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Integrin and chemokine receptor gene expression
in implant-adherent cells during early osseointegration
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Abstract The mechanisms of early cellular recruitment
and interaction to titanium implants are not well under-
stood. The aim of this study was to investigate the
expression of pro-inflammatory cytokines, chemokines and
adhesion markers during the first 24 h of implantation.
Anodically oxidized and machined titanium implants were
inserted in rat tibia. After 3, 12, and 24 h the implants were
unscrewed and analyzed with quantitative polymerase
chain reaction. Immunohistochemistry and scanning elec-
tron microscopy revealed different cell types, morphology
and adhesion at the two implant surfaces. A greater amount
of cells, as indicated by higher expression of small subunit
ribosomal RNA (18S), was detected on the oxidized sur-
face. Higher expression of CXC chemokine receptor-4 (at
12 h) and integrins, ov (at 12 h), f1 (at 24 h) and 2 (at 12
and 24 h) was detected at the oxidized surfaces. Signifi-
cantly higher tumor necrosis factor-o (at 3 h) and
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interleukin-1f (at 24 h) expression was demonstrated for
the machined surface. It is concluded that material surface
properties rapidly modulate the expression of receptors
important for the recruitment and adhesion of cells which
are crucial for the inflammatory and regenerative processes
at implant surfaces in vivo.

1 Introduction

The sequence of biological events following implantation
of a material in vivo includes bleeding, inflammation and
tissue regeneration [1, 2]. Whereas the molecular signals
which are switched on and off after the encounter between
single cell populations and specific material surface prop-
erties are becoming unraveled in vitro, the complex in vivo
environment is largely unexplored. The rat tibia model has
been used in several studies of early osseointegration [3-5].
In rat tibia, previous studies have demonstrated that the
number of mesenchymal-like cells and the gene expression
of markers of inflammation and bone remodeling are dif-
ferently regulated at machined and anodically oxidized
implants after 1 and 3 days [6]. Major unresolved questions
are related to the chemotactic signals which promote the
recruitment of inflammatory cells, osteogenic cells and
their progenitors and how early differences in the proper-
ties of a material surface are sensed by cells in the in vivo
environment.

Chemokines attract different cells depending upon
which chemokines and/or chemokine receptors are
expressed [7]. Further, chemokines are implicated in both
inflammation and tissue repair [8, 9]. The chemokine
receptor CXCR4 plays a critical role in homing and
mobilization of different stem cell lineages [10-12]
including MSCs [13-16]. This chemokine receptor
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together with its unique ligand, stromal derived factor-
alphal (SDF-«1), form an important axis determining the
retention or migration of stem cells, either from the bone
marrow to the injury site or visa versa. High binding of
CXCR4 to SDF-al at the injury site ensure the retention of
the mobilized CXCR4-positive cells in the repair process
[17].

Monocyte chemoattractant protein-1 (MCP-1) (chemo-
kine CCL2) is an important mediator for the recruitment of
monocyte/macrophages [18-21]. High expression of MCP-
1 was demonstrated in the response of human monocyte/
macrophages [22] and osteoblasts [23] to titanium parti-
cles, respectively, in vitro. Interleukin-8 (IL-8), is a che-
moattractant for neutrophils, and also has a wide range of
pro-inflammatory effects that include stimulation of neu-
trophil degranulation and increased expression of cell
adhesion molecules [24]. Its main receptor, IL-8R (also
known as CXCR1) is the only IL-8 receptor expressed by
neutrophils [25].

Attachment to a surface is a critical first step in the cell
response to a biomaterial [26]. It signifies a fundamental
cellular process, assumed to directly influence cell growth,
differentiation and migration as well as tissue integrity and
repair [27]. In vivo, the early cellular interaction to a
biomaterial is mediated through a surface layer of proteins.
It is via this protein rich layer that cells bind to surfaces
using several families of adhesion receptors including
heterodimeric molecules, the integrins. The cellular
anchorage to the extracellular matrix proteins is linked to
the cell interior by physically coupling the integrin recep-
tors to the contractile cytoskeleton, mediated by focal
adhesion proteins such as vinculin [28]. Cells of the
osteoblastic linage predominantly express f1, a4, o5 and
ov integrins in various combinations while the osteoclast
cells exhibit higher levels of avf3 complexes in addition to
f1 and o2 heterodimers [27]. On the other hand, at least 13
integrins are expressed by leukocytes, among which the 2
is a unique leukocyte-specific integrin [29], with putative
roles in leukocyte emigration, chemotaxis, phagocytosis,
and other adhesion-dependent processes [30]. The f2
integrin has also been shown to be expressed by monocytes
committed towards the osteoclast lineage [31].

The expression of integrins [27, 32-34] and the locali-
zation of vinculin [28, 35] on biomaterial surfaces has been
largely studied in vitro. Results show that the expression of
integrins and vinculin differs between materials depending
on their surface topography and/or chemical composition.
However, the role of surface properties on the gene
expression of integrins and focal adhesion proteins has not
been well described in vivo where the extracellular milieu
is significantly different and the interaction with other cells
and regulations by cytokines and growth factors may
greatly influence the adhesion phenomenon.
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The aims of the present in vivo study were: firstly, to
determine if gene expression (QPCR) denoting inflamma-
tion was differently modulated at machined and oxidized
titanium implants during the first 24 h of implantation, and,
secondly to investigate the kinetics of early expression of
markers for cellular chemotaxis and cell adhesion at the
titanium implants.

2 Materials and methods
2.1 Implants

Screw-shaped titanium implants, 2 mm in diameter and
2.3 mm in length were used. Two types of surfaces were
selected: machined and anodically oxidized (TiUniteTM)
surfaces (Nobel Biocare, Goteborg, Sweden), with surface
roughness (Sa) of 0.3 um and 1.2 um, respectively, as
measured by light interferometry (WYKO NT9100). The
test implants were manufactured and sterilised by Nobel
Biocare, Goteborg, Sweden.

2.2 The animal model

Experiments were performed according to the procedures
described elsewhere [6]. In brief, fifteen female Sprague—
Dawley rats underwent inhalation anaesthesia. The medial
aspect of the proximal tibial metaphysis was exposed.
Screw installation sites were prepared with (J1.4, 1.6 and
1.8 mm round burs under profuse irrigation with NaCl
0.9%. Each rat received two oxidized implants in one tibia
and two machined implants in the opposite tibia. The
locations of implants were decided using a predetermined
schedule, ensuring alteration between right and left legs.
After surgery, the animals were allowed free postoperative
movements with food and water ad libitum. The retrieval
procedure was done at 3, 12 and 24 h (5 rats at each time
point, two implants from each tibia) (n = 10). The rats
were sacrificed and implants retrieved using a previously
described RNA preserving protocol [6, 36]. In brief, rats
received an intraperitoneal overdose of sodium pentobar-
bital (60 mg/ml) and implants were unscrewed with
adherent biological material by a hexagonal screw driver
and placed immediately in RNA preserving solutions for
subsequent qPCR analysis. Additional four rats were used
in order to study the distribution and morphology of the
cells and tissue at the titanium implants using scanning
electron microscopy (SEM) and immunohistochemistry.
The animal experiments were approved by the University
of Gothenburg Local Ethical Committee for Laboratory
Animals (Dnr 306-2006).
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2.3 Quantitative PCR

The procedure followed previously described detailed
protocol [6]. Total RNA from each screw was extracted
using RNeasy® Micro kit (QIAGEN GmbH, Hilden, Ger-
many). Reverse transcription was carried out using iScript
cDNA Synthesis Kit (Bio-Rad, Hercules, USA). Design of
primers for TNF-g, IL-14, IL-8R, MCP-1, CXCR4, inte-
grins av, f1, f2, 3 and vinculin, and 18S was performed
using the Primer3 web-based software [37]. Assays were
purchased from TATAA Biocenter AB, Goteborg, Sweden.
Real-time PCR was performed in duplicates using the
Mastercycler ep realplex (Eppendorf, Hamburg, Germany).
Quantities of target genes were normalized using the
expression of 18S ribosomal subunit. The normalized rel-
ative quantities were calculated using the delta Ct method
and 90% PCR efficiency (k * 1.9A°t) [38].

2.4 Histology and immunohistochemistry

For histology and immunohistochemistry, two rats received
oxidized and machined implants, one implant type in each
tibia (n = 2). After anesthesia, the rats were fixated after
24 h of implantation by perfusion of modified Karnovsky
media (2% paraformaldehyde, 2.5% glutaraldehyde in
0.05 M sodium cacodylate) (pH 7.4) via the left heart
ventricle. The implant-bone specimens were post-fixated in
modified Karnovsky media for 2 h, decalcified in 10%
EDTA for 10 days and embedded in paraffin. While the
paraffin was still in melting stage, the implants were
unscrewed and the embedding procedure was continued.
Ten pm sections were produced, mounted on glass slides
and stained with hematoxylin and eosin for light micros-
copy (Nikon Eclipse E600). For immunostaining, 4 pm
sections were produced, mounted on polylysine slides
(Menzel GmbH and Co KG, Braunschweig, Germany),
deparaffinized, hydrated and incubated with primary anti-
bodies CD163 (sc-58965, Santa Cruz Biotechnology), a
marker for monocyte/macrophage cells, and periostin
(ab14041, Abcam, Cambridge, UK), a marker for mesen-
chymal stem cells and osteoprogenitors [39]. Negative
control slides were prepared by omission of the primary
antibody and incubation with 1% BSA in PBS.

2.5 Scanning electron microscopy

After fixation with modified Karnovsky, postfixation and
decalcification, screws in bone-implant blocks retrieved
after 1 days from 2 rats (2 specimens/implant type) were
carefully removed, rinsed with sodium cacodylate buffer
and impregnated with osmium using a modified osmium-
thiocarbohydrazide-osmium technique (OTOTO). The
specimens were then dehydrated in graded series of ethanol
and dried with hexamethyldizilasane for 2 x 5 min.
Specimens were mounted on stubs by means of carbon
coated adhesive tape. In case of reduced conductivity,
specimens were subjected to an additional sputter coat with
palladium. All specimens were examined in a Zeiss DSM
982 Gemini scanning electron microscope.

2.6 Statistics

Analysis of the gene expression data was based on com-
paring the 18S-normalized relative expression of each gene
at the two surfaces. For statistical comparisons, Wilcoxon
signed rank test was used to analyze the differences in the
gene expression levels between the two compared implant
types at each specific time point. One way ANOVA fol-
lowed by Dunnett T3 test was used to compare the gene
expression levels between the three time points for a spe-
cific implant type. All statistical tests were done with
SPSS® version 15.0 (SPSS Inc., Chicago, IL, USA). The
level of confidence for either test was set to 95%, i.e.
P < 0.05 was significant. The data presented in the graphs
is mean £ SEM. The number of specimens used for gene
expression analysis, histology, immunohistochemistry and
scanning microscopy is given in Table 1.

3 Results

3.1 Gene expression analysis

Based on temporal expression at the three evaluation time
points, the panel of gene markers was divided into three

groups: chemotaxis (cell migration and homing) markers,
pro-inflammatory markers and cell adhesion markers.

Table 1 Summarize the number of rats and implants used for each analytical technique

Type of analysis Number of rats

Locations (right and left)

Number of implants (1)

qPCR 5 rats
SEM 2 rats
H and IHC 2 rats

2 implants per tibia
1 implant per tibia

1 implant per tibia

10 implants of each type
2 implants of each type
2 implants of each type

The gene expression analysis, using quantitative polymerase chain reaction (qQPCR), was performed for three different time periods (3, 12 and
24 h). The morphological analyses, using scanning electron microscopy (SEM), histology (H) and immunohistochemistry (IHC), were performed

for one time period (24 h)
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3.1.1 18S ribosomal RNA expression

Higher level of 18S was associated with the oxidized
compared to the machined surfaces at all tested time
periods. The difference in 18S expression was statistically
significant after 12 and 24 h (Fig. 1, Table 2). A continu-
ous decrease of 18S expression level was observed for both
surfaces with time.
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Fig. 1 Gene expression of 18S ribosomal subunits at oxidized and
machined surfaces. The connecting line is only intended for
visualization of the data series and does not suggest a trend.
Statistically significant differences between the two surfaces are
indicated in stars. The differences between the two tested implants
were analyzed with Wilcoxon signed rank test. (* P < 0.05) N = 10
Mean += SEM

Table 2 Results presented as the ratio between RNA expression in
cells attached to oxidized implants (n = 10) and RNA expression in
cells attached to machined implants (n = 10) after normalization to
18S

Gene marker 3h 12 h 24 h

188 1.98 1.87* 2.30%
IL-8R 0.76 1.28 1.20

MCP-1 0.71 1.37 0.49

CXCR4 1.11 11.87* 0.64

TNF-o 0.46* 1.00 0.55

IL-15 0.62 1.37 0.35%
Integrin-av 1.09 1.52% 0.64

Integrin-f1 1.28 1.03 2.16*
Integrin- 52 1.18 1.92% 2.08*
Integrin-f33 1.24 0.85 0.74

Vinculin 1.37 1.10 1.26

* P <0.05

Values above 1 indicate more gene expression at the oxidized sur-
faces while values below 1 indicate more gene expression at the
machined surfaces
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3.1.2 Gene expression of chemotaxis markers

Neutrophils are one of the first cells that migrate to the site
of inflammation. IL-8R (CXCR1) is an important key
mediator involved in their recruitment. The gene expres-
sion profile of CXCR1 was determined at the interface of
the two tested implant types. For both implant types, IL-8R
expression showed a statistically significant increase from
3 h to 12 h and significantly decreased thereafter. No sig-
nificant difference in the IL-8R expression level could be
detected between the machined and oxidized implant at any
of the evaluation time periods (Fig. 2a, Table 2).

After 24 h of implantation, a 2-fold higher expression
level of MCP-1, a chemotactic factor for monocytes, was
detected at the machined compared to the oxidized surfaces
(Fig. 2b, Table 2). Oxidized implants showed a peak of
MCP-1 expression after 12 h of implantation.

The expression of chemokine receptor CXCR4 was
11-fold significantly higher at the oxidized surfaces com-
pared to the machined surfaces after 12 h of implantation
(Fig. 2c, Table 2). From 3 h to 12 h, oxidized surface kept
similar level of CXCR4 expression and thereafter decreased.

3.1.3 Gene expression of pro-inflammatory markers

Compared to the oxidized ones, machined surfaces were
associated with 2-fold higher expression of TNF- after 3 and
24 h of implantation (Fig. 3a, Table 2). IL-1§ was 3-fold
significantly higher at the machined implants after 24 h of
implantation (Fig. 3b, Table 2). Both cytokine expression
levels were continuously increasing with time at the machined
surfaces and had their peak after 24 of implantation. The
expression levels of the two cytokines reached a peak at the
oxidized implants after 12 h of implantation.

3.1.4 Gene expression of cell adhesion markers

After 12 h, the gene expression of «v integrin was 1.5-fold
significantly higher at the oxidized implants than at the
machined ones (Fig. 4a, Table 2). At 24 h, the pattern of av
integrin expression was reversed from that seen at 12 h. The
reverse was indicated by 2-fold higher expression of av
integrin at the machined surfaces compared to the oxidized
ones, although not statistically significant. On the contrary,
the expression of integrin-f2 reserved a 2-fold significantly
higher expression at the oxidized implants compared to the
machined counterparts at 12 and 24 h (Fig. 4c, Table 2). At
the 24 h time period, 2-fold significantly higher expression
of integrin-f1 was observed at the oxidized implant com-
pared to the machined ones (Fig. 4b, Table 2). Neither
integrin-f3 (Fig. 4d, Table 2) nor vinculin (Table 2)
showed any significant differences between the oxidized
and machined surfaces at any of the evaluation periods.
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Fig. 2 Gene expression of chemotaxis markers at oxidized and
machined surfaces. a Interleukin-8R (IL-8R) gene expression.
b Monocyte chemoattractant protein-1 (MCP-1) gene expression.
¢ CXC chemokine Receptor-4 (CXCR4) gene expression. The
connecting line is only intended for visualization of the data series
and does not suggest a trend. Statistically significant differences
between the two surfaces are indicated in stars. The differences
between the two tested implants were analyzed with Wilcoxon signed
rank test. (* P < 0.05) N = 10 Mean £+ SEM

p2 and av integrins after 12 h of implantation. The highest
expression of (3 integrin at the oxidized implants was
observed after 3 h of implantation and decreased thereafter.
3.2 Immunohistochemical analysis

The H&E and the immunohistochemically stained sections

revealed an early organization of blood hematoma within
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Fig. 5 Histological and
immunohistochemical sections
of the bone-implant interface
after 24 h of implantation. The
implants are removed.

a, b Decalcified paraffin-
embedded and H&E stained
section for machined and
oxidized titanium implants,
respectively.

¢, d Immunolocalization of
CD163-positive macrophages
(M@) at the machined and
oxidized implants, respectively.
e, f Immunolocalization of
periostin-positive cells at the
machined and oxidized
implants, respectively.
(Magnification x 40)

the threads of both implant types (Fig. 5). An interesting
observation was that fibrin-like strands running parallel to
the implant surface were prominently seen at the machined
surfaces but not the oxidized ones. The immunohisto-
chemical observations revealed that CD163 (a marker for
monocytes and tissue macrophages) positive cells were
scattered into the newly formed hematoma within the
threads and at some locations very close to implant surface
(Fig. 5c, d). Periostin (a marker for mesenchymal and
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24 hours 3 hours 12 hours

osteoprogenitor cells) labeled cells were detected within
the hematoma undergoing organization (Fig. Se, f).

3.3 SEM analysis

A high proportion of fibrinous material adherent to the
implant surfaces was revealed after removing the machined
implants. Numerous erythrocytes and leukocytes were
captured within the fibrin (Fig. 6). A similar picture was
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Fig. 6 SEM images of machined implant retrieved after 24 h.
a Tissue surrounding the implant was loosely attached to the surface.
Captured within this fibrin-like tissue were numerous erythrocytes
and leukocytes (Magnification x 3,000). b, ¢ Small size cells in range
of 5-10 um, probably leukocytes, entrapped within the fibrin strands
(Magnifications x 7,000 and 10,500, respectively). d A mesenchy-
mal-like cell is shown having a flat shape spreading out on the
surface. The cellular processes do not show firm anchorage on the
smooth surface (Magnification x 5,250)

not observed at the oxidized surfaces (Fig. 7). Depending
on the size of the adherent cells, two different population of
cells in addition to erythrocytes were roughly distin-
guished, large cells in range of 15-30 pm and smaller cells
in range of 2—-10 pm (Fig. 6a—d and 7a—d). The larger cells
assumed to be mesenchymal-like cells or macrophages
while the smaller cells are probably immune cells. Oxi-
dized implants showed more mesenchymal-like cells
attached over the surfaces with predominance at the bottom
valley of the threads (Fig. 7a). Mesenchymal-like cells
assumed more flat shape on the machined surfaces
(Fig. 6d). An interesting observation was the firm anchor-
age of the mesenchymal-like cells on the oxidized implants
by extending their processes onto the volcano-shaped pores
(Fig. 8a, b).

4 Discussion

In the present study, the gene expression of pro-inflam-
matory cytokines, chemokines and adhesion molecules was
elicited differently at titanium implants with different
surface properties during the first 24 h of implantation.
Machined implants induced nearly 2-fold higher expression
of TNF-o (after 3 and 24 h), IL-1f, and MCP-1 (after

Fig. 7 SEM images of oxidized implant retrieved after 24 h.
a, b Group of different size cells (5-30 um in size) localized between
the threads of the implants, the highest proportion of the cells is mainly
at the bottom valley of the threads. The large cells (>15 pm) are
mesenchymal-like cells (Magnification x 1,000 and 1,550, respec-
tively). ¢ On this surface the mesenchymal-like cell assumes a firm
attachment to the surface. Cellular processes show an anchorage in the
pores (<1 pm) of the surface (Magnification x 4,000). d Small size
cells in range of 5-10 pm, most likely leukocytes, and an erythrocyte at
the oxidized surface (Magnification x 4,500)

Fig. 8 SEM images of oxidized implant retrieved after 24 h.
a Mesenchymal-like cell firmly attaching to the surface (Magnifica-
tion x 3,400). b A higher magnification of the same cell in a showing
the contact zone between extended cellular processes and a pore in the
surface (<1 um) (Magnification x 10,500)

24 h). On the other hand, oxidized implants showed about
2-fold higher expression of integrins 2, v (after 12 h) and
Pl (after 24 h). Oxidized surfaces were also associated
with 11-fold higher expression of CXCR4 (after 12 h). The
results of the present study show that the prolonged signal
of monocyte recruitment by the MCP-1 was coupled with
delayed expression of pro-inflammatory cytokines at the
machined implants. When this was corroborated with
immunohistochemistry and SEM, at the 24 h, both
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implants showed simultaneous presence of inflammatory
and mesenchymal-like cells at their surfaces. However, two
prominent features were differently observed between the
two surfaces. The first was the predominance of mesen-
chymal-like cells with firm pseudopedic attachments to the
oxidized surfaces. The second was the high prevalence of
wide areas covered with fibrin-like tissue in association
with leukocytes and erythrocytes at the machined surfaces
but not at oxidized surfaces. Previous studies have shown
the critical roles of fibrin (ogen) in mounting an inflam-
matory response at biomaterials in vivo [40—42]. Fibrino-
gen has been shown to activate NF-kB transcription factor
[43, 44], increase expression and release of IL-1f [45] and
decrease the alkaline phosphatase activity [46] in vitro.
Moreover, a correlation between titanium surface texture
and fibrin clot extension has been described in vitro [47].
Nevertheless, the mechanisms that regulate the fibrin
organization and persistence on different titanium surfaces
and the subsequent effect on the gene expression in vivo
are unknown.

The exact role of the different surfaces in the diverse
gene modulation is unknown. In the previous study [6],
surface properties of the oxidized implants were listed with
their possible effects on the expression of genes involved in
the early inflammation and bone remodeling. Anodic oxi-
dation process results in changed physico-chemical prop-
erties of the surface. Whereas a qualitative and quantitative
data is available now regarding the chemistry, roughness,
and oxide layer structure of the oxidized implants [48, 49],
a little is known about their electric surface charge. The
electric surface charge of a surface determines the zeta
potential of that surface. Roesseler et al. found significant
differences in the absolute zeta potentials for air formed
and anodically formed oxide layers on titanium alloys [50].
Furthermore, other studies [51, 52] showed that thermal
and chemical modification methods result in titanium
dioxide with distinctly different zeta potentials. Several
studies has pointed to the important role of the biomaterial
zeta potential on the very early events such as the protein
adsorption [51, 53], apatite formation [52], cell attachment
[54], cell proliferation [51] and osteogenic gene expression
[55, 56]. The hydroxide (—-OH) content and crystalline
structure of the surface layer were found to be important
factors affecting the zeta potential. Higher levels of
hydroxide groups [49] and crystalline structures [48] have
been attributed to commercial oxidized implants. While
this may indicates effect on the gene expression seen in this
study, detailed experiments are needed, firstly to determine
the precise zeta potential values of the current oxidized
surfaces and secondly to evaluate their effects on the gene
expression in the in vivo environment.

In contrast to many observations on the mid- and long-
term responses to implants, less detailed information is
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available on the events taking place during the early hours
after implantation in bone [57]. Soft tissue studies using
titanium discs evaporated with differently functionalized
gold layers showed differences in chemotactic response
between the different functionalities after 24 h but not 3 h
of implantation [58]. Using the same model, two other
separate studies revealed higher release of TNF-o in
response to porous titanium with and without plasma pro-
tein layer compared to machined titanium after 3 h [59], as
well as for machined titanium compared to copper after
12 h [60]. In the latter study, IL-1/ was significantly higher
at the copper discs compared to titanium ones after 3, 12
and 48 h. While it is not known if similar inflammatory
responses occur also in bone, the present data is in agree-
ment with the soft tissue observations in the way that
different surface properties induced different pro-inflam-
matory responses during the initial and early phase of
implantation.

The mechanism of recruitment of different cell popu-
lations at the tissue-implant interface in bone is hitherto
unknown. In the present study, expression markers for
three different cell types were explored. IL-8R (CXCR1)
expression, a marker for neutrophil recruitment, showed no
significant difference between the two test implants. These
results are consistent with the morphological observations
showing no prevalence of neutrophils at one surface
compared to the other. In conjunction with the transient
nature of the neutrophils at the inflammation site, the
temporal expression of IL-8R showed a peak after 12 h and
declined thereafter at both implant surfaces. On the other
hand, the high expression of MCP-1 (CCL2) in cells at the
machined surfaces, simultaneously with a high expression
of both TNF-¢ and IL-1p, indicates that machined surfaces
promote an early and relatively stronger pro-inflammatory
phase than the oxidized surface. This assumption is sup-
ported by analysis of gene expression at somewhat later
time intervals (3 days and 6 days) using the same types of
implants [6].

In the present study, the gene expression data in con-
junction with qualitative histological, immunohistochemi-
cal and SEM preparations showed a predominance of
mesenchymal-like cells on the oxidized surfaces during the
first day of implantation. Similar observations were made
after 3 days and 6 days [6]. The association between the
strong influx of mesenchymal-like cells and subsequent
bone formation at oxidized surfaces has been demonstrated
by the observation of significantly higher alkaline phos-
phatase and osteocalcin expression at oxidized surfaces
after 3 days and 6 days [6]. A key challenge is to determine
the factors involved in the recruitment of the mesenchy-
mal-like cells and the subsequent influence on bone for-
mation at the implant site. In the current study and
compared with machined surfaces, the cells at the oxidized
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surface demonstrated an 11-fold higher expression of
CXCR4 after 12 h, correlating to the predominance of
MSCs observed at this surface. It has been shown that early
peak expression of SDF-1a, the specific ligand for CXCR4,
during the first day after tissue injury was associated with
highest MSCs homed to injury site [61]. The important role
of CXCR4-mediated SDF-la recruitment of progenitor
stem cells has previously also been demonstrated at injured
sites in the heart [62], brain [63], and skin [17]. Further, a
role has been implicated in ectopic bone formation [64] and
bone injury [15]. In addition, in vitro experiments have
shown that CXCR4 is involved in the migration of MSCs
to gradients of chemotactic signals generated by cells
obtained from site of tissue injury [65].

It can not be excluded that the significant difference of
CXCR4 expression between the machined and oxidized
titanium is due to a maximum relative expression by leu-
kocytes. Recent observations have suggested a role of the
CXCR4/SDF-10 axis in the removal and clearance of
neutrophils from an injury site in order to promote the
resolution of inflammation [66]. Having a short half
life ~ 6.5 h [66], senescent neutrophils show concomitant
increase in CXCR4 expression [67] which directs their
clearance and return toward the SDF-1« rich bone marrow
[68]. However, the absence of any apparent differences
between the two surfaces with respect to neutrophils, as
indicated by similar IL-8R expression, SEM and histolog-
ical observations, supports the assumption that the higher
expression of CXCR4 at the oxidized surface is due to the
higher prevalence of mesenchymal cells. Further studies
are needed to explore the role and details of SDF-1a/
CXCR4 axis in recruitment and maintenance of mesen-
chymal and inflammatory cells at bone-implant healing
site.

Cells adhere to surfaces via integrins and the adherence
is affected by the material surface properties [69]. This has
particularly been demonstrated for substrate-cultured cells
in vitro. In the present in vivo model, the expression of
integrins av, 2 (after 12 h) and 1 (after 24 h) was sig-
nificantly increased at oxidized implants compared to
machined ones. For both types of implants, all these inte-
grins showed a peak at 12 h except for av expression at the
machined implants which peaked after 24 h. The integrin
expression pattern of the adherent cells may reflect the
temporal changes of the types and conformations of the
target proteins adsorbed at the different surfaces. Previous
in vitro observations on the stromal cell response to dif-
ferent proteins precoated on tissue culture plastics showed
protein-specific expressions of 1, av and 3 integrins [70].
Other in vitro data have shown that, among many upreg-
ulated integrins, f1 integrin was the integrin subunit with
the greatest increase on a variety of substrates, compared
with the level in cells prior to their addition to these

substrates [71]. Recent in vitro studies showed that the
expression of f1 and 3 was upregulated after 21 days in
osteoblast cell line cultured on titanium discs compared to
tissue culture polystyrene whereas no differences were
detected between oxidized and machined surfaces [72].
Acid etched titanium showed higher expression and
peak of 1 and f3 integrins in the surrounding bone after
1 week compared to turned titanium and non implant
defect [73]. Healing of bone defect was also associated
with 1.5- and 2-fold higher expression of integrins 1 and
f3, respectively, compared to the base-line expression and
the expression was further increased by 3-7 fold after
2 weeks of placement of titanium implants [74]. While
these in vivo observations are in line with our data in that
f1 appears to be an important integrin upregulated during
the healing phases of titanium implantation, the present
data did not detect any difference in the expression of f3
between the two test implants. Furthermore, the present
observation on modulation of integrin expression relies on
the importance of analyzing the cells adherent to the
implants rather than in the nearby bone tissue. However,
the interpretation of in vivo integrin expression with
respect to specific cell types should be under precaution,
since different cell types and phenotypes share similar
expression patterns of these heterodimeric complexes. In
the present data the expression of f2 integrin, which has
been shown to be specific for leukocytes [29] and not
expressed by cells of osteoblastic linage [75], was higher at
the oxidized implants. Integrin-$2 (CD11b/CD18) is also
expressed by osteoclast progenitors [31]. The results from a
previous study [6] showing a higher expression of osteo-
clastic marker (cathepsin K) at the oxidized surface suggest
that the higher expression of 2 integrin seen in the present
study is due to a higher osteoclastic differentiation.
Future studies may focus on the effect of each specific
surface property on the regulation of gene expression in
close vicinity to the implant surface. Furthermore, it is of
great importance to analyze the biological components that
might be implicated in the bone formation mechanisms at
the interface, such as the Wnt signaling pathway. The
determination of specific role of particular molecule or
group of molecules in the osseointegration process may
require the modulation of specific target genes by, for
instance, the local application of specific growth factors or
the employment of the knock-out or gene-deficient species.
Currently, studies are being designed to combine the
present model with other techniques. Some of these studies
focus on the distinct proof and quantification of specific
cellular subsets adherent to the retrieved implants. Other
studies aim to find correlations between the early molecular
response, dictated by gene expression analysis, and the
kinetic changes in structure and stability of the interface.
Furthermore, the clinical application of the sampling
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procedure and the subsequent qPCR is currently being
evaluated as a screening procedure for dental implants.

5 Conclusions

The results of the present experimental in vivo studies in
rats demonstrate that implant surface properties influence
protein-cell morphology, cell recruitment and gene
expression at the immediate implant surface during the first
24 h after implant insertion in bone. Oxidized surfaces
were associated with significantly higher expression of av,
f1, and f52 integrins, CXCR4 homing receptor, and number
of recruited cells. Higher expression levels of proinflam-
matory cytokines tumor necrosis factor-o and interleukin-
18 were attributed to machined implant surfaces. It is
concluded that the present in vivo model allows detailed
studies on the complex interplay between material surface
properties, inflammatory cells, osteogenic cells and their
progenitors.
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