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Overview of the studies

The main purpose of our studies was to investigate the unexplored roles of the
periosteum in bone biology, and to expand our knowledge on microvascular connections of
bone pathologies such as osteoporosis or incomplete osseointegration after intramedullary
implantations. The periosteum plays significant roles in the pathomechanisms of disorders
affecting the bone metabolism, but the consequences of osteoporosis on the vascular
organization of the periosteum have never been investigated. Hence, our primary aim was
to determine the in vivo periosteal microvascular responses to oestrogen deprivation in a
clinically relevant, long-term experimental osteoporosis study. Another aim was to examine
the compensatory reorganization potential of the periosteal vascular network to stimuli
leading to the integrity and regeneration of the endosteal vascular compartment. We wanted
to clarify whether destruction of the endosteal microcirculation modifies the vascular
characteristics of the periosteum after standardized intramedullary damage. To this end, we
designed a chronic rat model of tibial reaming and nailing in order to study the periosteal
microvascular consequences of a simulated orthopaedic operation by intravital
videomicroscopy. We also hypothesized that the intramedullary healing conditions would
significantly influence the outcome of reactive periosteal microcirculatory changes. For this
reason, we used biomaterials with different osseointegration properties generally used in
clinical practice, so as to compare and characterize the periosteal microvascular alterations
caused by prosthesis materials expected to display higher or lower intramedullary stability.
Specifically, titanium was chosen as it induces nearly complete osseointegration and
relatively fast remodelling of the surrounding bone, and we hypothesized that the in-growth
of vascular elements and regeneration of the endosteal vessels would be different after the
use of polyethylene.

As a further aim, we set out to observe and characterize the in vivo human periosteal
and endosteal microcirculatory reactions, as our most recent study was therefore designed
to examine the microcirculatory disturbances of the periosteum and the endosteum
simultaneously in a patient with pseudoarthrosis induced by long-term fixation. The tibial
periosteal and endosteal circulatory changes were detected by laser-Doppler flowmetry in
the clinical setting, in order to assess the concomitant microcirculatory perfusion deficit

during surgical removal of the osteosynthesis materials.



1. INTRODUCTION

1.1. Blood supply of long bones

Constant circulation is essential for bone growth, mineral exchange and healing. The
arterial supply is usually provided by three major sources (Johnson EO 2004; Findlay DM
2007). 1. Nutrient arteries enter the bone at the proximal- and middle-third of the diaphysis.
Intramedullary arteries divide into longitudinal branches running parallel with the axis and
finally send branches supplying the endosteum. Their branches form anastomoses with
metaphyseal arteries. These anastomoses supply the network of sinusoids, and branches
enter the cortical bone. They have poor connections with periosteal vessels. The blood
supply of long bones is therefore basically centrifugal in nature. 2. Epiphyseal and
metaphyseal arteries enter the bone from the periarticular anastomosis network supplying
both ends of the bone. They form anastomoses with branches of the nutritive artery. These
anastomoses are not of functional importance unless the diaphyseal circulation is
interrupted. 3. Periosteal arteries enter the periosteum at the attachments of the
intermuscular septa and penetrate the bones in the same regions. The blood vessels of the
periosteum run in a crosswise manner, supplying the superficial layer of cortical bone and
usually not entering the deeper layers.

The venous drainage of bones is carried out by a well-defined, large vein, collecting
blood from the intramedullary space and venous sinuses. Actually, a number of small veins
in the periosteum collect blood from venules of the periosteum and the superficial layer of
the cortex.

As mentioned above, the connection between the periosteal and endosteal
circulations under normal circumstances is relatively poor (Danckwardt - Lilliestrom G
1970; Rhinelander FW 1987; ElMaraghy AW 1999; Mueller CA 2009). It is likely that
structural regeneration of the periosteum can be initiated from epi- and metaphyseal vessels
if the endosteal circulation is greatly interrupted, but the consequences of iatrogenic

destruction of either vascular system on their reorganization potential has not yet been

described.

1.2. Examination of the microcirculatory organization of the bone
Various static methods, e.g. microangiography (Trueta J 1955; Rhinelander FW

1968) or electron microscopy, have been employed to study the structural characteristics of



the bone microcirculation, while laser-Doppler flowmetry (Swiontkowsky MF 1986;
ElMaraghy AW 1999) and radioactive microsphere techniques (Barron SE 1977)have been
utilized to characterize functional details and dynamic aspects of the blood supply. Most of
these techniques, however, have inherent limitations. The loading of capillaries during
conventional microangiography can be incomplete, which limits the recognition of the
periosteal vessel structures (Rhinelander FW 1968; Pazzaglia UE 1996). Electron
microscopy or light microscopy can be used for qualitative studies, but quantitative analysis
after serial sectioning of the tissues is particularly difficult. Laser-Doppler flowmetry is a
semiquantitative method with which to monitor the perfusion characteristics at the surface
of a tissue mass, including the bone cortex (Kowalski MJ 1996; Koo H 2010). The
advantage of this method is that it does not require fluorescence labelling and the small
sensors may fit into cavities, which is particularly advantageous if the measurements are
targeting the endosteal vasculature.

An outstanding tool that provides information on dynamic changes in the perfusion
conditions in a physiological context is intravital microscopy (IVM) imaging with or
without contrast enhancement. Similarly to laser-Doppler flowmetry, IVM provides
information on the surface of solid organs, but also allows the detection of spatial and
temporal relationships of circulating cells and the acquisition of additional parameters, such
as the cell velocity (Menger MD 1997; Ruecker M 1998; Wolfard A 2002). Conventional
fluorescence IVM yields visual information on structures after labelling with fluorescent
markers (commonly used fluorochromes are rhodamine 6G and fluorescein isothiocyanate),
while other, non-invasive, non-labelling-requiring techniques, such as orthogonal
polarization spectral (OPS) imaging makes use of polarized reflected light to visualize
haemoglobin-containing structures in vessels. After microsurgical exposure of the
periosteum, IVM furnishes an opportunity for simultaneous visualization of the
microvascular function and also allows computer-based quantification of morphological

and functional characteristics.

1.3. Structural and functional characteristics of the periosteum and the endosteum

The periosteal membrane separates the bone from the surrounding tissues and binds
elements of the skeletal system to it by means of tendons, septa and ligaments. The
periosteum plays an active role in the regulation of the metabolism and regeneration of the
bone. From a structural point of view, the periosteum is composed of an outer fibrous and

an inner osteogenic cellular layer covering the whole length of the long bones up to the



articular cartilages (Dwek JR 2010).

The outer layer is composed of two distinct parts. The superficial sheet is less elastic
and involves collagen fibres with some fibroblasts (Squier CA 1990). This most
vascularized part of the periosteum supplies the deeper layers and the outer surface of the
cortex with a distinct proprioceptive role owing to its dense innervations. The deeper part of
the outer layer contains elastic fibres, and thus it has considerable elasticity, and it is poor in
vessels and cellular components. Tendons of adhering muscles undergo branching in this
layer.

The inner layer, also called the cambium layer, contains many mesenchymal stem
cells, osteoblasts and fibroblasts in a loose collagen matrix. Osteoblasts are located directly
on the outer surface of the cortex covered by fibroblasts. The cambium layer is thickest
during foetal life and becomes thinner with the progression of age (the numbers of vessels
and cellular components decrease) with a resultant decrease in osteogenic ability.
Mechanical injuries of the periosteum, such as fractures, temporarily stimulate the
osteogenic activity, but the efficacy of this process is reduced with age (Simon TM 2003;
Srinivasan S 2003).

The endosteum is a soft and thin connective tissue that coats the inner surface of the
long bones (Herget GW 2011). Its histological structure is similar to that of the periosteum,
but it contains only a few connective fibres and nerves. It exhibits rich vascularization;
branches of the nutritive artery run inside the endosteum before entering the cortical bone.
Veins from the Volkmann channels are also connected to intramedullary vessels within the
endosteum. Similarly to the periosteum (albeit to a lesser extent), the endosteum
additionally hosts mesenchymal stem cells, which play roles during different regeneration
processes of the bone (Brighton CT 1992). Due to the osteogenic stem cell content, these
membranes, and in particular the periosteum, play important roles in the pathogenesis of

both hormone-related and trauma-induced osteoporotic processes.

1.4. The roles of the periosteum and endosteum in the healing process of the bone after
fractures

Successful bone healing requires the regeneration of both the peri- and endosteal
circulations, the fixation of fractured bone endings and tissue immobilization (Macnab I
1974). The process starts with periosteal callus formation and the development of a new
anastomosis network between the nutritive artery and the meta-epiphyseal vessels. In the

first phase, the intramedullary space within the fracture gap under the elevated periosteum



is filled with haematoma. Fibrin bridges are formed between the fracture endings from the
haematoma, mesenchymal stem cells migrate and newly-formed capillaries grow into the
callus (Cruess RL 1975) from the periosteum at the edge of the fracture gap (Mindell ER
1971). Newly-formed woven bones appear in the granulation tissue in the callus bridging
the fracture gap within 1-2 weeks (Einhorn TA 1998). Mesenchymal stem cells transform
into chondrocytes which produce hyaline cartilage. The lower stability of fracture ends
results in more intensive cartilage formation and proliferation. Enchondral ossification is
the last step of the reparative phase, during which hyaline cartilage is replaced with lamellar
bone. In the final, remodelling phase, primarily formed woven bone and trabecular bone are
substituted with mature, compact bone.

In cases of non-dislocating fractures, the structure of the endomedullary vessels
remains intact (Rhinelander FW 1962), but dislocating fractures are usually associated with
destruction of the endosteal circulation. This is due to the longitudinal architecture of the
endosteal vessels; periosteal blood vessels are relatively preserved because of their
transverse segmental pattern (Macnab I 1974). The endosteum also plays an important role
in the healing of bones, but it has been shown by means of microangiography that endosteal

callus formation begins only 3-4 weeks after the fracture (Rhinelander FW 1968).

1.5. Consequences of gross destruction of the periosteum and endosteum

Clinical experience suggests that adequate healing requires a sufficient blood supply
and appropriate, stable mechanical fixation of the broken ends. The extent of mechanical
stability has an effect on tissue differentiation and the development of revascularization;
instability results in delayed revascularization, thereby restraining or inhibiting healing.

The role of the periosteum and the importance of its preserved circulation in bone
healing were first emphasized by Erich Lexer in 1925 (Lexer E 1925). Since that date, it has
been well established that re-establishment of the integrity of the periosteum is critical for
the healing process (Mindell ER 1971; Finley JM 1978; Dwek JR 2010). Major destruction
of the periosteum results in the necrosis of fracture endings, delayed union or non-union
due to ischaemic injury of the bone. Clinical observations support the notion that fractures
with extensive soft tissue injury or/and periosteal damage result in delayed union or
pseudoarthrosis formation (Gustillo RB 1990; Esterhai JL 1991; Utvag SE 1998).

As a result of fracture reconstruction surgery, the regeneration from the
neighbouring periosteum can also be compromised due to the fixation plate itself. With

certain osteosynthesis techniques, deterioration of the blood supply can lead to a nutritive
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deficit and alterations in bone physiology, ranging from metabolic changes to
pseudoarthrosis formation. As such, plate osteosynthesis has been shown to cause
disruption of the periosteal blood supply, which leads to bone porosis persisting for several
months after surgery (Perren SM 1988). In contrast with previous theories where unloading
of the bone was the suspected cause of this form of osteoporosis, nutritive factors and
avascular bone necrosis beneath the disrupted periosteal membrane have been found behind
this phenomenon (Klaue K 2000). With regard to the importance of the periosteal integrity,
careful periosteal stripping which results in relatively low alterations in blood supply is a
widely accepted method for plate insertion (Whiteside LA 1978).

The integrity of the endosteal membrane is also affected during fractures or surgical
interventions. Reamed intramedullary nailing has been shown to lead to cessation of the
endosteal blood supply, and the insertion of the femoral component fitting tightly into the
medullary cavity during hip joint endoprosthetic surgeries causes a major endosteal
circulatory insufficiency. As a result of the endosteal circulation disturbances, the inner
two-third of the cortical bone may be necrotized in the diaphysis of the long bones, where
the endosteal vessels play the dominant roles in the blood supply (Rhinelander FW 1968;
Barron SE 1977; Pazzaglia UE 1996; 1999; Mueller CA 2009).

Both experimental and clinical observations suggest that disruption of the continuity
of the periosteum or the endosteum delays bone healing, but impairment of only one of
these structures alone does not hinder overall fracture healing (Kregor PJ 1995; Seibold R
1995). The dependence of the healing capacity of the cortex after osteosynthesis upon the
relative contributions of the endosteal and periosteal systems in supplying the cortex has
been demonstrated in animal models (Lippuner K 1992), but little is known about the

human situation and circulatory characteristics.

1.6. The possible role of the periosteum in osteoporosis

Osteoporosis is a progressive disease of bone loss associated with an increased risk
of fractures. The structural bone deficit is generally attributed to enhanced bone resorption
and simultaneously decreased bone formation. Several early studies provided convincing
evidence that these changes can be suppressed or even prevented by restitution of the pre-
menopausal oestrogen levels in females (Christiansen C 1982). The effector cells of these
processes originate from mesenchymal osteoprogenitor cells found in the periosteum and
endosteum, with the predominant role of the periosteum (Brighton CT 1992). Furthermore,

the experimental and clinical evidence points to an important function for the periosteum
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not only in the pathogenesis of osteoporosis, but also in the effects of different anti-
osteoporotic approaches (Allen MR 2004). The periosteal region of the cortical bones
exhibits a better anti-fracture efficacy than that of the endosteal region, and it is proposed
that the major target of different bone-reinforcing therapies is at the periosteal site (Ferretti
JL 1995).

Since the effector cells of bone remodelling originate mainly from the periosteum,
this structure plays a decisive role in the pathogenesis of osteoporosis too. Moreover a
considerable amount of clinical evidence suggests that the disrupted circulation of the
periosteum leads to osteoporotic changes in the cortex. The consequences of senile
osteoporosis on the periosteal vascular organization, however, have never been

investigated.

1.7. Consequences of gross destruction of the endosteum

Fracture reduction and osteosynthesis techniques applied for the fixation of
osteotomies, plate osteosynthesis and intramedullary nailing, may cause circulatory
disturbances by damaging the periosteum or the endosteum (Barron SE 1977; Pazzaglia UE
1996; Mueller CA 2009). Selective disruption of the endosteum is caused by non-
dislocating fractures and surgical interventions such as reaming of the medullary cavity.
Reamed intramedullary nailing is a common procedure for the management of diaphyseal
fractures. After reaming of the medullar cavity, the intramedullary vessel network is
completely destroyed. A number of authors have described that the periosteal vessel
structure is not capable of supplying the whole cortex after complete disruption of the
endomedullary vessel network (Trueta J 1955; Macnab 1 1958; Gustillo RB 1964;
Danckwardt-Lillienstrom G 1970). According to other authors, the inner two-thirds of the
cortex becomes avascular, and living cellular components necrotize as a result of ischaemic
injury. The inorganic, calcareous structure of the bone, however, remains intact, apart from
the drilling zone (Rhinelander FW 1968; Pazzaglia UE 1996; Mueller CA 2009). Necrosis
is thought to be caused by the mechanical destruction of the nutritive endosteal vessels.
Further damage is caused by the increased intramedullary pressure through blocking of the
blood flow in the intact vessels (EIMaraghy AW 1999) and obstruction of the perforating
arteries by fat embolism (Danckwardt-Lilliestrom G 1970; Barron SE 1977; Pazzaglia UE
1996; ElMaraghy AW 1999). These observations clearly indicate that the inner part of the
cortical bone is mainly supplied by the endomedullary network.

Microangiographic studies of non-dislocated fractures have revealed that the
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periosteal blood supply predominates during the early phase of fracture healing, which is
later overtaken by the endosteal blood supply (Rhinelander FW 1968, 1979, 1987). There
was an enhanced periosteal blood flow in the first 2 weeks after the reaming of long bones
when no subsequent implantation was performed (Reichert IL 1995). This observation was
supported by further data demonstrating neovascularization and an increase in periosteal
blood flow lasting for only 10-14 days after surgery.

After reaming, the marrow space is filled with haematoma for 20-30 days, this being
gradually followed by the accumulation of reactive newly-formed bone and loose
connective tissue. Thus, the endosteal revascularization is initiated relatively late (60 days
after reaming) from the metaphysis by the proliferation of metaphyseal and epiphyseal
arteries. Reactive endosteal new bone formation and its gradual remodelling have been
observed for 30-60 days following reaming (Pazzaglia UE 1996), an observation supported
by the findings that the reamed medullary space is avascular for 30 to 60 days (Gustilo RB
1964; Danckwardt-Lilliestrom G 1970). Taken together, endosteal revascularization takes
place relatively late, and is initiated from the metaphyses via the proliferation of epi-and
metaphyseal vessels; this process occurring with a delay of 60-80 days. Periosteal vessels
are not involved, or may have only a minor role in the process of regeneration of the

endosteal circulation (Rhinelander FW 1968; Pazzaglia UE 1996; EIMaraghy AW 1999).

1.8. Effects of endomedullary implants on the bone circulation after drilling

The regeneration of the endosteum after medullary drilling and fracture fixation is a
time-consuming process and depends greatly on the properties of the implant material. The
major characteristics are the flexibility and intramedullary stability of the implant, the
shaping of the surface, and the size of the interface between the bone and the implant. It has
been shown that excessive drilling (without subsequent implantation) can significantly
decrease the circulation of the diaphysis (Kline AJ 2006). When the drilled medullary
cavity was completely filled with agar, 90% of the cortex underwent necrosis without any
considerable degree of revascularization later (Mital M 1968). When drilling was followed
by the application of bone cement with high pressure into the canine femur, marked
decreases in the diaphyseal blood flow were observed by laser-Doppler flowmetry 6 weeks
later (EIMaraghy AW 1999). Stable titanium implants placed firmly into the medullary
cavity are incorporated by the bone with regular endomedullary vascularization around
them. In contrast, granulation tissue with pathological vessel structures is formed around

loose implants (Pazzaglia UE 1996). Clinical observations also reveal that a regular
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endosteal circulation develops around intramedullary incorporated cemented or non-
cemented hip prostheses. In contrast, loose implants induce the formation of granulation

tissue with a pathological vessel structure.

1.9. Characteristics of implant materials applied in endoprostheses

Implant materials used in large joint prosthethetic reconstruction surgeries can be
categorized according to their biological properties. Tolerable materials are steel alloys,
cobalt-based alloys and plastics. Inert materials include titanium, aluminium oxide,
ceramics, carbon compounds and tantalum, and bioactive substances include hydroxyl-

apatite, bioglass and tricalcium phosphate.

1.9.1. Titanium and its alloys

Titanium, a bioinert metal, is one of the strongest materials in nature (Bjursten LM
1990; Hopp M 1996). It is widely used in implantology in orthopaedics, dentistry and
traumatology (Joob-Fancsaly A 2001). It has a high affinity for bone tissue (Branemark PI
1977). The mechanical properties of titanium can be improved by alloying, but the pure
metal is more resistant to corrosion and has a better bone integration capacity (Johansson
CB 1998). In orthopaedics, the most frequent alloy (Ti Al6 V4; ISO 5832) contains 6% of
aluminium and 4% of vanadium. Titanium has low density (4.51 kg dm™) and its good
mechanical properties allow the production of precisely prepared implants. Titanium
belongs in the group of transition metals, representing an intermediate state between noble
and non-noble metals. On the surface of transition metals including titanium, a chemically
stable oxide layer develops contributing to their excellent chemical and biological
properties. This intermediate state provides extreme reactivity and good surface properties
for titanium. It has a negatively charged surface and high surface tension, which provokes
the bioadhesion of different molecules (Baier RE 1984). The process begins with hydration
of the surface, water molecules, different ions and glycosaminoglycans adhering to the
surface. Serum proteins adhere to this surface creating a 20-50 A thick layer attached to the
bone cells through collagen fibres. As a result of the above molecular interactions, a thin
layer is formed between the implant and the bone cells; this is the interface zone. Bone
integration develops faster on increased and porous surfaces that allow the ingrowth of bone
tissue (Hulbert SF 1972). Titanium was used as an implant material for nailing in our

studies as a model of excellent osseointegration and good stability (Pazzaglia UE 1998).
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1.9.2. Polyethylene

The component of bipolar prosthesis that makes contact with the metal component
(the acetabular component of a hip joint and the tibial component of a knee joint prosthesis)
is polyethylene. Polyethylene belongs among the biotolerant materials and has been used in
joint endoprosthetics for more than 40 years. During the polymerization of ethylene,
depending on the method applied, a linear (low-pressure method) or a more or less
branching (high-pressure process) polymer chain is formed. The density of flexible
polyethylene, made by the high pressure process is 0.915 to 0.93 g cm™ while that of the
rigid polyethylene, made by low-pressure process, ranges from 0.94 to 0.965 g cm™. The
properties of polyethylenes are largely determined by the material density, molecular
weight and weight distribution within the molecule. In line with increased molecular
weight, the impact resistance, tensile strength, toughness, wear resistance and resistance to
burst formation are also increased. The Ultra High Molecular Weight Polyethylene used in
endoprosthetics displayes a high level of polymerization and a high material density (ISO
5834 and ISO 7206-2). These polymers are firm and strong, with high wear resistance with
favourable sliding and mechanical force-relieving properties. They are manufactured by
milling and cutting and fixed to the bone by cement. A polyethylene oxide layer is formed
at the free surface of implanted prosthesis where water, adhering prototeoglycans and fibrin
fibres create a superficial biofilm. The material composition, structure, elasticity and
surface of polyethylene do not allow osseointegration and we used this material as a model

implant with weak stability.
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2. MAIN GOALS

1.  Our primary objective was to observe and characterize the consequences of
osteoporosis on the microvascular organization of the periosteum. With this aim, we
designed a bilateral ovariectomy model of osteoporosis in a clinically relevant time
frame in rats. We also determined whether chronic treatment with oestrogen
influences the possible ovariectomy-triggered periosteal changes in the structure of

the microvasculature.

2. Fractures of long bones can cause destruction of the periosteal and endosteal
circulations which will regenerate only if the healing process is ensured by
appropriate fracture management. The reorganization potential of the periosteal and
endosteal circulatory networks during iatrogenic destruction of these vascular systems
has not yet been described. We hypothesized that compensatory microvascular
reactions are induced in the periosteum in response to mechanical destruction of the
endosteal microcirculation. Thus, our aim was to characterize the periosteal
microcirculatory organization after standardized intramedullary damage in rats. For
this purpose, we developed a chronic rat model of tibial reaming and nailing to study

the periosteal microvascular consequences by means of [IVM.

3. We hypothesized that the intramedullary healing conditions would significantly
influence the outcome of reactive periosteal microcirculatory changes. For this reason,
we used implant materials with different osseointegration properties. We compared
and characterized the periosteal microvascular alterations caused by titanium and
polyethylene nails, as prosthesis materials expected to display higher or lower
intramedullary stability, respectively, 6 and 12 weeks after their implantation into the

rat tibia.

4. Finally, we set out to examine the possible microcirculatory background of
pseudoarthrosis in a clinical situation by using laser-Doppler flowmetry. We studied
the clinical history of a patient who presented with tibial malunion, where
simultaneous iatrogenic impairment of the periosteal and endomedullary circulations

of the diaphysis was evoked by aggressive osteosynthesis techniques.



16

3. MATERIALS AND METHODS

The animal experiments were performed in accordance with the NIH Guidelines (Guide for
the Care and Use of Laboratory Animals) and the study was approved by the Animal
Welfare Committee of the University of Szeged.

3.1. Study |

In study I, the osteroporosis-related periosteal vascular reactions were characterized
in rats subjected to bilateral overiectomy (OVX), and the development of osteopenia was
assessed by using ultrasonographic densitometry. Five months after OVX, when signs of
osteopenia could be demonstrated, chronic oestrogen treatment was initiated in a group of
animals. Eleven months after OVX, periosteal microcirculatory reactions were assessed by
using fluorescence IVM.
Surgical method of bilateral ovariectomy

In these studies, 3-month-old Wistar rats (weighing 200-210 g) were ovariectomized
(n = 12) under anaesthesia with a combination of ketamine and xylazine (25 mg kg™ and 75
mg kg ip, respectively). Median laparotomy was performed under sterile conditions, the
connection of the Fallopian tubes was cut between haemostats, the ovaries were removed,
and the stumps were then ligated. Thereafter, the abdomen was filled with warm sterile
physiological saline and the abdominal wall was closed in two layers. Sham-operated
animals underwent identical procedures except that the Fallopian tubes and ovaries
remained intact (Sham, n = 6).
Quantitative ultrasonographic bone densitometry

Under ketamine-xylazine anaesthesia (as above), bone density measurements were
performed at the tibia and the tail with a DBM-Sonic 1200 (IGEA, Carpi, Italy)
ultrasonographic bone densitometry device; the changes in the average of the amplitude-
dependent speed of sound (AD-SoS) were determined (Joly J 1999). After calibration, the
AD-SoS values of the soft tissues (muscle and skin above the thigh) were determined, and
the system deducted this value from the bone density. The AD-SoS values were calculated
via a computer program; the average of 5 measurements was used at each time point.
Twenty-one weeks after OVX, statistically significant density alterations were observed in
the proximal tibia, and this location was therefore used for further quantitative

ultrasonographic (QUS) measurements at the ages of 8, 9, 12 and 14 months.



17

Experimental groups

Five months after OVX (at the age of 8 months), chronic oestrogen therapy (Sims N
1996) was initiated 5 days per week with 20 pg kg™ sc 178-estradiol (E2; Sigma, St. Louis,
MO, USA) in 6 animals of the ovariectomized group (OVX + E2, n = 6). The E2
substitution was continued weekly until the end of the experiments. The remaining OVX
rats (OVX, n = 6) and the Sham animals received the vehicle for E2 (100% ethanol diluted
in corn oil) in the same volume. Eleven months after OVX, the microcirculatory
consequences of OVX and chronic E2 supplementation were investigated in the Sham,
OVX and OVX + E2 animals by using IVM. The body weight changes and the
development of osteoporosis were followed continuously in the proximal tibiae by means of
ultrasonographic densitometry.
Examination of periosteal vessel structures by using fluorescence IVM

Intravital analysis of the periosteal microcirculation was performed at the end of the
experimental protocol on 14-month-old animals. Anaesthesia was induced with sodium
pentobarbital (45 mg kg ip) and sustained with small supplementary iv doses when
necessary. The right carotid artery and the jugular vein were cannulated for the
measurement of mean arterial pressure and the administration of drugs and fluids,
respectively. The animals were placed in a supine position on a heating pad to maintain the
body temperature between 36 and 37 °C. Ringer's lactate was infused at a rate of 10 ml kg™
h!' during the experiments. The trachea was cannulated to facilitate respiration. The right
femoral artery was dissected free, and the periosteum of the medial surface of the right tibia
was exposed under a Zeiss 6x magnification operating microscope, using an atraumatic
surgical technique (Varga R 2008). The microcirculation of the proximal tibia was
visualized by IVM (Zeiss Axiotech Vario 100HD microscope, 100 W HBO mercury lamp,
Acroplan 20x water immersion objective, Carl Zeiss GmbH, Jena, Germany), using
fluorescein isothiocyanate (Sigma, St. Louis, MO, USA)-labelled erythrocytes (0.2 ml iv)
for red blood cell staining.
Data analysis for IVM

Quantitative assessment of the microcirculatory parameters was performed off-line
by frame-to-frame analysis of the videotaped images, using image analysis software (IVM,
Pictron Ltd., Budapest, Hungary). At the examined anatomical fields of the tibia, the
majority of the vessels were not capillaries, but venules; hence the total vascular density
was calculated from the length of recognized vessels divided by the corresponding area (an

average of 3 measurements per observation field was used).
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3.2. Study 11

In Study II, the microvascular reactions induced in the periosteum by mechanical
destruction of the endosteal microcirculation and implantation with different implant
materials were examined by using IVM with the OPS technique. The effect of drilling was
examined 6 and 12 months after surgery (Series 1), while the effects of titanium and
polyethylene implants on the periosteal density were examined after 12 weeks (Series 2). In
the longer study, the implant stability and the endosteal histological reactions were also
assessed.
Surgical method of reaming and nailing

Male Wistar rats (380+40 g) were anaesthetized with sodium pentobarbital (45 mg
kg! ip). After a skin incision, both the left and right tibiac were reamed with a series of
specially designed microdrills of increasing diameter after making a small drill hole over
their proximal metaphyses.The diameter of the flexible drill ranged between 0.2 and 0.8
mm. During this procedure, the endosteum and the inner part of the cortical bone were
destroyed by reaching the required drill diameter, and the skin incision was closed. The
animals were not immobilized after this procedure. In some animals, the tibiae were drilled
and a 13 mm long titanium or polyethylene nail with a diameter of 0.88 mm (Protetim Kft.,
Hodmezdvasarhely, Hungary) was implanted into the right tibia. The left tibia was reamed,
but not implanted. The optimum dimensions of the implants were chosen on the bases of a
pilot study, where radiographs of tibiae were taken from rats of similar weight and age. We
also used a special small impactor to ensure that the titanium nail fitted tightly in the
medullar cavity.
Experimental series and groups

The experiments were performed in two series. In series 1, the rats were randomly
allotted into two groups. The animals in the first group were sham-operated (n = 10); in the
second, drilled group (n = 10), both the left and right tibiac were reamed. The periosteal
vessel structure was examined at postoperative weeks 6 or 12 (n = 5 animals in each group).

In the series 2, rats were randomly allotted to one or other of the following 4 groups.
In the sham-operated group, the bones were left intact (control group, n = 5). In the reamed
groups, both tibiae were reamed and a 13 mm long, 0.88 mm wide titanium or polyethylene
nail was implanted into the right tibia (see above). The periosteal vessel density was

examined 12 weeks after the surgery (n = 6).
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IVM investigations

Six or 12 weeks after first surgery, the animals were anaesthetized with sodium
pentobarbital (45 mg kg™"), their trachea intubated and the jugular vein was cannulated. The
anteromedial and anterolateral surfaces of the tibial periosteum were exposed by
microsurgical techniques with an operation microscopy of 4x magnification. The limbs
were positioned horizontally on a special stage to expose the periosteal vessels suitable for
IVM. The periosteal vessel structure and microcirculation were examined under a Cytoscan
A/R (Cytometrics, USA) intravital microscope with employing the OPS imaging technique.
The images were recorded with an S-VHS videorecorder (Panasonic AG-MD 830). Three
fields of view were recorded on all bone surfaces: the upper, middle and lower third of the
diaphysis.
Data analysis for IVM

The captured IVM images were analysed with the aid of a computer-assisted
analysis system (IVM software; Pictron Ltd, Budapest, Hungary). The contours of
capillaries, arterioles and venules were marked, and the vessel density (defined as the length
of vessels per observation area) was recorded separately. Capillaries were defined as vessels
in the diameter range 5-7 um. The proportion of capillaries was calculated by the software
and expressed as a percentage of the small vessel length relative to the total vessel length.
Examination of implant stability

At the end of the experiments, each implant was subjected to manual traction 5
times for 2 s under microscopic visual control by the same investigator (FG). The reaction

was categorized on a qualitative scale according to previously defined criteria (Table 1).

Scale grading Reaction upon traction Characteristics

0 The implant can be removed Unstable

1 The implant is loose, but can not be removed | Unstable

2 The implant is stable Well fixed, anchored

Histological analysis of vascularization
Tissue samples taken from the periosteum were embedded in paraffin, 4 pm sections
were placed on silanized slides and, after conventional methods of dewaxing and

rehydration (initiated in xylene, followed by decreasing concentrations of ethanol and
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methanol), the samples were stained with haematoxylin-eosin to characterize the

inflammation by the number of infiltrating neutrophils.

3.3. Study I11. Human observations, case history
Ethical permission

The intraoperative microcirculatory measurements were performed with the
permission and signed consent of given by the patient, and the study protocol was approved
by the Ethical Committee of the Medical Faculty of the University of Szeged.
Scope of the study

In this human study, the microcirculation of the tibial periosteum and endosteum
was examined in an orthopaedic patient. Two years previoiusly, two long plates had been
applied on both sides of the tibia and extension shaft of a cemented total knee
endoprosthesis, and pseudoarthrosis had developed as a consequence of the long-term
fixation. The roles of microcirculatory disturbances were assumed behind this phenomenon,
thus microcirculatory measurements were performed to detect the concomitant
microcirculatory perfusion deficit in the nearest proximity of the osteosynthesis materials
during their surgical removal upon re-operation.
Previous medical history

Between 1999 and 2007, the patient underwent a sequence of prosthesis
implantations in both knees to treat osteoarthrosis. Unicondylar knee arthroplasties were
followed by total endoprostheses and finally two revision prostheses with extension shaft
and homologous spongiosa grafts were implanted. In 2009, the left tibia diaphysis was
fractured below the end of the prosthesis shaft; the treatment included non-weight-bearing
plaster for 8 weeks, plus physiotherapy. In February 2011, left limb pain developed and
tibial hypertrophic pseudoarthrosis was diagnosed by X-radiographic. The treatment was
DC plate osteosynthesis plus a circular plaster. After 6 months, the plate was broken and
pseudoarthrosis of the tibia was diagnosed. The treatment included refreshment of the
fracture ends and the fracture gap was filled with homologous spongiosa and two long,
angular stable plates were placed on the medial and lateral sides of the tibia. The patient
was enrolled into our study 6 months thereafter, when the diagnosis of pseudoarthrosis was

verified.
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Measurement of the tibial periosteal and endosteal microcirculatory variables by
using laser-Doppler flowmetry

The blood flow in the periosteum and endosteum was recorded with a laser-Doppler
flowmetric device (supplied by a 780-nm laser diode; PeriFlux System 500, Perimed,
Jarfélla, Sweden) with a sterilized fibre-optic probe (# 416, “dental probe”; fibre separation:
0.25 mm, penetration depth ~ 1 mm). The tibial periosteum was explored via a conventional
anterior incision on the re-operated limb and via a small (~ 2 cm long) skin incision on the
contralateral limb. The flow probe was held perpendicularly to the surface of the periosteum
by means of a plastic holder which reduced the contact pressure on the observed area and
restricted the angular movements of the probe. The endoprosthesis was then removed and
the endosteal membrane compartment was approached through the bone cavity. A small
hole was drilled on the anterior cortex, providing access to the endosteum at the opposite
(inner surface of the posterior) medullary wall (Figure 1). The size of the drilled hole
allowed perfect fitting of the flow probe. Since an endoprosthesis was present on the
contralateral (non-operated) side, the endosteal circulation could be approached distally to
the local shaft, somewhat below the level of the measurement on the re-operated side; the
difference was ~ 1 cm. Given the examination depth of the laser-Doppler device and the
thickness of the periosteal and endosteal membranes, mostly the periosteum and the
endosteum plus a portion of the underlying cortex could be examined.

Characteristic flow curves paralleling the heart circles were reproducibly detected in
the T = 0.2 s mode, showing that pressure artifacts were avoided. After the required signal
quality had been reached, recordings were made in 30 s periods and were repeated 3 times.
Tissue perfusion was expressed in arbitrary Perfusion Units (PU); before the measurements
, the probe was calibrated with a special Motility Standard supplied by the manufacturer.
Data were collected and stored on a computer, and subsequently analysed with the
computer software supplied together with the device.

Throughout the entire observation period, the room temperature (20+2 °C) and the
core temperature of the patient were maintained constant; the stable macrohaemodynamic

parameters were recorded continuously.
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Figure 1. Scheme of the laser-Doppler flowmetry approach to observe the perfusion of the
periosteal (A) and the endosteal regions (B) of the human tibia. The periosteum (p) was observed
through a small incision made in the skin and the underlying tissues, while the endosteum (e) was
reached through a small hole drilled in the anterior cortex, providing access to the endosteum at the

opposite (inner surface of the posterior) medullary wall.

Brief description of the surgical intervention

The status at the time of the operation included pain fracture of both plates and
hypertrophic pseudoarthrosis of the tibia. A special extension shaft with distal holes serving
to hold the locking screws was designed and manufactured by the Johnson & Johnson
Company. The plates previously placed on the pseudoarthrosis of the left tibia were
removed together with the partially broken screws and the tibial component of the knee
prosthesis. Subsequently, a new extension shaft was inserted into the tibial medullary cavity
by bridging the fracture and this was compressed distally with two locking screws. The
polyethylene plate in the metal backing of the new tibial component was replaced by a new
one 15 mm in width. The bone ends of the pseudoarthrosis were refreshed and the fracture
gap was tightly filled up with autologous spongiosa from the left iliac crest and platelet-rich
plasma concentrate (Symphony' ™, DePuy) in order to induce osteogenesis (Sheth U 2012).

The microcirculatory measurements were made during the removal of the old implants.

3.4. Statistical analysis methods

In all studies, the statistical software package SigmaStat version 2.03 (Jandel
Corporation, San Rafael, CA, USA) was used. In Study I, changes in variables within and
between groups were analysed by one-way ANOVA followed by the Bonferroni test. P

values < 0.05 were considered statistically significant.
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In Study II, differences between groups were analysed by two-way ANOVA,
followed by the Holm-Sidak test or the ANOVA test (stability testing). All data are
expressed as means + standard error of the mean (SEM). P values < 0.05 were considered
statistically significant.

Since the human study could be performed on only one patient and the
measurements were conducted repeatedly at basically the same locations, no statistical
comparisons were performed. Raw data (expressed in arbitrary units) are presented in

Figure 9E to illustrate the potential differences.

4. RESULTS

4.1. Effects of ovariectomy and chronic oestrogen supplementation on the body
weight, bone mineral density and periosteal vascular architecture

During the course of the experiments, the body weight of the animals increased in

all groups (Figure 2), but OVX was followed by a significantly higher weight gain as

compared with that in the Sham group. After the initiation of the E2 therapy (at the age of 8

months), the weight gain decreased to the level for the non-OVX animals.
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Figure 2. Body weight changes in sham-operated rats (Sham) and in ovariectomized

animals treated with 178-oestradiol (OVX + E2) or vehicle (OVX). Data are presented as
means + SEM. ANOVA was followed by the Bonferroni test. x P < 0.05 vs Sham group;

differences vs the baseline (3 months of age) are not shown.
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As shown by bone densitometry on the proximal tibia, osteoporosis had developed
by 21 weeks after bilateral OVX. The AD-SoS was significantly lower than that for the
sham-operated animals (1674 = 33 m s vs 1850 + 101 m s, respectively). The OVX-

induced osteopenia was completely restored by E2 therapy (Figure 3).
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Figure 3. Bone density changes in the proximal part of the tibia in sham-operated rats

(Sham) and in ovariectomized animals treated with 178-estradiol (OVX + E2) or vehicle
(OVX). Data are expressed as Ad-SoS and presented as means + SEM. ANOVA was

followed by the Bonferroni test. x P < 0.05 vs Sham group.

In the examined anatomical fields of the tibia, the majority of the vessels were not
capillaries, but venules (Figure 4). No significant differences in total vascular density were
found between the 3-month-old controls (268.1 + 10.1 cm™), the Sham group (262.6 + 7.1
cm™), the OVX group (261.9 + 7.6 cm™) or the OVX+E2 group (265.1 + 1.1 cm™).
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Figure 4. Representative micrographs of the venular network of the tibial periosteum,
obtained by using conventional fluorescence IVM. Panel A: FITC-labelled erythrocytes;
panel B: the same field with rhodamine 6G-labelled leukocytes. The bar denotes 100 pm.

4.2. Effects of drilling on the vascular and capillary density in the periosteum

Six weeks after the surgery, no significant alterations in vascular density or in the
proportion of capillaries were found in the anteromedial and anterolateral periosteum of the
tibia in the drilled animals as compared with the sham-operated group (Figure 5A-D). In
contrast, a significantly higher vascular density was observed on the anterolateral side
(Figure 5B) and a markedly higher proportion of capillaries on both the anteromedial and
the anterolateral side in the drilled group than in the sham-operated group 12 weeks after
surgery (Figure 5C,D). Interestingly, both parameters were found to be lower on the
anterolateral than on the anteriomedial side, even in the intact tibiae (Figure 5SA-D), which
demonstrated the anatomical characteristic of the periosteal vascularization of the tibia in
the rat. Destruction of the endosteal circulation was evidenced histologically in

supplementary experiments (Figure 6; n = 3).
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Figure 5. The effects of drilling on the vascular density (A and B) and the proportion
of capillaries (C and D) in the anteromedial (A and C) and the anterolateral (B and D)
periosteum of the rat tibia, at 6 and 12 weeks after the surgery. * P < 0.05 between the
corresponding intact and drilled groups; # P < 0.05 vs between anteromedial and

anterolateral data.

Figure 6. Representative micrograph demonstrating the tibial endosteum in sham-
operated rats (A) (longitudinal section, H&E staining). The effect of reaming on the
structure of the tibial endosteum after 1 week is shown in part B. bm: bone marrow, e:
endosteum (with osteoblasts on the surface of the cortical bone), b: bone, mc: medullary

cavity (with fragments of bone marrow).
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4.3. Effects of titanium alloys and polyethylene implants on the periosteal vasculature
With both implant materials, nailing resulted in a significant higher vascular density
on the anteromedial side of the tibia as compared with the contralateral, reamed-only side.
(Figure 7A,C; Figure 8). However, nailing with polyethylene resulted in significantly
higher vascular densities on both the anteromedial and the anterolateral sides and an
increased proportion of capillaries on the anterolateral side of the tibial periosteum (Figure
7A,C,D). Although the vascular density was higher in the anteromedial periosteum in the
animals implanted with a titanium nail, this material did not influence the examined
parameters of vascular density at any of the other locations. The data on the control group
subjected to bilateral drilling (without implantation) were similar to those measured in

Series 1 (data not shown).
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Figure 7. The effects of nailing with titanium or with polyethylene on the vascular

density (A and C) and the proportion of capillaries (B and D) at the anteromedial (A and B)
and anterolateral sides (C and D) on the tibial periosteum in rats. * P < 0.05 between
corresponding reamed-only and nail-implanted groups, # P < 0.05 between corresponding

groups implanted with a polyethylene or a titanium nail.
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Figure 8. Representative micrographs of the microvascular architecture of the
anteromedial (A) and anterolateral (C) surfaces of the tibial periosteum in animals after

reaming and after nailing with polyethylene (B and D). The bar denotes 250 um.

Stability of the implants
Macroscopically visible loosening of the implanted nails was not observed. Micro-
movements could not be evoked in the titanium nail-implanted group, demonstrating the

sufficient anchoring of the implant in the tibial medullary cavity (grade 2.0 £ 0). In the rats
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implanted with a polyethylene nail, however, the stability was significantly lower (grade

0.33 +£0.21), and 4 implants exhibited a high degree of instability.

4.4. Effects of excessive osteosynthesis on the microcirculation of the periosteal and
endosteal membranes

Considerably lower periosteal blood flow values were measured in the re-
operated (pseudoarthrotic) tibial periosteum (Figure 9B) than in the contralateral non-
operated limb (Figure 9A) wiht average levels of PU was 76 and 106 PU, respectively
(Figure 9E). Much lower perfusion values were observed in the endosteum, however.
Specifically, an average endosteal perfusion of 30 PU was found in the non-operated tibia
(Figure 9C). An even lower perfusion level was measured in the re-operated tibial
endosteum (average 9 PU; Figure 9D) even in the presence of a characteristically good

signal quality (Figure 9E).
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Figure 9. Original laser-Doppler flowmetry recordings of the periosteum (A and B)
and the endosteum (C and D) in the non-operated (A and C) and operated (pseudoarthrotic;
B and D) tibia. Data relating to the perfusion of the above compartments are presented in

part E. Data are presented the means of three measurements.
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Radiographic findings
Six weeks after the operation the radiographs demonstrated callus formation in the

dorsal part of the fracture and good angulation of the fracture ends (Figure 10). The patient

now walks with the aid of a knee-ankle-toe orthosis, without loading the osteosynthesis.

o -Cﬁ-r’

Figure 10.  Anteroposterior and lateral views of the left tibia before the re-operation (A)
and 6 weeks after the surgery (B). Callus formation was detected in the dorsal part of the

fracture, with good angulation of the fracture ends.
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5. DISCUSSION

Restoration of the blood supply is a prerequisite for proper bone healing, which
points to an important role of the microcirculation in the pathogenesis of various bone
diseases. Indeed, re-establishment of the periosteal microcirculation per se guarantees the
survival of bone grafts, even in an environment with only a limited blood supply (Berggren
A 1982). Early experimental studies revealed that alterations in the periosteum perfusion
reflect perfusion changes of the whole bone; when the main nutrient artery was
compromised, the periosteum integrity was still grossly preserved (Kolodny A 1923). The
periosteum alone has also been shown to be capable of regenerating long bone defects even
when the endosteum has been completely damaged (Knothe Tate ML 2007). The
importance of endosteum in bone healing has also been recognized (Kojimoto H 1988). The
endosteum, which covers all interior surfaces of bones, including the spongiosa, also
contains osteoprogenitor cells which contribute to the healing of fractures (Brighton CT
1992). The above observations demonstrate that periosteal and endosteal microcirculatory
changes are good indicators of the bone circulation; investigation of the microvasculature of
these structures may therefore contribute to a better understanding of various bone-related
pathological conditions.

Due to methodological constraints, the possibilities for studying the circulation of
the endosteum and the periosteum, and particularly of the bone, are greatly limited. In the
present studies, we utilized appropriate methods that provide dynamic information on the
perfusion conditions of the endosteum or the periosteum or both. We made use of laser-
Doppler flowmetry, which depicts flow conditions in arbitrary units; hence, the data yieled
by this approach can be used only for spatial and time-wise comparisons (Swiontowsky MF
1986; ElMaraghy AW 1999). Nevertheless, with the application of small sensors and a
method first introduced here to gain access to the endosteum, we were able to compare the
perfusion conditions at different locations of a human tibia, thereby permitting comparisons
of the flow characteristics of an asymptomatic and pseudoarthrotic limb. Methods for IVM
examinations of the tibial periosteum were also introduced by our research group (Wolfard
A 2002; Gera L 2007). These latter IVM approaches provide data on well-defined structures
such as microvessels, and all the results can be expressed numerically, together with direct
visualization of the microvasculature (Menger MD 1997; Ruecker M 1998).

The periosteal membrane not only separates and binds elements of the skeletal

system to the bone, but also plays regulatory roles in the regeneration and metabolism of the
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bone, even in senile osteoporosis. The aim of our first study was to simulate a clinical
situation where the magnitude of the local inflammatory-microcirculatory complications of
bone traumas and tourniquet application can be determined. The rationale of this approach
was that elective orthopaedic surgery and emergency conditions (such as fracture repairs)
are frequently performed in the elderly, osteoporotic patient population and these
interventions involve the use of tourniquet placement that causes an ischaemia-reperfusion
injury. In the work presented, we set out to focus only on the potential microvascular re-
organization of the periosteum elicited by an oestrogen deficit and E2 replacement therapy.
OVX is a well-established animal model for osteoporosis research as it shares many
similarities with the human disease. These include an increased rate of bone turnover
(Wronski TJ 1986), and an initial rapid phase of bone loss, similarly to the skeletal
responses to treatment with oestrogen, calcitonin, bisphosphonates and many other agents
(Fleisch H 1993; Allen MR 2004). In our model, typical reactions after OVX, such as
weight gain and osteopenia, reproducibly evolved, and the reversing efficacy of E2 therapy
on osteopenia, together with the periosteal microcirculatory status of the tibia, could
subsequently be evaluated in a clinically relevant, long-term period. OV X-related vascular
alterations have already been demonstrated in certain organs (Santizo RA 2000; Watanabe
Y 2001), but never in the periosteum. For instance, OVX has reduced the blood flow in the
bone (Kapitola J 1995) and a lower total capillary density was observed in the heart (Jesmin
S 2002) and brain (Jesmin S 2003), a phenomenon probably related to the well-known
effect of oestrogen on angiogenesis. In our chronic rat model, however, the periosteal vessel
density was not affected by OVX or E2 replacement therapy. The hypothesis that
osteoporosis may cause reorganization of the periosteal microvasculature could therefore
not be proven. It is important to note that these long-term changes were followed in the
proximal tibial periosteum of the rat, where the venules are the predominant vessel type.
The characteristically high venular density of the periosteal microarchitecture may account,
at least in part, for the present finding. More studies would be needed to provide further
structural details on other anatomical sites.

In consequence of the impairment caused in the osteogenic potential of the
periosteal and endosteal compartments by different osteosynthesis techniques, plate- and
implant-induced osteoporosis often occurs in clinical practice. This kind of osteoporosis is
considered to be an intermediate stage in internal bone remodelling, and it is induced by
avascular bone necrosis beneath the disrupted periosteal membrane (Klaue K 2000). The

“plate osteporosis” that affects the cortical bone beneath the plate was earlier thought to be
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a compensatory reaction of the bone to the implant-related mechanical stress and friction,
but the impairment of the periosteal circulation was later revealed in the background
(Perren SM 2005). Although osteoporosis is a transitory reaction in these cases, it causes
marked weakening of the bone. A direct interrelationship has been revealed in animal
experiments between the extent of plate osteoporosis in different species and variations in
the relative importance of the endosteal and periosteal blood supplies (Perren SM 2005). It
has also been postulated, that if direct pressure to the bone is avoided, the preserved
vascularity will prevent plate osteoporosis (Lippuner K 1992). The same phenomenon was
observed with intramedullary implants, where the development of osteoporosis was closely
related to the disturbed endosteal circulation and the magnitude of contact surfaces between
the implant and the bone (Perren SM 1988). Furthermore, the implant material was also a
decisive factor, as plastic materials caused more severe osteoporosis than did steels (Perren
SM 1988).

In our human study, the patient was subjected to a sequence of distinct
osteosynthesis techniques simultaneously affecting the integrity of the periosteum and the
endosteum, with excellent mechanical properties at the times of the operations, but
pseudoarthrosis nevertheless developed. This debilitating condition can be regarded as a
final step during the sequence of events along the malperfusion-osteoporosis-necrosis axis.
To examine the potential microcirculatory background, laser-Doppler flowmetry was
performed in the pseudoarthrotic limb; both the endosteal and the periosteal flow were
found to be diminished as compared with the contralateral limb. These observations were
made during a surgical intervention when the pseudoarthrotic limb was re-operated. In the
course of the preoperative planning, preservation of the local biology was at the focus of
surgical team. Relying on the regeneration capacity of the periosteum, including recovery of
the blood supply of the cortex (Colnot C 2009), a decision was made to remove the long
plates and a new prosthesis shaft was designed with distal holes destined to hold locking
screws (serving as a long intramedullary nail bridging the fracture ends). In this way, the
use of subperiosteal plate could be omitted completely so as to aid regeneration of the
periosteal circulation. Furthermore, the fracture gap was tightly filled with a platelet
concentrate produced from autologous blood in order to support new bone formation (Sheth
U 2012). As a result, postoperative X-ray radiographs taken 6 weeks after the operation
clearly inidicated new bone formation proving evidence of the efficacy of this approach.

In the above study, the modified endoprosthesis was applied to promote periosteal

regeneration. The resultant step is the process of endochondral bone repair, which is the
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primary form of bone healing when micromotion exists between the fractured parts in bones
covered with periosteum (Shapiro F 2008). In these cases, periosteum-derived cells have the
ability to proliferate and form periosteal callus in the initial phase of fracture healing
(Knothe Tate ML 2007). While periosteal injuries heal by endochondral ossification, bone
marrow injuries heal by intramembranous ossification (Colnot C 2009). As discussed
above, the importance of the endosteum in bone repair should also be taken into account,
because regions rich in spongiosa heal faster (Shapiro F 2008) and studies of bone
lengthening have also indicated the presence of a considerable amount of endosteal callus
formation between the fracture endings (Kawamura B 1968). Our present study
demonstrated the simultaneous impairment of both circulatory systems. This may explain
the negative clinical outcome, i.e. pseudoarthrosis formation after excessive prosthesis
application in the long bones. In consequence of the ethical and technical limitations, the
relationship and compensatory reactions between the periosteal and endosteal circulations
can not be investigated in adequate numbers under clinical circumstances. A further
potential flaw of this study is that no follow-up of the examinations was feasible. However,
the present study provides a model for estimation of the circulatory consequences of long-
term simultaneous iatrogenic cessation of both the interior and the exterior blood supply of
a long bone.

Selective disruption of the endosteum also occurs in clinical practice, caused by
dislocating fractures or reaming of the medullary cavity. As a result, avascularity and even
partial necrosis of the cortex can be detected, suggesting that a significant proportion of the
cortical blood flow is provided by the endomedullaryy vessels (Trueta J 1955; Gustilo RB
1964; Rhinelander FW 1987; Reichert IL 1995; Ruecker M 1998; Mueller CA 2009).
During the bony healing process, recovery of the endosteal membrane is preceded by
regeneration of the periosteum (resulting in periosteal new bone formation) (Rhinelander
FW 1968, 1987; Aliabadi P 1989; Reichert IL 1995; Ruecker M 1998; Mueller CA 2009).
Accordingly, signs of supranormal periosteal perfusion or increased vessel density have
been found to persist for a period between 2 weeks (Reichert IL 1995; Pazzaglia UE 1996)
and 2-3 months (Gustilo RB 1964). In our studies, we also set out to describe the
microcirculatory alterations that occur in the periosteum following selective experimental
destruction of the endosteum; we did not find significant alterations in the periosteal
vasculature 6 weeks after intramedullary drilling. However, a significantly higher vascular
density and a markedly higher proportion of capillaries were observed on both sides of the

periosteum 12 weeks after drilling. Our results suggest that, although the vascular
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connections between the periosteal and endosteal circulations under physiological
circumstances are poor (Danckwardt- Lilliestrom G 1970; Rhinelander FW 1987;
ElMaraghy AW 1999; Mueller CA 2009), the periosteum can respond to intramedullary
reaming by compensatory neovascularization leading to an increased vessel density.

One important question that arises is how implantation affects the regeneration of
the endosteal compartment and the periosteal reactions. Reaming and implantation with
primary stable implants in long bones caused a similarly undisturbed endosteal regeneration
process to that observed after reaming alone (Pazzaglia UE 1996). Revascularization
occurring within 12-16 weeks after implantation is due to the proliferation of meta- and
epiphyseal vessels (Danckwardt-Lilliestrom G 1970). To the best to our knowledge, our
study is the first to reveal the periosteal microcirculatory reactions evoked by
intramedullary polyethylene nail implantation. The results furnish evidence of the marked
instability of the nail and the lack of osseointegration in the host bones. Implant loosening is
well known to induce connective tissue formation (Rhinelander FW 1979; Pazzaglia UE
1996) and micromovements of the implant inhibit adequate revascularization around the
endoprosthesis. However, we have detected a significant increase in blood vessel density
and in particular in capillary density in the tibial periosteum in rats implanted with
polyethylene nails. An explanation of this finding is that a polyethylene implant is not
integrated into the medullary canal. The chemical composition and the smooth surface may
contribute to the lack of stable fixation and to micromovements, thereby leading to
inadequate restoration of the endosteal circulation (Pazzaglia UE 1996). The endosteal
blood supply is probably insufficient to supply the cortical bone, and may be compensated
by increased periosteal sources.

The results showed that IVM evaluations can be used to determine and compare the
functional and morphology changes of the bone microvessels after implantations. The
development of polyethylene implant wear is an important clinical problem (Linder L 1983;
Yamada H 2009). Products of polyethylene wear after total hip arthroplasty cause
granulation tissue formation and the loosening of an endomedullaryy implant. These
observations indicate the necessity for the development of new or more enduring
polyethylene implants in order to prevent the micromovements leading to the wear process
and the formation of granulation tissue. Complete implant stability was achieved in our
study through the use of a titanium nail implant, after which micromovements were not
detected, and the proportion of small vessels and the blood vessel density did not differ

significantly from those of the reamed-only tibiae. Stable implantation with a titanium nail
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does not influence the periosteal blood vessel formation, and the lack of microcirculatory
reorganization on the surface of bones may therefore be regarded as a sign of a preserved or

restored endovascular microcirculation.

6. SUMMARY OF NEW FINDINGS

1. The tibial periosteal vascular density and the proportion of capillaries were quantified
by IVM in a clinically relevant osteoporosis model with adequately long-term follow-
up in rats. The results show that periosteal angiogenesis is not affected by

ovariectomy-related oestrogen loss or E2 supplementation.

2. After microsurgical exposure of the periosteum, IVM provides an opportunity for
simultaneous visualization of the microvascular function and also allows the
computer-based quantification of morphological and functional characteristics. We
have provided evidence that marked compensatory microvascular reactions, and
increased vascular and capillary densities, are induced in the periosteum in response to
mechanical destruction of the endosteal microcirculation. As evidenced by IVM, these

reactions are manifest 12 weeks after surgery.

3. We have described the periosteal microcirculatory alterations following standardized
surgical destruction of the endosteum and after the application of the most frequently
used implant materials. The periosteal microvascular reorganization caused by
reaming of the endomedullary cavity is not altered by implantation with titanium, a
material with good osseointegrative properties. This reaction, however, is augmented
by endomedullary polyethylene nails. Unstable implant materials probably lead to
inadequate restoration of the endosteal circulation, which is insufficient to supply the

cortical bone, and may be compensated by increased periosteal sources.

4. A clinical case history is presented that demonstrates the importance of preserved
endo- and periosteal microcirculations and the benefits of the application of primary
stable osteosynthesis during orthopaedic surgical interventions. With the use of laser-
Doppler flowmetry, simultaneous microcirculatory disturbances induced in the tibial

periosteum and endosteum by long-term fixation modalities could be detected in the
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operating theatre. This observation underlines the importance of preservation of the

local circulation when placements of osteosyntheses are planned in clinical practice.
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so veégtag ischaemiat kovetd 180 perces reperfusio hatdsat a tibia periosteum mikrokeringésére. Célunk a csont-
hartya atmeneti, teljes vértelenségével jaro klinikai allapotok (példaul tourniquet altal kivaltott atmeneti végtag
ischaemia, csont graftok sebészete) modellezése, valamint az ischaemia—reperfusio mikrokeringési kovetkezmé-
nyeinek megismerése volt. Eredményeink szerint a szoveti perfusio jelentdsen romlik a reperfusids idoszak végé-
re; szignifikansan csdkken a csonthartya ereinek atjarhatésagat leir6 funkcionalis kapillaris denzitas és a vorosvér-
testek aramlasi sebessége. Az ischaemia—reperfusio altal kivaltott gyulladasos karosodas jeleként a posztkapillaris
venulakban fokozodik a leukocita-endotélsejt interakciok szamaranya (a leukocitak gordiilése és kitapadasa).
Eredményeinket dsszefoglalva elmondhatjuk, hogy az intravitalis fluoreszcens vide6-mikroszkopia alkalmas az
ischaemia—reperfusios csonthartya karosodas szamszeriisitésére, a perfusio zavaranak és a gyulladasos reakciok
mindségi és id6beli valtozasainak jellemzésére. E technikaval lehetdség nyilik a terapias beavatkozasok hatékony-
saganak szamszer( elemzésére is.

Kulcsszavak: Allatkisérlet; Csonthdrtya — Vérkeringés; Izom, skeletalis — Vérkeringés;
Mikrocirkulacio; Mikroszkop, video; Reperfusios sériilés — Fiziopatologia;

L. Torék, P. Hartmann, A. Szabé, R. Varga, J. Kaszaki, F. Greksa, M. Boros: Intravital microscopic examination of
the ischemia—reperfusion induced periosteal microcirculatory reactions

The periosteal microcirculation is a good indicator of perfusion changes of the whole bone induced by temporar-
ily reduced blood flow conditions (such as tourniquet and bone graft surgery). The present study was conducted to
examine the microvascular alterations in the rat tibial periosteum by means of intravital microscopy after 60-min
complete hind limb ischemia and 180-min reperfusion. A significant impairment of tissue perfusion was evidenced
by the decrease in functional capillary density (the ratio of perfused capillaries) and red blood cell velocity by the
end of the reperfusion phase. The ischemia—reperfusion induced leukocyte-endothelial interactions (i.e. rolling and
sticking), showed significant increases in the post-capillary venules. According to these data, intravital microscopic
analysis of the microcirculation represents an appropriate, dynamic tool to quantify periosteal microcirculatory in-
jury (marked by changes in perfusion and leukocyte-endothelial interactions) evoked by ischemia—reperfusion. By
this means, the efficacy of therapeutic interventions can be compared and analyzed.

Key words:  Animals; Microcirculation; Microscopy, video;
Muscle, skeletal — Blood supply; Periosteum — Blood supply;
Reperfusion Injury — Physiopathology;

BEVEZETES

A végtagokat kdzvetleniil vagy kozvetetten ér6 erdk a csonttdrések mellett a csonthartya
sériiléséhez vezethetnek. A csontos vaz zavartalan helyreallitashoz sziikséges fizikai feltéte-

* Kutatasi tamogatas: OTKA K60752

Magyar Traumatologia ¢ Ortopédia ¢ Kézsebészet « Plasztikai Sebészet « 2008. 51. 3. 239



lek mellett (stabilitas, kontrollalt mikromozgasok stb.) rendkiviil fontos a csonthartya meg-
feleld biologiai valaszreakcioja is. A késdi csontgyogyulast tipikusan megeldzi a csonthartya
levalasa, és ez a folyamat nem egyestilt csontosodast, vagy pseudoarthrosist is eredményez-
het (4, 7, 18).

A végtagsériilések ellatasa soran alkalmazott miivi érleszoritassal (tourniquet) atmeneti
vértelenség érhetd el. A technika ma mar pontos szabalyokat kovet, de az idokorlat tallépése
esetén — sOt gyakran még azt megeldzden is — a primer ischaemids sériilés mellett masodla-
gos, ugynevezett reperfusios karosodasokkal kell szamolni, amelyek kaszkadszert aktivalo-
dassal helyi és tavoli miikddési zavarokat, koros biokémiai és mikrokeringési elvaltozasokat
okozhatnak (17, 19).

Az ischaemia-reperfusio (I-R) akar az életet is veszélyeztetd karos kdvetkezményei a
technikailag sikeres végtagmegmentések, replantaciok alkalmaval is észlelhetok. I-R karo-
sodas a rekonstrukcids sebészetben alkalmazott szabadlebeny atiiltetések legtdbbjében is eld-
fordul. A helyi keringési zavarok mellett [-R karosodas felléphet az egész szervezetre hato
koérallapotok esetén is, melyek szisztémas hatasaik mellett befolyasolhatjak a csonthartya és
a csontszovet keringését is. Sokk, vagy szepszis esetén olyan mikrocirkulacios zavarok johet-
nek 1étre, melyek jellegzetességeikkel és korlefolydsukban sok hasonldsagot mutatnak a loka-
lis sériilésekre adott I-R valaszreakciokkal (16).

Megfigyelések igazoljak, hogy a csonthartya mikrokeringés jo indikatora a csont
perfusids valtozasainak, kiilondsen az autotranszplantacié korai szakaszaban. Kimutattak,
hogy a csonthartya mikrokeringés helyreallitasa mar 6nmagaban szavatolja a csontgraft tal-
¢lését, még mérsékelt vérellatasu kdrnyezetben is (2).

Mindezek alapjan egyértelmiinek tiinik, hogy a csonthartya mikrokeringésének megis-
merése fontos a klinikai gyakorlat szamara; a csonthartya postischaemias valtozasainak kisér-
letes tanulmanyozasa pedig hasznos informaciot szolgaltathat az atmeneti vértelenséggel jaro
beavatkozasok kovetkezményeirdl.

Kisérleteinkben a csonthartya mikrokeringési valtozasok in vivo megjelenitésére
intravitalis fluoreszcens vided-mikroszkdpiat (IVM) alkalmaztunk. Mas, dinamikus
mikrokeringési vizsgalati modszerekkel szemben (példaul mikrogydngyok, laser—Doppler
véraramlas mérés), ez a technika alkalmas a valtozasok jol meghatarozott strukturaban tor-
ténd vizsgalatara és szamszerisitésére.

ANYAG ES MODSZER

A kisérleteket a NIH iranyelvei alapjan (Guide for the Care and Use of Laboratory
Animals) végeztiik a Szegedi Tudoméanyegyetem Allatvédé Etikai Bizottsdganak jovahagya-
saval.

Sebészi beavatkozds

Him Wistar patkanyokat (atlagos stly: 300+20 g) random moédon két kisérleti csoportra
osztottunk (n=14). Intraperitonealis Na—pentobarbital anesztéziat (45 mg kg') alkalmaz-
tunk, a vénas kaniilon keresztiil sziikség esetén tovabbi kis, fenntarté dozisokat adtunk. A
jobb oldali vena jugularisba és artéria carotisba kaniiloket vezettiink infzi6 és gyogyszerek
adasa, valamint artérids vérnyomasmérés (Statham P23Db transzducerrel) céljabol. Az alla-
tok testhdmérsékletét a kisérletek alatt 36-37°C kozott tartottuk, folyadékpotlasra 10 ml kg
h' Ringer laktat infuziot adtunk. A 1égzés biztositasa céljabdl a tracheaba kantilt vezettiink.
A jobb femoralis artériat kipreparaltuk, és a jobb oldali gracilis izom atvagasat kdvetden a
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1.dbra
A: A tibia csonthartya operacios mikroszkdpos képe patkanyon.
B: Fluoreszcein-izotiocianattal jelzett vorosvértestek a csonthértya kapillarisaiban.
C: Rhodamin 6G-vel jelzett neutrofil leukocitak a csonthértya posztkapillaris venulaiban.

tibia medialis felszinén 1év6 csonthartyat atraumatikus sebészi technika alkalmazasaval fel-
tartuk (19) (1. dbra).

Kisérleti protokoll

30 perces stabilizacié utan kontroll cardiovascularis és mikrohemodinamikai mérése-
ket végeztiink. Ezt kovetéen az allatok elsé (I-R) csoportjanal (n=7) 60 perc idétartamu tel-
jes végtag ischaemiat hoztunk Iétre a femoralis artéridra helyezett miniklip, és a proximalis
femur koré feltett tourniquet segitségével. Az occlusio felengedését kovetden (t=0 id6pont), a
reperfusio 30, 60, 120, és 180. percében intravitalis mikroszkop alatt vizsgaltuk a csonthar-
tya mikrokeringését, és video felvételeket készitettiink. A masodik (aAlmiitott) csoport proto-
kollja (n=7) az ischaemia kivaltasan kiviil minden masban megegyezett az 1. csoporttal, és
almitott kontrollként arra szolgalt, hogy az anesztézia €s sebészi beavatkozas kovetkeztében
1étrejove eltéréseket az [-R altal kivaltott valtozasoktol elkiilonithessiik.

Intravitadlis video-mikroszkdpia

A jobb hats6 végtagot vizszintes helyzetben rogzitettiik, hogy a tibia csonthartyaja mik-
roszkop alatt jol vizsgalhato legyen. A distalis tibia mikrokeringését Zeiss Axiotech Vario 100
HD intravitalis vide6-mikroszkoppal vizsgaltuk (100 W HBO higanygdz lampa, Acroplan 20
viz immerzios objektiv). Fluoreszcein isothiocianattal (Sigma Chemicals, St. Louis, MO) jelolt
vorosvértestek (1. B abra) (0,2 mli.v.) szolgaltak fluoreszcens perfusios markerként (15); a leu-
kocitak festésére (1. C abra) pedig rhodamine—6G-t (Sigma, 0,2%, 0,1 ml i.v.) hasznaltunk.
A mikroszkdopos képeket CCD videokamera (AVT HORN-BC 12) segitségével S-VHS video
rekorderrel (Panasonic AG-MD 830) rogzitettiik, amit egy személyi szamitégéphez csatla-
koztattunk az adatok analizise céljabol.

Video analizis

A mikrokeringési paraméterek mérése a kisérleteket kovetden szamitogépes szoftverrel
(IVM, Pictron Ltd., Budapest) tortént. A funkciondlis kapillaris denzitast (FCD; a perfundalt
kapillarisok hossza, és a megfigyelt teriilet aranya; cm™) és a vordsvértestek aramlasi sebessé-
gét (RBCV; um™) 5 kiilonbozo latotérben és 5 kapillarisban mértiik. A kisérlet minden mérési
idépontjaban 25 mérés atlagat szamoltuk. A leukocita-endotélsejt interakcidkat allatonként
5 (1020 um atmérdji) posztkapillaris venulaban vizsgaltuk. Kitapadd leukocitaknak azo-
kat a sejteket definialtuk, melyek nem mozdultak, vagy legalabb 30 masodpercig rogziiltek az
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endotélsejt felszinéhez a megfigyelési peridodus alatt. Gordiilé leukocitaknak tekintettiik azo-
kat a sejteket, melyek sebessége nem érte el a mikroerek kozépvonalaban mért vordsvértest
aramlasi sebesség 40%-t. Szamukat az ataramlo leukocitak szazalékos aranyaban hataroztuk
meg a megfigyelési periodus 30 masodperce alatt.

Statisztikai analizis

Az adatok analizise a SigmaStat for Windows (Jandel Scientific, Erkrath, Németorszag)
szoftverrel tortént. Csoporton beliili ismételt mérések analizis¢hez one way ANOVA-t, cso-
portok kozotti kiillonbségek kimutatdsdhoz t—probat hasznaltunk. Statisztikailag szignifikans-
nak p<0.05 esetén tekintettiik a kiilonbségeket.

EREDMENYEK

A makrohemodinamikai kontroll értékekben (szivfrekvencia €s artérids kdzépnyomas)
nem volt szignifikdns eltérés az egyes csoportok kozott s az almitdtt csoporton beliil sem,
a kiilonb6zé mérési iddpontokban. Az I-R csoportban a reperfusio kezdeti szakaszan atme-
neti artérias kozépnyomas csokkenést észleltiink, de az értékek gyorsan (1-2 perc alatt) visz-
szatértek a kiindulasi szintre.

Intravitalis mikroszkdoppal a kiindulasi allapotban homogén mikrokeringés volt lathatd
mindkét csoportban. Az almiitdtt csoportban nem tortént jelentds valtozas, mig az I-R csoport-
ban a csonthartya FCD a reperfusio kezdetétdl fokozatosan csdkkent, a reperfusio 2. drajara
érkezve a mélypontra ért (a kiindulasi érték 60%-ra), majd lassan emelkedve a kisérlet végére
is csak az eredeti érték 70%-at érte el (2. A dbra). A kiindulasi vorosvértest aramlasi sebes-
ség (RBCV) hasonlo volt az egyes csoportokban (560—620 pm s kozott), és ezek az értékek
az almitott csoportban nem valtoztak a kisérlet alatt. A reperfusio ugyanakkor szignifikans
RBCYV csokkenéshez vezetett az [-R csoportban (2. B dbra).

Kontroll allapotban a leukocitak mintegy 30%-a mutatott gordiilést a posztkapillaris
venulak endotél felszinén az egyes csoportokban. Az almiitott kontroll csoportban nem volt
szignifikans valtozas a gordild és a kitapadt leukocitak szamaban egyik megfigyelési id6-
pontban sem. Az [-R csoportban a reperfusio 60. percére szignifikansan emelkedett a leuko-
cita-endotélsejt interakciok szama. Mind a gordiil6, mind a kitapadt leukocitak szdma jelentd-
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2.dbra
Funkcionalis kapillaris denzitas (A: FCD) és vorosvértest aramldsi sebesség (B: RBVC) valtozas patkany csonthartyaban 60
perces teljes végtag ischaemia és 180 perces reperfusios fazis alatt az almdtott és 1-R csoportokban. Az dbran az dtlagot +
S.E.M.-et dbrazoltuk. *p < 0.05 a kiinduldsi értékhez képest (ANOVA teszt); x p < 0.05 az dIm(itott csoporthoz képest (t-teszt).
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3.dbra
Leukocita gordiilés (A) és adhaesio (B) valtozasok patkany tibia csonthartya posztkapillaris venuldiban 60 perces teljes végtag
ischaemia és 180 perces reperfusids fazis alatt az alm(itott és az I-R csoportokban. A vizsgélatok a kiindulasi idépontban és
areperfusio 30, 60, 120 és 180. percében torténtek. Az dbran az atlagot + S.E.M.-et abrazoltuk. *p < 0.05 a kiindulasi értékhez
képest (ANOVA teszt) ; x p < 0.05 az dlmUitott csoporthoz képest (t-teszt).

sen nott a preischaemias értékhez képest, és az almitdtt csoport egyes mérési eredményeihez
viszonyitva is (3. abra).

MEGBESZELES

A mikrokeringés vizsgdlata IVM technikaval

A mikrokeringési elégtelenség kimutatasa a terapias stratégia kialakitasa és a kezelés
hatasossaganak megallapitasa szempontjabdl is fontos lehet, am ma még csak kevés eszkdzos
lehetdség all a diagnozis és az orvoslas rendelkezésére. A mikrokeringés anatomiai szerkeze-
tének vizsgalatara szolgalo statikus modszerek (példaul korr6zios ontvények, érfestési techni-
kak, elektron mikroszkop stb.) nem alkalmasak a keringés dinamikajanak jellemzésére. Mas,
kozvetett modszerekkel (példaul laser—Doppler véraramlas mérés, stb.) in vivo vizsgalhatjuk
a keringés id6beni valtozasait, de ezekben az esetekben az egyes érképletek szummacidibol,
nagyobb, heterogén szovetmasszabol szarmazd jelek allnak csak rendelkezésre.

Intravitalis mikroszkop segitségével a felszini szovetek felsé rétegében elhelyezkedd
kiilonbozo strukturak keringése (arteriolak / venulak / kapillarisok) elkiilonithetd, és a valto-
zasok dinamikus megfigyelésére nyilik lehetdség. A hagyomanyos szdvettani vizsgalatokkal
szemben nem athaladé fénnyel (transzilluminacioval), hanem epi-illuminacios technikaval
vizsgaljuk a szoveteket. Ekkor a fény visszaverddik, és a mikroszkop fokuszanak valtozta-
tasaval a szovetek kiilonbozé mélységben (altalaban 100-200 um) vizsgalhatok. A képletek
fluoreszcens marker alkalmazasaval tokéletesen megjelenithetdk, a vordsvértesteket alta-
laban fluoreszcein izotiocianat (FITC) festéssel, a fehérvérsejteket pedig rhodamin 6G fes-
téssel lehet lathatova tenni. A fluoreszcencia alkalmazasa természetesen hatranyt jelent a
klinikumban, de kisérletes koriilmények kozott igy jol vizsgalhatoé a microvascularis perfusio
¢és az érpermeabilitas, valamint szamszerisithetok a leukocitak és az endotélsejtek kozott
kialakul¢ ideiglenes vagy tartos kapcsolatok (interakciok). Ugyancsak jol megitélhetdk a
vazodilatator vagy vazokonstriktor stimulusokra adott ératmérd valtozasok is.

Emberben a mikrokeringés kozvetlen megfigyelése nem egyszerti, a problémak a fluoresz-
cens jelzésbol és az eszkdzok méretébdl adodnak. Ezeket a nehézségeket az intravitalis video-
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mikroszkopia egyik ) valfajat jelentd, ugynevezett ,,ortogonalis polarizacios spektralis” (OPS)
képalkotas kikiiszoboli (6). Ekkor nem fluoreszcens markerekkel, hanem polarizalt fénnyel
torténik a vizsgalat, és a késziilék mérete lehetévé teszi az emberi miitétek alatti alkalmazast
is. A modszer hatranya, hogy a hagyomanyos fluoreszcens [VM-mel szemben nem alkalmas
a leukocita-endotélsejt interakciok megjelenitésére és vizsgalatara.

A csonthartya mikrokeringés zavarai

Az ischaemiat koveto reperfusios fazist a csonthartya mikrokeringés zavara jellemzi. Ha
nem all helyre a kiindulasi allapot, a mikrokeringés romlasa a szdveti oxigenizaciot is csok-
kenti. A perfusios paraméterek koziil erre utal a vorosvértestek aramlasi sebességének (RBCV)
és az atjart kapillarisok szamanak (FCD) csokkenése, ez utobbi paraméterrel a véraramlasi
mintazat térbeli heterogenitasat is nyomon lehet kdvetni. Kisérletiinkben az ischaemiat koveto
reperfusio alatt az FCD dramai csdkkenését észleltiik, az értékek csak a reperfusio 3. 6rajara
kezdtek emelkedni. Az RBCV is jelentdsen valtozott, a reperfusio kezdetén csak az eredeti
érték 50%-at érte el, majd a késobbi mérési idépontokban tovabbi, fokozatos csdkkenést ész-
leltiink. Az FCD ¢s RBCV értékek kapcsolatarol Iényeges megjegyezni, hogy csakis az atjar-
hat6 kapillarisokban lehet dramlasi sebességet mérni, vagyis ahol van mikrokeringés. Az
RBCYV mérésekor e paraméter valodi jelentdségét konnyen tulbecsiilhetjiik, hiszen az egyes
kapillarisokban mért sebességek atlagolasakor nem szamitjuk azokat a kapillarisokat, ahol
nincs keringés (vagyis ahol a sejtek sebessége zérus). Fontos tehat a fenti két paraméter egyit-
tes figyelembe vétele. [rodalmi adatok alapjan az RBCV csokkenés hatterében az endotélium
karosodasa és a helyi érszlkitd €s értagitd erék kozotti egyensuly felbomlasa allhat (19). Az
FCD csokkenés oka hasonlo lehet — a pre-kapillaris szfinkterek fokozott vazokonstrikcioja
vagy a kapillarisok lumenének elzarddasa fontos koroki tényezok — utdbbiban az endotélium
0démaja vagy gyulladasos sejtek kitapadasa jatszik 1ényeges szerepet (14).

A reperfusio alatt tulajdonképpen egy steril gyulladasos valaszreakciot figyelhetiink
meg. A mikroér halézatban aramlé neutrofil leukocitak egyre szorosabb kapcsolodasa (gor-
diilése, majd kitapadasa) az endotéliumhoz végiil szdveti migracidhoz és akkumulacidhoz, a
reperfusios karosodas egyik karakterisztikus jelenségéhez vezet (19). E folyamat hatterében
a reoxigenizaciot kdvetéen képzodo reaktiv szabadgyokok és a leukocitdkat marginaciora
késztetd adhézids molekulak fokozott expresszioja all (8, 17). Az aktivalt leukocitdak maguk
is termelnek szabadgyokoket, melyek valamennyi sejtorganellumban karosodast okozhatnak.
Kisérletes modelliinkben kimutattuk, hogy mind azt elsédleges, mind a masodlagos leuko-
cita-endotélsejt reakciok, vagyis a gordiild és kitapado leukocitak szama jelentésen noveke-
dett a reperfusio alatt. A kontrollszintet tobbszdrdsen meghalado kitapadasi értékek csak igen
mérsékelten csokkentek a reperfusio 3. 6raja végére.

A mikrohemodinamikaban és a leukocita adhézioban bekovetkez6 valtozasok kozott
szoros Osszefiiggés lehet. Kimutattak, hogy az endotél-fliggd vazoaktiv anyagok (mint pél-
daul a vazodilatator nitrogén monoxid és a vazokonstriktor endotelin—1) képzddése mellett a
perfusids valtozasok és a kovetkezményes nyirderd valtozas is befolyasolja a leukocitak akti-
daul CDI11b/CD18), a molekularis kdtések dinamikaja és fél-¢életideje (11). Ismeretes, hogy az
érfalhoz kozeli leukocitak sebességének csokkenése megnoveli a kitapadas esélyét (1). Ameny-
nyiben a nyirderd az optimum érték alatt van, ez eldsegiti a leukocitak gordiilését. Ezzel ellen-
tétben, a megnott nyirderd fokozza a gordiild leukocitak sebességét és ennek kovetkeztében
csokken a kitapadasok szama (10). Kisérleti modelliinkben a nyiroerd kdzvetlen mérésére tech-
nikai korlatok miatt nem nyilt lehet6ség, am a romlé mikrokeringési paraméterek (RBCV és
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FCD) kozvetett modon utaltak a kapillaris halozat csokkend perfusiojara. Bizonyos mérték-
ben ez érinti a posztkapillaris venulakat is, igy ez a folyamat hozzajarulhatott a leukocita-
endotélsejt interakciok szamanak névekedéséhez.

Mas szervekkel ellentétben a csonthartyat érinté I-R karosodas egyes tényez6i még
alig ismertek. Munkacsoportunk korabban mar kimutatta az endotélium altal termelt endo-
gén endotelin—1 jelentds szerepét a reperfusios karosodas kdzvetitésében (19). A kdrosodas-
ban jelentds szerepet jatszhat még az [-R folyamatadhoz tarsulo fizikai membran defektusa,
a foszfolipidek degradacidja és az endogén foszfatidilkolin (PC) forrasok kimeriilése (3, 9).
Korabbi kisérleteink soran kimutattuk, hogy a PC-kezelés is hatékonyan csdkkenti a végtag
I-R altal kivaltott mikrokeringési elégtelenség karos kdvetkezményeit, egyrészt a kdrnyezo
szovetek hizosejtjeinek stabilizacidja, masrészt a leukocitak kitapadasanak gatlasa révén ((5).
Itt kell megemliteni, hogy kooperaciés partnereink e mikrokeringési valtozasokat dsszetett
csont—izom—bdr lebenyekben, illetve hd-sokk altal kivaltott prekondicionalast kdvetden vizs-
galjak (12-14).

Eredményeinket dsszefoglalva elmondhatjuk, hogy az intravitalis fluoreszcens video-
mikroszkopia alkalmas az I-R csonthartya karosodas szamszerisitésére, a perfusio zava-
ranak leirasara ¢és a gyulladasos reakciok mindségi és idébeli valtozasainak jellemzésére. E
technika alkalmazasaval lehetség nyilik az egyes terapias beavatkozasok hatékonysaganak
elemzésére és targyszerli 6sszehasonlitasara is.
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CaskE REPORT

MICROCIRCULATORY CONSEQUENCES OF
OSTEOPOROSIS

Petra Hartmann', Ferenc Greksa®, Dénes Garab', Renata Varga®,
Marta Széll*, Margit Keresztes®, Mihaly Boros', Andrea Szabé'

REZUMAT

Introducere. Etiologia sindromului de osteoporoza senila este plurifactorial, dar nivelul scazut de estrogeni la femeile aflate in perimenopauza este
clar asociat cu o pierdere accelerata de material 0sos. In cadrul studiului nostru experimental, au fost investigate consecintele osteoporozei si a terapiei
cronice cu estrogeni asupra reactiilor inflamatorii de la nivelul microcirculatiei periostale si a expresiei receptorilor de estrogeni. Material si metoda.
Dupa sase luni de la initierea terapiei de substitutie cu estrogeni cu 17f-estradiol (E2, 20 pg'kg™'zi™") la sobolani Sprague-Dawley ovarectomizati (OVX),
au fost examinate consecintele inflamatorii la nivel de microcirculatie la 60-min de ischemie totala a membrului posterior si dupa reperfuzie la 180-min.
Modificarea expresiei receptorului de estrogen de la nivel leucocitar a fost de asemenea evaluata la o luna de la OVX sub tratament cu E2. Rezultate: In
afara de inversarea efectelor osteopenice ale OVX, tratamentul amelioreaza semnificativ cresterea aderentei leucocitelor neutrofile indusa de reperfuzarea
zonei ischemice la nivelul venulelor postcapilare de la nivelul periostului (vizualizat prin microscopie cu fluorescenta). Acest efect nu a fost asociat cu
reducerea expresiei CD11b de la nivelul leucocitelor neutrofile (analiza FACS). OVX a determinat o scadere moderata a expresiei proteinei ER-beta de
la nivelul receptorului de estrogen leucocitar, care tinde sa fie inversata de E2. Nivelele mRNA ER-alpha si ER-beta (RT-PCR) a leucocitelor si expresia
proteinei ER-alpha (Western blotting) au fost sub limita de detectie. Concluzii: Suplimentarea cronica de estrogeni amelioreaza eficient osteoporoza si
consecintele microcirculatorii inflamatorii ale ischemiei tranzitorii de la nivelul membrului. Se pare ca acest efect nu este mediat de leucocite CD11b sau
de modificari ale expresiei receptorilor de estrogeni.

Cuvinte cheie: ovarectomie, ischemie-reperfuzie, neutrofil, microscopie in vivo, recptor de estrogen

ABSTRACT

Introduction. The etiology of senile osteoporosis syndrome is multifactorial, but the reduced estrogen levels in peri-menopausal women are clearly
associated with an accelerated hone loss. In our experimental studies, the consequences of osteoporosis and chronic estrogen supplementation were
investigated on the periosteal microcirculatory inflammatory reactions and estrogen receptor expressions. Material and method. Six months after the
initiation of estrogen replacement therapy with 17p-estradiol (E2, 20 ug'kg'day”) in ovariectomized (OVX) Sprague-Dawley rats, the microcirculatory
inflammatory consequences of 60-min total hindlimb ischemia followed by 180-min reperfusion were examined. Leukocyte estrogen receptor expression
changes were also assessed 1 month after OVX plus E2 treatment. Results. Apart from reversing the osteopenic effects of OVX, E2 treatment significantly
ameliorated the ischemia-reperfusion-induced elevation of neutrophil leukocyte adherence to the postcapillary venules of the periosteum (visualized by
means of intravital fluorescence microscopy). This effect was not associated with a reduction of CD11b expression of the neutrophil leukocytes (FACS
analysis). OVX caused a moderate decrease in leukocyte estrogen receptor (ER)-beta protein expression which tended to be reversed by E2. Leukocyte
ER-alpha and ER-beta mRNA levels (RT-PCR) and the ER-alpha protein expression (Western blotting) were below the detection limit. Conclusions.
Chronic estrogen supplementation efficiently ameliorates osteoporosis and the inflammatory microcirculatory consequences of transient limb ischemia.
It appears that this effect is not mediated by leukocyte CD11b, or estrogen receptor expression changes.

Key words: ovariectomy, ischemia-reperfusion, neutrophil, intravital microscopy, estrogen receptor
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Osteoporosis is the most common disease in
the eldetly population which progressively weakens
bones and often leads to painful accidental fractures.
The primary causative therapy is chronic estrogen
supplementation which prevents or reverses osteopenic
bone loss, and also exerts protection against different
inflammatory processes'. Apart from their pivotal role
mn sexual development and reproduction, estrogens
(in particular 17B-estradiol, E2) play a remarkable
role in the modulation of the cardiovascular system.
Some of circulatory effects of E2 are mediated by the



influencing of endothelial production of nitric oxide
and prostacyclin® Besides, E2also promotes endothelial
healing and angiogenesis.” Both acetylcholine-induced
and flow-dependent vasodilation are preserved or
potentiated by estrogen treatment.*

The role of estrogen receptors in the mediation
of microcirculatory reactions 1s yet largely unknown.
Estrogen actions are essentially mediated by two
molecular targets: estrogen receptor-alpha (ER-
alpha) and ER-beta. The impact of ER-beta has
been addressed in vitro only, but a prominent role
has been attributed to these receptors in the vascular
biology® (for review see at Arnal JF et al.%. E2 causes
vasodilation via ER-alpha receptors which effect is
lost in ovariectomized (OVX) rats.” Besides, it has
been shown that OVX leads to the down-regulation
of ER-alpha expression in the vasculature.®

As the prevalence of skeletal injuries increase after
menopause, our studies were designed to determine
the potential microcirculatory benefit of E2 in a limb
ischemia-reperfusion model of osteoporosis. An
ovariectomized rat model with clinically relevant time
frame was used which shares many similarities with
the human disease’. Our aims were (1) to examine the
consequences of osteoporosis on the postischemic
periosteal microcirculatory reactions, (2) to evaluate
the effects and the consequences of chronic estrogen
on these microcirculatory reactions, and (3) to clarify
whether the mechanisms of microcirculatory reactions
provided by E2 are mediated by expression changes of
ER-alpha or ER-beta.

MATERIALS AND METHODS

Animals and experimental design

The experiments were carried out on female
Sprague-Dawley rats housed in an environmentally
controlled room with a 12-h light-dark cycle, and kept
on commercial rat chow (Charles River, Wilmington,
MA, USA) and tap water ad libitum. The experimental
protocol was approved by the local animal rights
protection authorities and followed the EC Directive
86/609/EEC and the National Institutes of Health
guidelines for the care and use of laboratory animals.

The experiments were performed in two series.
In the first experimental series, 3-months-old animals
(weighting 200-210 g) were ovariectomized (Group
1, OVX, n=12), or sham-operation was performed
(Group 2, SH-OVX, n=12; see methods at Szabd
et al’). Five months later (at the age of 8 months),
chronic estrogen therapy' was initiated 5 days per
week with 20 ug kg1 sc 17B-estradiol (E2, (Sigma,

St. Louts, MO, USA) 1n 6 animals of the OVX group
(Group 1la, OVX+E2). The E2 substitution was
continued weekly until the end of the experiments
(see time scheme in Fig. 1).

Series 1 (Densitometry, IVM)

ovx DM, IVM
Group 1a  (montns) [} () IR
E2
ovx DM_VM
Group 1b (monlhs) o @ IR
vehicle
SH-OVX DM, IVM
Group2a (months) 3 e IR
vehicle
SH-OVX DM, IVM
Group 2b  (months) 3
e Sham

vehicle

Series 2 (WB, RT-PCR)
ovx
Group 3a  (months) pr— o
E2

ovx
Group 3b  (montns) ——
vehicle
SH-OVX
Group 4 (months) 3

vehicle

Figure 1. Experimental protocol. The time sequence of surgical
interventions, treatments and measurements in Series 1 and Series
2. OVX=ovariectomy; SH-OVX= sham operation for ovariectomy;
DM=densitometry;  IR=ischemia-reperfusion; Sham=non-ischemic
control;  [VM=intravital microscopy, E2=17B-estradiol treatment;
WB=Western blotting; RT-PCR=real-time PCR.

The development of osteoporosis was detected
by means of ultrasonic densitometry eleven months
after OVX, and then microcirculatory consequences
of a 60-min complete hindlimb ischemia followed by
a 180-min reperfusion period (IR) were investigated
using intravital video microscopy (IVM, in groups
OVX+IR, OVX+E2+IR and SH-OVX+IR). Total
limb ischemia was induced by applying a tourniquet
around the thigh and placing a miniclip on the femoral
artery. Six animals i the SH-OVX group served as
non-ischemic controls SH-OVX+SH. Recordings of
the tibial periosteal microcirculation were performed
before ischemia and at the end of the 180-min
reperfusion period.

A second series of experiments was performed
to detect changes in expression of ER-alpha and
beta in polymorphonuclear leukocytes (PMNs, by
western blotting and real time-PCR). OVX was
induced in 8 rats, 4 of which received 20 ug kg-1 E2
supplementation (Group 3a) (in the former dose),
starting 2 days after the OVX, while the remaining 4
rats were injected with vehicle (Group 3b). Vehicle-
treated sham-operated animals served as controls
(Group 4; n=5). 28 days after the OVX, PMNs were
tsolated from these animals for the determination of
ER-alpha and ER-beta protein contents with Western
blot analysis and mRNA expressions.
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Intravital video microscopy

At the age of 14 months of the animals, the
periosteum of the medial surface of the right tibia
was exposed under a Zeiss 6x magnification operatin
microscope, using an atraumatic surgical technique1
using pentobarbital anesthesia (45 mg kg’1 ip). The
right hindlimb with the exposed tibial periosteum
was positioned horizontally on an adjustable stage,
and the microcirculation of the proximal tibia was
visualized by IVM (Zeiss Axiotech Vario 100HD
microscope, 100 W HBO mercury lamp, Acroplan
20x water immersion objective, Catl Zeiss GmbH,
Jena, Germany), using fluorescein isothiocyanate
(Sigma, St. Louis, MO, USA)-labeled erythrocytes (0.2
ml 1v) for red blood cell staining, and rhodamine 6G
(Sigma, St. Louis, MO, USA, 0.2%, 0.1 ml iv) for PMN
staining, The microscopic images were recorded with
a charge-coupled device video camera (AVT HORN-
BC 12, Aalen, Germany) attached to an S-VHS video
recorder (Panasonic AG-MD 830, Matsushita Electric
Industrial Co., Tokyo, Japan) and a personal computer.

Video analysis

Quantitative assessment of the microcirculatory
parameters was performed off-line by frame-to-frame
analysis of the videotaped images, using image analysis
software (IVM, Pictron Ltd., Budapest, Hungary).
Leukocyte-endothelial cell interactions were analyzed
within 5 postcapillary venules (diameter between 11
and 20 um) per animal. Adherent leukocytes (stickers)
were defined in each vessel segment as cells that did
not move or detach from the endothelial lining within
an observation period of 30 s, and are reported as
the number of cells per mm” of endothelial surface.
Rolling leukocytes were defined as cells moving at a
velocity less than 40% of that of the erythrocytes in
the centerline of the microvessel, and given as the
number of cells/vessel circumference in mm.

Flow cytometric analysis of CD11b expression
on leukocytes

The surface expression of CD11b on peripheral
blood granulocytes was determined by whole blood
flow-cytometric analysis (a modification of a literature
method)®. CD11b is the M part of the CD11b-CID18
complex which binds to its endothelial counterpart
ICAM-1 resulting in leukocyte adhesion to the venular
endothelium (a process which can directly be observed
with IVM.

Isolation of PMN leukocytes from the blood
PMN leukocytes were isolated by a method
described by Russo-Racolante EMS et al.”” The
viability of the PMNs was found to be 80-95% (by
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the trypan blue exclusion test) and the purity of the
suspension was >80% (with the May-Grinwald/
Giemsa stamning on cell smears). The cell number in
0.1 ml of suspension was in the range 3.5-5.8x10",

The suspension was divided into two portions.
Fifty ul of suspension was frozen and later used for
the detection of ER-alpha and ER-beta protein by
Western blot analysis. The remaining suspension
was dissolved in TRIzol buffer and frozen for the
later evaluation of ER-alpha and ER-beta mRNA
expression by real-time PCR.

Western blotting procedure

SDS-polyacrylamide  gel electrophoresis  was
performed on 10% gels; samples were applied without
prior heating. Membrane proteins were transferred
onto nitrocellulose membrane (Amersham Hybond-C
Extra). After quenching with 5% Blotto/Tween
(5% milk powder in Tris-buffered saline containing
0.2% Tween 20) for 1.5 h, blots were incubated with
the primary antibody overnight. The anti-estrogen
receptor alpha rabbit polyclonal antibody (Thermo
Fischer Scientific, Fremont, CA, USA) was used i a
dilution of 1:150, while the dilution factor for the anti-
estrogen receptor beta mouse monoclonal antibody
(Leica Biosystems Newcastle Ltd, Newcastle, UK) was
1:50. As secondary antibodies, either HRP-conjugated
goat anti-rabbit immunoglobulins (IDAKO Glostrup,
Denmark) or HRP-conjugated anti-mouse IgG (R&D
Systems, Minneapolis, MN, USA) were employed at
a dilution of 1:1000 for 1 h. All the antibodies were
diluted in 1% Blotto/Tween (containing 1% milk
powder), and the washing steps were performed
with Tris-buffered saline containing 0.2% Tween 20.
Labeled membrane proteins were visualized through

a chemiluminescence reaction (Immobilon Western
HRP substrate, Millipore, Billerica, MA, USA).

Real-time PCR

Total RNA was solated from cell lysates with
TRIzol ™ reagent (Gibco, Invitrogen, Catlsbad, CA,
USA) following the manufacturer’s instructions. RNA
concentration was determined by measuring the A260
values. First-strand cDNA was synthetized from 1 mg
of total RNA, using the iScriptT™M cDNA Synthesis
Kit from Bio-Rad (Hercules, CA, USA). Real-time
RT-PCR experiments were performed to quantify
the relative abundance of each mRNA by using the
iCycler 1QQ Real-Time PCR machme of Bio-Rad.
The Universal Probe Library (UPL) system (Roche,
Basel, Switzetland) was used to design primers and
probes (see Table 1). Real-time RT-PCR reactions
were performed in the FastStart TagMan Probe
Master mix (Roche, Basel, Switzetland), following the



Table 1. Probes and primers used in the study

Probe no. Left primer Right primer
18S 77, Cat. no. 04689003001 ctcaacacgggaaacctcac cgctecaccaactaagaacg
ER-alpha 130, Cat. no. 04693663001 ttctttaagagaagcaticaaggac tettatcgatggtgeattgg
ER-beta 111, Cat. no. 04693442001 ggctgggccaagaaaate tctaagageeggacttggte

manufacturer’s instructions.

Statistical analysis

All data are expressed as meanststandard error of
the mean (SEM). Data analysis was performed with
the SigmaStat statistical software (Jandel Corporation,
San Rafael, CA, USA). Changes in variables within and
between groups were analyzed by one-way ANOVA
tollowed by the Bonferroni test. P values < 0.05 were
considered statistically significant.

RESULTS

Bone mineral density changes

A decrease in bone density in the proximal portion
of the tibias was observed 11 months after the
ovariectomy (proving the development of osteopenia).
This reaction could be teversed by the chronic E2
supplementation (Figure 2).
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Figure 2. Bone density. Bone density changes in the proximal part of the
tibia in sham-operated (SH-OVX), ovariectomized (OVX) or 178-estradiol-
treated ovariectomized animals (OVX+E2) animals. Data are expressed
as Ad-SoS and presented as means+SEM. ANOVA was followed by the
Bonferroni test. X P<0.05 vs SH+0VX group.

Leukocyte-endothelial interactions

Using intravital microscopy, a significant increase in
the number of firmly adherentleukocytes (as compared
to the baseline values or data of the sham-operated
SH-OVX animals) was observed in the OVX+IR

group by the 180" min of reperfusion (Figure 3). No
major differences, however, between the OVX+IR
and OVX+SH+IR animals could be observed. These
leukocyte-endothelial interactions were significantly
ameliorated by E2 (see OVX+E2+IR group).
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200 -
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Baseline Reperfusion 180'

Figure 3. Leukocyte adherence. Firm adhesion (sticking) of neutrophil
leukocytes in the postcapillary venules of the tibial periosteum in response
to IR injury in sham-operated (SH-OVX+IR), ovariectomized (OVX+IR) or
17B-estradiol-treated ovariectomized animals (OVX+E2+IR) animals in
comparison with sham-operated animals without IR (SH-OVX+SH). Data
are presented as means+SEM. ANOVA was followed by the Bonferroni
test. * P<0.05 vs baseline, X P<0.05 vs OVX+IR group, # P<0.05 vs
SH-OVX+IR group.

CD11b expression changes

The surface expression of adhesion molecule
CD11b did not change significantly after sham
operation, but the activation of the PMNs was
increased approx. 1.8-fold in the OVX group subjected
to IR (Figure 4). Similar increases were observed when
SH-OVX animals or E2-treated OVX animals were
subjected to IR.

Changes in ER-alpha and beta protein
expression in the PMNs

On the basis of the available literature, a very low
extent of ER expression was expected on the PMNS,
hence relatively high amount of protein (75 ug/lane)
was loaded during the Western blotting procedures.
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Nevertheless, only low ER-alpha and ER-beta
signals were detected, and we did not find statistically
significant differences in ER-alpha expression within
the different experimental groups (data no shown).
ER-beta also afforded a very weak signal, which was
weaker in the OVX animals in compatison with the
Sham or OVX+E2 animals (Figure 5).

1 SH-OVX + SH

@zz2 SH-OVX + IR

s OVX + IR

1 OVX + E2 + IR %
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R180'

Figure 4. CD 11b expression. Changes in expression of the CD11b
adhesion molecule on the surface appearance of PMN leukocytes in
response to 60 min of ischemia followed by 180 min of reperfusion in
sham-operated (SH-OVX+IR), ovariectomized (OVX+IR) or 178-estradiol-
treated ovariectomized animals (OVX+E2-+IR) animals in comparison with
sham-operated animals without IR (SH-OVX+SH). Data are presented as
means+SEM. * P<0.05 vs baseline.

SH - OVX ovXx OVX + E2

Figure 5. Estrogen receptor-beta protein expression. Representative
Western blot demonstrating the expression of estrogen receptor beta
(ERB) in neutrophil leukocytes obtained from sham-operated (SH-OVX)
or ovariectomized (OVX) or ovariectomized plus 176-estradiol treated
(OVX+E2) animals.

Changes in ER-alpha and beta mRNA in the
PMNs

The ER-alpha mRNA content of the samples
did not reach the limit of detection (Figure 6A). The
ER-beta mRNA was detected in most of samples of
the Sham group, but never in the OVX groups, while
in the OVX+E2 group the data were inconclusive
(Figure 6B).

The possibility of technical failure could be
excluded, since the expression of 185 RNA was very
high and even in each cases, indicating that the amount
and quality of the total RNA 1solated from the cell
lysates and the cDNA samples were satisfactorily high

(Figure 6C).

104 TMJ 2010, Vol. 60 Supplement 2

PCR Base Line Subtracted CF RFU

+

4 50

! 4 i
0 2 4 6 8 10 1214 16 18 20 22 24 26 26 30 32 34 36 38 40 42 44 46 48 50 52

30077 TTTTT®
ol 1] T
» ‘
T 200 ‘ e
=] [
o 150 {150
3 7
2 1004+ ‘ / L oo
1 T 117 1T TTTITAA T
5 ! !
@ I : [
g sy ™
3
2 o m : ’
= Lai T ™ 11
© T
¥ S0+ 7 T[]
-100 H-H-HH A - : 1-100
[1 [
-150 -150
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52
Cycle
1300 T 1300
1200 ‘ t 1200
1100 e e e B e o B B N 1100
-
S I S N N I A I 7 o B
T 1000 ‘ % 1000
& 900 00
T 800 00
g
5 700 700
£
7 600 600
g soo 00
=1
2 400 400
4
@
@ 300 300
g 200 —1200
100 1 100
0 ‘ 0
-100 + + -100
0 2 4 6 8 10 12 14 16 18 20 2 24 2
Cyde

Figure 6. Estrogen receptor-alpha and beta mRNA expressions. Real-
time PCR data for ER-alpha (A) and ER-beta (B) and 18S RNA signals of
the samples (C).

DISCUSSION

The incidence of osteoporotic fractures remains
to be high in the aging population.”® So far it has
not been clarified whether osteoporotic women are
more prone to post-ischemic inflammatory bone
complications than postmenopausal women recetving
estrogen replacement therapy. In this study, we targeted
this issue by applying an animal model of osteopenia
combined with chronic estrogen replacement therapy.
The petiosteal microcirculatory consequences of
tourniquet-caused quantified by
IVM after an adequately long-term follow-up of
osteopotosis. The data show that osteoporosis or
chronic estrogen deficit does not change the magnitude
of the PMN-assoctated microcirculatory menace in

ischemia  were



the event of transient ischemia of the osteoporotic
limb. In this condition, however, chronic estrogen
supplementation ameliorates bone demineralization
and also decreases systemic and PMN-driven local
periosteal inflammatory reactions. The protective,
cffects of E2 regarding the
PMN-endothelial interactions were evident without

anti-inflammatory

influencing the expressions of the adhesion molecule
CD11b which plays a role in the adhesion process
of the PMNs to the venular endothelium. In our
previous studies we have shown the alleviation of
ischemia-reperfusion-induced activation of leukocvtc—
endothelial interactions after E2 treatment but not
the effect on ICAM-1 expression, the endothelial
adheston molecule being responsible to a final stage of
leukocyte-endothelial imnteractions. Hence we extended
the examinations on the effects of E2 on estrogen
receptor expression changes in the PMNs.

To date little is known about the role of ER
receptors during the course of neutrophil-mediated
microcirculatory inflammatotry reactions. In  vitro
studies generally agree on the positive effect of E2
and the modulatory role of ER receptors regarding
the outcome of leukocyte-driven inflammatory
processes
these reactions are dependent on ER-beta recept01s.5
Others emphasized the significance of a biological
(transcription) modulator effect, because H2 can
modify (via ER-alpha) the phosphorilation of genes
being responsible for the transcription of adhesion

* There are studies demonstrating that

molecules that play roles in the process of leukocyte-
endothelial interactions.

In our studies, the expression of both ER receptor
mRNA in the PMNs was under the detection limit of
RTI-PCR. Only a few papers wete published on this
issue, and the data are controversial. Considerable
species  differences were detected and Yu e/ 4l
dcmonstrated tissue-specific expression of ER-alpha
and beta." gpec1ﬁca]ly, only the ER-beta protein was
found in cows, but both subtypes could be traced at
the mRNA level. In a human study only HR-beta
mRINA was found ® while in another study neither
ER-alpha nor ER-beta mRNA were detected, though
the prote1m could be traced by Western Dblotting
analysls ?"The levels of ER proteins were similatly low
in our studies. In humans, both ER-alpha and ER-beta
are present on PMNs, and E2 enhances the expression
of both proteins.20

CONCLUSION

In summary, chronic estrogen supplementation
reduced the inflammatory complications caused
by ischemia-reperfusion injury i the petiosteal

microcirculation, but the anti-inflammatory effects
were mediated by mechanisms other than estrogen
receptor expression changes on the circulating PMN
leukocytes. As far as we are aware, this 1s the first
report of leukocyte ER receptor expression in rats,
and it is clear that further experiments are needed
to improve the sensitivity of the methods to clearly
define the potential role of estrogen receptors during
the course of PMN-endothelial interactions.
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ARTICLE INFO ABSTRACT

Aims: Transient ischemia of osteoporotic bones during elective orthopedic surgery or fracture repair carries
risks for serious complications, and estrogen loss or replacement has a potential to influence ischemia-
reperfusion-induced inflammatory activation. To clarify this, we investigated the periosteal inflammatory
changes in a clinically relevant time frame in ovariectomized rats, an experimental model of postmenopausal
bone loss. Furthermore, the effects of chronic estrogen supplementation on the postischemic local and
systemic inflammatory reactions were assessed.
Main methods: Bilateral ovariectomy or sham operation was performed in 3-month-old female Sprague-
Dawley rats. Five months later, estrogen replacement therapy with 173-estradiol (20 ug~! kg~ 'day~!) or
vehicle treatment was initiated. The microcirculatory inflammatory consequences of 60-min total hindlimb
ischemia followed by 180-min reperfusion were examined 11 months after ovariectomy and were compared
with those in 3-month-old animals.
Key findings: The osteoporosis that developed 5 months after ovariectomy was significantly ameliorated by
estrogen replacement therapy. Both in ovariectomized and in non-ovariectomized animals, ischemia-
reperfusion elevated the neutrophil adherence ~3-fold in the postcapillary venules of the periosteum
(intravital microscopy), with an ~50-60% increase in intravascular neutrophil activation (CD11b; FACS
analysis), an enhanced TNF-a release (ELISA) and periosteal expression of ICAM-1 (the endothelial ligand of
CD11b; immunohistochemistry). Exogenous 17p3-estradiol considerably reduced TNF-« release and the
number of neutrophil-endothelial interactions in the periosteum, without affecting the CD11b and ICAM-1
expression changes.
Significance: Osteoporosis itself does not increase the magnitude of the limb ischemia-reperfusion-associated
periosteal inflammatory reaction. Chronic estrogen supplementation, however, reverses osteoporosis and
significantly ameliorates the microcirculatory consequences of transient ischemia.

© 2010 Published by Elsevier Inc.

Article history:

Received 24 June 2010

Accepted 1 November 2010
Available online 7 November 2010

Keywords:
Ovariectomy
Inflammation
Ischemia-reperfusion
Neutrophil

Intravital microscopy

Introduction changes can be suppressed or even prevented by restitution of the

pre-menopausal estrogen levels (Christiansen et al., 1982).

The etiology of senile osteoporosis syndrome is multifactorial, but
the reduced estrogen levels in peri-menopausal women are clearly
associated with an accelerated bone mineral density loss (Richelson et
al., 1984). The structural bone deficit is thought to be attributable to
enhanced resorption and simultaneously decreased bone formation,
and several early studies provided convincing evidence that these

* Corresponding author. Institute of Surgical Research, University of Szeged, H-6720
Szeged, Pécsi u. 6, Hungary. Tel.: +36 62 545103; fax: +36 62 545743.
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The systemic and local consequences of endogenous estrogen loss
and exogenous replacement in the circulatory system are more
ambiguous. The incidence of septic, inflammatory complications is
significantly lower in many trauma-hemorrhage conditions in females
than in males (Sperry et al., 2008; Choudhry et al., 2005), and short-
term estrogen pretreatment confers significant protection from
ischemia-reperfusion (IR) injury and leukocyte activation in males
(Burkhardt et al., 2008). However, other lines of evidence support the
notion that estrogen supplementation may increase the risk of
intravascular clotting complications in post-menopausal women
(Cushman, 2002). Although the underlying mechanistic details are



A. Szabé et al. / Life Sciences 88 (2011) 156-162 157

still unclear and the concept is debated (Seelig et al., 2004; Canonico
et al,, 2008), it is obvious that the skeletal and anti-inflammatory
benefits of hormone replacement therapies should be carefully
weighed against the possible circulatory side-effects. Given this
background, it is important to note that the consequences of chronic
estrogen depletion and repletion on the human bone circulation are
still unclear. Under certain compromised flow conditions, the
periosteal microcirculation may be a good indicator of the perfusion
changes of the whole bone, but the microcirculatory effects of
osteoporosis in this tissue layer are also largely unknown. The
patency of the periosteal microcirculation is of particular importance
in transient ischemic states such as traumas, fractures, soft tissue
injuries or limb operations involving tourniquet application (Varga et
al.,, 2008; Zhang et al., 2003). In these cases, both the bone and the
periosteum undergo microvascular events reflected by perfusion
insufficiencies and severe antigen-independent inflammatory reac-
tions. These processes are mainly initiated by the increased adhesion
of polymorphonuclear (PMN) granulocytes to the microvascular
endothelium (rolling and then firm adhesion), followed by their
migration to and accumulation in the perivascular tissues (Wolfard et
al., 2002).

As the prevalence of skeletal injuries increases after menopause,
our studies were designed to determine whether hormonal replace-
ment therapy might be of microcirculatory benefit in this subset of the
osteoporotic population. The ovariectomized (OVX) rat is a well-
established animal model for osteoporosis research, as it shares many
similarities with the human disease. These include an increased rate
of bone turnover (Wronski et al., 1986), and an initial rapid phase of
bone loss and similar skeletal responses to treatment with estrogen,
calcitonin, bisphosphonates and many other agents (Fleisch, 1993;
Allen et al,, 2004). In this context, our first objective was to observe
the effects of osteoporosis and the consequences of estrogen therapy
in a clinically relevant time frame. To this end, we first determined if
chronic treatment with estrogen influences the OVX-triggered local
periosteal microcirculatory reactions.

Secondly, we hypothesized that the periosteal microcirculation of
osteoporotic rats would be more sensitive to the detrimental
consequences of transient limb ischemia than that of estrogen-
treated, age-matching controls. The results suggest that, even though
osteoporosis itself does not amplify the IR-induced inflammatory
responses, the periosteal granulocyte recruitment can be significantly
reversed by chronic estrogen supplementation.

Materials and methods
Animals and experimental design

The experiments were carried out on female Sprague-Dawley rats
housed in an environmentally controlled room with a 12-h light-dark
cycle, and kept on commercial rat chow (Charles River, Wilmington,
MA, USA) and tap water ad libitum. The experimental protocol was
approved by the local animal rights protection authorities and
followed the EC Directive 86/609/EEC and the National Institutes of
Health guidelines for the care and use of laboratory animals.

In the first experimental series, 3-month-old animals (weighing
200-210 g) were ovariectomized (Group 1, OVX, n=12), or sham-
operation was performed (Group 2, Sham, n=6). Five months later
(at the age of 8 months), chronic estrogen therapy (Sims et al., 1996)
was initiated 5 days/week with 20 ugkg™!' sc 17p-estradiol (E2,
Sigma, St. Louis, MO, USA) in 6 animals of the OVX group (Group 1a).
The E2 substitution was continued weekly until the end of the
experiments (see time scheme in Fig. 1). The remaining OVX (Group
1b) and Sham animals received the vehicle for E2 (100% ethanol
diluted in corn oil) in the same volume. Body weight changes and the
development of osteoporosis were continuously followed in the
proximal tibiae by means of ultrasonic densitometry (see later).

Series 1 (IVM)

ovX DM DM o
Group1a  (months) [Ef-erre ) A2——A9R
E2
ovX
Group 1b (months) B e @ @ @IR
vehicle
Sham
Group 2 (months) E -------- @ @ @IR
vehicle
Group 3 (months) E IR

Fig. 1. The time sequence of surgical interventions, treatments and measurements in
Series 1. OVX = ovariectomy; Sham = sham operation; DM = densitometry; IR =
ischemia-reperfusion; I[VM = intravital microscopy, E2 = 17p3-estradiol treatment. In
Series 2 identical protocols were applied to detect adhesion molecule changes.

Eleven months after OVX, the animals were subjected to a 60-min
complete hindlimb ischemia followed by a 180-min reperfusion
period (IR). Limb ischemia was induced by applying a tourniquet
around the thigh and placing a miniclip on the femoral artery. Control
hindlimb IR was conducted on another group of 3-month-old female
rats (Group 3, n==6). In this group the microcirculatory consequences
of limb IR alone were investigated using intravital video microscopy
(IVM).

A second series of experiments (Groups 4a, 4b, 5, and 6), with
identical protocols (OVX or Sham combined with IR, n=7-10), was
performed to detect changes in the pro-inflammatory cytokine TNF-a
concentrations in the plasma and in the expressions of adhesion
molecules known to play a role in the process of PMN leukocyte
adhesion to the endothelium. This was necessary because the
fluorescent dyes used for IVM interfere with the flow-cytometry
technique, and blood samples for the assessment of adhesion
molecule expressions were therefore obtained separately. Tissue
biopsies were also taken for detection of the tissue ICAM-1 changes by
immunohistochemistry (see later).

Surgical procedure of ovariectomy

Animals were anesthetized with a combination of ketamine and
xylazine (25 mg kg~ ! and 75 mg kg~ ! ip, respectively) and a median
laparotomy was performed under sterile conditions. The connection
of the Fallopian tubes was cut between hemostats, the ovaries were
removed, and the stumps were then ligated. Thereafter, the abdomen
was filled up with warm sterile physiological saline and the
abdominal wall was closed in two layers. Sham-operated animals
underwent identical procedures except that the Fallopian tubes and
ovaries remained intact.

Quantitative ultrasound bone densitometry (QUS)

Under ketamine-xylazine anesthesia (as discussed earlier), bone
density measurements were performed at the tibia and the tail with a
DBM-Sonic 1200 (IGEA, Carpi, Italy) ultrasonic bone densitometry
device; the changes in the average of the amplitude-dependent speed
of sound (AD-SoS) were determined (Joly et al, 1999). After
calibration, the AD-SoS values of the soft tissues (muscle and skin
above the thigh) were determined, and the system deducted this
value from the bone density. The AD-SoS values were calculated via a
computer program and the average of 5 measurements was used at
each time points. Twenty-one weeks after OVX, statistically significant
density alterations were observed in the proximal tibia, and this
location was therefore used for further QUS measurements at the ages
of 8,9, 12 and 14 months.
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Surgical procedure for IVM

Intravital analysis of the periosteal microcirculation was per-
formed at the end of the experimental protocol on 14-month-old
animals. Anesthesia was induced with sodium pentobarbital
(45 mg kg~ ! ip) and sustained with small supplementary iv doses
when necessary. The right carotid artery and the jugular vein were
cannulated for the measurement of mean arterial pressure (MAP) and
the administration of drugs and fluids, respectively. The animals were
placed in a supine position on a heating pad to maintain the body
temperature between 36 and 37 °C. Ringer's lactate was infused at a
rate of 10mlkg="h™! during the experiments. The trachea was
cannulated to facilitate respiration. The right femoral artery was
dissected free, and the periosteum of the medial surface of the right
tibia was exposed under a Zeiss 6x magnification operating
microscope, using an atraumatic surgical technique (Varga et al.,
2008).

Experimental protocols

In the first series, after a 30-min stabilization period, the baseline
cardiovascular and microhemodynamic parameters were determined
(baseline; —60 min). The periosteal microcirculation was observed
every 60 min during the 180-min reperfusion period.

In the second experimental series, blood samples from the carotid
artery were taken at baseline and during the reperfusion period for
the detection of changes in the plasma concentrations of TNF-« and in
the expression of the adhesion molecule CD11b. TNF-« levels were
determined from plasma samples taken at the 60th min of reperfu-
sion. In a pilot study, the dynamics of the CD11b expression changes in
response to limb IR were characterized; significant elevations were
not found earlier than 120 or 180 min in the reperfusion period.
Accordingly, this time frame was selected for flow cytometric
evaluations of blood samples (see later).

Intravital video microscopy

The right hindlimb with the exposed tibial periosteum was
positioned horizontally on an adjustable stage, and the microcircu-
lation of the proximal tibia was visualized by IVM (Zeiss Axiotech
Vario 100HD microscope, 100 W HBO mercury lamp, Acroplan 20x
water immersion objective, Carl Zeiss GmbH, Jena, Germany), using
fluorescein isothiocyanate (Sigma, St. Louis, MO, USA)-labeled
erythrocytes (0.2 ml iv) for red blood cell staining, and rhodamine
6G (Sigma, St. Louis, MO, USA, 0.2%, 0.1 ml iv) for leukocyte staining.
The microscopic images were recorded with a charge-coupled
device video camera (AVT HORN-BC 12, Aalen, Germany) attached
to an S-VHS video recorder (Panasonic AG-MD 830, Matsushita
Electric Industrial Co., Tokyo, Japan) and a personal computer.

Video analysis

Quantitative assessment of the microcirculatory parameters was
performed off-line by frame-to-frame analysis of the videotaped
images, using image analysis software (IVM, Pictron Ltd., Budapest,
Hungary). Leukocyte-endothelial cell interactions were analyzed
within 5 postcapillary venules (diameter between 11 and 20 um)
per animal. Adherent leukocytes (stickers) were defined in each
vessel segment as cells that did not move or detach from the
endothelial lining within an observation period of 30s, and are
reported as the number of cells per mm? of endothelial surface.
Rolling leukocytes were defined as cells moving at a velocity less than
40% of that of the erythrocytes in the centerline of the microvessel,
and given as the number of cells/vessel circumference in mm.

In the examined anatomical fields of the tibia, the majority of the
vessels were not capillaries, but venules (see later); hence the total

vascular density was calculated from the length of recognized vessels
divided by the corresponding area (an average of 3 measurements per
observation field was used).

Immune labeling and flow cytometric analysis of CD11b expression

The surface expression of CD11b on the peripheral blood
granulocytes was determined through flow-cytometric analysis of
whole blood in duplicate (Varga et al., 2008). One-hundred pl of
whole blood was incubated with 20 pl of (50 ug ml™ ') mouse anti-rat
monoclonal antibody (BD Pharmingen, San Jose, CA, USA) for 20 min.
Negative controls were obtained by omitting the monoclonal
antibody. The cells were then washed twice in Hanks buffer and
centrifuged at 13,000 rpm for 5 min and the resuspended pellet was
incubated with fluorescein isothiocyanate-conjugated polyclonal
rabbit anti-mouse immunoglobulin (10 ug ml~'; DAKO Cytomation,
Glostrup, Denmark; 20-ul aliquots of reagents to 180-ul aliquots of
blood cells). The cells were again washed twice, and the erythrocytes
were lysed with a Lysing kit (Biodesign, Saco, ME, USA), after which
the cells were washed twice again (6000 rpm, 5 min) and resus-
pended in 200 ul Hanks buffer. Computer-assisted FACStar Plus
Becton-Dickinson equipment was used for cytometry; the granulo-
cytes were gated on the basis of their characteristic forward and side-
scatter features. Generally, 10,000 events per sample were collected
and recorded; the percentage of labeled (activated) granulocytes
(relative to the overall marker-bearing cells) and the mean fluores-
cence intensity (average marker density) were calculated.

TNF-ae measurements

TNF-a levels were measured in duplicate, using a commercially
available anti-rat TNF-a ELISA kit (R&D Systems, Minneapolis, MN,
USA) according to the manufacturer's instructions.

Detection of tissue ICAM-1 by immunohistochemistry

At the end of the experiments, both the limb subjected to IR and
the contralateral one were removed and the tibias and the surround-
ing muscles were fixed in 4% phosphate-buffered formalin for
2-3 days. The tissues were then decalcified with an electrophoretic
apparatus (for 2x4 h) using a special decalcifying solution (Sakura
TDE30; Sakura Finetek Corp. Torrance, CA, USA). The samples were
embedded in paraffin, and the 4-um sections were placed on silanized
slides. After conventional methods of dewaxing and rehydration
(initiated in xylene, followed by decreasing concentrations of ethanol
and methanol), tissue endogenous peroxidase was blocked with a
mixture of methanol and 1% H,0; for 5 min, and the nonspecific tissue
antigens with conventional 2.8% cow milk. For ICAM-1 immunohis-
tochemistry, mouse monoclonal anti-rat ICAM-1 antibody (BD
Pharmingen, BD Biosciences, San Jose, CA, USA) was used as primary
antibody (1:200; 30 min), this being followed by a biotinylated goat
anti-mouse antibody conjugated to HRP polymer (Envision®
System; Dako, Glostrup, Denmark) for 30 min which employs 3,3'-
diaminobenzidine as chromogen. The sections were counterstained
with hematoxylin (for 1 min) and examined by two independent
histologists by means of light microscopy at 200x magnification.
During the semiquantitative analysis, periosteal and intramuscular
vessels were evaluated separately and the percentage of ICAM-1-positive
vessels was calculated. The samples were allotted to one or another of the
following semiquantitative categories (scores 1-8) (Table 1).

Statistical analysis
All data are expressed as means standard error of the mean

(SEM). Data analysis was performed with the SigmaStat statistical
software (Jandel Corporation, San Rafael, CA, USA). Changes in
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Table 1
Scoring system for the analysis of ICAM-1 positivity in vessels from periosteal samples
processed for immunohistochemistry.

Score % of ICAM-1-positive vessels Staining
1 <5% Local

2 Diffuse
3 5-25% Local

4 Diffuse
5 25-50% Local

6 Diffuse
7 >50% Local

8 Diffuse

variables within and between groups were analyzed by one-way
ANOVA followed by the Bonferroni test. P values<0.05 were
considered statistically significant.

Results

During the course of the experiments, the body weight of the
animals increased in all groups (Fig. 2), but OVX was followed by a
significantly higher weight gain as compared with that in the Sham
group. After the initiation of the E2 therapy (at the age of 8 months),
the weight gain decreased to the level for the non-OVX animals.

As shown by bone densitometry on the proximal tibia, osteoporosis
developed 21 weeks after bilateral ovariectomy. The AD-SoS was
significantly lower than that for the sham-operated animals (1674 +
33ms~ ' vs 18504101 m s~ ', respectively). The OVX-induced osteo-
penia was completely restored by E2 therapy (Fig. 3).

At the beginning of IVM, the baseline values of the macrohemo-
dynamic variables (including heart rate and MAP) in the various
groups did not differ significantly and there were no significant
hemodynamic changes relative to the baseline values during the
experimental period. In all groups subjected to IR, a moderate
decrease in MAP was observed in the first few minutes of reperfusion,
but MAP thereafter stabilized at the control level (data not shown).

The number of firmly adherent (sticking) leukocytes was signif-
icantly increased in the postcapillary venules of the tibial periosteum
in the 3-month-old controls, the Sham rats and the OVX animals at the
end of the reperfusion phase (120-180 min). This phenomenon was
nearly completely prevented by chronic E2 supplementation in the
OVX animals (Fig. 4).

In the examined anatomical fields of the tibia, the majority of the
vessels were not capillaries, but venules (Fig. 5). No significant differences
were found in total vascular density between the 3-month-old controls
(268.14+10.1 cm™!), the Sham (262.6+7.1 cm™ 1), the OVX (261.9+
7.6 cm™ 1) or the OVX+E2 (265.141.1 cm™!) groups.
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Fig. 2. Body weight changes in sham-operated (Sham) or ovariectomized animals treated
with 17p-estradiol (OVX+E2) or vehicle (OVX). Data are presented as means 4 SEM.
ANOVA was followed by the Bonferroni test. XP<0.05 vs Sham group; differences vs baseline
(3 months of age) are not shown.
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Fig. 3. Bone density changes in the proximal part of the tibia in sham-operated (Sham)
or ovariectomized animals treated with 17(-estradiol (OVX+E2) or vehicle (OVX).
Data are expressed as Ad-SoS and presented as means 4- SEM. ANOVA was followed by
the Bonferroni test. XP<0.05 vs Sham group.

An increased surface expression of adhesion molecule CD11b was
observed after 120 and 180 min of reperfusion; no major differences
could be detected between the findings for the OVX and the Sham or
the 3-month-old rats (Fig. 6). Chronic E2 administration did not
influence this parameter.

The plasma TNF-a reached similar concentrations (young animals:
21.24+3.30pgml™'; Sham: 22.16+5.79 pgml~—!; OVX: 19.84+
1.35 pgml~ ') by the 60th min of reperfusion. E2 treatment, however,
resulted in significantly lower TNF-oo values (OVX-+E2: 11.14+
1.19pgml™") as compared with that for the OVX-challenged rats
(P<0.05). No TNF-ax was detected in control samples taken before the
ischemic insult.

As assessed by immunohistochemical analysis (Fig. 7), the tissue
ICAM-1 density in the vessels of the periosteum was significantly
higher in the limbs subjected to IR (young animals: 1.67 +0.67;
Sham: 1.83 £0.60; OVX: 2.17+0.48; OVX+E2: 2.04+0.52) than in
the intact contralateral limbs in all experimental groups (young
animals: 0.33 £0.21; Sham: 0.504-0.22; OVX: 0.67 +-0.21, OVX + E2:
0.50 + 0.22). The intensity of the IR-induced ICAM-1-positive reaction
was only moderate in the muscle tissue, and the data for the 3-month-
old controls, the Sham, OVX and the OVX animals treated with E2
were also similar.

Discussion

Females are more resistant to circulatory shock and inflammation
than males, but this gender-related anti-inflammatory protection is
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Fig. 4. Secondary leukocyte-endothelial cell interactions (sticking) in the postcapillary
venules of the tibial periosteum in sham-operated (Sham+IR) or ovariectomized
animals treated with 17B-estradiol (OVX + E2 +IR) or vehicle (OVX +IR) in compar-
ison with 3-month-old (young) female rats (IR). Data are presented as means 4- SEM.
ANOVA was followed by the Bonferroni test. *P<0.05 vs baseline, XP<0.05 vs OVX + IR
group, ¥P<0.05 vs IR group.
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Fig. 5. Representative micrographs of the venular network of the tibial periosteum. Panel a: FITC-labeled erythrocytes, panel b: same field with rhodamine 6G-labeled leukocytes. Bar

represents 100 pm.

lost during menopause or after OVX (Wichmann et al., 2000; Angele et
al.,, 2000). As the incidence of traumas and osteoporotic fractures
steadily rises in the elderly population (Gullberg et al., 1997), the
question arises of whether osteoporotic women are more susceptible
to postoperative or post-traumatic inflammatory bone complications
than postmenopausal women receiving estrogen replacement ther-
apy. We set out to answer this question by employing a chronic rat
model of osteoporosis where the consequences of a long-term female
hormone deficiency can be adequately estimated (Tan et al., 2003).
The results showed that osteoporosis was reproducibly evolved after
0OVX, and the reversing efficacy of E2 therapy on osteopenia, together
with the periosteal microcirculatory status of the tibia, could
subsequently be evaluated in the long term. The data also showed,
however, that the postischemic periosteal microcirculatory PMN
recruitment and the expressions of the adhesion molecules CD11b
and ICAM-1 (which play a role in the process of adhesion of the PMNs
to the venular endothelium) undergo similar changes in this
condition, irrespective of the age or the endogenous estrogen status
of the animals. Thus, the primary message of our study is that a
chronic estrogen deficit does not change the magnitude of the PMN-
associated microcirculatory menace in the event of transient ischemia
of the osteoporotic limb.

IVM allows direct observation and quantitative analysis of the
microcirculation of the exposed tissues. With this technique, the
consequences of an estrogen deficit and estrogen replacement have
already been demonstrated in certain organs (Santizo et al., 2000;

3 IR (young)

EEm Sham + IR

1 223 OVX +IR

= OVX+E2+IR *

200 1

*

RRRX

1001

QKK

Mean Fluorescence Intensity (%)
XX

Baseline R120
Fig. 6. Changes in expression of the CD11b adhesion molecule on the surface
appearance of PMN leukocytes in response to 60 min of ischemia followed by
180 min of reperfusion in sham-operated (Sham+IR) or ovariectomized animals
treated with 17p-estradiol (OVX +E2 +IR) or vehicle (OVX +IR) in comparison with
3-month-old (young) female rats (IR). Data are presented as means + SEM. *P<0.05 vs
baseline.

Watanabe et al.,, 2001), but never in the periosteum, though the
protecting and feeding functions of the periosteum are hallmarked by
the fact that restoration of periosteal microcirculation guarantees
bone survival even in an environment with limited blood supply
(Berggren et al., 1982). Additionally, osteoporosis has been shown to
develop on the basis of an imbalance between bone resorption and
formation, the effector cells being derived from mesenchymal
osteoprogenitor cells found in the periosteum and endosteum, the
former displaying predominance in this respect (Brighton et al.,
1992). Furthermore, the experimental and clinical evidence suggests
an important role of the periosteum not only in the pathogenesis of
osteoporosis itself, but also in the effects of different anti-osteoporotic
approaches (Allen et al., 2004). The periosteal region of the cortical
bones exhibits a better anti-fracture efficacy than that of the endosteal
region and it is proposed that the major target of different bone-
reinforcing therapies is the periosteal site (Ferretti et al, 1995).
Together with the nutritive functions of the periosteum, these
observations underline the importance of the periosteum in the
pathogenesis of different disorders also affecting the bone
metabolism.

In our study, IR induced considerable increases in the periosteal
leukocyte-endothelial interactions during the reperfusion phase, but
these changes were similar in the aged OVX, the sham-OVX groups
and the young animals. This observation adds a new aspect to the
previous finding of enhanced PMN adhesion in the venules of the
femur in the short run, i.e. 2 weeks after OVX in unstressed animals
(Kasiyaphat et al., 2008). Similarly, an early enhancement of PMN
infiltration has been demonstrated in the muscle of OVX rats after IR
(Stupka and Tiidus, 2001). In fact, there is currently no consensus on
the magnitude or pathologic role of leukocyte adhesion in non-
skeletal tissues after OVX. OVX has been reported to enhance PMN
accumulation in the brain of resting animals (Santizo et al., 2000) but
other data indicated that OVX does not influence the PMN adherence
in the brain tissue after transient ischemia (Xu et al.,, 2004). We
suggest that these differences in baseline leukocyte adhesion might be
explained by the different timelines. Use of a standardized experi-
mental setup with matching sex, age and bone density conditions
would solve this question.

The microcirculatory patency is influenced by functional and
morphological changes in the microvasculature. As concerns the
structural aspects, it has been shown that OVX leads to reduced blood
flow in the bone (Kapitola et al., 1995) and a lower total capillary
density in the heart (Jesmin et al., 2002) and brain (Jesmin et al.,
2003), a phenomenon probably related to the well-known effect of
estrogen on angiogenesis. In our chronic OXV rat model, the periosteal
vessel density was not affected by OVX or E2 replacement therapy. It
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Fig. 7. Representative longitudinal section of the rat tibia surrounded by soft tissues (stained with ICAM-1 antibody plus hematoxylin). Left panel (a): tibial epiphysis (EP), bone
marrow (BM), knee-joint synovia (S), muscle (M) and tibial periosteum (P) are indicated. Middle panel: positive staining for ICAM-1 (arrows) was found in the periosteal venules

(V) after IR (b), but not in the contralateral (non-IR) limbs (c). Bar represents 50 pm.

is important to note that these changes were followed in the proximal
tibial periosteum, where venules are the predominant vessel type. The
postcapillary venules are predilectory sites for PMN-endothelial
interactions, and thus a higher density may predispose to local
inflammatory complications. The particularly high venular density of
the periosteal microarchitecture may account, at least in part, for a
tissue-specific response.

Although relatively little information is available on the effects of
chronic OVX itself, there are numerous experimental studies on the
microcirculatory changes of hormone substitution (e.g. E2). Since
estradiol is protective in many forms of injury, it is possible that E2 is
protective independently of the presence of OVX. Nonetheless, E2 has
been shown to reduce leukocyte accumulation, infarct size (Jeanes et
al., 2006) and oxygen free radical production (Florian et al., 2004) in
OVX rats; PMN adherence and infiltration for instance can be
effectively prevented by estrogen supplementation after OVX (Stupka
and Tiidus, 2001).

The mechanism of action by which E2 influences PMN-endothelial
interactions is not known in detail. It has been suggested that E2
reduces the expression of endothelium-derived adhesion factors such as
P-selectin, vascular cell adhesion molecule-1, and ICAM-1 (Miller et al.,
2004). Interestingly, some of these molecules also have a role in bone
development, since LFA and ICAM-1 have been shown to influence the
osteoclast function (Kurachi et al., 1993). It is hypothesized that an
estrogen deficiency results in increased ICAM-1 expression on osteo-
clast precursors, which may contribute to the bone loss following
menopause or OVX (Gao et al., 2000). The smaller diameter of the
medullary resistance arterioles in OVX rats also suggests that endog-
enous estrogen exerts a significant dilator influence within the bone
circulation (Soukhova-O'Hare et al., 2005). We investigated the changes
in expression of CD11b, a key determinant of PMN-mediated injuries
(Hentzen et al., 2000). Upon activation, CD11b (the oM part of the
CD11b-CD18 complex) is transferred to the cell surface from preformed
intracellular pools (Jones et al., 1988) and, as opposed to the constitutive
CD11a, its expression is increased several-folds in response to IR stimuli.
The considerably increased CD11b expression implies that complete
limb ischemia leads to severe systemic inflammatory consequences in
this model. The local expression of [CAM-1, the endothelial counterpart
of CD11b, was also enhanced in the postischemic periosteum, where the
PMN-endothelial interactions were simultaneously and visibly in-
creased. These reactions were not influenced by E2 repletion, which
suggests that E2 exerts its anti-adhesive effect independently of CD11b

or ICAM-1. The mechanism of how estrogen can modulate in vivo PMN
reactions demands further attention, but our results are in agreement
with those of in vitro studies, where OVX did not influence the CD11b
expression of the PMNs (Deitch et al,, 2006). There is evidence of a
cellular sexual dimorphism in the activation of PMNs, implying that
PMNs from females respond to trauma and humoral stimuli to a lower
extent than do those from males (Deitch et al.,, 2006). Further, estrogen
directly modulates the expression of the neuronal isoform of nitric oxide
synthase in PMNs (Garcia-Duran et al., 1999). In our study, E2 treatment
clearly reduced the IR-induced secondary PMN-endothelial interactions
(i.e. sticking), but this potentially protective effect was not mediated by
a mechanism involving tissue ICAM-1 expression changes. Although an
increased PMN-derived NO production might reduce PMN adhesion,
this reaction is ICAM-1 dependent (Dal Secco et al., 2006). Overall, the
earlier findings may implicate that chronic estrogen supplementation
modulates PMN activation directly, through a novel, specific, estrogen-
sensitive pathway.

In our rat model, OVX was followed by definite diagnostic signs of
osteoporosis 21 weeks later. In this condition, the postischemic
periosteal microcirculatory complications were not aggravated
further relative to the non-OVX age-matched controls. Similar
changes were observed in TNF-« release, providing further evidence
that OVX itself does not modify the inflammatory complications, but
E2 supplementation greatly reduces this reaction. It has also been
demonstrated by others that E2 inhibits TNF-« gene transcription via
the beta estrogen receptors (Srivastava et al., 1999) and via the TNF-
a-mediated increases in the expressions of adhesion molecules and
chemoattractants (Xing et al., 2007). A downregulation of nitric oxide
synthesis by TNF-a may also contribute to the mechanisms of these
microcirculatory reactions (Yoshizumi et al., 1993). Our present data
indicating the positive effect of prolonged E2 substitution on the PMIN
reactions and TNF-a release, however, points to another clinical
implication of our findings; ovarial hormone deprivation supplemen-
ted with estrogen therapy (apart from the well-known positive effect
in reducing the risk of osteoporotic fractures) also affords marked
protection against inflammatory mediator release.

Conclusion
The periosteal microcirculatory consequences of tourniquet-

caused ischemia were first quantified by IVM in an adequately long-
term follow-up of osteoporosis. The efficacy of E2 therapy was
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objectively judged in this condition. The overall message is that
chronic estrogen supplementation not only ameliorates bone demin-
eralization, but also decreases systemic and PMN-driven local
periosteal inflammatory reactions.
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Abstract

Background Intramedullary reaming and nailing of long
bones impairs the endosteal circulation, often causing
necrosis of the inner region of the bone cortex. We
hypothesized that compensatory hypertrophy of the peri-
osteal microcirculation may develop in response to
mechanical destruction of the endosteum, and that this may
affect bone survival in these circumstances. In these stud-
ies, nailing was performed with materials that affect
regeneration of the endosteum differently, and the effects
on the tibial periosteal microvasculatory organization were
examined.

Methods In male Wistar rats, the right tibia was reamed
and implanted with an inert titanium nail or a less osseo-
integrative polyethylene nail; the contralateral tibial end-
osteum was destroyed by reaming. Reaming without
nailing or sham operation was performed on both extrem-
ities in two other groups of rats. Twelve weeks later, the
anteromedial and anterolateral surfaces of the tibias were
exposed by a microsurgical technique. The structural
characteristics of the periosteal microcirculation (vessel
density and distribution of vessel diameters) were deter-
mined by intravital videomicroscopy and computer-assis-
ted analysis. The stability of the implants was assessed on
the basis of grades 0-2 on a qualitative scale.

Results Tibial reaming alone caused significant increases
in overall blood vessel and capillary densities in the
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periosteum compared with those of the intact tibias.
Implantation with a titanium nail resulted in firm embed-
ding of the nail and caused changes in the periosteal vas-
culature similar to those after reaming alone. In contrast,
implantation of a polyethylene nail was followed by the
development of marked instability of the endomedullary
implant and significant increases in the percentage of
capillaries and the vessel density in the periosteum.
Conclusions Destruction of the endosteal microcircula-
tion per se brings about an increase in periosteal vascular
density, which is further augmented if implantation is
performed with a material which delays regeneration of the
endosteal circulation.

Introduction

The arterial blood supply of long bones is provided by
three major sources: the nutrient artery sends branches to
the endosteum, and the epiphyseal and metaphyseal arteries
supply both ends and form anastomoses with branches of
the nutritive artery. The blood vessels of the periosteum,
however, run in a crosswise manner, supplying the super-
ficial cortical bone and usually do not enter the deeper
layers [1-3]. As a result, the connection between the
periosteal and endosteal circulations under physiological
conditions is relatively poor.

Restoration of the blood supply is a prerequisite of
proper bone healing. Dislocated fractures in particular
cause the destruction of periosteal or epiphyseal and met-
aphyseal blood vessels, and the normal regeneration of
these systems is achieved only if healing is ensured by
appropriate fracture management [2-5]. However, fracture-
reduction techniques involving plate osteosynthesis or
intramedullary nailing may also induce microcirculatory
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disturbances by damaging the periosteum or the endos-
teum. Similar iatrogenic endosteal circulatory insufficiency
may be a consequence of total hip arthroplasty. Intramed-
ullary reaming and nailing, and the implantation of the
femoral component of a total hip prosthesis also lead to
cessation of the endosteal blood supply. This is important,
because major nutritional defects to the cortical bone may
give rise to partial bone necrosis [2—4, 6].

Microangiography has revealed that early hyperemia
and the proliferation of blood vessels may develop in the
periosteum in response to endosteal circulatory distur-
bances [2, 4, 7-9]. This phenomenon is usually detectable
only during the first 2 weeks, whereas endosteal regener-
ation and remodeling of the inner cortical bone occur
8—16 weeks later, and it has been suggested that this is of
major importance in bone healing after the implantation of
prostheses [4-6, 9].

The objective of this experimental study was to clarify
whether destruction of the endosteal microcirculation
changes the vascular characteristics of the periosteum after
standardized intramedullary damage. To this end, we
designed a chronic rat model of tibial reaming and nailing
with study of the periosteal microvascular consequences by
intravital videomicroscopy (IVM). We hypothesized that
intramedullary healing conditions would significantly
affect the outcome of reactive periosteal microcirculatory
changes. For this reason, we used inert materials which
have different osseointegration properties and which are
generally and safely used in clinical practice. Specifically,
titanium was chosen because it induces nearly complete
osseointegration and relatively fast remodeling of the sur-
rounding bone [10]. Polyethylene was the other test
material, because we hypothesized that in-growth of vas-
cular elements and regeneration of the endosteal vessels
would be different after use of this material. Thus, we
compared and characterized the periosteal microvascular
alterations caused by titanium or polyethylene nails, pros-
thesis materials expected to result in higher or lower

Fig. 1 Representative
micrograph showing the tibial
endosteum in sham-operated
rats (a) (longitudinal section,
H&E staining). The effect of
reaming on the structure of the
tibial endosteum (after 1 week)
is shown in part b. bm bone
marrow, e endosteum (with
osteoblasts on the surface of the
cortical bone), b bone,

mc medullary cavity (with
fragments of bone marrow). The
bar denotes 200 pm
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intramedullary stability, 12 weeks after

implantation into the tibia.

respectively,

Materials and methods

All in-vivo animal experimental procedures were approved
by the Animal Welfare Committee of the University of
Szeged and were performed in accordance with NIH
Guidelines (Guide for the Care and Use of Laboratory
Animals).

Surgical technique

Male Wistar rats (380 + 40 g) were randomly allotted to
one or another of 4 groups. After intraperitoneal (ip)
injection of Na-pentobarbital (45 mg/kg), skin incisions
were made above the proximal metaphysis of both tibias
under sterile conditions. In the sham-operated group
(n = 5), the bones were left intact (control group). In the
reamed group (n = 5), both tibias were reamed with a
specially-designed flexible microdrill series of increasing
diameter (from 0.2 to 0.8 mm) after a small drillhole had
been made over the proximal metaphyses. The endosteum
and the inner cortical bone were destroyed by reaching the
required drill diameter and the skin incision was then
closed. Destruction of the endosteal circulation was con-
firmed histologically in supplementary experiments (n = 3;
Fig. 1b).

In the titanium nail-implanted group (n = 6), both tibias
were reamed and a 13-mm-long, 0.88-mm-wide titanium
nail (Protetim, HodmezGvasarhely, Hungary) was implanted
into the right tibia with a special small impactor so that the
nail fitted tightly into the medullary cavity. The left tibia was
only reamed; nail implantation was not performed. The
optimum dimensions of the implants were chosen in pilot
studies on the basis of X-ray radiographs of the tibias of rats
of similar weight and age. In the polyethylene nail-implanted
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group (n = 6), specially designed polyethylene implants
(Protetim) were inserted intramedullarily into the right tibia,
using an identical surgical approach, and again the left tibia
was reamed, but not implanted. The animals were not
immobilized after the procedures; the reaming of both tibias
imposed similar loads on the legs.

Examination of the periosteal vasculature

Twelve weeks after surgery, the animals were anesthetized
with Na-pentobarbital (45 mg/kg ip), the trachea was
intubated and the left jugular vein was cannulated for drug
and fluid administration. Under an operating microscope at
4x magnification, the anteromedial and anterolateral sur-
faces of the tibial periosteum were exposed by use of an
atraumatic microsurgical technique. The limbs were posi-
tioned horizontally on a special stage to expose periosteal
vessels suitable for IVM. After IVM, each implant was
subjected to a manual examination of stability by the same
investigator (FG).

Intravital videomicroscopy

The periosteal vessel structure and microcirculation were
examined by use of a Cytoscan A/R (Cytometrics, USA)
intravital videomicroscope via the orthogonal polarization
spectral (OPS) imaging technique (Fig. 2). The images
were recorded with an S-VHS videorecorder (Panasonic
AG-MD 830) on a minimum of 3 non-overlapping areas on
the upper, middle, and lower thirds of the diaphysis sur-
faces [11, 12].

Video analysis

The captured intravital microscopy images were analyzed
with the aid of a computer-assisted analysis system (IVM
software; Pictron, Budapest, Hungary). The contours of
capillaries, arterioles, and venules were marked, and the
vessel density (defined as the length of vessels per obser-
vation area) was recorded separately. Capillaries were
defined as vessels in the diameter range 5-7 um. The
proportion of capillaries was calculated by the software and
expressed as small vessel length relative to total vessel
length, as a percentage.

Stability tests

At the end of the experiments, each implant was subjected
to manual traction 5 times for 2 s under microscopic visual
control by the same investigator (FG). The reaction was
categorized on a qualitative scale according to the fol-
lowing criteria: firmly anchored, stable: 2; loose move-
ments, cannot be removed: 1; unstable, removable: 0.

Histology

Reamed or control tibias were harvested 1 week after
surgery, fixed in 4 % phosphate-buffered formalin for
3 days, and decalcified with an electrophoretic apparatus
(for 2 x 4 h) using a special decalcifying solution (Sakura
TDE30; Sakura Finetek, Torrance, CA, USA). The samples
were embedded in paraffin, sectioned (4 pm), and stained
with hematoxylin—eosin.

Statistical analysis

Data analysis was performed with SigmaStat statistical
software (Jandel, San Rafael, CA, USA). Differences
between groups were analyzed by two-way ANOVA, fol-
lowed by the Holm-Sidak test or the ANOVA test (sta-
bility testing). All data are expressed as means =+ standard

Fig. 2 Representative micrograph of the microvascular architecture
of the anteromedial (a) and anterolateral (c¢) surfaces of the tibial
periosteum of animals after reaming and after nailing with polyeth-
ylene (b, d). The bar denotes 250 um
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error of the mean (SEM). p values <0.05 were considered
statistically significant.

Results

The effects of reaming on the vascular and capillary
densities in the periosteum

In the sham-operated control animals, the vessel density
was significantly higher on the anteromedial side of the
tibial periosteum than on the anterolateral side (Fig. 3a).
As was confirmed histologically, the reaming method used
in this study caused destruction of the endosteum and the
cortical bone (Fig. 1). In response to reaming, a significant
increase in anterolateral periosteal vessel density was
observed (Fig. 3a). The capillary density (the proportion of
capillaries) proved to be significantly lower on the anter-
olateral side than on the anteromedial side. This density
became markedly higher in response to reaming on both
the anteromedial and anterolateral sides (Fig. 3b).

The effects of implantation with a titanium
or a polyethylene nail on the vascular and capillary
densities in the periosteum

In comparison with the contralateral side, nailing with
polyethylene resulted in significantly higher vascular den-
sities on both the anteromedial and the anterolateral sides
of the tibial periosteum (Fig. 4a, c). In response to poly-
ethylene nailing, the capillary density in the tibia was
found to be higher on the anterolateral side than after
reaming alone (Fig. 4d). Although vascular density was
higher in the anteromedial periosteum for animals
implanted with a titanium nail (Fig. 4a), this material did
not affect vessel density i.e. the overall vascular or capil-
lary density, at any of the other locations (Fig. 4b—d).
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The stability of the titanium or polyethylene implant

Macroscopically visible loosening of the implanted nails
was not observed. Micro-movements could not be evoked
in the titanium nail-implanted group, demonstrating that
anchoring of the implant in the tibial medullary cavity was
sufficient (grade 2.0 & 0). In the rats implanted with a
polyethylene nail, however, the stability was significantly
lower (0.33 £ 0.21), and high instability was observed for
4 implants.

Discussion

A variety of methods have been used to study the micro-
circulation of the bones, e.g. microangiography [2, 3] and
electron microscopy to examine structural characteristics,
and laser—Doppler flowmetry [13, 14] and radioactive
microsphere techniques [7] to characterize functional
details and dynamic aspects of the blood supply. Most of
these techniques, however, have inherent limitations. The
loading of capillaries during conventional microangio-
graphic examinations can be incomplete, which limits
assessment of the structure of the periosteal vessels [2, 9].
Electron microscopy or histology with light microscopy is
mostly used for qualitative assessments, because quantita-
tive statistical analysis with serial sectioning of the tissues
is particularly difficult. Laser—Doppler flowmetry provides
bulk information only on dynamic changes, in a large tis-
sue mass [13, 14]. In contrast, IVM and intravital micro-
scopic techniques enable computer-based quantitative
analysis, and well-defined vessel structures can be studied.
IVM after microsurgical exposure of the periosteum pro-
vides an opportunity for simultaneous visualization of
microvascular structure and function [11, 12, 15].
Microangiography has revealed that after reaming the
inner half or two-thirds of the cortical part of long bones
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Fig. 3 The effects of reaming on vessel density (a) and on the proportion of capillaries (b) in the anteromedial and anterolateral periosteum of
the rat tibia. *p < 0.05 between corresponding sham-operated and reamed-only groups; *p < 0.05 between anteromedial and anterolateral sides
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Fig. 4 The effects of nailing with polyethylene and titanium on the
vascular (a, ¢) and capillary densities (b, d) on the anteromedial
(a, b) and anterolateral sides (¢, d) of the tibial periosteum in rats.

becomes avascular and partially necrotic. This is thought to
be caused by destruction of the endosteal blood supply and
obstruction of the perforating arteries by fat embolism
[3-6, 16-18]. Such observations also suggest that a sig-
nificant proportion of the cortical blood flow is provided by
the endomedullary vessels. The contribution of the peri-
osteal microcirculation in the time frame of healing is
controversial. Microangiographic studies by Rhinelander
et al. [2, 4, 18] revealed the predominance of the periosteal
blood supply during the early phase of non-dislocated
fracture healing; this is later taken over by the endosteal
blood supply. Reicher et al. [16] reported enhanced peri-
osteal blood flow in the first 2 weeks after reaming without
subsequent implantation, and this was supported by the
observations of Pazzaglia et al. [9] that neovascularization
and an increased periosteal vascular density lasted for only
10-14 days after surgery. In contrast, Gustilo et al. [5]
reported that the periosteal blood vessel density remained
elevated for 2-3 months after reaming of long bones in
dogs.

After reaming, the marrow space is filled with hema-
toma, which is gradually followed for 30—40 days by the
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*p < 0.05 between corresponding reamed-only and nail-implanted
groups, *p < 0.05 between corresponding groups implanted with a
polyethylene or a titanium nail

formation of reactive new bone and loose connective tissue
[9]. This area has been found to be free of vessels
for 4-8 weeks [5, 6]. Thus, revascularization from the
metaphysis is initiated relatively late by the proliferation of
metaphyseal and epiphyseal arteries and this process lasts
for 8—12 weeks. The periosteal vessels make little or no
contribution to this process [3, 5]. In our study, however,
signs of neovascularization were clearly observed in the
tibial periosteum: the proportion of capillaries was signif-
icantly increased on the anterolateral side 12 weeks after
intramedullary reaming.

A similar process occurs in long bones after reaming and
implantation with primary stable implants [9]. During the
first 2 postoperative weeks, intense periosteal neovascu-
larization and microcirculatory improvement occur, this
process later progressively decreasing. Revascularization
has been shown to be virtually complete by approximately
12-16 weeks after implantation; this seems to be because
of the proliferation of metaphyseal and epiphyseal vessels
[6].

To the best to our knowledge, this is the first study to
reveal the periosteal microcirculatory reactions evoked by
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intramedullary polyethylene nail implantation. The results
furnish evidence of marked instability of the nail and the
non-occurrence of osseointegration in the host bones.
Implant loosening is well known to induce connective
tissue formation [9, 19] and micromovements of the
implant inhibit adequate revascularization around the
endoprosthesis. However, we detected a significant
increase in blood vessel density and, in particular, capillary
density in the tibial periosteum in rats implanted with a
polyethylene nail. An explanation of this finding is that a
polyethylene implant is not integrated into the medullary
canal. The chemical composition and the smooth surface,
may contribute to the lack of stable fixation and to mi-
cromovements, thereby leading to inadequate restoration of
the endosteal circulation [9]. The endosteal blood supply is
probably insufficient to supply the cortical bone, and may
be compensated by increased periosteal sources.

Wear of polyethylene implants is an important clinical
problem [20, 21]; products of polyethylene wear after total
hip arthroplasty cause formation of granulation tissue and
loosening of an endomedullary implant. These observa-
tions indicate the need for development of new or more
enduring polyethylene implants to prevent the micromov-
ements leading to the wear process and the formation of
granulation tissue. Complete implant stability was achieved
in our study by use of a titanium nail, after which micro-
movements were not detected, and the proportion of small
vessels and the blood vessel density did not differ signifi-
cantly from those of the reamed-only tibias. Stable
implantation with a titanium nail does not affect periosteal
blood vessel formation, and the lack of microcirculatory
reorganization on the surface of bones may therefore be
regarded as a sign of a preserved or restored endovascular
microcirculation.

Conclusions

This study has demonstrated the possibility of qualitative
and quantitative analysis of the periosteal vasculature and
microcirculation in rats by use of OPS videomicroscopy.
The periosteum of the long bones does not have significant
vascular connections with the endosteal circulation under
physiological conditions, but reaming leads to neovascu-
larization, with increased vessel density in the periosteum
12 weeks after surgery. This process is basically unaltered
after endomedullary implantation of a titanium nail,
whereas a polyethylene nail significantly increases the
periosteal vessel density. This phenomenon is affected by
the features of bone healing: insufficient osseointegration is
associated with enhanced periosteal vessel formation.
Hence, it can be concluded that destruction of the endosteal
microcirculation in long bones gives rise to moderate

@ Springer

compensatory reactions, but an endomedullary implant
with poor osseointegration properties induces a marked
compensatory increase in periosteal vessel density.
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A csont mikrokeringési valtozasainak Kisérletes vizsgalati
lehetdségei

Experimental studies for the examination of microcirculatory changes in the bone
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Bevezetés/Célkitiizés: Kisérleteink célja a periosteum mikrokeringési véltozasainak feltérképezése, valamint a vel6iir-
felfiras altal okozott periostealis mikroér-reakciok modellezése, id6beli valtozasuk megismerése volt. Tovabbi vizsgéla-
tainkban jellemeztilk és Gsszehasonlitottuk a humén csipéiziileti endoprotetikaban hasznilatos anyagok mikrokeringési
hatasait a csonthartydban. Anyag és mddszer: Him Wistar-patkanyok jobb oldali tibidgjaba endomedullaris titan-, acél-
6tvozet, illetve polietilén implantatumot helyeztiink mikrosebészeti modszerrel. Intravitalis videomikroszkép segitségé-
vel vizsgaltuk a tibia anteromedialis és anterolateralis felszinén a periosteum érstruktirdjat (6ssz-érdenzitds, kapillarisok
aranya), valamint mikroszképos mechanikai teszt segitségével az implantdtumok stabilitisat. Kontrollcsoportban vizs-
galtuk a vel6tirfelfiiras hatiséat a periostealis érstruktira valtozdsaira a miitét utdn 6 és 12 héttel. Eredmények: A velbiir
felftirdsa 6nmagéban szignifikdnsan nivelte az anteromedialis periosteum érdenzitdsat, valamint a kapillarisok siir(isé- .
gét a beavatkozas utan 12 héttel. Mindharom implantdtum fokozta az érdenzitast az anteromedialis oldalon, az antero-
lateralis oldalon azonban csak a polietilén implantatum esetében észleltiink jelentds periostealis kapillaris- és érdenzités-
fokozbdast. A titdn- és acélimplantatumokkal szemben a polietilénbél késziilt implantatum nem valtott ki érdemi osseo-
integraciét. Kdvetkeztetés: A patkény tibiavel6iir felfirdsa kompenzacios ériijdonképz6dést eredményez, amely meg-
noveli a periostealis érdenzitdst 12 héttel a beavatkozas utan. A hosszi csdves csontok endostealis mikrokeringésének
roncsolasa altal okozott periostealis érreakciot a teljes osseointegracioval jaro implantatumok nem befolyasoljak 1énye-
gesen, mig az osseointegraciora képtelen implantatum nagyon jelentds ériijdonképz6dést okozhat.

Kulesszavak: periosteum, mikrokeringés, implantdtum, osseointegritas

Introduction/aims: Our aim was to characterize the periosteal microvascular reaction induced by the destruction of end-
osteal vasculature by reaming, and to monitor the time sequence of the events. We have also compared the microcircula-
tory effects of different implant materials that are most frequently employed in human endoprosthetics. Materials and
methods: The right tibia of male Wistar rats was reamed by microsurgical means and implanted with titanium, steel-
alloy or polyethylene nails. Intravital videomicroscopic examinations of the anteromedial and anterolateral surfaces of
the tibial periosteum were performed to evaluate the changes in the overall vascular and capillary densities. Microscopic
mechanical tests were used to assess the stability of the implants. In control groups, reaming without nailing was per-
formed and the microvascular changes were examined 6 and 12 weeks after surgery. Results: Reaming alone caused a
significant increase in the vascular density of the anteromedial periosteum and a bilateral increase in capillary density.
Vascular density at the anteromedial side was increased after all of the implant materials applied, while only polyethyl-
ene induced remarkable increases in the capillary and vascular densities at the anterolateral side. Furthermore, polyeth-
ylene did not bring about osseointegration. Conclusions: Enhanced periosteal angiogenesis could be demonstrated after
12 weeks following tibial reaming. The compensatory microvascular reactions evoked by destruction of endosteal
microcirculation of long bones are not influenced by osseo-integrative implant materials, but materials of poor osseo-
integration properties induce considerable compensatory increases in the microvascular density of the periosteum.

Keywords: periosteum, microcirculation, implantation, osseointegration
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Bevezetés

A hosszi csoves csontok vérellatasat a periostealis és endoste-
alis mikroér-rendszerek biztositjak. Utdbbiak az arteria nutriti-
va vel&liri againak és a csont két végpontjat ellaté epiphysealis
¢és metaphysealis artériak anastomosisabol integralddnak egy-
séges endostealis érhaldzatta. ! A nagyobb dislocatioval jard
torések durvan karositjak mindkét érstruktirat, melyek megfe-
leld toréskezelés esetén, a csontgyogyulas soran regeneralod-
hatnak. >+ Ortopédiai, traumatologiai beavatkozasok soram,
pl. a vel6lir felfurasakor, az endostealis érrendszer Gnmagaban
is karosodhat, ekkor a periosteum vérellatasa biztosithatja a
csont tulélését jelentd revascularisatiot. A periostealis mikro-
keringés jelentdségét tamasztjak ald azok a klinikai megfigye-
1ések is, melyek szerint a jelentds lagyrész-sériiléssel €s peri-
osteumkéarosodassal jard traumdk utan elhizddo gyogyuldssal
vagy pseudoarthrosis kialakuléséval kell szamolni.”

Az osteosynthesis sordn alkalmazott vel6lirszegzés az
endosteum sziikségszert, szelektiv roncsolasaval jar. Az en-
dostealis keringés megsziinése kovetkeztében a corticalis bel-
s6 fele-kétharmada érmentessé valik, €16 alakos elemei elhal-
nak, részben necrotizdl, de a mészviz megrzi struktira-
jat. 24310 Az endostealis keringés kérosodasat markéans val-
tozasok kovetik a periosteumban, hyperaemia és érprolifera-
tio alakul ki, gyakori a periostealis csontképzc")dés.2’4’11“13
Mintegy 8-16 héttel késobb az endostealis keringés a perios-
tealis és az epi- és metaphysealis erek feldl regeneralodik, és
a necroticus corticalis csontallomany szerkezete is remodella-
lédik. Az endostealis revascularisatio elengedhetetlen a toré-
sek végso rogziiléséhez, és az implantatum és a torés stabi-
litasanak alapvetd feltétele az endostealis keringés regenera-
ci(')ja.4’6’10’13

A humén ortopédiai-traumatologiai gyakorlatban alkalma-
zott implantacidk mikrokeringgési hatasai pontosan nem ismer-
tek, de korabbi vizsgdlatainkban felvetettiik, hogy az implan-
tatumok anyaguktol fliggéen eltéréen befolyasolhatjak a cson-
tok mikroér-struktirgjdban bekdvetkezd reaktiv valtozaso-
kat.'* Jelen kisérleteink elsddleges célja a veldlirszegzés altal
kivaltott periostealis reakciok modellezése, jellemzése és id6-
fuggéstik vizsgalata volt. Tovabbi célkitlizésiink szerint meg-
hataroztuk és Gsszehasonlitottuk a csipbiziileti endoproteti-
kaban hasznalatos f6bb alapanyagok (titdn, polietilén, vala-
mint acélotvizet) mikrokeringési hatésait kisérletes kiriilmé-
nyek kozott.

Anyag és modszerek

Kisérleteinket a NTH irdnyelvei alapjan (Guide for the Care
and Use of Laboratory Animals) végeztiik a Szegedi Tudo-
ményegyetem Munkahelyi Allatkisérleti Bizottsaga jGva-
hagyaséval.

Miitéti technika

Felnétt him Wistar-patkanyokat (380 + 40 g) &t csoportba
osztottunk. Az A4 jelzésli (n = 10) csoportban nem végez-

tiink mitétet (Almit6tt kontroll), a B (» = 10) csoport eset-
ében 45 mg/kg Na-pentobarbital intraperitonealis adasat
kovetéen az allatok mindkét tibiajat a proximalis me-
taphysis kozelében a corticalison készitett nyilason at mik-
rofuré sorozattal felfurtuk. A flexibilis firésorozat atméro-
je 0,2 mm-t6l 0,8 mm-ig terjedt. A felfuras soran roncsol-
tuk az endosteumot és a corticalis belsé felszinét, és a ve-
161rt a kivant atmérbig tagitottuk (az endostealis mikroke-
ringés destructiojat szovettani vizsgalattal igazoltuk14 ko-
rabbi vizsgalatainkban). A boérén ejtett metszést 6ltéssel
zartuk, immobilisatiét nem alkalmaztunk a miitétet kove-
tden. Az allatok tovabbi alcsoportjaiban (rn = 5-5) a perios-
tealis érstrukturat a 6. posztoperativ héten, illetve 12 hét-
tel a felftras utan vizsgaltuk (# = 5-5) mind az almfitétt,
mind a felfurt tibidk esetében. A C jelt (n = 5) csoportban
a felfurast kovetden 0,8 mm atmér6jii 13 mm hosszi, spe-
cidlisan a kisérletes célra készitett titAnimplantatumot
(Protetim Kft., Hodmezbvasarhely) iiltettiink a jobb oldali
tibia vel6iirébe. A bal oldali tibidba nem keriilt implanta-
tum, csupan felfartuk. Eldzetes kisérleteinkben hasonld
testtomegli és fejlettségili allatok tibijardl készitett radio-
logiai felvételek alapjan valasztottuk ki az implantatum
optimalis méretét. A beiiltetéshez specialis impaktort hasz-
naltunk, tigyelve arra, hogy az implantitum feszesen il-
leszkedjen a felfirt vel6iirbe, és teljes egészében intraosse-
alis helyzetli legyen. A negyedik D (1 = 5) csoportban a
veldlrt a felfarast kovetben hasonldo modon, acélotvizet-
bol késziilt implantatummal lattuk el (Protetim Kft., Hod-
mezo6vasarhely). Az 6todik E (n = 6) csoport esetében a
vel6iirt hasonld médon készitettitk eld, és polietilén imp-
lantatumot {iltettiink be, azonos technikdval. A C—E cso-
portokba tartozé allatok bal oldali tibidjat minden esetben
felfurtuk, de nem implantaltuk (igy az allat mindkét ope-
ralt alsé végtagjat azonos modon terhelte). A periostealis
mikrokeringést a C—E csoportokban a miitétek utan 12 hét-

“tel vizsgaltuk.

A periostealis érstruktira vizsgalata

A primer miitét utdn 12 héttel Na-pentobarbital (45 mg/kg
1.p.) anaesthesidban a léguti biztositast kovetden a bal vena
jugularisba kaniilt helyeztiink, majd operaciés mikroszkop
segitségével (4%) a tibia anteromedialis és anterolateralis
felszinén atraumatikus mikrosebészeti technikaval feltartuk
a periosteumot. A végtagokat vizszintes helyzetben pozici-
onaltuk, hogy alkalmasak legyenek az intravitalis mikrosz-
kdpos vizsgalatra.

Inravitalis videomikroszkoépia

A periostealis microcirculatio vizsgalatara Cytoscan A/R
(Cytometrics, USA) intravitdlis videomikroszkdpot al-
kalmaztunk, orthogonalis polarizdcios spektralis (OPS)
technikaval. A felvételeket videorekorderrel (Panasonic
AG-MD 830) rogzitettitk, minden tibia diaphysis fel-
szinén legalabb 3 (fels6, kozépsd, alsd harmad) régid-
ban.
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Videoanalizis

Az intravitalis mikroszképos képeket komputerasszisztalt
képanalizal6 rendszerrel elemeztiik (IVM szoftver, Pictron
Kft., Budapest). A kapillarisok, arterioldk, venulak kontur-
jat kijelsltiik, és latoterenként meghataroztuk az érdenzitést
(érhossz/teriilet). Kapillarisnak mindsitettilk az atlagosan
5-7 mikrométer atmérdjl ereket; ezek hanyadat a szoftver
segitségével hataroztuk meg, dsszevetve ardnyukat a teljes
mért érhosszal (kapillarisok hossza / teljes érhossz).

Stabilitasi vizsgalatok

Az érstruktiira elemzését kovetben valamennyi implanta-
tum stabilitasat ugyanaz a vizsgalo (G. F.) mikroszkop alatt,
kézi trakcidval (6tszori hiizés, egyenként 2 masodpercig is-
meételve) elemezte a kovetkezd semikvantitativ kategoriak
alapjan: stabil, rogziilt, nem mozgathaté implantatum (2
pont); mozgathaté implantdtum, de nem tdvolithat el (1
pont); instabil, eltavolithatd implantdtum (0 pont).
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Statisztikai analizis

Az adatok analiziséhez SigmaStat statisztikai szoftvert
(Jandel Corporation, San Rafael, CA, USA) alkalmaztunk.
Az érdenzitas vizsgélatoknal két szempontos ANOVA tesz-
tet hasznaltunk, melyet a Holm—Sidak-teszt post hoc kve-
tett, a stabilitasi vizsgalatokndl ANOVA tesztet hasznal-
tunk. Statisztikailag szignifikdnsnak tekintettiik a kiilénb-
ségeket p < 0,05 esetén.

Eredmények

A veldiirfelfiras hatdsa a periosteum mikro-
keringésére

Hat héttel a vel6iir felfirasat kovetden nem észleltiink szig-
nifikéns valtozast sem az érdenzitdsban, sem a kapillarisok
szazalékos ardnydban a tibidk anteromedialis és anterola-
teralis oldalan (1.4—D dbra) az almiitott csoporthoz képest.
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1. 4bra. A felftirss hatdsa a periosteum érdenzitdsara (A, B) és kapillaris siirliségére (C, D) a tibia anteromedialis (A, C) és antero-
lateralis (B, D) oldalan 6 és 12 héttel a beavatkozést kévetSen, patkdnyon. Atlag + SEM. *p < 0,05 vs intakt almiit6tt allatok
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Tizenkét héttel késobb a periostealis dssz-érdenzitds maga-
sabb volt az anterolateralis oldalon (7.B dbra), mig a kapil-
larisok denzitisa mindkét vizsgalt oldalon szignifikansan
magasabb volt (1.C-D dbra). Itt meg kell jegyezni, hogy az
intakt tibidk anterolateralis oldalan 1ényegesen alacsonyabb
volt az §ssz-érdenzitds €s a kapillarisstiriség az anterome-
dialis oldalhoz képest (1.4-D dbra), ami a periostealis ér-
ellatas anatomiai sajatossaga lehet patkanyon.

Az implantacios anyagok hatdsa a periosteu
mikrokeringésére ,

Az ellenoldali, csupén felfart tibiaji végtaghoz viszonyitva
mindhdrom implantdtum szignifikins érdenzitis-fokozo-
dast okozott az anteromedialis oldalon (2.4 dbra). Az ér-
denzitas fokozodasan til mas hatést nem észleltiink sem a
titn-, sem az acélotvozetbdl késziilt implantdtumok hata-
sara, a polietilén azonban nemcsak itt, hanem az antero-
lateralis oldalon is fokozta az érdenzitdst, valamint a kapil-
larisok relativ aranyanak névekedését (2.8, D dbra).
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Az implantatumok stabilitasa

Makroszkdpos vizsgélattal instabilitast egyik esetben sem
¢észleltink. Mikroszkdpos vizsgalattal a titanimplantitu-
mok esetében mikromozgast sem lehetett kivaltani (2 £ 0).
Az acélotvozetbdl késziilt implantatumok esetében hason-
16 eredményt kaptunk (2 + ), mely az implantatum stabil
rogziilését, osseointegraciodjat jelzi. A polietilén implan-
tatumok stabilitasa ettdl szignifikdnsan eltért, kisebb
volt (0,33 £ 0,21), 4 esetben nagyfoku instabilitast ész-
leltiink.

Megbeszélés

Allatkisérletes modelliink tovabbi diagnosztikus és terapias
vizsgalatokhoz szolgaltat alapot. Kimutattuk, hogy a tibia-
vel6ir felfurasa és az endosteum roncsolasa kompenzacios
érdenzitds-novekedést okoz a periosteumban, és az ijon-
nan képzddott erek zome kapillaris méretii. Adataink sze-
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2. dbra. A vel6iirbe helyezett titdn-, acélstvizet és polietilén implantatumok hatdsa a periosteumn érdenzitdsara (A, B) és kapillaris
denzitaséra (C, D) a tibia anteromedialis (A, C) és anterolateralis (B, D) oldalan, patkanyon. Atlag + SEM. *p < 0,05 vs csak felfiirt
contralateralis oldal, #p < 0,05 vs polietilén az implantalt oldalon



182

Greksa F. és mtsai

rint ez a folyamat a miitétet kovetd 6. hét utdn valik kimu-
tathat6va, és a 12. héten még észlelhetd patkdnyokon.

Ismert, hogy a vel&ir felfurasat kovetben a haematoma
és csonttormelék felszivodik, ' majd a beavatkozast kvetd
4-8 héttel késbb a metaphysis fell elkezdbdik a revascu-
larisatio.5!0 Bz a folyamat a meta- s epiphysealis erek
proliferatidja révén feltételezhetden 8—12 héten At tart, és a
korabbi irodalmi adatok szerint a periostealis erek csak mi-
nimalis mértékben vesznek részt az endostealis regeneraci-
6s folyamatban.>-®

A csives csont felfurasat kovetden behelyezett titin- és
acéldtvozet implantdtumok stabilan régziiltek, mikromoz-
gast nem észleltiink, és a periostealis ér- és kapillarisdenzi-
tas sem kiilonbozott 1ényegesen az ellenoldali kontrollérté-
kektdl. Ezek alapjan feltételezzik, hogy a biologiailag inert
anyagok (igy a titdnimplantatum) esetében csak a felfiiras-
hoz hasonlé mértékii endostealis érregenerdcid jon létre,
mely nem valt ki fokozott periostealis érdenzitds-nsveke-
dést. A titdnimplantdtummal azonos eredményeket kaptunk
az acélétvozetek esetében is. Ugyanakkor a polietilénnel
tortént implantacidk esetében szignifikdns érdenzitas-foko-
zodast €szleltiink a periosteumban az anteromedialis és az
anterolateralis oldalon is, €s az anterolateralis oldalon a ka-
pillarisok denzitdsa is jelentdsen megnétt. Feltételezziik,
hogy az osteointegraciét nem eredményezé polietilén imp-
lantatumok koriil szabélyos endostealis érhalozat helyett
szabélytalan érstruktirdji kotdszovet alakulhat ki,!>:!°
mely megmagyarazhatja a periostealis érstrukturdk kom-
penzacios proliferatigjat.

A polietilén implantatumok kopastermékei altal kival-
tott lazuldst ma széles krben kutatjak, hiszen a jelenség je-
lentés problémat okoz a csipéiziileti endoprotetikaban.!’-18
A képz6détt granulatios satjszévet osteolysist okozhat, ami
a protézis kilazulasahoz vezethet, melynek sordn megvalto-
zik és kdrosodik az jonnan kialakult endostealis keringés.
A létrejovd microvascularis viszonyok a vizsgalatunk so-
ran alkalmazott polietilén implantitumok esetében ehhez
hasonldak lehetnek.

Cement nélkiili protézisek esetében gyakori tiinet a ter-
helési combfajdalom, melynek hétterében a fém-csont elté-
16 elaszticitdsa, a protézis mikromozgasa all. A tiinetnek
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This study was conducted to examine the tibial microcirculatory disturbances induced in the
periosteum and the endosteum by long-term fixation modalities simultaneously involving the
periosteum and endosteum in an orthopaedic patient. Two years previously, two long plates
had been applied on both sides of the tibia and extension shaft of a cemented total knee
endoprosthesis, and pseudoarthrosis had developed as a consequence of the long-term
fixation. The roles of microcirculatory disturbances were assumed behind this phenomenon,
and microcirculatory measurements were therefore performed to detect the concomitant
microcirculatory perfusion deficit in the nearest proximity of the osteosynthesis materials
during their surgical removal upon re-operation. Intraoperative perfusion measurements
revealed significantly lower perfusion values in both the periosteal and the endosteal
membrane compartments in the pseudoarthrotic tibia as compared with those observed on the
contralateral side. This study provides important quantitative details regarding the long-term
microcirculatory compromise elicited by excessive orthopaedic prostheses.

Previous medical history: During the period 1999-2007, the patient underwent a
sequence of prosthesis implantations in both knees to treat osteoarthrosis: unicondylar knee
arthroplasties followed by total endoprostheses, and finally two revision prostheses with
extension shaft and homologous spongiosa grafts were implanted. In 2009, a left tibia
diaphysis fracture occurred below the end of the prosthesis shaft; treatment: non-weight-
bearing plaster for 8 weeks, plus physiotherapy. In February 2011, the patient displayed left
limb pain and tibial hypertrophic pseudoarthrosis (by X-radiography); treatment involved DC
plate osteosynthesis plus a circular plaster. After 6 months, the plate was broken and
pseudoarthrosis of the tibia occurred; treatment: the fracture ends were refreshed, the fracture
gap was filled with homologous spongiosa, and two long, angular stable plates were placed on
the medial and lateral sides of the tibia. After a further 6 months (at time when the patient
came into our field of view), pseudoarthrosis was diagnosed again.

Status at the time of the current operation: Pain, fracture of both plates, and
hypertrophic pseudoarthrosis of the tibia (by X-radiography).

Description of the current surgical intervention: A special extension shaft with distal
holes serving for the placement of locking screws was designed and manufactured. The plates
that had previously been placed on the pseudoarthrosis of the left tibia were removed, together
with their partially broken screws and the tibial component of the knee prosthesis.
Subsequently, a new extension shaft was inserted into the tibial medullary cavity by bridging
the fracture, and this was compressed with two locking screws distally. The polyethylene

plate in the metallic backing of the new tibial component was replaced with a new one 15 mm



in width. The bone ends of the pseudoarthsosis were refreshed and the fracture gap was
tightly filled with autologous spongiosa from the left iliac crest and platelet-rich plasma
concentrate (SymphonyTM, DePuy) (Sheth U et al 2012) in order to induce osteogenesis.
Microcirculatory measurements were conducted during removal of the old implants.

Present status (6 weeks after the last operation): The X-ray shows callus formation in
the dorsal part of the fracture; good angulation of the fracture ends; the patient uses a knee-

ankle-toe orthosis and avoids loading of the osteosynthesis.

Methods

Intraoperative microcirculatory measurements were performed with the permission and signed
consent of the patient and with the approval of the Ethical Committee of the Medical Faculty

of the University of Szeged

Measurement of the tibial periosteal and endosteal microcirculatory variables by using
laser-Doppler flowmetry

The blood flow in the periosteum and endosteum was recorded with a laser-Doppler
flowmetric device (supplied by a 780-nm laser diode; PeriFlux System 500, Perimed, Jarfilla,
Sweden) with a sterilized fibre-optic probe (# 416, “dental probe”; fibre separation: 0.25 mm,
penetration depth ~ 1 mm). The tibial periosteum was explored via a conventional anterior
incision on the re-operated limb and via a small (~ 2 cm long) skin incision on the
contralateral limb. The flow probe was held perpendicularly to the surface of the periosteum
by means of a plastic holder which reduced the contact pressure on the observed area and
restricted the angular movements of the probe. The endoprosthesis was then removed and the
endosteal membrane compartment was approached through the bone cavity. A small hole was
drilled in the anterior cortex, providing access to the endosteum at the opposite (inner surface
of the posterior) medullary wall (Figure 1). The size of the drilled hole allowed perfect fitting
of the flow probe. Since an endoprosthesis was present on the contralateral (non-operated)
side, the endosteal circulation could be approached distally to the local shaft, somewhat below
the level of the measurement on the re-operated side; the difference was ~ 1 cm. Given the
examination depth of the laser-Doppler device and the thickness of the periosteal and
endosteal membranes, mostly the periosteum and the endosteum plus a portion of the

underlying cortex could be examined.



Characteristic flow curves paralleling the heart circles were reproducibly detected in
the T = 0.2 s mode, showing that pressure artifacts were avoided. After the required signal
quality had been reached, recordings were made in 30-s periods and were repeated 3 times.
Tissue perfusion was expressed in arbitrary Perfusion Units (PU); before the measurements,
the probe was calibrated with the special Motility Standard supplied by the manufacturer.
Data were collected and stored on a computer and subsequently analysed with the computer
software supplied together with the device.

Throughout the entire observation period, the room temperature (20+2 °C) and the
core temperature of the patient were maintained constant; the stable macrohaemodynamic

parameters were recorded continuously.

Statistical considerations
Since this study relates to only one patient and the measurements were conducted repeatedly
at basically the same locations, no statistical comparisons were performed. Raw data

(expressed in arbitrary units) are presented in Figure 2E to illustrate the potential differences.

Results

Considerably lower periosteal blood flow values were measured in the re-operated
(pseudoarthrotic) tibial periosteum (Figure 2B) than in the contralateral non-operated limb
(Figure 2A) (average levels of 76 and 106 PU, respectively) (Figure 2E). Much lower
perfusion values were observed in the proximity of the endosteum, however. Specifically, an
average endosteal perfusion of 30 PU was found in the non-operated tibia (Figure 2C). An
even lower perfusion level was measured in the re-operated tibial endosteal region (average 9
PU; Figure 2D) even in the presence of a characteristically good signal quality (Figure 2E).
Radiographs taken 6 weeks after the operation revealed callus formation in the dorsal
part of the fracture and good angulation of the fracture ends (Figure 3). The patient now walks

with the aid of a knee-ankle-toe orthosis, without loading the osteosynthesis.

Discussion

Fracture healing is a complex, multifactorial process requiring the anatomical and functional

integrity of the surrounding biological membranes of the bone (Macnab and Dehoas 1974).



The fracture reduction and osteosynthesis techniques applied for the fixation of fractures
(plate osteosynthesis and intramedullary nailing) therefore cause circulatory disturbances by
impairing the periosteum or the endosteum (Barron et al. 1977; Kowalski et al. 1996;
Pazzaglia 1996; Mueller et al. 2009, Koo et al. 2010). Both experimental and clinical
observations suggest that disruption of the continuity of the periosteum or the endosteum
delays bone healing, but impairment of only one or other of these structures does not hinder
the overall fracture healing (Kregor et al. 1995; Seibold et al. 1995). The anatomical
connection between the two systems is most extensive in young animals, where the arterial
supply and venous drainage traverse both the endosteal and periosteal surfaces, and either
system 1is sufficient to sustain adequate bone circulation (Whiteside et al. 1978). We earlier
demonstrated that destruction of the endosteum and nailing with different materials cause
distinct changes in the periosteal vascular organization (Greksa et al. 2012). The dependence
of the healing capacity of the cortex after osteosynthesis on the relative contributions of the
endosteal and periosteal systems in supplying the cortex has been demonstrated in different
species (Lippuner et al. 1992), but little is known as regards the human characteristics. In our
study, laser-Doppler flowmetry was used for the estimation of local blood perfusion rates and
the characterization of the alterations taking place in the circulation in response to
intramedullary implants and plates in a clinical setting.

In the present case history, the patient underwent a sequence of distinct osteosynthesis
techniques that resulted in excellent mechanical properties at the time of the operations. From
a physiological/biological aspect, however, the endosteal and periosteal flow values were
found to be diminished in the disabled limb (as compared with the contralateral limb) after
excessive osteosynthesis applications. In the preoperative phase, the radiographic findings
were consistent with the modest circulatory conditions seen at the non-union of the fracture,
but the postoperative X-ray revealed a satisfactory healing process. We believe that prudent
preoperative planning, with preservation of the local biology (i.e. circulation) carefully borne
in mind, may have contributed to the results. Relying on the regeneration capacity (including
recovery of the blood supply of the cortex) of the periosteum (Colnot 2009), we decided to
remove the long plates and to apply a new prosthesis shaft designed with distal holes for the
placement of locking screws (serving as a long intramedullar nail bridging the fracture ends).
Additionally, the fracture gap was filled with a platelet concentrate originating from the
autologous blood (containing growth factors) in order to support new bone formation
(Symphony™, DePuy) (Sheth et al 2012). The postoperative radiographs taken 6 weeks after

this operation clearly indicated new bone formation, proving evidence of the efficacy of this



biological approach.

As concerns long bones, endochondral bone repair is the primary form of bone healing
when micromotions exist between the fractured parts of bones covered with periosteum
(Shapiro et al. 2008). This process is based on the ability of periosteum-derived cells to
proliferate and to form periosteal callus in the initial phase of fracture healing (Knothe Tate et
al. 2007). In line with this, in an ovine “periosteal sleeve” model, the periosteum alone has
been shown to be capable of regenerating the long bone defect when the endosteum has been
completely destroyed (the medullary cavity was completely occupied by a nail) (Knothe Tate
et al. 2007). With regard to the importance of periosteal integrity, careful periosteal stripping
resulting in a relatively low alteration in blood supply is the widely accepted method for plate
insertion (Whiteside and Lesker 1978). Probably because of the decisive role of the
periosteum, the importance of the endosteum in bone healing is generally underestimated
(Kojimoto et al. 1988). Similarly to the periosteum, endosteum covering all interior surfaces
of bones (including all of the inner surfaces of the cortex and the spongiosa) also provides a
richly vascular environment and harbours osteoprogenitor cells for fracture healing, but the
cellular mechanisms differ greatly (Colnot et al. 2012). While periosteal injuries heal by
endochondral ossification, bone marrow injuries heal by intramembranous ossification
(Colnot 2009). It is observed clinically that fracture healing is faster in metaphyseal or
epiphyseal regions (which are rich in spongiosa) than when the fracture occurs in a compact
bone. Furthermore, considerable endosteal callus formation has been detected between bone
ends in studies relating to bone lengthening (Kawamura et al. 1968). Such observations
underline the importance of the endosteum in the bone healing processes. Our present study
demonstrates the simultaneous impairment of both systems. This may explain the negative
clinical outcome, i.e. pseudoarthrosis formation, after excessive prosthesis application in long
bones.

In consequence of the ethical and technical limitations, the relationship and
compensatory reactions between the periosteal and endosteal circulations can not be
investigated in adequate numbers under clinical circumstances. A further potential flaw of this
study is that no follow-up of the examinations was feasible. However, the present study
provides a model for estimation of the circulatory consequences of long-term simultaneous

iatrogenic cessation of both the interior and the exterior blood supply of a long bone.
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Figure legends

Figure 1. Scheme of the laser-Doppler flowmetry approach used to observe the perfusion of
the periosteum (A) and the endosteum (B) of the human tibia in the present study. The
periosteum (p) was observed through a small incision made in the skin and the underlying
tissues, while the endosteal region (e) was reached through a small hole drilled in the anterior
cortex, providing access to the endosteal region at the opposite (inner surface of the posterior)

medullary wall.

Figure 2. Original laser-Doppler flowmetric recordings of the periosteal (A and B) and
endosteal regions (C and D) in the non-operated (A and C) and operated (pseudoarthrotic; B
and D) tibia. Data relating to the perfusion of the above compartments are presented in part E.

Data are the means of three measurements.

Figure 3. Anteroposterior and lateral views of the left tibia before the re-operation (A) and 6
weeks after the surgery (B). Callus formation was detected in the dorsal part of the fracture,

with good angulation of the fracture ends.
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