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Delayed fracture healing in tetranectin-deficient mice
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Abstract Tetranectin is a plasminogen-binding protein

that enhances plasminogen activation, which has been

suggested to play a role in tissue remodeling. Recently, we

showed that tetranectin has a role in the wound-healing

process. In this study, we investigated whether tetranectin

plays a role in fracture healing. The fracture-healing pro-

cess was studied using a femoral osteotomy model in

tetranectin-null mice, previously generated by the authors.

Radiographic imaging, micro-computed tomography

(lCT), and histological analysis were used to evaluate

osteotomy healing. In wild-type mice, a callus was appar-

ent from 7 days, and most samples showed marked callus

formation and rebridging of the cortices at the osteotomy

site at 21 days. In contrast, in the tetranectin-null mice

there was no callus formation at 7 days and much less

callus formation and no bridging of cortices were observed

at 21 days. At 35 days, all osteotomy sites showed clear

rebridging, and secondary bone formation was achieved in

wild-type mice by 42 days. In contrast, no clear rebridging

or secondary bone formation was observed at 42 days in

the tetranectin-null mice. Analysis using lCT at 21 days

after osteotomy revealed that the callus area in tetranectin-

null mice was smaller than that in wild-type mice. Histo-

logical analysis also showed that soft tissue and callus

formation were smaller in the tetranectin-null mice at the

early stage of the healing process after drill-hole injury.

These results suggested that tetranectin could have a role in

the positive regulation at the early stage of the fracture-

healing process, which was reflected in the delayed fracture

healing in tetranectin-deficient mice.
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Introduction

Fracture healing is a sequential process that has been

divided into soft tissue formation, which includes hema-

toma and fibrous tissue formation, inflammation, angio-

genesis, and mesenchymal progenitor recruitment;

cartilage and callus formation; and callus remodeling with

a series of molecular and cellular events [1]. Remodeling

of the callus leads to restoration of the anatomic and bio-

mechanical properties of the original skeletal element [2].

A number of factors have been shown to influence fracture

repair, and analyses of the molecular basis for these

abnormalities have led to a greater understanding of this

process [3–8].

Tetranectin belongs to the family of C-type lectins and

is composed of three identical, noncovalently linked

20-kDa subunits [9, 10]. It was originally purified from

human serum on the basis of its plasminogen kringle

4-binding properties [11]. Tetranectin is produced by many

cell types and is present in serum at a concentration of

10 mg/l [10]. Although the biological function of tetran-

ectin has not yet been clarified, it is known to enhance

plasminogen activation by tissue-type plasminogen acti-

vators and binds to fibrin, calcium, heparin, and other
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sulfated polysaccharides [9–11]. The binding properties of

tetranectin could include a role in tissue remodeling.

Recently, we showed that the healing of incisional skin

wounds was markedly delayed in tetranectin-null mice,

indicating that tetranectin could have a function in the

cutaneous wound-healing process [12, 13]. Cutaneous

wound healing is a dramatic example of a tissue-remod-

eling process mediated by a large number of growth fac-

tors, cytokines, and matrices [14], and is presented as three

overlapping series of events: inflammation, new tissue

formation, and matrix remodeling [15]. In terms of phases,

the process of bone fracture healing, which includes

inflammation, callus formation, and remodeling of the

callus to mature lamellar bone [16], is similar to cutaneous

wound healing. The early process, in particular, of the

tissue-remodeling process is the same for cutaneous

wounds and fractures, and involves hematoma formation, a

matrix rich in fibrin and fibronectin, and the infiltration of

neutrophils and macrophage [15, 17]. After these pro-

cesses, mesenchymal progenitors make up the fibrous tis-

sues and granulation tissue around the defect in the injured

fields. Additionally, a previous in vitro study showed that

tetranectin is expressed during bone formation [18]. We

thus hypothesized that tetranectin might play a significant

role in fracture healing.

In this study, we investigated whether tetranectin plays a

role in fracture repair using two bone-healing models in

tetranectin-null mice: a femoral diaphyseal osteotomy

model and a tibial drill-hole model. The former is a suitable

model for the investigation of the overall process of frac-

ture healing and the latter model is appropriate for the

study of early change of the injured fields [19, 20].

Materials and methods

Experimental animals

The wild-type and tetranectin-null mice (C57/BL/6 J

background) used in this study were described previously

[12]. The wild-type mice were littermates and served as

controls. All animals were maintained in our animal

facility under specific pathogen-free conditions, and all

animal work was reviewed and approved by the Institu-

tional Animal Care and Use Committee of Sapporo Med-

ical University.

Fracture model

A transverse osteotomy of the femur diaphysis and a tibial

drill-hole were generated in 10-week-old wild-type and tetr-

anectin-null mice [12]. Groups of wild-type mice (n = 78)

and tetranectin-null mice (n = 76) were anesthetized with

pentobarbital (0.5 ml/kg) for experiments. Six mice from each

group were used for radiologic analysis during osteotomy

healing, 8 mice for micro-computed tomography (lCT)

analysis, 10 mice for histological analysis of the transverse

osteotomy model, 11 mice for histological analysis of the

drilling model, 22 mice for the primary culture to observe

mineralization and colony-forming units (CFUs) in vitro, and

16 mice for RNA isolation from the primary culture. The

experiment was unsuccessful in the remaining 5 wild-type and

3 tetranectin-null mice because of failure of femoral diaphy-

seal osteotomy or the tibial hole-drilling procedure.

Femoral diaphyseal osteotomy model

The left femur was subjected to transverse osteotomy at the

femoral midshaft using bone scissors. The displaced oste-

otomy site was repositioned and stabilized with an intra-

medullary nail (0.8 mm in diameter) as previously reported

[19]. At 7, 14, 21, 28, 35, 42, 49, 56, 63, and 70 days after

osteotomy, radiographic images and samples for histolog-

ical analysis were obtained from at least four mice per data

point. Radiographs were taken with a soft X-ray apparatus

(CMB-2; Softex, Tokyo, Japan) using industrial X-ray film

(IX; Fuji Film, Tokyo, Japan).

Tibial drill-hole model

In addition, drilling of the left tibia as reported previously

with modifications [20] was performed to evaluate early

changes in the fracture-healing process, including fibrous

tissue and granulation tissue formation around the defect in

the injured fields. Briefly, a transverse hole was made at a

point just below the patella tendon insertion of the tibia using

a nail (0.8 mm in diameter), although the original method

used a longitudinal drilling of the femur and tibia [20]. The

nail was inserted deep into the marrow space to reach the

other edge of the cortical bone. The tibias of 8 wild-type and

8 tetranectin-null mice were isolated at 3 days and at 10 days

after drilling, and soft tissue and callus formation was eval-

uated by histological analysis. In addition, the tibias of 3

wild-type and 3 tetranectin-null type mice were isolated at

1 day and 3 days after drilling for analysis of tetranectin

expression in the soft tissue of the drill-hole site.

Radiological analysis

Radiographs at 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, and

84 days after osteotomy were independently assessed by

two investigators using a scoring scale of 0–7 based on the

rebridgement of the cortices and acceleration of healing as

described previously [21]. The scoring was as follows: 0,

no bridging or callus formation; 1, no bridging, but initi-

ation of a small amount of callus; 2, no bridging, but
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obvious callus formation near and around the osteotomy

site; 3, no bridging, but marked callus formation near and

around the fracture site; 4, rebridging of at least one cortex,

and marked callus formation near and around the osteot-

omy site; 5, rebridging of at least one cortex, and marked

and complete callus formation around the osteotomy site;

6, rebridging of both cortices, and/or some resolution of the

callus; and 7, clear rebridging of both cortices and reso-

lution of the callus [21]. Scoring was completed and results

were expressed as mean scores of at least four samples at

each time point after osteotomy.

Micro-computed tomography

Isolated femoral bone samples at 21 days after osteotomy

were fixed in 10 % neutral buffered formalin and analyzed

using a micro-CT scanner (ScanXmate-L090; Coms-

cantecno, Yokohama, Japan) operated at a lamp voltage of

70 kV and current of 100 lA. The isolated femurs of 8

wild-type and 8 tetranectin-null mice at 21 days after

osteotomy were scanned on the micro-CT system using X

sys FP Version 1.7 and coneCTexpressIV 1.32 (Coms-

cantecno) operating software. Callus and new bone for-

mation in the osteotomized femurs were investigated.

Samples were scanned at a magnification factor of 7.1 and

spatial resolution of 14.1 lm/pixel, and captured images

were then rendered using software (TRI/3D BON; Ratoc

System Engineering, Tokyo, Japan). Quantitative assess-

ment of callus and new bone formation was performed at

the central region of each callus. The endocortical surface

of the newly formed cortical bone was identified with the

contouring function of the analytical software (TRI/3D

BON; Ratoc System Engineering), and supplemented

manually to measure the total tissue area. The calcified

pixels at 14.13 lm/pixel were binarized in the range from

31 to 224 in a grayscale of 0–255. The callus tissue area

was measured by subtracting the original bone area, which

was measured by contouring the external surface of the

femur, from the total tissue area. The newly formed bone in

the callus tissue area was calculated by setting the same

threshold value for the calcified pixels.

Histological analysis

For the analysis of callus formation and bone healing,

each of five femur samples obtained at 21 and 28 days

after osteotomy were fixed in 10 % neutral buffered for-

malin for 14 days, decalcified in 0.5 M ethylenediamine-

tetraacetic acid (EDTA) for 3 days, and embedded in

paraffin. Paraffin sections were cut in the sagittal plane at

a thickness of 4 lm. The sections of each femur were

stained with hematoxylin and eosin (H&E) and Alcian

blue–nuclear fast red. Slide images were captured using a

Super Coolscan 5000 ED system (Nikon, Tokyo, Japan).

Total area of the external callus and cartilage at the

osteotomy site was quantified [22] using ImageJ (NIH).

For the analysis of soft tissue formation before callus

formation, the tibia samples with transverse holes at 3 and

10 days were prepared in the same manner as the femoral

bone and stained with H&E. The average width of the soft

tissue at the center of the cortical defect was measured

using the samples taken.

Immunohistochemistry

For evaluation of tetranectin distribution, immunohisto-

chemical staining for tetranectin was performed on the

tibia samples with transverse holes. At 1 and 3 days after

drilling, tibia samples were fixed in 4 % paraformalde-

hyde for 2 days, decalcified using 0.5 M EDTA for

3 days, and embedded in Tissue-Tek O.C.T. Compound

(Sakura Finetek, Torrance, CA, USA), after which lon-

gitudinal sections were cut at a thickness of 8 lm. To

inactivate the endogenous peroxidase, the sections were

treated with 0.1 % H2O2 in 0.1 M phosphate-buffered

saline (PBS) for 30 min at room temperature (RT). After

washing for 10 min with 0.1 M PBS containing 0.3 %

Triton X-100 (PBST), the sections were treated with 2 %

bovine serum albumin (BSA) at RT for blocking. After

further washing for 10 min with 0.1 M PBST, the sec-

tions were incubated for 12 h with a primary antibody

against tetranectin (Abcam, Cambridge, MA, USA)

diluted 1:500 in PBST at 4 �C. After washing for 30 min

with 0.1 M PBST, the sections were incubated for 2 h

with a secondary antibody (Vector Laboratories, Burlin-

game, CA, USA) diluted 1:500 in PBST at RT. Sections

were then washed for 30 min with PBST and placed for

2 h in an avidin–biotin–peroxidase complex (ABC kit;

Vector Laboratories, Burlingame, CA, USA) diluted

1:1,000 in PBST at RT. The immunoreactions were

rendered visible by reaction with 0.05 M Tris–HCl buffer

(pH 7.6) containing 0.01 % 3,30-diaminobenzidine (DAB)

(Sigma-Aldrich, St. Louis, MO, USA), and 0.0003 %

H2O2 for 30 min at RT. Finally, slides were counter-

stained with hematoxylin QS (Vector Laboratories),

dehydrated, and mounted on glass slides. The morphol-

ogy of the positive staining was evaluated with light

microscopy.

Cell culture

Bone marrow stromal cells were obtained from the excised

femurs of 16 mice without osteotomy experimentation by

flushing the shafts with Dulbecco’s modified Eagle’s med-

ium (DMEM). The cells were cultured in DMEM containing

10 % fetal bovine serum (FBS), 4 mM L-glutamine, and
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penicillin (100 U/ml)/streptomycin (100 ng/ml). For

induction of osteoblastogenic differentiation, the adherent

bone marrow stromal cells were treated with a medium

consisting of DMEM supplemented with 10 % FBS, 50

lg/ml ascorbic acid, and 10 mM b-glycerophosphate for

21 days. Mineralization was observed from 14 to 21 days,

and the cultures were stained with alizarin red S after culture

for 21 days [12].

For measurement of the numbers of fibroblastic CFUs

and osteoblastic CFUs, bone marrow stromal cells were

seeded by flushing both the femur shafts of a mouse into

35-mm culture dishes (Becton–Dickinson, Franklin Lakes,

NJ, USA). At 3 days after seeding, cultured cells were

fixed with 4 % paraformaldehyde for 2 days. The cultured

cells were stained with 0.2 % methylene blue for fibro-

blastic CFUs and alkaline phosphatase (ALP) (ALP kit;

Muto Pure Chemicals, Tokyo, Japan) for osteoblastic

CFUs. The number of methylene blue-positive CFUs and

ALP-positive CFUs was counted in four randomly selected

fields (109) per culture dish by light microscopy.

RNA isolation and reverse transcription-PCR

(RT-PCR)

RNA was isolated from the bone marrow stromal cell culture

using Trizol (Gibco BRL, Gaithersburg, MD, USA) at 7 days

after the induction of osteoblastogenic differentiation.

Reverse transcriptase-polymerase chain reaction (RT-PCR)

was performed as described previously [12, 13]. Conditions

applied for PCR were 96 �C for 30 s, 25 or 30 cycles of 96 �C

for 15 s, 55 �C for 30 s, 72 �C for 1 min, and 72 �C for

7 min using a Perkin Elmer/Cetus Thermocycler Model

2400. The primers used to detect type I collagen (Col I),

osteopontin (OPN), osteocalcin (OC), and glyceraldehyde-

3-phosphate dehydrogenase (G3PDH) were as follows: 50-
AATGGTGAGACGTGGA AACCCGAG (forward primer)

and 50-CGACTCCTACATCTTCTGAGTTTGG (reverse

primer) for Col I, 50-GACCATGAGATT GACAGATTTG

(forward primer) and 50-TGATGT TCCAGGCTGCCA

GAGTTTG (reverse primer) for OPN, 50-GACAAAGCCT

TCATGT CCAAGC (forward primer) and 50-AAA

GCCGCTGCCAGAGTTTG (reverse primer) for OC, and

50-ACCACAGTCCATGCCATCA C (forward primer) and

50-TCCACCACCCTGTTGCTGTA (reverse primer) for

G3PDH.

Statistical analyses

Data were expressed as mean ± SD. Statistical analyses

were performed using Student’s t test. p \ 0.05 was con-

sidered to indicate statistical significance.

Results

Bone healing in tetranectin-null mice

In wild-type mice, a calcified callus was apparent from 7 to

14 days, and most samples showed marked callus formation

and rebridging of the cortices of the osteotomy site at 21 days.

In contrast, there was no callus formation at 7 days, and much

less callus formation over the osteotomy site and little bridg-

ing of the cortices were observed at 21 days in tetranectin-null

mice. At 35 days, all osteotomy sites showed clear rebridging

of both cortices and resolution of the callus, and secondary

bone formation and remodeling were achieved in all wild-type

mice by 42 days. In contrast, no clear rebridging of both

cortices and resolution of the callus was observed at 42 days in

tetranectin-null mice, with these steps taking at least 63 days

to be completed in the tetranectin-null mice (Fig. 1a). At

70 days, secondary bone formation and remodeling were not

Fig. 1 Radiologic analysis of osteotomy healing in tetranectin-null

mice. a Radiographic images were evaluated at 7, 21, 35, and 63 days

after transverse femoral osteotomy. Osteotomy healing processes in

tetranectin-null mice (Null) were much delayed compared to those in

wild-type mice (Wild). b A semiquantitative evaluation based on our

scoring scale [22] showed that the osteotomy healing process in

tetranectin-null mice (hatched bars) was significantly delayed com-

pared with that in wild-type mice (white bars)
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yet completed in most tetranectin-null mice, taking 84 days

for completion in all mice (data not shown). The mean scores

based on the scoring scale [21] for wild-type mice at 7, 14, 21,

28, 35, 42, 49, 56, and 63 days after femoral transverse oste-

otomy were 0.8, 4.0, 5.4, 6.8, 7.0, 7.0, 7.0, 7.0, and 7.0,

respectively, whereas those for tetranectin-null mice were 0

(p = 0.00021), 1.4 (p = 0.00015), 3.4 (p \ 0.0001), 3.9

(p \ 0.0001), 4.5 (p = 0.0032), 4.9 (p \ 0.0001), 5.3

(p = 0.037), 5.7 (p = 0.047), and 5.9 (p = 0.006), respec-

tively, which were significantly lower than those of wild-type

mice at all measured time points (Fig. 1b).

Micro-computed tomography

Micro-computed tomography (lCT) images revealed that the

callus size in wild-type mice was greater than that in the

tetranectin-null mice (Fig. 2a). Quantitative analysis of

transverse slides taken from the central region of each callus

showed that the average value of the callus area in wild-type

mice [5.6 ± 1.2 (mean ± SD) mm2] was significantly greater

than that in tetranectin-null mice (3.1 ± 1.0 mm2) (Fig. 2b).

Regarding the newly formed bone in the callus, the average

area in the wild-type mice (1.1 ± 0.6 mm2) was also greater

than that in the tetranectin-null mice (0.7 ± 0.5 mm2),

although the difference was not statistically significant

(Fig. 2c). On the other hand, there was no significant differ-

ence in the ratio of newly formed bone area to callus area (% of

new bone area) in the wild-type and tetranectin-null mice

(17.7 ± 7.8 and 22.1 ± 10.9 %, respectively) (Fig. 2d).

Histological analysis during bone healing

At 21 days after osteotomy, Alcian blue (Al–B) staining indi-

cated that the cartilage area in the callus was significantly larger

in the wild-type mice than that in the tetranectin-null mice

(Fig. 3a, b). Histology sections taken at 28 days confirmed a

delay in bone healing in the tetranectin-null mice. H&E staining

demonstrated that external callus formation was smaller in the

tetranectin-null mice than in the wild-type mice (Fig. 3c).

Quantitative analysis showed that the average area of external

callus formation was significantly smaller (Fig. 3d) and the

cartilage area in the callus was significantly larger in tetranec-

tin-null mice than those in the wild-type mice, respectively

(Fig. 3e). Regarding the Alcian blue-stained histological sec-

tions from the tetranectin-null mice, the cartilage area in the

callus at 28 days was increased in comparison with that at

Fig. 2 Micro-computed tomography (lCT) transverse images of

callus at 21 days after osteotomy. a The callus size in wild-type mice

(Wild) was greater than that in tetranectin-null mice (Null). b Quan-

titative analysis of transverse slides taken from the central region of

the callus in each sample showed that the average value of the callus

area in wild-type mice (white bar) was significantly greater than that

in tetranectin-null mice (hatched bar). c The average area of newly

formed bone in the callus in wild-type mice (white bar) was greater

than that in tetranectin-null mice (hatched bar), although the

difference was not statistically significant. d The ratio of newly

formed bone area to callus area (% of new bone area) in the wild-type

mice (white bar) was not significantly different from that in

tetranectin-null mice (hatched bar) (d)
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21 days (Fig. 3a, b, c, e). At 3 and 10 days after the drilling of

the tibia, histological analysis of the cortical defect and bone

marrow space revealed that soft tissue (Fig. 4a, day 3), callus,

and new bone formation (Fig. 4a, day 10) at the transverse hole

were much reduced in the tetranectin-null mice. At 3 days, the

average width of the fibrous tissue at the cortical defect in the

wild-type mice (0.48 ± 0.08 mm) was significantly thicker

than that in the tetranectin-null mice (0.23 ± 0.07 mm,

p = 0.0009) (Fig. 4b). At 10 days, we could not measure the

width of the fibrous tissue because of the callus and new bone

formation in wild-type mice (Fig. 4a, day 10).

Immunostaining of tetranectin at the transverse hole

of tibia

In wild-type mice, immunohistological analysis showed

that there was a considerable amount of tetranectin in the

soft tissue at 1 day after drilling (Fig. 5a), and that the level

was relatively reduced at 3 days (Fig. 5b). Additionally,

fibroblast-like cells were found around those soft tissues

(Fig. 5c). In contrast, in tetranectin-null mice, there was no

tetranectin around the tibial drill-hole site (Fig. 5d),

although fibroblastic cells were observed around those

tissues (Fig. 5e).

Differentiation of bone marrow stromal cell culture

No significant differences were observed in the expression

of Col I, OPN, or OC, which are osteoblast differentiation

markers, between the wild-type and tetranectin-null mice

(Fig. 6). In addition, no apparent difference in the degree of

mineralization of the cultured cells at 21 days was

observed between the wild-type and tetranectin-null mice

(data not shown).

Fig. 3 a Histological sections of the osteotomy site at 21 and

28 days. b At 21 days after osteotomy, Alcian blue (Al–B) staining

indicated that the cartilage area in the callus was significantly larger

in wild-type mice (Wild, white bar) than that in tetranectin-null mice

(Null, hatched bar). c At 28 days, hematoxylin and eosin (H&E)

staining showed external callus formation was smaller in the

tetranectin-null mice than in the wild-type mice. Alcian blue (Al–

B) staining indicated that cartilage remained in the callus of the

tetranectin-null mice. d Quantitative analysis showed that the average

area of external callus formation was significantly smaller and the

cartilage area in the callus was significantly larger in the tetranectin-

null mice (hatched bar) than in the wild-type mice (white bar),

respectively (e)
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Regarding the number of methylene blue-positive CFUs

(fibroblastic cells) and ALP-positive CFUs (osteoblastic

cells) in the bone marrow stromal cell culture, no signifi-

cant difference was observed between the wild-type and

tetranectin-null mice (Fig. 7).

Discussion

We previously generated mice with a targeted disruption in

the tetranectin gene (tetranectin-null mice) [12]. Tetran-

ectin-null mice exhibit kyphosis associated with an

asymmetrical development of the intervertebral disks, and

these findings reveal progressive changes, although the

mice appear healthy with no significant changes in bone or

other organs. In addition, the mice show no difference in

peak bone mineral density (BMD) or changes in BMD

following ovariectomy compared with their littermates

[12].

The present study showed that soft tissue and sub-

sequent callus formation was delayed in tetranectin-null

mice. In contrast, lCT images indicated that the capacity

for new bone formation was not influenced by the lack of

tetranectin function, and histological analysis showed that

the capacity for cartilage formation was maintained and

likely to be sufficient for new bone formation in tetranec-

tin-null mice. These results appear to indicate that the

capacity for cartilage and new bone formation was main-

tained even under tetranectin-deficient conditions. Addi-

tionally, soft tissue formation at 3 days after hole drilling

was much reduced in the tetranectin-null mice.

In the soft tissue at the drill-hole site, tetranectin

expression was relatively high at 1 day and reduced at

3 days, and fibroblastic cells were found around those tis-

sues in wild-type mice. In contrast, no tetranectin expres-

sion in the soft tissues was observed in tetranectin-null

mice, although fibroblastic cells were observed around

those tissues.

Therefore, we suggest that the delay in bone healing at

the osteotomy and drill-hole sites in tetranectin-null mice

might be dependent on the impairment of the early stages

of the healing process, such as soft tissue formation.

During the fracture-healing process, mesenchymal pro-

genitors derived from the bone marrow are believed to

have an important role in osteoblast differentiation for new

bone formation, and defective cell function could be

associated with the impairment of fracture healing [23]. In

this study, the expression of differentiation markers and

mineralization capacity for bone marrow stromal cells in

tetranectin-null mice were not significantly different from

those in wild-type mice. These findings suggest that bone

marrow mesenchymal cells could maintain their capacity to

differentiate into osteoblastic cells in tetranectin-null mice.

In our previous study, a preosteoblast culture experiment

using calvarial osteoblastic cells also indicated that no

differences in mineralization capacity existed between

wild-type and tetranectin-null mice [12]. Together, these

data suggest that the bone formation capacity of mesen-

chymal progenitor cells in tetranectin-null mice was iden-

tical to that in wild-type mice. Recently, it was reported

that the bone marrow stromal cell population with in vivo

bone formation ability had a significant positive correlation

with the expression level of tetranectin [24]. However, that

study also found that the gene expression of several other

markers was significantly increased in the population, from

Fig. 4 Early changes in bone healing at tibia hole defects. a At

3 days, soft tissue formation (arrows) at the cortical defect was much

reduced in the tetranectin-null mice tibia (Null). At 10 days, callus

and newly formed bone (white arrowheads) filled the defect in the

wild-type mice (Wild). In contrast, there was little callus or newly

bone formation in the hole defect in the tetranectin-null mice. b The

average width of the soft tissue at the cortical defect at 3 days in the

wild-type mice (white bar) was significantly thicker than that in the

tetranectin-null mice (hatched bar). The width of the lines indicate

the drilled hole (asterisks), and fibrous tissue thickness is shown as

the width between the arrows
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which it could not be concluded that tetranectin regulated

the differentiation of bone marrow stromal cells. Addi-

tionally, we showed that there was no significant difference

in the capacity of bone marrow cells to differentiate into

fibroblastic cells based on our experiment using bone

marrow cell cultures. Thus, we think that tetranectin could

Fig. 5 Tetranectin formation at tibia hole defects. In the wild-type

mice, at 1 day, tetranectin was highly expressed in the soft tissue in

the hole defect (a), and at 3 days, the expression of tetranectin was

relatively reduced (b). Fibroblastic cells were found around the soft

tissue in the wild-type mice (c) and in the tetranectin-null mice (e;

high magnification). In contrast, no tetranectin was expressed in the

tetranectin-null mice (d). Arrows tetranectin expression, arrowheads
fibroblastic cells
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have a role in the early stage of the fracture-healing process

based on the regulation of soft tissue formation without

regulation of mesenchymal progenitor cells.

There were several limitations to this study. First, we did

not evaluate the expression levels of molecules associated

with the plasminogen system that might be involved in the

fracture-healing process. Second, we evaluated lCT data

on the basis of two-dimensional analysis and only at

21 days after osteotomy. Third, we did not examine whe-

ther tetranectin regulated remodeling of the callus carti-

lage. Fourth, the surgeons who performed the osteotomy

and hole drilling were not blinded to the categorization of

the animals into wild-type or tetranectin-null mice,

although the analysis of radiographs and lCT were per-

formed blindly.

Overall, 5 to 10 % of all fractures result in impaired

healing or nonunion, creating a significant public health

problem [25]. From a clinical point of view, the local

delivery of therapeutic agents into the lesions would pro-

vide an attractive method for the treatment of fractures

with impaired healing [26]. Tetranectin is present in human

serum, which makes it possible to purify the tetranectin

protein [10, 11]. It might be possible to locally deliver

purified tetranectin protein from autologous serum to

ameliorate impaired fracture lesions, although further study

is needed to elucidate the molecular mechanism behind the

regulation of soft tissue or callus formation by tetranectin

Fig. 6 Expression of differentiation markers in bone marrow cell

cultures. At 7 days after the induction of osteoblastogenic differen-

tiation of bone marrow stromal cells, no significant differences were

observed in the expression of type I collagen, osteopontin, osteocal-

cin, or glyceraldehyde-3-phosphate dehydrogenase (G3PDH) between

wild-type (wild) and tetranectin-null (null) mice

Fig. 7 Formation of methylene blue-positive colony-forming units

(CFUs) and alkaline phosphatase (ALP)-positive CFUs in bone

marrow cell cultures. Cultured CFUs were stained with methylene

blue as the fibroblastic cell marker (a) and ALP as the osteoblastic

cell marker (c). No significant difference was observed in the average

number of methylene blue-positive CFUs (b) or ALP-positive CFUs

(d) between the wild-type mice (white bars; 3.8 ± 0.63, 9.5 ± 0.43,

respectively) and that in the tetranectin-null mice (hatched bars;

3.7 ± 0.6, 9.8 ± 0.24, respectively) (p = 0.659, 0.588, respectively).

The number of CFUs was counted in four randomly selected fields

(910) per culture dish by light microscopy. Wild wild-type mice, Null
tetranectin-null type mice
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in the fracture-healing process. We believe that tetranectin

might be an attractive candidate as a potential agent to

enhance fracture healing.
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