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Abstract

In rodents, the long bone diaphysis is expanded by forming primary osteons at the periosteal surface of the

cortical bone. This ossification process is thought to be regulated by the microenvironment in the periosteum.

Type VI collagen (Col VI), a component of the extracellular matrix (ECM) in the periosteum, is involved in

osteoblast differentiation at early stages. In several cell types, Col VI interacts with NG2 on the cytoplasmic

membrane to promote cell proliferation, spreading and motility. However, the detailed functions of Col VI and

NG2 in the ossification process in the periosteum are still under investigation. In this study, to clarify the

relationship between localization of Col VI and formation of the primary osteon, we examined the distribution

of Col VI and osteoblast lineages expressing NG2 in the periosteum of rat femoral diaphysis during postnatal

growing periods by immunohistochemistry. Primary osteons enclosing the osteonal cavity were clearly

identified in the cortical bone from 2 weeks old. The size of the osteonal cavities decreased from the outer to

the inner region of the cortical bone. In addition, the osteonal cavities of newly formed primary osteons at the

outermost region started to decrease in size after rats reached the age of 4 weeks. Immunohistochemistry

revealed concentrated localization of Col VI in the ECM in the osteonal cavity. Col VI-immunoreactive areas

were reduced and they disappeared as the osteonal cavities became smaller from the outer to the inner region.

In the osteonal cavities of the outer cortical regions, Runx2-immunoreactive spindle-shaped cells and mature

osteoblasts were detected in Col VI-immunoreactive areas. The numbers of Runx2-immunoreactive cells were

significantly higher in the osteonal cavities than in the osteogenic layers from 2 to 4 weeks. Most of these

Runx2-immunoreactive cells showed NG2-immunoreactivity. Furthermore, PCNA-immunoreactivity was detected

in the Runx2-immunoreactive spindle cells in the osteonal cavities. These results indicate that Col VI provides a

characteristic microenvironment in the osteonal cavity of the primary osteon, and that differentiation and

proliferation of the osteoblast lineage occur in the Col VI-immunoreactive area. Interaction of Col VI and NG2

may be involved in the structural organization of the primary osteon by regulating osteoblast lineages.
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Introduction

In rats, cortical bones of the long bone diaphysis are con-

structed with primary osteons via intramembranous ossifica-

tion during growth periods; these bones are termed

primary osteonal bones. With maturation, the primary ost-

eons are gradually replaced by secondary osteons (Enlow &

Brown, 1958; Stover et al. 1992). The primary osteon pos-

sesses a cylindrical structure arranged along the long axis of

the long bone, enclosing soft tissue space with the blood

vessels in the center (osteonal cavity). Although it is widely

known that the secondary osteons have resorption lines,

which provide proof of osteoclast resorption, the primary

osteon does not have a resorption line. New primary ost-

eons arise from the surface of the cortical bone and envelop

blood vessels in the periosteum to form the osteonal cavity

(Enlow & Brown, 1958; Stover et al. 1992), which suggests a

relationship between primary osteon formation and vessel

localization. Indeed, it has been reported that vascular

endothelial cells and/or perivascular cells have an important

role in osteoblast development and function (Satomi-

Kobayashi et al. 2012; Weyand & von Schroeder, 2013;

Ramasamy et al. 2014). Therefore, it is possible that the

perivascular microenvironment regulates the formation of

the primary osteon in the periosteum.

The periosteum is a specialized connective tissue com-

prised of two layers: the outer fibrous layer, consisting
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mainly of fibroblasts and elastic fibers; and the inner osteo-

genic layer, consisting of mesenchymal stromal cells and

osteoblast lineage cells (Tonna, 1974; Mulliken & Glowacki,

1980; Ham, 1987; Fan et al. 2008). Fan et al. (2008) sug-

gested that osteoprogenitor cells differentiated into mature

osteoblasts in the osteogenic layer. The periosteum contains

many types of extracellular matrix (ECM), such as type I, III,

IV and VI collagens, laminin, tenascin and fibronectin

(Carter et al. 1991; Everts et al. 1998; Nilsson et al. 1998).

The ECM not only provides a scaffold for cells, but also

regulates cell migration, proliferation, differentiation and

maturation by its specific cell-surface receptors (Izu et al.

2010; Mathews et al. 2012; Gattazzo et al. 2014). Therefore,

in the process of osteoblast differentiation, cell adhesion to

a specific ECM is thought to be crucial for the differentia-

tion and maturation of osteoblast lineage cells in the

periosteum.

Type VI collagen (Col VI) is an ECM component distributed

in many connective tissues, including tendons, ligaments,

muscles, skin, cornea, cartilage, bone tissue and periosteum

(Everts et al. 1998). A characterized form of Col VI is a het-

erotrimeric protein consisting of three different a-chains: a1

(VI), a2(VI) and a3(VI); or a4(VI), a5(VI) and a6(VI) instead of

a3(VI) (Fitzgerald et al. 2008; Gara et al. 2008). Col VI inter-

acts with a large number of ECM components (i.e. type I, II,

IV and XIV collagens, microfibril-associated glycoprotein-1,

perlecan, decorin, biglycan, hyaluronan, heparin and fibro-

nectin), and is proposed to integrate these molecules. In

addition, previous studies revealed that Col VI is involved in

various cellular interactions, such as cell adhesion (Bashey

et al. 1993), migration (Burg et al. 1996) and apoptosis

(R€uhl et al. 1999b) via binding to cell-surface molecules,

including the integrins a1b1, a2b1, a3b1, a5b1 and a10b1

(Wayner & Carter, 1987; Doane et al. 1992; Pfaff et al. 1993;

Tulla et al. 2001; Hu et al. 2002) and the chondroitin sulfate

proteoglycan NG2 (Stallcup et al. 1990; Nishiyama & Stall-

cup, 1993; Burg et al. 1996; Tillet et al. 1997, 2002). In bone

tissues, Col VI has been suggested to play an important role

in normal bone formation. Col6a1-deficient mice displayed

a reduction in bone mineral density and cancellous bone

mass (Christensen et al. 2012; Izu et al. 2012). In addition,

Col VI deficiency altered the osteoblast arrangement in

bone-forming sites. Several in vitro studies indicated that

osteoblast-lineage cells required attachment to Col VI at

early stages of differentiation (Ishibashi et al. 1999; Har-

umiya et al. 2002). Therefore, Col VI may regulate osteoblast

behavior in bone-forming sites.

Recently, Fukushi et al. (2003) demonstrated that NG2

expression was transiently upregulated in osteoblasts in the

periosteum and the cancellous bone during development

of long bones. In non-osteogenic cells, NG2 promotes cell

spreading and motility in response to Col VI, indicating that

the interaction of NG2 with Col VI triggers transmembrane

signaling events that lead to dynamic rearrangements of

the actin cytoskeleton. Thus, it is possible that NG2 serves as

a cell-surface receptor that regulates osteoblast lineages by

binding to Col VI in the periosteum. However, the detailed

functions of Col VI and NG2 in the process of the membra-

nous ossification in the periosteum have not been eluci-

dated.

In the present study, we demonstrate the localization of

Col VI and NG2 in association with the formation of the pri-

mary osteon and osteoblast differentiation in the perios-

teum of the femoral diaphysis of rats during postnatal

development.

Materials and methods

Animals

The animal protocols used in this study were approved by the

Nippon Veterinary and Life Science University Institutional Ani-

mal Care and Use Committee. In this study, 30 male Wistar rats

aged 1 day, 1, 2, 3, 4, 5, 6 and 7 weeks, and 2 and 3 months

(three rats each) were used. The animals were maintained in the

Life Science Research Center, Nippon Veterinary and Life Science

University. Under deep anesthesia with pentobarbital (50 mg

kg�1, i.p.), the rats were perfused through the left ventricle with

saline, followed by 4% paraformaldehyde in 0.1 M phosphate

buffer (PB; pH 7.4). Femurs were immediately removed and

immersed in the same fixatives for an additional 24 h at 4 °C.

The specimens were decalcified with 10% EDTA-2Na in 0.01 M

PB, cut into transverse slices in the femur mid-diaphysis and

embedded in paraffin, according to the standard procedure.

Three-micrometer-thick sections were cut and stained with hema-

toxylin and eosin (HE), or processed for lectin histochemistry and

immunohistochemistry.

Lectin-histochemistry for griffonia simplicifolia lectin

(GSL)-I

Lectin-histochemistry was performed according to Soeta et al.

(2000). Briefly, after blocking of endogenous peroxidase activity,

sections were treated with 1% bovine serum albumin in 0.01 M

phosphate-buffered saline (PBS; pH 7.4). The sections were then

incubated overnight with biotinylated GSL-I (1 : 2500; Vector Labs,

Burlingame, CA, USA) at 4 °C. After the sections were overlaid with

streptavidin-biotin-peroxidase complex (sABC, DAKO, Glostrup,

Denmark), the reaction product was visualized with DAB solution

(EnVision+, DAKO). Finally, the sections were counterstained with

hematoxylin.

Immunohistochemistry

Primary antibodies used in this study are shown in Table 1. After

the blocking of endogenous peroxidase activity, the sections were

treated with 10 mg mL�1 hyaluronidase (SIGMA, Tokyo, Japan)/

0.025% Triton X-100 in 0.01 M PBS at 37 °C for 30 min (for Col VI),

or incubated in 0.01 M citrate buffer (pH 6.0) at 60 °C for 60 min

(for Runx2, NG2 and PCNA). After the treatment with 10% normal

goat serum (DAKO) in PBS (for Col VI) or Block Ace (Snow Brand

Milk Products, Tokyo, Japan; for Runx2, NG2 and PCNA), the sec-

tions were incubated with anti-Col VI, anti-Runx2, anti-NG2 or

anti-PCNA antibody. After washing in PBS, the sections were

© 2015 Anatomical Society

Accumulation of Col VI in the primary osteons, Y. Kohara et al. 479



incubated with horseradish peroxidase-conjugated antibodies

against rabbit Ig (EnVisionTM, DAKO; for Col VI and NG2), mouse

Ig (EnVisionTM, DAKO; for PCNA) or goat Ig (Histofine Simple Stain

MAX-PO, Nichirei, Tokyo, Japan; for Runx2). Development of the

reaction products and counterstaining were performed as

described above.

Double-labeling immunohistochemistry

The following combinations of antibodies were used for double-

labeling immunohistochemistry: anti-Col VI and anti-Runx2;

anti-NG2 and anti-Runx2; and anti-PCNA and anti-Runx2. The

antigen–antibody reactivities were detected with a mix of Alexa

Fluor 488-conjugated anti-rabbit IgG chicken antibody (1 : 400;

Invitrogen, Carlsbad, CA, USA) and Alexa Fluor 594-conjugated

anti-goat IgG donkey antibody (1 : 400; Invitrogen), or Alexa Fluor

488-conjugated anti-mouse IgG donkey antibody (1 : 400; Invitro-

gen) and Alexa Fluor 594-conjugated anti-goat IgG donkey

antibody (1 : 400; Invitrogen).

Double-labeling immunohistochemistry with anti-NG2 and anti-

Col VI antibodies (both raised in rabbit) was performed according

to the protocol outlined by Jackson ImmunoResearch Laboratories.

After the sections were incubated with anti-NG2, the immunoreac-

tivity was detected with an excess amount of Alexa Fluor 488-conju-

gate anti-rabbit IgG donkey Fab fragment (H+L; 1 : 60; Jackson

ImmunoResearch, West Grove, PA, USA). After washing in PBS, the

sections were incubated with anti-Col VI antibody, followed by

treatment with Alexa Fluor 594-conjugated anti-rabbit IgG goat

antibody (1 : 400; Invitrogen). The sections were examined with

DP2-BSW software (Olympus, Tokyo, Japan).

Quantitative evaluation of primary osteon and Col

VI-immunoreactive areas

To evaluate age-dependent changes of the osteonal cavity area and

Col VI-immunoreactive area in the osteonal cavity of the newly

formed primary osteons, 10 primary osteons were randomly

selected at the outermost region of the cortical bone in three trans-

verse sections from each animal. The osteonal cavity areas and Col

VI-immunoreactive areas in the osteonal cavities were measured

using IMAGEJ software (National Institutes of Health) and described

as the mean of 10 primary osteons. The percentage of Col VI-immu-

noreactive area to the osteonal cavity area was calculated and

expressed as the mean of 10 primary osteons.

To analyze the relationship between maturation of the primary

osteon and the Col VI-immunoreactive area in the osteonal cavity,

transverse sections of the femur obtained from three rats at 7

weeks old were used. In each section, 10 radial zones of 0.2 mm

width from the periosteal to the endosteal regions were randomly

selected. The thickness of each radial zone was divided into three

concentric layers from the periosteal to the endosteal regions, and

then the osteonal cavity area and Col VI-immunoreactive area were

measured in each layer. The values were described as the means of

the areas per primary osteon in each layer in three sections from

each animal.

Statistical analyses were performed with one-way ANOVA and

Tukey post hoc test.

Calculation of Runx2 and PCNA labeling index

To determine the number of osteoblast lineages (Runx2-positive)

and proliferating cells (PCNA-positive) in the periosteum, immuno-

reactive cells were counted in the primary osteon and the osteo-

genic layer in three sections obtained from each animal. Runx2 and

PCNA labeling index were determined by dividing the number of

immunoreactive cells by the total number of cells counted (n = 100)

in the primary osteons or the osteogenic layer, and were expressed

as the mean percentage of three sections.

Statistical analyses were performed with Student’s t-test or one-

way ANOVA and Tukey post hoc test.

Results

Histology

At 1 day and 1 week old, the cortical bone of the femoral

diaphysis showed cancellous structures with expanded vas-

cular cavities and thin bone trabeculae. These vascular cav-

ities often extended to the periosteum and endosteal

bone marrow cavity. No clear primary osteon was

detected in the cortical bone. In the osteogenic layer of

the periosteum of 1-week-old rats, many spindle cells were

detected in the upper region, whereas cuboid-shaped

osteoblasts lined the periosteal surface of the cortical

bone (Fig. 1A).

At 2 and 3 weeks old, the cortical bone showed a plexi-

form structure and contained many primary osteons enclos-

ing osteonal cavities with blood vessels in their center

(complete primary osteons). At the periosteal surface of the

cortical bone, most of the primary osteons incompletely

enclosed osteonal cavities (incomplete primary osteons),

showing a pocket-like structure between two ridges of

bone trabeculae in the transverse sections (Fig. 1B). In the

osteonal cavities of the incomplete and complete primary

osteon, spindle-shaped cells were distributed in the perivas-

cular area and cuboid-shaped osteoblasts were arranged on

the bone tissue surrounding the osteonal cavity (Fig. 1C). As

shown in 1-week-old rats, the osteogenic layer of the

Table 1 Primary antibodies used in this study.

Antibodies Host species Dilution (fluorescence) Supplier Article no.

Col VI Rabbit 1 : 150,000 (1 : 10,000) LSL (Tokyo, Japan) LB-1697

Runx2 Goat 1 : 200 (1 : 200) Santa Cruz Biotech. (Santa Cruz, CA) sc-12488

PCNA Mouse 1 : 5,000 (1 : 5,000) Dako (Glostrup, Denmark) M0879

NG2 Rabbit 1 : 100 (1 : 20) Chemicon (Temecula, CA) AB5320
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periosteum consisted of spindle cells in the upper region

and cuboid-shaped osteoblasts on the periosteal surface of

the cortical bone.

From 4 to 7 weeks old, the cortical bone became more

compact and the osteonal cavity area was significantly

decreased from the outer towards the inner cortical region

(outer vs. middle; P < 0.001; outer vs. inner; P < 0.001; Fig.

3B). The incomplete primary osteons also decreased in num-

ber or disappeared, especially in the cranial region of the

diaphysis (Fig. 1D).

At 2 and 3 months, incomplete primary osteons were not

detected, and the periosteal surface of the cortical bone

was smooth. The osteonal cavities of the primary osteons in

the outer cortical regions decreased in size with age (3

months vs. 2 weeks; P < 0.001; vs. 4 weeks; P < 0.001; vs. 7

weeks; P < 0.01; Fig. 3C). Most of the primary osteons con-

tained a few osteoblasts lining the perivascular surface of

the bone tissue. In the periosteum, the osteogenic layer

became thinner and consisted of a few layers of small

osteoblasts (Fig. 1E).

GSL-I lectin-histochemistry

As Alroy et al. (1987) previously described, GSL-I reactivity

was found in the endothelial cells of the blood vessels. GSL-

I histochemistry clearly demonstrated the presence of blood

vessels in the osteonal cavities of the incomplete and

complete primary osteons (Fig. 1F).

Col VI -immunohistochemistry

At 1 day and 1 week old, Col VI-immunohistochemistry

showed a faint fibrous immunoreactivity in the ECM in the

vascular cavity of the cortical bone (Fig. 2A).

From 2 to 7 weeks old, Col VI-immunoreactivity became

more intense in the ECM in the osteonal cavities of the

incomplete and complete primary osteons (Fig. 2B–D). At 7

weeks old, the Col VI-immunoreactive area was significantly

decreased, as the osteonal cavity became smaller from the

outer toward the inner cortical regions (outer vs. middle; P

< 0.001; outer vs. inner; P < 0.001; middle vs. inner; P < 0.01;

Fig. 3B).

At 2 and 3 months old, Col VI-immunoreactivity was

not observed in the femoral diaphysis (Fig. 2E). The Col

VI-immunoreactive area of the osteonal cavity in the outer-

most cortical region was significantly lower at an age of 3

months compared with 2 and 4 weeks (P < 0.05 and P <

0.001, respectively; Fig. 3C). The percentage of the Col VI-

immunoreactive area to the osteonal cavity area was also

significantly decreased compared with that at 2, 4 and 7

weeks old (P < 0.05, P < 0.01 and P < 0.001, respectively;

Fig. 3C).

Runx2-immunohistochemistry

At 1 day and 1 week old, Runx2-immunoreactivity was iden-

tified in nuclei and the cytoplasm of osteoblasts lining the

A B C

D E F

Fig. 1 Histology of the femoral diaphysis. (A) At 1 day old, the cortical bone (CB) shows a cancellous structure without clear primary osteons. (B)

At 2 weeks old, the CB contains many incomplete (ICPO) and complete primary osteons (CPO) with a round osteonal cavity (OC). (C) In the OCs,

spindle cells (arrows) localize in the perivascular areas, and cuboidal osteoblasts (arrowheads) line the surface of the CB. (D) At 7 weeks old, the

CB shows a compact structure and the OCs are decreased from the outer toward the inner cortical region. (E) At 3 months old, no ICPOs are

detected. (F) GSL-I-reactive blood vessels (arrows) are observed in the center of the CPOs and ICPOs. PeO, periosteum; VC, vascular cavity; BM,

bone marrow; asterisk, blood vessel. Scale bars: 50 lm. (A–E) HE staining. (F) GSL-I lectin-histochemistry.
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bone surface and in some spindle cells in the vascular cavi-

ties. The nuclear immunoreactivity was more intense than

the cytoplasmic immunoreactivity. However, immunoreac-

tive cells were sparingly detected in the periosteum (data

not shown).

From 2 to 6 weeks old, many Runx2-immunoreactive

cells were detected in the osteonal cavity of the incom-

plete and complete primary osteons in the outer cortical

region. These cells consisted of cuboid-shaped osteoblasts

lining the perivascular bone surface and small spindle cells

in the perivascular area. In the periosteum, the immunore-

activity was detected in a small number of the spindle

cells (Fig. 4A).

At 7 weeks old, Runx2-immunoreactive cells were

detected in the incomplete and complete primary osteons

in the uppermost region of the cortical bone, but not in the

complete primary osteons in the inner region of the cortical

bone (Fig. 4B).

At 2 and 3 months old, Runx2-immunoreactive cells were

sparingly detected in the osteonal cavity of the primary

osteon and in the periosteum (Fig. 4C).

The Runx2 labeling index was significantly higher in the

osteonal cavity than in the osteogenic layer at 2 weeks, 4

weeks and 3 months old (P < 0.05, P < 0.05 and P < 0.05,

respectively; Fig. 4G). In addition, its value in the osteonal

cavity of the outer cortical region started to decrease at 4

weeks old, and was significantly lower at 3 months than at

4 weeks (P < 0.05; Fig. 4G).

Double-immunofluorescence staining for Runx2 and

Col VI clearly demonstrated the localization of Runx2-

immunoreactive spindle cells and osteoblasts in the Col

VI-immunoreactive ECM in the incomplete and complete

primary osteons at 2 weeks old (Fig. 4D–F).

PCNA-immunohistochemistry

At 1 day and 1 week of age, PCNA-immunoreactivity was

detected in the nuclei of many spindle-shaped cells in the

osteogenic layer of the periosteum and in the vascular cav-

ity of the cortical bone (data not shown).

From 2 to 7 weeks old, many PCNA-immunoreactive cells

were detected in the osteonal cavity of the incomplete and

complete primary osteons in the outer region of the cortical

bone (Fig. 5A,B). However, in the periosteum, immunoreac-

tivity was detected in a small number of spindle cells. The

PCNA labeling index was significantly higher in the primary

osteons than in the osteogenic layers at 2, 4 and 7 weeks

old (P < 0.05, P < 0.01 and P < 0.01, respectively; Fig. 5G).

At 2 and 3 months old, PCNA-immunoreactive cells were

sparingly detected in the osteonal cavity of the primary

osteon and in the periosteum (Fig. 5C).

Double-labeling immunohistochemistry for PCNA and

Runx2 revealed that most of the PCNA-immunoreactive cells

showed Runx2-immunoreactivity in the osteonal cavity of

the incomplete and complete primary osteons at 2 weeks

old (Fig. 5D–F).

A

A′

B C

D E

Fig. 2 Col VI-immunohistochemistry of the femoral diaphysis. (A) At 1 day old, faint fibrous immunoreactivity (arrowheads) is detected in the ECM

in the vascular cavity (VC) of the cortical bone (CB). (A0) A high-magnification view of the boxed area. (B) At 2 weeks, the immunoreactivity

(arrows) is more intense in the ECM in the osteonal cavities (OC) of incomplete (ICPO) and complete primary osteons (CPO). (C) A high-magnifica-

tion view of the periosteal cortical region of (B). In the ICPOs, bone trabeculae (dotted line) extend to enclose the immunoreactive areas (arrows).

(D) At 7 weeks old, immunoreactive ECM (arrows) is decreased in the CPOs as the OCs become smaller from the outer region toward the endos-

teal region. (E) At 3 months old, no immunoreactivity is observed. PeO, periosteum; BM, bone marrow; asterisk, blood vessel. Scale bars: 50 lm.
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NG2-immunohistochemistry

At 1 day and 1 week old, NG2-immunoreactivity was local-

ized in the ECM and the cytoplasm of spindle cells in the

vascular cavities of the cortical bone. In addition, immuno-

reactivity was also detected in osteoblasts lining the surface

of bone trabeculae. However, spindle cells in the perios-

teum did not show immunoreactivity (data not shown).

From 2 to 7 weeks old, NG2-immunoreactivity was

detected in the spindle cells in the perivascular area and in

the osteoblasts lining the perivascular bone surface in the

incomplete and complete primary osteons (Fig. 6A,B). In

the periosteum, immunoreactivity was detected in a small

number of spindle cells and osteoblasts on the surface of

the cortical bone.

At 2 and 3 months old, NG2-immunoreactivity was

detected in the pericytes and spindle-shaped cells surround-

ing the blood vessels in the complete primary osteons

(Fig. 6C). Immunoreactivity was not detected in the perios-

teum.

Double-immunofluorescence staining for NG2 and Runx2

and for NG2 and Col VI revealed that most of the Runx2-

immunoreactive spindle cells and osteoblasts showed

NG2-immunoreactivity and were localized in the Col VI-

immunoreactive ECM in the osteonal cavity of the incomplete

and complete primary osteons at 2 weeks old (Fig. 6D–I).

Discussion

During osteonal bone formation, periosteal bone growth

progresses by an increase in primary osteons at the periph-

ery of the cortical bone, followed by apposition of bone tis-

sue on the perivascular bone surface to fill the primary

osteon (Enlow, 1962a,b; Currey, 1984a,b,c; de Margerie

et al. 2004). Our histological study indicates that the pri-

mary osteon initially appears as the incomplete primary

osteon at the periosteal bone surface. Two ridges of bone

trabeculae of the incomplete primary osteon were thought

to extend and completely enclose the osteonal cavity to

form the complete primary osteon.

In the present study, we detected intense localization of

Col VI in the ECM in the osteonal cavity of the incomplete

and complete primary osteons in young growing rats. Col

VI -immunoreactivity was faint in the ECM of the perios-

teum in all the rats evaluated, and in the expanded vascular

cavities in the cortical bone of the neonatal rats aged 1 day

A B

C

Fig. 3 Analysis of the osteonal cavity area and Col VI-immunoreactive area. (A) Col VI-immunohistochemistry, illustrating the equally divided three

regions of the cortical bone for the analysis. Scale bar: 100 lm. (B) The osteonal cavity area, Col VI-immunoreactive area (left panel) and the per-

centage of Col VI-immunoreactive area to the osteonal cavity area (right panel) in outer, middle, and inner region at 7 weeks. (C) The osteonal

cavity area, Col VI-immunoreactive area and the percentage of the Col VI-immunoreactive area to the osteonal cavity area in the upper cortical

regions at 2, 4, 7 weeks and 3 months. Data represent mean � SD. Significant differences were analyzed by one-way ANOVA and Tukey post hoc

test (*,#P < 0.05; **,##P < 0.01; ***,###P < 0.001).
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and 1 week. These findings indicate that Col VI provides a

characteristic microenvironment in the osteonal cavity of

the primary osteon. Col VI deposition initially appeared in

the osteonal cavity of the incomplete primary osteon, which

was still connected to the periosteum without separation

by the bone trabeculae. The immunoreactivity was reduced

or disappeared in the osteonal cavities as the primary ost-

eons became smaller toward the endosteum of the cortical

bone. Furthermore, in 2- and 3-month-old rats showing no

incomplete primary osteons, Col VI-immunoreactivity disap-

peared in the primary osteons with small osteonal cavities.

These results suggest that Col VI in the ECM of the osteonal

cavity plays important roles in the formation and develop-

ment of the primary osteon and decreases as the primary

osteon becomes mature.

In the primary osteons of outer cortical regions, Runx2-

immunoreactivity was detected in the small spindle cells dis-

tributed in the perivascular area and in cuboidal osteoblasts

lining the bone surface in young growing rats aged 2–7

weeks. Runx2 is a key transcription factor essential for

osteoblast differentiation (Ducy et al. 1997), and is strongly

expressed in pre-osteoblasts, immature osteoblasts and

early mature osteoblasts during the membranous ossifica-

tion (Maruyama et al. 2007). Several studies revealed that

spindle-shaped cells showing Runx2 expression were pre-os-

teoblasts or immature osteoblast in the periosteum and

bone marrow cavities (Amir et al. 2007; Maruyama et al.

2007; Clarke, 2008; Kodama et al. 2009). Thus, our results

indicate that differentiation of osteoblast-lineage spindle

cells into mature osteoblasts occurs in the osteonal cavities

A B C

D E F

G

Fig. 4 Runx2-immunohistochemistry of the femoral diaphysis. (A) and (B) At 2 (A) and 7 (B) weeks old, the immunoreactivity is detected in the

cuboidal osteoblasts (arrowheads) and spindle cells (arrows) in the osteonal cavity (OC) of the incomplete (ICPO) and complete primary osteons

(CPO). (C) At 3 months old, no immunoreactive cells are detected. (D–F) Double-labeling immunohistochemistry for Col VI (green) and Runx2 (red)

shows Runx2-immunoreactive spindle cells (arrow) and cuboidal osteoblasts (arrowhead) in the Col VI-immunoreactive ECM in the primary osteon.

CB, cortical bone; asterisk, blood vessel. Scale bars: 20 lm. (G) Runx2 labeling index in the osteonal cavity and osteogenic layer at 2, 4, 7 weeks

and 3 months. Data represent mean � SD. Significant differences were analyzed by Student’s t-test (osteonal cavity vs. osteogenic layer; N.S. not

significant, *P < 0.05, **P < 0.01) or one-way ANOVA and Tukey post hoc test (between the 2, 4, 7 weeks and 3 months; +,#P < 0.05).
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of the primary osteons. In addition, double-labeling immu-

nohistochemistry for Runx2 and PCNA revealed that some

of the osteoblast lineages in the primary osteon showed

proliferation activity from 2 to 7 weeks. The numbers of

PCNA-immunoreactive cells were significantly higher in the

primary osteons than in the osteogenic layer of the perios-

teum. Taken together with the result that Runx2-immuno-

reactive cells were more abundant in the primary osteon

than in the periosteum, these results indicate that prolifera-

tion and differentiation of osteoblast lineages occur mainly

in the primary osteon rather than in the periosteum during

the growing periods in rats.

Our double-labeling immunohistochemistry confirmed

that Runx2-immunoreactive osteoblast lineages were more

abundant in Col VI-immunoreactive areas in the primary

osteon than in the periosteum showing no Col VI accumula-

tion. At 7 weeks old, Runx2- and PCNA-immunoreactive

cells decreased in conjunction with the reduction of the Col

VI-immunoreactive areas in the primary osteons. In human

osteoblast lineages, Col VI promotes type I collagen expres-

sion in the early phase of differentiation, resulting in accel-

eration of bone matrix mineralization (Ishibashi et al. 1999;

Harumiya et al. 2002). Col VI deficiency leads to a disorga-

nized border between the osteoblasts and the bone matrix

at the periosteal surface of the cortical bone (Izu et al.

2012). Furthermore, Col VI is known to stimulate prolifera-

tion of various mesenchymal cell types (Atkinson et al.

1996; R€uhl et al. 1999a). It is therefore possible that Col VI

regulates differentiation and proliferation of osteoblast

lineages in the incomplete and complete primary osteons.

A B C

D E F

G

Fig. 5 PCNA-immunohistochemistry of the femoral diaphysis. (A) At 2 weeks old, many immunoreactive cells (arrowheads) are detected in the os-

teonal cavity (OC) of incomplete (ICPO) and complete primary osteons (CPO); however, only a few are detected in the periosteum (PeO). (B) At 7

weeks old, the immunoreactive cells (arrowheads) are detected mainly in the ICPO and CPO in the outermost region of the cortical bone (CB). (C)

At 3 months old, no immunoreactive cells are detected. (D–F) Double-labeling immunohistochemistry for PCNA (green) and Runx2 (red) shows

PCNA-immunoreactive spindle cells (arrow) and cuboidal osteoblasts (arrowhead) express Runx2. CB, cortical bone. Scale bars: 20 lm. (G) The

panel shows the PCNA labeling index in the osteonal cavity and osteogenic layer at 2, 4, 7 weeks and 3 months old. Data represent mean � SD.

Significant differences were analyzed by Student’s t-test (osteonal cavity vs. osteogenic layer; N.S. not significant, *P < 0.05, **P < 0.01).
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In non-osteogenic cells, Col VI interacts with NG2 on cyto-

plasmic membranes to promote cell proliferation, spreading

and motility by triggering intracellular signaling down-

stream of NG2 (Burg et al. 1996, 1998; Tillet et al. 2002).

Fukushi et al. (2003) demonstrated that NG2 was expressed

in osteoblasts delineating newly formed trabecular bones,

and was upregulated during the membranous and

endochondral ossification in the developing mouse. Thus,

NG2 is thought to be one of the essential factors for bone

formation by osteoblasts. Our results revealed that

Runx2-immunoreactive spindle cells and osteoblasts showed

NG2-immunoreactivity in the Col VI-immunoreactive areas

in the primary osteon. These results indicate that NG2 is

expressed in osteoblast lineages at a wide range of differen-

tiation stages, and functions as a cell-surface receptor that

mediates differentiation and proliferation of these cells in

response to Col VI in the primary osteon.

NG2 regulates cell–ECM interactions also by collaborating

with a3b1 and a4b1 integrins (Iida et al. 1995; Fukushi et al.

2004). In a melanoma cell line, concomitant stimulation of

NG2 and a4b1 integrin enhances FAK and ERK1/2 activation

(Yang et al. 2004). Col VI binds to a1b1, a2b1 and a3b1 inte-

grins, as well as NG2, implying that NG2 interacts with Col

VI in synergy with integrins (Doane et al. 1998; Midwood &

Salter, 2001). In osteoblasts, Runx2 activation is mediated by

the FAK/ERK pathway, leading to induction of osteoblastic

differentiation (Xiao et al. 2000; Schneider et al. 2011).

Taken together, it is possible that the Col VI-NG2/integrin

interaction will activate Runx2 and upregulate osteoblast

lineage differentiation via the FAK/ERK signaling pathway

in the primary osteon.

In the incomplete and complete primary osteons, most

of Runx2-immunoreactive spindle cells were distributed in

the perivascular area, whereas Runx2-immunoreactive

A B C

D E F

G H I J

Fig. 6 NG2-immunohistochemistry of the femoral diaphysis. (A) At 2 weeks, NG2 immunoreactivity is found in the cuboidal osteoblasts (arrow-

heads) and spindle cells (arrows) in the osteonal cavity (OC) of the incomplete (ICPO) and complete primary osteons (CPO). (B) At 7 weeks, the

immunoreactive spindle cells (arrows) and osteoblasts (arrowheads) are detected mainly in the ICPOs. (C) At 3 months, a few or no NG2-immuno-

reactive spindle cells (arrows) are detected in the CPO. (D–F) Double-labeling immunohistochemistry for NG2 (green) and Runx2 (red) shows NG2-

immunoreactive spindle cells (arrow) and cuboidal osteoblasts (arrowhead) express Runx2. (G–I) Double-labeling immunohistochemistry for NG2

(green) and Col VI (red) shows NG2-immunoreactive spindle cells (arrow) and cuboidal osteoblasts (arrowhead) in the Col VI-immunoreactive ECM.

(J) A high-magnification view of the boxed area. Asterisk, blood vessel. (A–I) Scale bars: 20 lm. (J) Scale bar: 10 lm.
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cuboidal osteoblasts localized near or on the bone surface

in the osteonal cavity. Thus, it is implied that the differen-

tiation of osteoblast lineages progressed radially from the

perivascular area toward the peripheral areas of the osteo-

nal cavity. Consequently, mature osteoblasts may be

arranged peripherally and form the bone tissue around

the osteonal cavity, leading to the construction of the pri-

mary osteon. Interaction of Col VI and NG2 may be con-

cerned with such a formation pattern of the primary

osteon by regulating the differentiation and proliferation

of osteoblast lineages.

In conclusion, we demonstrated that Col VI was highly

accumulated in the osteonal cavity of the primary osteon in

the femoral diaphysis of growing young rats. In these

regions, spindle cells in the perivascular area and mature os-

teoblasts lining on the bone surface expressed Runx2. Fur-

thermore, some of the Runx2-immunoreactive spindle cells

showed PCNA-immunoreactivity. These findings indicate

that osteoblast-lineage spindle cells proliferate and differ-

entiate into mature osteoblasts in the Col VI-rich area in the

primary osteon. The Runx2-immunoreactive osteoblast

lineages expressed NG2, suggesting that NG2–Col VI interac-

tion may regulate osteoblast lineages and the formation of

the primary osteon.
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