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Abstract

The goal of this work was to define cellular and molecular changes that occur during fracture healing
as animals age. We compared the molecular, cellular, and histological progression of skeletal repair
in juvenile (4 weeks old), middle-aged (6 months old), and elderly (18 months old) mice at 3, 5, 7,
10, 14, 21, 28, and 35 days post-fracture, using a non-stabilized tibia fracture model. Our histological
and molecular analyses demonstrated that there was a sharp decline in fracture healing potential
between juvenile and middle-aged animals, while a more subtle decrease in healing potential was
apparent between middle-aged and elderly mice. By three days after fracture, chondrocytes
expressing collagen type 1, and osteoblasts expressing osteocalcin, were present in calluses of
juvenile, but not middle-aged or elderly, mice. At day 5 immature chondrocytes and osteoblasts were
observed in calluses of middle-aged and elderly mice. While at this time, chondrocytes in juvenile
mice were expressing collagen type X (ColX) indicating that chondrocyte maturation was already
underway. At day 7, chondrocytes expressing ColX were abundant in middle-aged mice while a small
domain of ColX- positive chondrocytes were observed in elderly mice. Further, in juvenile and
middle-aged mice, but not elderly mice, vascular invasion of the cartilage was underway by day 7.
Juvenile mice had replaced nearly all of the cartilage by day 14, while cartilage was still present in
the callus of middle-aged mice at day 21 and in elderly mice at day 28. In addition to these delays,
histomorphometry revealed that elderly and middle-aged mice form less bone than juveniles
(p<0.001), while cartilage production was unaffected (p>0.22). Collectively, these data suggest that
enhancing cell differentiation, improving osteoblast function, and accelerating endochondral
ossification may significantly benefit the elderly.
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Introduction

Skeletal injuries are common in the elderly, and fractures are associated with a high rate of
morbidity and mortality (5,24). In most healthy adults immobility associated with fracture
healing does not significantly impact quality of life of the patient, but in elderly patients the
period of convalescence required for fracture repair is a significant cause of post-trauma
morbidity and mortality (12,20). Although there is some disagreement (25), clinicians have
suggested that advanced age might delay fracture healing (7,13), which could further hinder
recovery in the elderly. Understanding how the potential of fracture repair changes with age
will identify novel therapeutic targets that can be exploited to improve fracture healing in the
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elderly. In turn, approaches designed to facilitate and accelerate healing in the elderly will
lower the rate of morbidity and mortality.

Aging has a significant impact on skeletal repair. Previous studies of fracture healing in rats
have shown that cartilage and bone formation, and cartilage resorption, are delayed in elderly
animals (1), and there is evidence that accretion of mineral into the callus is reduced in older
animals (15). Further, molecular analyses revealed that the onset of expression of skeletogenic
factors, such as BMP-2 and Indian Hedgehog, are delayed during fracture repair in aged rats
(16). These studies provide important insights into the age-dependent delay in fracture healing,
yet the exact mechanism(s) underlying the delay is unknown. For example, altered skeletal
repair resulting from delayed cell differentiation or decreased production of skeletal matrices
are not resolved.

Our objective was to identify cellular mechanisms underlying changes in fracture repair that
occur over the life span of an animal. The current work departs from previous studies in a
variety of ways. We used molecular analyses to visualize gene expression patterns to allow
assessment of stem cell differentiation prior to production of matrix components. We quantified
cartilage and bone to determine the extent to which the potential to form skeletal tissues
decreases with age. We examined juvenile, middle-aged, and elderly mice, to distinguish
changes that occur as animals age into adulthood from those changes resulting from growing
into old-age. Lastly, this work examines effects of age on fracture healing in a murine model
that can be exploited in future studies to identify genomic loci underlying age-related defects
in fracture repair (6). Our results suggest important avenues to address how aging affects
skeletal regeneration.

Materials and Methods

Generation of Non-Stabilized Tibia Fractures

Animal procedures were approved by UCSF-IACUC. Juvenile, (4 weeks old, 20-23g), middle
aged (6 months old, 25-30g), and elderly (18 months old, 28-34g) male 129J/B6 mice, derived
from our colony and fed LabDiet 5001 (PMI Nutrition International Inc, St. Louis, MO), were
used in this study. Ten animals of each age were assigned to the day 10 group, and 5 animals
were assigned to the other time points. Due to post-surgical mortality the final number of
animals analyzed is shown in Table 1. Mice were anesthetized with 2% avertin, and closed
fractures of the mid-tibia were created by three-point bending (21). Fractures were not
stabilized, and animals moved freely. Buprenex (0.1mg/kg) was given after fracture and when
animals were in pain. Tibias were collected during the inflammatory (days 3 and 5), soft callus
(days 7 and 10), hard callus (day 14), and remodeling phases (days 21 and 28 (and 35 in elderly
mice)), fixed in 4% paraformaldehyde (4°C overnight), decalcified in 19% EDTA (10-14 days,
confirmed by X-ray), and embedded in paraffin. Sagittal sections (10pum) through the entire
callus were mounted on slides (3/slide). Depending on callus size 50-80 slides were collected.

Histological Analysis

Every tenth slide was stained with safranin-O/fast green (SO/FG) to visualize cartilage (red)
(21). Adjacent slides were stained with modified Milligan’s trichrome (21), which stains bone
blue and soft tissues red. In situ hybridization (21) to assess chondrocytes (Collagen type 11
(Colll)), hypertrophic chondrocytes (Collagen type X (ColX)), and osteoblasts (Osteocalcin
(OC)) expression was performed on sections adjacent to histological analysis.
Immunohistochemistry was performed to identify endothelial cells using an anti-Platelet-
Endothelial Cell Adhesion Molecule antibody (PECAM) (8). Sections were incubated with
anti-PECAM antibody (1:50; Pharmingen, San Diego, Ca) overnight at 4°C and standard
horseradish peroxidase reaction (14).
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Histomorphometry

Statistics

Results

Sections (every thirtieth) stained with SO/FG or trichrome were digitized using a Leica DMRB
microscope, Optronics camera, and Adobe Photoshop. The number of pixels comprising each
tissue component was used to estimate area. Callus size was determined by selecting the pixels
in the callus using the lasso tool. Cartilage size was determined by selecting pixels stained by
safranin-O. Size of newly-formed bone was determined by selecting pixels stained blue after
trichrome staining and then deselecting those in cortical bone. Pixels/mm?2 was determined
using a Imm scale bar. Total area of callus, and proportion of the callus comprised of cartilage
and bone was determined by dividing the number of pixels by the number of pixels/mm? (8).
The volume of the callus, cartilage, and bone (TV, CV, or BV) was calculated using the

n—1

BV—1/3h (Ai+Ai+ VAiAL)
equation for a conical frustum: TV, CV, o Z ik A . Ajand Aj+ are

the area of callus, cartilage, or bone in the sequential sectlons h is distance between sections
(300um), and n is total number of sections analyzed for each specimen. Proportion of newly
formed bone (BV/TV) was calculated. We estimated star volume of the trabecular bone in
callus (V*bone, (22)) at day 28 post-fracture on a section from each sample. Data were
normalized to length of contralateral tibias to ameliorate differences due to size.

Two-way ANOVA was performed to test the main effects of age and healing time and the
interaction between age and healing time on TV, CV, BV, and BV/TV. One-way ANOVA was
used to determine whether age affected TV, CV, BV, and BV/TV at each time point. Data are
presented as the mean plus or minus one standard deviation.

Effect of age on chondrocyte and osteoblast differentiation

Our results indicate that the timing of chondrocyte differentiation depends on age. At 3 days
post-fracture, a periosteal reaction was evident in all mice to varying degrees. The periosteal
reaction was robust in juvenile mice, but was slight in middle-aged and elderly mice (Fig. 1A,
C, and E). In juvenile mice, some periosteal cells had become rounded (Fig. 1A) and
differentiated into chondrocytes expressing Colll (n=3/3, Fig. 1B). In contrast, in the majority
of middle-aged (n=3/4) and all of the elderly animals (n=3) there was no Colll expression (Fig.
1D, F), indicating that periosteal cells had not differentiated into chondrocytes. By day 5 a
large amount of cartilage was present in calluses of juvenile mice (n=3/3, Fig. 3G, H).
Chondrocytes expressing Colll and a small amount of cartilage matrix was observed in the all
of the middle-aged mice (n=5/5, Fig. 1J, K) and in most elderly mice (n=2/3, Fig. 1M, N).

Differentiation of osteoblasts also exhibited an age-dependent delay. In juvenile mice,
trabecular bone formation (Fig. 2A) and OC expression (Fig. 2B) were evident in the
periosteum adjacent to the fracture site at 3 days post-fracture (n=3/3). In contrast, the periosteal
reaction in middle-aged (Fig. 2C) and elderly (Fig. 2E) mice was minimal, and no differentiated
osteoblasts (Fig. 2D, F) were observed at this time. At 5 days, new bone was observed in the
periosteum of juvenile mice (Fig. 2G), which was accompanied by robust OC expression (Fig.
2H). In the majority of middle-aged (n=3/4) and elderly mice (n=2/3) a small amount of bone
matrix was observed, and a few cells expressing OC were present in the periosteum at this time
(Fig. 21-L).

Effects of age on chondrocyte maturation and endochondral ossification

Our data illustrate that maturation of chondrocytes in the cartilage and the onset of
endochondral ossification were delayed as a result of aging. At 5 days post-fracture,
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hypertrophic chondrocytes expressing ColX were observed in the fracture callus of juvenile
mice (n=2/2, Fig. 11). However, no chondrocytes in calluses of middle-aged and elderly mice
were expressing ColX, and they were not hypertrophic (Fig. 1L, O). At 7 days post-fracture,
hypertrophic cartilage in juvenile mice was prominent (n=5/5, Fig. 3A, B, C). Many foci of
vascular invasion and bone deposition were observed around cartilage islands indicating that
endochondral ossification was underway at this time (Fig.3D, arrows). At this time,
hypertrophic chondrocytes expressing ColX were present in cartilage islands of middle-aged
mice (n=4/4, Fig. 3E, F, G), and vascular invasion was observed around some of these islands
(Fig.3H, arrows). In elderly mice, only a small domain of hypertrophic chondrocytes was
present in the cartilage (n=4/4, Fig.3l, J, K), and there was no evidence of vascular invasion
(n=4/4, Fig. 3L). By day 10, endochondral ossification had begun in elderly mice (data not
shown).

Age also affected the length of time required to complete endochondral ossification (Fig. 5B).
By day 21, cartilage had been completely replaced with bone in calluses of juvenile mice.
However, in the majority (n=4/5) of middle-aged mice a small amount of cartilage remained
in the calluses, while in the elderly mice there was still a large amount of cartilage present in
the calluses (n=5/5). By day 28, cartilage in the calluses of middle-aged mice had been
completely replaced with bone (n=3/3), yet a small amount of cartilage was observed in the
calluses of the elderly mice at this time (n=4/4); all of the cartilage was eventually replaced by
bone in the elderly mice (day 35, n=5/5).

Effects of aging on fracture callus remodeling

By day 28, most of the fractured bone ends were absorbed and a thick shell of new bone
ensheathing the callus was evident in juvenile mice (Fig. 4A, B). At this time, in middle-aged
and elderly mice the callus was surrounded by a thin layer of bone (Fig. 4C-F), and remnants
of cortical bone at the fracture ends were prominent (Fig. 4C, E). Juvenile mice had larger
trabecular star volumes (0.270+0.255mm3) compared to middle-aged (0.041+0.017mm3) and
elderly (0.007+0.010mm?3) mice, which was not statistically significant (p<0.09) possibly due
to the small number of animals analyzed, indicating that morphology of trabeculae in fracture
calluses was affected by aging.

Histomorphometric analysis

In addition to the effects of aging on cell differentiation, endochondral ossification, and
remodeling, we wanted to determine whether aging affected the ability of animals to form bone
and cartilage during fracture repair. Two-way ANOVA demonstrated that age had significant
effectson TV (Fig. 5A, p<0.001), BV (Fig. 5C, p<0.001), and BV/TV (Fig. 5D, p<0.001). The
effect of age on both BV and BV/TV was significant between the juvenile and middle-aged
mice (p<0.01), as well as between the juvenile and elderly mice (p<0.01). These findings
suggested age affected the capability of animals to form the callus and bone within the callus.
Juvenile mice had a higher potential for bone formation compared to middle-aged and elderly
mice. In contrast, age did not appear to affect CV (Fig. 5B, p=0.228), indicating that the ability
to form cartilage was not affected by aging. In addition, we also determined that the interaction
between age and time had significant effects on TV (p<0.001), BV (p<0.001), and CV
(p<0.001), which supports our conclusion that the time course of healing was delayed due to
altered stem cell differentiation and cartilage maturation.

Discussion

The skeletal system manifests the effects of aging in many ways. In addition to changes in
skeletal physiology, such as observed in osteoporosis and osteoarthritis, aging also affects the
capacity for bone repair after injury. Numerous reports have indicated that fracture repair is
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delayed in aged animals (2,16). As expected, our results demonstrate that fractures in juvenile
mice heal more rapidly than the middle-aged and elderly. The decline in healing potential
between juvenile and adult animals was dramatic and indicated a sharp decrease in regenerative
ability occurs as animals age into adulthood. The age-related changes that we observed included
a delay in the onset of the periosteal reaction, delays in cell differentiation, decreased bone
formation, delayed angiogenic invasion of cartilage, a protracted period of endochondral
ossification, and impaired bone remodeling. By using histomorphometry to quantify the extent
of bone and cartilage formation we can conclude that aging significantly reduced the amount
of bone but not cartilage that formed at the fracture site.

We observed a modest decrease in the healing capacity of elderly animals compared to middle-
aged animals as well. Middle-aged mice had significantly larger calluses than elderly mice at
days 5, 7, and 10 (Fig. 5A) indicating that callus formation and growth was delayed in the
elderly animals. Further, maturation of chondrocytes in elderly mice lagged behind maturation
in middle-aged animals. A hallmark of hypertrophic cartilage is the ability to induce vascular
invasion thereby initiating endochondral ossification. In the middle-aged mice, blood vessels
were observed in the cartilage by day 7 after fracture, but at this time no evidence of vascular
invasion was seen in elderly mice. Cartilage resorption was also delayed in the elderly mice
compared to middle-aged animals suggesting that the early delays in chondrocyte
differentiation translate into a protracted process of endochondral ossification. Elderly mice
were eventually able to heal their fractures, but our results illustrate that a decline in healing
capacity continues throughout the life span of an animal. Whether this decline results from
cell-autonomous changes in stem cells, or arises from other systemic changes as a result of age
deserves investigation.

Candidate Targets for Improving Fracture Repair in the Elderly

The goal of our study was to compare the cellular events of the healing program of elderly
animals with their younger counterparts in order to propose novel interventions to stimulate
healing in the elderly. Stem cell differentiation is a crucial component of skeletal repair, and
understanding the mechanism(s) leading to delayed cell differentiation will be important in
determining why the regenerative potential of the skeleton is reduced as a consequence of age.
Previous reports suggest that there are reductions in the number of stem cells capable of
undergoing differentiation into osteoblasts (4,10,17,19), which could result from decreased
proliferate capacity of progenitor cells (3). Alternatively, mesenchymal stem cells in aged
animals may preferentially differentiate into adipocytes rather than osteoblasts (11,18). Thus,
different scenarios need exploration to define how stem cell differentiation is altered.

Osteoblasts in aged animals also exhibit a decreased response to osteogenic stimuli as a
consequence of aging (23). In our study, we observed significant differences in bone formation
among juvenile, middle-aged and elderly mice at days 7 and 10 after fracture (Fig. 5C). These
differences likely resulted from age-related impairments of the skeletogenic lineage. Such
changes have been reported to be associated with decreases in bone mineral density (26), and
identifying these changes will advance targeted therapies.

The coordination of vascular invasion of the cartilage callus and cartilage resorption is another
area deserving focus. We observed delays in the timing of endochondral ossification in aged
animals, which compliments previous work demonstrating that molecules involved in
endochondral ossification remain elevated during fracture repair in adult rats (9,16). Certainly,
the delays in chondrocyte differentiation and maturation contribute to the delayed
endochondral ossification, but determining if other steps that regulate this process are affected
is essential for proposing methods to enhance the timing and rate of endochondral ossification.
Accelerating stem cell differentiation, chondrocyte maturation, and endochondral ossification
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may have important consequences for elderly fracture patients by achieving mobility more
rapidly and reducing musculoskeletal wasting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Juvenile

Day 3
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Juvenile

Day 5
Middle-aged

Elderly

Fig. 1. Timing of chondrocyte differentiation and maturation is age-dependent

(A) By day 3, the periosteum (bracket) adjacent to the fracture site had thickened in juvenile
mice. A small locus of cells (dotted line) in the periosteum was stained by safranin-O, (B) and
they were expressing Colll (red). In (C) middle-aged and (E) elderly mice, the periosteum
(brackets) was slightly thickened, but (D, F) no Colll expression was evident. (G) By day 5,
juvenile mice exhibited evidence of cartilage matrix production (light red) in the fracture callus,
and (H) robust Colll expression was evident. (1) ColX expression (yellow) was detected in the
Colll domain. In (J, K) middle-aged and (M, N) elderly mice chondrocytes stained by SO/FG
and expressing Colll were evident at day 5, but (L, O) no ColX expression was observed. H,
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K, N (Colll) and I, L, O (ColX) are high magnifications of areas boxed in G, J, M. SO/
FG=safranin-O/fast green staining. Scale bar A-F, H, I, K, L, N, O= 200 pm, G, J, M = 1mm.
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Juvenile

Day 3
Middle-aged

Juvenile

Day 5
Middle-aged

Fig. 2. Ontogeny of osteogenesis is age-dependent

(A) In juvenile mice new bone (arrows) was apparent in the periosteum adjacent to the fracture
site by day 3, and (B) osteocalcin (OC) transcripts (green) were detected by in situ
hybridization. In (C) middle-aged and (E) elderly mice, the periosteum (brackets) adjacent to
the fracture site had thickened slightly, but (D, F) no OC expression was observed in the
periosteum at this time. (G) At day 5 after fracture new bone (arrows) was prominent in the
periosteum of juvenile mice, accompanied by (H) robust OC expression (green). In contrast,
(1, J) middle-aged and (K, L) elderly mice had only a small amount of new bone (arrows), and
(3, L) slight OC expression (green) in the periosteum. TC = trichrome staining. Scale bar =
200pm.
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Juvenile

Middle-aged

Elderly

SO/FG Colll ColX PECAM

Fig. 3. Timing of endochondral ossification is age dependent

(A) Seven days after fracture a large amount of cartilage (red) was present in the fracture callus
of juvenile mice, and (B) which coincided with a large area Colll expression. (C) Hypertrophic
chondrocytes expressing ColX (yellow) were present throughout most of the cartilage at this
time. (D) Foci of vascular invasion (arrows) were observed in the hypertrophic cartilage (dotted
line). (E) Cartilage formed in the fracture callus of middle-aged mice, (F) exhibiting strong
Colll expression. (G) At this time, ColX expression was detected in a portion of the Colll
domain, and (H) vascular invasion (arrows) was seen in the hypertrophic cartilage (dotted line).
(1) Cartilage formed in the fracture callus of elderly mice, and (J) Colll expression was robust
throughout the callus. (K) ColX-expressing cells were observed in fracture calluses. (L) Blood
vessels (arrowheads) were around the cartilage, but there was no evidence of vascular invasion
of hypertrophic cartilage (dotted line). High magnification of Colll, ColX, and PECAM
correspond to boxes in A, E, and I. Scale bars: A, E, | =1mm, B, C, D, F, G, H, J, K, L =200

pm.
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Juvenile

Middle-aged

Elderly

Fig. 4. Remodeling of fracture callus is age-dependent

(A) At 28 days after fracture, a large amount of trabecular bone (blue) was present in the callus
of juvenile mice, and fracture ends were largely absorbed by this time (arrowheads). (B) High
magnification (corresponding to box in A) illustrates thick trabeculae (asterisks) inside the
callus and a thick shell of new cortical bone (arrows). (C) Trabecular bone was present in the
callus of middle-aged mice, and the ends of the fractured bone (arrowheads) were still evident
at 28 days. (D) In the boxed region in C, the trabeculae (asterisks) inside the callus and the
cortical shell (arrows) appear thinner than those in the juvenile mice. (E) At this time, elderly
mice exhibited a small amount of bone in the callus, and the fractured bone ends were not
resorbed (arrowheads). (F) High magnification of the box in E illustrates thin trabeculae

J Orthop Res. Author manuscript; available in PMC 2010 March 23.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luetal.

Page 13

(asterisks) throughout the callus, which was surrounded by a thin layer of cortical bone
(arrows). TC = trichrome staining. Scale bars: A, C, E = 1mm, B, D, F = 200pm.
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Fig. 5. Histomorphometric analyses

(A) Volume of callus (TV). (B) Volume of cartilage (CV). (C) Volume of newly-formed bone
(BV). (D) Proportion of newly-formed bone in the callus (BV/TV). Data shown as mean +SD.
1 indicates significant differences, p<0.05.
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