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Abstract Bisphosphonates are widely used as therapeutic
agents in bone disorders including cancer metastasis due to
their osteoclast inhibitory effect. Recent data shows that
bisphosphonates may also induce bone-building by stimu-
lating osteoblast activity. Clinical observations, however,
have revealed that bisphosphonates may cause necrosis in
the oral cavity which questions their usefulness in bone
regeneration during the consolidation of inorganic implants.
Here we report the investigation of bone neogenesis
following chronic amine bisphosphonate (Zometa®) treat-
ment in a novel experimental model, using the rat tail
vertebra as a support. This method involves (1) implanta-
tion of titan screw into the tail vertebrae, (2) systemic
bisphosphonate treatment and (3) quantitative biophysical
measurements which mirrors consolidation of implant, i.e.
strength of fixation and changes in newly formed bone
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architecture using micro Computer Tomograph (micro-CT).
The degree of fixation of titan implants (osseointegration)
increased by 36% on the effect of Zometa and the structure
of newly formed bone became robust. The mass of new
bone increased 3.1-fold at 6 weeks of regeneration, as
compared to controls. Thus, Zometa®, a potent aminobi-
sphosphonate used in therapy of cancer metastases, osteo-
porosis and bone marrow transplantation, significantly
increased bone neogenesis and enforced osseointegration
of titan implants as measured quantitatively in the rat tail
vertebra. Our data support the usefulness of aminobi-
sphosphonates in the rehabilitation of bone loss as well as
in improvement osseointegration of implants. We empha-
sise that this novel method may open up new possibilities
for screening the effects of local and systemic treatments.

Keywords New implant osseointegration model -
Osteo-neogenesis - Aminobisphosphonates (Zometa®) -
Bone regeneration - Micro computer tomography
(micro-CT) - Biomechanical measurement

Introduction

The integrity and strength of vertebrate skeleton is main-
tained by continuous formation and resorption of the
crystallized bone tissue via osteoblasts and osteoclasts,
respectively [1, 2]. Under homeostasis the bone steady state
is modulated by mechanical usage, by central and local
endocrine control and by short-range “cross-talk” between
cells in the bone/bone marrow microenvironment [3, 4].
Recently, it has also been appreciated that a close
association exists between bone and vasculature at specific
micro-domains, called “bone remodelling compartment”
(BRC) [5, 6], that plays a pivotal role in bone remodelling
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and fracture repair. The BRC is surrounded by flattened
bone lining cells. Osteotropic growth factors and cytokines
(osteoprotegerin, RANKL) have been identified in bone lining
cells inside a confined space separated from the bone marrow
which allows local regulation. Acquired bone diseases thus
may result from perturbations to bone marrow derived
osteoblasts, to hematopoietic stem cell derived osteoclasts,
to vascular endothelium or from loss of balance between the
BRC compartment and surrounding bone lining cells [7, 8].
BRC creates a domain where cells directly interact with
denuded bone and bone matrix, and it can be hypothesized
that it represents a preferential base plate (“window”) for
seeding of bone specific metastatic cells. Metastatic cells,
mainly breast and prostate cancer cells and multiple
myeloma cells are endowed with the capacity to promote
the formation and function of osteoclasts by producing
parathyroid hormone-related protein (PTHrP) [9]. Conse-
quently, reduction of the BRC area by anti-resorptive
therapy, such as bisphosphonates, could significantly reduce
the incidence of skeletal metastatic event [1, 6, 10, 11].

Despite its robustness, the bone tissue is highly
susceptible to pathophysiological perturbations due to
aging, endocrine unbalance, microbial infections and
inflammatory reactions, irradiation or other therapy-related
side effects and also cancer. All these perturbations
progress towards mechanical trauma the cure of which
represents a severe problem in human health care. Impor-
tant progress has been achieved recently in the surgical
treatment of bone diseases. The recent burden in searching
for new scaffold materials, osteotropic factors, combined
with gene therapy [13] and local stem cell delivery [14, 15],
all have opened up new avenues to develop optimal
treatment schedules for bone repair.

A major methodological problem, which still needs
further improvements, concemns the use of metal implants
especially in dental rehabilitation. The difficulty to obtain
long-lasting consolidation arises from the nature of interface
phenomenon (ingrowth into porous surface, adherence)
which is different from the phenomenon of cell-to-cell
adhesion [16-18]. In other fields of tissue engineering the
use of biological glues to reinforce surface adherence, for
example chondroitin sulphate for cartilage tissue-biomaterial
integration, has resulted in strong consolidation [19]. In the
case of bone-metal interaction the basic cellular interplay
between osteoblasts and osteoclasts, that maintain tissue
homeostasis, should be directed toward building of less
porous bone tissue. Bisphosphonates is used for the
treatment of osteoporosis, due to their inhibitory effects on
osteoclast genesis and activity [10, 20-23]. Their side
effects, however, represent an important limitation mostly
in elderly patients [24-26]. Zometa, a heterocyclic imidazol
bisphosphonate, appears to be less toxic at lower, active dose
regimens, when compared to more established bisphospho-
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nates. In addition, recent data revealed, that it may enhance
the proliferation and stimulate terminal differentiation of
preosteoblastic cell lines in culture [27-29]. Furthermore
short-term Zometa treatment increases bone mineral density
and the number of marrow clonogenic fibroblast progenitors
after allogeneic stem cell transplantation [30].

These data have raised the question as to the effects of
chronic Zometa treatment on osseointegration and bone
structure. In order to investigate this question we have
developed a novel in vivo experimental implantation model
which allows the effect of systemic and/or local treatments
to compare. This includes (1) implantation of titan screw of
porous surface [31] into the rat caudal vertebrae, (2) systemic
treatment schedules and, as an endpoint, (3) quantitative
biomechanical measure which mirrors consolidation of the
implant i.e. strength of fixation (Newton = N) and changes in
architecture between steady state and newly formed bone
using micro-CT. The method involves two novel approaches:
the use of spongy tail vertebra as support and the creation of
a thinner hole for the tip of implant which is surrounded by a
shorter and larger “empty” cylinder around the implant. This
method allows the local application of bio-materials and/or
selected cell populations to be tested and to measure the
effect on neo-ossification, while the screw holding a tiny ring at
the proximal end, allows measurement of the implants’
biomechanical properties, i.e.. the force of consolidation. The
results we show here demonstrate the feasibility of operation
and document that Zometa® in chronic systemic treatment
increased the newly formed bone mass around the titan implant.

Materials and Methods

Animals Female Wistar rats (Crl(Wi)Br, Charles River;
250-370 g) from the breeding colony of Semmelweis
University were kept in light controlled, air-conditioned
rooms and fed ad libitum. Rats were anesthetized with
sodium pentobarbital (Nembutal 40 mg/kg body weight
(b.w.), by intraperitoneal (i.p.) injection. C57BL/6 wild-
type mice (IFFA CREDO, L’Arbresle, France) were bred
under a 12-hour light-darkness schedule. For comparative
anatomical and histological studies; mice were anesthetized
by avertine, exsanguinated by intracardiac perfusion with
100 mL Ca, Mg-free PBS/20IU heparin/mL prior to
fixation. (Ethical license of animal experiment N°: 46/
1999 and 1799/003/2004)

Surgical Placement of Titanium Implants The tail was
disinfected and ligatured to control bleeding during surgery.
A 5-6 mm incision was made at the level of caudal C4-C5
vertebrae. The skin was retracted and the vertebrac were
exposed under sterile conditions. In the exposed surface of
C4, first, a central 1 mm diameter and 5 mm deep hole was
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formed, which corresponds to the size of titanium screw,
using an electric drill. Subsequently, a larger and shorter
hole was made (2.0 mm diameter and 3.5 mm depth,
Fig. 2.), thus creating an “empty” cylinder which allowed
the prospective bone regeneration to be monitored. Screw-
type titanium implants (1.2 mm in diameter; see Fig. 2b)
were fabricated and their surface roughened using sand-
blasting (Full-Tech Company, Hungary). Sterilized screws
were introduced into the 5 mm deep thin hole. Following
insertion of the implant the skin was repositioned over the
implant and tightly sutured. The surgical wound was
protected aseptically by a plastic film-layer (Plastubol®:
methylmethacrylat-butylacrylat-butylmethacrylat, diisooctyl
phtalate—Pannonpharma Ltd.Hungary). Rats were kept in
individual cages to insure appropriate hygiene and wound
healing during the first two weeks following surgery.

Aminobisphosphonate (Zometa®) Treatment The cyclic
amine-bisphosphonates Zoledronate (Zometa® Novartis)
has been used according to the manufacturer’s recommen-
dation, applying 60% of the single lethal dose (1 mg/kg b.w.)
established for rats. 0.6 mg/kg Zometa® was injected i.p. in
1 mL physiological saline; controls received 1 mL of
physiological saline. Ten rats were included in both control
and Zometa treated groups. The subsequent Zometa® treat-
ments were done at 14 days intervals (on days 0, 14 and 28).

Determination of the Biomechanical Property, Fixation of
the Implants and the Maximum Extraction Force Six weeks
following the surgery rats were exsanguinated under Nembu-
tal anaesthesia. Before removing the implants, the bony
structure of all animals (»=10) from each group was scanned
using the micro-CT. Following removal of the implants,
vertebrae were fixed in 10% formalin and every surgically-
treated vertebrae and references (two vertebrae of each animal),
were scanned using the micro-CT. The maximum force needed
to extract the titanium implant was measured using a Tenzi TE
18.1 (TENZI Ltd. Hungary) apparatus and expressed in
Newton (N). Measurements were done as follows: a) the
proximal end of implant was opened and a thin steel wire was
thread through to provide an appropriate grip for the measuring
device; b) after the vertebra was fixed and the instrument was
normalized, the implant was steadily pulled along its long axis
until completely extracted; ¢) the maximum reading on the
instrument during displacement was recorded as the maximum
force (N) needed to counter osseointegration.

Micro Computer Tomography (micro-CT) a) 6 weeks fol-
lowing the placement of titanium implants bone regenera-
tion was measured using an X-ray micro-CT instrument
(SKYSCAN 1172 X-ray Microtomograph, Belgium). The
instrument had an X-ray source from a sealed microfocus
X-ray tube with a spot size of 8 um, a resolution of 17.7 um,

and uses a cone-beam volumetric reconstruction algorithm.
We used a 0.5 mm aluminium filter to “soften” and even-
out the X-ray beams. b) Implanted samples were scanned at
360° rotation while the bony socket of the vertebra
following removal of the implants were scanned with
180°, at 0.7 degree intervals. The X-ray scatter generated
on the surface of the implants was subtracted. ¢) For
reconstruction of 2D and 3D images we used the cone-
beam volumetric algorithm (Feldkamp). d) Measurements
were made on the Region of Interest (ROI) x 1.5 mm
Tissue Volume (TV) on the computer-reconstructed 3D
samples. These measurements were made both before and
after removal of the implants.

Reconstruction and 2D Analysis 2D and 3D images were
reconstructed and data were analyzed using the Skyscan
software. First, we determined the original dimensions of the
“empty” bony chamber that were originally created using
burs. We also determined the volume of the inserted implant.
Finally, we subtracted the two volumes to determine the
volume of the newly generated bone tissue. This “Tissue
Volume” (TV) was the area between the implant surface and
the walls of the bony chamber. TV had a thickness of
1.5 mm and a total of 86 scanned consecutive layers (ROIx
1.5 mm TV=2.694 mm®) were analyzed using the Skyscan
software. To provide an additional internal control, we also
scanned the vertebrae immediately above the one that was
treated with implant (Fig. 5: a,b and c,d). In these vertebrae
the tested tissue volume was identical (TV=2.694 mm®) to
the prepared vertebrae. Thus we have four data groups: A -
Reference Bone Control; B - Reference Bone—Zometa®
treated; C - New Bone——control; and D - New Bone—
Zometa® treated. The results of analyses for these four
groups are shown in Table 1. Data were compared for
significance using standard statistical software.

Whole Mount Staining of Bone and Cartilage The skeleton
was cleaned, fixed and dehydrated in 50, 70 and 100%
ethanol and three changes in acetone. Alizarin red/alcian
blue staining was carried out in standard staining solution
(5 vol. 0.3% alcian blue in 70% ethanol, 5 vol. 0.1%
alizarin red in 96% ethanol, 5 vol. acetic acid and 85 vol.
70% ethanol) overnight at 37°C. Background coloration
was removed by several changes in 1% KOH, 20%
glycerine in water [32, 33]. Native or stained skeleton
preparations were photographed using dark-field illumina-
tion under a Zeiss STEMI SV8 stereomicroscope attached
to a SONY CCD camera. Representative fields were
mounted using Photoshop.

Histology Vertebrae and femur were dissected, cleaned and

fixed overnight in acetic acid-zinc-formalin (AZF) fixative
(1.25 g zinc chloride, 15 mL cc formaldehyde, 0.75 mL
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glacial acetic acid and distilled water (d.w.) to 100 mL) at
room temperature . Following three washes in d.w. for 30 min
Gooding and Stewar’s decalcification fluid was added for 4 h
(10% formic acid, 5% formaldehyde in water). Samples were
washed in water before processing for sucrose-gelatine
impregnation and freezing in isopenthane at —80°C. Sections,
5 to 10 um thick, were cut in a freezing microtome, placed on
poly-lysine coated slides and were processed for differential
staining [32]. Osteoblasts were identified by strong alkaline
phosphatase and osteoclasts by tartarate resistant acid
phosphatase (TRAP) reactivity using standard detection kits
(Sigma, USA). In other experiments the vertebrae were fixed
in formaldehyde for 2 days, and were decalcinated in 18%
sodium-EDTA (pH 7.4) solution for one week at 56°C and
were embedded into paraffin. Dewaxed sections were stained
routinely with hematoxylin and eosin, periodic acid-Schiff
(PAS) reagent and silver nitrate. After mounting slides were
photographed in Leica DMLB1005 light microscope
equipped with a JVC LCD camera.

Statistical analyses Values represent mean =+ standard devi-
ation (S.D.). The data of stabilization force were performed
using 10-10 parallel samples. A morphometric analysis was
applied for both internal and external controls. Comparison
among the groups was performed by ANOVA (Student’s ¢-
test). Calculations were performed using the InStat program
package (GraphPad Software, Inc., San Diego, CA).

Results
Rational Use of Tail Vertebras for Implantation Studies

In preliminary experiments, searching for a massive,
spongy bone compartment, amenable at supporting titanium
implants, we observed that similarly to the sacral vertebrae,
caudal (tail) vertebrae are also constituted by an abundant
spongiosa delimited by the cartilage (Fig. la and 1b).
However, stereomicroscopy of native preparations (Fig. lc
and 1d) and enzyme histology showed that the bone
marrow parenchyma was much less in the tail vertebrae
than in the hematopoietic femur. Osteoclasts are abundant
as revealed by TRAP (Fig. le and 1f), suggesting that tail
vertebrae may provide an ideal tissue support for implant
studies, for the delivery of biomaterials and for the analysis
of drugs interfering with osteoclasts and/or osteoblasts
regulation, in process of bone remodeling.

General Effects of Zometa®

Experiments in rats (unpublished results, Blazsek J et al.)
and clinical data from the literature on distraction
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osteogenesis [34] indicated that bone regeneration can be
systematically evaluated following 6 to 12 weeks of
intervention. Systemic Zometa® treatment does not af-
fected b.w. of young adult rats. On average, a rat gained
approximately 4 g b.w. per week. Compared to controls,
Zometa® treatment yielded no significant differences in
b.w. (on dayO: control rats weighted 288.6+£29.3 g and
Zometa® treated rats 292.7+21.6 g, p>0.72 NS, and after
6 weeks: they weighted respectively 312.8+33.7 g and
307.2+£24.0 g, p>0.66, NS). Intraperitoneal injections did
not lead to infection or inflammatory reaction in either of
the animals. Importantly, the animals did not show any
signs of infection at the site of surgery, nor side effect
(osteonecrosis) following Zometa® treatment (Fig. 2c¢).

Aminobisphosphonate treatment for 6 weeks, in the
absence of titanium implant, did not change the general
histological aspects of osteoid trabecule at the subepiphy-
seal region. However, it was noted that the density of those
trabeculi increased in treated animals (Fig. 3a,b). The PAS
positive areas (non-calcified new bone) in neo-trabeculi did
not change in treated animals suggesting an accelerated
formation of calcified trabeculi. This was confirmed when
silver impregnation was used to specifically label calcified
areas in neo-trabeculi, which demonstrated enlarged regions
in treated animals (Fig. 3c,d).

Evaluation of Bone Regeneration and Stability of Implants

Tail vertebrae, titanium implant and surrounding empty area
were prepared as detailed in Materials and Methods. The
schematic representation of tail vertebra, drilling instru-
ments and empty place created for bone neogenesis are
shown on Fig. 2.

Figure 4 shows the force that was needed to remove the
implants in control and Zometa® treated animals after
6 weeks of implantation. These values represent the degree
of bone regeneration and stability of implants. These data
are typical to those seen during normal bone regeneration.
The average force needed to remove the implants from
Zometa® treated animals was 44.2+14.4 N, compared to
controls 32.4+£9.4 N. Although the Zometa® treated group
had a 35% higher value, statistical analysis revealed no
significance (p<0.06).

Morphometric Evaluation of Bone Generation Using High
Resolution Micro-CT Analysis

Micro morphometry and micro-CT morphometric measure-
ments were done on a predefined area (TissueVolume (TV)=
ROIx1,5 mm=2,694 mm>) (Fig. 5), as indicated on
Fig. 7a—d.

A reconstructed 3D image of the tail vertebra is
shown on Fig. 6a, the longitudinal section on Fig. 6b and
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Fig. 1 Comparative histology
of'tail vertebrae and other spongy
bone marrow compartments. The
caudal (a) and thoracal-sacral
(b) vertebrae have similar bone
(Alizarin red) and cartilage
(Alcian blue) constitution as
revealed by double staining and
tissue vitrification. Native prep-
arations show a striking differ-
ence in red bone marrow
parenchyma, which is quasi-
absent in the tail vertebra (¢) and
abundant in the thoracal-sacral
vertebrae (d). Low power mag-
nification enzyme histology of

tail (e) and femur (f) show the
abundance of TRAP positive
osteoclasts in tail vertebrae and
the abundance of marrow pa-
renchyma in femur

cross section following extraction of implant on Fig. 6¢c
Computer Tomographic 3D images of ROIx1,5 mm are
shown 6 weeks after control treatment (Fig. 6d). Note that
Zometa® induced (Fig. 6¢) a three-fold increase in new bone

Fig. 2 a Schematic representa-
tion of tail vertebra containing A
preformed hole for the titanium
implant (dotted lines) and the

formation: (Fig. 7, p<0.002), increased both the thickness
and doubled the number of trabecule (Fig. 8, p<0.002), and
reduced the volume of inter trabecular space i.e. bone density
three-fold (Table 1).

| prm—|

a:1mm

empty place created for bone

neogenesis (checked area). b

Drilling instruments (upper) for

5mm

preparing the holes for the tita-

" b:2mm

nium implant (under) and for

3,5mm

the empty, cylinder surrounding

the implant permitting bone re-

generation measurement. (see

Materials and Methods). ¢
Wound heeling at the distal tail
vertebra (/eff) and bone regen-
eration before (middle) and after
retraction of the implant (right).
Note, that there was no inflam-
matory reaction around the im-
plant following 6 weeks of
Zometa treatment post-operation

O d2m | G=08mm| DE2mm
11

@ Springer



J. Blazsek et al.

Fig. 3 Comparative histology at the subepiphyseal region in sham-
implanted rat tail vertebra 6 weeks after operation: control (a, ¢) and
Zometa treated (b, d) samples following PAS reaction (a, b) and silver
impregnation (¢, d). Note the irregular osteoid trabeculi with a
moderate amount of PAS-positive material in control (a) and the
increased amount of osteoid trabeculae with moderate amount of PAS
positive materials (pink color) following Zometa treatment (b)
(magn.100x%). Silver impregnation indicates a moderate amount of
calcified osteoid component in control vertebra (¢), and the strongly
calcified osteoid trabeculi following Zometa treatment (d) (magn.
200x)
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Tangencional extraction force (newton)

Control Zometa

Fig. 4 The strength of titan implant osseointegration increased by
36% following Zometa treatment for 6 weeks (control: 32.4+9.38
Newton; Zometa: 44.22+15,38 Newton; p<0.06)
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The results of quantitative morphometric analysis of bone
generation are presented on Figs. 7, 8 and Table 1. On the
control and Zometa® treated animals a constant volume
(ROIx1.5 mm=2.694 mm’-Tissue Volume (TV)) was
scanned, both of the intact C3, surgically untreated “Refer-
ence” bone (marked “A” and “B”) and at the subsequent (C4),
surgically implanted “New” bone (marked “C” and “D”).

The morphometric values for this control (“A” Reference
Bone—Control) are shown in Table 1. The total amount of
bone found in this scanned constant volume was 57.72%.
The total volume of the bone in the above scanned volume
was 1.55 mm’ with a surface area of 38.75 mm®. The
number of trabecule was 7.192/mm, (5.353/mm rod model),
the average diameter of the trabecule was 160.93 um (rode
model), and the average trabecular % thickness was 40.23
pm. The interlamellar space (trabecular separation = Tb.
Sp.) is 59.08 um (26.73 um rod model).

In Zometa treated animals (“B”) there were no significant
changes, compared to controls. The total volume of the new
bone was 50.78%, slightly less when compared to controls
in column A (57.72%); its volume was 1.368 mm?, its
surface was 35.79 mm?, the number of trabecule was 6.64/
mm (5.31/mm—rod model), the diameter of the trabecule
was 152.23 um (rode model) and the average ‘4 thickness
of the trabecule was 38.05um. There was no significant
difference among the two sets of control data (Table 1: A
and B, Figs. 7-8). But the interlamellar space (Tb.Sp.) was
significantly (p<0.03) larger—75.00pum (37.06um rod
model)—in reference bone of Zometa® treated animals.

The third set of data represents those from the surgically
treated but Zometa® untreated animals (“C” - New Bone—
Control). We scanned the constant volume (TV) of
2.694 mm® of bone one and found that the 6-weeks old
regenerated bone in this group represented only 21.67%,
with a volume of 0.583 mm® and a surface area of
25.223 mm?. The number of the generated bone trabecule
was less (—34.9%) than controls 4.682/mm (5.77/mm rod
model), with significantly smaller diameter for the trabecule
89.77um (rod model) and the lamellae were close to 50%
thinner with a 22.445um ' thickness. Between the
lamellae there was more than three-fold larger space when
compared to standard bone. In accord with these data, the
interlamellar space (Tb.Sp.) 179.63 um—84.95 um rod model—
was markedly larger here in the “new” bone controls (ABD-C
***%p<0.002), than in the Zometa® treated group

Finally, from data presented in Table 1 (column “D”- New
Bone—Zometa®) and Figs. 7 and 8 it is obvious that
Zometa®—treatment stimulated bone regeneration. In the
scanned 2.694 mm® constant (TV) area 63.8% of its volume
represents new calcified bone. This has a volume of
1.72 mm?®, with a surface area of 35.4 mm? with a number
of trabecule of 6.58/mm (4.661/mm—rod model), diameter of
the trabecule of 195.5um (rod model)—its significant, two-
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Table 1 Comparative micro-Computer tomograph analysis of rat tail vertebra in controls and Zometa treated rats after 6 weeks of treatment

Reference bone “B” Reference-bone “A” Reference-bone B-A% “AB” p<
ZOMETA control
n=10, unit means Sd means Sd A % significance
Tissue volume (TV) ( = ROIx1,5 mm) mm’® 2,69 0 2,69 0 0 NS
Percent bone volume (BV/TV) % 50,78 9,62 57,72 5,08 -12,0 5,8x1072
Tissue surface (TS) mm? 19,90 0,42 19,92 0,43 —0,1 NS
Bone surface / Bone volume ratio (BS/BV) I/mm 26,80 4,22 25,10 2,40 +6,7 NS
Trabecular separation pm 75,00 18,44 59,08 8,84 +26,9 2,4x% 1072
(plate model Th.Sp)
Trabecular diameter (rod model Th.Dm) pm 152,23 23,14 160,93 15,45 =54 NS
Trabecular separation (rod model Tb.Sp) pm 37,06 12,65 26,73 6,64 +38,6 3,4x1072
Trabecular number (rod model Tb.N) 1/mm 5,31 0,36 5,35 0,38 -0,7 NS
New bone “D” New-bone ZOMETA “C” New-bone control D-C% “CD” p<
n=10, unit means Sd means Sd A% significance
Tissue volume (TV) (= ROIX1,5 mm) mm?® 2,69 0 2,69 0 0 NS
Percent bone volume (BV/TV) % 63,80 12,87 21,67 9,58 +194.4 1,4x1077
Tissue surface (TS) mm? 20,79 1,26 21,07 0,53 -1,3 NS
Bone surface / Bone volume ratio (BS/BV) 1/mm 20,99 3,60 46,39 9,20 —54.8 1,95x1077
Trabecular separation (plate model Tb.Sp) pm 59,97 35,20 179,63 56,85 —66,6 2,3%x107°
Trabecular diameter (rod model Th.Dm) wm 195,50 32,21 89,77 20,31 +117,8 6,34 % 1078
Trabecular separation (rod model Tb.Sp) um 23,15 23,38 84,95 21,79 =72,7 8,92x10°°
Trabecular number (rod model Tb.N) 1/mm 4,66 0,68 5,77 0,57 -19,2 9x107*

Characteristic quantitative parameters were measured in the control and Zometa treated groups and in the original Reference Bone (“A” and “B”)

and 6 weeks after regeneration in the New Bone (“C” and “D”)

times higher than “C” new bone control—and % thickness of
lamellae of 48.88um (p<6.34x10"%). The Zometa®—treated
animals demonstrated almost a three fold increase in new
bone formation while the Standard Bone (surgically untreated

Fig. 5 Topological representa-
tion of micro-CT morphometric
measurements on the Reference
tail bone : a control untreated, b
control Zometa treated group, ¢
implant holding untreated con-
trol, d Zometa treated implant
holding group. The analyzed
tissue volumes (TV=2.694 mm®)
were allocated as Region-Of-
Interest (ROI) corresponding to
the cylindrical “free place”
allowing bone regeneration at a
1.5 mm path length (black
squares). White squares show the
place of the titanium implant that
was excluded from the
measurement

Untreated
control

Rat tail vertebra 3-4.

vertebra) was not affected. The interlamellar space (Tb.Sp.)
59.97um-23.15um rod model—which is thinner, than un-
treated samples; namely this new regenerated bone is
robustness as a consequence Zometa® medication.

Rat tail vertebra 3-4.

Reference Bone
Samples

ROI x 1,5 mm
Tissue Volume
(TV)

New Bone
Samples

Zometa treatment
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Fig. 6 micro-CT reconstruction
images 6 weeks after treatment.
a 3D image of the tail vertebra
with implant from Zometa-
treated group, b cross section
and ¢ longitudinal section before
extraction of the titanium im-
plant. Note the trabeculi of
spongy bone, the surrounding
compact bone and the implant.
Fig. 6d) and Fig. 6e) are 3D
image of ROIX 1,5 mm. Zometa
treatment induced a three-fold
increase in new bone formation:
6d) control = 0.580.26 mm’>
and 6e) Zometa 1.724+0,35 1nm3;
(»<0.002), increased the thick-
ness of trabecules twice
(»<0.002), and reduced the vol-
ume of intra trabecular space
(i.e. bone density) three-fold

Control Zometa
new bone new bone
sample sample

Discussion

The force and longevity of integration of foreign materials
into the bone tissue represent a major problem in tissue
engineering. Because of the difficult accessibility of the
mandibula and maxilla different research teams have
succeeded in measuring osseointegration mainly in ana-
tomically accessible bone compartments i.e. in haemato-
poietic femur [31]. In this work we developed a novel,
versatile in vivo test system, amenable at quantifying bone
neogenesis under different experimental conditions. The tail
vertebrae appeared useful to create a tissue environment
where the force of integration of titanium implants, due to
bone neogenesis, can be evaluated by biomechanical
measurement, and the structure of newly formed bone
could be analysed by micro-CT or histology. Our prelim-
inary studies uncovered that the spongy tail vertebra is poor
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in BM parenchyma, however contains an elevated frequen-
cy of osteoblasts (I. Blazsek et al., unpublished) and TRAP
positive osteoclasts, indicating the usefulness of tail
vertebrae in several research fields of tissue engineering.
The “empty” cavity created around the implant allows the
controlled, local application of different substitution mate-
rials: mesenchymal stem cells, growth and differentiation
factors or biological glues [19] either alone or in combina-
tion with systemic medicament.

Having the optimized model in hand we addressed whether
Zometa®, a novel amino bisphosphonates, used in cancer
therapy to reduce bone metastasis of prostate and breast
cancer cells, could accelerate bone regeneration. According to
classical notions, the primary effect of bisphosphonates
resides in moderation of bone resorbtion via inhibition of
osteoclasts [10, 11]. Amine bisphosphonates act on the
mevalonate cycle by inhibiting farnesylpyrophosphate syn-
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Fig. 7 Comparison of bone volume parameters. Zometa treatment
significantly increases the volume and mass of newly formed bone
tissue. The analyzed tissue volume—which is ROIx1.5 mm=
2.694 mm’—(TV=100%), the reference bone volume (Ref-BV) and
the volume of newly formed bone tissue (New-BV) are shown in
controls and Zometa treated rats at 6 weeks of treatment. There was no
significant difference in the Reference Bone tissues (NS); the volume of
regenerating new bone was significantly less in the control group (p<
0.002), while the new bone volume of Zometa treated group reaches the
value of the Reference (NS p>0.05). The NewBV was more than three-
fold higher in the Zometa group, compared to controls (p<0.002)

thase [21], which is indispensable for the prenylation of
GTP-binding proteins (Rab, Ras, Rho, Cdc42). A decrease in
these regulatory proteins results in inhibition of osteoclast
function [20, 22]. The hypothesis, that bisphosphonates may
act on bone formation directly, by stimulating osteoblast
functions, has also been experimentally demonstrated in vitro
[28, 29]. Recently, it has been shown that treatment of
patients with aminobisphosphonate following allogenous
BM transplantation increased the frequency of colony
forming mesenchymal preosteoblasts in BM [35]. These
results, together, support the direct effect of bisphosphonates
on bone-building osteoblasts and thus further reveals their
potential dual effects.

In our experiments the bone volume increased threefold
following Zometa® treatment as compared to control
untreated rats. Taking the native, non-manipulated, non-
treated bone volume as 100%, the bone volume of non-
treated but implant holding rats was 37.5%, while the bone
volume has reached 110.5% in the implant holding plus
Zometa® treated group. There was negligible difference
between the Zometa and reference groups, however the
effect upon the number of trabeculae was significant
causing 20% increase upon treatment with Zometa when
compared to the new bone control group . Consequently,
the structure of newly formed bone is composed by thinner
trabecule and lamellae spaced by large alveoli in the control
group, while in the Zometa® treated group the bone
trabecule become thick and robust, 6 weeks after treatment.

250,00

O "A" Standard Control
um B "B" Standard ZOMETA
@ "C" New Bone Control

200,00 @ "D" NewBone ZOMETA

*kkk

150,00

100,00

50,00

0,00

Trabecular thickness (plate model) Trabecular separation (plate model)
(Tb.Th) (Tb.Sp)

Fig. 8 The half trabecular thickness (um; bone volume per surface),
Bone surface (mm?) and the number of trabecules (1/mm) were
measured in controls and Zometa treated rats within the predefined
normal reference area bone and newly formed bone area. Zometa had
no effect on reference bone, however, the control regenerating bone
was remarkably retarded as compared to the normal reference bone (p
<0.002), and significant differences were measured between the non-
treated and Zometa treated groups (p<0.002). The bone surface was
reduced significantly in controls (»p<0.002), systemic Zometa treat-
ment increased bone formation: by 6 weeks bone surface reached the
control reference value (p<0.002). The trabecular number is same in
reference bone both of untreated and Zometa treated group(NS), but
was retarded significantly in new bone of untreated rats (p<0.002).
The number of trabeculae in new bone is significantly higher (40.6%)
in the Zometa treated group than untreated group and it was same the
trabeculae number of reference bone

The physically measurable strength of consolidation of the
implants has increased by 31 to 40%.

Thus, our results support that Zometa®, under disease-
free regenerative conditions, stimulates bone formation.
Remarkably, the highest positive effect was obtained when
Zometa® and the titanium implant were associated. Indeed,
titanium implant in the rat femur model induced expression
of matrix metalloproteases (MMP-2, MMP-7, MMP-9), the
tissue inhibitor of MP-3, TNF-alpha in osteocytes, osteo-
clasts. Also in hypertrophized chondrocytes and in vascular
components [35] application of bisphosphonates, that
preferentially fix to osteoclasts [36] where shown to inhibit
both osteoclastogenesis, resorptive functions and may also
induce apoptosis [2, 21, 37].

In addition to their use in oral pathologies, bisphosph-
onates have been successfully applied for the treatment of
osteoporosis [10, 21-23], breast and prostate cancer
metastases [6, 9—12], hypertrophic pulmonary osteoarthr-
opathy [38] and fibrous dysplasia [39]. Recent recognition
that application of bisphosphonates may be associated with
side effects, mainly osteonecrosis of the jaw (ONJ)
represents a mild limitation. Provided by a large-scale
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evaluation: the risk of ONJ in case of osteoporosis is
estimated between 1 in 10,000 and <1 in 100,000 patient-
treatment years. However, in cancer patients treated with
high doses of intravenous bisphosphonates the risk of ONJ
is significantly higher (1-10 per 100 patients) [26]. It can
be hypothesized that deleterious side effects which may
occur in the oral cavity during bisphosphonate therapy
cannot be attributed exclusively to bisphosphonates, rather
to the complex and multifactorial background of diseased
patients, resulting in different and very changeable oral
microflora. Indeed, an emerging notion indicates that the
timing and single dosage schedules, influences the thera-
peutic efficacy and side effects due to the direct action of
bisphosphonates on osteoclasts [40, 41]. Taking available
information from the literature and our results together, the
data supports that bisphosphonates possess dual effects,
acting both on bone building osteoblasts [28-30] and on
bone resorbtion by osteoclasts [10, 36, 42].

In conclusion, 1) the results demonstrate that bone
regeneration and osseointegration can be measured using
the novel rat tail vertebra model. The experimental protocol
that we described here for the first time may be useful in
other situations where the quantitative and qualitative
evaluation of new bone formation, in response to systemic
or local treatments, is of primary importance. 2) Using this
method we could quantitatively evaluate the stimulatory
effect of Zometa® on bone neogenesis. 3) Another
surprising outcome of this work was the recognition that
spongy tail vertebras are poor in bone marrow parenchyma,
but rich in bone forming and resorbing cells. This
recognition has importance in several fundamental aspects.
First, it support that the tail vertebrae is an ideal
microenvironment for large-scale preclinical screening of
bone modifying substances, with minimal interference
upon bone marrow cells, a situation which also character-
izes the jaw compartment. 4) The paucity of BM parenchy-
ma in tail vertebrae provides an experimental tool in which
the regulatory interaction between hematopoietic stem cells
and their putative osteoblastic niches can be investigated [5,
43, 44]. Finally, previous publications [45] and our
ongoing experiments on this field suggest that deciphering
the pseudo-aplastic situation in tail vertebrac may also
shed light on the cellular dysregulation which underlies
the initiation and/or progression of myelodysplasic and
preleukemic syndromes [46] in the hematopoietic bone
marrow.
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