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ABSTRACT: An overall decline in the availability of osteogenic precursor cells and growth factors in the bone marrow microenviron-
ment have been associated with impaired bone formation and osteopenia in humans. The objective of the current study was to deter-
mine if transplantation of mesenchymal stromal cells (MSC) from a healthy, young donor mouse into an osteopenic recipient mouse
could enhance osseointegration of a femoral implant. MSC harvested from normal young adult mice differentiated into bone forming
osteoblasts when cultured on implant grade titanium surfaces ex vivo and promoted bone formation around titanium-coated rods
implanted in the femoral canal of osteopenic recipient mice. Micro computed tomographic imaging and histological analyses
showed more, better quality, bone in the femur that received the MSC transplant compared with the contra-lateral control femur that
received carrier alone. These results provide pre-clinical evidence that MSC transplantation promotes peri-implant bone regeneration
and suggest the approach could be used in a clinical setting to enhance bone regeneration and healing in patients with poor quality
bone. � 2012 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res
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Age-related changes in the bone marrow microenviron-
ment result in a decrease in the number and decline
in the function of the mesenchymal stem cells (MSC)
that differentiate into bone forming osteoblasts.1 These
changes impact negatively on bone ingrowth that is re-
quired for the rapid and stable fixation of prostheses,
as well as on the surgical repair of fractures.2 The
replacement of diseased joints with prosthetic devices
is currently the most common major reconstructive
orthopedic procedure performed worldwide. It remains
the only effective solution for the relief of pain and
restoration of joint function to millions of people with
advanced arthritis.3 In North America total hip
replacements performed on reasonably young, active
recipients in the past two decades have used implants
with porous metallic or ceramic surfaces that rely on
host bone ingrowth or ‘‘osseointegration’’ for early
fixation and long term stability.4 Modifications to the
femoral stem to simulate the texture of bone are inef-
fective in an environment where there is an underly-
ing deficiency in MSC or lack of anabolic factors to
induce them to differentiate down the osteogenic
lineage. The MSC pool can also be depleted in younger
individuals as a result of treatment for cancer or graft
versus host disease.5 The majority of joint replacements
performed under these circumstances use acrylic cement
to immobilize the implant stem in the femoral canal.6

Complications that arise from the use of this cement in-
clude bone cell toxicity and an inflammatory response to

particulate matter, which result in aseptic loosening
and mechanical failure of the implant.7

A reduction in endogenous MSC due to advancing
age or an underlying medical condition will also
compromise fracture healing. Delayed fracture healing
following orthopedic trauma in the older patient leads
to mal-union or non-union in up to 25% of cases and is
exacerbated in those who have underlying medical
conditions.8 More than a decade ago it was estimated
that the direct healthcare costs of treating a non-union
were five times those of treating a simple hip frac-
ture.9 Despite significant advances in the surgical
management of fractures in poor quality bone the costs
associated with clinical complications resulting from
delayed fracture healing continue to rise along with the
mean age of the population.10 Therapeutic options cur-
rently available to augment bone regeneration during
fracture healing are restricted to the use of devitalized
allografts supplemented with vascularized fibular
grafts11 or bone morphogenetic proteins (BMP) to stimu-
late recruitment and differentiation of osteogenic cells.2

The objective of the current study was to obtain
proof-of-concept that transplantation of MSC from
young healthy donor mice could enhance implant
osseointegration in mutant littermates that exhibit
skeletal defects similar to those seen in ageing human
bone. Fibroblast growth factor receptor 3 (fgfr3) enco-
des one of four high affinity receptors for a family of
22 related FGF ligands.12 Alternative splicing and
temporal-spatial restriction of their expression patterns,
as well as that of co-receptors and ligands, account for
the specificity of their biological function. Detailed
analysis of the skeletons of young adult FGFR3�/�

mice revealed osteopenia that was due in large part to
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defective MSC differentiation, identifying them as a
model to examine MSC transplantation as a mecha-
nism to enhance bone formation.13

MATERIALS AND METHODS
MSC Isolation and Culture on Implant Grade Titanium
All mice used for in vivo and ex vivo studies were obtained
from a C3H breeding colony maintained by the JTN Wong
Lab for Bone Tissue Engineering at McGill University for
more than 10 years and derived from founders from the colo-
ny maintained by D.M. Ornitz at Washington University.
Whole bone marrow was extracted from the long bones of
three 4–6 month old FGFR3þ/þ mice and the MSC isolated
by adherence to tissue culture plastic (TCP) as described pre-
viously.13,14 Discs measuring 21 mm in diameter and 1.5 mm
thick were fabricated by Changzhou Kanghui Joint Implants
Company (China) from implant grade titanium and polished
to generate a surface with an average roughness comparable
to TCP. Prior to use, all discs were cleaned in 100% ethanol,
passivated in 30% nitric acid at room temperature for
30 min, rinsed repeatedly in distilled water and steam steril-
ized. MSC were plated at 5 � 104 cells per well on titanium
inserts, or directly on TCP, in 12-well plates. Replicate cul-
tures were removed at the indicated times, fixed with 4%
paraformaldehyde (PF) and stained with alkaline phospha-
tase (ALP) as an early differentiation marker or with
2 mg/ml Hoechst 33342, rhodamine phalloidin and calcein to
evaluate terminal differentiation.15 Metabolic activity and
ALP enzyme activity (Table 1) were measured essentially as
described.16

RNA Extraction and RT-PCR Analysis
Total RNA was extracted at the indicated time points from
four replicate cultures grown on plastic or titanium surfaces
in parallel with those used for light and fluorescence micros-
copy. Reverse transcription and semi quantitative PCR anal-
yses were performed essentially as described previously13,14

to examine the expression of recognized markers of osteo-
blast differentiation. PCR products were obtained in the
linear range of amplification and quantified by scanning
densitometry with Image J software (NIH). GAPDH was
used as an internal control to normalize the signal from
genes of interest.

Micro-Fabrication of Titanium Coated Implants for In Vivo Use
Semi-rigid 0.4 mm diameter nylon line was cleaned by soni-
cation for 30 min in a mixture of equal volumes Renuzyme
(Getinge, NY) and Liqui-Nox (Alconox, NJ) at 508C then with
2% NaOH at 218C before rinsing thoroughly with distilled

water. A 200 nm thick layer of commercial grade titanium
was then deposited evenly onto the line using physical vapor
deposition at the McGill Institute for Advanced Materials
(http://www.mcgill.ca/miam). Ten-millimeter lengths stored
in 70% ethanol were rinsed several times with sterile PBS
before implanting in the femoral canal.

Conditioning Irradiation of Recipient FGFR3S/S Mice
All animal procedures were performed according to protocols
approved by the McGill University Animal Care Committee
in compliance with the guidelines of the Canadian Council
on Animal Care. Eight male FGFR3�/� mice aged 4–6
months were sedated and positioned in a custom built box
with a lead shield covering the upper body as shown in
Figure 3. An accurately calibrated narrow-collimated 6 MV
ionizing radiation beam, produced by a Clinac 6Ex linear
accelerator (Varian, Palo Alto, CA), delivered 13.5 Gy to the
lower body. The absorbed dose of irradiation to the lower
body was determined using procedures outlined by Seuntjens
et al.17 Bone marrow was harvested from three FGFR3þ/þ

mice, three irradiated FGFR3�/� mice, and three non-
irradiated FGFR3�/� mice and the adherent MSC left to ad-
here for 6 days before counting to determine post-irradiation
survival (D0). The FGFR3þ/þ and irradiated FGFR3�/� MSC
were then re-plated at a density of 2 � 104 cells per well in
24 well dishes to compare their proliferation rates after 3, 6,
and 9 days in culture.

MSC Transplant and Femoral Implant in FGFR3S/S Mice
The eight irradiated FGFR3�/� recipient mice were allowed
to recover for 48 h before undergoing surgery to deliver MSC
from FGFR3þ/þ donor mice, along with the bio-compatible
implants, into the femoral canal. MSC were isolated from
femoral bone marrow of eight normal 4–6 month old
FGFR3þ/þ mice, from the same colony as those used in the ex
vivo study, and re-suspended at a concentration of 105/10 ml
sterile type I collagen solution 1 mg/ml (Invitrogen, Carls-
bad, CA) pH 7.4. At 48 h post irradiation anesthesia was in-
duced and maintained with inhaled vaporized 2% isoflurane
before shaving the skin and exposing the trochanter and
proximal femur bilaterally through 15 mm skin incisions.
The MSC suspended in collagen solution were drawn up
into 10 ml Hamilton syringe and the needle inserted into the
femoral canal via the piriformis fossa medial to the greater
trochanter. Ten microliters of cell suspension was injected
slowly into the femoral canal, immediately prior to inserting
a titanium-coated implant. MSC in 10 ml of collagen were
injected into the RIGHT femoral canal and 10 ml of collagen
solution alone as control into the LEFT femoral canal.
The biocompatible titanium coated implants measuring

Table 1. Ex Vivo Growth and Differentiation of FGFR3þ/þ MSC on Titanium Discs

Assay Units Surface Day 6 Day 10 Day 17

Hoechst 33342 (growth) Units � 10�3 TC Plastic� 2.79 � 0.72 10.39 � 1.64 18.56 � 2.26
Titanium 16.20 � 3.01 16.14 � 2.41 22.0 � 1.04

In situ ALP differentiation Area cm2 TCP�� 0.01 � 0.01 0.74 � 0.34 2.87 � 0.28
Titanium 0.05 � 0.01 0.27 � 0.06 0.62 � 0.26

ALP activity nmol/min/mg Titanium 1.94 � 0.29 0.62 � 0.39 0.67 � 0.27
MTT activity (metabolism) OD492 Titanium 0.42 � 0.10 0.84 � 0.11 0.95 � 0.25

�p > 0.0001, Global ANOVA, Titanium versus TCP over all time points. ��p ¼ 0.0183, Global ANOVA, Titanium versus TCP over all
time points. TC ¼ tissue culture; ALP ¼ alkaline phosphatase.
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0.4 mm � 10 mm were then fed through a 25G needle into
the femoral canal before closing the incision. All mice re-
ceived buprenorphine for 2 days as post-operative analgesia
and were allowed free access to food and water for 6 weeks,
when they were euthanized and their femurs harvested for
analysis.

Micro CT and Histological Analysis of Peri-Implant Tissue
Femurs were dissected free of soft tissue, fixed overnight
with 4% paraformaldehyde, washed in sterile PBS and stored
at 48C prior to conducting micro CT scans on a Skyscan 1172
(Kontich, Belgium) instrument equipped with an X-ray
source of 100 kV and a 10 mega-pixel camera.13,14 NRecon
and CTAn software enabled scanning and 3D reconstruction
of specimens at a resolution of 5 mm for comparison with his-
tological sections cut at the same thickness. A peri-implant
cylinder measuring 0.05 mm � 2 mm spanning the lesser
trochanter (Fig. 4C) was identified as the region of interest
for quantification of newly formed bone. After micro CT
analysis the femurs were dehydrated in graded alcohols
and embedded at low temperature in plastic for histological
analyses as described previously.13,14

Statistical Analyses
In vivo data are representative of that obtained from eight
FGFR3�/� mice and ex vivo assays were performed in 3–4
replicate wells on a minimum of three biological replicates.
SPSS (IBM) was used to perform a global analysis of vari-
ance (ANOVA) with the parameter as the dependent variable
and the surface type as the independent variable. Direction-
ality was determined by the sign of the mean difference.
Quantitative data for the in vivo experiments were expressed
as the mean � SD, and statistical comparisons between
femurs made using a paired Student’s t-test. A probability of
p < 0.05 was considered to be significantly different.

RESULTS
The primary objective of this study was to determine if
transplantation of MSC from young healthy donor
FGFR3þ/þ mice could enhance bone formation on,
and around, a biocompatible titanium coated implant
in the femoral canal of osteopenic FGFR3�/� mice.
Figure 1 describes the overall Experimental Design
with the in vivo and ex vivo components.

Ex vivo Growth and Differentiation of MSC on Titanium
Surfaces
The response of donor MSCs isolated from FGFR3þ/þ

marrow to implant grade titanium was first character-
ized ex vivo. Figure 2 shows that MSC isolated by
adherence to TCP and plated on titanium formed
characteristic condensations that stained positive for
ALP (A and B) and supported mineral deposition (D).
The quantitative data shown in Table 1 indicate the
time-dependent maturation of cultures grown on
titanium was similar to that of MSC grown on TCP.
Cell differentiation, as evidenced by in situ ALP stain-
ing, increased over time while ALP enzyme activity de-
clined at day 10 concomitant with mineral deposition.
Metabolism increased until day 10 and then slowed
down as the cells reached the end of their lifespan
once the matrix mineralized. RT-PCR analysis of RNA
harvested at the same time points showed similar
expression patterns for recognized markers of osteo-
blast differentiation, when normalized to GAPDH
expression, in MSC grown on TCP or on titanium discs
(data not shown).

Impact of FGFR3þ/þ MSC Transplant on Peri-Implant Bone
Growth in FGFR3S/S Mice
In previous work we showed that osteopenia in young
adult FGFR3�/� mice was due in large part to aber-
rant maturation of MSC into osteoblasts.13 In the cur-
rent work we depleted endogenous MSC in FGFR3�/�

mice using sub-lethal irradiation to condition the mice
for transplant. Figure 3 shows the apparatus used to
shield the upper body while 13.5 Gy of photon irradia-
tion was delivered to the hind limbs (A). This dose
of radiation reduced the adherent MSC population by
80% (B) compared with that from age-matched non-
irradiated FGFR3�/� mice (Irradiated: 3.35 � 1.05 �
105 compared to Non-irradiated: 18.08 � 4.92 � 105).
When equal numbers of irradiated FGFR3�/� and con-
trol FGFR3þ/þ cells were re-plated on TCP there were
sixfold fewer irradiated FGFR3�/� cells compared with
non-irradiated FGFR3þ/þ cells at day 9 (C) of culture,

Figure 1. Experimental design: Mesenchymal stromal cells (MSC) were isolated by adherence to TCP from whole bone marrow
harvested on day 0 from FGFR3þ/þ mice. On day 6, at 80% confluence, the MSC were trypsinized and used in one of the following three
experiments: (1) 5 � 104 cells plated on titanium (Ti) discs in 12 well dishes for differentiation studies as shown in Figure 4 or (2)
105 cells diluted in 10ml dilute Type I collagen and injected into the right (R) femoral canal of FGFR3�/� recipient mice, irradiated on
day 4, as shown in Figure 1 or (3) 2 � 104 cells/well plated on tissue culture plastic (TCP) in 24 well dishes for proliferation studies in
comparison with irradiated FGFR3�/� MSC as shown in Figure 1.
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indicating a severe impairment in their replication
capacity.

Bone growth around intra-femoral implants
was quantified using micro CT 6 weeks after trans-
plantation of 105 MSC from FGFR3þ/þ donor mice
into the RIGHT femoral canal of irradiated FGFR3�/�

recipient mice. Figure 4 shows the location of the
implants in situ (A and B) and the 2 mm � 0.05 mm
region of interest (B and C), which is shown as a
light gray area around the darker rod depicting
the implant in the schematic in Figure 4C.
Significantly more peri-implant bone was seen in the
RIGHT femur that received the MSC transplant
than the LEFT femur that received collagen carrier
as a control. The quantitative data from eight
replicates, shown in Table 2, revealed a significant
increase in bone volume per tissue volume (BV/TV)
and a reduction in trabecular pattern factor (TbPf),

Figure 3. Post-irradiation survival and proliferation of MSC ex
vivo: FGFR3�/� recipient mice aged 4–5 months were sedated and
positioned in a custom built box with the upper body shielded while
the hind limbs received 13.5 Gy of conditioning ionizing irradiation
(A). MSC isolated from whole bone marrow of FGFR3þ/þ, FGFR3�/

�and irradiated FGFR3�/� mice were grown to 80% confluence and
re-plated at 2 � 104 cells per well in 24 well plates for quantification
of cell proliferation at the indicated time points. Irradiation reduced
the population of MSC by 80% (B) and impaired the proliferation of
the remaining MSC compared with age matched non-irradiated
FGFR3þ/þ mice (C). Data are representative of experiments per-
formed in triplicate. � Significantly different p < 0.05.

Figure 2. Maturation of MSC ex vivo on implant grade titanium:
MSC plated on Ti discs as described in Figure 3 were harvested
after 10 (A) and 17 (B) days of culture for alkaline phosphatase
(ALP) and after 17 days for fluorescence microscopy (C and D). ALP
increased over time and correlated with condensation of MSC into
nodules, where nuclei stained blue and the cytoskeleton pink (C) or
red (D). Cultures stained after 17 days with calcein showed green
mineral deposits (D). Data are representative of three independent
experiments conducted on MSC harvested from three different mice.
Scale bars represent 50 microns (C) and 20 microns (D).

Figure 4. Peri-implant bone regeneration after MSC trans-
plant in vivo: On Day 2 post-irradiation recipient FGFR3�/� mice
were anesthetized for MSC transplant and implant surgery.
MSC isolated as described in Figure 3 from 4–6 month old male
FGFR3þ/þ donor mice were transplanted into the RIGHT femoral
canal at a concentration of 105/10 ml dilute sterile collagen, along
with a biocompatible Ti-coated implant. The LEFT femur re-
ceived 10 ml dilute collagen with the biocompatible implant (A).
Femora were harvested from mice euthanized at 6 weeks post-
op, fixed in 4% paraformaldehyde and scanned on a Skyscan
1172 micro CT instrument. A cylinder of tissue 2 mm � 50 mm
surrounding the Ti-coated implant at the level of the lesser tro-
chanter (B and C) was analyzed for new bone formation. 3D
reconstructions show less bone around the implant in the LEFT
(D) compared with RIGHT (G) femur. Dotted lines (E, F) on 2D
sections show the implant position in the LEFT femur (E, F) and
arrows point to peri-implant bone (H, I) in the RIGHT femur.
Data are representative of that obtained from eight mice.
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which is derived from the number, orientation and
spacing of trabeculae, in the RIGHT compared with
the LEFT femora. Representative results from
histological analysis of thin transverse sections of
plastic embedded bone, shown in Figure 5, confirmed
the presence of more peri-implant bone, osteoblast,
and osteoclast activity in the femora that received the
MSC transplant compared with those that received
collagen alone.

DISCUSSION
We used the FGFR3�/� mouse with osteopenia and im-
paired bone growth as a model to study the effect of
MSC transplantation on femoral implant osseointegra-
tion. In previous work it was shown that targeted
disruption of fgfr3 in mice on a mixed C57BL6J back-
ground resulted in skeletal overgrowth in utero that
continued into the post natal period.18 When the muta-
tion was bred onto the C3H background longevity was
increased allowing for detailed analysis of the adult
skeleton.13 Cortical thickness was reduced in the femo-
ral diaphysis due to sub-periosteal fibrous tissue for-
mation and trabecular bone was lined with cuboidal
osteoblasts adjacent to thick osteoid seams. MSC iso-
lated from femoral bone marrow harvested from the
FGFR3�/� mice also exhibited impaired differentiation
compared with those harvested from FGFR3þ/þ mice,
as evidenced by altered expression of differentiation
markers such as osteopontin and osteocalcin.13 In the
current work, Figure 2 and Table 1 show that MSC
from wild type donor mice grow equally well on im-
plant grade titanium discs as on TCP, and differenti-
ate into osteoblasts that form mineralized nodules
within 3 weeks.

Targeted high dose irradiation is used clinically
prior to an allogeneic stem cell transplant to reduce
the risk of rejection and also, by killing endogenous
cells, to generate physical space for the transplanted
cell population to expand.19 In a similar manner,
6 MV photon radiation doses of 13.5 Gy were delivered
to the hind limbs of FGFR3�/� mice as ‘‘conditioning’’
for an FGFR3/ MSC transplant to replace the defective

endogenous cells (Fig. 3). After 6 weeks of unrestricted
weight bearing activity there was significantly more
bone around the implant in the femur that received
the MSC transplant than in the contralateral femur
that received collagen carrier alone (Fig. 4). The fact

Figure 5. Histological analysis of peri-implant bone: After CT
analyses the LEFT (A,C,E) and RIGHT (B,D,F) femurs were left
undecalcified and embedded in polymethylmethacrylate at low
temperature to preserve enzyme activity. Serial 5 mm sections
were stained with von Kossa and toluidine blue to identify min-
eral and soft tissue (A,B), alkaline phosphatase (ALP) to identify
osteoblasts (C,D), and tartrate resistant acid phosphatase
(TRAP) to identify osteoclasts (E,F). More peri-implant bone, ac-
companied by ALP and TRAP activity, were seen only in the
RIGHT MSC treated femora. Magnification �10 through the mi-
croscope and �10 objective (A,B) �20 objective (C–F) and �40
objective for all insets. Data are representative of that obtained
from six mice.

Table 2. Quantitative Micro CT Analysis of Bone Quality

FGFR3�/� BV/TV (%) TbTh m TbPf 1/m BMD g/ml SMI

Collagen
Mean � SD 3.02 � 1.77 39.1 � 3.6 35.1 � 7.4 0.14 � 0.03 2.16 � 0.17
Range 0.99–5.90 36.5–47.1 21.8–47.0 0.11–0.21 1.91–2.38

Collagen þ MSC
Mean � SD 6.23 � 3.93 42.7 � 4.4 27.6 � 6.2 0.17 � 0.06 1.97 � 0.32
Range 1.81–12.69 37.6–48.6 18.8–38.3 0.11–0.28 1.52–2.47
p value 0.04 NS 0.01 NS NS

BV/TV, bone volume per tissue volume; TbTh, trabecular thickness; TbPf, trabecular pattern factor; BMD, bone mineral density; and
SMI, structure model index. �p < 0.04 and ��p < 0.01, Student’s t-test collagen alone versus Collagen þ MSC.

BONE REGENERATION AND OSSEOINTEGRATION 5

JOURNAL OF ORTHOPAEDIC RESEARCH 2012



that each animal acted as its own internal control
argues against any systemic response to the irradia-
tion or to the intra-osseous MSC transplantation con-
tributing directly to the unilateral increase in peri-
implant bone formation. It was interesting to note that
there was no evidence of excessive bone turnover or
marrow fibrosis in the control femur, as might be an-
ticipated following irradiation and mechanical reaming
of the intra-medullary canal to accommodate the im-
plant (Fig. 5).

The absence of peri-implant fibrosis was particularly
notable as it is proposed to be the end product of a
chronic inflammatory response to a foreign body,
which poses a major barrier to the integration and bio-
logical performance of medical devices including pros-
theses, implantable biosensors, and drug delivery
devices. The fibrous response to implanted materials
involves binding of fibronectin to integrins on the cell
surface.20 In our previous work that examined integrin
expression and function in skeletal cells, it was shown
that both were disrupted in FGFR3�/� MSC grown
ex vivo21 and contributed to a fibrous peri-implant
response in FGFR3�/� mice in vivo in the absence of
conditioning irradiation (unpublished data). The ab-
sence of fibrous tissue in the current work implies that
targeted irradiation of the hind limbs provided suffi-
cient conditioning to suppress inflammation following
surgical reaming and to allow engraftment of the do-
nor MSC. The limited bone repair in the control femur
could have resulted from migration of the transplanted
cells, as has been suggested for non-human primate
models.22

Given the increased quantity and improved
quality of the peri-implant bone (Table 2) it is
predicted that the transplanted FGFR3þ/þ MSC
differentiated into normal osteoblasts in vivo that
deposited and mineralized a peri-implant bone matrix.
Additional studies that measure inflammatory cyto-
kines and the expression pattern of integrins on
the surface of endogenous and transplanted MSC
are needed to clarify the molecular mechanisms under-
lying bone regeneration in this implant osseointegra-
tion model. The outcome of this study provides
proof-of-concept that direct MSC transplantation
into the intra-femoral space at the time of implant
surgery can promote new bone formation and enhance
biological fixation of the implant in a host with poor
bone quality.
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