5 | 97909
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Figure 3. Estrogen increases levels of Sema4D mRNA, but not
Plexin-87 mRNA in mouse vagina. (A) Sema4D mRNA levels were
significantly lower in vaginal tissues from OVX WT mice than in vaginal
tissues from sham-operated mice. Based on comparisons between OVX-
E2 and OVX-oil mice, OVX-E2 treatment induced a significant increase of
Sema4D mRNA levels in WT vaginal tissues. The Sema4D mRNA variant
transcribed in Sema4D—/— mice, but not translated into Sema4D
protein exhibits an expression pattern similar to that of wild-type
Sema4D mRNA. Each value represents the mean = SEM of 5 mice. *P<
0.05, ANOVA. (B) Plexin-81 mRNA levels in vaginal tissues from any
Sema4D—/— mice group were significantly higher than those in vaginal
tissues from any WT mice group. In WT or Semad4D—/— mice, any
treatment does not induce any significant alteration of Plexin-B1 mRNA
levels in vaginal tissues. Each value represents the mean * SEM of 5
mice. *P<<0.05, ANOVA.

doi:10.1371/journal.pone.0097909.9003

generated by proprotein convertase-mediated digestion [20]. After
convertase-mediated digestion of the Plexin-Bl precursor, the
conformation of Plexin-B1 protein structure is transformed into an
active form that transmits Sema4D signal more intensely (20, Fig.
S9). Interestingly, the ratio of the smaller 75 kDa band to the B-
actin band was significantly higher for the 5-week sample than for
any other sample (Fig. 1F). Thus the western blot findings
indicated that the active form of Plexin-B1 was highest at 5 weeks,
which is the time of mouse vaginal opening. Real-time PCR
analysis demonstrated that Plexin-BI mRINA levels were constant
during postnatal vaginal development except that the mRINA
declined significantly by the 11th week (Fig. 1E).

Conversion of Sema4D and of Plexin-B1 is Estrogen-
dependent

Postnatal vaginal remodeling in mice is a hormonally triggered
process [1]; therefore, we investigated whether proteolytic release
of Sema4D and reorganization of Plexin-Bl during remodeling
were each estrogen dependent. Mice were initially subjected to
ovariectomy on postnatal day 22; one third of these mice were
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each injected with exogenous estrogen (OVX-E2 mice), another
third with vehicle only (OVX-oil mice, Fig. 2A) and the remaining
third received no injection (OVX mice). Western blot analysis was
used to examine both Sema4D proteolysis and Plexin-Bl
conversion. in these ovariectomized mice when the mice became
5 weeks old (Fig. 2B). Conversion of membrane-bound Sema4D
into the soluble form was significantly lower in OVX mice than in
sham-operated WT mice (Fig. 2B, C). In contrast, this Sema4D
conversion was significantly higher in WT OVX-E2 than in WT
OVX-oil mice (Fig. 2B, C); these findings indicated that
proteolytic conversion of Sema4D was estrogen dependent.
Reorganization of Plexin-Bl into an active form was significantly
lower in WT OVX mice than in sham-operated WT mice (Fig. 2B,
D). The reorganization of Plexin-Bl was significantly higher in
WT OVX-E2 mice than in WT OVX-oil mice; these findings
indicated Plexin-Bl reorganization during mouse vaginal tissue
remodeling was estrogen dependent (Fig. 2B, D). The phenom-
enon was also confirmed in Sema4D—/— mice (Fig. 2B, D).

To examine whether OVX and OVX-E2 treatment affected
Sema4D or Plexin-BI mRNA expression, or both, Sema4D and
Plexin-Bl mRNA levels in vaginal tissues were quantified via real-
time RT-PCR for sham-operated WT and Sema4D—/— mice, as
well as OVX mice, OVX-oil mice and OVX-E2 mice. Sema4D
mRNA levels in vaginal tissues from WT OVX mice were
significantly lower than in vaginal tissues from W'T' sham-operated
mice. Conversely, Sema4D mRINA levels were significantly higher
in vaginal tissues from OVX-E2 WT mice than vaginal tissues
from OVX or OVX-oil mice (Fig. 3A); these findings indicated
that estrogen mediated transcriptional modulation of Sema4D gene.
Real-time PCR with forward and reverse primers corresponding
to nucleotide sequences in the second and third exons of the
Sema4D gene, respectively, detected a Sema4D mRINA variant in
Sema4D—/— vagina tissues (Fig. 3A). The Sema4D mRINA variant
did not contain the region transcribed from the coding sequences
in the first exon of the Sema4D gene because the coding sequences
covering the translation-initiation codon are not found in the
Sema4D—/— mice genome [21]. Thus, the Seme4D mRNA
variant was not translated to Sema4D protein. Indeed, the
Sema4D protein could not be detected in the Sema4D—/—
vagina (Fig. 2B, C) or in Sema4D—/— immune cells [21]. Levels
of this mRNA variant were significantly higher in Sema4D—/—
vaginal tissues from OVX-E2 mice than in vaginal tissues from
OVX or OVX-oil mice (Fig. 3A); these findings indicated that
estrogen mediated transcriptional modulation of this Sema4D
mRNA variant. Plexin-Bl mRNA levels in vaginal tissues from
sham-operated Sema4D—/— mice, as well as OVX, OVX-oil,
and OVX-E2 mice, were significantly higher than Plexin-BI
mRNA levels in any WT group (Fig. 3B). However, neither OVX
nor OVX-E2 treatment significantly altered Plexin-BI mRNA
levels in the vaginal tissues of WT or Sema4D—/— mice (Fig. 3B).
Thus, the increase of Plexin-Bl reorganization into an active form
in vaginal tissues of OVX-E2 mice resulted from an increase in the
estrogen-dependent cleavage of Plexin-B1 precursor.

Sema4D is Integral for Estrogen-dependent Vaginal
Epithelial Apoptosis In vivo

To determine whether Sema4D is essential to vaginal epithelial
apoptosis i vivo, we measured and compared apoptosis in WT and
Sema4D—/— mice; these mice were ovariectomized or sham-
operated 3 weeks after birth and then treated with estrogen or
vehicle until 5 weeks after birth. Caspase-3 activation was used to
measure vaginal apoptosis, and caspase-3 activation was signifi-
cantly higher in WT OVX-E2 mice than in WT OVX-oil mice
(Fig. 4A, C). In contrast, based on both western blot analysis and
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Figure 4. Essential role of Sema4D in estrogen-mediated vaginal apoptosis. (A) Both OVX and OVX-oil treatment of WT (Sema4D+/+) mice
result in a significant decrease in cleaved caspase-3 level in vaginal tissue relative to cleaved caspase-3 levels in sham-operated mice (Sham). All
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vaginal epithelia of Sema4D~/~ mice. Data are shown as means = SEM; n=5 per group.

doi:10.1371/journal.pone.0097909.g004

immunohistochemistry, vaginal apoptosis in ovariectomized Se-
ma4D—/— mice remained low even in Sema4D—/— OVX-L2
mice (Fig. 4A, B, C). The results indicated that Sema4D was
essential for estrogen-dependent vaginal epithelial cell apoptosis
in vivo during the postnatal vaginal tissue remodeling that occurs 5
weeks after birth.

Dephosphorylation of Akt and ERK at the Time of Vaginal
Opening is an Estrogen-dependent, Sema4D-mediated
Event in Vaginal Epithelium ~

The mechanism suppressing activation of Akt and ERK may
operate downstream of semaphorin signaling [16,23]; therefore,
we examined the localization of Akt and ERK in the mouse
vagina. Immunohistochemical findings indicated that these
molecules were present in vaginal epithelium of WT and of
Sema4D~—/— mice (Fig. 5A). To examine whether dephosphor-
ylation of Akt and of ERK operates in vaginas of 5-week-old WT
mice, we used western blots to measure phosphorylated and
unphosphorylated forms of these proteins during mouse vaginal
development. The levels of both p-Akt and p-ERK decreased
significantly in vaginas of 5-week-old WT mice at the time of
vaginal opening; these findings indicated that Sema4D signal
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suppressed phosphorylation-dependent activation of Akt and of
ERK (Fig. 5B).

To examine whether the decxeases in p-Akt and in p-ERK
depended on Sema4D, we compared WT and Sema4D —/— mice
with regard to the levels of p-Akt and p-ERK in vaginal epithelium
5 weeks after birth. Western blot analysis showed that p-Akt and p-
ERK expression was significantly higher in the Sema4D~—/—
vaginal tissue than in WT vaginal tissue (Fig. 5C). Thus, Sema4D
signal may induce dephosphorylation of Akt and ERK at the time
of vaginal opening.

To determine whether the decreases in p-Akt and p-ERK
expression in mouse vaginal tissue 5 weeks after birth are estrogen
dependent and Sema4D mediated, we measured p-Akt and p-
ERK levels in vaginal tissues from WT and from Sema4D—/—
mice that had been ovariectomized or sham-operated 3 weeks
after birth and treated with vehicle only or estrogen thereafter. In
vaginal tissue of WT mice, p-Akt and p-ERK expression 5 weeks
after birth was significantly higher in OVX mice than in sham-
operated mice (Fig. 6). On western blots, p-Akt and p-ERK levels
were significantly lower in vaginal tissues from 5-week-old WT
OVX-E2 mice than in those from OVX mice or from OVX-oil
mice (Fig. 6); these findings indicated that regulation of
dephosphorylation of Akt and ERK was estrogen dependent. To
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determine the extent to which this change in Akt and ERK
phosphorylation depended on Sema4D, we examined tissues from
Sema4D—/— mice. Notably, for Sema4D—/— mice, phosphor-
ylation levels of Akt and ERK did not differ significantly among
vaginal tissues from sham-operated, OVX, and OVX-oil mice
(Fig. 6). However, Akt and ERK phosphorylation in vaginal tissue
was significantly lower in Sema4D—/— OVX-E2 mice than in
Sema4D—/— OVX-oil mice, but the Akt and ERK phosphor-
ylation in Sema4D—/— OVX-E2 mice was significantly higher
than that in WT OVX-E2 mice (Fig. 6). These results indicated
that normal estrogen-dependent dephosphorylation of Akt and
ERK at the time of vaginal opening was partially, but not
completely, dependent on Sema4D.

Discussion

Using Sema4D—/— BALB/c mice, we documented three
novel, crucial observations regarding the estrogen-dependent
apoptosis that occurs during postnatal vaginal opening in mice.
We found that 1) Sema4D, which is classified as a class 4
semaphorin, played an indispensable role as a downstream effector
of estrogen action during apoptosis of vaginal epithelial cells as the
vagina opens; 2) estrogen-dependent Sema4D processing and
estrogen-dependent Plexin-B1 reorganization increased Sema4D
signal transduction efficiency during vaginal opening; and 3)

PLOS ONE | www.plosone.org

Sema4D contributed to estrogen-dependent attenuation of both
Akt and ERK signaling during vaginal opening.

The high incidence of imperforate vagina and the prominent
decrease in vaginal epithelial apoptosis during puberty in
Sema4D—/— mice led to the hypothesis that Sema4D could
induce apoptosis of vaginal epithelial cells. Our previous findings
regarding Sema4D—/— vaginal epithelial cells in culture demon-
strate the apoptosis-inducing activity of Sema4D [7]. Similarly,
Sema3A, a member of class 3 semaphorins, induces apoptosis of
kidney podocytes [24]. Notably, Sema4D could promote apoptosis
of oligodendrocytes to control the differentiation of oligodendro-
cytes [25]. Furthermore, Sema3A has been implicated in Fas-
mediated apoptosis; specifically, it may help the Fas molecule
migrate into lipid rafts [26]. Thus, semaphorins exhibit crucial
roles not only in axon guidance, but also in induction of apoptosis
during development. However, the receptor and signal transduc-
tion machinery involved in semaphorin-mediated apoptosis have
not been explored in detail. Our previous findings indicate that
Plexin-Bl is involved in Sema4D-induced apoptosis of vaginal
epithelial cells in culture [7]. In WT ovariectomized mice,
apoptosis in vaginal epithelia was significantly higher in the
OVX-E2 mice than in vehicle-treated ovariectomized mice (Fig. 4).
In contrast, OVX-E2 treatment did not induce significant
apoptosis in 5-week-old vaginal epithelia of Sema4D—/~ mice
(Fig. 4). Thus, these data indicated that Sema4D functioned as an
essential downstream effector of estrogen action mediating vaginal
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Figure 6. Sema4D contributes to the estrogen-dependent dephosphorylation of Akt and ERK during mouse vaginal opening.
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doi:10.1371/journal.pone.0097909.g006

epithelial apoptosis in wivo during postnatal tissue remodeling.
Thus, this is the first manuscript reporting that a semaphorin
known as an axon guidance molecule exhibited a decisive role in
the downstream effects of estrogen action in the process of mouse
vaginal opening [1]. Our study of ovariectomized mice further
revealed that Sema4D was involved in the estrogen-dependent
dephosphorylation of pAkt and pERK in postnatal vaginal tissue
remodeling (Iig. 6). Similar to the signal transduction pathway of
Sema4D that functions in neuronal growth cone guidance
[14,15,16],
involve dephosphorylation of pAkt and pERK; this dephosphor-
ylation may depend on downregulation of Ras family members;
this Ras family downregulation may in turn be caused by Plexin-
Bl GAP activities that are activated by Sema4D signal in vaginal
epithelial apoptosis during vaginal opening in mice.

Conversion of membrane-bound Sema4D to secreted Sema4D
was significantly higher during vaginal opening than during any
other period of development (Fig. 1A, B, C, D). The increase in
the conversion of membrane-bound Sema4D to secreted Sema4D
may facilitate induction of apoptosis by increasing the activity of
Sema4D as a ligand that acts on both neighboring and distant cells
[19]. Sema4D mRNA levels peaked in vaginal epithelium 5 weeks
after birth (Fig. 1E); this increase may have boosted apoptosis by
increasing ligand quantity. Based on comparisons between OVX-
E2 and OVX-oil mice, OVX-E2 treatment induced a significant
increase in Sema4D mRNA levels in mouse vagina (Fig. 3A),
indicating that estrogen may have modulated transcription of the
Sema4D gene. Since the ratio of soluble Sema4D to total Sema4D
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the Sema4D pathway in vaginal epithelium may

increased in concert with the increase of Sema4D mRNA in vaginal
tissues of W' OVX-E2 mice (Fig. 2B, C), the significant increase
in soluble Sema4D i OVX-E2 mice relative to that in OVX-oil
mice resulted from enhanced estrogen-dependent cleavage of
membrane-bound Sema4D to soluble Sema4D in vaginal tissues
in OVX-E2 mice relative to that in OVX-oil mice. Accordingly,
experiments involving ovariectomy demonstrated that the conver-
sion from membrane-bound to secreted Sema4D was estrogen
dependent (Fig. 2B, C); therefore, the activities and/or amounts of
cleavage enzyme releasing soluble Sema4D by cutting membrane-
bound Sema4D may increase in response to the estrogen increase
at the time of vaginal opening. Although a previous study reported
that the function of the cleavage enzyme is to produce the secreted
form of Sema4D by cutting membrane-bound Sema4D during T
cell activation in the immune system [19], the present study is the
first to demonstrate the estrogen-dependent conversion of
Sema4D from a membrane-bound precursor to a secreted protein.

Expression of a short fragment of Plexin-B1 that results from
enzyme-dependent proteolysis of a Plexin-B1 precursor peaked at
the time of vaginal opening; this pattern was similar to the pattern
of soluble Sema4D production (Fig. 1A, F). Research with human
cell lines showed that a proprotein convertase cleaves the
precursor of Plexin-Bl and results in a conformational change of
the Plexin-B1 molecule and enhancement of Plexin-Bl-mediated
signal transduction [20]. Sites that contain the amino acid
sequence RXXR and that may be recognized by proprotein
convertases actually reside in the mouse Plexin-Bl molecule
(Rs46EERR and Ry169GPR, Figure S2). The predicted molecular
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size of the cleavage Plexin-B1 molecule produced by proprotein
convertases coincides with the size actually detected on western
blots probe with anti-Plexin-B1 antibodies (Fig. 1A, Figure S2).
The activated form of Plexin-Bl, structurally modified and
activated for signaling by the proteolytic cleavage, increased most
in amount at the time of vaginal opening; this proteolytic
conversion may have accelerated vaginal epithelial apoptosis by
enhancing signal transduction of Sema4D. Conversion of Plexin-
B1 precursor into active Plexin-Bl in mouse vaginal tissue was
estrogen dependent (Fig. 1A, Fig. 2B, D); therefore, the amounts
and/or activities of the proprotein convertases that cleave Plexin-
Bl may also increase in an estrogen-dependent manner. Even
though the receptor activation that is mediated by the proteolytic
cleavage of Plexin-B1 was previously observed in several cultured
cell lines [20], our study is the first to demonstrate the estrogen
dependency of the proteolytic conversion of Plexin-Bl during
mouse vaginal opening.

C57BL/6 Sema4D—/— mice do not exhibit a high incidence of
imperforate vagina, but BALB/c Sema4D—/— mice do. LH-RH
neuron precursor cells in C57BL/6 Sema4D—/— mice exhibit
defective migration from the olfactory placode to the hypothala-
mus during embryonic brain development [27]. A significant
decrease in secondary ovarian follicles is also evident in
Sema4D—/— C57BL/6 mice [28]. Our previous study revealed
no significant difference in serum estrogen levels between
Sema4D—/— BALB/c mice and WT mice 5 weeks after birth.
[7]. Since injection of B-estradiol into infant Sema4D—/— mice
does not lead to vaginal opening, the possibility that vaginal atresia
in pubescent Sema4D—/— mice was caused by insufficient
secretion of estrogen was excluded [7]. Further experiments
involving ovariectomy, estrogen supplementation, and WT and
Sema4D—/— BALB/c mice clearly revealed that the Sema4D
was essential to vaginal epithelial apoptosis, which was regulated
by the estrogen present during vaginal opening (Fig. 4A, B, C).
Previous findings indicate that Plexin-Bl is the receptor that
induces apoptosis of vaginal epithelial cells in culture [7]; however,
a closed vaginal phenotype has not been reported in Plexin-
Bl1—/— C57BL/6 mice [29,30]. Future experiments may be
necessary to examine whether the closed vaginal phenotype also
occurs in BALB/c mice lacking Plexin-Bl. The structural
conversion of Sema4D and of Plexin-Bl that was evident in
BALB/c mice was also evident in C57BL/6 mice during postnatal
vaginal development (Fig. S3). However, the day of vaginal
opening (5 weeks old) coincided with the peak in the conversion of
both Sema4D and Plexin-Bl in BALB/c mice, (Figure 1), but
there was no concordance between the day of vaginal opening
(37.18%+0.787 day old, n=17) and the peak of the proteolytic
conversions (24 to 28 days old) in C57BL/6 mice (Fig. S3). These
observations may illustrate that postnatal vaginal tissue remodeling
processes are more dependent on Sema4D/Plexin-Bl signal
transduction system in BALB/c mice than in C57BL/6 mice.

Thus, we propose that extensive apoptosis that occurs in
epithelial cells in the vaginal cavity during postnatal vaginal
opening in BALB/c mice is induced by Sema4D-Plexin-Bl
signaling and that this signaling is enhanced by the estrogen-
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Supporting Information

Figure S1 Confirmation of the effect of ovariectomy and
estrogen supplementation. Both ovariectomized (OVX) WT
(Sema4D+/+) and Sema4D—/— mice exhibit a significant
decrease in uterine weight when compared with sham-operated
animals. WT and Sema4D—/— mice with ovariectomy and
estrogen supplementation (OVX-E2) exhibit significant increases
in uterine weight when compared with ovariectomized mice
supplemented with oil (OVX-oil). Values shown are mean =
SEM. #P<0.05. OVX, ovariectomy; OVX-oil, ovariectomy plus
oil supplementation; OVX-E2, ovariectomy plus 17f-estradiol
supplementation.

(TIF)

Figure $2 The sites of Plexin-B1 cleaved by proprotein
convertase. Plexin-Bl, the Sema4D receptor, transforms from a
precursor protein into an active protein via a conformational
change that is caused by proprotein convertase-dependent
cleavage of Plexin-Bl. The proprotein convertase recognizes and
cleaves the RXXR sequence residing in the target protein. A
protein fragment presumed to result from the cleavage of
Rs46EERR and Rjj69GPR of mouse Plexin-Bl is detected as a
75 kDa band on the western blot probed with anti-Plexin-B1
antibody (A-8). A-8 is a monoclonal antibody raised against the
peptide fragment comprising amino acids 771-1070 of human
plexin-B1, which is highly conserved with mouse plexin-Bl and
covered by the 75 kDa region detected by western blot with A8. A
previous study showed that the region covering the transmem-
brane and intracellular region, which is generated by proprotein
convertase-mediated digestion of mouse plexin-Bl, has a molec-
ular size of 150 kDa [30]. EC: extracellular domain, TM:
transmembrane domain, IC: intracellular domain, PCs: propro-
teinl convertases.

(TIF)

Figure 83 Conversion of Sema4D and Plexin-Bl into
respective soluble and active form during C57BL/6
vaginal development. The conversion of both Sema4D and
Plexin-B1 into the respective soluble and active forms peaked 3.5
to 4 weeks (24 to 28 days) after birth; this time period does not
coincide with the vaginal opening in C57BL/6 mice (37 days old).

(TIF)
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Abstract

Background: Activation of glial cells is a cardinal feature in multiple sclerosis (MS) pathology, and acetate has been reported
to be selectively uptaken by astrocytes in the CNS. The aim of this study was to investigate the efficacy of PET with ''C-
acetate for MS diagnosis.

Materials and Methods: Six patients with relapsing-remitting MS and 6 healthy volunteers (HV) were enrolled. The ''C-
acetate brain uptake on PET was measured in patients with MS and HV. Volume-of-interest analysis of cerebral gray and
white matter based on the segmentation technique for co-registered MRI and voxel-based statistical parametric analysis
were performed. Correlation between ''C-acetate uptake and the lesion number in T1- and T2- weighted MR images were
also assessed.

Results: The standardized uptake value (SUV) of 'C-acetate was increased in both white and gray matter in MS patients
compared to HV. Voxel-based statistical analysis revealed a significantly increased SUV relative to that in the bilateral
thalami (SUVt) in a broad area of white matter, particularly in the subcortical white matter of MS patients. The numbers of T2
lesions and T1 black holes were significantly correlated with SUV of ''C-acetate in white and gray matter.

Conclusions: The ''C-acetate uptake significantly increased in MS patients and correlated to the number of MRI lesions.
These preliminary data suggest that ''C-acetate PET can be a useful clinical examination for MS patients.
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Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating
autoimmune disease of the CNS [1]. Although MRI is recognized
as the most informative surrogate marker [2], the diagnostic value
of MRI in MS remains insufficient [3]. Glial activation is a key
feature in the neuroinflammatory MS pathology, and glial
activation from the early phase of MS is suggested by a MRS
study [4]. Microglial activation has also been shown in PET
studies [5,6]. However, astrocyte activation in MS has not been
evaluated in vivo due to the lack of an appropriate radioligand,
despite the astrocytosis observed from the early phase of disease
and the important role potentially played by astrocytes [4,7,8].

Acetate is converted into fatty acids by the key enzyme acetyl-
CoA synthase and metabolized in the citric acid cycle. ' C-acetate
has been used as a tracer to evaluate cardiac oxidative metabolism
[9] and later used as a PET biomarker in patients with renal cell
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carcinoma, hepatocellular carcinoma, prostate cancer, and mul-
tiple myeloma [10,11,12,13]. In the CNS, "G-acetate PET has
proven useful for the diagnosis of astrocytoma [14] because acetate
is preferentially absorbed into astrocytes by the monocarboxylate
transporter (MCT) [15,16]. Notably, the expression of MCT is
increased in MS brains [17]. Therefore, we surmised that ''C-
acetate PET could be a useful diagnostic tool in combination with
MRI, and we investigated the utility of ''C-acetate PET for the
diagnosis of MS and evaluated the astrocyte activity in the MS
brain.

Materials and Methods

Subjects and clinical evaluation
Six patients with relapsing-remitting MS were evaluated. All
patients were in the remission phase. Disability was assessed based
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WM/GM ratio
0.8972
09512
0.8631
0.8705
0.8558
0.8750
0.8001
08397
08183
0.8507
0.8489

WM SUVt
0.9415
1.0529

0.8874
0.9434

GM sUVt
1.0494
1.1069
1.0282
1.0837
0.8633

Disease duration (y)

103

6.8
57
7.4

33

EDSS score

therapy
IFNB, MTX

IENG
IFNB
IFNB

type
RR
RR

R

R

age

sex

Table 1. Patient data and demographics.
47
45
48
53

MS 1
MS 2
MS3
MS 4

0.8244
0.9044
07320
0.8121
07789
0.7946
0.8021
0.8096

RR

34
49

MS 5

1.0336
0.9149
0.9671
09518
0.9341
0.9449

14

RR

MS 6
HV 1

54
61

HV 2

41

HV 3

67

HV 4

62
63

HV 5

0.8297

0.9758

HV 6

multiple sclerosis, HV = healthy volunteer, RR = relapsing-remitting multiple sclerosis, IFNf = interferon beta treatment, MTX = Mitoxantrone, EDSS = Expanded Disability Status Scale, SUV = standardized uptake value.

doi:10.1371/journal.pone.0111598.t001
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on the Expanded Disability Status Scale (EDSS) [18]. Six healthy
volunteers (HV) served as normal controls (Table 1). This study
was approved by the Lthics Committee of Osaka University
Hospital, and written informed consent was obtained from each
participant.

MRI

MRI was performed using a GE SIGNA HDxt 3.0-T or a
Phillips Achieva 3.0-T scanner. Three-dimensional (3D) structural
MRI was performed for each subject using a T'l-weighted spoiled
gradient recalled (SPGR) sequence (axial plane; slice thickness,
0.90/0.95 mm; matrix size, 5122512, in-plane resolution,
0.47x0.47 mm; TR, 2.144 to 2.192/2.477 to 2.53 ms; TE,
6.908 to 7.108/6.000; flip angle, 18°/15%) and T2-weighted two-
dimensional fast spin echo sequences {(axial plane; FOV 250 num;
matrix size, 512x512; slice thickness, 5 mm; interslice gap, 1 to
1.5 mm; TE, 89/80 ms; TR, 4500/3000 ms).

PET

PET was performed using a SET-3000 GCT/X scanner
(Shimadzu Corp., Kyoto, Japan). H(-acetate was synthesized by
carbonation of Grignard reagent followed by acid hydrolysis. ''C-
carbon dioxide reacted with methylmagnesium bromide followed
by hydrolysis with hydrochloric acid to yield "¢ acetic acid [19].
The radio chemical purity was greater than 98%. A total of
370 MBq of the tracer was administered intravenously, and a 20-
min emission acquisition was initiated 20 min later. PI'T images
were obtained in a 3-D mode. The images were reconstructed
using a filtered-back projection method after 3D Gaussian
smoothing with a 6-mm full width at half maximum (FWHM).
Scatter correction was performed using a hybrid dual-energy
window method combined with a convolution-subtraction meth-
od, and the true scatter-free component of the standard photopeak
window was estimated sonographically. All PET images were
reconstructed in 256 X256 x99 anisotropic voxels, with each voxel
measuring 1x1x2.6 mm.

Data analysis

Whole brain VOI analysis. All procedures were performed
using a personal computer (DELL Precision T7400; DELL Inc.,
Round Rock, TX, USA) running on Microsoft Windows 7
(Microsoft Corp., Redmond, WA, USA). The 3D Tl-weighted
MRI scan was re-sliced in the native space of each subject using a
1.0x1.0%1.0 mm voxel size. The results were first categorized as
GM, WM, and CSF, then spatially normalized using the unified
model [20] of Statistical Parametric Mapping (SPM) 8 (Wellcome
Department of Imaging Neuroscience: http://www.fil ion.ucl.ac.
uk/spm/) according to the optimized voxel-based morphometry
(VBM) protocol [21]. This generated both spatial normalization
matrices and inverse spatial normalization matrices. The resulting
normalized GM map was transformed into native space using an
inverse spatial normalization matrix. To generate VOI for GM
and/or WM, binary mask images for the GM and/or WM were
created using the segmented images in the native space of each
subject. The binary mask image boundary was set at 35% of the
maximum GM or WM concentration as described in previous
studies [22,23].

The ''C-acetate PET images were co-registered with the
resliced 3D Tl-weighted MRI using the SPMS8 registration
function based on the mutual information. The co-registration
precision was inspected with the “Check Registration” tool in
SPM8. Then, the co-registered PET images were spatially
transformed using normalization and/or inverse normalization
matrices identical to those generated in the previously described
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automatic segmentation process. The ''C -acetate uptake in the
GM and WM VOI was analyzed using the binary masks within
the native space.

To minimize contamination from the spill-in effect of adjacent
brain segments, the spill-in-free VOIs of GM and WM were
generated by the VOI erosion process. First, the binary masks
were blurred by convolution using the point spread function of the
PET scanner (presumably a simple isotropic Gaussian kernel with

a FWHM of 8 mm). The spill-in-free gray matter mask Gis
expressed as follows:

G={xe GIW(x)<0.1},

where x is a voxel, G is the gray matter binary mask, and W(x) is
the blurred image of the white matter binary mask (i.e. spill-in
fraction from the white matter to the voxel x). The spill-in-free
white matter mask was also constructed as described above. Spill-
in from CSF was assumed as zero. VOI analysis for ''C-acetate
uptake using spill-in-free GM and WM masks was also performed
(Figure S1).

The relative standardized uptake value (SUVt) served as the
uptake indicator for analysis; the regional standardized uptake
value (SUV) was divided by the mean SUV within the bilateral
thalami of each subject. The Mann—Whitney U test was
performed to determine significance of ''C -acetate SUVt
differences between MS and HV. The significance level was
designated at p<<0.05.

Voxel-based statistical analysis. Voxel-based whole brain
SUVt in the MS and HV groups was compared using Statistical
Parametric Mapping (SPM) 8 (Wellcome Department of Imaging
Neuroscience). The spatially normalized PET images were
smoothed using a 12-mm FWHM isotropic Gaussian kernel,
which conditions the residuals to conform more closely to the
Gaussian random field model underlying the statistical adjustment
of the p values. The SPM statistical model used voxel-by-voxel
“two-sample T-test with covariates,” which designated age as a
nuisance variable in order to detect voxels showing a significant
age-adjusted SUVt difference between the MS and HV groups.

11C-acetate uptake and the MR images correlation
assessment. The T2 and T1 black hole lesions were indepen-
dently recorded visually by three observers. T1 black holes were
defined as visible hypointense regions on the T1- weighted images
coincident with a high signal intense region on the T2-weighted
images. Each MRI mask image was divided into its hemispheres to
create the hemispheric VOIs. Pearson product moment correla-
tion analyses were performed to assess the association between the
number of MRI lesions, and the SUV of ''C-acetate was accessed
from the hemispheric VOIs of the GM and WM. Statistical
significance was designated at p<<0.05.

Statistical analysis

The data in Fig 1 and Table S1 were analyzed using the Mann—
Whitney U test. ANCOVA was used to assess the differences
between age-adjusted groups illustrated in Fig 2B-G, and Pearson
product moment correlation analyses were performed for data in
Fig 3, SPSS 14.J was used for statistical analysis.

Results

VOI analysis of the ''C-acetate SUV revealed that the mean
SUV was higher in the MS patients than in the HV in all regions
assessed (Fig 1A). To evaluate the regional distribution of ''C-
acetate uptake independent of physiologic variation in the whole
brain, we calculated the relative uptake value (SUVt), which is the
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regional SUV divided by the mean SUV within the bilateral
thalami of each participant (Fig 1B). The thalamus served as the
reference region because it is rarely involved in MS pathology
[24], and the SUV difference between the thalamus of HV and
MS patients was the least among brain regions, as shown in
Fig 1A. Each regional SUVt in the MS patients were increased
particularly in the parietal, occipital, and insula regions.

Spatially normalized group mean images of ''C-acetate SUVt
automatically segmented based on MRI showed increased uptake
in both WM and GM in MS patients (Fig 2A). The SUVt of MS
patients was significantly higher than that of HV in both WM
(p=0.002) and GM (p=0.001). In addition, all six MS patients
had a significantly higher WM/GM SUV ratio than the six HV
(p =0.009) (Fig 2B-D). This trend was consistently observed even
after accommodating spill-in effect from adjacent brain segments
(Fig 2E~G). Collectively, the ''C-acetate uptake significantly
increased in both the WM and GM of MS patients, and this
increase was more predominant in WM. The whole brain SPM
analysis revealed a significant increase in SUVt of voxel cluster in
MS patients compared to HV, primarily in the subcortical frontal,
parietal, and occipital regions; no voxels showed a significantly
lower SUVt in MS patients compared to HV (Fig 2H).

The voxel-based t-statistic for the WM tracts showed a
significantly increased mean T-score, predominantly in the
superior longitudinal fasciculus, posterior thalamic radiation, and
sagittal stratum, with the highest local maximum T-score in the
corpus callosum (Table 52).

We then assessed potential correlation between ''C-acetate
SUV and MRI brain lesions. The mean SUV in WM was
significantly correlated to the number of T1 black holes
(R?=0.5059, p=0.009) and T2 lesions (R*=0.4594, p=0.015)
(Fig 3A, B). The mean SUV in GM also correlated to the number
of T1 black holes (R*=0.4088, p=0.025) and T2 lesions
(R?=10.3952, p =0.029) (Fig 3C, D). The correlation to the EDSS
score and disease duration did not reach statistical significance.

Discussion

There have been few studies imaging astrocytes in vivo using
""Coacetate PET. In MS, astrocyte proliferation [25] and
formation of scars composing a dense network of hypertrophic
cells are characteristics of the MS histopathology [8]. An increased
MCT expression in astrocytes within MS lesions was recently
shown by immunohistochemical analysis [17], which suggest an
increase in astrocyte metabolism. However, latent autoantibody-
mediated astrocyte damage [26] supposedly decreases the
metabolic activity, and therefore, the metabolic activity of
astrocytes in MS brains remains undetermined. In this study, we
observed a significantly increased brain uptake of the radioligand
'"C-acetate in MS patients. Our study revealed for the first time
that astrocytes are generally activated in MS brains based on the
acetate metabolism.

Representative studies showed that a higher value in the kinetic
parameter, which indicates the washout level of “C—acetate,
reflects the astrocyte reactivity in normal rats and healthy humans
[27]. In MS, however, compared to HV, the pathologic changes in
the severity of ''C-acetate accumulation may be much more
prominent than the changes related to physiologic activation in
healthy humans. Therefore, a slight increase in the washout speed
may be inapparent in the PET SUV in MS. Furthermore, because
the perfusion in the normal appearing white matter decreased in
MS [28], the increase in '' C-acetate uptake by static PET may be
underestimated due to a reduced CBF in MS.
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Figure 1. "'C-acetate CNS biodistribution. (A)Mean standardized uptake value (SUV) of each lesion. (B) Relative SUV compared to that of the
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difference in the median between the HV and MS groups (*:p<.0.0055 after Bonferroni correction). HY = healthy volunteers, MS = multiple sclerosis.
doi:10.1371/journal.pone.0111598.9001
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Figure 2. 'C-acetate uptake distribution and quantification in MS patients. (A)Spatially normalized group mean images of ''C-acetate
SUVt automatically segmented based on MRI. VOI analysis summarizing the mean SUVt in WM (B) and GM (C), and the WM/GM SUV ratio (D) in the HV
and MS groups. The identical analysis performed using spill-in-free VOIs are also shown (E-G). The p-value was calculated using the analysis of
covariance to adjust the variance of age. (H) The SPM analysis result is overlaid onto the T1-weighted brain MRI template. Colored voxels indicate T-
scores representing significantly increased ''C-acetate uptake (SUVY) in patients with MS compared to HV patients. The spatially normalized PET
images were smoothed for the analysis using a 12-mm FWHM isotropic Gaussian kernel. The significance thresholds are corrected for multiple
comparisons at the cluster level with a p-value of 0.05 (family-wise error correction). SUV: standardized uptake value.
doi:10.1371/journal.pone.0111598.g002
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The increased uptake was more pronounced in the WM,
although a significant increase was observed in both the WM and
GM. A significantly increased uptake was observed primarily
within the subcortical WM on the voxel-based statistical analysis
(Fig. 2H). On the voxel-based statistical analysis of the WM tracts,
the distribution of the increased acetate uptake was similar to that
in regions of axonal damage in DTI studies (Table S2). Recent
voxel- and tract-based analyses in DTI studies revealed wide-
spread damage to the subcortical WM, particularly in the sagittal
stratum, corpus callosum, posterior thalamic radiation, and corona
radiata [29]. These data suggested that the region-dependent
increased acetate uptake was induced by the reactive astrocyte
coexisting with heterogeneously dispersed MS lesions detected in
DTI studies (Fig. 2H and Table S2). Although inflammatory WM
demyelination detected by conventional MRI is a cardinal feature
of MS, pathologic changes exist even in normal appearing WM
and GM [30]. Astrocyte pathology precedes demyelination in an
animal model [31]; astrocyte hypertrophy occurs at the leading
edge of acute MS lesions, followed later by astrocytic scarring [8].
Thus, the altered astrocyte activation is presumably involved in
MS pathophysiology [4,7,32]. Correlation between the radial
diffusivity quantified by DTI and T1 black hole formation are
recognized markers of axonal loss and tissue destruction [33,34].
In the present study, the strongest correlation was detected
between the mean SUV in WM and the T1 black hole number,
suggesting that the mean SUV may correlate with axonal damage.
The mean SUV in GM also increased and correlated with the
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number of MRI lesions, suggesting cortical astrocyte involvement
in MS pathology. Cortical involvement and subsequent cognitive
decline occur in approximately half of MS patients [35]. However,
little information exists on the pathophysiologic involvement of
cortical astrocytes [36]. Normally, astrocytes supply lactate to
neurons for oxidation [37], and metabolic dysfunction of neurons
and ghal cell activation likely occurs in the MS brain [25].
Moreover, astrocytes are associated with preclinical axonal
damage in an animal model of MS [38]. These results suggest
that the increased ''C-acetate uptake within GM may reflect
astrocyte-associated cortical damage in MS.

The present study has a few limitations. First, ''C-acetate
uptake in MS plaques was not assessed separately because most
plaques were so small that a partial volume effect caused by the
relatively low resolution of PET was inevitable. Second, the
analysis was performed on static PET data instead of kinetic
parameters. In the present study, the data acquired between 20 to
40 min after tracer administration were summed to build static
uptake images because the time activity curve stabilized after
20 min (data not shown). Regional uptake distribution may be
contaminated by the dispersion of radioactive metabolites.
However, in our study, 1-"'C-acetate was used, and its dispersion
of labeled metabolites was the smallest among the various types of
acetate tracers [39,40]. In addition, because almost all the tracer
was first absorbed through MCT-1 expressed within astrocytes
according to their reactivity, the summed radioactivity is thought
to reflect the first uptake of ''C- acetate and its subsequent
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metabolism by reactive astrocytes. Finally, because the mean age
was higher in the control group than in the MS group, we used the
ANCOVA to assess the differences among the age-adjusted SUVL
Although the mean age of MS patients was generally lower than
that of the healthy volunteers, age did not significantly affect the
increased uptake of ''Cracetate in MS patients.

Conclusions

The present study suggests that the pathologic white matter
changes in patients with MS can be detected by non-invasive static
"C-acetate PET, which may be an effective MS diagnostic tool,
Development of clinically applicable monocarbonic acid tracers
labeled with longer half-life radioactive nuclides are needed, as are
further studies enrolling more participants, including those in the
early and relapse phases.

Supporting Information

Figure S1 Binary mask imaging parameters for VOI
analysis. The scheme of VOI analysis is described. A: ''C-
acetate PET, B: 3D MRIL, C: Co-registration, D: Spatial
normalization to the MNI space, E/I Segmented GM/WM
map in the MNI space, G/H: GM/WM binarized mask in the
original space of the subject, 1/]: Eroded version of G/H for spill-
in-free VOI analysis, K-N: GM/WM masks overlaid onto PET in
the original space of the subject. MINI: montreal neurological
institute. £ Transformation matrix for spatial normalization, "
Inverse of the transformation.

(TIF)
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