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Background Angiogenesis, the process of new vessel for-
mation from a pre-existing vascular network, is essential
for bone development and repair. New vessel formation
and microvascular functions are crucial during bone
repair, not only for sufficient nutrient supply, transport
of macromolecules and invading cells, but also because
they govern the metabolic microenvironment. Despite
its central role, very little is known about the initial pro-
cesses of vessel formation and microvascular function
during bone repair.

Methods To visualize and quantify the process of
vessel formation and microvascular function during
bone repair, we transplanted neonatal femora with a
substantial defect into dorsal skin-fold chambers in
severe combined immunodeficient (SCID) mice for con-
tinuous noninvasive in-vivo evaluation. We employed
intravital microscopic techniques to monitor effective
microvascular permeability, functional vascular den-
sity, blood flow rate and leukocyte flux repeatedly over
16 days. Oxytetracyclin and v. Kossa/v. Giesson staining
was performed to quantify the calcification process in
vivo and in vitro.

Results Development of a hematoma surrounding the
defect area was the initial event, which was accompanied
by a significant increase in microvascular permeability
and blood flow rate. With absorption of the hematoma
and vessel maturation, permeability decreased con-
tinuously, while vascular density and tissue perfusion
increased. Histological evaluation revealed that the
remodeling of the substantial defect prolonged the in-
vivo monitored calcification process.

Interpretation ~ The size of the initial substantial
defect correlated positively with increased permeability,
suggesting improved release of permeability-inducing
cytokines. The unchanged permeability in the control
group with boiled bones and a substantial defect cor-
roborated these findings. The adaptation to increasing
metabolic demands was initially mediated by increased
blood flow rate, later with increasing vascular density
through increased tissue perfusion rate. These insights
into the sequence of microvascular alterations may assist
in the development of targeted drug delivery therapies
and caution against the use of permeability-altering
drugs during bone healing.

The process of osteogenesis is determined by the
sequential interaction of osteoclasts, osteoblasts and
angiogenesis (Probst and Spiegel 1997, Glowacki
1998, Gerber et al. 1999). The recruitment process,
and also the activation of osteoclasts, osteoblasts
and their precursor cells, depends on properties of
the microcirculation, which are also involved in
the regulation of the metabolic microenvironment
(Helmlinger et al. 1997, Algenstaedt et al. 2003).
This involves the expression and activation of vari-
ous genes involved in the regulation of bone repair.
Thus, microcirculatory properties may play an essen-
tial role during osteogenesis (Leunig et al. 1994).
Damaged bone integrity leads to interruption
of the microcirculation, which can lead to necro-
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sis and hypoxia of the surrounding areas of bone
(Wang 1996, Glowacki, 1998). Reconstruction of
the circulation is one of the earliest events during
bone repair (Wang 1996, Glowacki, 1998). The
establishment of a functionally intact vascular net-
work appears not only to precede the event of bone
formation, but also to have a substantial influence
on the result (Wallace et al. 1991, 1995).

Angiogenesis, the process of new vessel forma-
tion, is characterized by a specific sequence of
events. Increased vascular permeability leads to
higher exudation of plasma, one of the initial and
essential parts of angiogenesis, and the subsequent
formation of osteogenic matrix (Probst and Spiegel
1997, Glowacki 1998, Carmeliet and Jain 2000).
Proliferation and migration of endothelial cells is
followed by tube formation and perfusion of newly
formed vessels. Further vessel maturation with
adjacent pericytes and smooth muscle cells alters
microcirculatory properties such as permeability
(Allt and Lawrenson 2001). After vascularization,
osteoblastic cells proliferate and with the produc-
tion of an osteogenic matrix, new bone formation
can begin (Probst and Spiegel 1997, Gerber et al.
1999). The morphological vascular changes during
bone formation must be accompanied, or preceded,
by physiological adjustments of the microcircula-
tion (Rhinelander 1968).

Increased metabolic demands during bone repair
require an increased blood flow rate (BFR) and an
increase in functional vascular density (VD) (Rhee
etal. 1996). After the systemic delivery process via
blood flow, cells and substrates must extravasate
to reach their address, the interstitial matrix/cells.
Extravasation of cells is governed by mechani-
cal and functional properties such as shear rate,
microvascular permeability and cell-cell inter-
actions (e.g. leukocyte-endothelial interactions)
mediated by adhesion molecules (Fukumura et al.
1997b, Algenstaedt et al. 2003). These functional
parameters must be adapted to local requirements,
not only temporally but also spatially, and might
therefore differ between each single step of bone
repair. At the same time, vascular conditions may
be useful for targeted drug delivery (Arap et al.
1998, Ruoslahti 2002), e.g. increased permeability
due to increased vascular pore size might be useful
for adjuvant therapies using macromolecules or
liposomes (Monsky et al. 1999).

Despite the importance of angiogenesis and the
structural and functional properties of the microcir-
culation during osteogenesis, very little is known
about their sequential alterations during bone
repair. The dorsal skin-fold chamber is a technique,
initially used in hamsters (Endrich et al. 1980), that
allows a long-term observation of these parameters
in vivo at high spatial resolution. It has been used
routinely, for example, to monitor the microcircu-
lation in bone transplantation studies (Leunig et al.
1999), during tumor growth (Hansen-Algenstaedt
et al. 2000) and under pathological metabolic
conditions (Algenstaedt et al. 2003). The aim of
this study was to monitor adjustments of micro-
circulation following damage to bone integrity.
We hypothesized that functional alterations would
have to occur immediately after the bone damage
to maintain the survival of bone tissue, while mor-
phological adjustments of the microcirculation
are necessary to ensure tissue regeneration. While
functional properties also govern drug delivery, an
improved understanding of their sequential altera-
tions during bone repair would not only help us to
understand failure in repair mechanisms, but might
also help in the development and evaluation of new
therapies that exploit such functional characteris-
tics as therapeutic targets.

Material and methods

We implanted dorsal skin-fold chambers in 3-
month-old male severe combined immunodeficient
(SCID) mice (n = 37, untreated n = 20, inactivated
control n = 17) with an average weight of 29 +3 g,
as described in greater detail elsewhere (Leunig et
al. 1994, Hansen-Algenstaedt et al. 2000). Briefly,
prior to surgical procedures mice were anesthe-
tized (7.5 mg ketamine hydrochloride and 2.5 mg
xylazine per 100 g of body weight) and the skin
was shaved and depilated. Dorsal skin-fold cham-
bers (weight 3.2 g) (Machine Shop, Boston, MA)
were implanted, exposing subcutaneous tissue and
striated skin muscle. All surgical procedures were
performed under aseptic conditions while main-
taining body temperature at physiological levels
using a heating pad. SCID mice from our gnoto-
biotic colony were used to avoid lymphocyte and
natural killer cell mediated rejection of the trans-
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plant. Leukocyte flux was measured throughout the
observation period to ensure the absence of inflam-
matory processes. Following a recovery period of
48 h, all chambers met the criteria of intact micro-
circulation (Sewell 1966) and were utilized as sites
for bone implantation. The periost of allogenic
neonatal SCID mouse femora were mechanically
stripped prior to implantation into the dorsal skin-
fold chamber. Immediately before implantation, a
cortical and medullary defect in the diaphysis was
created with a scalpel. As a control, we boiled the
femora for 3.5 min prior to implantation in order to
inactivate cytokines released via the bone defect,
as described in detail elsewere (Leunig et al. 1996).
All animal procedures were performed according
to the directions of the German Animal Welfare
Committee.

We employed epifluorescence techniques to
monitor effective microvascular permeability, vas-
cular density, blood flow velocity, leukocyte flux,
blood flow rate and calcification of the bone defect
repeatedly on days 4, 8, 12 and 16 after implan-
tation of femora. To obtain parameters relating
to microcirculation, selected areas (2-3 locations
next to the bone defect) were investigated using
an intravital fluorescence microscope (Axioplan;
Zeiss, Oberkochen, Germany). The microscope
was equipped with fluorescence filter sets for fluo-
rescein isothiocyanate (FITC) and tetramethyl rho-
damine (TRITC), for oxytetracyclin (OTC), a 20x
objective lens (LD Achroplan 20x/0.40; Zeiss), an
intensified charge-coupled device (CCD) video
camera (C2400-97; Hamamatsu Photonics GmbH,
Germany), a Photomultiplier Tube (R4632; Hama-
matsu Photonics) and a computer for digital signal
recording and offline analysis. During measure-
ments, body temperature was maintained at physi-
ological levels using an electric heating pad.

Functional vascular density (VD), blood flow
velocity (VRBC), and blood flow rate (BFR)

100 pL of FITC-labeled dextran (MW 2,000,000;
50 mg/mL in 0.9% saline; Sigma, St. Louis, MO)
was injected through the tail vein to visualize
functional blood vessels. During each observa-
tion period, FITC images were recorded for 30 sec
and analysed offline. The red blood cell velocity
(VRBC) was measured opto-electronically using a
two-slit method and an image processing system

(Exbem 3.0; Pixlock e.K., Miinster, Germany)
as described elsewhere (Lipowsky and Zweifach
1978). The mean BFR of individual vessels (Q)
was calculated using diameter (D) and the mean
VRBC (V..)- Q=n/4xV X D2, where
V nean = YRBC/ a (and a = 1.3 for blood vessels <
10 um; linear extrapolation 1.3 < a < 1.6 for blood
vessels > 10 ym and < 15 ym; and a = 1.6 for blood
vessels > 15 pm) (Lipowsky and Zweifach 1978).
The vessel density (Figure 1 I-L), defined as the
total length of vessels per unit area (cm/cm?) was
analyzed using an image-processing system (NIH
Image 1.62), as described in greater detail else-
where (Algenstaedt et al. 2000, 2003).

Tissue perfusion rate (TPR)

Blood volume (mL) perfusing the area (cm?)
during a defined period (sec) was determined as
tissue perfusion rate (mL/cmZsec) (Algenstaedt et
al. 2003). To calculate tissue perfusion rate (TPR),
we measured vascular density, blood flow rate and
surface area. The equation for calculation of TPR
is as follows:

1 T <& 1
TPR(x) =—2,|— X,D’+—RBC
G 4A”=1 n (x mean N

where G is the count of observation the observed
surface area, the number of vessels counted in the
observed area, and a is a parameter for calculation
of the ratio between RBC and plasma.

Leukocyte-endothelial interaction (LEI)

Leukocyte-endothelial cell interactions in vessels
were monitored as described previously (Fuku-
mura et al. 1995). Briefly, mice were injected with
a bolus (20 pL) of 0.1% rhodamine-6G in 0.9%
saline through the tail vein and leukocytes were
visualized via an intensified CCD camera and
recorded uncompressed digitally on a computer
(Apple Power MaclIntosh G4, Dual 500 MHz Power
PC, 1GB SDRAM). The numbers of rolling (Nr)
and adherent (Na) leukocytes were counted for 30
sec along a 100-um segment of a vessel. The total
flux of cells was also measured for 30 sec (Nt). The
equations for calculation of the ratio of rolling cells
to total flux (rolling count), the density of adhering
leukocytes (adhesion density), and the shear rate
for each vessel are as follows: rolling count (%) =
100 x Nr / Nt, adhesion density (cells/mm?) = 10°
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x Na/ (5t x D x 100 um), and shear rate =8 x V
/ D (Zhao et al. 1995).

mean

Vascular permeability (P)

Effective microvascular permeability (P) was
measured as described previously (Yuan et al.
1993, 1994, Fukumura et al. 1997a). Briefly, after
the injection of TRITC-labeled bovine serum
albumin (TRITC-BSA), MW 67,000, excitation
wavelength 525-555 nm, emission wavelength
580-635 nm (Molecular Probes, Eugene, OR) (10
mg/mL, 0.1 mL/25 g body weight), the fluores-
cence intensity was measured intermittently for 25
min and recorded digitally (PowerLab 200; ADIn-
struments Pty Ltd., NSW, Australia). The value
of P was calculated as P = (1 — HT) V/S {1/(10
—1Ib) * dI/dt + 1/K}, where I is the average fluores-
cence intensity of the whole image, 10 is the value
of I immediately after the filling of all vessels by
TRITC-BSA, and Ib is the background fluores-
cence intensity. The average hematocrit (HT) of
vessels is assumed to be equal to 19% (Brizel et
al. 1993). V and S are the total volume and surface
area of vessels within the tissue volume covered
by the surface image, respectively. The time con-
stant of BSA plasma clearance (K)is 1.1 x 10% sec
(Yuan et al. 1993).

Quantification of bone formation

To differentiate between the contribution of car-
tilage and bone in the defect area, oxytetracyclin
(OTC) was injected intraperitoneally for in-vivo
labeling of calcified tissue 6 h prior to investiga-
tion (100 mg per kg body weight). Additionally,
we performed v. Kossa / v. Giesson staining to
quantify the calcification process in the area of
the defect after explantation of the femora. OTC
is known to localize and persist specifically in cal-
cified structures (Milch et al. 1958, Finerman and
Milch 1963). Fluorescence excitation was by epi-
illumination using an excitation filter (356418
nm), a dichroic mirror (450 nm) and a barrier filter
(495 nm), and recorded digitally by a color digital
camera (Axiocam; Zeiss, Germany). The area of
the defect was correlated to the maximum defect
zone on day O of implantation. Analysis was per-
formed offline using a public image processing
system (NIH Image version 1.62).

Histology

After termination of the in-vivo experiments, the
femora were explanted. The grafts were excised,
fixed in formaldehyde, dehydrated in alcohol,
embedded in paraffin wax and cut serially at 5 pm
thickness. The sections were stained with hema-
toxylin and eosin (H & E) as well as with v. Gies-
son and v. Kossa. H & E staining was performed to
stain chondrocytes blue and (in contrast) calcified
structures red and collagen pink. V. Giesson and
v. Kossa staining was specifically used to visual-
ize calcified structures (black) and collagen struc-
tures (red), as well as chondrocytes (pink) (Weiss
1983).

Statistics

Results are presented as mean (SEM). Statistical
analysis for pairwise comparisons was performed
with StatView (Abacus, Berkely, CA) using Wil-
coxon signed rank test for paired non-parametric
samples and Mann-Whitney U test for unpaired
non-parametric samples. Statistical significance
was based on p-values < 0.05. Correlation analysis
was performed with Statistica version 6 (StatSoft
Inc. (2001)) using a linear regression model. Cor-
relations were considered significant for r > 0.5.

Results

Implantation of the femora was accompanied by
hematoma, surrounding the area of the newly cre-
ated cortical and medullary defect (Figure 1 A—C).
The hematoma peaked 4 days after implantation,
and was continuously reabsorbed thereafter and
not detectable 12 days after implantation. Fluores-
cence microscopy revealed a significant increase in
permeability simultaneous with the development
of the hematoma 4 days after implantation. Micro-
vascular permeability (P) decreased continuously
from day 4 to day 12 with an almost normal value
at day 16 compared to the controls (Figure 2 A
and Table). Note that the initial increase in P after
femur implantation correlated positively with the
initial size of the defect area (R = 0.89) (Figure 3
B). Implantation of the inactivated control femora
neither produced a hematoma (Figure 1 D) nor
affected permeability significantly throughout the
entire observation period (Figure 2 A).
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Figure 1. A-D: Epi-illumination showing the sequence of the femoral implant initially after implantation (A) with the diaphy-
seal medullary and cortical defect, and four days after implantation (B) with the characteristic hematoma. From day 12
(not shown) to day 16 (C) the hematoma was entirely reabsorbed, the femora became completely vascularized and the
defect was completely filled up. Circles mark the area with the defect and the region of interest where microcirculatory
parameters were measured. Condyles (*) and femoral head (arrow) are marked. Note that not only did the defect area
become vascularized, but also the entire femur. The control inactivated femoral implant neither developed a hematoma
nor became vascularized until day 16 (D).

E-H: Epifluorescence sequence after injection of oxytetracyclin for intravital evaluation of calcified structures. Even with
the massive hematoma at day 4 (F), quantification of the calcification process was achievable. Longitudinal follow-up from
day 0 (E) and day 16 (G) not only demonstrate the bone repair with continuous calcification, but also the elongation of the
femora. In contrast, the control group with inactivated femora showed no calcification of the defect until day 16 (H).

I-L: Functional vascular density, VRBC, BFR and architecture of microvessels were analyzed after i.v. injection of
FITC-dextran, marking vessels white. The vascular density in the defect area, marked with arrows on day 0 (l), increased
significantly from day 4 (J) to day 16 (K), covering the former defect area with an intense vascular network. On day 4, a
new vessel invading the defect area can be identified (J). In contrast, the control group with inactivated femora showed

no increase in VD until day 16 (L).

Functional vascular density (VD) increased sig-
nificantly in the region of interest in the area of the
defect from day 4 to day 16 (Figure 1 I-L, Figure
2 B and Table). Note that the complete femora
became vascularized, not only the defect area. In
contrast, in the control group VD remained con-
stant at its initial level (Table).

Using high molecular weight FITC-dextran as
plasma marker, we found a trend (p = 0.1) toward
decreased Vg~ from day 4 to day 16, while V5~
of the control group was characterized by constant
values (Table).

Blood flow rate (BFR) decreased almost signifi-
cantly (p = 0.06) from day 4 to day 16 (Figure 2
C and Table), while BFR in the control group was

characterized by constant values (Figure 2 C and
Table). BFR in the group with the non-inactivated
bony defect was significantly elevated on days 4
and 8, whereas there was no statistically significant
difference in BFR between the two groups on days
12 and 16.

Although the increase in tissue perfusion rate
(TPR) in the non-inactivated bony defect (Figure
2 D and Table) was not statistically significant, we
found a trend (p = 0.1) toward increasing values
from day 4 to day 16, while TPR in the control
group remained at a constant level (Figure 2 D
and Table). TPR on day 4 was significantly higher
in the control group than in the non-inactivated

group.
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Functional and morphological results for the microvasculature, mean (SEM)

4 days 8 days 12 days 16 days
Non-inactivated
Permeability (x 108 cm/s) 6.8 (0.12) 4.9 (0.9) 45 (1.1) 3.4 (0.3)
Vessel density (cm/cm?) 45 (4.7) 83 (7.4) 122 (7.8) 165 (12)
Vrbe (x 107" mm/s) 269 (45) 286 (75) 228 (28) 201 (23)
BFR (x 105 mm¥/s) 1.5 (0.8) 0.9 (0.3) 0.4 (0.1) 0.3 (0.1)
TPR (x 10® mL/cm?/s) 6.8 (0.43) 13.9 (5.9) 14.3 (2.6) 18.3 (4.4)
Flux (cells/s/mm?) 217 (108) 276 (120) 224 (118) 295 (72)
Rolling count (%) 41 (8) 49 (8) 40 (15) 46 (5)
Femoral elongation (mm) 2.7 (0.1) 2.8 (0.7) 2.9 (0.1) 3.0 (0.14)
Controls
Permeability (x 108 cm/s) 3.2 (0.07) 3.1 (0.08) 3.0 (0.08) 3.0 (0.14)
Vessel density (cm/cm?) 45 (4.5) 45 (4.4) 45 (4.8) 45 (5.9)
Vrbe (x 107" mm/s) 149 (19.2) 150 (23.1) 146 (21.7) 141 (23.9)
BFR (x 105 mm¥/s) 0.36 (0.02) 0.35 (0.02) 0.34 (0.03) 0.33 (0.04)
TPR (x 10° mL/cm?/s) 14.3 (0.5) 13.8 (1.3) 12.7 (1.3) 121 (1.7)
Flux (cells/s/mm?) 241 (105) 205 (110) 282 (89) 255 (109)
Rolling count (%) 37 (7) 38 (7) 37 (9) 38 (5)
Femoral elongation (mm) 2.7 (0.15) 2.7 (0.15) 2.7 (0.16) 2.7 (0.15)

By leukocyte labeling with Rhodamine-6-G, we
could not identify any significant increase in the
bony defect group—either in leukocyte flux or in
rolling count during the entire observation period
(Figure 3 D and Table). Rolling count in the con-
trol group also remained at a constant level, with
values that were comparable to those of the bony
defect group (Figure 3 D and Table).

In-vivo labeling of calcified structures with OTC
revealed an almost complete recalcification of the
initial defect area 16 days after implantation (Figure
1 E-G). The recalcification process was character-
ized by a significant reduction of the defect area
to 81% (5%) compared to the initial 100% defect
area on day 4, followed by reduction to 44% (12%)
on day 8, and 31% (13%) on day 12, and after 16
days the remaining defect area was reduced to
7.3% (3.8%) (Figure 3 A). During the observa-
tion period, we also found a femoral elongation.
Relative to day 4 (the first observation day using
OTC), calcified femoral length increased signifi-
cantly (Figure 3 C and Table). We did not observe
a significant increase in in-vivo calcification of the
substantial defect nor a significant femoral elonga-
tion in the control group (Figure 1 H, Figure 3 A
and C, and Table).

Although the labeling of calcified structures
with OTC revealed almost complete recalcification
(Figure 1 G), histological examination indicated

that the former substantial defect area was still
under a repair process—in such a way that chon-
dral ossification processes could be observed. In
the former substantial defect zone, v. Kossa and v.
Giesson stained columns of formed chondrocytes
pink, indicating an ongoing chondral ossification.
Chondrocytes were covered with a subtle layer of
black-stained calcified structures (Figure 4 C). H
& E staining confirmed bone-remodeling areas of
cartilage (blue), chondral ossification (pink) and
calcified structures (red) next to each other (Fig. 4
B). However, the bone appeared to be viable with
both stains, with normal cellularity in the myeloid
cavity. The control group was characterized by the
absence of any repair mechanism. Consequently,
the defect area was defined by a gap without any
cellular reaction (Figure 4 D-F).

Discussion

We report here the functional and morphological
dynamics of the multifaceted process of angiogen-
esis, and microcirculatory parameters during the
bone repair process involving transplanted femora.
The fluorescence microscopy technique, using a
dorsal skin-fold chamber preparation, allows repet-
itive noninvasive monitoring of morphological and
functional alterations. It therefore permits insights
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Figure 2. While permeability (A) decreased significantly from day 4 to day 16, vascular density (B) increased. Note the
constantly low permeability and constant vascular density of the control. Although the decrease in blood flow rate (BFR)
(C) was not significant between individual observation days, it decreased significantly from day 4 to day 16. The tissue
perfusion rate (TPR) (D) increased significantly from day 4 to day 16. The control group was characterized by a constant
TPR with higher values during the initial observation period. Since the control group developed no hematoma covering
the vessels in the subcutaneous tissue, the microcirculatory parameters of the control group represent the characteristics

of the established vasculature.

into the dynamics of functional vascular properties
and their morphological correlate of microcircula-
tion in vivo. Simultaneously with the development
of a hematoma, increased permeability was the
first detectable functional alteration, while struc-
tural adaptations such as increased vascular den-
sity lagged behind. Consequently, the demands on
increased blood supply were initially fulfilled via
an increased blood flow rate, mediated by veloc-

ity and diameter adaptations. With increasing vas-
cular density, tissue perfusion rate improved and
the acutely stimulated BFR in the single vessels
decreased. A control group with inactivated femora
was used to exclude the possibility of a purely
mechanically altered microcirculation. In the con-
trol group, we found neither functional nor struc-
tural vascular adaptations. Also, the recalcification
of the defect and a femoral elongation, as observed
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Figure 3. The dynamic process of recalcification after the substantial defect was monitored in vivo using epifluorescence
techniques with oxytetracyclin. The initial defect is defined as 100%, and recalcification is plotted relative to the initial
defect. While the control group showed no recalcification, the substantial defect in the non-inactivated group was almost
completely filled on day 16 (A). The size of the defect correlated positively with the induced permeability (r = 0.89) (B). In
contrast to the control group, we observed a significant elongation of the non-inactivated femora from day 4 to day 16 (C).
Rolling count of leukocytes as parameter of inflammation-related activation of the endothelial surface remained constant
in both the control group and the non-inactivated femoral implant (D).

in the non-inactivated group, did not occur in the
control group.

Microcirculatory properties govern not only the
efficacy of substrate delivery but also the metabolic
microenvironment, which is in turn essential for
regulation of gene expression (Shweiki et al. 1992,
Mukhopadhyay et al. 1995, Mazure et al. 1996,
Xu et al. 2002). The dynamics of alteration of the
microcirculation after destruction of bone integrity

are essential for angiogenesis and osteogenesis
(Rhinelander 1968, Glowacki 1998, Gerber et al.
1999). Here, we could demonstrate the sequen-
tial alteration in microcirculatory properties after
producing a bone defect. Increased microvascular
permeability (P) is the initial and essential step
in angiogenesis (Carmeliet and Jain 2000). The
expression of permeability-inducing cytokines such
as Vascular Endothelial Growth Factor (VEGF) is
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son staining (C, F). Calcified structures appear green using oxytetracyclin and black using v. Kossa/v. Giesson staining,
respectively. Note that the former substantial defect is covered with a subtle calcified layer in the non-inactivated group
(A, C), whereas the control group shows no calcification process (D, F). H & E staining (B, E) was performed to evaluate
bone-remodeling areas with cartilage (blue), chondrol ossification (pink) and calcified structures (red). While the control
group was characterized by the absence of any repair mechanisms (E), the non-inactivated group showed viable bone
with normal cellularity in the myeloid cavity and chondrol ossification in the former substantial defect area (B). Bar rep-
resents 300 ym.

elevated not only in the bone, but also in the sur-
rounding soft tissues during bone repair (Hansen-
Algenstaedt et al. 2003). Consequently, the micro-
vascular parameter to be altered first after destruc-
tion of bone integrity was a significant increase in P.
Because the increase in vascular density (VD) lags
behind the initial increase in P, the latter represents
the alteration of the established pre-existing vascu-
lature. Since VD increased significantly thereafter,
and the newly formed vessels dominated the region
of bone repair, the permeability from day 8 to day
16 represented the permeability of newly formed
vessels. The decrease in P might be the result of
reduced concentrations of angiogenic cytokines
through absorption of the hematoma, but it also
mirrors of newly formed vessels of the maturation
processes of newly formed vessels. The possibil-
ity of a mechanical stress-induced plasma leakage
is unlikely, since former experiments with metal
implants (data not shown) and the control group
neither caused increased permeability nor created
hemorrhage. The increased permeability (causing
plasma leakage) is the result of increased pore size,
which can also be used for targeted drug delivery

(Monsky et al. 1999). Adjuvant therapies relying
on the delivery of macromolecules or liposomes
might be designed in such a way that they extrav-
asate predominantly at vascular locations with
increased pore size (Arap et al. 1998).

Newly formed vessels were characterized by
having smaller diameters with higher VRBC, an
effect that is in accordance with Hagen-Poiseuille’s
law. However, to compare the possible effect of
increased metabolic demands during bone repair
on Vipe» vessels with comparable diameters were
evaluated. Vpp~ in such comparable vessels was
not changed significantly, yet we recognized a trend
toward reduced Vyp- between day 4 and day 16.
Although BFR takes the diameter of the vessel into
account, it does not consider alterations in vessel
density and therefore does not reflect morphologi-
cal adjustments as they have been reported as a
response to bone defects (Rhinelander 1968). The
initial increase in BFR at day 4 might represent the
acute stimulation of the established vasculature,
while the trend toward decreased BFR from day
4 to day 16 might be the result of the morphologi-
cal adjustment via increased VD, and consequently
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increased TPR. The lower TPR on day 4 than in the
control group was the result of smaller vessels that
started to invade the hematoma. Since in the con-
trol group no hemorrhage occurs the vessels of the
subcutaneous tissue, TPR appears unchanged.

Predictably, there was a positive correlation
between the size of the initial defect and the extent
of the remaining uncalcified defect on day 16 (r =
0.9). Although the dimension of the initial defect
correlated positively with the effective permeabil-
ity of the microvasculature, it did not correlate with
the increase in VD, nor with alterations in other
microvascular parameters. A significant effect of
microcirculatory parameters on femoral elonga-
tion was not observed, and the elongation itself is
a known phenomenon (Leunig et al. 1994). In our
study, there was no correlation between femoral
elongation and increase in VD, yet it must be taken
into account that our vascular analysis focused on
the defect area.

Although in-vivo analysis of the calcification
process during bone repair suggested a complete
calcification around day 16, histology revealed
that enchondral ossification was still taking place
and that a complete regeneration was not reached
until day 16. The lack of complete regeneration
might be due to a prolonged ossification process,
but also because of the missing mechanical load-
ing (Simpson et al. 1996, Sato et al. 1999, Weiss
et al. 2002).

The sequential alterations, first of the pre-exist-
ing established vasculature, and later of the newly
formed vessels, identify properties of the micro-
circulation as being a dynamic target. Thus, the
efficiency of adjuvant therapies modulating bone
repair mechanisms will depend not only on their
intrinsic efficiency but also on the time such thera-
pies are initiated. Therapies dependent on the deliv-
ery of macromolecules will be more efficient at the
beginning when vessel pore size is increased, while
therapies that depend on high tissue perfusion rates
would be more effective at later stages. To thor-
oughly evaluate which cytokines are involved in
mediating permeability during bone repair, studies
concentrating on mechanisms rather than structural
and functional analysis of the microcirculation
during bone repair will have to be performed.
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