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Abstract
Age affects fracture repair, however the underlying mechanisms are not well understood. The goal
of this study was to assess the effects that age has on vascularization during fracture healing. Tibial
fractures were created in juvenile (4-week-old), middle-aged (6-month-old), and elderly (18-month-
old) mice. The length density and surface density of blood vessels within fracture calluses were
analyzed using stereology at 7 days after fracture. The expression of molecules that regulate vascular
invasion of the fracture callus was also compared among the three age groups by
immunohistochemistry and in situ hybridization. At 7 days after fracture, juvenile mice had a higher
surface density of blood vessels compared to the middle-aged and elderly. Hypoxia-inducible
factor-1α protein and transcripts of vascular endothelial growth factor were detected at 3 days post-
injury in juvenile but not middle-aged and elderly mice. Stronger Mmp-9 and –13 expression was
detected in fracture calluses at day 7 in the juvenile compared to the middle-aged and elderly mice.
At 21 days post-fracture, expression of both Mmps was more robust in the elderly than juvenile and
middle-aged animals. These data indicate that age affects vascularization during fracture repair, and
the changes we observed are directly correlated with altered expression of biochemical factors that
regulate the process of angiogenesis. However, whether the increased vascularization is the cause or
result of accelerated bone repair in juvenile animals remains unknown. Nonetheless, our results
indicate that enhancing vascularization during fracture repair in the elderly may provide unique
therapeutic opportunities.
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Introduction
There are age-related changes in bone repair. Juveniles heal much more rapidly than adults 1,
2, but the effect of age on fracture healing in adults remains controversial 3, 4. Our previous
study in mice 5 has demonstrated that 4-week juvenile mice heal fractures more quickly than
6-month adults, and that healing capacity continues to decline as animals grow beyond middle-
age. Multiple factors could contribute to the age-related changes in fracture healing, such as
decreased number and/or function of stem cells 6, 7, structural and cellular changes in
periosteum 8, decreased chondrogenic potential of periosteum 9, and changes in the local
signaling milieu at fracture site 10, 11. However, the effect of age on vascularization during
fracture healing has not been well determined. Our objective was to determine the extent to
which increased vascularization could underlie the rapid healing response in juvenile animals,
and assess whether changes in the vascular response during fracture repair occurred throughout
the lifespan of an animal.
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Tissue vascularization is essential for successful bone healing 12, 13. Two mechanisms,
angiogenesis and vasculogenesis, could contribute to the vascularization of a fracture callus.
Angiogenesis is sprouting of new capillary vessels from existing vessels. Vasculogenesis refers
to the formation of new blood vessels via aggregation and condensation of circulating
endothelial progenitor cells into vascular cords 14. Vascularization is a complex process that
involves coordination among multiple pro- and anti-angiogenic factors. For example, aerobic
production of lactate stimulates angiogenesis by stabilizing Hypoxia-Inducible Factor 1-alpha
(Hif-1α) at the injury site 15, 16. This molecule, in combination with Hif-1β, then forms a
hypoxia-dependent transcription factor complex that up-regulates the expression of hypoxia-
inducible genes, including Vascular Endothelial Growth Factor (VEGF) 17. VEGF mediates
angiogenesis by stimulating proliferation of endothelial cells and promoting vascular invasion
into a variety of tissues 18. Invasion of tissues by endothelial cells, and degradation of the
cartilage matrix during endochondral ossification by endothelial cells requires the activities of
matrix metalloproteinases (MMPs). MMP-9 19, 20 and MMP-13 21, 22, mediate part of this
process during fracture repair and skeletal development.

There is accumulating evidence suggesting that age affects both angiogenesis and
vasculogenesis 23–25. For example, Klotho mutant mice, a rodent model of aging, exhibit
impaired microvascular sprouting from cultured aortic rings and have a lower rate of
incorporation of transplanted bone marrow cells into capillaries in ischemic tissues, compared
to wild type controls 25. The goal of our current work was to examine the effect that age has
on vascularization during fracture repair. In this study, vascularization of fracture calluses and
the expression of molecules that regulate vascular invasion of the fracture callus (Hif-1α,
VEGF, MMP9 and 13) were compared among juvenile, middle-aged, and elderly mice during
repair of a tibial fracture.

Materials and Methods
Creation of tibial fractures

All procedures were approved by the IACUC at University of California at San Francisco.
Male mice (129J/B6) were used in this study. Juvenile (4 weeks), middle-aged (6 months), and
elderly (18 months) mice were anesthetized by intra-peritoneal injection of 2% Avertin
(0.015ml/g). A transverse fracture at the mid-shaft of the right tibia was generated by three-
point bending and was left unstabilized 5. Mice were allowed to move freely after recovering
from anesthesia. Analgesic (Buprenex, 0.05–0.1 mg/kg) was administered immediately after
surgery.

Tissue processing and histologic staining
Animals (n=5/time point/age group) were sacrificed at 3, 5, 7, 10, 14, and 21days post-fracture.
To ensure adequate preservation of the soft callus the fractured tibiae were collected with the
surrounding muscles intact and immediately placed into 4% paraformaldehyde. The tissues
were decalcified in 19% EDTA, dehydrated, and embedded in wax. Longitudinal sections
(10µm, sagittal) were prepared through the whole callus. To visualize cartilage and bone in
fracture calluses, every tenth slide was stained with Safranin O and Fast Green 5.

PECAM immunohistochemistry and quantification of the vasculature in fracture calluses
To compare vascularization in the fractured limbs among the different age groups,
immunohistochemistry using an anti-PECAM (platelet endothelial cell adhesion molecule)
antibody was performed to visualize blood vessels 5, 26. Briefly, a slide obtained from near
the middle of the fracture callus from each sample of 7 days after fracture (n=4–5/age group)
was dewaxed and rehydrated. The tissues were first incubated with an anti-PECAM-1 antibody
(Pharmingen, San Diego, CA. 1:50) overnight at 4°C, then with a second antibody (biotinylated
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goat anti-rat IgG, Pharmingen, San Diego, CA.), and finally with streptavidin-horseradish
peroxidase (Amersham, Piscataway, NJ). The immune complexes were visualized using
diaminobenzidine (DAB) as the substrate, and the tissues were counterstained with methyl
green.

The length and the area of the outer surface of blood vessels within calluses were estimated by
analyzing the length density (the length of blood vessels per unit volume of the reference space,
Lv) and surface density (the area of the outer surface of blood vessels per unit volume of the
reference space, Sv) 27, 28 using an Olympus CAST system (Olympus, Center Valley, PA)
and software by Visiopharm (Visiopharm, Hørsholm, Denmark). The fracture callus was
outlined using low magnification (40×). The length density was estimated using high
magnification (200×) and a count frame probe. Forty to fifty fields that covered approximately
50% of the fracture callus were systematically acquired using unbiased uniform random
sampling. Four counting frames that covered 50% of the area within a field were overlain on
each field. The number of blood vessels (q) within the fracture callus was counted within each
frame. The area of the callus that was analyzed was determined by counting the number of
points (p) within the counting frame that fell on callus tissue. This configuration was pre-
determined to achieve approximately 200 counts for blood vessel profiles on each section,
because this is optimal for deriving accurate and precise estimates using stereology 28. In this
configuration, the area per point (a/p) is 5915.6 mm2. Length density was calculated as: Lv=2*
Σ(q)/ (Σ(p)*a/p).

Similarly, the surface density of the blood vessels within fracture callus was determined using
high magnification (200×). Ten to twenty high magnification fields that covered approximately
10% of the callus area were systematically acquired using uniform random sampling.
Randomly oriented line probes with points were then applied to each field. The points that fell
onto callus tissue (p) and the number of intersections (i) between the outer surface of blood
vessels and the line probes were quantified. The surface density was calculated as: Sv=2* Σ
(i)/((l/p)* Σ (p)). Using this configuration, the length per point (l/p) is 22.25µm.

It has been shown before that at 7 days after fracture juvenile mice have more cartilage in
fracture callus than middle-aged and elderly mice 5. Because cartilage is avascular, different
proportions of cartilage in fracture callus will affect the estimation of Lv and Sv. To eliminate
the impact of cartilage, Lv and Sv were adjusted to account for the percentage of cartilage in
the callus. Briefly, area of the callus (Acallus) and cartilage (Acart) was analyzed on Safranin
O/Fast Green stained sections that were adjacent to those used for PECAM immunostaining.
Micrographs of the sections were acquired using a Leica microscope and Adobe Photoshop.
Acallus was determined by outlining the callus and Acart was determined by selection of
cartilage. The ratio of cartilage to callus was calculated as Acart/Acallus. Adjusted Lv and Sv,
Lv* and Sv* respectively, were calculated as Lv*=Lv/(1-Acart/Acallus) and Sv*=Sv/(1-Acart/
Acallus).

Hif-1α immunohistochemistry
Immunostaining was performed to detect the stabilization of Hif-1α in the fracture callus (n=2–
4/time point/age group, days 3, 5, and 7). Paraffin sections were dewaxed, rehydrated, and
quenched using 0.3% H2O2 in methanol. Tissues were incubated with a goat anti-mouse HIF-1
α polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA. 1:200 in PBS) at 4°C
overnight. A peroxidase-conjugated affinity purified rabbit anti-goat IgG (H+L) (Jackson
Laboratories, Bar Harbor, ME. 1:500 in PBS) was then applied to detect the primary antibody.
The antigen-antibody complex was visualized with the DAB reaction.
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In situ hybridization
To detect transcripts encoding VEGF, Mmp9, and Mmp13, in situ hybridization was performed
as described 5 on the sections adjacent to those used for PECAM immunostaining (n=2–5/time
point/age group). Briefly, subclones of cDNA corresponding to the murine VEGF, Mmp9, and
Mmp13 genes were used to generate 35S-UTP-labelled riboprobes. Prepared sections were
hybridized with probes, washed with increasing stringency, coated with emulsion, and exposed
for 7–14 days. Hoechst dye was used to stain the nuclei, and a pseudo-colored image of the
exposed silver grains was superimposed on the fluorescent image of the nuclei in Adobe
Photoshop CS. The location and intensity of the expression of VEGF, Mmp9, and Mmp13
transcripts were assessed by three independent observers and representative micrographs are
presented.

Statistical analysis
Single factor ANOVA and t-test were used to determine the effect of age on Lv, Lv*, Sv, and
Sv*. Data are presented as mean ± one standard deviation.

Results
Lower surface density of vasculature in middle-aged and elderly mice

In this work we examined the length and the area of outer surface of blood vessels within the
fracture callus. At 7 days after fracture, cartilage and bone were observed in fracture calluses
of all three age groups. Juvenile mice exhibited more cartilage than the middle-aged and elderly
(Fig. 1A, D, G). PECAM positive blood vessels were detected throughout the calluses of all
three age groups (Fig. 1B, E, H). Blood vessels within the calluses of middle-aged and elderly
mice appeared smaller than those observed in the juveniles (Fig. 1C, F, I).

Further histomorphometric analyses demonstrated that mice from all three age groups formed
a similar amount of callus tissue at day 7. The area of cartilage (Acart) and the percentage of
cartilage to callus (Acart/Acallus) in juvenile mice were significantly higher than in the middle-
aged and elderly mice (Fig. 2A). No significant difference was found in the absolute (Lv) and
adjusted (Lv*) length density of the blood vessels among three age groups (Fig. 2B). However,
the surface density of the blood vessels (Sv) was significantly higher in the juvenile than elderly
mice (Fig. 2C, p<0.05). When the percentage of cartilage in callus was considered, the juvenile
exhibited significantly higher Sv* than both the middle-aged (p<0.01) and elderly (p<0.01,
Fig. 2C). No significant difference was detected in the Sv or Sv* between the middle-aged and
elderly (p=0.66).

Age affects expression of Hif-1α and VEGF in fracture calluses
To begin to elucidate the mechanisms that underlie the differences in vascularization in these
groups of mice, we examined the expression profile of two important regulators of
angiogenesis. The spatial distribution patterns of HIF-1α protein and VEGF transcripts were
visualized by immunohistochemistry and in situ hybridization respectively at 3, 5, and 7 days
after fracture.

HIF-1α exhibited differential expression in the three age groups. At day 3, HIF-1α protein was
detected in some chondrocytes located within the reactive periosteum in juvenile mice (Fig.
3A). At this time, the periosteal reaction was not as robust in the adult mice as in the juvenile,
and HIF-1α was not detected in the fracture calluses of middle-aged and elderly mice (Fig. 3B,
C). At day 5, HIF-1α protein was detected in chondrocytes that were in the fracture calluses
in all three age groups (Fig. 3D, E, F). By 7 days, robust HIF-1α expression was observed in
chondrocytes in all three age groups (Fig. 3G, H, I).
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Similarly, VEGF exhibited an early onset of expression in the juvenile mice. At 3 days post-
fracture, VEGF transcripts were detected in chondrocytes in the reactive periosteum of juvenile
mice (Fig. 4A), but not the middle-aged and elderly (Fig. 4B, C). At 5 days after fracture,
VEGF was observed in chondrocytes in all three age groups, and its expression was more robust
in the juvenile (Fig. 4D) compared to the middle-aged and elderly mice (Fig. 4E, F). At day 7,
robust VEGF expression was observed in fracture calluses of all three ages, but it remained
stronger in the juvenile (Fig. 4G) than in the adults (Fig. 4H, I).

Altered expression of MMP-9 and -13 in adult mice
MMP-9 19 and MMP-13 21 are both required for degradation of the cartilage matrix and
vascular invasion during endochondral ossification. Expression of Mmp-9 (Fig. 5) and -13 (Fig.
6) transcripts were assessed at 7, 10, 14, and 21 days post-fracture by in situ hybridization.
These time points were chosen because in our murine model endochondral ossification occurs
during this time frame 5. Mmp-9 and -13 exhibited similar patterns of expression. At 7 days
after fracture, Mmp-9 (Fig. 5A) and -13 (Fig. 6A) transcripts were expressed at high levels at
the endochondral front of juvenile mice. At this time point, weak Mmp-9 and -13 expression
was detected in middle-aged (Fig 5B, Fig 6B) and elderly mice (Fig 5C, Fig 6C). At days 10
and 14, endochondral ossification was robust and Mmp-9 and -13 were expressed in mice
comprising each age group (Fig 5D–I, Fig 6D–I). At 21 days post-fracture, cartilage has been
largely replaced by bone in the juvenile and middle-aged mice (Fig 5 and Fig 6, and see 5) and
Mmp-9 and -13 expression was limited to the edge of callus (Fig 5J, K and Fig 6J, K). In
contrast, cartilage is still present in elderly mice at this stage (Fig 5 and Fig 6, and see 5) and
the expression of both Mmp-9 and -13 was still robust within the callus (Fig 5L, Fig 6L).

Discussion
Age affects vascularization during fracture healing

In this work, we detected that various components of vascularization during fracture repair are
affected by age. In addition to the increased surface density of blood vessels in juvenile animals,
age also alters the expression patterns of HIF-1α protein and VEGF, Mmp-9, and -13 transcripts.
The difference between juvenile and middle-aged animals was more obvious than that between
the middle-aged and elderly. Although no difference of the length density and surface density
of blood vessels was detected between the middle-aged and elderly at 7 days after fracture,
Mmp-9 and -13 were differentially expressed in these two adult age groups at a later time point
(21 days after fracture, Fig. 5K, L and Fig. 6K, L). These data indicate that the angiogenic
response during fracture healing is more robust in the juvenile animals than in the adults and
that elderly animals may have decreased angiogenic response compared to middle-aged
animals.

Age affects the expression of HIF-1α and VEGF in fracture calluses
In our current work, we observed that the age-related decreases in endothelial surface area were
directly correlated with decreased expression of factors that regulate the process of
angiogenesis. HIF-1 is an oxygen tension-dependent transcription factor. This molecule is a
dimer composed of an alpha subunit and a beta subunit. The beta subunit is constitutively
expressed, and its activity is not affected by tissue oxygen tension. In contrast, the stability of
the alpha subunit (HIF-1α) is highly dependent on oxygen. HIF-1α is rapidly degraded by prolyl
hydroxylase under normoxic conditions and it is stabilized in hypoxic environments 29, 30 or
in the presence of elevated lactate 31. HIF-1 plays critical roles in angiogenesis, erythropoiesis,
cell death/survival, and glucose metabolism by regulating the expression of oxygen-related
genes 32, such as VEGF 33 and erythropoietin (a hormone that induces red blood cell formation)
30. There is evidence that illustrates HIF-1 and VEGF are important for endochondral
ossification during development and adult bone repair. During embryonic bone development,
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HIF-1 is expressed by chondrocytes in the developing growth plate, and a null mutation in the
HIF-1α gene leads to cell death of chondrocytes located in the center of the proliferative and
hypertrophic zones of the growth plate 16. In rat femur fractures, HIF-1α protein was detected
in proliferating chondrocytes and osteoblasts in the newly formed callus 34. Interestingly, mice
that are heterozygous for a null mutation in HIF-1α have stronger fracture calluses associated
with decreased apoptosis, possibly due to protracted endochondral ossification and callus
remodeling 35. Similarly, VEGF is expressed by hypertrophic chondrocytes in fracture calluses
19, and this expression is regulated directly by Hif-1 35. During endochondral ossification,
VEGF is an important factor that regulates the induction of vascular invasion of the
hypertrophic cartilage 19. VEGF protein has been used to enhance angiogenesis and stimulate
bone repair 36, 37.

In our study, HIF-1α protein and VEGF transcripts were observed in fracture calluses in all
three age groups, but the juvenile animals exhibited earlier expression. Both HIF-1α and
VEGF were predominantly expressed by chondrocytes in fracture calluses, suggesting that
delayed HIF-1α expression could impair VEGF expression in the adults. In addition to the
delays in expression, the level of VEGF expression and the activity of HIF-1α could be lower
in the elderly animals compared to the young animals 38–40. These perturbations likely resulted
in the delayed angiogenic response that we observed.

Age affects MMP expression during fracture healing
MMPs are a family of proteases that cleave components of the extracellular matrix (ECM), a
process required for angiogenesis to proceed. Both MMP-9 and MMP-13 regulate
endochondral ossification during bone development and bone regeneration. Lack of MMP-9
impairs the vascularization of hypertrophic cartilage during development and repair of bones,
and this leads to delayed endochondral ossification 19, 20. Similarly, MMP-13 deficiency
results in delayed resorption of hypertrophic cartilage of growth plate and also affects the
remodeling of newly formed trabecular bone during bone development 21. In MMP-13
deficient mice, repair of bone injury is delayed due to retarded cartilage resorption 41. In this
study, we detected delayed expression of Mmp-9 and Mmp–13 in the middle-aged and elderly
mice. At 7 days post-fracture, the expression of Mmp-9 and Mmp–13 was robust in juvenile
mice but not in the middle-aged and elderly. At 21 days post-fracture, the elderly mice retained
high Mmp-9 and Mmp–13 mRNA levels while the expression of these molecules in middle-
aged and juvenile was weak.

Relationship between the rate of vascularization and fracture healing
Although we demonstrated that age affects vascularization during fracture repair, the extent to
which decreased vascularization in the adult animals slows fracture healing is not known.
Fracture healing is a complex event that involves multiple processes, such as inflammation,
vascularization, chondrogenesis, osteogenesis, and remodeling. These processes are highly
dependent on, and interact with, one another. In this study, we observed that callus
vascularization and the expression patterns of several angiogenesis-related molecules are
impaired in adult mice compared to the juveniles. Decreased functional capacity of the vascular
system is likely to decrease the amount of oxygen present at the fracture site, impair the
exchange of other nutrients, and potentially lead to problems during recruitment of cells to the
site of injury. These outcomes, alone or in combination, may contribute to the delays in fracture
healing that we observed in the middle-aged and elderly animals when compared to
juveniles5.

On the other hand, the molecules examined in this study were either expressed by chondrocytes
or cells that degrade the cartilage matrix, and the altered expression of these molecules in adult
mice appears to be highly correlated with the delayed cartilage formation and resorption,
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suggesting that these age-related defects in vascularization could result from an age-dependent
delay of chondrogenesis and endochondral ossification. Further work will be required to
determine the causal relationship between decreased angiogenesis and delayed fracture healing
in elderly animals. Nonetheless, our data provide evidence that the angiogenic potential during
fracture healing changes throughout the lifespan of an animal. Based on our observations,
examining the causal relationship between increased angiogenesis and accelerated fracture
healing in juvenile animals could prove to be a fruitful avenue of experimentation to develop
novel therapies for treating fractures in older patients.
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Fig. 1.
Representative histograms of vascularization of fracture callus visualized by PECAM
immunohistochemistry: 7 days after fracture. (A) A large amount of cartilage (red) forms in
the calluses of juvenile mice. (B) Fracture calluses are well vascularized with islands of
avascular cartilage (c). (C) High magnification of the box in (B) shows vascular invasion into
cartilage islands. (D) A small amount of immature cartilage is present in fracture calluses of
middle-aged and (G) an elderly mice. (E) Fracture calluses of (E) middle-aged and (H) elderly
mice are vascularized, however, (F) blood vessels in the middle-aged and (I) elderly appear
smaller than these in the juvenile. Scale bars: (A, B, D, E,G, H) = 1mm, (C, F, I) = 100µm.
SO/FG = Safranin O/Fast Green staining. PECAM = platelet endothelial cell adhesion
molecule.

Lu et al. Page 10

J Orthop Res. Author manuscript; available in PMC 2010 March 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Histomorphometric analyses of cartilage formation and vascularization at 7 days after fracture.
(A) Animals of three age groups have similar area of callus tissue (Acallus), and juvenile mice
have larger area (Acart) and higher percentage of cartilage (Acart/Acallus) within the callus
than the middle-aged and elderly. (B) Length density of blood vessels in the whole callus (Lv)
or in the non-cartilage callus (Lv*) is not significantly different between three ages. (C)
Juvenile mice have greater surface density of blood vessels in the whole callus (Sv) than the
elderly. When the area of cartilage is excluded, the juveniles exhibit higher adjusted surface
density (Sv*) than both middle-aged and elderly mice.
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Fig. 3.
Expression of HIF-1α detected by immunohistochemistry. (A) At 3 days post injury, a small
number of chondrocytes (arrows) in the reactive periosteum of juvenile mice are positive for
HIF-1α. (B) HIF-1α is not detected in the calluses of middle-aged and (C) elderly mice. (D–
F) At 5 days, HIF-1α is detected in the calluses of all three ages. The majority of HIF-1α positive
cells appear to be chondrocytes. (G–I) At 7 days post-fracture, HIF-1a expression is robust in
chondrocytes in all three age groups. Scale bar = 100µm.
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Fig. 4.
Expression of VEGF transcript detected by in situ hybridization. (A) At 3 days post-injury,
VEGF transcripts (red, arrows) are detected in chondrocytes in reactive periosteum of juvenile
mice. (B) No VEGF expression is observed in the middle-aged and (C) elderly mice. (D) At 5
days post-fracture, VEGF expression is robust in the juvenile, but only a few cells (arrows) are
expressing VEGF in (E) the middle-aged and (F) elderly. (G–I) At 7 days after fracture,
VEGF is robustly expressed by pre-hypertrophic and hypertrophic chondrocytes in all three
age groups. VEGF expression in the juvenile is stronger than that in the middle-aged and
elderly. Scale bar: A–F = 100µm, G–I = 200µm.
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Fig. 5.
Expression of Mmp-9 detected by in situ hybridization. (A) At 7 days after fracture, robust
Mmp-9 expression (green) is evident at the front of endochondral ossification in juvenile mice.
(B) Weak Mmp-9 expression (arrows) is observed in middle-aged and (C) elderly mice. (D–
F) At 10 days and (G–I) 14 days after fracture, strong Mmp-9 expression is present in fracture
calluses of all three age groups. (J) By 21 days, Mmp-9 expression (arrows) is limited to the
periosteum in juvenile and (K) middle-aged mice, (L) but a large amount of cartilage (outlined)
and Mmp-9 expression is still present within the calluses of the elderly. Scale bar: A, D–L =
200 µm, B and C = 100 µm.
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Fig. 6.
Expression of Mmp-13 detected by in situ hybridization. (A) At 7 days after fracture,
Mmp-13 (yellow) is strongly expressed in juvenile mice, (B) and its expression is weak in the
middle-aged. (C) Just a few positive cells (arrows) are detected within fracture callus of the
elderly. (D–F) Robust Mmp-13 expression is evident in fracture calluses of all three age groups
at 10 days and (G–I) 14 days after fracture. (J) At 21 days, Mmp-13 expression is evident in
fracture calluses of all three age groups at 10 days and (G–I) 14 days after fracture. (J) At 21
days, Mmp-13 expression is low in juvenile and (K) middle-aged mice, and (L) remains high
within the calluses of elderly mice. Scale bar: A, B, D–L= 200 µm, C = 100 µm. Outlined area
in (L) is cartilage.

Lu et al. Page 15

J Orthop Res. Author manuscript; available in PMC 2010 March 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


