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Abstract—To test whether mechanical loading produces faster healing in aged mice, fractured femurs of aged 1-year-
old mice were subjected to low-intensity pulsed ultrasound (LIPUS), a treatment that is routinely used to help heal
fractures in humans. Cyclooxygenase-2 knockout mice (COX-22/2), which lack an immediate early mediator of
mechanical stimulation, were also studied by histochemistry, microcomputed tomography and quantitative poly-
merase chain reaction to determine the role of COX-2. The healing in the aged COX-22/2 mice is slow during the
endochondral bone remodeling (.30 d), a period generally prolonged in senescence. For aged wild-type mice, LIPUS
halved the endochondral phase to about 10 d, whereas that was not the case for aged COX-22/2 mice, which showed
no apparent shortening of the prolonged endochondral-phase healing time. Injecting prostaglandin E2 receptor
agonists, however, rescued the COX-22/2 callus from insensitivity to LIPUS. In conclusion, COX-2 is a limiting factor
in the delayed endochondral bone healing and is induced by LIPUS, which normalizes healing rate to the wild-type
level. (E-mail: yukomtak@kdcnet.ac.jp) � 2010 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Fracture healing slows with age in rats (Ekeland et al. 1982)

and humans (Nilsson and Edwards 1969). Recent investi-

gation has shown that induced levels of COX-2 expression

during the first postoperative week in the fracture callus of

1-year-old mice are only one-third of those of 8-week-old

mice (Naik et al. 2009). Nonsteroidal antiinflammatory

drugs (NSAIDs) and other COX-2 inhibitors have been re-

ported to impair fracture healing in humans (Elmstedt et al.

1985; Sudmann and Hagen 1976) and animals (Bo et al.

1976). Significant osteogenic deficiencies were observed

in rats aged 6–9 months that were administered indometh-
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acin from the second postoperative week, whereas

2-month-old rats were not significantly affected (Elves

et al. 1982). Thus, it was suggested that people who have

fractured osteoporotic bone should avoid agents that

inhibit COX-2 (Dinchuk et al. 1995).

Our previous studies established the role of COX-2 as

a mechanical-response amplifier in primary rat bone cells

and ST2 cells, a mouse stem cell line. COX-2 is an essential

link in the process that sustains the anabolic effect of

mechanical stimuli by amplifying the effect of the initial

mechanical input as a result of biphasic secondary expres-

sion of COX-2 (Kawata and Mikuni-Takagaki 1998;

Naruse et al. 2003). In fact, appropriate mechanical

loading has a vital positive influence on skeletal healing

(Augat et al. 2005). Therefore, to evaluate the efficacy of

mechanical treatment with low-intensity pulsed ultrasound

(LIPUS) in 1-year-old COX-2 knockout mice and their

wild-type (WT) littermates, we examined their fracture

calluses with and without LIPUS exposure.
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Fig. 1. Schematic representation of sequence of fracture healing
processes in adult (10-week-old) and aged (1-year-old) mice.
Filled arrows represent endochondral ossification stage in WT
mice, and dotted arrows in COX-22/2 mice. Healing processes
proceeded similarly in the 10-week-old COX-22/2 and the WT

mice (See Supplementary Fig. S1 for radiographs).
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MATERIALS AND METHODS

Experimental design
We bilaterally fractured the femurs of aged (1-year-

old) COX-22/2 mice and the WT littermates (COX-21/1).

The right femur of each animal received a 20-min

LIPUS treatment every day, starting on day 5, the fifth

day after surgery (we define the day of surgery to be

day 0). The left femurs served as controls and received

mock treatment. Each group initially consisted of eight

animals. In spite of the inherent risk of anesthesia, no

more than two mice in each group died during these

experiments. Three repeated experiments were per-

formed. The time frame for the fracture healing of the

aged mice, as well as that of skeletally mature, 10-

week-old adult mice, is depicted in Fig. 1. The duration

of endochondral bone formation is marked with double-

headed arrows on a solid gray line for WT mice and

a dotted gray line for the knockout mice.

To confirm whether prostaglandin E2 (PGE2)

receptor agonists restore signals in response to LIPUS

missing in old COX-22/2 mouse callus, we attempted

a rescue experiment in which the bilateral femurs of the

eight experimental knockout mice were fractured and

treated with the EP-2 and EP-4 PGE2 receptor agonists

starting on day 5, the end of the inflammation stage, to

day 21. Control COX-22/2 mice received vehicle solu-

tion. The right femur of each animal received a 20-min LI-

PUS treatment every day, starting on day 5.
Mice
The Animal Care and Use Committee of Kanagawa

Dental College approved our experimental protocol. We

used 48 mice. All mice were the hybrid C57BL/

6J3129S7 (B6, 129S7-Ptgs2tm1Jed; The Jackson Labo-

ratory, Bar Harbor, ME, USA) (Dinchuk et al. 1995),

having been intercrossed for �30 generations at Kana-

gawa Dental College. In addition to the knockout mice

and the WT littermates, some heterozygous mice (COX-

21/2) for the COX-2 gene were also used to histologically

compare the healing rates.
Fractures
We anesthetized all mice with 80 mg/kg ketamine and

16 mg/kg xylazine and performed a medial parapatellar ar-

throtomy to insert a 26g needle into the medullary canal of

the one or both femurs. After the exposed portion of the

needle was cut off, the patella was replaced and the incision

was sutured with 8-0 synthetic absorbable stitches. The

stabilized femur was fractured manually at the midpoint

of the diaphysis (Bonnarens and Einhorn 1984). Fracture

healing was monitored by soft X-ray contact micrography

(HA-60 system, Hitex Co., Osaka, Japan) of the femora of
anesthetized mice with Industrial X-ray film IX FR (Fuji

Photo Film Co. Ltd., Tokyo, Japan).

Ultrasound treatment
A device equipped with six lead zirconate titanate

transducers 13 mm in diameter (Teijin, Tokyo, Japan)

applied LIPUS to the experimental fractures. The six

transducers were connected to a generator through six

separate lines with individual switches. A function gener-

ator (model HP33120A; Hewlett-Packard Japan, Ltd.,

Tokyo, Japan) produced a 200-msec burst of 1.5-MHz

sine waves repeated at 1.0 KHz at a spatial average and

temporal average intensity of 30 mW/cm2. These transcu-

taneous LIPUS parameters are identical to those used in

human therapy (Fujioka et al. 2000), in experiments

with rodents (Azuma et al. 2001) and in experiments

with bone-cell cultures (Naruse et al. 2000, 2003).

During treatment, the mice were anesthetized to aim the

ultrasound to the fracture site with a subcutaneous

injection of ketamine (80 mg/kg) and xylazine (16 mg/kg)

and kept in a prone position on cylindrical holders with

transducers placed close to the skin at the femoral

fracture site, which was shaved and covered with

ultrasound gel (Nippon Kohden, Tokyo, Japan) (Azuma

et al. 2001). Control animals were also anesthetized and

had transducers attached to the fracture site, but the trans-

ducers were not connected to the ultrasound generator.

Microfocused X-ray computed tomography
Microfocused X-ray computed tomography (micro-

CT) equipped with a microfocus X-ray tube (focus size

8 3 8 mm, MCT-100MF, Hitachi Medical Corporation,

Tokyo, Japan) produced a 3-D image of each femur

from 200 image slices. The tube voltage, tube current,
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magnification, and voxel size were 70 kV, 100 mA, x7 and

17.8 3 17.8 3 17.8 micrometers, respectively. Using

TRI/3D BON software (Ratoc System Engineering Co.

Ltd., Tokyo, Japan), 3-D structural parameters such as

bone volume (BV, mm3), bone surface (BS, mm2), bone

volume fraction (BV/TV, %), trabecular thickness

(Tb.Th, mm), trabecular number (Tb.N, 1/mm) and trabec-

ular separation (Tb.Sp, mm) were calculated (Ruegsegger

et al. 1996). For the bone regions, we separated trabecular

bone from cortical bone by 3-D space filtration; data from

the each slice were converted to binary data using

a threshold obtained by a discriminant analysis in which

the pixel value histograms of background and bone were

assumed to be normally distributed. We then chose each

threshold as an intermediate pixel value lying on the tails

of the two normal distributions.

Tissue preparation
For histochemical studies, resected calluses were

immediately treated with 10% formalin at 0 �C, immersed

overnight in fresh formalin and decalcified in 3M ethyle-

nediamine tetraacetic acid for 2–3 weeks. Undecalcified

7-mm sections were prepared by embedding the callus in

2-hydroxyethylmethacrylate (GMA) and staining with

classical hematoxylin/eosin, Goldner’s trichrome or Tolu-

idine blue.

Message levels in fracture calluses
Some fracture calluses were exposed to LIPUS for 20

min on days 6 and 7, 24 h apart. Femurs, both experi-

mental and control, were excised 30 min after the last

LIPUS exposure and immediately placed in RNA Later

(Ambion, Austin, TX, USA). After dissection under

a stereomicroscope, calluses were pulverized with a stain-

less steel mortar and pestle that had been chilled in liquid

N2 (Cryo-Press crusher; Microtec, Funabashi, Japan).

Pulverized tissue was collected into a reagent containing

phenol and guanidinium isothiocyanate to recover RNA.

Total RNA was separated by centrifugation in Phase

Lock Gel tubes (Eppendorf, Hamburg, Germany) after

mixing with chloroform. Aliquots of 5 mg of recovered

RNA were reverse-transcribed. The product cDNA was

normalized with glyceraldehyde-3-phosphate dehydroge-

nase and subjected to conventional polymerase chain

reaction (PCR) or real-time qPCR (QuantiTect SYBR

Green PCR reagent kit; Qiagen, Hilden, Germany).

Primer sequences are available upon request.

Injection of EP-2/EP-4 receptor agonists
From days 6–21, we subcutaneously injected two

receptor agonists daily near the fracture callus in eight

mice. The daily dose included 5 mg/kg of ONO-AE1-

259-01, an EP-2 receptor agonist, dissolved in ethanol at

0.5 mg/mL and 5 mg/kg of ONO-AE1-329, an EP-4
receptor agonist, dissolved in water at 1 mg/mL. Both of

these (a kind gift from Ono Pharmaceutical, Osaka, Japan)

were further diluted to 5 mg/mL each in physiological

saline solution containing 0.1% (w/v) Tween 80. Animals

received 50 to 60 mL depending on body weight.
Statistical analysis
Relative values for the callus mRNAs are presented

as the means 6 SD for 6–8 rats in each group. Given

the broad range of values detected among specimens

from different calluses and different genetic groups,

values relative to that of day 7 WT control callus in the

same set of experiments were subjected to statistical anal-

ysis by Dennett’s test with day 7 WT control value as

a reference. Probability values less than 0.05 were consid-

ered significant. Because of the extremely low level on

day 7 in WT control callus (VEGFa and MMP-3) and in

KO callus (MMP-3), the results for VEGFa and MMP-3

are expressed without significance.
RESULTS

Fracture healing for aged mice
In the soft-X-ray profiles of femora of live and anes-

thetized 1-year-old mice taken on days 21 and 49, the

blind observers detected differences between the profiles

of knockout mice and those of WT mice (Fig. 2A). By

day 49, all fractures in WT animals had reached union,

whereas none of the fractures in knockout mice had

done so. At both 21 d and 49 d, there was noticeably

less healing of fractures in knockout mice than in WT

mice. The fracture healing rate for heterozygotes (COX-

21/2, Fig. 2A, c and d) was less than that of WT mice

(Fig. 2Ae and 2Af) and greater than that of knockout

mice (Fig. 2Aa and 2Ab). No less healing of fractures is

present with younger, 10-week-old adult COX-22/2

mice (Supplementary Fig. S1 for comparison).
Effect of LIPUS on the rate of fracture healing in the
aged mice

In the right femora of day 21 aged mice, Goldner’s

trichrome staining showed that LIPUS treatment from

days 5–21 accelerated healing in both WT mice, which

shifted from the endochondral ossification phase into

the remodeling phase to cortical bone (Fig. 2Be to

2Bf), and the heterozygous COX-21/2 mice, which

shifted from the bony callus phase with a fracture gap

to the bony bridging phase by continuous woven bone

(Fig. 2Bc to 2Bd).

In contrast, LIPUS is apparently ineffective for bony

bridging in the healing of the COX-22/2 knockout mouse;

Fig. 2Bb and 2Ba presented similar gaps at the fracture

sites without being connected by woven bone. It should

be noted that red staining represents the areas of soft tissue



Fig. 2. Representative soft X-ray profiles (A) and histochemical profiles (B) of postfracture femurs of 1-year-old homo-
zygous COX-2 knockout (COX-22/2), heterozygous (COX-21/2) and WT (COX-21/1) mice. (A) Day 21 (a, c, e) and day
49 (b, d, f) results are compared. (B) The day 21 postfracture femurs were either treated with LIPUS (b, d, f) or vehicle-
treated (a, c, e). Undecalcified resin sections were visualized by Goldner’s trichrome staining as described in Materials and
Methods. Before the bony bridging typically observed in f and d, the edges of the newly formed woven bone are separated
by the soft tissue as shown in a, b and c. FC, fibrous callus; BC, bony callus; CB, cortical bone; BR, area of bone

remodeling. Scale bar represents 1 mm. Arrows in (A) and (B) indicate the fracture gaps filled with fibrous materials.
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and slightly mineralized woven bone, and blue staining

represents cortical bone. Calluses were further studied

by Toluidine blue staining, which shows cartilage as

purple, on earlier days 10 and 21. Chondrogenesis is at

its peak and endochondral bone formation starts at about

day 10 in aged normal mice. COX-22/2 and COX-21/1

calluses showed that cartilage formation in the knockout

mice was essentially normal up to day 10 (Fig. 3Aa similar

to 3Ac). However, exposure to LIPUS, which markedly

accelerated endochondral replacement of cartilaginous

tissue by woven bone in WT fractures (Fig. 3Ad vs.
3Ac), did not affect knockout fractures (Fig. 3Ab similar

to 3Aa, rather than to 3Ad). By day 21, in control WT

callus, most cartilage had been replaced by woven bone

(Fig. 3Bc). LIPUS exposure accelerated remodeling

furthermore by resorption of woven bone and cortical
bone recovery (Fig. 3Bd). In knockout mice, however,

endochondral bone formation was stunted, and cartilage

was still apparent on day 21 (Fig. 3Ba). Even with LIPUS

treatment, gaps filled with fibrous material persisted and

prevented bony bridging (Fig. 3Bb). Overall, only in the

presence of COX-2, LIPUS halved the interval needed

for the endochondral bone formation of aged mice judged

by the landmarks of healing, which is summarized in

Fig. 1.

For the structural analysis of the newly formed

bone, we obtained micro-CT scans of the femora on

day 21. These image sets show the microstructural

differences between fractures in knockout mice and

those in their wild-type littermates, both with and

without LIPUS (Fig. 3C). In the COX-22/2 femora,

no bridging of bony callus was seen and fracture gaps



Fig. 3. Histochemical evaluation of fracture healing of 1-year-old mouse femora. (A) Toluidine blue staining profiles of
day 10 postfracture femora of knockout mice (COX-22/2, a and b) and WT littermates (COX-21/1, c and d) were either
LIPUS-exposed (b and d) or vehicle-treated (a and c). Dotted lines indicate the border of cartilaginous and fibrous callus.
Chondroitin sulfate in cartilage (c) is stained purple. Scale bar: 1 mm. (B) Toluidine Blue staining profiles on day 21 under
the same conditions as in Fig. 3A. (C) 3-D reconstruction of micro-CT profiles from day 21 postfracture femora of 1-year-
old knockout mice (COX-22/2, a and b) and wild-type littermates (COX-21/1, c and d), either LIPUS-exposed (LIPUS,
b and d) or vehicle-treated (Vehicle, a and c). Projections of reconstructed femora are depicted as projected at 30� clockwise
to the frontal plane. Tomograms (right) and aspects (left) were reconstructed for representative femora. Arrows in (A), (B)

and (C) indicate the fracture gaps, and the arrowheads in (C) represent the area of woven bone analyzed in Table 1.

1102 Ultrasound in Medicine and Biology Volume 36, Number 7, 2010
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were apparent regardless of LIPUS. At the fracture line,

the bony callus curled inward, leaving a gap between the

blunt ends of woven bone. In day 21 images of WT

mice, however, healing had progressed such that the

fracture line was undetectable and the periosteal

membranous bone, as well as the woven bone, had fully

bridged the fracture. Furthermore, LIPUS treatment

markedly accelerated union of newly formed cortical

bone, woven bone having mostly been resorbed by

day 21 (Fig. 3Cd). Micro-CT analysis of the area of

woven bone confirmed, on the basis of decreased BV/

TV, trabecular thickness and increased trabecular sepa-

ration, that resorption had progressed in mice exposed

to LIPUS (Table 1). The BV/TV value, for example,

was 26.2 6 1.4% (see the area of woven bone indicated

by an arrowhead in Fig. 3Cc) in the WT control callus,

whereas the remaining woven bone in the LIPUS-

exposed, resorbed callus (Fig. 3Cd equivalent to

Fig. 3Bd) was 20.8 6 0.3%. In contrast, in day 21

images of the femora of knockout mice, LIPUS brought

little apparent change; cartilage and the fracture gap per-

sisted. There was, however, a thickening of woven bone

(Fig. 3Bb and 3Cb vs. 3Ba and 3Ca) that correspond to

the micro-CT data of increased BV/TV, 26.4 6 1.4% vs.
21.1 6 0.7%; increased trabecular number, 8.1 6 0.6

mm21 vs. 6.4 6 0.5 mm21; and decreased trabecular

separation, 91.0 6 8.9 mm vs. 123.1 6 11.0 mm

(Table 1). These values in the LIPUS-exposed knockout

callus just happened to be similar to the WT vehicle

value.

Bone and cartilage-protein expression in callus
To further delineate the mechanisms causing

the slower healing rate, we selected messages that

characterize bone healing. Dissected calluses were

subjected to reverse transcriptase–PCR. By comparing

results of basal day 7 (Fig. 4A, lane D7), day 7 after

LIPUS (lane D7US) and basal day 10 (lane D10), the

effect of LIPUS was evaluated in the normal course of

events. In Fig. 4Aa1–4Aa3, levels of Col1a1, Col2a1,
Table 1. Effects of LIPUS on structural parameters of newly form
fractures by 3-D

WT littermates

Variable Vehicle LIPU

BS/BV 1/mm 61.4 6 2.9 65.1 6 2
BV/TV% 26.2 6 1.4 20.8 6 0
Tb.Th mm 32.6 6 0.9 30.8 6 1
Tb.N 1/mm 8.1 6 0.8 6.8 6 0
Tb.Sp mm 91.6 6 8.0 116.9 6 2
Fractal dimension 2.25 6 0.0 2.19 6 0

Wild-type (Cox-21/1) and COX-2KO (Cox-2–/–) mouse calluses were subje
Values are mean 6 SD. Within each variable, significance was compared with v

was compared with LIPUS-untreated vehicle mice (yp , 0.05) by the two-tailed m
osterix, alkaline phosphatase (ALP), aggrecan and

BMP-6 all increased in the order D7#D7US,D10 (for

Runx2 in Fig. 4A, b, D7,D7USjD10). MMP-13 and os-

teocalcin showed similar profiles (data not shown). The

order for the level of MMP-9 was reversed (Fig. 4Ac,

D7$D7US$D10). On the other hand, WT D7US MMP-

2 level was much higher with LIPUS than D7 and D10 basal

levels (Fig. 4Ad, D7US.D7jD10; TGF-a1 was similar).

D7US levels of Col10a1, BMP-2, BMP-4, FGF-2, VEGFa,

MMP-3, COX-2 and RANKL were also higher than both

D7 and D10 basal levels (Fig. 4Ae to 4Ah). Compared

with these LIPUS-specific WT responses in 4Ad–4Ah,

Col3a1 and COX-1 remained constant throughout

(Fig. 4Ai). In COX-22/2 callus on day 7 (Fig. 4B), in

contrast, loss of detectable messages was observed for

VEGFa, ALP and MMP-9 (TGF-a2 and RANKL showed

similar results), regardless of LIPUS (Fig. 4Ba). In

BMP-6, as well as MMP-2 and aggrecan, lower levels of

expression were detected in the knockout callus, especially

with LIPUS (WT.KO.KOUS, Fig. 4Bb). BMP-2,

COL1a1, COL1a2 and COL3a1, as well as Runx2 and os-

terix messages in COX-22/2 mouse callus, showed similar

levels to the WT day 7 levels (Fig. 4Bc). MMP-3 (Fig. 4Bd),

Col10a1 and possibly TGF-a1and BMP-4 (Fig. 4Be)

increased the messages in knockout callus, especially after

LIPUS exposure (WT,KO,KOUS). The level of FGF-2

message in the knockout mouse was higher than the WT

but showed no further elevation by LIPUS (WT,KOj-
KOUS in Fig. 4Bf).
Rescue from deficient healing with EP-2/EP-4 receptor
agonists

Micro-CT profiles and parameters show that the

1-year-old COX-22/2 mice healed just as well as their

WT littermates if EP-2 and EP-4 receptor agonists were

present. Table 2 and Fig. 5, compared with Table 1 and

Figs. 3 and 4, showed the regained WT-level response

to LIPUS in addition to the recovery of parameters to

the WT levels in EP-2/EP-4–treated COX-22/2 mice

callus; Fig. 5Ab and 5Bb vs. 5Aa and 5Ba are equivalent
ed woven bone in the external callus analyzed in the day 21
micro-CT

Knockout

S Vehicle LIPUS

.3*y 60.7 6 2.8 61.2 6 1.6

.3*y 21.1 6 0.7* 26.4 6 1.4y

.4*y 32.8 6 1.5 32.6 6 0.8

.2 6.4 6 0.5* 8.1 6 0.6y

.9*y 123.1 6 11.0* 91.0 6 8.9y

.0 2.31 6 0.06 2.31 6 0.01

cted to the analysis.
ehicle for the WT mice (*p , 0.05), and within each genotype, significance
ultiple t-test with Bonferroni correction (4 comparisons in 4 groups).



Fig. 4. Transcript levels in the fracture callus of 1-year-old mice. (A) WT littermates, D7, D7US and D10, at 7 or 10 d post-
fracture. D7US samples were from day 7 femurs exposed to LIPUS; D7 and D10, vehicle-treated controls from day 7 and
day 10 femurs. Total RNA was extracted from the dissected callus and subjected to quantitative reverse transcriptase–PCR
as described in Materials and Methods. In a1, Col1a1 (similar to aggrecan); a2, osterix (similar to Col2a1) a3, BMP-6
(similar to ALP); b, Runx2; c, MMP-9 (similar to TGF-a2); d, MMP-2 (similar to TGF- a1); e, Col10a1 (similar to
BMP-2 and BMP-4); f, FGF-2; g, VEGFa (similar to MMP-3); h, COX-2 (similar to RANKL); i, Col3a1 (similar to

1104 Ultrasound in Medicine and Biology Volume 36, Number 7, 2010
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to Fig. 3Bd and 3Cd vs.3Bc and 3Cc, and Fig. 5C is equiv-

alent to Fig. 4Ag.
DISCUSSION

Although LIPUS accelerates the healing process for

WT 1-year-old mice, it does not do so for their COX-

22/2 littermates. The significantly retarded fracture heal-

ing rate we observed for aged COX-22/2 mice during

the endochondral ossification accords well with previ-

ously published reports that NSAIDs and other COX

inhibitors slowed down the fracture healing process in

adult rats and humans (Allen et al. 1980; Bo et al. 1976;

Elmstedt et al. 1985; Sudmann and Hagen 1976) and

that a single local application of a retroviral vector

expressing a single COX-2 transgene accelerated fracture

healing in aged rats (Rundle et al. 2008).

Because the healing milestones during and after the

endochondral bone formation are essentially the same for

10-week-old COX-22/2 as they are for their WT littermates

(see summary in Fig. 1 and Supplementary Fig. S1), the

question to be asked is what function COX-2 and its product

PGE2 perform in fracture healing, specifically in older

animals. Keller et al. (1993) observed significant stimula-

tion of endochondral remodeling into bone after infusing

PGE2 into 9-month-old rabbits from weeks 3–6 postfrac-

ture. However, no significant difference was observed if

the same infusion was given during the first three weeks.

They suggested that PGE2 is scarce and that if artificially

infused in later weeks, it effectively promotes remodeling.

In our present experiment, LIPUS exposure accelerated the

rate of endochondral remodeling in the aged WT mice.

Although COX-2 may not be the sole determinant of frac-

ture healing, mechanical stimulation such as LIPUS

increases the amount or level of PGE2 in aged individuals

as a result of an increase in COX-2, which is induced in

mechanically stimulated osteoblasts (Forwood 1996;

Naruse et al. 2003). Feedback upregulation of COX-2 by

the product, PGE2 (Kawaguchi et al. 1994), explains the

long-lasting effect of exercise on PGE2 production and

bone formation (Forwood 1996; Naruse et al. 2003).

Previous in vivo studies have demonstrated that LI-

PUS affects all phases of the healing process in rats and

that LIPUS shortens the healing period in patients

(Azuma et al. 2001; Nelson et al. 2003). Yang et al.

(1996) reported in adult rats a biphasic shift in aggrecan
COX-1). (B) Knockout mice, KO and KOUS, and WT litterma
day 7. KO and WT values are basal controls. Panels a, VEGFa
BMP-6 (similar to aggrecan and MMP-2); c, BMP-2, Col1a1
MMP-3; e, Col10a1 (similar to BMP-4 and TGF-a1); f, FGF-2
a Significant at p , 0.05 by Dennett’s test with day 7 WT contro
and 4Bd, which have extremely low D7/WT values, are pres

Method
gene expression to a significantly higher level on day 7

and a lower level on day 21. These changes are anticipated

if the effect of LIPUS on aggrecan gene is the result of at-

taining earlier landmarks and final union. In LIPUS-

treated WT callus, we detected increases in ALP,

Col2a1, aggrecan, Runx2, osterix and many other differ-

entiation markers in the order D7,D7US&D10, or

decreases in the same order (MMP-9 and TGF-a2).

Such changes induced by LIPUS are as anticipated in

the due course of time and may have been attained by

increasing circulation (Rawool et al. 2003) or slightly

raising body temperature (Reuter et al.1984). In contrast,

we discovered more specific effects provably dependent

on each promoter in other genes of distinct behavior.

Col10a1, BMP-2 and BMP-4 responded more specifically

to LIPUS, judging from the higher levels of D7US than

both D7 and D10 basal levels. MMP-2, MMP-3, TGF-

a1, FGF-2, VEGFa, COX-2 and RANKL were elevated

solely by LIPUS, suggestive of the specific target genes

for specific healing effects. It should be noted that LIPUS

specifically induces RANKL, which is essential to osteo-

clastogenesis and bone resorption (Tsukii et al.1998) and

is not induced in COX-22/2 mouse callus. We found that

LIPUS triggers additional metabolic turnover in fracture

callus, even in aged mice, as long as PGE2 is available.

In COX-22/2 mice, lack of many such critical angiogenic

and/or catabolic components as VEGFa and MMP-9

(Colnot et al. 2003; Engsig et al. 2000; Gerber et al.

1999), which have been reported being downstream of

PGE2 (Callejas et al. 2001; Gallo et al. 2001), prevents

matrix degradation and remodeling in the healing bone.

Fibroblastic Col3a1 messages, as well as those of

Col1a1, remained constant in COX-22/2 callus, further

supporting our observation of persistent mesenchymal

tissue in the COX-22/2 fracture gaps regardless of

LIPUS. In contrast to these mostly unaffected matrix

proteins, Col10a1, BMP-4, TGF-a1 and possibly MMP-

3 were upregulated in the COX-22/2 callus by LIPUS,

suggesting certain compensatory alternative pathway(s)

independent of COX-2. In addition, COX-22/2 callus

showed persistent higher levels of FGF-2, which was re-

ported to stimulate proliferation of fibroblasts and chon-

drocytes and to prolong the cartilaginous callus phase

(Nakajima et al. 2001).

With regard to early-phase responses, Street et al.

(2001) reported elevated VEGF and platelet-derived
tes, WT, which is identical to D7 in (a), all at postfracture
, ALP and MMP-9 (similar to TGF-a2 and RANKL); b,
, Col2a1and Col3a1 (similar to Runx2 and osterix); d,
. Data in (A) and (B) are expressed as the means 6 SD.
l values, D7 in (A) and WT in (B), as references. Fig. 4Ag
ented without SD values as described in Materials and
s.



Table 2. Effects of LIPUS on structural parameters of newly formed woven bone in the external callus analyzed in the day 21
fractures by 3-D micro-CT

WT littermates* Knockout with EP2/EP4 agonists

Variable Vehicle LIPUS Vehicle LIPUS

BS/BV 1/mm 61.4 6 2.9 65.1 6 2.3yz 61.9 6 0.7 70.7 6 5.2yz

BV/TV% 26.2 6 1.4 20.8 6 0.3yz 27.1 6 2.2 21.1 6 2.5yz

Tb.Th mm 32.6 6 0.9 30.8 6 1.4yz 32.2 6 0.4 28.2 6 1.8yz

Tb.N 1/mm 8.1 6 0.8 6.8 6 0.2 8.4 6 0.6 7.5 6 1.3
Tb.Sp mm 91.6 6 8.0 116.9 6 2.9yz 86.7 6 8.8 105.4 6 4.2yz

Fractal dimension 2.25 6 0.0 2.19 6 0.0 2.27 6 0.01 2.30 6 0.06

Results of COX-2 KO mice administered EP2 and EP4 agonists and of WT littermates were subjected to the analysis.
Values are mean 6 SD. Within each variable, significance was compared with vehicle for the WT mice (yp , 0.05), and within each genotype, signif-

icance was compared with LIPUS-untreated vehicle mice (zp , 0.05) by the two-tailed multiple t-test with Bonferroni correction (4 comparisons in 4
groups).
*Data from Table 1.
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growth factor (PDGF) levels in plasma and fracture hema-

toma in fracture patients irrespective of age. Some other

mechanisms must be sought, they wrote, for delayed

union in elderly people. Also in rats, Meyer et al. (2001)

reported transient upregulation of BMPs and PDGF

immediately after fracture, regardless of age. We detected

many specifically elevated genes in LIPUS-treated callus

of 1-year-old WT mice that support the potential for aged
Fig. 5. Effects of EP-2 and EP-4 agonists and LIPUS on frac
Histochemical (A) and micro-CT (B) profiles of callus with dail
or with agonists and LIPUS exposure (b, LIPUS, from right fem
continued through day 21. In (A) and (B), experimental conditio
in Fig. 3. (C) Recovered expression of VEGFa in COX-22/2 frac
analyzed under similar conditions to those described in Fig. 4 a

presente
mouse callus to respond to other types of mechanical

stimulation as well. In the presence of COX-2, induced

VEGFa will cause osteoblastic cells to differentiate,

as reported by others (Peng et al. 2002; Street et al.

2002). Colnot et al. (2003) demonstrated that union is

delayed in MMP-9 knockout mice and that MMP-9

mediates vascular invasion of cartilaginous callus.

Absence of MMP-9 is responsible for the lack of VEGF
ture callus of 1-year-old COX-2 knockout mouse femur.
y injections of agonists alone (a, Vehicle, from left femur)

ur). Daily treatments, started after 5 d postfracture, were
ns and markers in the figure are similar to those presented
ture callus treated with EP-2/EP-4 agonists. Samples were
nd relative values to that of the basal WT callus (WT) are
d.
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bioavailability (Bergers et al. 2000). In COX-22/2 mice,

neither VEGFa nor MMP-9 messages were detectable

regardless of LIPUS. COX-2 is a ubiquitous upstream

regulator of MMP-2, MMP-9, VEGF (Callejas et al. 2001;

Gallo et al. 2001) and RANKL (Tsukii et al. 1998). Thus,

our results underline the inability of COX-22/2 mice to

use these molecules in fracture callus, even when mechan-

ically stimulated.

COX-2 is essential in later stages of fracture healing

in aged mice; cartilage and bone formation progress qua-

sinormally in knockout mice up to day 10, and then they

slow down. Recovery to the WT level was attained by in-

jecting EP-2/EP-4 agonists after day 5. It is apparent that

cells regained responsiveness to LIPUS. This COX-22/2

experiment to rescue normal bone formation and resorp-

tion, LIPUS-induced as well as basal, shows that the

loss of COX-2–derived PGE2 deters the endochondral re-

modeling of fractures in aged mice. It is possible that

mechanical stimulation, which provides PGE2 through

COX-2 induction (Kawata and Mikuni-Takagaki 1998;

Naruse et al. 2003), is less in aged mice than in younger

mice during the endochondral remodeling phase of

fracture healing. Elderly people receiving long-term

NSAID therapy may have a slower healing rate because

of the blockade of signal transduction downstream of

mechanical loading, which favors skeletal healing

(Augat et al. 2005).
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