
Abstract. We tested the effects of mouse genotype
(C57BL/6NHsd, NOD/SCID, SAMR1, and SAMP6) and
ionizing irradiation on bone wound healing. Unicortical
wounds were made in the proximal tibiae, and the time
course of spontaneous healing and effects of irradiation were
monitored radiographically and histologically. There was
reproducible healing beginning with intramedullary
osteogenesis, subsequent bone resorption by osteoclasts,
gradual bridging of the cortical wound, and re-population of
medullary hematopoietic cells. The most rapid wound
closure was noted in SAMR1 mice, followed by SAMP6,
C57BL/6NHsd, and NOD/SCID. Ionizing irradiation (20 Gy)
to the leg significantly delayed bone wound healing in mice
of all four genotypes. Mice with genetically-determined
predisposition to early osteopenia (SAMP6) or with immune
deficiency (NOD/SCID) had impairments in bone wound
healing. These mouse models should be valuable for
determining the effects of irradiation on bone healing and
also for the design and testing of novel bone growth-
enhancing drugs and mitigators of ionizing irradiation.

Bone tissue has a remarkable capacity for post-natal
regeneration, but there are many circumstances that delay or
prevent fracture healing, including therapeutic irradiation,
aging, or bone injury combined with exposure to ionizing
irradiation (1-3). Radiation is known to cause complications
in skeletal tissue and to adversely-affect the quality of life in
cancer survivors (4). In the setting of preoperative
chemoradiotherapy to facilitate removal of bone tumors,
delayed fracture healing may follow (5). Although there are

known impairments in both the rate and quality of bone
healing of irradiated bone, the genetic and environmental
factors that influence the process are unknown. In addition,
the development of agents to stimulate compromised bone
healing may require modification in patients who have had
irradiation to a surgical or pathogenic site. 

In these mice studies, we sought to determine the influence
of genotype on both the process of bone healing, and the effect
of ionizing irradiation thereupon. We previously developed a
rat model of tibial osseous wounds to test implants that would
hinder spontaneous healing and that would overcome
hindrances (6, 7). In this model, circular, unicortical osseous
wounds heal centripetally, with a time-dependent decrease in
cortical wound diameter following the resorption of temporary
intramedullary ossification. We adapted the model for
C57BL/6NHsd mice and demonstrated delayed bone healing
by ionizing irradiation to the leg, in a dose-dependent fashion
(8). Furthermore, amelioration of the irradiation-induced delay
in bone wound healing was achieved with a single
intraperitoneal dose of the hemigramicidin-based GS-nitroxide
antioxidant, JP4-039. 

We chose mouse models representative of accelerated
osteopenia (SAMP6 mice) (9, 10) and of immunological
deficiency (NOD/SCID mice) (11), for comparison with the
more standard C57BL/6NHsd mouse. We evaluated the time
course of unicortical bone wound healing in the proximal
tibia compared to that in control mice of the same gender
and age and measured the effects of ionizing irradiation to
one leg on bone wound healing. The results demonstrate
genotype-specific influences on both the kinetics of bone
wound healing and the delay in healing due to ionizing
irradiation of the wound site. 

Materials and Methods
Mice. Mice were obtained from Harlan Laboratories (Indianapolis,
IN, USA) and were bred, housed, and studied in accordance with
Institutional Animal Care and Use Committee protocol number
1111220B, approved at the University of Pittsburgh Cancer Institute.
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C57BL/6NHsd and NOD/SCID mice were studied between six and
eight weeks of age; SAMP6 and SAMR1 mice were between four
and five months of age. Different numbers of mice were available
for experiments due to differences in breeding rates and schedules.
Data for subsets of males and females were pooled because analysis
revealed no statistical differences between them. Irradiation, wound
creation, and radiographic measurements were performed at the
University of Pittsburgh. Drug and irradiation delivery to subgroups
occurred 24 h before unicortical osseous wounds were created. Mice
treated with JP4-039 or with vehicle were exposed to radiation 10
min after drug delivery. The synthesis of JP4-039 was described
previously (12, 13). JP4-039 was dissolved in a solution of 45% 2-
hydroxypropyl-B-cyclodextrin and 55% water. Subgroups of mice
were injected intraperitoneally with 100 μl of JP4-039 at a dose of
10 mg/kg. Control mice were injected intraperitoneally with the
vehicle cyclodextrin.

Unicortical tibial wounds. The model of osseous wound healing was
based on a model of spontaneous tibial wound repair in adult rats
(6) and developed by us for C57BL/6NHsd mice (8). Mice were
anesthetized intraperitoneally with phenobarbital (220-250 μl, 1:10
dilution in water, 70 mg/kg). Some groups of mice were irradiated
before wound creation. A 15-mm skin incision was created laterally
to the anterior tibial crest and exposure of the lateral tibia was
achieved by retraction of overlying tissue. A handheld engraving
drill (Dremel, Racine, WI, USA) with a 1.2-mm cutting bit (Dremel)
was used to create a round, unicortical osseous wound at 5-mm
below the proximal epiphysis. The wound was irrigated with cold
phosphate-buffered saline (PBS, 1×; Mediatech, Herndon, VA,
USA) to remove bone dust and fragments. After reapproximation of
the soft tissue envelope, the skin was closed with 9 mm stainless
steel wound clips (Becton Dickinson, Sparks, MD, USA).

Irradiation. Phenobarbital was used to anesthetize mice while the
right hind limbs were immobilized with tape. Delivery of single
fraction of 20 Gy doses was carried out by a 6-MV linear accelerator
(Varian Corporation, Palo Alto, CA, USA), confined to a 38×2 cm
irradiation field at a source-to-bolus distance of 100 cm. To ensure
homogeneity of dose to the bone, one centimeter of tissue-equivalent
bolus was placed on top of the leg and thermoluminescent dosimeters
were used to confirm the accuracy of dose delivery.

Radiographic measurements of wound healing. Radiographs of the
lateral tibial aspects were taken with a 35 kV x-ray machine (MX-
20, Faxitron X-ray LLC., Lincolnshire, IL, USA) at x1.5
magnification. Radiographs (Kodak BioMax XAR, Rochester, NY,
USA) were imported into Adobe Photoshop CS3 (Adobe Systems
Inc., San Jose, CA, USA). Wound diameter was calculated by
measuring and converting the number of pixels that spanned the
wound into millimeters (one pixel=1/100 of a millimeter) using
software within the package. Measurements were made in triplicate
and averaged for statistical analysis.

Histology. The mouse tibias were fixed in 2% paraformaldehyde in
0.1M cacodylate buffer (pH 7.4) at 4˚C for one week, rinsed in 0.1 M
cacodylate buffer, then de-calcified in a 7.5% ethylenediamine tetra-
acetate (EDTA). The EDTA solution was refreshed every other day for
the first week, then twice each week thereafter, until the bones were
pliable. Specimens were embedded in 2-hydroxyethyl methacrylate
(Technovit 7100; Heraeus Kulzer, Wehrheim, Germany). Six-
micrometer transverse or longitudinal sections were stained with

toluidine blue for cellular and tissue analyses and for localization of
tartrate-resistant acid phosphatase (TRAP) enzymatic activity as an
index of osteoclastic bone resorption (14). Histological processing and
examinations were carried out at the Brigham and Women’s Hospital.

Statistical analysis. Wound diameters are presented as means±SEM
and were compared by parametric methods if data were determined
to be normally distributed by the Kolmogorov-Smirnov test;
otherwise non-parametric methods were used. One-way ANOVA
tests were used for multiple groups. Fishers exact test was used to
compare groups for fibrosis observations. p-Values ≤0.05 were
considered significant.

Results

Spontaneous healing of tibial wounds. Histological evaluation
of unicortical tibial wounds in C57BL/6NHsd mice showed
consistent exuberant healing within weeks after wounding
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Figure 1. Histological evaluation of spontaneous repair of tibial wounds
in C57BL/6NHsd (A-D), compared with NOD/SCID (E-F) mice. A: At
seven days after wounding in C57BL/6HNsd mice, the intramedullary
space is filled with reactive woven bone (*). B: At 14 days after
wounding, there is woven bone within the wound space and partial
repopulation of marrow. Higher power view (inset) shows tartrate-
resistant acid phosphatase-positively-stained cells on surfaces of
intramedullary bony trabeculae. C: At 21 days after wounding, there is
ossification in the cortical wound and repopulation of intramedullary
canal with hematopoietic marrow cells. D: At 28 days after wounding,
there is bridging of the cortical wound with mature bone. E: At 14 days
after wounding in NOD/SCID mice, there is presence in the canal of
residual clot and poorly vascularized fibrous tissue, with little evidence
of ossification. F: At 28 days after wounding, poorly vascularized
fibrous tissue fills the medullary canal. Arrows indicate margins of
cortical wound in transverse sections. 



(Figure 1 A-D). At seven days after wounding, the medullary
space was filled with reactive woven bone. At 14 days after
wounding, there was evidence of resorption of the reactive
intramedullary bone by TRAP-positive cells and re-
population of the medullary canal with hematopoietic marrow
cells. Enzyme histochemical staining for TRAP activity
demonstrated intense activity in multi-nucleated cells on the
surfaces of the remaining woven bone. At 21 days after
wounding, there was ossification of the cortical wound and
complete repopulation of the medullary space with marrow
cells. At 28 days after wounding, there was maturation of the
architecture of the bone within the cortical wound site.

Genotype-dependent time course of tibial wound healing.
Groups of mice showed reproducible rates of wound healing,
which were assessed radiographically, but there were marked
differences for different genotypes (Figure 2). NOD/SCID
mice showed the most gradual rate of osseous wound healing
(Figure 1 E-F and Figure 2), such that at 35 days after
creation of the wounds, they remained unhealed, with the
mean diameter being 0.64±0.09 mm, (43% of the initial
diameter). C57BL/6NHsd mice showed progressive wound
healing to significantly greater extents than NOD/SCID mice
at day 14 (p=0.013), day 21 (p<0.0007), day 28 (p<0.0001),

and day 35 (p<0.0001). SAMR1 and SAMP6 mice were
tested together and evaluated without identification of the
genotype; wounds in SAMR1 mice healed to a greater extent
than those in SAMP6 mice at both day 14 and 21 (p<0.05). 
Effects of irradiation on tibial wound healing. We assessed
the effect of a single dose of irradiation to the right legs of
mice 24 h before the creation of tibial wounds. For each
genotype there was a statistically significant delay in wound
healing (Figure 3). The magnitude of inhibition at day 21
was greatest for C57BL/6NHsd (irradiated wounds 2.2-fold
larger than non-irradiated), compared to SAMP6 (2.1-fold),
SAMR1 (1.7-fold), and NOD/SCID (1.4-fold). Wounds in
irradiated legs showed persistence of clot and fibrosis, with
defective in-growth of vessels and neo-osteogenesis (Figure
4A and B). Nevertheless, irradiated wounds showed distinct
capacities to recover, with evidence of delayed medullary
osteogenesis and bone resorption at day 21 for
C57BL/6NHsd mice (Figure 4C and D).

In a time-course study comparing SAMR1 and SAMP6
genotypes (Figure 5A and B), there was a gradual decrease
in the size of the wound in both, with both showing
delayed wound healing after 20 Gy irradiation to the limb.
By day 35, there was evidence of recovery from irradiation
for SAMR1 mice. Morphometric analysis at day 21
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Figure 2. Radiographic evaluation of healing of unicortical tibial
wounds in NOD/SCID mice (n=8-17 at each timepoint), C57BL/6NHsd
(n=10-13), SAMP6 (n=12-25), SAMR1 (n=15-29). Wound diameter is
presented as the mean±SEM. 

Figure 3. Comparison of the effects of 20 Gy irradiation to leg one day
prior to creation of a unicortical wound in groups of C57BL/6NHsd,
NOD/SCID, SAMR1, and SAMP6 mice at 21 days after the creation of
wounds. *Statistically significant difference between irradiated and non-
irradiated mice for each genotype.



(Figure 5C), for example, showed smaller wounds in non-
irradiated SAMR1 mice compared to non-irradiated
SAMP6 mice (p=0.032). Limb irradiation in SAMR1 mice
resulted in larger wounds (p=0.002) than in non-irradiated

mice. Likewise, limb irradiation in SAMP6 mice resulted
in even larger wounds (p=0.024) than in non-irradiated
SAMP6. There was more extensive fibrosis in lieu of bone
in the irradiated SAMP6 mice (Figure 6E); a greater
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Figure 4. Delay of wound healing after a single dose of irradiation to legs in C57BL/6NHsd mice. A: Day 7, toluidine blue stain. B: Day 14, toluidine blue
stain. C: Day 21, toluidine blue stain. D: Day 21, tartrate-resistant acid phosphatase stain. Arrows indicate a margin of the wound in transverse sections. 

Figure 5. Comparison of effects of irradiation on osseous wound diameter in SAMR1 and SAMP6 mice at intervals after creation of the wounds.
*Statistically significant difference between day 0 and indicated day. Lines indicate the p-values for significant differences between groups. 
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Figure 6. Comparison of effects of irradiation on osseous wound healing in SAMR1 and SAMP6 mice at 21 days after creation of the wounds.
Representative photomicrographs show SAMR1 mice with no irradiation (A) and 20 Gy irradiation (D) to the leg and SAMP6 mice with no
irradiation (B, C) and 20 Gy irradiation (E, F) to the leg. Arrows indicate margins of the wound in longitudinal sections. 

Figure 7. Effects of irradiation (20 Gy) to the leg with and without a single intraperitoneal dose of JP4-039 on osseous wound healing in SAMR1
and SAMP6 mice. Irradiation and drug administration were carried out 24 h prior to creation of the unicortical tibial wounds.



number of SAMP6 mice (75%) showed intramedullary
fibrosis upon irradiation than did SAMR1 mice (13%,
p=0.0013, Table I).

A small experiment was conducted to assess the effect of
a single intraperitoneal dose of the GS-nitroxide, JP4-039,
on osseous wound healing in irradiated legs (Figure 7). With
the numbers of mice available, 6 to 10 per group, there was
a borderline significant improvement of wound healing in
irradiated limbs in SAMP6 mice, both at 14 days (p=0.076)
and 21 days (p=0.056) after creation of the wounds. With
smaller numbers of SAMR1 mice, 4-5 per group, the
improvement of healing in irradiated tibiae by JP4-039 was
not statistically significant (Figure 7). Analysis of wounds in
non-irradiated tibiae at day 14 showed 56% smaller wounds
(0.25±0.09 mm, n=6) in SAMP6 mice treated with JP4-039
than in untreated SAMP6 mice (0.45±0.03, n=10, p=0.0509).
No effect of JP4-039 on wound healing in non-irradiated legs
was detected at day 21. 

Discussion

Spontaneous repair of osseous wounds in this mouse model
recapitulates the process of fracture healing as we have
previously described for a rat tibial wound model (6). It is
characterized by in-growth of vessels and neo-osteogenesis
within the medullary canal, osteoclastic resorption of the
temporary intramedullary woven bone, restoration of
medullary hematopoiesis, and maturation and bridging of the
cortical wound. This model of spontaneous bone healing
entails a wound location that could be monitored by
morphometric analysis of digitized radiographic images.
Thus, timepoints could be selected for readily-evaluating
treatments that could either accelerate or delay healing. The
model was previously used in rats to assess the effects of
various bone-substitute materials on bone repair (7). The
model was adapted for C57BL/6NHsd mice to assess the
effects of different classes of radioprotectors to mitigate
irradiation-induced delay in bone wound healing (8).

There were striking differences in the rates of wound
healing in various mice genotypes tested here, with SAMR1
mice showing the most rapid healing. The senescence-
accelerated mouse (SAM Prone) strains arose spontaneously
from the AKR/J background and display shortened life-span
and an array of signs of accelerated aging compared to the
control SAMR strains (9). In particular, the SAMP6 variant
displays approximately 4 months of normal skeletal
development and growth, followed by an age-related
accelerated decrease in bone mass (10, 15) with increased
marrow adiposity (16). Our recent in vitro studies on their
bone marrow cells were consistent with the oxidative stress
mechanism of aging and indicated that impaired proliferation
of osteoblast progenitors in SAMP6 marrow may be the
major factor contributing to low bone mass (17).

This is a study of bone’s capacity for wound healing, in
distinction from defect models that test an agent’s ability to
promote bone formation in an otherwise non-healing lesion.
As such, it can identify conditions or agents that interfere
with spontaneous bone formation (6, 7). Similar models have
been used to assess the effects of irradiation on bone repair
in beagles (18) and in rats (19, 20). Such osseous wounds
are intended to inflict minimal damage to surrounding tissues
and mimic controlled, reproducible surgical procedures.
There has been limited investigation of bone healing capacity
in SAMP6 mice. There were no discernable differences in
bone formation by μ-Computed Tomography or histology
between SAMP6 and SAMR1 mice in a study that used a
femoral osteotomy model with rigid fixation, although bone
marrow cells from the former showed the expected in vitro
reduction in osteoblast differentiation and increase in
adipocyte differentiation (21). That specific model employed
a small 0.22-mm gap with internal rigid fixation and relied
on periosteal osteogenesis rather than a marrow contribution
to callus and healing. Another study with a femur fracture
model with less rigid fixation, allowing for endochondral and
intra-membranous healing, compared young and old mice
(22). Biomechanical and histological analyses revealed a
repair delay in 10-month-old and not in 5-month-old SAMP6
mice compared to SAMR1 mice. Thus, differences in bone
healing may or may not be detected depending on the age
and relative dependence of the model on periosteal
osteogenesis. The cortical wound model used here is a model
for spontaneous bone formation following osseous injury and
is intended to isolate the process of bone formation
independent of inflammatory processes, mobility, and
damage to soft tissues that are encountered in fractures. This
study revealed differences in medullary osteogenesis
attributable to marrow progenitors of osteoblasts. It is
notable that development of osteopenia in SAMP6 mice can
be prevented by transplantation of bone marrow from normal
allogeneic mice (23); this suggests that the skeletal defect
may be due to dysregulated bone progenitor cells, their
products, or other components of marrow. In addition, there
is direct evidence from us (17) and others (24, 25) that in
vitro osteoblast potential is reduced in SAMP6 marrow even
if periosteal bone formation is normal (21, 22).
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Table I. Effect of irradiation on incidence of fibrosis in osseous wounds
in SAMR1 and SAMP6 mice.

0 Gy 20 Gy p-Valuea

SAMR1 0% (0/17) 13% (1/8) 0.347
SAMP6 0% (0/32) 75% (12/16) 0.0013

aFisher’s test for 0 vs. 20 Gy.



We previously described studies with C57BL/6NHsd
mice in which the novel antioxidant gramicidin S-nitroxide,
JP4-039, not only ameliorated the irradiation-induced delay
in bone wound healing, but also facilitated more rapid bone
wound healing in non-irradiated tibias (8). The data
described herein in SAMP6 mice, are consistent with those
findings and provide evidence that small-molecule
antioxidants may be of value in the management of bone
fracture healing in osteoporosis. JP4-039 is a unique small
molecule formed by coupling hemigramicidin S-segment to
the drug tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-
N-oxyl) to target it to the mitochondria for increased
scavenging of reactive oxygen species (26). It has been
shown to suppress superoxide generation and apoptosis in
vitro, lethal hemorrhagic shock in rats (27) and effects of
lethal irradiation in mice (28, 29). 

There is little information regarding the role of
antioxidants in bone repair, but some proof-of-principle
information has been obtained with standard antioxidants.
For example, daily injections of vitamin C mitigated the
damaging effect of five days of intraperitoneal injections of
zymosan on fracture healing in rats (30) and more rapid
bone healing was documented in dogs administered vitamin
E daily for one week following radial diaphysis fracture
(31). Vitamin E has been considered as "possibly unsafe"
at daily intakes of ≥400 IU, being associated with
hemorrhagic stroke, cancer, and vision and bleeding
disorders (31). Large doses of many antioxidants have been
reported as being ineffective at preventing oxidative
damage in animal disease models, perhaps because
antioxidants cannot penetrate cell membranes effectively
and therefore do not reach the relevant sites of reactive
oxygen species generation (26). 

In summary, these studies show genotype-specific
differences in the rate of spontaneous healing of bone
wounds and in the sensitivity to a single dose of
irradiation. Different mouse genotypes show differences in
extents of fibrosis and vascularization in irradiated wounds
and may be useful or not depending on the research
question. These mouse models should be valuable for
determining mechanisms of the effects of irradiation on
bone healing and also for the design and testing of novel
bone growth-enhancing drugs and mitigators of ionizing
irradiation.
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