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Abstract Diffuse idiopathic skeletal hyperostosis (DISH)

is a common skeletal disorder in the elderly, which can

develop into periosteal hyperostosis and paradoxically into

immobilization-associated trabecular osteoporosis. The

bone anabolic agent, teriparatide (TPD), seems to be a

rational treatment for the immobilization-associated

osteoporosis. However, it can lead to development of

hyperostosis lesions in DISH patients. Here, we demon-

strate TPD effectively treats trabecular osteoporosis while

simultaneously promoting ankylosis of the spine in DISH

model tiptoe-walking Yoshimura (twy) mice, compared

with the ICR mice. Eighteen male twy mice were divided

into three groups, and ICR mice were used as a normal

control. Subcutaneous injections of TPD or phosphate-

buffered saline (PBS) were performed according to three

dosing regimens; 40 lg/kg once daily (TPD 9 1 group),

40 lg/kg three times daily (TPD 9 3 group), and PBS

(control; Ctl group). Treatment was commenced at the age

of 7 weeks and continued for 5 weeks. Micro-computed

tomography (lCT) and histological analysis were per-

formed. Longitudinal lCT study revealed that trabecular

bone volume in both the vertebral body and distal femur

decreased with time in the Ctl group, but increased dra-

matically in the TPD 9 3 group. The twy mice developed

ankylosis of the spine, the progression of which was

accelerated with TPD therapy. We also confirmed that TPD

therapy promoted ossification of spinal ligaments. Histo-

morphometrical study revealed that TPD treatment

increased bone formation at the vertebrae enthesis region

and in the trabecular bone. TPD therapy effectively treats

trabecular osteoporosis, but potentially promotes ankylosis

of the spine in patients with DISH.
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Introduction

Diffuse idiopathic skeletal hyperostosis (DISH) is a

skeletal disorder of unknown etiology characterized by

ossification/calcification of ligaments and joint capsules

[1–4]. DISH is very common in the spine of the elderly,

with prevalence estimates of 27.3 % in men and 12.8 % in

women aged 50 years and older, which increase with age

[5]. Spinal ossification leads to immobilization of the spine,

dysphagia, and respiratory tract disorder. Despite abundant

bone formation in the spinal ligaments, elderly people with

DISH are more likely to experience vertebral fractures

compared with those without DISH [6–8]. One reason for

this is that ankylosis of the spine develops paradoxically to

trabecular osteoporosis owing to the stress-shielding effect.

To date, however, there is no consensus on whether

osteoporosis medication is recommended for fracture pre-

vention in patients with DISH.

Intermittent administration of teriparatide (TPD), an

active recombinant human peptide sequence of parathyroid

hormone (PTH), is the only anabolic therapy available for

osteoporosis. TPD has been proven to increase bone mass,
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improve bone microarchitecture, and reduce non-vertebral

fractures as well as vertebral fractures [9, 10]. Hence, TPD

is licensed for the treatment of osteoporosis in both men

and postmenopausal women who are at high risk of

incurring fractures. Consequently, administration of TPD

seems to be a rational therapy for immobilization-associ-

ated osteoporosis. However, it potentially accelerates

hyperostosis lesions of the joints and spine in patients with

DISH.

In the current study, we aimed to clarify the therapeutic

effect of TPD on trabecular osteoporosis in DISH and to

investigate the adverse effect of TPD therapy on spinal

hyperostosis using the tiptoe-walking Yoshimura (twy)

mouse model for DISH.

Materials and Methods

Mice

The twy mice, introduced in Japan in 1978 by Hosoda et al.

[11], are mutant mice showing multiple osteochondral

lesions, and have been used as a model for DISH and

ossification of the posterior longitudinal ligament [12–18].

Natural mutant twy mice are maintained by brother-sister

mating of heterozygotes ICR mice at the Central Institute

for Experimental Animals (Kawasaki, Japan). The twy

mice harbor an autosomal recessive mutation in the

nucleotide pyrophosphatase gene [19]. Systemic calcifica-

tion and tip-toe walking of the twy mice occurs immedi-

ately after weaning and progresses within a short period of

time. From 8 weeks of age, abnormal gait, stiffness of the

vertebral column, contracture of limb joints, and trabecular

bone loss [12] develop in the twy mice, and they begin to

die at 12 weeks of age, with the majority dying before

30 weeks of age.

We purchased 18 twy mice from the Central Institute for

Experimental Animals. The twy mice were housed in

groups under a 12-h light/dark cycle, with access to food

and water ad libitum.

Study Design

Subcutaneous injections three times per day of TPD (hu-

man PTH1-34) (Forteo
TM, Eli Lilly and Co., Indianapolis,

IN, USA) or phosphate-buffered saline (PBS) were per-

formed according to the dosing regimens described in

Fig. 1. PBS three times per day was administered to the

twy mice (control group: Ctl) and to the ICR mice as a

normal healthy control (ICR). TPD was administered to

twy and ICR mice according to the two dosing regimens;

40 lg/kg once daily (TPD 9 1; TPD-PBS-PBS) and

40 lg/kg three times daily (TPD 9 3; TPD-TPD-TPD).

Treatments were commenced at 7 weeks of age and were

continued for 5 weeks (n = 6 per group). After 5 weeks,

the mice were anesthetized with a 5 lL/g cocktail of

ketamine (20 mg/mL)/xylazine (2 mg/mL) and blood was

collected via the inferior vena cava before euthanasia. The

cervical and lumbar vertebrae, as well as the left hind

limbs, were harvested, cleaned of all soft tissues, and fixed

in 70 % ethanol for 3 days. Undecalcified sections were

stained in Villaneuva Bone Stain. Bone section preparation

was performed at the Ito Bone Histomorphometry Institute

(Niigata, Japan).

Micro-computer Tomography (l-CT) Analysis

Cervical and lumbar spines and left femurs were scanned

individually by l-CT (R_mCT2; Rigaku, Tokyo, Japan) at

a 10-lm isotropic resolution. Because the cervical verte-

brae were too small to evaluate trabecular structure, we

measured the structural parameters of the 5th lumbar ver-

tebral body for the spine. Measurements were performed

using a TRI/3D-BON (Ratoc System Engineering Co.,

Tokyo, Japan) in accordance with the guidelines described

in Bouxsein et al. [20]. For the 5th lumbar vertebral body,

the centrum of each specimen, from the cephalad to caudal

endplate and inside the endosteal margin, was used to

assess trabecular bone morphology. For the femur, a

1000-lm area of interest from 100 slices encompassing the

region of the distal metaphysis, starting from 300 lm
proximal to the growth plate, was used to assess trabecular

bone morphology. The following indices were calculated;

trabecular bone volume/tissue volume (BV/TV), trabecular

thickness (Tb.Th), trabecular number (Tb.N), trabecular

separation (Tb.Sp), bone mineral density (BMD), and

average cortical thickness (Ct.Th).

Ankylosis of the cervical spine was evaluated according

to Mata’s score [21]. Mata et al. have developed a scoring

Groups
0 2 4 5

Ctl
(PBS - PBS - PBS)

TPDx1
(TPD - PBS - PBS)

TPDx3
(TPD - TPD - TPD)

At the age of 7 weeks Micro-CT Micro-CT Sacrifice

(n=6)

(n=6)

(n=6)

Weeks after treatment

Fig. 1 Experimental protocol. Ctl: PBS control treatment; TPD 9 1:

treatment with TPD once daily and PBS twice per day; TPD 9 3:

treatment with TPD three times per day. Treatment was performed for

5 weeks. TPD: teriparatide 40 lg/kg. PBS: Phosphate-buffered saline
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system to grade DISH from 0 to 4 based on ossification at

each disk space level, where 0 is defined as no ossification,

1 = ossification without bridging, 2 = ossification with

incomplete bridging, 3 = complete bridging of the disk

space, and 4 = severe ossification. We scored from the

second to seventh cervical vertebra at each disk space

level, with a maximum score of 20.

In addition, quantitative analysis on the volume of

ectopic calcification at the posterior atlantoaxial membrane

was performed based on CT-DICOM data using the TRI/

3D-BON.

Histological Analysis

After 5 weeks of injections of TPD or PBS, mice under-

went double labeling with tetracycline and calcein prior to

sacrifice. Double labeling was carried out by subcutaneous

injections of tetracycline (20 mg/kg) 3 days before sacri-

fice, and calcein (20 mg/kg) the day before sacrifice. The

purpose of double labeling is to analyze dynamic bone

formation parameters between tetracycline and calcein

labeling, as well as bone resorption, which is judged from

the disappearance of the tetracycline labeling outlines.

Undecalcified sections of the cervical vertebrae were

measured to determine the percentage of trabecular BV/

TV, bone surface (BS), single-labeled surface (sLS), and

double-labeled surface (dLS), and were used to calculate

mineral apposition rate (MAR) and bone formation rate

(BFR).

Statistical Analysis

One-way analysis of variance with Turkey’s multiple

comparison test was performed to compare data in all

groups. All data are expressed as means ± standard

deviations (SD) and a p value of less than 0.05 was con-

sidered statistically significant.

Results

General Observation

In the twy mice, ankylosis of the spine and contracture of

lower extremity developed after 6 weeks of age, and pre-

sented with stiff neck and trunk, tip-toe walking, and less

physical activity compared with the ICR mice. During the

treatment period from 7 to 12 weeks of age, body size, and

weight increased in the twy mice in the Ctl group, but body

weight gain was much smaller than that in the ICR mice

(Fig. 2). TPD treatment prevented increased body weight

in the twy mice, while it did not have significant effect on

body weight gain in the ICR mice. Body weight of the twy

mice following TPD treatment decreased in a dose-de-

pendent manner.

We also carefully observed behavior of the mice during

the treatment period, because the twy mice develop

paralysis due to spinal cord compression by ectopic ossi-

fication or calcification in the cervical spine [15], and TPD

therapy could promote the incidence of paralysis. Although

it was difficult to evaluate their paralysis because of joint

contractures, the twy mice in the TPD 9 3 group displayed

more severe contracture of the knee joint and less physical

activity compared with those in the Ctl group.

Effect of TPD on Osteoporosis in Twy Mice

To elucidate the effect of TPD treatment on osteoporosis in

the twy mice, we longitudinally measured the structural
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Fig. 2 Body weight changes during treatment in a twy and b ICR mice. In the twy mice, TPD therapy prevented body weight gain in accordance

with the dose of TPD administration. Data represent mean ± SD (*p\ 0.05 vs. Ctl, **p\ 0.05 vs. TPD 9 1)
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parameters of the 5th lumbar vertebral body and distal

femur using l-CT imaging. The twy mice in the Ctl group

developed osteoporosis in both the vertebral body and

distal femur over time, despite their younger age. TPD 9 3

treatment showed dramatic increases in both trabecular

bone density and cortical bone thickness, while the effect

of TPD 9 1 treatment showed only a slight increase in

these parameters in the twy mice (Figs. 3a, 4a).

Although BV/TV, Tb�Th, and Tb�N increased, and

Tb�Sp decreased from 7 to 12 weeks of age in ICR mice

(data not shown) as previously reported [22], these age-

related changes in BV/TV and trabecular parameters were

not seen in the twy mice. In the 5th lumber vertebral

bodies, TPD 9 3 treatment significantly increased BV/TV

and Tb�Th, but decreased Tb�N and Tb�Sp in the twy mice.

The decrease in Tb.N was possibly due to increased

thickness and connectivity of trabecular bones. However,

TPD 9 1 treatment showed no significant effect in these

parameters, despite l-CT imaging of the cervical spine

showing a slight increase in bone density (Fig. 3d–g). In

the distal femur, we identified a significant increase in BV/

TV, BMD, and Ct.Th after TPD 9 3 treatment, but not

after TPD 9 1 treatment in the twy mice (Fig. 4b–d).

To identify the effect of TPD on dynamic bone forma-

tion, we assessed under-calcified sections of cervical ver-

tebrae (Fig. 5). TPD 9 3 treatment significantly increased
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Fig. 3 Longitudinal dose–response radiographical assessment of

osteoporosis and ankylosis of the spine of the mice using micro-CT

imaging. Data represent mean ± SD (*p\ 0.05 vs. Ctl, **p\ 0.05

vs. TPD 9 1). a Representative sagittal reconstruction images of the

cervical spine from each treatment and each time point analyzed (the

same animal and cervical spine were used for longitudinal series);

b Ankylosing score of the cervical spine according to Mata’s scoring

system; c The volume of ectopic calcification of the posterior

atlantoaxial membrane; d–g Trabecular bone volume/tissue volume

(BV/TV), trabecular thickness (Tb�Th), trabecular number (Tb�N),
and trabecular separation (Tb�Sp) of the 5th lumbar vertebral body
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labeled surfaces, MAR, and BFR/BS, leading to an

increase in BV/TV compared with the Ctl (Fig. 5 the

bottom row). TPD 9 1 treatment increased the labeled

surface but induced no statistically significant effect on

BFR/BS, despite a trend toward an increase (Fig. 5x–z).

Micro-CT analysis showed that BV/TV in the 5th lumbar

vertebral body in the TPD 9 1 group did not increase

significantly compared with the Ctl, while BV/TV in the

6th cervical vertebral body was significantly increased

histologically (Fig. 5u). Taken together, TPD 9 3

treatment significantly enhanced bone formation, and

TPD 9 1 treatment mildly enhanced bone formation in the

twy mice.

Effect of TPD on Ankylosis of the Spine and Ectopic

Calcification in Twy Mice

Concerning the potential adverse effect of TPD on hyper-

ostosis lesions, we assessed the effect of TPD on ankylosis

of the spine and ectopic calcification in the twy mice.
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Fig. 4 Longitudinal dose–response radiographical assessment in the

knee joint of treated mice using micro-CT imaging: a Representative

sagittal reconstruction images of the knee joint from each treatment

and each time point analyzed (the same animal and knee were used

for longitudinal series); b–d trabecular bone volume/tissue volume

(BV/TV), bone mineral density (BMD), and average cortical thick-

ness (Ct.Th) of distal metaphysis of femur. Data represent

mean ± SD (*p\ 0.05 vs. Ctl, **p\ 0.05 vs. TPD 9 1)
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Although we were unable to quantitatively measure the

range of motion of the cervical spine, cervical motion of

the twy mice was obviously restricted compared with the

ICR mice. Moreover, cervical spine immobilization of the

twy mice appeared accelerated following TPD 9 3 treat-

ment, as determined by manual palpation.

Reconstructed l-CT images and Mata’s scoring system

showed that TPD treatment accelerated ankylosis of the

cervical spine in the twy mice (Fig. 3b). Histologically

unorganized cartilage and irregular calcification were seen

around the protruded disks in the twy mice, although no

pronounced inflammatory cell infiltration was observed

(Fig. 5f–h). Moreover, osseous bridges were observed

across the outer layer of the annulus fibrosus of the inter-

vertebral disks and hypertrophied spinal ligaments. These

histological features were not observed in the ICR mice.

After TPD treatment, larger osseous bridges and more

cartilage formation was observed in the enthesis lesions in

the TPD groups compared with the Ctl group in the twy

mice (Fig. 5f–h, j–l). These changes were more evident in

the TPD 9 3 group than in the TPD 9 1 group. Fluores-

cent microscopy showed that the labeled bone surfaces in

the enthesis lesions increased in accordance with TPD

treatment (Fig. 5b–d).

The volume of ectopic calcification at the posterior

atlantoaxial membrane also increased in the twy mice with

time, and both TPD 9 1 and TPD 9 3 treatments pro-

moted ectopic calcification (Fig. 3c). Histologically, there

were no cells inside the ectopic calcification but there were

fibroblast- or osteoblast-like cells around the ectopic cal-

cification. Calcification areas at the posterior atlantoaxial

membrane were so fragile that they peeled off during tissue

processing. The ectopic calcification lesions were not

labeled with calcein and tetracycline, suggesting that cal-

cification at the posterior atlantoaxial membrane developed

in a different fashion from ossification (Supplementary

Fig. 1).

Discussion

The results of this study suggest that TPD therapy exerts

therapeutic effect on trabecular osteoporosis in DISH,

which is mainly caused by decreased mechanical loading

resulting from ankylosis of the spine. Although there is less

evidence regarding the efficacy of TPD therapy in male

osteoporosis compared with postmenopausal osteoporosis,

there is a rationale for PTH therapy for the treatment of

osteoporosis in DISH. Immobilization-associated osteo-

porosis is attributable to a decrease in bone formation via

down-regulation of wnt/b-catenin signaling and TPD exerts

its anabolic effects on bone formation by the induction of

wnt/b-catenin pathways [23–26]. Therefore, TPD should

counteract the stress-shielding effect on bone. This is also

supported by a previous study demonstrating that TPD

therapy is effective for immobilization-associated osteo-

porosis in the neurectomized hindlimb murine model [27].

It should be noted, however, that bone environment of

ankylosed spine may blunt response to TPD therapy

because 40 lg/kg once daily injection of TPD, which is a

promising dose for anabolic effects on rodents osteoporo-

sis, showed only a slight increase in bone volume in the

twy mice.

Despite the therapeutic effect of TPD on trabecular

osteoporosis in DISH, our data suggest a potential adverse

effect of TPD therapy on ankylosis of the spine and ectopic

calcification. The Mata’s score data based on l-CT and

histological observation support this idea. Although we did

not obtain quantitative data regarding stiffness of the spine

because of a technical difficulty, cervical spines of TPD-

treated twy mice were stiffer than those of PBS-treated twy

mice, as determined by manual palpation at sacrifice. As a

result of enhanced development of ankylosis of the spine,

TPD-treated twy mice lost body weight with time, while

PBS-treated twy mice did not lose body weight. Given that

TPD-treated ICR mice did not lose body weight, we can say

that TPD therapy does not directly reduce body weight but

reduces it as a result of promoting ankylosis of the spine,

which in turn leads to muscle disuse atrophy, dysphagia, and

difficulty of mastication. In clinical practice, TPD therapy

might increase the risk for dysphagia, and respiratory tract

disorder by promoting development of ossification of spinal

ligaments in patients with DISH. The adverse effect of TPD

therapy may be applicable to the patients with ankylosing

spondylitis, who develop ankylosis of the spine as a result of

chronic inflammation in the enthesis of the spine.

Although the mechanism of ectopic ossification in spinal

ligaments remains unknown, several studies using the twy

mouse model have demonstrated that osteoporosis medica-

tion can have an effect on spinal hyperostosis lesions. Hir-

akawa et al. reported that administration of etidronate, which

is a non-nitrogen-containing bisphosphonate, accelerated

prolapse of intervertebral disks, and increased the thickness

cFig. 5 Histology and histomorphometric study of the 6th cervical

vertebra. a–h Microphotographs at the entheoperidiscal region of the

6th cervical vertebra under high magnification, a–d fluorescent field

imaging, e–h bright field imaging with Villanueva staining; i–l Bright
field sagittal images of 5–7th cervical vertebral bodies under low

magnification with Villanueva staining; m–t Microphotographs of the

6th cervical vertebral body under high magnification with Villanueva

staining, m–p bright field imaging with Villanueva staining, q–
t fluorescent field imaging; u–z Bone histomorphometry data,

including trabecular bone volume/tissue volume (BV/TV), mineral

apposition rate (MAR), bone surface (BS), single-labeled surface/

bone surface (sLS/BS), double-labeled surface/bone surface (dLS/

BS), bone formation rate/bone surface (BFR/BS). Data represent

mean ± SD (*p\ 0.05 vs. Ctl, **p\ 0.05 vs. TPD 9 1)
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of posterior longitudinal ligaments in the twy mice [13].

Okawa et al. showed that calcitonin suppressed periosteal

bone formation in the twy mice regardless of age [16].

Although we observed a promotion effect of TPD on ossifi-

cation of spinal ligaments in the twy mice, Sampson et al.

demonstrated that TPDdid not enhance osteophyte formation

in the mouse model of knee osteoarthritis using C57Bl6mice

[28]. This indicates that spinal hyperostosis lesions or the twy

mice are susceptible to these osteoporosis medications.

This study has several limitations. First, it is inconclu-

sive whether the dosing regimens used correspond to

clinical dosing for osteoporosis. Rodent models typically

report the use of doses as high as 40–200 lg/kg perday,

which are 100- to 500-fold greater than the recommended

clinical dose in humans (20 lg per day total, which in a

40–80 kg person translates to 0.2–0.4 lg/kg per day).

These differences are thought to arise from differences in

metabolism and clearance of TPD between humans and

rodents. Bellido et al. indicated that daily injection of as

little as 30 lg/kg of TPD for 28 days increases spine and

hindlimb BMD, using 3–300 lg/kg of TPD to determine

the minimum effective dose requirement for an anabolic

effect of TPD in mice. Additionally, they reported that

four-times-daily injections of TPD reduce the number of

apoptotic osteoblasts by 50 % [29]. Dobning et al. found

that the optimal response of the rodent skeleton to TPD

require a three-times-daily subcutaneous dose regimen,

given the rapid clearance of TPD [30]. However, to the best

of our knowledge, there are few reports that demonstrated

anabolic responses to TPD using ICR mice [31], we tested

a three-times-daily injection of TPD in addition to a once-

daily injection of TPD (40 lg/kg) in this study based on

these previous studies. However, given that mice and

human react differently to TPD, conclusive statements

about the effect of TPD on osteoporosis and ankylosis of

the spine in patients with DISH requires investigation in

larger animal species, which might better approximate the

metabolism of the drug in humans. The problem is that

there are currently no animal models for DISH other than

mouse models.

Another limitation of this study is the young age of the

mice, while the human age at onset ofDISH is predominantly

over 50 years [1] [3]. The reason we commenced TPD

treatment from the age of 7 weeks is that the twy mice

sometimes die after the age of 12 weeks because of para-

plesia, which is caused by spinal cord compression with the

development of ossification or calcification of spinal liga-

ments. Although it is of great interest whether TPD exacer-

bates paralytic symptoms or not, we did not performMRI or

histological observation on spinal cord in this study because

the twy mice usually develop profound motor paresis at the

age of 18–24 weeks [32].We carefully observed behavior of

the mice during the treatment period from the age of

7–12 weeks; however, we could not find apparent motor

paralysis in the twy mice regardless of treatment.

In conclusion, we have investigated the effect of TPD on

skeletal hyperostosis lesions using the twy mice, which is

the murine model for DISH. The data obtained in this study

suggest that TPD therapy effectively treats trabecular

osteoporosis, while it potentially promotes ossifica-

tion/calcification of spinal ligaments and ankylosis of the

spine in patients with spinal hyperostosis.

Compliance with Ethical Standards

Conflict of Interest Hiroki Hamano, Masahiko Takahata, Masahiro

Ota, Shigeto Hiratsuka, Tomohiro Shimizu, Yusuke Kameda, and

Norimasa Iwasaki declare that they have no conflict of interest.

Human and Animal Rights and Informed Consent The Ethics

Review Committee for Animal Experimentation of Hokkaido

University approved the experimental protocol.

References

1. Forestier J, Rotes-Querol J (1950) Senile ankylosing hyperostosis

of the spine. Ann Rheum Dis 9(4):321–330

2. Resnick D, Shaul SR, Robins JM (1975) Diffuse idiopathic

skeletal hyperostosis (DISH): Forestier’s disease with extraspinal

manifestations. Radiology 115(3):513–524. doi:10.1148/15.3.513

3. Belanger TA, Rowe DE (2001) Diffuse idiopathic skeletal

hyperostosis: musculoskeletal manifestations. J Am Acad Orthop

Surg 9(4):258–267

4. Mazieres B (2013) Diffuse idiopathic skeletal hyperostosis (For-

estier-Rotes-Querol disease): what’s new? Joint Bone Spine

80(5):466–470. doi:10.1016/j.jbspin.2013.02.011

5. Kiss C, O’Neill TW, Mituszova M, Szilagyi M, Poor G (2002)

The prevalence of diffuse idiopathic skeletal hyperostosis in a

population-based study in Hungary. Scand J Rheumatol

31(4):226–229

6. Diederichs G, Engelken F, Marshall LM, Peters K, Black DM,

Issever AS, Barrett-Connor E, Orwoll E, Hamm B, Link TM,

OsteoporoticFractures in Men Research Group (2011) Diffuse

idiopathic skeletal hyperostosis (DISH): relation to vertebral

fractures and bone density. Osteoporos Int 22(6):1789–1797.

doi:10.1007/s00198-010-1409-9

7. Hannallah D, White AP, Goldberg G, Albert TJ (2007) Diffuse

idiopathic skeletal hyperostosis. Oper Tech Orthop 17(3):174–

177. doi:10.1053/j.oto.2007.03.001

8. Westerveld LA, Verlaan JJ, Oner FC (2009) Spinal fractures in

patients with ankylosing spinal disorders: a systematic review of

the literature on treatment, neurological status and complica-

tions. Eur Spine J 18(2):145–156. doi:10.1007/s00586-008-

0764-0

9. Neer RM, Arnaud CD, Zanchetta JR, Prince R, Gaich GA,

Reginster JY, Hodsman AB, Eriksen EF, Ish-Shalom S, Genant

HK, Wang O, Mitlak BH (2001) Effect of parathyroid hormone

(1-34) on fractures and bone mineral density in postmenopausal

women with osteoporosis. N Engl J Med 344(19):1434–1441.

doi:10.1056/NEJM200105103441904

10. Marcus R, Wang O, Satterwhite J, Mitlak B (2003) The skeletal

response to teriparatide is largely independent of age, initial bone

mineral density, and prevalent vertebral fractures in post-

menopausal women with osteoporosis. J Bone Miner Res

18(1):18–23. doi:10.1359/jbmr.2003.18.1.18

H. Hamano et al.: Teriparatide Improves Trabecular Osteoporosis but Simultaneously Promotes...

123

http://dx.doi.org/10.1148/15.3.513
http://dx.doi.org/10.1016/j.jbspin.2013.02.011
http://dx.doi.org/10.1007/s00198-010-1409-9
http://dx.doi.org/10.1053/j.oto.2007.03.001
http://dx.doi.org/10.1007/s00586-008-0764-0
http://dx.doi.org/10.1007/s00586-008-0764-0
http://dx.doi.org/10.1056/NEJM200105103441904
http://dx.doi.org/10.1359/jbmr.2003.18.1.18


11. Hosoda Y, Yoshimura Y, Higaki S (1981) A new breed of mouse

showing multiple osteochondral lesions–twy mouse. Ryumachi

[Rheumatism] 21(Suppl):157–164

12. Kobayashi Y, Goto S, Tanno T, Yamazaki M, Moriya H (1998)

Regional variations in the progression of bone loss in two dif-

ferent mouse osteopenia models. Calcif Tissue Int 62(5):426–436

13. Hirakawa H, Kusumi T, Nitobe T, Ueyama K, Tanaka M, Kudo

H, Toh S, Harata S (2004) An immunohistochemical evaluation

of extracellular matrix components in the spinal posterior longi-

tudinal ligament and intervertebral disc of the tiptoe walking

mouse. J Orthop Sci 9(6):591–597. doi:10.1007/s00776-004-

0823-2

14. Uchida K, Yayama T, Sugita D, Nakajima H, Rodriguez Guerrero

A, Watanabe S, Roberts S, Johnson WE, Baba H (2012) Initiation

and progression of ossification of the posterior longitudinal

ligament of the cervical spine in the hereditary spinal hyperos-

totic mouse (twy/twy). Eur Spine J 21(1):149–155. doi:10.1007/

s00586-011-1971-7

15. Uchida K, Nakajima H, Watanabe S, Yayama T, Guerrero AR,

Inukai T, Hirai T, Sugita D, Johnson WE, Baba H (2012)

Apoptosis of neurons and oligodendrocytes in the spinal cord of

spinal hyperostotic mouse (twy/twy): possible pathomechanism

of human cervical compressive myelopathy. Eur Spine J

21(3):490–497. doi:10.1007/s00586-011-2025-x

16. Okawa A, Goto S, Moriya H (1999) Calcitonin simultaneously

regulates both periosteal hyperostosis and trabecular osteopenia

in the spinal hyperostotic mouse (twy/twy) in vivo. Calcif Tissue

Int 64(3):239–247

17. Koshizuka Y, Ikegawa S, Sano M, Nakamura K, Nakamura Y

(2001) Isolation of novel mouse genes associated with ectopic

ossification by differential display method using ttw, a mouse

model for ectopic ossification. Cytogenet Cell Genet

94(3–4):163–168

18. Furuya S, Ohtsuki T, Yabe Y, Hosoda Y (2000) Ultrastructural

study on calcification of cartilage: comparing ICR and twy mice.

J Bone Miner Metab 18(3):140–147

19. Meyer JL (1984) Can biological calcification occur in the pres-

ence of pyrophosphate? Arch Biochem Biophys 231(1):1–8

20. Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen

KJ, Muller R (2010) Guidelines for assessment of bone

microstructure in rodents using micro-computed tomography.

J Bone Miner Res 25(7):1468–1486. doi:10.1002/jbmr.141

21. Mata S, Chhem RK, Fortin PR, Joseph L, Esdaile JM (1998)

Comprehensive radiographic evaluation of diffuse idiopathic

skeletal hyperostosis: development and interrater reliability of a

scoring system. Semin Arthritis Rheum 28(2):88–96

22. Willinghamm MD, Brodt MD, Lee KL, Stephens AL, Ye J, Silva

MJ (2010) Age-related changes in bone structure and strength in

female and male BALB/c mice. Calcif Tissue Int 86(6):470–483.

doi:10.1007/s00223-010-9359-y

23. Gaudio A, Pennisi P, Bratengeier C, Torrisi V, Lindner B,

Mangiafico RA, Pulvirenti I, Hawa G, Tringali G, Fiore CE

(2010) Increased sclerostin serum levels associated with bone

formation and resorption markers in patients with

immobilization-induced bone loss. J Clin Endocrinol Metab

95(5):2248–2253. doi:10.1210/jc.2010-0067

24. Frings-Meuthen P, Boehme G, Liphardt AM, Baecker N, Heer M,

Rittweger J (2013) Sclerostin and DKK1 levels during 14 and

21 days of bed rest in healthy young men. J Musculoskelet

Neuronal Interact 13(1):45–52

25. Moustafa A, Sugiyama T, Prasad J, Zaman G, Gross TS, Lanyon

LE, Price JS (2012) Mechanical loading-related changes in

osteocyte sclerostin expression in mice are more closely associ-

ated with the subsequent osteogenic response than the peak

strains engendered. Osteoporos Int 23(4):1225–1234. doi:10.

1007/s00198-011-1656-4

26. Lin C, Jiang X, Dai Z, Guo X, Weng T, Wang J, Li Y, Feng G,

Gao X, He L (2009) Sclerostin mediates bone response to

mechanical unloading through antagonizing Wnt/beta-catenin

signaling. J Bone Miner Res 24(10):1651–1661. doi:10.1359/

jbmr.090411

27. Sakai A, Sakata T, Ikeda S, Uchida S, Okazaki R, Norimura T,

Hori M, Nakamura T (1999) Intermittent administration of

human parathyroid Hormone(1-34) prevents immobilization-re-

lated bone loss by regulating bone marrow capacity for bone cells

in ddY mice. J Bone Miner Res 14(10):1691–1699. doi:10.1359/

jbmr.1999.14.10.1691

28. Sampson ER, Hilton MJ, Tian Y, Chen D, Schwarz EM, Mooney

RA, Bukata SV, O’Keefe RJ, Awad H, Puzas JE, Rosier RN,

Zuscik MJ (2011) Teriparatide as a chondroregenerative therapy

for injury-induced osteoarthritis. Science Transl Med 3(101):

101ra193. doi:10.1126/scitranslmed.3002214

29. Bellido T, Ali AA, Plotkin LI, Fu Q, Gubrij I, Roberson PK,

Weinstein RS, O’Brien CA, Manolagas SC, Jilka RL (2003)

Proteasomal degradation of Runx2 shortens parathyroid hor-

mone-induced anti-apoptotic signaling in osteoblasts. A putative

explanation for why intermittent administration is needed for

bone anabolism. J Biol Chem 278(50):50259–50272. doi:10.

1074/jbc.M307444200

30. Dobnig H, Turner RT (1997) The effects of programmed

administration of human parathyroid hormone fragment (1-34) on

bone histomorphometry and serum chemistry in rats.

Endocrinology 138(11):4607–4612. doi:10.1210/endo.138.11.

5505

31. Rihani-Bisharat S, Maor G, Lewinson D (1998) In vivo anabolic

effects of parathyroid hormone (PTH) 28-48 and N-terminal

fragments of PTH and PTH-related protein on neonatal mouse

bones. Endocrinology 139(3):974–981. doi:10.1210/endo.139.3.

5820

32. Hirai T, Uchida K, Nakajima H, Guerrero AR, Takeura N,

Watanabe S, Sugita D, Yoshida A, Johnson WEB, Baba H (2013)

The prevalence and phenotype of activated micro-

glia/macrophages within the spinal cord of the hyperostotic

mouse (twy/twy) changes in response to chronic progressive

spinal cord compression: implications for human cervical com-

pressive myelopathy. PLoS One. doi:10.1371/journal.pone.

0064528

H. Hamano et al.: Teriparatide Improves Trabecular Osteoporosis but Simultaneously Promotes...

123

http://dx.doi.org/10.1007/s00776-004-0823-2
http://dx.doi.org/10.1007/s00776-004-0823-2
http://dx.doi.org/10.1007/s00586-011-1971-7
http://dx.doi.org/10.1007/s00586-011-1971-7
http://dx.doi.org/10.1007/s00586-011-2025-x
http://dx.doi.org/10.1002/jbmr.141
http://dx.doi.org/10.1007/s00223-010-9359-y
http://dx.doi.org/10.1210/jc.2010-0067
http://dx.doi.org/10.1007/s00198-011-1656-4
http://dx.doi.org/10.1007/s00198-011-1656-4
http://dx.doi.org/10.1359/jbmr.090411
http://dx.doi.org/10.1359/jbmr.090411
http://dx.doi.org/10.1359/jbmr.1999.14.10.1691
http://dx.doi.org/10.1359/jbmr.1999.14.10.1691
http://dx.doi.org/10.1126/scitranslmed.3002214
http://dx.doi.org/10.1074/jbc.M307444200
http://dx.doi.org/10.1074/jbc.M307444200
http://dx.doi.org/10.1210/endo.138.11.5505
http://dx.doi.org/10.1210/endo.138.11.5505
http://dx.doi.org/10.1210/endo.139.3.5820
http://dx.doi.org/10.1210/endo.139.3.5820
http://dx.doi.org/10.1371/journal.pone.0064528
http://dx.doi.org/10.1371/journal.pone.0064528

	Teriparatide Improves Trabecular Osteoporosis but Simultaneously Promotes Ankylosis of the Spine in the Twy Mouse Model for Diffuse Idiopathic Skeletal Hyperostosis
	Abstract
	Introduction
	Materials and Methods
	Mice
	Study Design
	Micro-computer Tomography (micro-CT) Analysis
	Histological Analysis
	Statistical Analysis

	Results
	General Observation
	Effect of TPD on Osteoporosis in Twy Mice
	Effect of TPD on Ankylosis of the Spine and Ectopic Calcification in Twy Mice

	Discussion
	References




