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Joint replacement using implants is a common surgical pro-
cedure in orthopaedics. Approximately 200,000 total hip
replacement procedures alone were performed in 2001 in the
US (http://www3.aaos.org/research/imca/OAhipContents/
OAHip_replace.pdf). Cementless implant fixation is cur-
rently the preferred option for the acetabular component
and is commonly used on the femoral side as well. While the
vast majority of orthopaedic implants succeed in restoring
function, a significant proportion fail due primarily to asep-
tic loosening brought about by wear particle-induced osteol-
ysis – this topic will be discussed in detail elsewhere in the
Workshop. One of the main reasons for late stage loosening
is thought to be the consequence of early loosening resulting
from failure to achieve biological fixation in the initial phas-
es of repair. It is now well known that implant fixation can be
enhanced by various means which includes the use of exoge-
nous applied anabolic agents such as growth factors1.

Over the past number of years our laboratory has shown
the positive effects of TGF-‚ and BMP-2 on bone ingrowth
and ongrowth around an implant in a canine gap model2-5.
While these studies have demonstrated the action of these
growth factors in terms of bone volume over tissue volume
and the strength of fixation, the findings are limited to a phe-
nomenon rather than mechanistic interpretation. In addition
to the fact that canine models are inherently costly, they are
also less amenable to molecular analysis due mainly to the
lack of genetic information available for this species. In
order to circumvent these limitations and better understand
the underlying molecular mechanisms in growth factor

enhanced bone tissue regeneration around an implant we
have sought to utilize a rat bone marrow ablation model.
This model was originally described for studying hematopoe-
sis6,7 and was later characterized for osteogenesis and bone
remodeling8-10. We have modified the model by placing an
implant in the ablated space in the medullary cavity to emu-
late the biological environment surrounding the implant in
our canine model. Due to the significant reduction in cost
for the rat model, it provides greater flexibility in experiment
design to accommodate time course studies. We have used
the rat bone marrow ablation model to characterize the
molecular events occurring during the reparative process in
the absence of an implant (ablation alone), in the presence
of an implant and with implants carrying TGF-‚2.

We examined the time-dependent gene profiles in the rat
model at 1, 3, 5, 7, 10 and 14 days post-ablation. Expression
levels of a total of 39 genes related to osteogenesis and
GAPDH were measured by real-time PCR11. One group was
used as an intact control (time point 0 day). During the
inflammatory phase between days 1 and 5 there was down-
regulation of several cytokine genes, including COX-1 and -2,
although TNF-· and IL-1 showed upregulation. The repair
phase of days 3 to10 was characterized by upregulation of a
number of growth factor, receptor and inhibitor genes relat-
ed to all three TGF‚1,2 and 3, bFGF, BMP-2, -4 and -7,
VEGF and IGF-1. During this time, Cbfa-1, alkaline phos-
phatase, collagen type I, osteonectin, osteopontin and osteo-
calcin exhibited peak expression at days 5 or 7. At later time
points of days 10 to 14 when remodeling begins, there were
peak levels of RANK, RANKL, cathepsin K, IL-6 and COX-2.
Principal component analysis used to identity 8 underlying
components that together explained over 80% of the vari-
ance in the data. When components are arranged chrono-
logically, there is a clear picture of the molecular cascade of
sets of genes which may be co-regulated in vivo during bone
regeneration.

In another study using the rat model, we examined the
ability of TGF-‚2 to enhance implant fixation by comparing
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three doses (0.1Ìg, 1Ìg and 10Ìg) to a control group (0Ìg) by
placing HA/TCP treated rod coated with TGF-‚2 in the
ablated femoral marrow space12. Bone volume per tissue vol-
ume (BV/TV) for the region between the endocortical enve-
lope and surface of the implant was calculated ÌCT scans
which showed that the 10Ìg group had noticeably more bone
formed in the vicinity of the implant. The mechanical pull-
out testing performed to measure implant strength of fixa-
tion also showed the same picture. In order to determine the
molecular events responsible for the TGF-‚2 mediated
enhancement of bone formation and implant fixation, we
examined the temporal gene expression profiles of 21 genes
at 1, 3, 5, 7, 10, 14 and 28 days post-operatively using real-
time PCR13. When compared to time point matched controls
(no TGF-‚2) the locally applied TGF-‚2 accelerated, delayed
and in some cases augmented gene expression. For example,
the expression of IGF-1, VEGF, BMP-4, IGF-1R, T‚RI,
T‚RII, osteocalcin and osteonectin occurred at earlier times
in the TGF-‚2 treated animals than in controls. TGF-‚1,
TGF-‚3, alkaline phosphatase and osteopontin expression
was delayed while TGF-‚2, BMP-2, BMP-7 and Flt-1 had up-
regulation without a change in timing of peak expression.
Principal components analysed identified four factors which
explained 93% of the variance in the data in the control
group and four factors explaining 94% of the variance in the
TGF-‚2 treatment group. Closer examination of the genes
grouped in each component revealed that sets of genes that
were co-expressed in the control group were generally also
co-expressed in the treatment group. In all, 14 of the 21
genes examined exhibited this pattern. This observation
strongly suggests that the molecular events during bone
regeneration are governed by strict expression of certain sets
of genes whether or not an anabolic agent is used. However,
the presence of an anabolic agent may enhance the regener-
ative process by altering their expression profile.
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