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Abstract

Background Availability of a reliable mouse model of

ischemic osteonecrosis could accelerate the development

of novel therapeutic strategies to stimulate bone healing

after ischemic osteonecrosis; however, no mouse model of

ischemic osteonecrosis is currently available.

Questions/purposes To develop a surgical mouse model

of ischemic osteonecrosis, we asked, (1) if the blood ves-

sels that contribute to the blood supply of the distal femoral

epiphysis are cauterized, can we generate an osteonecrosis

mouse model; (2) what are the histologic changes observed

in this mouse model, and (3) what are the morphologic

changes in the model.

Methods We performed microangiography to identify

blood vessels supplying the distal femoral epiphysis in

mice, and four vessels were cauterized using microsurgical

techniques to induce ischemic osteonecrosis. Histologic

assessment of cell death in the trabecular bone was per-

formed using terminal deoxynucleotidyl transferase

mediated dUTP nick-end labeling (TUNEL) and counting

the empty lacunae in three serial sections. Quantitation of

osteoclast and osteoblast numbers was performed using

image analysis software. Morphologic assessments of the

distal femoral epiphysis for deformity and for trabecular

bone parameters were performed using micro-CT.

Results We identified four blood vessels about the knee

that had to be cauterized to induce total ischemic

osteonecrosis of the distal femoral epiphysis. Qualitative

assessment of histologic sections of the epiphysis showed a

loss of nuclear staining of marrow cells, disorganized

marrow structure, and necrotic blood vessels at 1 week. By

2 weeks, vascular tissue invasion of the necrotic marrow

space was observed with a progressive increase in infil-

tration of the necrotic marrow space with the vascular

tissue at 4 and 6 weeks. TUNEL staining showed extensive

cell death in the marrow and trabecular bone 24 hours after

the induction of ischemia. The mean percent of TUNEL-

positive osteocytes in the trabecular bone increased from

2% ± 1% in the control group to a peak of 98% ± 3% in

the ischemic group 1 week after induction of ischemia

(mean difference, 96%; 95% CI, 81%–111%; p \ 0.0001).

The mean percent of empty lacunae increased from

1% ± 1% in the control group to a peak of 78% ± 15% in

the ischemic group at 4 weeks (mean difference, 77%; 95%

CI, 56%–97%; p \ 0.0001). Quantitative analysis showed

that the mean number of osteoclasts per bone surface was
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decreased in the ischemic group at 1, 2, and 4 weeks

(p \ 0.0001, \ 0.0001, and p = 0.02, respectively) com-

pared with the control group. The mean number of

osteoclasts increased to a level similar to that of the control

group at 6 weeks (p = 0.23). The numbers of osteoblasts

per bone surface were decreased in the ischemic group at 1,

2 and 4 weeks (p \ 0.0001 for each) compared with the

numbers in the control group. The mean number of

osteoblasts also increased to a level similar to that of the

control group at 6 weeks (p = 0.91). Mean bone volume

percent assessed by micro-CT was lower in the ischemic

group compared with the control group from 2 to 6 weeks.

The mean differences in the percent bone volume between

the control and ischemic groups at 2, 4, and 6 weeks were

5.5% (95% CI, 0.9%–10.2%; p = 0.01), 5.3% (95% CI,

0.6%–9.9%; p = 0.02), and 6.0% (95% CI, 1.1%–10.9%;

p = 0.008), respectively. A deformity of the distal femoral

epiphysis was observed at 6 weeks with the mean epi-

physeal height to width ratio of 0.74 ± 0.03 in the control

group compared with 0.66 ± 0.06 in the ischemic group

(mean difference, 0.08; 95% CI, 0.00–0.16; p = 0.03).

Conclusion We developed a novel mouse model of

ischemic osteonecrosis that produced extensive cell death

in the distal femoral epiphysis which developed a defor-

mity with time.

Clinical Relevance The new mouse model may be a

useful tool to test potential therapeutic strategies to

improve bone healing after ischemic osteonecrosis.

Introduction

Traumatic injuries leading to fracture, fracture-dislocation,

or dislocation can acutely disrupt the blood supply to the

bone, producing ischemic osteonecrosis. Femoral neck

fracture or hip dislocation, proximal humeral fracture (or

fracture-dislocation), talar neck fracture, scaphoid fracture,

and lateral condyle facture are some of the injuries that

may disrupt the blood supply, and in susceptible bones,

produce ischemic osteonecrosis [1, 30, 39, 42, 48].

Advances in internal fixation of these fractures have been

made; however, no similar advances have been made for

treatment of osteonecrotic bone.

Various animal models of osteonecrosis are available to

study the pathophysiology and treatment of osteonecrosis.

These models can be categorized broadly as traumatic and

nontraumatic osteonecrosis [2, 3, 11], such as corticos-

teroid [17, 19, 46, 47], lipopolysaccharide [16], alcohol

[45], cryogen [20, 40], and immune reaction-induced

models of osteonecrosis [32, 36]. The site of osteonecrosis

in these models, however, is limited to the femoral head

except in corticosteroid-induced models which tend to

develop multifocal lesions. The experimental models also

can be divided into large animal models such as canines

[31, 34, 37], porcines [24, 41], and sheep [44], and small

animal models such as rabbits [5, 15–17, 19–21] and rats

[14, 29, 38]. These models can be further classified into

immature and mature animal models that represent pedi-

atric and adult osteonecrotic conditions [11].

Although there are many experimental models of

osteonecrosis, we recognized a need to develop a mouse

model of ischemic osteonecrosis to investigate the mole-

cular mechanisms involved in the repair processes after

ischemic osteonecrosis, such as angiogenesis, osteoclasto-

genesis, and osteogenesis. In vivo studies using genetically

engineered mouse strains are invaluable for this purpose, as

seen in the field of fracture repair where a specific gene in

the molecular signaling pathway can be deleted or made to

be overexpressed [10, 12, 43]. The loss of function and

gain of function experiments using genetically engineered

mouse strains have led to new insights in growth factors

[12, 13, 27, 43] and transcription factors that control

fracture healing [6, 10]. Currently, there is no mouse model

of ischemic osteonecrosis produced by disruption of the

blood supply to the bone. Unavailability of such a model is

an obstacle to using genetically engineered mouse strains

to better understand the molecular pathways involved with

the repair process. Development of a mouse model of

ischemic osteonecrosis has several other advantages such as

lower animal and housing costs, availability of commercial

reagents, assays, and analytic kits made specifically for use

with mice, and availability of drugs including monoclonal

antibodies that have been tested on mice. These are practical

considerations which are likely to accelerate the develop-

ment and testing of novel therapeutic strategies to stimulate

bone healing after ischemic osteonecrosis.

The purpose of this study therefore was to develop a

surgical model of ischemic osteonecrosis in mice. We

asked (1) if the blood vessels that contribute to the blood

supply to the distal femoral epiphysis are cauterized, can

we generate an osteonecrosis mouse model, (2) what are

the histologic changes in the mouse model, and (3) what

are the morphologic changes in the model.

Materials and Methods

Mice

The animal protocols for this study were approved by the

Institutional Animal Care and Use Committee of the

University of Texas Southwestern Medical Center. Five-

week-old C57bl/6 male mice were used in the study

(Table 1).
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Microangiography for Vessel Identification

To define the vascular anatomy around the knee, the

microangiographic technique described by Duvall et al. [9]

was used in a pilot study of six mice. After euthanization,

the thoracic cavity of each mouse was opened and the

inferior vena cava was severed to drain the blood. The

vasculature was flushed with 0.9% normal saline contain-

ing heparin sodium (100 U/mL), at an approximate

pressure of 100 mm Hg via a needle inserted in the left

ventricle. The specimens then were pressure-fixed with

10% neutral buffered formalin. The formalin solution was

flushed from the vessels using heparinized saline and the

vasculature was injected with a radiopaque silicone rubber

compound containing lead chromate (MICROFIL1 MV-

122; Flow Tech Inc, Carver, MA, USA). The microan-

giography was performed using micro-CT (lCT 40;

Scanco Medical; Bassersdorf, Switzerland) to observe the

blood vessels and the bone (8–36 l isotropic voxel size,

55 kVp, and current of 145 mA). The resolution was set to

medium, which created a 1024 9 1024 pixel image matrix.

Serial tomograms were reconstructed from the raw data

using a cone-beam filtered back-projection algorithm. By

defining the vasculature around the knee (Fig. 1), we were

able to identify the four vessel groups supplying the distal

femoral epiphysis: a branch of the popliteal vessel; and

medial, central, and lateral genicular vessels.

Induction of Ischemic Osteonecrosis in the Distal

Femoral Epiphysis

Five-week-old C57BL/6 male mice were anesthetized with

isoflurane. The blood vessels supplying the right distal

femoral epiphysis (ie, a branch of a popliteal and branches

of medial, central, lateral genicular vessels) were identified

and cauterized using a dissection microscope with 96 to

940 objectives and microsurgical instruments to induce

ischemic osteonecrosis. The four blood vessels were first

cauterized either individually or in combinations of two or

more vessels to determine the efficiency of ischemia

induction. For the popliteal vessel, a posteromedial approach

to the back of the knee was used. To observe the medial,

central, and lateral genicular vessels, a medial parapatellar

incision was used to perform a knee arthrotomy. The

incision and arthrotomy were closed with Number 8-0

sutures. The ischemia-induction surgery took

approximately 30 minutes for each mouse. In the sham

group, the vessels of the right distal femur were exposed

as described above but no cauterization was performed.

The left distal femoral epiphysis, which received no

surgery, was used as the normal control group.

Collection and Processing of Knee Region

for Histomorphometric Analysis

Mice were sacrificed at designated times after induction of

ischemic osteonecrosis (1 week, 2 weeks, 4 weeks, and

6 weeks; n = 10 per time). One animal in the 6-week

group died and was not replaced. The mice in the sham-

operated group were sacrificed at 1 to 6 weeks after sur-

gery (n = 5 per time). Immediately after sacrifice, the

distal femur and proximal tibia of the untreated side (left)

and the ischemic side (right) were harvested and fixed with

10% formalin for 5 days followed by micro-CT, as

described below. After scanning, the specimens were

decalcified with 10% EDTA for 5 days. Bones were em-

bedded in paraffin and cut 4 to 5 l thickness for

hematoxylin and eosin, terminal deoxynucleotidyl trans-

ferase mediated dUTP nick-end labeling (TUNEL), and

tartrate-resistant acid phosphatase (TRAP) staining.

Histomorphometric Analysis

Hematoxylin and eosin staining was performed following a

standard protocol. To detect osteoclasts, TRAP staining

was performed as previously reported [23]. To observe cell

death in the area of osteonecrosis, TUNEL staining was

Table 1. Numbers of mice used in the different studies

Study Number of mice

1. Define vascular anatomy of distal femoral epiphysis using microangiography 6

2. Cauterization of different vessels four groups: sham, branch of popliteal vessel only,

popliteal vessel + central genicular vessel, and all four vessels

20

5 mice/group

3. Reliability of four-vessel cauterization on producing a total epiphyseal necrosis 15

4. Histologic and morphologic analyses 60

Sham groups: 1, 2, 4, 6 weeks 5 mice/group

Postischemia groups: 1, 2, 4, 6 weeks 10 mice/group
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performed using an In Situ Cell Death Detection Kit

(Roche Applied Science; Roche, Basel, Switzerland) as

previously reported [28].

Histologic sections from distal femoral epiphyses were

examined using the BIOQUANT1 OSTEOIMAGER

(BIOQUANT Image Analysis Corp, Nashville, TN, USA)

to determine the trabecular bone surface length, number of

osteoclasts, number of osteoblasts, number of empty

lacunae, number of total trabecular lacunae, number of

TUNEL-positive osteocytes, and total number of osteo-

cytes. For quantitative analysis (eight mice/group for all

groups except seven for the 6-week group), measurements

were performed on three serial sections using BIO-

QUANT1 OSTEO software (version 13.2.60; BIOQUANT

Image Analysis Corp) by an observer blinded to the groups.

Osteocyte lacunae were considered empty with the absence

of cell body in the lacunae or if they only contained py-

knotic nucleus [46] in three serial sections. The number of

osteoclasts was determined by counting the number of

TRAP-positive cells adherent to bone surface and the

values were normalized to the bone surface. Osteoblasts

were identified as cuboidal cells attached to the bone in

regions of bone formation. The percentages of TUNEL-

positive osteocytes were obtained by counting and dividing

the number of TUNEL-positive osteocytes by the total

number of osteocytes in the trabecular bone of the distal

femoral epiphysis. The percent empty lacunae was

obtained by counting and dividing the number of empty

lacunae by the total number of lacunae present in the tra-

becular bone [8].

Micro-CT Analysis of Distal Femoral Epiphysis

The distal femoral epiphyses were scanned using SKY-

SCAN 1172 micro-CT system (Skyscan, Aartselaar,

Belgium) with the following settings: 6-l thickness, 50 kV

of energy, and 200 mA of intensity. Trabecular bone

parameters, including bone volume, trabecular thickness,

trabecular number, and trabecular separation, were

obtained. The following number of specimens was analyzed

for each time: 1 week (n = 10), 2 weeks (n = 10),

4 weeks (n = 10), and 6 weeks (n = 9). On each coronal

section, the region of interest (ie, trabecular bone in the

distal femoral epiphysis) was outlined and the cortical

bone surrounding the trabecular bone was excluded. All

C D

PV
Lateral GV

PV

A B

Central GV

Lateral GV
Central GV

Lateral GV

PV

Fig. 1A–D Microangiography was used to define the vascular

anatomy around the knee. Vessels were observed by perfusion of

the lower limb vasculature with MICROFIL1 and micro-CT. The

(A) anterior and (B) posterior views of the popliteal fossa, and

(C) medial and (D) lateral views of the knee are shown in these three-

dimensional reconstructed micro-CT images. The arrows indicate

vessels supplying the distal femoral epiphysis, which include a branch

of the popliteal vessel (PV) and the medial, central, and lateral

genicular vessels (GV).

Volume 473, Number 4, April 2015 New Mouse Model of Ischemic Osteonecrosis 1489

123



coronal images of the distal femoral epiphysis were ana-

lyzed for each specimen, and the mean ± SD (standard

deviation) value for each trabecular parameter was obtained.

The shape of the distal femoral epiphysis was assessed

for deformity and the degree of epiphyseal collapse was

evaluated by measuring the height and width of the epi-

physis in a mid-coronal plane on micro-CT images

(Fig. 2). A ratio of the height and width was calculated for

each epiphysis. A lower ratio of height/width would indi-

cate a greater deformity.

Statistical Analysis

Data are expressed as mean ± SD. For micro-CT and

quantitative histologic analyses, ANOVA and Tukey’s

multiple comparison tests were used. A p value less than

0.05 was considered statistically significant.

Results

Vessel Cauterization and Creation of the Mouse

Osteonecrosis Model

The cauterization of a branch of the popliteal vessel alone

or a branch of the popliteal vessel and a central genicular

vessel showed only a partial region of cell death in the

distal femoral epiphysis assessed by TUNEL staining

(Fig. 3). In contrast, cauterization of all four vessels

(popliteal vessel plus all three genicular vessels) produced

cell death in the whole distal femoral epiphysis with

TUNEL stain-positive cells present throughout the region

(Fig. 3). TUNEL stain-positive cells were not increased in

the sham-operated group (Fig. 4). The reliability of the

four-vessel cauterization to produce total epiphyseal

osteonecrosis was further assessed using 15 animals.

Evidence of extensive cell death in the bone marrow space

and the trabecular bone on TUNEL staining was seen in all

15 animals. Based on these findings, we concluded that

cauterization of all four vessels was required to induce

severe ischemic osteonecrosis in the distal femoral epiph-

ysis. We thus cauterized all four vessels as our standard

procedure during the rest of this study.

Histologic Changes in the Model

Cauterization of all four vessels supplying the distal

femoral epiphysis resulted in extensive cell death followed

by revascularization, bone resorption, and new bone for-

mation during the 6-week time. Qualitative assessment of

histologic sections of the epiphysis (Fig. 5A) showed a loss

of nuclear staining of marrow cells, disorganized marrow

structure, and necrotic blood vessels at 1 week. By

2 weeks, vascular tissue invasion of the necrotic marrow

space was observed, with a progressive increase in infil-

tration of the necrotic marrow space with vascular tissue at

4 and 6 weeks. In some areas of the epiphysis,

hematopoietic marrow was present at 6 weeks. Sham-

operated mice showed no evidence of osteonecrosis.

Assessment of the trabecular bone for osteocyte death

using TUNEL staining showed an increase in the number

of TUNEL-positive osteocytes expressed as a percentage of

the total number of osteocytes in the ischemic group at 1, 2,

and 4 weeks (Fig. 5B). The mean percent of TUNEL-

positive osteocytes in the trabecular bone was 2% ± 1% in

the control group compared with 98% ± 3% in the

ischemic group at 1 week (mean difference, 96%; 95% CI,

81%–111%; p \ 0.0001), 92% ± 7% at 2 weeks (mean

Fig. 2A–B The micro-CT images show mid-coronal region of the

distal femoral epiphyses in the (A) control and the (B) ischemic sides

6 weeks after induction of ischemic osteonecrosis. The height (blue

line) and width (red line) of the epiphysis were measured in a mid-

coronal plane. A ratio of the height and width was calculated for each

epiphysis.
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difference, 90%; 95% CI, 74%–105%; p \ 0.0001), and

84% ± 19% at 4 weeks (mean difference, 82%; 95% CI,

66%–98%; p \ 0.0001) (Table 2). At 6 weeks, the mean

percent of TUNEL-positive osteocytes in the ischemic

group decreased to 11% ± 5% with no difference when

compared with the control group (p = 0.56).

PV+Central GV

x4

x10

PV+all GVPVControl

Fig. 3 Development of ischemic osteonecrosis of the distal femoral

epiphysis was assessed by TUNEL staining 24 hours postischemia

surgery. Cell death in the distal femur was assessed using TUNEL

staining. Brown staining shows TUNEL-positive cells. Different

combinations of the vessels (ie, a branch of the popliteal vessel [PV]

and lateral, central, and medial genicular vessels [GV]) were

cauterized and the extent of cell death in the distal femoral epiphysis

was compared (n = 5 mice/group). Cauterization of a branch of the

popliteal vessel or a branch of the popliteal vessel plus central

genicular vessel produced partial necrosis of the distal femoral

epiphysis, as evidenced by partial TUNEL staining in the epiphysis.

In contrast, cauterization of all four vessels produced total necrosis of

the epiphysis. The control was the untreated left femoral epiphysis

(Stain, hematoxylin & eosin and fast green counterstains; original

magnification, 1 mm; = 94, 50 l = 910).

Sham Negative staining-control

x4

x10

A

B

C

D

Fig. 4A–D Development of ischemic osteonecrosis of the distal

femoral epiphysis was assessed by TUNEL staining 24 hours

postischemia surgery. TUNEL staining was not observed in the sham

group at either (A) 94 or (B) 910 magnification. The negative

controls at (C) 94 and (D) 910 are shown for TUNEL staining

method. There were five mice per group (Original magnification,

94 = 1 mm; 910 = 200 l).
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The mean percent of empty lacunae increased from

1% ± 1% in the control group to 43% ± 17% in the

ischemic group at 1 week (mean difference, 42%; 95% CI,

22%–62%; p \ 0.0001), 66% ± 20% at 2 weeks (mean

difference, 65%; 95% CI 44%–85%, p \ 0.0001),

78% ± 15% at 4 weeks (mean difference, 77%; 95% CI,

56%–97%; p \ 0.0001) (Table 2). The mean percent of

empty lacunae decreased to 38% ± 8% at 6 weeks in

comparison to the peak at the 4-week time but this value

still was statistically significant compared with the value

from the control group (mean difference, 36%; 95% CI,

16%–57%; p \ 0.0001) (Fig. 6A).

The mean number of osteoblasts per bone surface (/lm3)

was decreased in the ischemic group at 1 week (mean,

2.30 ± 1.04; p \ 0.0001) compared with the control group

(mean, 31.07 ± 3 .51) (Table 3). A gradual increase in the

mean number of osteoblasts per bone surface was observed

at 2 weeks (mean, 3.19 ± 3.87; p \ 0.0001) and 4 weeks

(mean, 11.19 ± 8.34; p \ 0.0001) but the means were

lower than the mean of the control group. At 6 weeks, the

mean number of osteoblasts in the ischemic group (mean,

28.97 ± 3.22) also increased to a level similar to that of the

control group with no difference between the two groups

(p = 0.91) (Fig. 6A).

The mean number of osteoclasts per bone surface (/lm3)

was decreased in the ischemic group at 1 week (mean,

0.07 ± 0.1; p \ 0.001) compared with the number in the

control group (mean, 4.88 ± 1.99) (Table 3). A gradual

increase in the mean number of osteoclasts per bone sur-

face was observed with a very low mean at 2 weeks (mean,

0.58 ± 1.11; p \ 0.0001) that increased from 2 weeks to

4 weeks (mean, 2.17 ± 2.54; p = 0.02) but the means

were lower than the mean of the control group. At 6 weeks,

the mean number of osteoclast in the ischemic group

1 week

x10

x40

2 weeks 4 weeks 6 weeks

A

B

Control

1 week 2 weeks 4 weeks 6 weeksControl

x10

x40

Fig. 5A–B Histologic analysis of the distal femur at 1, 2, 4, and

6 weeks after induction of ischemia. (A) At 1 week, extensive cell

death was observed in the marrow space with loss of nuclear staining

of the marrow cells, disorganized marrow structure, and necrotic

blood vessels. By 2 weeks, vascular tissue invasion of the necrotic

marrow space was observed with a progressive increase in infiltration

of the necrotic marrow space with the vascular tissue at 4 and

6 weeks. At 6 weeks, some areas in the epiphysis had restoration of

hematopoietic marrow. (Stain, hematoxylin and eosin; original

magnification, 200 l = 940, 50 l = 910). (B) Diffuse TUNEL

staining (brown) was observed at 1 and 2 weeks postischemia. There

was substantial decrease in the TUNEL staining at 4 and 6 weeks

owing to vascular tissue invasion of the marrow space and removal of

the necrotic cell debris (Stain, TUNEL; original magnification,

200 l = 910; 50 l = 940). The 940 images represent the rectan-

gular area shown in 910 images. The control was the left distal

femoral epiphysis at 1 week. There were eight mice per group for 1,

2, and 4 weeks and seven mice for 6 weeks. The 940 images in the

lower panels represent the rectangular areas shown in the 910

images.
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(mean, 3.01 ± 1.57) increased to a level similar to that of

the control group with no difference between the two

groups (p = 0.23; Fig. 6B).

Morphologic Changes in the Model

The mean bone volume percent was lower in the ischemic

group compared with that of the control group from 2 to

6 weeks. The mean difference in the percent bone volume

(Fig. 7A) between the control and the ischemic group at 2,

4, and 6 weeks was 5.5% (95% CI, 0.9%–10.2%;

p = 0.01), 5.3% (95% CI, 0.6%–9.9%; p = 0.02), and

6.0% (95% CI, 1.1%–10.9%; p = 0.008), respectively. The

mean trabecular thickness (Fig. 7B) also was lower in the

ischemic group compared with the control group from 2 to

6 weeks. The mean differences in trabecular thickness

between the control and the ischemic group at 2, 4, and

6 weeks were 4.7 lm3 (95% CI, 1.3–8.2; p = 0.0006),

5.4 lm3 (95% CI, 2.0–8.9; p \ 0.0001), and 4.5 lm3 (95%

Table 2. Empty osteocyte lacunae, pyknotic osteocytes and TUNEL-positive osteocytes

Parameter Control

(n = 8)

1 week

(n = 8)

2 weeks

(n = 8)

4 weeks

(n = 8)

6 weeks

(n = 7)

Empty lacunae + lacunae with pyknotic osteocytes/total

number of lacunae (%)

1.3 ± 1.2 43.4 ± 17.1* 66 ± 19.8* 77.9 ± 15.4* 37.7 ± 7.9*

TUNEL + osteocytes/total number of osteocytes (%) 2.2 ± 1.1 98.4 ± 2.51* 92 ± 6.5* 84.2 ± 18.1* 10.5 ± 10.5

TUNEL = terminal deoxynucleotidyl transferase mediated dUTP nick-end labeling; *p \ 0.0001 compared with control (unoperated left distal

femoral epiphysis at 1 week); mean ± SD are shown.

Fig. 6A–B Osteocyte lacunae, osteoblasts, and osteoclasts in the

distal femur were evaluated from 1 to 6 weeks after the induction of

ischemic osteonecrosis. Examples are shown of (A) normal bone with

osteocytes in the lacunae (control), empty lacunae and absence of

osteoblasts at 4 weeks postischemia, and appositional new bone with

osteoblasts lining the bone surface and presence of osteocytes in the

lacunae adjacent to the necrotic bone with empty lacunae 6 weeks

postischemia (Stain, hematoxylin and eosin; magnification, 960).

(B) TRAP-stained sections showed a gradual increase in the number

of osteoclasts (red) from 2 to 6 weeks postischemia. The 940 images

in the lower panels represent the rectangular areas shown in the 910

images. There were eight mice per group for 1, 2, and 4 weeks and

seven mice for 6 weeks (Original magnification, 910 = 200 l; 940

and 960 = 50 l).
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CI, 0.9–8.2; p = 0.009), respectively. No differences were

found for the trabecular number and separation between the

control and ischemic groups (Fig. 7C–D). No differences

were found between the sham and the control groups

(Table 4).

The shape of the distal femoral epiphysis was normal at

1 and 2 weeks postischemia. A mild deformity of the

epiphysis was observed at 4 weeks, which became more

severe at 6 weeks as assessed by measuring the height and

diameter of the epiphysis using mid-coronal micro-CT

images (Fig. 8A). At 6 weeks, the ratio of epiphyseal

height to its diameter was lower in the ischemic group

compared with the control group (control 0.74 ± 0.03 vs

ischemic 0.66 ± 0.03; mean difference, 0.08; 95% CI,

0.00–0.16; p = 0.03) (Fig. 8B). Sham-operated mice

showed no evidence of collapse.

Discussion

Availability of a reliable mouse model of ischemic

osteonecrosis could accelerate our understanding of the

molecular pathways involved in the repair process after

ischemic osteonecrosis and the development of novel

therapeutic strategies to stimulate bone healing; however,

no mouse model of ischemic osteonecrosis is currently

Table 3. Number of osteoclasts and osteoblasts in the distal femoral epiphysis after ischemic osteonecrosis

Parameter Control (n = 8) 1 week (n = 8) 2 weeks (n = 8) 4 weeks (n = 8) 6 weeks (n = 7)

N.Oc/BS (/lm3) 4.88 ± 1.99 0.07 ± 0.1* 0.58 ± 1.11* 2.17 ± 2.54** 3.01 ± 1.57

N.Ob/BS (/lm3) 31.07 ± 3.51 2.3 ± 1.04* 3.19 ± 3.87* 11.19 ± 8.34* 28.97 ± 3.22

* p \ 0.0001; ** p = 0.02 compared with control (unoperated left distal femoral epiphysis at 1 week); mean ± SD are shown; N.Ob = number

of osteoblasts; N.Oc = number of osteoclasts (TRAP + cells attached to bone); BS = bone surface.

Fig. 7A–D (A) Bone volume percent (BV/TV%), (B) trabecular

thickness (Tb.Th), (C) trabecular number (Tb.N), and (D) trabecular

separation (Tb.Sp) in the distal femoral epiphysis assessed by micro-

CT after induction of ischemic osteonecrosis are shown. The white

bars represent the normal left distal femoral epiphysis – the control,

and the black bars represent the right distal femoral epiphysis – the

ischemic side. There were 10 mice per group for 1, 2, and 4 weeks

and nine mice for 6 weeks. *p \ 0.05; **p \ 0.01; ****p \ 0.0001.
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available. We developed a reliable mouse model of

ischemic osteonecrosis of the distal femoral epiphysis us-

ing a systematic approach to define the vascular anatomy of

the distal femur followed by performing selective disrup-

tion of the blood vessels supplying the bone using

microsurgical techniques. To our knowledge, this is the

first surgical model of ischemic osteonecrosis in mice. We

found that cauterization of all four vessels supplying the

distal femoral epiphysis was required to induce an exten-

sive ischemic osteonecrosis in the epiphysis. All 15 animals

had extensive osteonecrosis develop in the distal femoral

epiphysis after four-vessel cauterization, indicating that

the model is reliable in terms of inducing severe

osteonecrosis.

The study has limitations. Histologic assessment of

revascularization using specific immunostaining for the

presence of endothelial cells, such as CD 31 or platelet

endothelial cell adhesion molecule (PECAM), was not

performed. Histomorphometric assessment of trabecular

bone parameters was not performed. The results of this

study are applicable for ischemic osteonecrosis involving a

growing bone as relatively young mice were used owing to

Table 4. Micro-CT analysis of the distal femoral epiphysis after sham operation

Parameter 1 week (n = 5) 2 weeks (n = 5) 4 weeks (n = 5) 6 weeks (n = 5)

Control Sham Control Sham Control Sham Control Sham

BV/TV (%) 24.8 ± 1.3 25.1 ± 2.4 19.8 ± 1.2 20.5 ± 1.5 19.3 ± 2.8 20.7 ± 0.5 29.5 ± 1.9 30.3 ± 2.6

Tb.Th (lm) 24.4 ± 0.7 24.9 ± 1.9 25.3 ± 0.6 25.3 ± 1 26.7 ± 1.6 26.7 ± 0.8 29.6 ± 2.4 29.1 ± 1.3

Tb.N (/mm) 10.2 ± 0.4 10.1 ± 0.2 7.8 ± 0.4 8.1 ± 0.5 7.2 ± 0.7 7.8 ± 0.3 10 ± 0.5 10.4 ± 0.6

Tb.Th (lm) 74.2 ± 3.8 74.9 ± 3.5 102.9 ± 15.1 98.3 ± 7.3 112.9 ± 15.1 101.7 ± 4.8 70.8 ± 3.9 67.4 ± 6.3

No statistically significant differences were detected between the control and sham groups; mean ± SD values are shown; BV/TV = bone

volume/tissue volume; Tb.Th = trabecular bone thickness; Tb.N = trabecular bone number; Tb.Sp = trabecular bone separation.

Fig. 8A–B (A) Representative mid-coronal micro-CT images of the

distal femoral epiphysis are shown. A deformity of the epiphysis was

present at 6 weeks postischemia. There were 10 mice per group at 1,

2, and 4 weeks and nine mice at 6 weeks. (B) A bar graph shows the

ratio of the distal femoral epiphyseal height to its width, as

determined using mid-coronal micro-CT images. *p \ 0.05, control

versus ischemic side.
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our interest in studying ischemic osteonecrosis affecting

children. In the pediatric population, ischemic

osteonecrosis is seen in various conditions including trauma,

dislocation, iatrogenic injuries related to treatment of hip

dysplasia, and Legg-Calvé-Perthes disease [22, 24]. Given

the findings related to osteonecrosis in young mice, it would

be interesting to investigate how the age of the animal af-

fects bone healing after ischemic osteonecrosis using the

mouse model.

The first question we asked in this study was whether we

can generate a mouse model of osteonecrosis by cauteriz-

ing the blood supply to the distal femoral epiphysis. As a

preamble to this discussion, we selected the distal femoral

epiphysis as the target bone instead of the proximal femoral

epiphysis as it is one of the largest bone segments found in

mice. It is approximately four times larger than the prox-

imal femoral epiphysis, providing a greater amount of

tissue for research and analyses [18]. The more superficial

location of the distal femoral epiphysis compared with the

proximal femoral epiphysis also made this site preferable

as it technically is easier to induce ischemic osteonecrosis

using microsurgery with less risk of complications such as

hip dislocation owing to extensive soft tissue dissection.

The need to cauterize all four vessels to obtain total epi-

physeal osteonecrosis in this model is not surprising given

that the knee region is well vascularized and has collateral

circulation which can compensate for one or more vessel

disruptions. In terms of a mouse model of osteonecrosis,

we are aware of only one other model—a mouse model of

glucocorticoid-induced osteonecrosis reported by Yang

et al. [47]. The pathogenesis of glucocorticoid-induced

osteonecrosis is very different from that of ischemic

osteonecrosis, such that the two models have different

implications and utility in terms of investigating the

pathophysiology of two distinct etiologies of osteonecrosis.

We believe that the availability of both mouse models

(ischemia-induced and glucocorticoid-induced osteonecro-

sis) will be useful in advancing our understanding of

osteonecrosis. The incidence of glucocorticoid-induced

osteonecrosis in BALB/cJ mice in which dexamethasone

was systematically administered was less than 50%. In

addition, the location of the osteonecrosis was sporadic. In

contrast, our surgically induced ischemic osteonecrosis

model showed a 100% incidence of severe osteonecrosis

specifically in the distal femoral epiphysis.

The second question we asked was what are the histo-

logic changes in the model? Histologic assessment showed

diffuse cell death in the epiphysis as seen with TUNEL

staining results. The TUNEL staining was sensitive in

showing extensive cell death from an early time. At 1 week

postischemia, 96% of the osteocytes were found to be

TUNEL positive. Quantitation of empty lacunae further

confirmed the diffuse osteocyte death in the trabecular

bone but this sign of osteonecrosis took more time to fully

manifest with the highest percent of empty lacunae being

observed 4 weeks postischemia. The diffuse cell death was

followed by initiation of revascularization of the necrotic

marrow space from the periphery of the epiphysis at

2 weeks. By 6 weeks, necrotic marrow space was com-

pletely replaced by fibrovascular tissue and in some areas

by hematopoietic marrow. The histologic characteristics of

osteonecrosis in our mouse model are consistent with those

described in human patients and in other models of vas-

cular disruption-induced ischemic osteonecrosis [4, 5, 49]

which feature extensive cell death (osteoblasts, osteocytes,

and marrow cells) and empty lacunae. In comparison to the

rat model of osteonecrosis [14, 29, 38], our mouse model

showed similar histologic changes and the temporal

sequence of the repair process. Revascularization of the

necrotic marrow space was followed by a gradual increase

in the number of osteoclasts and osteoblasts on the bone

surfaces from 2 to 6 weeks. Furthermore, it appears to have

a relatively fast healing process as seen in the rat model

[14, 29, 38] compared with that of large animal models of

osteonecrosis [25, 26] and human disease [35]. The fast

repair also may be related to relatively young mice

(5 weeks old) used in this study. The sequential changes

following ischemic induction were cell death, revascular-

ization, resorption, and new bone formation (Fig. 9).

The third question we asked regarded morphologic

changes in the model. In this study, micro-CT was used to

assess the morphologic features of the trabecula. This

automated imaging technique allowed quantitative assess-

ment of the whole epiphysis and assessment of the overall

Fig. 9 The schema represents

the histologic observations

regarding the timing of cell

death, revascularization, resorp-

tion, and new bone formation in

our mouse model of ischemic

necrosis.
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shape of the epiphysis. This model however, had an epi-

physeal deformity develop, as measured by the ratio of

epiphyseal height to its diameter, which was statistically

significant at 6 weeks. This may be an important feature of

the model as some animal models of osteonecrosis do not

have collapse or deformity of the epiphysis develop.

Development of bone deformity, which can lead to the

early onset of osteoarthritis, is seen in patients and in some

large animal models of ischemic osteonecrosis [7, 22, 25,

33, 35]. This feature also may be used to evaluate whether

a potential treatment for osteonecrosis can prevent the

development of the deformity. A comparison of the mean

bone volume percent in the control and the ischemic sides

revealed a decrease of the mean in the ischemic side by 5%

to 6%, which was statistically significant at 2, 4, and

6 weeks. The mean trabecular thickness also was sig-

nificantly decreased during these times, with the mean

difference between the control and ischemic sides ranging

from 4 to 5 lm. Since micro-CT provides only static

measurements of the trabecular bone, it is not clear if the

decrease in the bone volume and trabecular thickness on

the ischemic side are attributable to an imbalance of bone

resorption and bone formation. As noted above, we

observed a gradual increase in the number of osteoclasts

and osteoblasts on bone surfaces from 2 to 6 weeks

postischemia. Taken together, these results suggest that

remodeling of the necrotic bone is imbalanced by a relative

increase in bone resorption and relative decrease in new

bone formation which produce a net bone loss. We did not

perform calcein labeling to determine the mineral apposi-

tion and bone formation rates. This is another limitation of

this study in which dynamic parameters of bone formation

were not assessed.

We developed a new mouse model of ischemic

osteonecrosis that produced extensive cell death in the

distal femoral epiphysis which developed a deformity with

time. We believe that this mouse model may be a useful

tool to study potential therapeutic strategies to improve

bone healing after ischemic osteonecrosis.
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