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Fig. 4 IL-6-induced activation of ERK was enhanced by blocking
the STAT3 signaling pathway, and IL-6-induced ERK and Akt
signaling pathways negatively regulated each other reciprocally.
a MC3T3-El cells were stimulated with 10 ng/ml IL-6 and 100 ng/ml
sIL-6R (15 min) after pretreatment either with PHPS1 (5, 20, 40 puM;
1 h), with U0126 (5 pM; [ h), or with V Stattic (5 uM; 1 h), and the
cell lysates were subjected to Western blotting. PHPS1 inhibited IL-6-
induced phosphorylation of ERK and Akt to the constitutive level, but

The negative effect of IL-6/sIL-6R on the expression of
osteoblastic genes (Runx2, osterix and osteocalcin) was
also restored by treatment with either U0126, LY294002,
or PHPS1 in a dose-dependent manner, while it was
enhanced by treatment with V Stattic (Fig. 5b). Moreover,
a high dose of PHPSI1, 20 pM, caused significantly
upregulated expression of osteocalcin.

For mineralization of ECM, the negative effect of IL-6/
sIL-6R was restored by treatment with either U0126,
LY294002, or PHPS1. As with ALP activity and osteo-
blastic gene expression, the negative effect of IL-6/sIL-6R
on mineralization was enhanced by treatment with V
Stattic (Fig. 6a, b). ALP activity, osteoblastic gene
expression, and mineralization of ECM in cells treated only
with each inhibitor demonstrated the same behavior
(Figs. 5, 6).

Furthermore, the negative effects of ALP activity,
osteoblastic gene expression and mineralization of ECM by
stimulation with IL-6/sIL-6R were compared for levels in
the presence and in the absence of each inhibitor. The

@ Springer

b

LY294002(uM) —

98

IL-6
treating time
(minutes)

15

vehicle IL-6 10ng

P-STAT3

P-AKt o

P-ERK

Akt

ERK

B actin

Uo126(uM)

not of STAT3. IL-6-induced activation of ERK was enhanced by V
Stattic. b MC3T3-El cells were treated with vehicle or with 10 ng/ml
IL-6 and 100 ng/ml sIL-6R (15 min) after pretreatment either with
U0126 (5 pM; 1 h) or with LY294002 (10 uM; 1 h), and the cell
lysates were subjected to Western blotting. Both constitutive and IL-
6-induced phosphorylation of Akt and ERK were enhanced by
treatment with U0126 and LY294002, respectively. Representative
data from at least three independent experiments are shown

negative effects on osteoblast differentiation by IL-6/sIL-
6R showed a tendency to decrease in the presence of each
inhibitor, as compared to the absence of inhibitors (Figs. 5,
6). The negative effects were decreased by 15-44, 20-61,
7-140, and 21-80 % in the presence of U0126, L.Y294002,
PHPS1 and V Stattic, respectively, as compared to the
absence of inhibitors. These results indicate that the effects
of IL-6/sIL-6R on osteoblast differentiation might be
mediated either by MEK/ERK, PI3K/Akt, or JAK/STAT3
pathways.

Knockdown of MEK?2 and Akt2 via siRNA transfection
restores ALP activity and Runx2 gene expression

To further confirm the effects of MEK and Akt inhibition
on osteoblast differentiation in MC3T3-E1 cells, we stud-
ied cell differentiation after knockdown of MEK and Akt.
For each protein, RNAs of two isoforms were separately
blocked: MEK1 and MEK2 for MEK, and Aktl and Akt2
for Akt.
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The protein expression level of each molecule was
found to be diminished selectively at 48 h after trans-
fection of the respective siRNAs (Fig. 7a). The ALP
activity in MC3T3-E1 cells treated with IL-6/sIL-6R was
restored by knockdown of MEK2 and Akt2 as compared
to that in cells transfected with negative control siRNA.
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On the other hand, knockdown of MEK1 and Aktl
enhanced the negative effects of IL-6/sIL-6R on ALP
activity (Fig. 7b) (ALP activity after transfection with
each siRNA without IL-6/sIL-6R demonstrated the same
behavior; Fig. 7b) Quantitative real-time PCR analysis
revealed that the gene expressions of Runx2, osterix, and
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Fig. 6 The negative effect of IL-6 on mineralization of ECM was
restored by inhibition of MEK, PI3K, and SHP2, while it was
enhanced by inhibition of STAT3. MC3T3-El cell were pretreated
either with U0126 (1 uM; 1 h), LY294002 (1 pM; 1 h), PHPS1
(20 uM; 1 h), or V Stattic (2.5 pM; 1 h), then stimulated with either
10 ng/ml IL-6 and 100 ng/ml sIL-6R or with vehicle and incubated
for 21 days. a After fixation, the cells were stained with alizarin red
solution. The reduction of alizarin red staining by IL-6/sIL-6R was
restored in cells treated with either U0126, 1.Y294002, or PHPSI,
while it was enhanced in those treated with V Stattic. b Quantification

osteocalcin were restored by knockdown of MEK2. On
the other hand, knockdown of Akt2 also restored Runx2,
but decreased osteocalcin expression (Fig. 7c¢), while
knockdown of Akt2 without IL-6/sIL-6R caused no sig-
nificant difference in Runx2 expression (Fig. 7b). As was
recognized for ALP activity, knockdown of MEKI and
Aktl enhanced the downregulation of osteocalcin
expression (Fig. 7b, c). Also, the negative effects of IL-6/

@ Springer

100

of matrix mineralization was by measurement of absorbance for
alizarin red normalized by total DNA content. The reduction of
matrix mineralization by IL-6/sIL-6R was restored in cells treated
with either U0126, LY294002, or PHPS1, while it was enhanced in
those treated with V Stattic. Representative data from at least three
independent experiments are shown. Data are shown as mean =+ SE.
n.s. not significant; *P < 0.05; *P < 0.001; **P < 0.001, compared
to the group treated with vehicle. *P < 0.05; **P < 0.001;
#*%P < 0.001, compared to group treated with IL-6/sIL-6R

sIL-6R on osteoblast differentiation showed some ten-
dency to decrease with each knockdown compared to
those without knockdown. The negative effects were
decreased by 2-24, 4-27, 7-43, and 21-26 % with
knockdown of MEK1, MEK2, Aktl, and Akt2, respec-
tively, as compared to those without knockdown. These
results indicate that IL-6 may suppress osteoblast differ-
entiation through MEK2 and Akt2.
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Fig. 7 Knockdown of MEK2 and Akt2 in cells transfected with
siRNA restored ALP activity and Runx2 gene expression. a MC3T3-
E1 cells transfected with respective siRNAs were cultured for 48 h.
Western blotting was performed using cell lysates stimulated with
vehicle or with 20 ng/ml IL-6 and 100 ng/ml sIL-6R (15 min).
Expression levels of each protein, MEK1, MEK2, Aktl, and Akt2,
were selectively diminished at 48 h after transfection with respective
siRNAs. b MC3T3-E1 cells transfected with respective siRNAs were
incubated for 48 h after which the medium was changed to
differentiation medium with vehicle or with 20 ng/ml IL-6 and
100 ng/ml sIL-6R. The cells were then incubated for 3 days to
evaluate osteoblast differentiation. ALP activity in MC3T3-El cells
treated with IL-6/sIL-6R was restored by knockdown of MEK?2 and

NC NC MEK1MEK1 MEK2 MEK2 Akt1 Akt1 Akt2 Aki2

+

Akt2 as compared to that in cells transfected with negative control
siRNA. ¢ Expression of osteoblastic genes in MC3T3-El cells
transfected with respective siRNAs was assessed by real-time PCR.
The expression of each gene was normalized against GAPDH
expression. The gene expressions of Runx2, osterix, and osteocalcin
were restored by knockdown of MEK2. Knockdown of Akt2 also
restored Runx?2, but decreased osteocalcin. Representative data from
at least three independent experiments are shown. Data are shown as
mean + SE. n.s. not significant; *P <0.05; *p< 0.001;
###p < 0.001, compared to negative control group treated with
vehicle. *P < 0.05; **P < 0.001; ***P < 0.001, compared to neg-
ative control group treated with IL-6/sIL-6R
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IL-6/sIL-6R inhibits the differentiation of primary
murine calvarial osteoblasts by activating
phosphorylation of ERK, Akt2, and STAT3

Experiments were repeated with murine calvarial osteo-
blasts isolated from the calvariae of 3-day-old C57BL/6
mice. As was recognized in MC3T3-E1 cells, IL-6 inhib-
ited ALP activity (Fig. 8a), the expression of osteoblastic
genes (Fig. 8b), and mineralization (Fig. 8c, d) in a dose-
dependent manner. Furthermore, IL-6 induced phosphory-
lation of ERK, Akt2, and STAT3 (Fig. 8e), which was
exactly the same as with MC3T3-E1 cells.

Discussion

We examined the effects of IL-6 and its soluble receptor on
the proliferation and differentiation of murine MC3T3-E1
osteoblastic cells and primary murine calvarial osteoblasts.
Our results showed that they significantly reduced ALP
activity, bone mineralization, and expression of the osteo-
blastic genes Runx2 osterix and osteocalcin, in a dose-
dependent manner. From these experiments, we clearly
demonstrated that IL-6 inhibited osteoblast differentiation
of MC3T3-El cells and primary murine calvarial
osteoblasts.

It has been demonstrated that the JAK/STAT?3 signaling
pathway has important roles both, in vivo and in vitro, in
the differentiation of osteoblasts [37, 38]. Our results are
consistent with previous reports and imply that the acti-
vation of STAT3 induced by IL-6 may induce osteoblast
differentiation.

IL-6 activates another major intracellular signaling
pathway, SHP2/ERK, and can also lead to the activation of
an additional signaling cascade involving SHP2/PI3K/Akt.
IL-6-induced activation of PI3K and downstream protein
kinase Akt/PKB has been reported to play important roles
in the proliferation of prostate cancer cells [30, 31], hep-
atoma cells [32], and multiple myeloma cells [29]. They
were also reported to associate with neuroendocrine dif-
ferentiation of prostate cancer cells induced by IL-6 [32].
In this study, we focused on the PI3K/Akt pathway trig-
gered by IL-6, because no reports have demonstrated the
role of IL-6 in the activation of PI3K/Akt signaling path-
way in osteoblasts. We have demonstrated for the first time
that IL-6-induced activation of Akt2, one of the down-
stream pathways of SHP2, may be a key player in the
negative regulation of osteoblast differentiation induced by
IL-6. Among the three isoforms of Akt, Aktl and Akt2 are
highly expressed in osteoblasts [39]. Mice lacking Aktl,
the major isoform in bone tissue, exhibit osteopenia [40,
41], and the impact of Aktl deficiency in osteoblast dif-
ferentiation and bone development have also been
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published [39, 42-44], all of which are consistent with our
results showing that knockdown of Aktl signaling by
SiRNA inhibited osteoblast differentiation. In contrast,
Mukherjee et al. [44] reported enhanced osteogenic dif-
ferentiation in the absence of Aktl in cell lines. Moreover,
they reported that Akt2 was required for BMP2-initiated
osteoblast differentiation of cultured murine mesenchymal
stem cells, but that Akt1 was dispensable in this assay [45],
which is inconsistent with our results showing that
knockdown of Akt2 signaling by siRNA promoted osteo-
blast differentiation. These discrepancies might be due to
the difference between cell types, i.e. intramembranous
(calvariae) cells and endochondral (long bones) cells.

In this study, gene expression of osteocalcin, a late
osteoblastic differentiation marker, was upregulated by
treatment with a PI3K/Akt inhibitor, but was downregu-
lated by knockdown of both Aktl and Akt2. Moreover, a
complete blockade with a high dose (more than 10 uM) of
the PI3K/Akt inhibitor conversely downregulated the
expression of osteocalcin (data not shown). This discrep-
ancy may be due to the difference between the temporary
or partial blockade by the inhibitor and constitutive
knockdown by siRNA. Since bone formation has been
reported to increase without impairment of mineralization
and resorption even in osteocalcin-deficient mice [46], the
expression of osteocalcin may not directly affect bone
formation.

We have previously reported that osteoblast differenti-
ation was significantly promoted by MEK inhibitor in
BMP-2-treated C2C12 cells and MC3T3-E1 cells [47]. Our
findings in the present study are consistent with our pre-
vious report and others [47—49] at the point that IL-6-
induced activation of ERK significantly downregulated
osteoblast differentiation. In addition, our results suggest
that there might be different roles in osteoblast differenti-
ation between MEKI1 and MEK?2. Constitutively active
expression of MEK1 has been reported to accelerate bone
development both in vitro [50] and in vivo [51], which is
consistent with the results showing that knockdown of
MEKI1 inhibited osteoblast differentiation in the present
study. As for MEK2, there are no reports concerning its
roles in osteoblast differentiation, and we are the first to
demonstrate that MEK2 may also be a key player in the
negative regulation of osteoblast differentiation induced by
IL-6. The effects of an MEK inhibitor that inhibits both
MEKI1 and MEK?2 on bone formation are still controversial
[52]. These controversies might be due to different roles
played between MEK1 and MEK?2 in osteoblast differen-
tiation, and the effects of MEK inhibitors could depend on
which pathway is predominantly inhibited in each study.

With respect to intracellular signaling pathways, our
results showed that IL-6 triggers three signaling pathways,
one of which has a conflicting function with the others.
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Fig. 8 IL-6/sIL-6R inhibited the differentiation of primary murine
calvarial osteoblasts with the activated phosphorylation of ERK,
Akt2, and STAT3. a ALP activity of lysates of murine calvarial
osteoblasts treated with or without IL-6/sIL-6R for 6 days was
measured using p-nitrophenylphosphate as a substrate. IL-6/sIL-6R
significantly reduced ALP activity in a dose-dependent manner.
b Total RNA was extracted from murine calvarial osteoblasts treated
with or without IL-6/sIL-6R for 6 days, and real-time PCR for Runx2,
osterix, and osteocalcin was performed. Data were normalized to
GAPDH expression and are shown as the ratio of gene expression as
compared to control cells treated with vehicle. The expression of
osteoblastic genes was significantly downregulated by IL-6/sIL-6R in
a dose-dependent manner. ¢ Murine calvarial osteoblasts were treated
with or without IL-6/sIL-6R and were cultured for 21 days. After

fixation, the cells were stained with alizarin red solution. Apparently
significant reduction of alizarin red staining was recognized in cells
treated with either 10 or 50 ng/ml IL-6. d Matrix mineralization was
quantified by measurement of absorbance for alizarin red normalized
by total DNA content. IL-6/sIL-6R significantly inhibited minerali-
zation of ECM in a dose-dependent manner. e Primary murine
calvarial osteoblasts were treated with vehicle or 10 or 50 ng/ml IL-6
and 100 ng/ml sIL-6R in a time-course experiment (5, 15, and
30 min). Western blotting was performed using cell lysates. IL-6
significantly induced the phosphorylation of ERK, Akt2, and STAT3
in a dose-dependent manner. Representative data from at least three
independent experiments are shown. Data are shown as mean + SE.
n.s. not significant; *P < 0.05; **P < 0.001; ***P < 0.001
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Fig. 9 Schematic presentation
of signaling pathways involved
in osteoblast differentiation
induced by IL-6. IL-6-induced
novel SHP2/MEK2/ERK and
SHP2/PI3K/Akt2 signal
crosstalk in osteoblastic cells;
ERK and Akt signaling
pathways, both of which are
downstream of SHP2,
negatively regulate each other
reciprocally. On the other hand,
the STAT3 signaling pathway
negatively regulates the ERK
signaling pathway. MEK2/ERK
and PI3K/Akt2 have negative
effects on osteoblast
differentiation, whereas STAT3
has a positive effect. Overall,
IL-6 inhibits osteoblast
differentiation through MEK2
and Akt2 signaling pathways

Signal cross-talk

Osteoblast
differentiation

Total effect

SHP2/ERK and SHP2/Akt2 negatively affects osteoblast
differentiation, whereas JAK/STAT3 positively affects it
(Fig. 9). In other cells, it is often that simultaneous acti-
vation of the SHP2/ERK and JAK/STAT3 cascades gen-
erate opposing, or at least different signals. In osteoclasts,
for example, SHP2/ERK activation inhibits osteoclasto-
genesis [53], whereas STAT3 is a pro-osteoclastic mole-
cule after phosphorylation on serine727 [54]. In myeloid
leukemic M1 cells, STAT3 induces differentiation in vitro
[55], whereas the SHP2/ERK pathway promotes their
proliferation [56]. These examples suggest that the inte-
gration of opposing activities transduced by more than one
pathway could provide a biologically balanced state in the
end, leaving availability to respond to another physiologi-
cal situation. Indeed, Hirano and colleagues [57] have
proposed a “signaling orchestration” model in a single cell,
where the balance or interplay of simultaneously generated
contradictory signals eventually determines the biological
outcome. Thus, the inconsistent results regarding the
effects of IL-6 on osteoblast differentiation in previous
reports could be explained by which intracellular signaling
pathway was predominantly activated in each study. The
balance of three signaling pathways could be influenced by
such conditions as the variety of cultured cells, the stage of
cell differentiation, and the employed culture conditions.
To the best of our knowledge, this is the first report of
signal crosstalk in which IL-6-induced ERK and Akt sig-
naling pathways negatively regulated each other in cultured
osteoblastic cells. In this study, however, cancellation of the
negative effects of IL-6/sIL-6R on osteoblast differentiation
by inhibitors was incomplete as compared to the absence of
inhibitor (Figs. 5, 6). This might be because ERK, Akt and
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STAT?3 are all critical pathways in osteoblast differentiation
even in the absence of IL-6/sIL-6R, and even though one
pathway is blocked, another pathway is enhanced by reci-
procal regulation in the crosstalk between IL-6-activated
signaling pathways (Fig. 9). Our results demonstrated that a
STAT3 inhibitor significantly enhanced IL-6-induced acti-
vation of ERK and SHP2, but not of Akt (Fig. 4a). SHP2
could predominantly lead to the activation of the ERK
signaling pathway as compared to Akt, and the enhanced
signaling of ERK may restrain the enhancement of the Akt
signaling pathway in a negative feedback manner.

The results obtained from the present study show that
SHP2, MEK and PI3K inhibitors would be of potential use
for the treatment of osteoporotic changes in RA patients. In
particular, SHP2 inhibitors not only could inhibit the
negative effect of IL-6-induced MEK/ERK and PI3K/Akt2
signaling, but also enhance the positive effect of IL-6-
induced STAT3 signaling on osteoblast differentiation
[37]. However, since a pro-inflammatory effect of STAT3
on synovitis has been reported [36, 58], selective inhibition
of MEK2 and Akt2 signaling in osteoblasts may be more
promising in order to avoid the ephancement of synovitis
and consequent joint destruction.

In conclusion, our study provides new insights in the
pathophysiology as well as potential treatment options for
bone loss in RA, focusing on osteoblast differentiation
in vitro. Our results demonstrated that IL-6 could inhibit
osteoblast differentiation through MEK2/ERK and PI3K/
Akt2 signaling pathways, both of which are SHP2-depen-
dent downstream signaling pathways.
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Retinoic acid (RA) is an active metabolite of vitamin A and plays important roles in embryonic develop-
ment. CYP26 enzymes degrade RA and have specific expression patterns that produce a RA gradient,
which regulates the patterning of various structures in the embryo. However, it has not been addressed
whether a RA gradient also exists and functions in organs after birth. We found localized RA activities in
the diaphyseal portion of the growth plate cartilage were associated with the specific expression of
Cyp26b1 in the epiphyseal portion in juvenile mice. To disturb the distribution of RA, we generated mice
lacking Cyp26b1 specifically in chondrocytes (Cyp26b14"°" cKO). These mice showed reduced skeletal
growth in the juvenile stage. Additionally, their growth plate cartilage showed decreased proliferation
rates of proliferative chondrocytes, which was associated with a reduced height in the zone of prolifer-
ative chondrocytes, and closed focally by four weeks of age, while wild-type mouse growth plates never
closed. Feeding the Cyp26b1 cKO mice a vitamin A-deficient diet partially reversed these abnormalities of
the growth plate cartilage. These results collectively suggest that Cyp26b1 in the growth plate regulates
the proliferation rates of chondrocytes and is responsible for the normal function of the growth plate and
growing bones in juvenile mice, probably by limiting the RA distribution in the growth plate proliferating
zone.

Keywords:
Retinoic acid
Growth plate
Cyp26b1
Chondrocytes

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Retinoic acid (RA) is an active metabolite of vitamin A and plays
important roles in embryonic development. The concentration of
RA is controlled by the balance between its synthesis by retinalde-
hyde dehydrogenase (RALDH) and its degradation by CYP26
enzymes. CYP26s are a group of P450 enzymes that metabolize
RA to inactive forms [1-3]. Both RALDH and Cyp26 have specific
expression patterns and produce a RA gradient [4]. This RA

Abbreviations: RA, retinoic acid; RARE, RA-responsive elements; Cyp26b14cmon
¢KO, 11Enh-Cre Cyp26b17°¥fox conditional knockout.
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gradient regulates the patterning of the anterior-posterior axis of
various structures, including the hindbrain and paraxial mesoderm
[5]. The RA gradient also regulates the proximodistal patterning
and outgrowth of the developing limbs. Cyp26b1 is expressed in
the distal region of developing limb buds, and mice that lack
Cyp26b1 show severe limb malformation due to the spreading of
the RA signal toward the distal end of the developing limb, causing
abnormal patterning of limb skeletal elements [6]. However,
whether this RA gradient also regulates the growth and mainte-
nance of organs after birth has not been addressed.

The growth plate cartilage is where bone growth occurs in juve-
niles. Growth plate cartilage is located in the metaphysis at each
end of long bones. Chondrocytes residing at the epiphyseal side
in the growth plate cartilage proliferate and subsequently undergo
hypertrophy just after stopping proliferation. As a result,
chondrocytes change from proliferating chondrocytes on the
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epiphyseal side to hypertrophic chondrocytes on the diaphyseal
side of growth plate cartilage. The hypertrophic chondrocytes
residing at the diaphyseal end of the growth plate cartilage subse-
quently die, and the hypertrophic cartilage is degraded and gradu-
ally replaced by bone. Through this mechanism, the bone becomes
elongated. Thus, strict regulation of chondrocyte proliferation and
hypertrophic differentiation is necessary for the normal growth of
bones.

In juveniles, focal closures of the growth plate in the distal tibia
[7], the proximal tibia [8], the distal tibia, elbow, proximal femur
and distal femur [9] are caused by the treatment of acne with ret-
inoids [7] or the treatment of hyperkeratinosis with cis-retinoic
acid [8,9]. In guinea pigs, the application of RA caused closure of
the growth plates in the proximal tibia [ 10]. These clinical and pre-
clinical manifestations indicate that vitamin A and its metabolites
play important roles in the bone growth of juveniles. The RA signal
has been shown to regulate bone growth after birth. The deletion
of RA receptors (RAR) in chondrocytes disturbs skeletal growth
due to abnormal chondrocyte differentiation and disturbed matrix
synthesis within the growth plates in mice [11]. Additionally, a
localized distribution of RA was detected in the growth plate carti-
lage of the ribs of three-week-old rabbits [ 12]. However, it remains
to be determined how RA regulates the bone growth of juveniles.
In this study, we found that the expression of Cyp26b1 specifically
in the proliferative chondrocyte zone was associated with localized
RA activities in the zone of hypertrophic chondrocytes in the
growth plate cartilage of juvenile mice. To disturb the distribution
of RA, we inactivated Cyp26b1 in the growth plate using Cyp26b1
conditional knock~out mice. The resulting mouse phenotype sug-
gests that Cyp26b1 within the growth plate regulates the prolifer-
ation rates of chondrocytes and bone growth in juveniles.

2. Materials and methods
2.1. Animals and PCR genotyping procedures

RARE-LacZ mice were a gift from Dr. Janet Rossant [13]. To
generate Cyp26b1 conditional knockout mice, 11Enh-Cre transgenic
mice [14,15] and Cyp26b17°*/1°% mice [16] were prepared and
mated to generate 11Enh-Cre; Cyp26b1"Y* mice. Then, the
11Enh-Cre; Cyp26b17°%* and Cyp26b11°/"* mice were intercrossed,
and the 11Enh-Cre; Cyp26b1"¥/9* mice were considered condi-
tional knockout (Cyp26b14<°" ¢KO) mice. The 11Enh-Cre;
Cyp26b1"°* mice were used as controls.

For genotyping, genomic DNA was isolated from the tail tips or
embryonic skin and subjected to PCR analysis, according to a pre-
viously described method for the Cre transgene [14] and Cyp26b1
allele [16].

2.2. Frozen sectioning and laser capture microdissection (LMD)

Mouse hindlimbs were harvested without fixation and were
immediately embedded in SCEM compound (SECTION-LAB, Hiro-
shima, Japan). Frozen sections were prepared at 6-um thickness
with a Cryofilm type 2c(9) (SECTION-LAB) using a CM3050S
cryomicrotome (Leica), according to the method described by
Kawamoto [17]. The sections were briefly fixed with 100% ethanol.
Semiserial sections were then stained with hematoxylin and eosin.

For LMD, frozen sections were prepared with LMD film (SEC-
TION-LAB) using a cryomicrotome. The sections were freeze-dried
in the cryostat chamber at —25 °C for one hour and briefly fixed
with 100% ethanol. The proliferative zone and hypertrophic zone
in the growth plate were individually captured and microdissected
from cryosections using a Leica LMD7000 device (Leica) and put
onto the dip of the lid of 0.5 ml tubes with cold TRIzol (Life
Technologies, Tokyo, Japan).
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2.3. Real-time RT-PCR

RNA was extracted from the collected samples using RNeasy
Mini Kits (Qiagen, Tokyo, Japan). The total RNA was digested with
DNase to eliminate any contaminating genomic DNA. For real-time
quantitative RT-PCR analyses, 1 pg of total RNA was reverse-tran-
scribed into first-strand cDNA using ReverTra Ace (Toyobo, Osaka,
Japan) and random primers. The PCR amplification was performed
in a reaction volume of 20 pl containing 2 11l of cDNA, 10 pul of SYBR
FAST ¢PCR Master Mix (Kapa Biosystems, Tokyo, Japan) and
7900HT (Applied Biosystems). The RNA expression levels were
normalized to the level of Gapdh expression. The primers used
are listed in Table 1.

2.4. Staining of the skeleton

Mouse limbs were dissected, fixed in 100% ethanol overnight
and then stained with Alcian blue, followed by Alizarin red S solu-
tion, according to standard protocols [18].

2.5. Histological analysis

Mouse limbs were dissected, fixed in 4% paraformaldehyde,
processed and embedded in paraffin. For the immunohistochemi-
cal analysis, sections were incubated with an anti-CYP26B1
antibody (Scrum Inc., Tokyo, Japan) and an anti-type X collagen
antibody (COSMO BIO CO., Ltd., Tokyo, Japan). Immune complexes
were detected using secondary antibodies conjugated to Alexa
Fluor 555 and Alexa Fluor 546, respectively.

2.6. BrdU staining

Mice were intraperitoneally injected with BrdU labeling
reagent (10 pl/g body weight) (Zymed Laboratories Inc., South
San Francisco, CA) two hours before being sacrificed. The mice
were then dissected and sectioned. The incorporated BrdU was
detected using a BrdU staining kit (Zymed Laboratories, Inc., South
San Francisco, CA) to distinguish actively proliferating cells.
The mean number of BrdU-positive cells/total cells + standard
deviation (S.D.) was calculated.

2.7. Microscope

Images were acquired on an inverted microscope (Eclipse Ti;
Nikon) equipped with cameras (DS-Fi1; Nikon and C4742-80-12AG;
Hamamatsu photonics) and the NIS Elements software program
(Nikon).

Table 1
Primer sequences used in this study.

Primer Sequence (5-3')
Col2al S TTGAGACAGCACGACGTGGAG
-Col2al AS AGCCAGGTTGCCATCGCCATA
Col10al S GGTGTGAATGGGCGGAAAG
Col10al AS GCTTCCCAATACCTTCTCGTC
MMP13 S TGTTTGCAGAGCACTACTTGAA
MMP13 AS CAGTCACCTCTAAGCCAAAGAAA
Runx2 S CCGCACGACAACCGCACCAT
Runx2 AS CGCTCCGGCCCACAAATCTC
Beta galactosidase S CTCAAACTGGCAGATGCACGGT
Beta galactosidase AS CGTTGCACCACAGATGAAACGC
Cyp26b1 S GCAAGATCCTACTGGGCGAAC
Cp26b1 AS TTGGGCAGGTAGCTCTCAAGT
Gapdh S AAGCCCATCACCATCTTCCAGGAG
Gapdh AS ATGAGCCCTTCCACAATGCCAAAG
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Fig. 1. Regulated RA distribution along the long axis of long bones within the growth plate cartilage. (A) We microdissected the growth plate cartilage of the proximal tibia to
* obtain chondrocytes from the proliferative zone (PCZ) and hypertrophic zone (HCZ) from RARE-LacZ mice at 2.5 weeks after birth. Left, a semiserial section was stained with
hematoxylin and eosin. Right, a residual section after microdissection. (B) RNAs were extracted from cells in the proliferative chondrocyte zone (PCZ) and cells in the
hypertrophic chondrocyte zone (HCZ), which were respectively obtained by microdissection, and were subjected to a real-time RT-PCR expression analysis for the genes
indicated at the top of each graph. *P < 0.01 (n = 5). (C) Histological sections of growth plate cartilage from the proximal tibias from three-week-old mice were immunostained
with an anti-CYP26B1 antibody (Red). Bar: 100 pm. (D) A schematic representation of the RA concentration and Cyp26b1 expression within the growth plate cartilage.
Regulated RA activities were found along the long axis of the long bone within the growth plate cartilage and attributed to the localized expression of CYP26B1 in the

proliferative chondrocyte zone.

2.8. Statistical analyses

Data are shown as the means and S.D. Student’s t-test was used
to compare data. P values <0.05 were considered statistically
significant.

3. Results
3.1. Localized expression of Cyp26b1 and regulation of RA activities
along the direction of bone elongation within the growth plate

cartilage

To test our hypothesis that a RA gradient exists within the
growth plate cartilage, we employed RARE-lacZ transgenic mice,

in which lacZ is expressed under the control of RA-responsive
elements (RARE) [13]. Because trabecular bone shows high
background galactosidase activities, it is difficult to detect transgene-
specific lacZ activities in bone, especially after birth. Therefore,
we microdissected the growth plate cartilage, obtained cells from
the proliferative chondrocyte and hypertrophic zones (Fig. 1A),
and subjected them to an analysis of the expression of the lacZ
transgene mRNA by real-time RT-PCR. The expression analysis of
proliferative and hypertrophic chondrocyte markers confirmed
that cells were isolated appropriately by microdissection
(Fig. 1B). LacZ was much more highly expressed in the hypertro-
phic chondrocytes than in the proliferative chondrocytes
(Fig. 1B). Interestingly, we detected a much higher level of Cyp26b1
mRNA expression in the proliferative chondrocytes than in the
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Fig. 2. The skeletal phenotype of 11Enh-Cre; Cyp26b17¥°* (Cyp26bh14'°") cKO mice and 11Enh-Cre; Cyp26b17°¥* control mice. (A) The gross appearances of mice three weeks
after birth. Cyp26b17°"°" cKO mice exhibited dwarfism with a short snout. Bar: 1 cm. (B) X-ray images of mice three weeks after birth. (C) The skeletons of the forelimbs of
mice three weeks after birth. Alcian blue/Alizarin red staining. Bar: 5 mm. (D) The lengths of the tibiae at one, two, three and four weeks after birth. *P < 0.05; **P < 0.01 (n = 5).

(E) Lengths of the humeri, femurs and tibiae three weeks after birth. "P<0.01 (n =5).

hypertrophic chondrocytes (Fig. 1B). Accordingly, immunohisto-
chemical analysis showed that CYP26B1 was expressed more
abundantly in proliferative chondrocytes than in hypertrophic
chondrocytes (Fig. 1C). These results suggest that regulated RA dis-
tribution along the direction of the bone elongation exists within
the growth plate cartilage and is generated by the exclusive local-
ization of CYP26B1 in the proliferative chondrocyte zone (Fig. 1D).

3.2. Cyp26b1 deletion in chondrocytes disturbs the bone growth in
Jjuveniles

To disturb the distribution of RA, we deleted Cyp26b1 in the
proliferative chondrocytes of the growth plate cartilage by gener-
ating 11Enh-Cre; Cyp26b1/¥fex conditional knockout (Cyp26bh14con
cKO) mice. The 11Enh-Cre transgene directed Cre expression in the
proliferative chondrocytes after the completion of skeletal pattern-
ing under the control of the promoter/enhancer sequence of the
type Xl collagen o2 chain gene (Col11a2) [14,15]. Cyp26b14chon
cKO mice showed normal skeletal patterning, skeletal develop-
ment and bone length until one week after birth. However, at three
weeks after birth, they started to show a chondrodysplasia pheno-
type that included dwarfism and a short snout (Fig. ZA and B). A
precise examination of the lengths of skeletal elements revealed

a gradual decrease in the lengths of bones compared to control
mice beginning from two weeks after birth (Fig. 2C-E), and all long
bones in the Cyp26h14"°™ cKO mice were shorter than those in the
controls at three weeks after birth.

To analyze the mechanism responsible for the shorter bones in
the Cyp26b14°™°™ cKO mice, we performed a histological analysis of
their growth plates. We noticed a slight decrease in the height of
the proliferative chondrocyte zone at two weeks after birth
(Fig. 3A, top row). The height of the proliferative chondrocyte zone
was significantly decreased at three weeks after birth, especially at
the central portion (Fig. 3A, middle row, and Fig. 3B). Immunohis-
tochemistry using an anti-type X collagen antibody revealed that
the location of the hypertrophic cartilage zone that produced type
X collagen was shifted toward the epiphysis in Cyp26b1 cKO mice,
clarifying the decreased height of the zone of proliferative chon-
drocytes (Fig. 3C) to the central portion.

The growth plate was closed at the central portion at four weeks
after birth (Fig. 3A, bottom row), and growth plate closure was rec-
ognized in all bones examined, including the tibia, humerus and
femur (Fig. 3A and D). BrdU labeling analysis revealed significantly
decreased proliferation rates of the proliferative chondrocytes
when the mice were one and three weeks old (Fig. 4A-C). These
results suggest that the decreased proliferation rates of the
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Fig. 3. Histological analysis of the growth plate cartilage of Cyp26b14°"°" cKO mice. (A) Sagittal sections of the proximal tibia at two, three and four weeks after birth. Safranin
O-fast green-iron hematoxylin staining. Bar: 500 um. (B) Top, Magnified image of the central part of the growth plate cartilage in the proximal tibia three weeks after birth.
Safranin O-fast green-iron hematoxylin staining. Yellow bars indicate the height of the proliferative chondrocyte zone. Blue bars denote the height of the hypertrophic
chondrocyte zone. Bars: 100 pm. Bottom, the mean + S.D. of the height of the proliferative chondrocyte zone (left) and the hypertrophic chondrocyte zone (right). *P < 0.01
(n=5). (C) Sagittal sections of the proximal tibia at three weeks after birth were immunostained with an anti-type X collagen antibody. Bars: 100 pm. (D) Histology of the
growth plate cartilage in the proximal humerus and distal femur in Cyp26b14"" cKO mice six weeks after birth. Safranin O-fast green-iron hematoxylin. Bars: 500 pm.

proliferative chondrocytes can explain the decreased heights of the
proliferative chondrocyte zone, the subsequent closure of the
growth plates and the suppression of bone growth.

3.3. Reversion of the growth plate abnormalities by feeding
Cyp26b14M°™ KO mice a vitamin A-deficient diet

The immunohistochemical analysis confirmed that CYP26B1
was absent in the proliferative chondrocytes of Cyp26b14%°" cKO
mice (Fig. 4D), and that this absence could cause a disturbance in
the RA distribution within the growth plate.

To confirm that the elevated concentration of RA in the prolifer-
ative chondrocytes of Cyp26b14°*°" ¢KO mice was responsible for
the decreased proliferation rates, we fed the mice a vitamin A-defi-
cient diet which systemically decreased RA concentrations [19].
Following this diet, Cyp26b14"°" cKO mice showed a partial rever-
sion in the decreased proliferation rates of the proliferative chon-
drocytes (Fig. 4E) and corresponding partial reversion in the
decreased height of the proliferative chondrocyte zone (Fig. 4F).
These results collectively suggest that the distribution of RA, which
is generated by the proliferative chondrocyte-specific expression of
Cyp26b1, regulates the proliferation rates of chondrocytes and sub-

sequently controls the growth rates and closure of growth plates to
determine the length of bones in juveniles.

4. Discussion

It is well known that the RA gradient regulates the patterning of
spatial structures in mammals during development. Cyp26b1 is a
critical regulator of the distribution of RA, and Cyp26b1 KO and
cKO studies have demonstrated that Cyp26b1 deletion alters the
RA distribution in various tissues [5,16,20,21]. The present study
provides evidence that Cyp26b1 within the growth plate cartilage
is important for normal chondrocyte proliferation/differentiation
and bone growth in juvenile mice, probably through its regulation
of the RA distribution in the growth plate.

We detected localized RA activities within the growth plate car-
tilage in juvenile mice, as indicated by the increased RARE-lacZ
expression toward hypertrophic chondrocytes (Fig. 1B). The exis-
tence of a possible RA gradient within the growth plate is sup-
ported by a previous report demonstrating that the RA content
measured by MS quantification was lower in the resting and prolif-
erative chondrocyte zone than that in the hypertrophic chondro-
cyte zone in the growth plate cartilage of the ribs of three-week
old rabbits [12]. It was reported that RARE-lacZ expression is not
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Fig. 4. Proliferation rates and Cyp26b1 expression of chondrocytes in the growth plate cartilage, and the effects of a vitamin A-deficient diet on the growth plate cartilage in
the proximal tibias of Cyp26b141°" cKO mice, (A, B, C) BrdU was injected intraperitoneally into the mice two hours before sacrifice. One-week old mice (A) and three-week old
mice (B). Top, hematoxylin—-eosin staining. Bottom, semiserial sections were immunostained with an anti-BrdU antibody. Regions corresponding to the boxed regions in the
top are magnified and shown. Bars: 100 pum. (C) Ratios (%) of the number of BrdU-positive cells to the numbers of total cells in the proliferative chondrocyte zone. *P < 0.01
(n =5). (D) Histological sections of the growth plate cartilage in the proximal tibias of three-week-old mice were immunostained with an anti-Cyp26b1 antibody (Red). The
blue color is Hoechst stain, which indicates nuclei. Bars: 100 pm. (E, F) Effects of a vitamin A-deficient diet on the growth plate cartilage of Cyp26b14°*" cKO mice. The
mothers of Cyp26b14m°" cKKO pups were fed with a vitamin A-deficient diet or a control diet from eight weeks before gestation until the sacrifice of the Cyp26b14¥°" cKO pups
three weeks after birth. The pups consumed either their mother’s milk or shared an identical diet with their mother. (E) Left, BrdU was injected intraperitoneally into the mice
two hours before sacrifice. Top, hematoxylin-eosin staining. Bottom, semiserial sections were immunostained with an anti-BrdU antibody. Regions corresponding to the
boxed regions in the top are magnified and shown. Bars: 100 pm. Right, ratios (%) of the number of BrdU-positive cells to the number of total cells in the proliferative
chondrocyte zone. *P < 0.01 (n = 5). (F) Mean + S.D. of the height of the proliferative chondrocyte zone (left) and the hypertrophic chondrocyte zone (right). **P < 0.05 (n = 5).

detectable or is limited in the primordial cartilage during the
embryonic stage [22], which is consistent with the normal embry-
onic development of Cyp26b14"°" cKO mice in this study.

The partial recovery of growth plate abnormalities in
Cyp26b14<M" KO mice by a vitamin A-deficient diet supports the
notion that Cyp26b1 deletion caused abnormalities through ele-
vated RA activities in the growth plate. Accordingly, the decreased
proliferation rates of proliferative chondrocytes in Cyp26h14¢ion
cKO mice suggest that excess RA inhibits the proliferation of prolif-
erative chondrocytes. Previous studies on the effects of RA have
yielded conflicting data regarding its regulation of the differentia-
tion of chondrocytes in the growth plate [23]. Ballock et al.
reported that RA blocks the stimulatory effects of thyroid hormone
on cultured rat chondrocyte hypertrophy [23], whereas others
showed RA induces the hypertrophy of cultured chick chondro-
cytes [24,25]. Such in vitro culture experiments are affected by
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the pharmacological dosage of RA, variations in the species, culture
conditions, composition of serum and the anatomical source of the
growth plate cells used [23]. Our in vivo results are less susceptible
to the above problems to better clarify the function of RA in chon-
drocyte proliferation/differentiation in the growth plate and in the
bone growth.

Excess intake of vitamin A causes growth impairment and skel-
etal pain in juveniles [7-9]. Our study provides evidence that reg-
ulation of the RA distribution occurs within the growth plate
cartilage and that this regulation plays critical roles in controlling
the growth of long bones in juvenile mice. Our results also show
that exogenous vitamin A can affect this regulation and distribu-
tion, since a vitamin A-deficient diet partially rescued the growth
plate structure of Cyp26b14*°" cKO mice. The characteristics of
the closure of the growth plate seen in a child receiving excess
RA [8] and guinea pigs receiving a RAR agonist [10] were similar
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to those seen in Cyp26b14"°" cKO mice in that the closure occurred
in the central part of the growth plate, suggesting that a similar
form of regulation occurs in humans and mice.
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Abstract BACKGROUND CONTEXT: There has been no study regarding the effect of intermittent admin-
istration of teriparatide (TPTD [recombinant human parathyroid hormone (1-34)]) on spinal fusion
in patients with glucocorticoid-induced osteoporosis (GIOP).

PURPOSE: To elucidate the effect of intermittent administration of TPTD on spinal fusion in rats
with GIOP.

STUDY DESIGN: An experimental animal study of rats under continuous glucocorticoid (GC)
exposure undergoing spinal fusion surgery and administration of TPTD or saline.

METHODS: Male 8-week-old rats (n=18) were administered 5 mg/kg methylprednisolone (MP)
for 12 weeks. After 6 weeks of MP administration, the rats underwent posterolateral spinal fusion
(L4-L5) with iliac crest autograft. Then, five times a week, they were given either saline or 40 pg/
kg TPTD for 6 weeks. The following assessments were performed: time-course bone microstruc-
tural analysis of the fusion mass and adjacent vertebrae (L6), with in vivo microcomputed tomog-
raphy (nCT); fusion assessment, with manual palpation testing and three-dimensional CT images;
and bone histomorphometrical analysis of the fusion mass.

RESULTS: In the TPTD group, values for bone volume and other bone microstructural parameters
at the fusion mass increased and peaked 4 weeks after surgery, and these values were significantly
greater than those for the control (CNT) group at 4 and 6 weeks after surgery. Fusion assessment
showed that fusion rate was higher in the TPTD group than in the CNT group (CNT group: 56%,
TPTD group: 89%). Bone histomorphometry revealed that values for bone formation parameters
were significantly higher in the TPTD group than in the CNT group.

CONCLUSIONS: Under continuous GC exposure in a rat model of spinal fusion, intermittent
TPTD administration accelerated bone modeling and remodeling predominantly by stimulating
bone formation at the fusion mass and increasing the fusion rate. Intermittent TPTD administra-
tion also improved bone microarchitecture of adjacent vertebrae. © 2015 Elsevier Inc. All rights

reserved.
Keywords: Teriparatide; Glucocorticoid-induced osteoporosis; Bone graft; Bone remodeling; Spinal fusion; Adjacent
vertebrae
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Introduction

Glucocorticoids (GCs) are potent antiinflammatory and
immunosuppressive agents widely used for the treatment
of diseases such as asthma, chronic lung disease, rheuma-
toid arthritis and other connective tissue diseases, inflam-
matory bowel disease, and neuromuscular disease.
However, clinical and experimental data have shown that
prolonged GC exposure leads to trabecular bone loss and
osteoporosis [1,2]. Prolonged exposure to GCs has the pri-
mary effect on decreasing bone formation because of the
inhibition of the differentiation, activity, and life span of os-
teoblasts and osteocytes [3,4]. In one study, bone biopsies
from those who received GCs showed a greater reduction
in bone formation at the cellar and tissue levels compared
with those with postmenopausal osteoporosis [5].

Spinal fusion surgery is one of the standard treatments
for degenerative and traumatic spine diseases. In perform-
ing it, surgeons generally use bone grafting to restore me-
chanical stability to the affected spinal segment by
bridging bone between the vertebrae, and successful bony
union at unstable spine segments leads to pain relief and
neurologic recovery [6-9]. Many authors have reported
that spinal fusion in patients with osteoporosis carries a
high incidence of surgical complications such as adjacent
vertebral fractures of the surgical site or spinal instrumen-
tation failure [10.11]. In particular, delayed union or pseu-
darthrosis of grafting bone, instrumentation failure, and
adjacent vertebral fractures after surgery create more seri-
ous problems in performing spinal fusion surgery for pa-
tients with glucocorticoid-induced osteoporosis (GIOP)
[12]. Depending on the pathophysiology of GIOP, pharma-
cological agents that stimulate bone formation and acceler-
ate bone remodeling may hold the promise of resolving
these problems.

Intermittent administration of parathyroid hormone
(PTH) has a potent stimulatory effect on bone remodeling
[13,14]. It has been reported that intermittent administra-
tion of teriparatide (TPTD or recombinant human PTH
[1-34]) increases the cortical and cancellous bone mass, im-
proves the microarchitecture of bone, and reduces the risk
of osteoporotic vertebral fractures. Teriparatide has been
widely used for the treatment of postmenopausal women
and men with severe osteoporosis [15—17]. In addition, sev-
eral randomized controlled clinical trials have shown the
effectiveness of TPTD for treating GIOP, which was supe-
rior to that of antiresorptive bisphosphonates [18-20].

Teriparatide induces the maturation of circulating osteo-
blast precursors and differentiation of lining osteoblasts,
stimulates the preexisting osteoblasts to form new bone,
and reduces osteoblast and osteocyte apoptosis [21-23].
Teriparatide has potential as the ideal agent for resolving
many problems regarding spinal fusion surgery in patients
with GIOP, but there have been no studies on the effect
of intermittent TPTD administration in spinal fusion in an-
imals and patients with severe osteoporosis, such as GIOP.
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Thus, we conducted a study to elucidate whether intermit-
tent TPTD administration stimulates graft bone healing in
spinal fusion in GIOP in a rat model.

Methods
Animals

We purchased 8-week-old male Sprague-Dawley rats
(n=21; mass, 260-285 g; purchased from SLC Japan, Ha-
mamatsu, Japan). All rats were acclimated to an animal
room at a controlled temperature (23°C=1°C) and humid-
ity (45%—-65%) and were housed in cages under specific
pathogen-free conditions with a 12-hour light-dark cycle
(light on, 0800-2000 hours). They were housed in cages
under specific pathogen-free conditions with free access
to water and standard laboratory feed (Oriental Yeast,
Tokyo, Japan). Their housing and care and our experimen-
tal protocol were approved by the Animal Experimental
Committee of Osaka University.

Chemicals and reagent

Methylprednisolone (MP) was purchased from Sigma-
Aldrich (Tokyo, Japan) and dissolved in saline to 5 mg/
kg. A powdered form of TPTD acetate (Asahi Kasei,
Tokyo, Japan) was dissolved in saline to 40 pg/kg. For
use in fluorescence labeling, calcein was purchased from
Dojinwako (Tokyo, Japan).

Experiment design

Three rats were subcutaneously injected with saline per
week for 6 weeks before surgery and were euthanized with
an overdose of anesthetic agents as a baseline group. The
other 18 rats were subcutaneously injected with MP five
times per week at a dose of 5 mg/kg/d for 6 weeks before
surgery. The dose of MP and dosing periods were deter-
mined on the basis of methods reported by Hulley et al.
[24]. After 6 weeks of MP administration, rats were
randomized into two groups before surgery; rats in the
control group (CNT group; n=9) were given subcutaneous
injections of 0.9% saline five times per week for 6 weeks
and rats in the TPTD group (n=9) were given subcutane-
ous injections of 40 pg/kg/d of TPTD five times per week
for 6 weeks. The dose of TPTD was determined according
to the method used by Abe et al. [25]. After grouping, all
rats were underwent posterolateral spinal fusion (L4-L5)
with iliac crest autograft. Saline or TPTD injection started
just after the surgery and continued for 6 weeks until the
animals were euthanized, and MP administration also con-
tinued for 6 weeks until the animals were euthanized. All
rats were weighed weekly, and the doses of MP and TPTD
were adjusted accordingly. At 6 weeks after surgery, all
rats were euthanized with an overdose of anesthetic
agents.
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Surgical procedures

~ Anesthesia was induced by subcutaneous injection
of a cocktail of three drugs: 0.3 mg/kg of medetomidine
(Nippon Zenyaku Kogyo Co., Ltd, Fukushima, Japan), 4
mg/kg of midazolam (Astellas Pharma, Inc., Tokyo, Japan),
and 5 mg/kg of butorphanol tartrate (Meiji Seika Pharma
Co., Ltd, Tokyo, Japan) [26]. After the surgical field was
shaved and preprocessed, rats were placed in a prone posi-
tion and then L4-L5 posterolateral fusion was performed as
described elsewhere [25,27]. The spine was approached
through a single midline skin incision and two paramedian
fascial incisions. Spinal level was identified by referencing
the iliac crests. After exposure, the transverse process and
lateral gutters of the L4 and L5 vertebrae were decorticated
with an electric bur until a blush of cancellous bone was ob-
served. Approximately 0.2 g of corticocancellous bone was
harvested from each iliac wing. The surgical sites were ir-
rigated, and the harvested graft was placed into the fusion
beds. The fascia and skin were closed with 3-0 nylon su-
tures. Postoperative antibiotics were given subcutaneously
(penicillin G, 10,000 U/kg).

Time-course bone microstructural analysis

In all previous studies using an animal spinal fusion
model, bone microstructural analysis of fusion mass was
performed using image data from microcomputed tomogra-
phy (uCT) after the animals were euthanized, which means
that many animals had to be killed to perform time-course
analysis. To reduce the number of rats required, we per-
formed in vivo pCT (R_mCT; Rigaku, Tokyo, Japan) in
our study. We analyzed the fusion mass between L4-L5
and the adjacent vertebra of the surgical site (L6) at 2, 4,
and 6 weeks after surgery. Rats were anesthetized by sub-
cutaneous injection of the anesthetic cocktail agents previ-
ously described. Scanning was initiated from the upper end
plate of the 1.4 vertebrae to the lower end plate of the L6
vertebrae, with an isotropic voxel size of 59 pum. In vivo
uCT was performed under consistent conditions (90 kV;
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160 mA,; irradiation time, 180 seconds). Cortical bone
and trabecular bone were separated automatically, and bone
microstructural parameters at the center of the fusion mass
and the adjacent vertebra (L6) were assessed on three-
dimensional images reconstructed using TRI/3D-BON
(RATOC System Engineering, Tokyo, Japan). Bone volume
(BV), BVftissue volume (BV/TV), trabecular number
(Tb.N), trabecular thickness (Tb.Th), and trabecular separa-
tion (Tb.Sp) were measured. In addition, bone mineral den-
sity (BMD) at the center of all L6 vertebrae was measured
over time. We confirmed that the image quality of in vivo
pCT was not inferior to that of in vitro pCT, by comparing
the in vivo pCT images before euthanasia with in vitro pCT
images just after euthanasia at 6 weeks postoperatively.

Fusion assessment

After the animals were euthanized, the lumbar spines
were dissected and fixed with 70% ethanol, and nonliga-
mentous soft tissues were cleaned. The harvested lumbar
spines were gently palpated, and lateral side-bending mo-
tion at the L4-L5 level was compared with the motion at
the adjacent levels above (L3-L4) and below (L5-L6).
Manual palpation testing of the L4-L5 segments was per-
formed by three independent observers who were unaware
which segments were from the CNT group and which were
from the TPTD group. This manual palpation method cor-
relates well with more rigorous biomechanical testing in
rabbit models and has been used to confirm spinal fusion
in other studies [25.27.28]. We analyzed three-
dimensional images reconstructed from pCT scans and de-
termined whether the grafted bone had fused (Fig. 1). The
specimen was graded as fused when formation of the bridg-
ing bone between the L4 and L5 transverse processes was
clearly observed. Each specimen was given a grade of
“union” when all observers graded it as fused in manual
palpation testing or when all observers did not grade it as
fused in manual palpation testing and as fused in our imag-
ing study also.

Fig. 1. Three-dimensional reconstruction images of the lumbar spine at L4-L5: (left) nonunion; (right) complete union. Formation of the bridging bone
between L4 and L5 transverse processes was clearly observed in complete union specimens (white arrows). In contrast, fragments of grafted bone were more

frequently observed in nonunion specimens (white triangles).
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Bone histomorphometry

All rats were injected subcutaneously with 10 mg/kg
calcein at 9 days and at 2 days before the animals were eu-
thanized. Afterward, the dissected lumbar spines were fixed
with 70% ethanol, stained with Villanueva bone stain, de-
hydrated through an ethanol series, and embedded in meth-
yl methacrylate (Wako Chemicals, Kanagawa, Japan)
without decalcification. After polymerization, the blocks
were ground up to the transverse observation surface, per-
pendicular to the bone longitudinal direction at the fusion
mass at the level of L4 inferior bony end plate of vertebra
under CT image guidance (Fig. 2). Static and dynamic bone
histomorphometrical measurements of the fusion mass
were performed using a semiautomatic image-analyzing
system (System Supply, Nagano, Japan) and a fluorescent
microscope at magnifications of x320.

We measured the following bone histomorphometrical
parameters as described in the 2012 report of the American
Society for Bone and Mineral Research Histomorphometry
Nomenclature Committee [29]: osteoid and eroded surface
per unit of bone surface (OS/BS and ES/BS), double-
labeled and single-labeled surface per unit of bone surface
(dLS/BS and sLS/BS), number of osteoblasts and osteo-
clasts per unit of bone surface (N.Ob/BS and N.Oc/BS),
mineralizing surfaces (MS/BS), mineral apposition rate
(MAR), and bone formation rate and resorption per unit
of bone surface (BFR/BS and BFsR).

Serum bone metabolism markers

Blood samples were collected by cardiopuncture before
the animals were euthanized; the samples were stored at
—83°C for analyzing serum bone metabolism markers.
Osteocalcin (OC), a bone formation marker, and tartrate-
resistant acid phosphatase type 5b (TRACP-5b), a bone
resorption marker, were analyzed using commercially
available enzyme-linked immunosorbent assay kits (for

Caudal

Fig. 2. Three-dimensional reconstruction image and cross-section of the
region analyzed by bone histomorphometry (framed by white square).
White arrows show transverse processes, and white triangles show grafted
bone.

the former, Rat Gla-Osteocalcin High Sensitive EIA Kit;
Takara Bio, Shiga, Japan; for the latter, RatLaps EIA and
RatTRAP Assay; Immunodiagnostic Systems Limited,
Fountain Hills, AZ, USA) according to the manufacturers’
protocols.

Statistical analysis

All data reported here are expressed as means and stand-
ard deviation. Comparison of values for microstructural pa-
rameters, histomorphometrical parameters, and serum bone
metabolism marker levels between the TPTD and CNT
groups were performed using the Student ¢ test. Results
of fusion assessment were compared using chi-square anal-
ysis. Probability values lower than .05 were considered to
indicate statistical significance.

Results

Development of model rats with glucocorticoid-induced
osteoporosis

This study was performed for the period of 3 months and
no rats died in the study period.

After 5 mg/kg MP administration for 6 weeks, the rats’
body weight increased 138.3*=17.6 g from the first admin-
istration. Bone mineral density at vertebrae adjacent to the
surgical site (L6) decreased approximately 20% compared
with the baseline group that were not treated with MP
(n=3). From these results, we confirmed that GIOP rats
were successfully developed as described by Hulley et al.
[24]. After surgery and administration of 5 mg/kg MP, there
were no significant differences between the groups in body
weight gain (CNT group, 46.7+18.4 g; TPTD group,
36.7x12.2 g; p=.19).

Bone microstructural parameters of fusion mass
assessed by microcomputed tomography

Table 1 summarizes our findings for bone microstructur-
al parameters of fusion mass. In the TPTD group, BV, BV/
TV, and Tb.N at the fusion mass increased, reaching a peak
at 4 weeks after surgery. Similarly, BV, BV/TV, and Tb.Th
at the fusion mass gradually increased in the CNT group.
BV/TV was significantly greater in the TPTD group than
in the CNT group at 4 weeks, but the significant differences
between the groups diminished by 6 weeks. BV and Tb.Th
were significantly greater in the TPTD group than in the
CNT group at 4 and 6 weeks after surgery. Tb.Sp tended
to be lower in the TPTD group than in the CNT group at
2 and 4 weeks after surgery, but there were no significant
differences between the two groups. Microcomputed to-
mography data of the fusion mass showed that the TPTD
enhanced bone formation and accelerated bone absorption
of graft bone secondary to bone formation.



