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Abstract (English) 

Introduction 

Injuries to the growth plate may occur either as a result of trauma or as the consequence of the 

treatment of physeal fractures. These injuries can initiate the formation of bone bridges 

resulting in bone length discrepancy, axis deviation or joint deformity. 

In this context, Vascular Endothelial Growth Factor (VEGF) is one important factor as it is one of 

the key players in angiogenesis, facture healing and bone growth.  

Aim 

The aim was to investigate if VEGF is involved in the formation of a bone bridge after a trauma 

to the growth plate. After this was proven, the focus was set on the localization and the 

expression of VEGF in the fracture gap, its content and the chondroblasts of the growth plate at 

different points of time. 

Materials and Methods 

35 male Sprague Dawley rats at an average age of 4 weeks and a weight of 100g (+/-5g) were 

anaesthetized and an axial hole was drilled through the proximal growth plate of the tibia. 

The animals were euthanized on days 1, 3, 7, 14, 28 and 82 and their left and right tibiae were 

extracted. Sections of the growth plate at the level of the lesion were stained with anti-VEGF 

antibodies using immunohistochemical methods. Sections of the growth plate of the other leg 

were used as controls and were stained and examined the same way. All sections were 

analysed under the microscope. 

Results 

On days 1 and 3, VEGF was strongly expressed in the fracture haematoma. The displaced bone 

bruise showed VEGF expression from day 1 until their remodelling on day 14.  Thereafter, the 

trabeculae crossing the growth plate as well as the following bone-bridge also expressed VEGF, 

although this was limited to the surface of the trabeculae of the bone-bridge. 

VEGF was not expressed in the first 2 to 4 columns of chondroblasts of the growth plate 

adjoining the lesion on day 1 and day 3.  

Discussion 

This study clearly documents that VEGF is involved in post-traumatic bone bridge formation of 

the growth plate. 
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Vascular Endothelial Growth Factor may be an important and even crucial factor for the healing 

of growth plate defects. Further investigation should be done on this topic, as it may be a target 

of therapy to prevent the formation of bone bridge bridges and its side effects in our already 

injured young patients. 
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Abstract (Deutsch) 

Einleitung 

Verletzungen der Wachstumsfuge können entweder als Resultat eines Traumas oder als 

Konsequenz der Behandlung von ebensolchen entstehen. Diese Verletzungen können die 

Bildung von Knochenbrücken initiieren, die Längenunterschiede, Achsenabweichungen oder 

Geleksdeformitäten nach sich ziehen können. 

In diesem Zusammenhang spielt der Vascular Endothelial Growth Factor (VEGF) eine 

Schlüsselrolle in Angiogenese, Frakturheilung und Knochenwachstum. 

Ziel 

Das Ziel war es zu untersuchen, ob VEGF an der Bildung einer posttraumatischen 

Knochenbrücke beteiligt ist. Als der Beweis dafür erbracht war, wurde das Hauptaugenmerk auf 

die Lokalisation und die Entwicklung der Expression an den verschiedenen Zeitpunkten gelegt. 

Material und Methoden 

35 männliche Sprague – Dawley Ratten mit einem durchschnittlichen Alter von 4 Wochen und 

einem durchschnittlichen Gewicht von 100g (+/- 5g) wurden in Narkose versetzt und eine axiale 

Läsion in die  proximale Epiphysenfuge der Tibia gesetzt. 

Die Tiere wurden an den Tagen 1, 3, 7, 14, 28 und 82 euthanasiert und beide Tibiae wurden 

entnommen. Schnitte der Wachstumsfuge auf Höhe der Läsion wurden immunhistochemisch 

mittel Anti – VEGF Antikörpern gefärbt und unter dem Mikroskop analysiert. Schnitte der 

Wachstumfuge des anderen Beins dienten als Kontrolle und wurde auf die gleiche Art gefärbt 

und ausgewertet. 

Resultate 

VEGF wurde stark an den Tagen 1 und 3 im Frakturspalt exprimiert. Knochenfragmente zeigten 

ab Tag 1 bis zu ihrem Umbau/Abbau an Tag 14 ebenfalls starke VEGF Expression. Die folgenden 

Knochentrabeculae sowie die sich daraus entwickelnde Knochenbrücke zeigte ebenfalls VEGF 

Färbung; allerdings war diese auf die Oberfläche beschränkt. 

An den Tagen 1 und 3 wurde VEGF nicht in den 2 bis 4 angrenzenden Knorpelsäulen der 

Wachstumsfuge exprimiert 
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Diskussion 

Diese Studie zeigt klar, dass VEGF eine Rolle in der posttraumatischen Knochenbrückenbildung 

der Wachstumsfuge spielt. 

VEGF könnte somit ein wichtiger und vielleicht sogar ausschlaggebender Faktor für die Heilung 

von Wachstumsfugendefekten sein. Weitere Untersuchungen dieser Problematik sollten 

durchgeführt werden, da dies ein möglicher Angriffspunkt einer Therapie zur Verhinderung von 

solchen Knochenbrücken und ihren Begleiterscheinungen bei unseren kleinen, bereits 

verunfallten, Patienten sein könnte. 
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1 Introduction 
 

1.1 The Growth Plate 

1.1.1 Introduction 

This chapter contains information on several aspects of the growth plate. Topics such as 

development, anatomy, physiology, injuries and healing processes will be discussed. 

Furthermore, molecular details and pathways of many functions of the growth plate will be 

provided. 

 

1.1.2 Gross Anatomy 

The physis, also known as epiphyseal plate or growth plate, is part of the epiphysis of long bone 

(Figure 1). It can be found at both ends with the diaphysis and the metaphysis lying in between. 

The diaphysis is made of a strong cortical bone that surrounds the bone marrow cavity 

containing trabecullar bone and bone marrow cells. The physis itself is surrounded by a thin 

perichondral sheet.(2) 

 

Other types are short bones, flat bones, sesamoid bones and irregular bones.(2) 
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Figure 1: Anatomy of Long Bones (modified and translated from(3)) 

 

1.1.3 Bone and Growth Plate Development 

Bone development begins with the condensation of mesenchymal cells. These mesenchymal 

precursor cells originate from the cranial neural crest, the paraxial mesoderm and the lateral 

plate mesoderm and gather at the same site. (4, 5) 

 

Further bone development is done via two different pathways: Direct (intramembranous) or 

indirect (Enchondral) ossification(6-8) 

 

1.1.3.1 Direct (Intramembranous) Ossification 

Only a few bones of the human body originate from intramembranous ossification (e.g. the 

skull and the collarbone). 

Mesenchymal cells transform directly into osteoblasts, which keep in touch with each other. 

They deposit osteoid while osteoclasts start to resorb needless tissue. 
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The end product of this process is called “woven bone”. During childhood, woven bone is 

replaced by lamellar bone.(8) 

 

1.1.3.2 Indirect (Chondral) Ossification 

Most of the bones of the human body are built via this process. The main principle is the 

transformation of a cartilage template into bone tissue.  

 

 Perichondral Ossification: 

Perichondral ossification takes place around the diaphysis of a cartilage template. 

Similar to intramembranous ossification, around the diaphysis a bone collar is directly 

formed by osteoblasts to protect the cartilage tissue. It represents the future layer of 

compact bone of mature long bones. (8) 

 

 Enchondral Ossification: 

This process starts in embryonic week 5-6 where mesenchymal cells condensate in the 

area of the future diaphysis (9) to transform into cartilage cells. The bone collar around 

the cartilage tissue is already built in embryonic week 8 creating thereby the primary 

centre of ossification, which initiates enchondral ossification. (8) 
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Enchondral ossification (Figure 2) is structurally organized in 5 zones:(6, 8) 

 

 Zone of resting cartilage: Almost inactive hyaline cartilage 

 Zone of proliferation: Chondrocytes with a high proliferation rate are 

arranged in columns to gain length 

 Zone of maturation/hypertrophy:  Cells enlarge and start to synthesize 

Collagen Type X 

 Zone of mineralization: Cartilage cells undergo apoptosis and are 

removed by chondroclasts. Mineralization starts. 

 Primary spongiosa zone: Vessel start to grow inward and attracted 

osteoblasts deposit osteoid which when calcified, forms trabecullar bone 

 

This process is done in both directions away from the diaphysis to gain length and to form a 

bone marrow cavity.  

In the epiphysis, secondary centres of ossification appear, most of them after birth.  

The growth plate is formed after formation of a secondary ossification centre at the epiphysis. 

 

Figure 2: Enchondral Ossification (translated from(3)) 
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1.1.3.3 Molecular Details 

The cells of the growth plate run through 4 major stages of chondrocyte differentiation: 

mesenchymal precursor cells (MPCs), prechondrocytes, early chondroblasts and terminally 

differentiated chondroblasts (also referred to as chondrocytes).(10) 

They are divided into 2 groups:  

Firstly, the cells that are meant to participate in enchondral ossification turn on the runx2 

transcription factor and start producing collagen, osteonectin, osteopontin and high loads of 

BMP-6. Secondarily, MPCs that are designed to construct the growth plate, express great 

amounts of Sox family genes, especially of Sox9, that regulate the synthesis of Collagen type II, 

IX and XI. (11, 12) 

Due to Sox9, the cells become rounder (=prechondrocytes) and all mesenchymal cell markers 

are turned off to prevent over-proliferation. (4) 

In the next stage, prechondrocytes flatten in shape and start organizing in longitudinal columns. 

They proliferate rapidly, but then start to hypertrophy and undergo apoptosis. All steps are 

controlled, respectively influenced, by several factors (for details see Page 24, Chapter 1.1.5: 

Regulation) including Indian Hedgehog, Runx2, Runx3 and the Vascular Endothelial Growth 

Factor (VEGF).(13) 
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1.1.4 Microscopic Anatomy 

1.1.4.1 Growth Plate 

The growth plate or physis is a horizontal multilayer structure that is located between the 

epiphysis and the metaphysis of long bones (Figure 3). It is based on a simple principle: 

Chondrocytes proliferate as fast as that they are replaced by bone tissue resulting in 

length gain. As soon as the chondroblasts stop dividing,  

the growth plate ossifies and length  

growth is stopped. 
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Figure 3: Histological Image of the 

Growth Plate. Masson-Trichom 

Staining. Magnification: 20x 
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The Growth Plate can be divided into 5 main horizontal layers (Figure 3):(8, 10) 

 

 Resting Zone:  

 Proliferative Zone 

 Hypertrophic Zone (early and late Hypertrophic) 

 Mineralization Zone 

 Primary Spongiosa  

 
In the following chapters all zones are discussed in details.   

 

1.1.4.1.1 Resting Zone 

The ratio of ECM to cells is relatively high in this zone. The cells are small, uniform and occur 

solitarily or in pairs. They are rich in lipid and cytoplasmatic vacuoles.  These cells are almost 

inactive regarding mitosis and serve as a rescue pool for the proliferation zone(8, 10).  

The ECM mostly consists of collagens, proteoglycans, non-collagenous proteins and water. The 

predominant form of collagens is Collagen type II. However, Collagen Type IX and XI are also 

found. Here, Aggrecan is the main proteoglycan and it is responsible for the osmotic resistence 

to withstand high compressive loads. Decorin and Biglycan are two smaller proteoglycans (e.g. 

Decorin serves as a regulator of collagen synthesis). Cartilage - oligomeric - protein is a calcium-

binding non-collagenous protein and is an important part of the ECM.(14) 

 

1.1.4.1.2 Proliferative Zone 

In this zone, chondroblasts appear to be flat and organized in columns with high mitotic 

activity.(10) This is the zone where chondroblasts mature and prepare to enlarge.(8) 

Components of the ECM are almost the same as in the resting zone; only the expression of 

Collagen type II and XI is increased. (14) 

1.1.4.1.3 Hypertrophic Zone 

The hypertrophic zone is characterised by a massive increase in volume of the chondrocytes but 

with diminished proliferation rate.(13) They start to produce alkaline phosphatase, which is 
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responsible for the increase in crystalline hydroxylapatite molecules that are needed for the 

mineralization process. In the ECM, Collagen type II switches to short-chain Collagen type X.(15) 

 

1.1.4.1.4 Degeneration/Mineralisation Zone 

In this zone, Chondroblasts undergo apoptosis and macrophages are attracted.(8) This is where 

the process of mineralization takes place. It is initiated by excreted matrix vesicles, which 

contain Annexin V. It is activated by Collagen X to open a calcium channel to deposit calcium for 

mineralization.(14) They also contain different MMPs, which are responsible for the turnover of 

the cartilage matrix into a bone matrix. It induces the removal of Collagen type II by 

collagenases.(16) MMP-9 further attracts blood vessels through activation of VEGF which is also 

expressed by hypertrophic chondrocytes.(17) This is a crucial step for further development of 

bone tissue as sufficient blood supply is needed. 

 

1.1.4.1.5 Primary Spongiosa Zone 

Primary Spongiosa resembles the lower mineralization area.(10) Anyway, osteoprogenitor cells 

are present to built osteoid which will be transformed to lamellar bone as the growth process 

continues.(8) 

 

1.1.4.2 Bone Tissue 

Bone tissue is a type of connective tissue and therefore consists of the following 3 components: 

Cells, fibres and ECM.  

ECM mainly contains hydroxylapatite crystals and Collagen I fibres whereas cells are 

multifaceted in their origin and function. Osteoblasts and osteocytes (=resting osteoblasts) are 

the tissue-constructing cells while osteoclasts that are derived from the mononuclear 

phagocytic system, are responsible for bone resorption. 

In immature bone, collagen fibres are haphazardly woven (“woven bone”) while in mature 

bone tissue they are arranged in sheets (“lamellar bone”).  

Macroscopically, 2 different forms of bone tissue can be differentiated: Trabecullar and 

compact bone. In both cases, we deal with lamellar bone but in compact bone, the sheets are 
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arranged in concentric layers (“osteons”) while in trabecullar bone, they are organized in of 

rod- and plate-like elements. (8) 
 

 

1.1.5 Regulation 

Two different systems that influence the function of the growth plate can be distinguished: 

Systemic and local factors. 

Systemic factors comprise the Growth Factor (GF), Insulin-like Growth Factor (IGF) I & II, thyroid 

hormones T3 and T4, glucocorticoids (GC) and sex hormones such as Oestrogen and the group of 

androgens. 

Local factors are numerous, but only the most important ones will be discussed. Here, details 

will be given on Indian Hedgehog (Ihh), Parathormone-related Peptide (PTHrP), Fibroblast 

Growth Factor (FGF), the Bone Morphogenetic Protein-Family (BMPs), Vascular Endothelial 

Growth Factor (VEGF) and their interaction. 

 

1.1.5.1 Systemic Factors 

1.1.5.1.1 Growth Factor – Insulin like Growth Factor – Axis 

Insulin-Like Growth Factors (IGF) I & II are said to be the key regulators of growth before birth. 

After birth, Growth Hormone (GH) together with IGF-I seem to have taken over this function. 

Overexpression of GH, as in case of pituitary adenomas, leads to gigantism or acromegaly. 

In chondroblasts of the growth plate, GH acts on resting zone chondroblasts and is responsible 

for local IGF-I production, which stimulates the differentiation of proliferating chondroblasts. 

(18) 

Mohan and collegues(19) elegantly showed that “GH/IGF-I but not IGF-II was critical for 

puberty-induced bone growth. In addition, it was demonstrated that during pre-puberty the 

effect of IGF-I on bone accretion was mediated via GH-dependent mechanisms, whereas during 

puberty IGF-I exerts both GH-dependent and independent effects on bone accretion.” (20) 
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1.1.5.1.2 Thyroid Hormones 

T3 and its precursor T4 are essential mediators of normal bone maturation. For example, in 

hyperthyroidism children grow faster and their growth plate fuses earlier whereas in 

hypothyroidism, growth is decelerated. (20) 

T3 and T4 are able to stimulate the recruitment of resting zone cells and to ease the 

differentiation of growth plate chondrocytes. (21, 22) Furthermore, T4 is able to induce the 

expression of Collagen Type II and X, alkaline phosphatase and to induce the hypertrophy of 

chondrocytes.(23) 

Moreover, T4 is able to restore disturbed growth plate architecture and to induce vascular 

invasion in hypothyroid rats.(24) 

Both hormones also interact with the GH-IGF-System.(20) 

 

1.1.5.1.3 Glucocorticoids 

Numerous clinical conditions require glucocorticoid therapy in infants and juvenile which can 

lead to growth retardation.(25) This is consistent with observations that familial glucocorticoid 

deficiency leads to increased height.(26) 

The direct effects on chondrocytes of the growth plate include inhibition of proliferation and 

matrix synthesis, increased rate of apoptosis of terminal hypertrophic chondrocytes,which 

leads to a decreased height of the growth plate.(27, 28) 

Glucocorticoids also interact with the GF-IGF-System and the thyroid hormones T3 and T4.(20) 

  

1.1.5.1.4 Oestrogen 

Oestrogen is the most important hormone during puberty and is responsible for the closure of 

the growth plate (For further details, see Page 28, Chapter 1.1.5.3: Closure of the Growth 

Plate).  

 

1.1.5.1.5 Androgens 

The main effect of androgens, especially Testosterone, lies in modulation of pubertal growth 

and stimulation of length growth without alteration of bone age.(29) However, it is difficult to 
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distinguish between androgens and Oestrogen effects as the enzyme aromatase converts 

androgens to Oestrogen and therefore, masks its effects. 

 

1.1.5.2 Local Factors 

1.1.5.2.1 Indian Hedgehog 

Indian Hedgehog belongs to the family of Hedgehog proteins which play an important role 

during embryonic development.(20) Here, Indian hedgehog is responsible for the pace of 

chondroblast proliferation and differentiation as well as osteoblast development.(20, 30) 

„Ihh positively regulates PTHrP, which is sufficient to prevent chondrocyte hypertrophy and 

maintain a normal domain of cells competent to undergo proliferation. In contrast, Ihh is 

necessary for normal chondrocyte proliferation in a pathway that can not be rescued by PTHrP 

signalling.“ (31) 

 

1.1.5.2.2 Parathormone-related Peptide (PTHrP) 

PTHrP and its receptor (PTHrP-Receptor) play a crucial role in embryonic bone formation and 

longitudinal growth. Absence of PTHrP leads to accelerated chondroblast differentiation, which 

results in dwarfism. Accordingly, overexpression of PTHrP leads to inhibition of chondroblast 

differentiation also leading to shorter bones. 

There is a model about how Ihh, PTHrP, FGF and BMP influence each other regarding the 

differentiation of chondroblasts from the stage of proliferation to the stage of hypertrophy. 

Vortkamp and co-workers(32) and Lanske and co-workers(33) propose a model for a locally 

acting growth-restraining feedback loop, which controls the level of PTHrP in the growth plate. 

In this model, “Ihh is expressed by chondrocytes making the transition from a proliferating into 

a hypertrophicphenotype. Ihh activates adjacent chondrocytes and diffuses toward the lateral 

perichondrium, where it can bind to its receptor Ptc. Via an as yet unknown mechanism, PTHrP 

production is stimulated in the peri-articular perichondrium. Then, PTHrP diffuses towards the 

pre-hypertrophic zone, which expresses high levels of PTH/PTHrP receptors and inhibits 

differentiation of proliferating chondrocytes to cells capable of synthesizing Ihh. Because Ihh 

and PTHrP are not expressed in close proximity to each other and the ECM surrounding 
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chondrocytes allows only limited diffusion of growth factors, intermediates may play a role 

between Ihh and PTHrP signalling and vice versa.” (20) 

 

1.1.5.2.3 Fibroblast Growth Factors (FGF) 

The Fibroblast Growth Factor family comprises 18 ligands that can dock to an overall amount of 

5 receptors. They are secreted glycoproteins and major regulators of the embryonic bone 

development. (34) 

As this family is very large, members fulfill different functions regarding bone growth that range 

from induction of ossification over to the expression of osteogenic markers and to the 

deceleration of the  proliferation of chondroblasts.(20, 35) 

 

1.1.5.2.4 Bone Morphogenetic Proteins (BMPs) 

The BMP Family consists of 15 ligands and are part of the Transforming Growth Factor 

Family.(35)“BMPs have multiple important roles during later stages ofcartilage development. 

BMP2, -3, -4, -5 and -7 are expressed in perichondrium, BMP2 and -6 are expressed in 

hypertrophic chondrocytes, and BMP7 is expressed in proliferating chondrocytes. “(35) 

“BMP signalling increases the expression of Ihh by pre-hypertrophic chondrocytes, and so can 

increase both the proliferation of chondrocytes and the length of proliferating columns of 

chondrocytes. In both of these actions BMPs oppose the effects of FGF signalling to decrease 

chondrocyte proliferation and to decrease Ihh expression. Because BMPs and FGFs also have 

opposite effects on terminal hypertrophic chondrocyte differentiation, these pathways can be 

considered as antagonizing each other on several levels.”(35-37) 

 

1.1.5.2.5 Vascular Endothelial Growth Factor (VEGF) 

Enchondral bone formation is the essential step for the longitudinal growth of long bones and 

VEGF plays a crucial role in this process. The hypertrophic chondrocytes express VEGF that 

implicating that these chondrocytes induce blood vessel growth.(38, 39) Cartilage, that is 

avascular, depends on the supply by vascular/endothelial cell arcades, which are affiliated to 

the metaphyseal blood vessels.(40) 
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Blockade of VEGF does alter the process of ossification and longitudinal growth. The 

hypertrophic chondrocyte zone expands, the blood vessel growth is suppressed to almost 

undetectable levels leading to impaired bone formation. Though, the chondrocytes themselves 

appear to be normal in regards of differentiation, proliferation and maturation.   

However, recruitment of chondroclasts expressing MMP9 is inhibited which prevents the 

resorption of chondroblasts. Additionally, apoptosis and mineralization of chondrocytes are 

diminished. Termination of the treatment restores the normal architecture within a short time. 

(40) 

In vitro, VEGF mRNA expression in osteoblasts is stimulated by administration of BMPs (Bone 

Morphogenetic Proteins) suggesting that osteoblasts also induces angiogenesis. (41) 

Contrariwise, VEGF induces BMP-2 expression in endothelial cells. (43) 

These results stand to reason that not only VEGF regulates the invasion of blood vessels into 

the growth plate but it also influences its appearance and remodelling. (14) 

 

1.1.5.3 Closure of the Growth Plate 

The maximum rate of longitudinal growth in humans can be found at med-gestational age. The 

rate constantly decreases until its cessation only interrupted by a brief so-called “growth 

spurt”.(42) With age, a decrease in height of the growth plate with especially a decrease in 

number of proliferative and hypertrophic chondroblasts can be observed until the growth plate 

fuses.(42) There are hints that this process does not happen, as commonly thought, by means 

of apoptosis but rather by necrosis. (43) 

Oestrogen is the key hormone that induces epiphyseal plate fusion (44). Its absence prevents 

fusion (45) whereas conditions marked by elevated Oestrogen levels cause premature 

closuring.  Recent research results suggest that Oestrogen does not induce ossification but 

rather accelerates the cell cycle of chondroblasts to finally reach the limited capacity of cycles. 

Hints for a predetermined number of cycles are given by growth plate transplantation where 

the growth rate depends on the age of the donor, not on the age of the recipient.(46) 
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1.1.6 Fracture Healing of Bones 

1.1.6.1 Normal Fracture Healing in Children 

Normal fracture healing in children involves the following 3 phases: (47) 

 

1. Inflammatory Phase 

The bone has lost its original structure and a haematoma containing large amounts of 

fibrin can be found in the fracture gap. Collagen synthesis as well as the production of 

cytokines that stimulate the differentiation of mesenchymal stem cells into 

chondroblasts, osteoblasts etc. is induced  

 

2. Reparative Phase 

New bone tissue is formed via intramembranous or enchondral ossification. Either 

method is meant to fill the gap until high quality bone tissue is formed. 

 

3. Remodelling Phase 

During this phase, the “placeholder” is replaced by high quality bone that can withstand 

physical forces. This process can take months or even years. 

 

1.1.7 Injuries of the Growth Plate 

Many different mechanisms can damage the growth plate, but only a few are common  and will 

be discussed here: Fractures occurring during childhood that affect the growth plate, and 

surgical reconstruction of the anterior cruciate ligament (ACL), which resembles most the 

drilling procedure of this study. 
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1.1.7.1 Fractures 

Fractures that affect the growth plate are generally classified according to either Aitken (48) or 

Salter-Harris(3): 

 

Table 1: Classification of Epiphyseal Fractures (modified after (49)) 

Classification      

Salter Harris I II III IV V 

Aitken - 1 2 3 4 

 Lysis Epiphyseal Fracture 

 

 

 

 
 

1.1.7.1.1 Classification 

Salter-Harris I Injuries  

=Complete dislocation of the epiphysis and the metaphysis. The fracture separates the 

hypertrophic from the mineralization zone(3) (Figure 4) 

 

Figure 4: Salter Harris I Fracture(3) 
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Salter-Harris II Injuries 

= Salter Harris I Fracture + Wedge of the metaphysis(3) (Figure 5) 

 

Figure 5: Salter Harris II Fracture(3) 

 

Salter-Harris III Injuries 

= Fracture in rectangular angle to the physis that involves the proliferation zone(3) (Figure 6) 

 

Figure 6: Salter Harris III Fracture(3) 

 

Salter-Harris IV Injuries 

= Fracture of the metaphysis, the physis and the epiphysis as well as the articular surface. This 

fracture involves the proliferating as well as the mineralizing zone.(3) (Figure 7) 
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Figure 7: Salter Harris IV Fracture(3) 

 

Salter-Harris-V Injuries 

= Crush – Lesion caused by compression  

It has only been proven to exist in animal experiments and is well discussed among experts.(3) 

 

1.1.7.2 ACL Reconstruction 

As a special case of injuries of the growth plate, the reconstruction of ruptured anterior 

cruciate ligaments will be discussed in this chapter. In some cases, the drilling of a hole through 

the growth plate is needed during this procedure to insert a graft to replace the ruptured 

ligament. From a clinical point of view, this is the procedure that resembles most the approach 

of the experiments of this diploma thesis to an injury of the physis. 

In juvenile athletes with open physis, rupture of the anterior cruciate ligament occurs rather 

frequently.(50) In cases where stability of the knee cannot be reached by measurements of 

physical therapy, ACL reconstructive surgery is needed.(51) 

There are certain techniques, which involve drilling through the growth plate. Complications of 

these procedures involve valgus deformity, length discrepancy and fusion of the growth plate 

leading to growth arrest. 

Several animal models have been created to investigate the consequences of this 

procedure.(52-59) 
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1.2 Vascular Endothelial Growth Factor (VEGF) 

1.2.1 Introduction 

The Vascular Endothelial Growth Factor (VEGF) is one of the key players in angiogenesis and 

vasculogenesis. Many factors such as the Fibroblast Growth Factors (FGF) and Angiopoetins are 

involved in this process but no other than VEGF has the capability to induce blood vessel 

formation of this kind. Intensive research has been going on for decades to improve knowledge 

on this substance.(1) 

 

1.2.1.1 Historical Background 

Until 1981, several authors had been postulating that a tumor-derived factor that induces blood 

vessel growth must exist. (60) In the same year, Ferrara and co-workers discovered a mitogen in 

bovine pituitary follicular cells which they named “Vascular Endothelial Growth Factor” as its 

main target was the endothelial cell.(61) 

A period of intensive research on VEGF began and several research groups have focused on 

further investigations on this topic since then.(60) 

 

1.2.2 Gene 

The gene coding for VEGF is located on the short arm of chromosome 6.  

(Chromosome 6p.21.3).(62) 

It consists of 14kb (14 kilobases or 14.000 bases) (63) and which can be separated into introns 

and exons like any other gene.(64) In this case, 8 exons and 7 introns can be found.  Different 

exons code for different isoforms of VEGF, e.g. VEGF165 misses the exon 6. (63) 
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1.2.3 Isoforms 

Alternative splicing of the pre –mRNA generates different isoforms of VEGF with also different 

functions. Currently, 7 isoforms are known which differ each other by length and function(63) 

which explains the origin of the nomenclature (e.g. VEGF165, the most common isoform, 

consists of 165 amino acids).   

 

This is a list of all 7 isoforms:(63, 65),(66) 

 VEGF121 

 VEGF145 (rare) 

 VEGF165 (most common form) 

 VEGF183 (rare) 

 VEGF189 

 VEGF206 

 

Different isoforms exist in different forms in and outside the cells (e.g. VEGF121 is secreted and 

freely soluble whereas VEGF189 is bound to cell membranes and ECM (extra cellular 

matrix)).(67) 
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Figure 8: 3D Image of the human VEGF 

protein (Image taken from NCBI Protein 

Database) 

 

 

1.2.4 Protein Structure 

A protein is a 3 dimensional molecular structure of 

more than 120 amino acids linked by peptide binding. 

Its natural alignment is called tertiary structure and 

can be seen in Figure 8. (64) 

VEGF165, the most common form of VEGF, is a 

homodimeric protein of 65kDa. The monomers are 

covalently linked by disulphide bonds at the end of a 

four stranded beta sheet to stabilize the dimeric 

protein.(68) 

Receptor sites are located at the loops to facilitate the 

transphosphorylation of the receptor and this 

consequently enhances the signalling process (69). 

Loop I is the binding site for VEGF Receptor 1 while 

VEGF receptor 2 attaches to Loop III. (69) 
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Figure 9: Activation Pathways of VEGF 

via VEGF Receptor 2 

(image takenfrom(1)with kind authorization of  

John Wiley and Sons) 

 

1.2.5 Cellular Activation Pathway 

Figure 9 shows the activation of the cell 

through binding of VEGF at the VEGF Receptor 

2 receptor, which is said to be the primary 

signalling receptor for VEGF. It includes 

activation of the mitogen-activated-protein-

kinase (MAPK), the phosphatidyl-inositol-3-

kinase (PIP3), protein-kinase-C (PKC), which 

leads to increased endothelial proliferation, 

migration, survival and cell membrane 

permeability.(1, 70) 
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1.2.5.1 VEGF related Proteins 

VEGF-related proteins are substances which share parts of their primary structure, function or 

ability to bind to VEGF Receptors with the original VEGF-A also referred to as VEGF (e.g. PDGF 

(Platelet-Derived Growth Factor) shares 20% of its amino acid chain with the original VEGF 

protein(71)).  

Here is a shortlist of VEGF-related proteins, but they are not discussed any further and are only 

touched briefly for the sake of completeness.(71) 

 PDGF 

 PlGF 

 VEGF-B 

 VEGF-C 

 VEGF-D 

 VEGF-E 

 

1.2.6 Regulation 

The expression of VEGF is regulated by various factors shown in Figure 10. 

Some factors are explained separately in the following chapters. 
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1.2.6.1 Oxygen tension 

Oxygen tension plays a key role in the regulation of the VEGF mRNA expression. Low partial 

pressure of O2 induces the production HIF 1 (Hypoxia Inducible Factor 1) that binds to specific 

enhancer elements which results in increased transcription of the VEGF gene.(72) The binding 

sequence shows a high degree similarity to the EPO gene (73) which is responsible for the 
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Figure 10: Organigram of the Factors that influence the Expression of VEGF 
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production of Erythropoietin, the hormone in the human body that regulates the amount of red 

blood cells in the human blood via continuous “measuring” of the partial pressure of O2. (64) 

Thus, low partial pressure, which indicates an insufficient supply of oxygen and/or blood, is a 

signal to the body to increase the number of blood vessels or their diameter within this 

underserved region. This process is induced and maintained by, amongst other substances, 

VEGF via HIF as shown below. 

 

Figure 11: VEGF Activation Pathway 

 

1.2.6.2 Core binding factor 1 (Cbfa1) 

Cbfa1 (=Core binding factor 1; also called runx2 or Osf2 or AML3) is a transcription factor that 

regulates the expression of VEGF. It is needed by during enchondral bone formation where the 

invasion of blood vessels is needed for the absorption of hypertrophic chondroblasts. Up - 

regulation of Cbfa1 leads to increased expression of VEGF mRNA (76) 

1.2.6.3 Bone Morphogenetic Proteins (BMPs) 

„Bone Morphogenetic Proteins (BMPs) are multi – functional growth factors that belong to the 

TGF-Beta superfamily.“ (74) They are able to influence VEGF and its expression depending on 

the subtype and dose. 

BMP -2, -4 and -6 leads to an increase of VEGFA in murine osteoblast – like cells. (75). 

Additionally, BMP – 2 is capable of transforming undifferentiated mesenchymal stem cells into 

chondrocytes and osteoblasts, which then can produce VEGF-A, VEGF-B and VEGF-C. The 

auxiliary up – regulation of VEGF Receptor 2 is yet another step to create a favourable 

environment for vascularisation. (76) 
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BMP – 7 augments the VEGF mRNA expression of osteoblasts by about three times and induces 

cell differentiation. (77) 

 

1.2.6.4 Connective Tissue Growth Factor (CTGF) 

CTGF is an essential regulator of the extracellular matrix of cartilage tissue. (78) In CTFG - 

deficient mice enchondral ossification is disturbed, which leads to dysmorphism of the skeletal 

bones. In such mice, a decreased level of VEGF mRNA is found in hypertrophic cartilage of the 

growth plate of long bones. This is where VEGF plays an important role in ossification and 

longitudinal growth, but Cbfa1 that normally controls the expression of VEGF in the 

hypertrophic cartilage at normal levels. This indicates that CTGF acts simultaneously or 

downstream of Cbfa1 in the activation cascade of VEGF.(79) 

 

1.2.6.5 Matrix Metalloproteinase 9 (MMP 9)/Gelatinase B 

„Homozygous mice with a null mutation in the MMP-9/gelatinase B gene exhibit an abnormal 

pattern of skeletal growth plate vascularisation and ossification.“ Although hypertrophic 

chondrocytes develop normally, apoptosis, vascularisation, and ossification are delayed, 

resulting in progressive lengthening of the growth plate to about eight times normal. After 3 

weeks postnatal, aberrant apoptosis, vascularisation, and ossification compensate to remodel 

the enlarged growth plate and ultimately produce an axial skeleton of normal appearance. 

Transplantation of wild-type bone marrow cells rescues vascularisation and ossification in 

gelatinase B-null growth plates, indicating that these processes are mediated by gelatinase B-

expressing cells of bone marrow origin, designated chondroclasts.“ (17) 

 

1.2.6.6 Transforming Growth Factor - Beta 1 (TGF - Beta 1) 

The capability of TGF - Beta 1 to induce the production of VEGF is known, but it has yet been 

understood to a minor degree only.(80) It is said to be involved in osteogenic activities but 

further details are to be investigated. 
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1.2.6.7 Hormones & Growth Factors 

Several hormones and growth factors (for details see Figure 10) induce the expression of VEGF. 

All details on the role of VEGF in each of the pathways have not been not fully understood yet. 

 

1.2.6.8 Oncogens 

Mutations or specific transformation of several proteins (e.g. ras, COX2, proteins of the Wnt - 

Pathway) may lead to increase or decrease of the expression of VEGF. These facts are very 

important for the implication of VEGF in tumor growth, but no further information about its 

role in the cellular regulation of normal bone tissue can be given.(60) 

 

1.2.6.9 Cytokines 

Involvement of TNF alpha (Tumor necrosis factor alpha)(81), IL – 1 alpha and IL – 6 (65) suggest 

that VEGF plays a certain role in acute inflammation processes that has  not been fully 

understood yet. 
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1.2.7 VEGF Receptors 

Structures VEGF can attach to are found on different kinds of cells of the human body.  

It mainly binds to two structures, VEGF-R1 (VEGF Receptor 1) and VEGF-R2 (VEGF Receptor 2) 

to which VEGF has a high affinity.  

These two receptors are so-called tyrosine kinases. Each of them consists of “seven Ig - like 

domains in the extracellular domain, a single transmembrane region, and a consensus tyrosine 

kinase sequence that is interrupted by a kinase-insert domain.“(60) 

Another member of this so-called “flt – Superfamily” is VEGF-R3 (VEGF Receptor 3) but VEGF 

does not bind to it.  

Neuropillins serve as co-receptors for the main VEGF Receptors 1 and 2, as well as all members 

of the group of heparins. 

 

1.2.7.1 VEGF Receptor 1 (KDR, Flt-1) 

Two different forms of the VEGF-Receptor 1 exist: a cellular-membrane bound and a soluble 

form.(82) Both of them are regulated via the HIF 1 pathway that depends on hypoxia.(83) This 

is almost identical way VEGF is regulated. Tthat his means the VEGF R1 gene shows similarities 

to a high degree to the VEGF gene in respect of the “docking region” of HIF 1. 

VEGF receptor 1 is responsible for several functions of VEGF: When it is disabled such as in 

VEGF-R1 – deficient mice, they die on embryonic days 8-9 because blood vessels proliferate 

without limitation.(84) 

In regard of angiogenesis, VEGF-R1 is now seen as a decoy receptor, which means that the 

functions of VEGR-R2 are minimized due to the fact that less VEGF is available.(65) Recycling or 

degradation of VEGF Receptor 1 allows greater activation of the signal processes of VEGF – 

Receptor 2. (85) 

Both facts suggest that VEGF-R1 is a negative regulator of angiogenesis; however there are 

hints that VEGF-R1 also induces blood vessel growth but to a minor extent and not by direct 

influence on endothelial cells but rather by paracrine release of growth and/or survival 

factors.(86) 
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1.2.7.2 VEGF Receptor 2 (Flk-1) 

VEGF Receptor 2 is a 230kDa glycoprotein (87) that plays the central role in the regulation of 

endothelial cells. It is the major mediator of the mitogenic, angiogenic and permeability-

influencing effects of VEGF.(65) 

It binds to all isoform of VEGF-A, to VEGF-C, VEGF-D and VEGF-F but not to VEGF-B and 

PLGF.(74) 

VEGF Receptor 2  - deficient mice fail to develop blood vessels and also blood islands, which 

show the importance of VEGf-R2 in haematopoiesis.  

 

1.2.7.3 VEGF Receptor 3 

VEGF Receptor 3 is also a tyrosine kinase and a member of the flt - Superfamily, such as VEGF-

R1 and VEGf-R2.  

VEGF-C and VEGF-D but not VEGF-A are ligands to this receptor. It is expressed on lymphatic 

endothelial cells only. (88) So there is no effect on endothelial cells of blood vessels – thus, no 

implication in angiogenesis. 

 

1.2.7.4 Neuropillins 

Neuropillin 1 is an isoform - specific VEGF receptor, which, when it is co-expressed along with 

VEGF-R2, boosts the binding of VEGF to VEGF-R2 by enhancing the presentation of VEGF to the 

receptor. Furthermore, it augments the mitogenic activity of VEGF165. (89) 

 

1.2.7.5 Heparan Sulfate Proteoglycans 

Heparan Sulfate Proteoglycans (HSPGs) are built of covalently linked heparan sulfate chains.(74) 

They influence a large number of secreted signalling molecules.(67) In case of VEGF, it serves as 

a co-receptor, respectively as an amplifier of the signal. It stimulates the VEGF – Receptor 2 

turnover and increases the duration and amplitude of the VEGF Receptor signal.(90) 
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1.2.7.6 Heparin 

Heparin is a sulfated glycosaminoglycane that is known for the ability to reduce blood 

coagulation.(91) Heparin is not a direct receptor to VEGF but it inhibits the binding between 

VEGF165 and VEGF Receptor 2 and its autophosphorylation process. This effect is limited to 

VEGF165. In experiments with VEGF121 no such observation could be made. (92) 

 

 

1.2.8 Function 

VEGF is mainly known for its effects on endothelial cells, also called angiogenesis respectively 

vasculogenesis. Though, VEGF has multiple effects on different kinds of other cells of the body 

such as osteoblasts, chondroblasts, osteoclasts, chondroclasts, the mononuclear phagocytic 

system, dendric cells, HSCs and many more. 

 

1.2.8.1 Endothelial Cells 

VEGF affects endothelial cells in different ways. It influences growth, survival, vascular leakage 

as well as processes within the vessels.  

VEGF induces growth in different kinds of endothelial cells. It’s not only the endothelial cells of 

blood vessels, but also those of lymphatic vessels, which are stimulated to grow.(65, 93) 

Furthermore, it promotes the survival of endothelial cells and it prevents apoptosis by inducing 

the expression of several proteins that prevent apoptosis.(94) When VEGF is blocked, 

endothelial cells cease to exist or at least, are diminished in number and diameter.(95) 

VEGF induces vascular leakage, which plays an important role in inflammation processes.(96) 

Moreover, VEGF has the ability to dilate blood vessels. This is not directly accomplished but NO 

(Nitrous Oxide) is needed to increase the diameter of the blood vessels, which increases the 

blood supply for the tissue beyond.(97) 

In endothelial cells VEGF plays an important role in the activation of blood clotting and its 

inhibition. Beside other factors, it induces the plasma plasminogen activators and plasminogen 

activator inhibitor-1.(98). It can also “induce the expression of the only metalloproteinases that 
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can initiate degradation of interstitial collagen types I-III under normal physiological 

conditions.”(99) 

 

1.2.8.2 Osteoblasts 

The effects of VEGF on osteoblasts are diverse and of a complex nature. 

VEGF is produced by osteoblasts as a result of stimulation by different substances, e.g. Insulin 

like Growth Factor I.(100) Additionally, VEGF has diverse direct effect on osteoblasts: It induces 

chemotaxis in primary human osteoblasts.(101) Moreover, it stimulates osteoblasts to 

differentiate and proliferate.(75) It can also initiate bone formation in organ cultures.(102) 

Inhibition of VEGF by blockade with soluble VEGF Receptor 1 leads to decreased differentiation 

and diminished overall bone growth.(102) 

 

1.2.8.3 Mesenchymal Stem Cells 

Human mesenchymal stem cells derived from trabecullar bone produce and react on 

stimulation of VEGF. They secrete VEGF in a differentiation manner during osteogenesis, 

whereas stimulation by VEGF induces mineralisation. Blocking of VEGF results in reduced 

mineralization suggesting that VEGF acts as autocrine and paracrine mediator for mesenchymal 

stem cells.(103) 

1.2.8.4 Chondroblasts 

VEGF has been implicated in cartilage maturation and resorption, shown several times by 

different authors.(40, 102, 104) 

Inhibition of VEGF by soluble VEGF Receptor 1 leads to decreased cartilage formation and 

delayed chondrocyte resorption, but it is not certain if the results were be the same if Bone 

Morphogenetic Protein 4 was not present.(104) 

However, in growing mice, VEGF inhibition leads to delay or inhibition of chondrocyte death 

without affecting its growth or maturation.(40) 
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1.2.8.5 Osteoclasts 

Osteoclasts, which are responsible for the resorption of bone, are responsive to VEGF and 

express VEGF Receptor 1.(105) Osteoclasts are major cells required for normal resorption of 

bony tissue during enchondral ossification  in embryologic development of long bones and in 

fracture repair.(106) Blockade of VEGF by soluble VEGF receptor 1 shows no or at least 

diminished resorption.(106, 107) It also enhances the activity of osteoclasts and keeps them 

alive. (108) 

 

1.2.8.6 Haematopoietic System 

Concerning monocytes and macrophages, VEGF acts similarly to its role in osteoclasts. In 

monocytes, it induces activation and migration.(109) Subsequently, it has interesting effects on 

the hematopoietic system: It is capable of initiating the formation of colonies of 

granulocyte/monocyte/macrophages - progenitor cells.(113) 

Hematopoietic stem cells lacking the VEGF gene fail to repopulate irradiated hosts, which leads 

to the hypothesis that without VEGF, no repopulation of the bone marrow is possible.(110) 

 

1.2.8.7 Other cells 

Effects on other cells that are neither present in bone tissue nor in cartilage are multifaceted, 

but this is not surprising. VEGF plays in important role in many other tissues of the body due to 

its angiogenic capabilities. Though, many functions have not been discovered. 
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The following table (Table 2) provides a list of examples of functions of VEGF in other cells: 

 

Table 2: List of Examples of diverse Functions of VEGF 

Cell Type Function Author  Comment 

Alveolar Cells  

Type II 

Production of Surfactant Compernolle et al, 

2002 (111) 

--- 

Dendric Cells© Dendric Cell Development Gabrilovic et al 

1996(112) 

--- 

HSCs Production of B Cells Hattori et al, 

2001(113) 

--- 

Schwann Cells Invasion of Schwann Cells, 

mitogenic Effect 

Sondell et al., 1999 

(114, 115) 

---- 

 
 

1.2.9 Role of VEGF in physiological Conditions 

1.2.9.1 Embryonic and Postnatal Development 

VEGF seems to be one of the key players in embryonic and early postnatal angiogenesis.(65, 

116) 

1.2.9.1.1 Embryonic development 

Inactivation of a single VEGF allele results in death of the embryo between embryonic days 11 

and 12.5.  The embryos show several severe developmental defects that are incompatible with 

life (e.g. defective vascularisation of several organs or reduced nucleated blood cells.(117, 118)) 

Inactivation of the VEGF Receptor 1  - gene results in normal-shaped but unorganized 

endothelial cells with the consequent death of mouse embryos at mid-somite age.(119) 
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1.2.9.1.2 Postnatal Development 

Partial inhibition of VEGF by targeting a single gene results in increased mortality, defective 

development of several organs and crippled bodies. Though, blockade of VEGF by soluble VEGF 

Receptor 1 achieves growth arrest and death due to kidney failure.(120) 

In juvenile primates, VEGF blockade does not result in death or failure of organs but in growth 

arrest due to failed vascularisation of the growth plate of long bones.(121) For further details, 

see page 17, chapter 1.1.3: Bone and Growth Plate Development. 

 

1.2.9.2 VEGF in Enchondral Bone Formation & Skeletal Growth 

The topic has already been described on page 17, chapter 1.1.3: Bone and Growth Plate 

Development and it is mentioned here for the sake of completeness only. 

 

1.2.9.3 Ovarian Angiogenesis 

Growth of the Follicle and the Corpus luteum depend on sprouting of new vessels.(122)VEGF 

mRNA is temporarily and spatially related to the proliferation of new blood vessels in the 

ovary.(123) Blockade of VEGF results in delayed development of follicle and the corpus 

luteum.(124, 125) 

 

 

1.2.10 Role of VEGF in pathological Conditions 

This chapter only give a short overview about the implication of VEGF in tumor development 

and growth. A large number of researchers have dedicated their work to this topic. As tumors 

are not part of this diploma thesis it will only be touched briefly.  
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1.2.10.1 Solid Tumours 

VEGF is present in almost every kind of tumorous tissue of the human body.(65) It is expressed 

in the tumor cells as well as in the stroma cells (60), and many tumor cells also secrete it.(126) 

Clinical trials are going on with different kinds of inhibitors such as humanized monoclonal 

VEGF antibodies, a VEGF – Receptor 2  - antibody, small molecules inhibiting VEGF R2 signal 

transduction and soluble VEGF Receptors.(65) 

 

1.2.10.2 Hematologic Malignancies 

“VEGF is expressed in a wide variety of cell lines derived from various haematological 

malignancies, including T cell lymphoma, acute lymphoblastic leukemia, Burkitt’s lymphoma, 

acute lymphocytic leukaemia, histiocytic lymphoma, promyelocytic leukaemia, etc. (for review 

see Ref. 354). Expression of both VEGF - Receptors has been detected in some, but not all, 

leukemia cell lines, and VEGFR-1 was found to be more frequently expressed than VEGFR-

2.”(60) 

Treatment strategies that use VEGF or its receptors as a target are currently tested in clinical 

trials.(65) 

 

1.2.10.3 Pathological Neovascularisation 

Because of its nature the eye and especially its transparancy is prone to be disturbed by newly 

built vessels. Affected region are the macula (age - related macula degeneration), the retina 

(retinopathy of the premature infant) and the vitreous body of the eye (Diabetic retinopathy 

with consequent neovascularisation of the vitreous body).  Each of these medical conditions is 

linked to retinal ischemia, which increases the production of VEGF. 

Therapeutic Anti VEGF - antibodies are commonly used in the treatment of macula 

degeneration in ophthalmology.(65, 127) 
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1.2.11 VEGF and the Growth Plate 

1.2.11.1 Localisation and Expression 

Details on the localisation and the expression of VEGF differ widely: 

Petersen and colleagues and Carlevaro and colleagues claim VEGF to be expressed by 

hypertrophic chondrocytes only.(128, 129) 

Garcia-Ramirez and colleagues, and Horner and colleagues and Evans and colleagues state that 

VEGF expression also extends to upper layers such as proliferative and resting zones.(130-132) 

Also on the topic of VEGF mRNA expression opinions differ widely: Evans and colleagues 

purports that VEGF121, VEGF165 and VEGF189 are expressed in the growth plate, whereas 

Petersen et al., 2002 could only identify VEGF121 and VEGF165.(128, 130) 

Agreement has been reached on the localisation of VEGF – Receptor 2, which is found in 

hypertrophic chondrocytes only.(128-130) 
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2 Materials and Methods 

2.1 Overview 

The experimental part of this diploma thesis contains animal surgery, histological preparation 

of the samples and immunohistochemical staining of the Vascular Endothelial Growth Factor. In 

this chapter all procedures are explained in detail. 

 

2.2 Authorization 

The experiments were performed at the area of the Medical University of Graz, Austria. All 

actions were performed under the authorization of the Dean and of the Committee of Ethics of 

the Medical University of Graz under abidance of the Austrian animal protection laws (File 

Number: BMBWK-66.010/0054-BrGT/2006). 

 

2.3 Animals 

2.3.1 Sprague Dawley Rats 

The Sprague Dawley rat is a breed of the albino rat commonly used as a laboratory animal in 

research.  

An overall amount of 30 Sprague Dawley Rats at an average age of 4 weeks and an average 

weight of 100g (+/- 5g) were chosen as an animal model for the experiments. They were 

obtained from the “Institute of Laboratory Animal Knowledge and Genetics” („Institut für 

Labortierkunde und Labortiergenetik”) in Himberg, Medical University of Vienna, Austria.  
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2.3.2 Housing 

After the transport from Himberg to Graz, the animals were monitored by authorized staff of 

the 2 institutes mentioned below and theycould acclimate for one week according to Austrian 

animal protection laws. 

They were housed in special cages in 2 different places: Primarily, at the “Center for Medical 

Research” (Zentrum für medizinische Grundlagenforschung), Medical University of Graz (MUG), 

Stiftingtalstraße 24, 8010 Graz, Austria and secondarily, at the Institute of Biomedical Research 

(Institut für biomedizinische Forschung), Medical University of Graz (MUG), Hahnhof 48, 8036 

Graz, Austria. 

The rats were fed with normal tab water and special animal feeding pellets with free access to 

food and water during the whole period of time of the experiment. 

 

2.3.3 Groups 

The 35 rats were randomly divided in 6 groups. All animals of the same group (Table 3) were 

euthanized on the same day and housed in the same litter. Markings on the ears were set in 

order to be able to recognize the animals during and after surgery.  

 

Table 3: List of Rats organized in Groups 

Group Number Number of 

Animals 

Life Span 

(in days) 

 Left Tibia Right Tibia 

1 5 1 Lesion Control 

2 5 3 Lesion Control 

3 5 7 Lesion Control 

4 5 14 Lesion Control 

5 5 28 Lesion Control 

6 5 82 Lesion Control 
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2.4 Surgery 

2.4.1 Anaesthesia and Preparation 

Firstly, the Sprague Dawley rats were moved to the operating theatre at the Institute of 

Biomedical Research, Hahnhof 48, 8036 Graz, Austria. 

For anaesthesia, the animals were put into a mobile gas mixture unit connected to an oxygen 

supply and an adjustable vaporizer equipped with Isoflurane. Isoflurane is halogenated ether 

and is commonly used for inhalational anaesthesia(133). Isoflurane at a concentration of 2% 

was mixed with pure oxygen at a flow of 2 litres per minute to induce consciousness to 

facilitate the injection of anaesthetics, which were used to maintain this state. 

A solution of Fentanyl Janssen©, (Fentanyl), Dormicum© (Midazolam) and Domidor© 

(Medetomedin) was injected subcutaneously (0.1ml per 100g of BW) to maintain anaesthesia 

and analgesia during the surgical procedure. As soon as a steady state of anaesthesia and 

analgesia was reached, the animals were put into the recovery position and the fur of the left 

leg was shaved completely using an electric shaver to minimize the risk of intra-operative 

infections.  

  

http://dict.leo.org/ende?lp=ende&p=5tY9AA&search=anaesthesia


 54 

 

2.4.1.1 Drugs 

This list contains all drugs used in the experiments: 

 

Table 4: List of drugs used in animal surgery 

Trade name Active Agent Mechanism  Dose Purpose 

Domidor© Medetomedine α2-Adrenorezeptor-

Agonism 

0,05mg/100g of 

BW 

Subcutaneous 

Anaesthesia 

Dormicum© Midozolame Benzodiazepine 0,5mg/100g of 

BW 

Subcutaneous 

Anaesthesia 

Fentanyl© Fentanyl Opioid 2,5 µg/100g of 

BW  

Subcutaneous 

Analgesia 

Furane© Isoflurane Halogenated ether  2% of 

inspirational air 

flow 

Inhalational 

Anaesthesia 

  

Antisedan© Atipamazole α2-Adrenorezeptor-

Antagonism 

0,25mg/100g of 

BW 

Post operative 

Antigonisation 

of Anaesthesia 

and Analgesia 

Annexate© Flumazenile Benzodiazepine 

Antagonism 

0,05mg/100g of 

BW 

Narcanti© Naloxone Opioid Antagonism 0,12mg/100g of 

BW 
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Novalgin 

Drops© 

Metamizole NSAID 10 gtt. per 100 

mL of drinking 

water 

Long term oral 

analgesia 

Rimadyl© Carprofene COX 2 Inhibitor 1mg per rat Post operative 

Analgesia 

Betaisodona© 

Solution 

Iodine Solution Antiseptic Agent --- Disinfection of 

operating field 

NaCl-

Fresenius© 

0.9% Sodium 

Chloride Solution 

Physiological 

Sodium Chloride 

Solution 

--- Diluting agent 

 

Trapanal © Thiopentale Barbiturate 50mg per rat Euthanasia 

     

 

2.4.2 Operation 

The narcotised animals were transferred to the operating table and handed over to the 

surgeon. First of all, the left leg was washed several times using a Betaisodona© Iodine solution 

to decrease the risk of infections.  

After proper contact time of the disinfectant, the surgeon fixed the right leg. A longitudinal cut 

through the skin was performed with a scalpel at the level of the knee joint. Special attention 

was paid to the depth of the cut not to damage any tissue surrounding the knee joint. Further 

preparation of the tissue and opening of the knee joint was done using surgical scissors without 

destruction of the structures of the knee.  

The thigh was brought into an upright position to facilitate the drilling process and the knee 

joint was bent to open the angle to allow the drill to be applied on the centre of the upper 

surface of the tibia plateau (Figure 12, Figure 13) 
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Figure 12    Figure 13  

Figure 12: Photo of left tibial bone from a 4 week-old Sprague-Dawley rat. A physeal injury of the proximal tibial 

physis was caused through advancing a drill from proximal towards distal along the yellow arrow. The dotted 

line marks the boarders of the growth plate. 

Figure 12: Histological picture of the area around the growth plate including the central lesion(dotted yellow 

arrow) and the direction of the drilling (dotted yellow arrow). Physis marked by “E”, Epiphysis marked by “E”, 

and metaphysis marked by “M”. Safranin O Staining, Magnification: 4x. 

 

A drill with the diameter of 1.2mm was driven axially through the plateau of the left tibia, the 

epiphysis (E), the physis (P) and the metaphysis (M) until the bone marrow cavity was reached 

(Figure 12, Figure 13, Figure 14). As soon as the drill had been removed, exiting bone marrow 

could be observed. This was regarded as a proof that the advancement of the drill was 

accurate. Special attention was paid not to exit the bone marrow cavity at any other side or not 

to cause any unnecessary destruction of the growth plate by inadequate handling. 

P 

M 

E 
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Figure 14: Drilling of the hole with an electric drill 

 

The exiting bone marrow as well as blood of any kind was dabbed with a sterile swab and the 

operating field was disinfected again before suturing. The wound was closed in layers using 

non-absorbable Vicryl 5-0 with several simple interrupted sutures. Earlier experiments of our 

research group revealed that no bandage was necessary. Instead, a final Betaisodone© Iodine 

solution wash was performed. 
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2.4.3 Recovering and post-operative Surveillance 

After the surgical procedures were finished, an antidote solution of Annexate© (Flumazenile), 

Narcanti© (Naloxone) and Antisedan© (Atipamazole) (dose can be obtained from Table 4) was 

injected into to peritoneal cavity to antagonize the anaesthetics.  

As Naloxone blocks opioid - induced analgesia(133), 1mg of Rimadyl© (Carprofene©, NSAID) 

was injected into the subcutaneous tissue of the neck to grant post-operative analgesia for the 

next 24 hours. This procedure was repeated once a day for first post-operative week (see 

below). 

The rats were put in recovery position and were placed on a heating plate not to suffer from 

hypothermia. The staff monitored them until their return to full consciousness. Then, they were 

put back into their litters and brought back to the animal housing unit. 

 

Follow-up pain management was accomplished as follows:  

 

1.) First 7 Days: Subcutaneous injection of  

1mg of Rimadyl© (Carprofene) once a day 

2.) Following 14 days: 100ml of drinking water enriched with 

Novalgin© Drops containing 250mg Metamizole ad libitum 

3.) After 21 Days: No pain medication necessary 
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2.4.4 Tissue Harvest 

2.4.4.1 Chemical Products 

This list contains all chemical products used in the experiments except for drugs (for drugs, 

seeTable 4). It provides their common name, chemical compound, purpose and the 

manufacturer. 

 

Chemical 

Product 

Further 

information 

Purpose Manufacturer 

PBS Phosphate buffered 

Saline 

Wash buffer Own production 

 

Tween Non ionic 

determent 

Reduces hydrophobic and 

non specific interactions 

Merck 

H2O2 

 

Hydrogen Peroxide Blocks endogenous 

peroxidase 

Merck 

Dako Antibody 

Diluent  

Diluting medium  Dilutes concentrated 

Antibody solutions 

Dako 

Goat Serum Blood serum of 

same species as 

secondary antibody 

Decrease of cross reaction of 

primary antibody 

ZMF 

Anti VEGF Antibody Primary Antibody 

ex chicken 

Specific binding to VEGF Abcam Corp. 

Anti Chicken 

Antibody 

Biotinylated anti 

chicken antibody ex 

goat 

Specific binding to primary 

antibody 

Vector 

Laboratories 

ABC Complex Avidin-Biotin 

Complex 

Link between secondary 

antibody and chromogen 

Vector 

Laboratories 

AEC Solution 3 – amino –  Red Chromogen  Dako Corp. 
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9 ethylcarbazole 

Mayer’s Haemalum Haemalum Solution Counterstaining ZMF 

Ammonia Water Ammonia + H20 Bleuing of counterstained 

slides 

Own production 

 

Kaiser’s Glycerol 

Gelatine 

Gelatine Mounting medium Dako 

Distilled Water Pure Water Diluting medium ZMF 

EDTA  Ethylenediamine 

tetraacetic acid 

Chelating agent ZMF 

Methanol (100%) CH3-OH Fixation Medium ZMF 

PBS sucrose 

Solution (5%) 

Puffing medium Prevents freeze cracks of the 

tissue 

Own production 

Tissue freezing 

Medium 

 Embedding of the tissue 

prior to cutting process 

ZMF 

    

Table 5: List of Chemicals 

For the preparation of any chemical see Table 6. 

 

2.4.4.2 Extraction 

According to the groups 1 to 6 (see Table 3) the animals were brought to the operating theatre 

on post-operative days 1, 3, 7, 14, 28 and 82.  

. As soon as the animals had reached a steady state of anaesthesia, a previously prepared 2mL 

syringe with a 30 – gauge needle was inserted in the heart via a sub-xyphoidal access to the 

pericardium and the heart. As soon as the needle had entered one of the 2 ventricles of the 

heart, 2mL of blood were drawn with a syringe for the purpose of examination of serum IL-6 

levels (not part of this diploma thesis).  

After the withdrawal of the blood samples, 50mg of Trapanal (Thiopentale) dissolved in 

physiological Sodium Chloride solution (0.9%) were injected into the heart to cause painless 

cardiac arrest under general anaesthesia. 
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The two tibiae (left tibia with lesion, right tibia with no lesion=control) were extracted and all 

dissected soft tissue was removed from the bones with caution not to damage structure.  

 

2.4.4.3 Fixation 

The bones were quick-frozen with liquid nitrogen (Temperature: -196°C) to preserve the 

structure for future tests. 

The frozen sample material was put into small glass container with methanol (100%) for 24 

hours. 

 

2.4.4.4 Decalcification 

After 1 day all bones were wrapped in mull and stored in different containers with an EDTA 

(Ethylenediamine Tetraacetic Acid) Solution. EDTA is a water-soluble chelating agent and able 

to form complexes with metal ions such as Ca2+.(138) As bone contains hydroxyl apatite 

(Ca10(PO4)6(OH)2), EDTA is prone to extract the calcium ions from the bone, which turns a hard 

tissue into a soft tissue. This transformation into a sliceable tissue is an essential step towards 

cutting the bony tissue into slices of a thickness of 7.5µm. 

The EDTA solution was changed every day for 2 weeks. Thereafter, the bones were again put in 

a container with Methanol 100% for another 12 hours. 

 

2.4.4.5 Puffing 

In order to get puffy cells in the cryo-sections and to be able to freeze the tissue without frost 

cracks, it was important to store the samples in PBS-Sucrose solution and to wash out the 

methanol. The samples were left in the PBS Sucrose 5% solution for 12h. Special attention was 

paid to bacterial or fungal growth which would have required a rewash in methanol and which 

would have diminished the quality of the staining, but no such thing occurred. 

 

2.4.4.6 Cutting of the blocks 

The still entirely conserved bones were removed from the PBS Sucrose Solution and dried for a 

short time. The bone was shaped at the level of the upper third of the diaphysis at a right angle 
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with a scalpel resulting in a bloc extending from the surface of the tibial plateau to the 

diaphysis. This bloc was placed in a tiny bowl containing tissue - freezing medium. The bowl was 

placed on a freezing plate at -18°C and orientated in a sagittal plane of the bone for later 

cutting of the sections. As soon as the medium was completely frozen, it was removed from the 

bowl and placed correctly in the cryo-microtome. Trimming of the tissue of the left tibiae was 

done until the correct level of the bloc was reached. The corrected level was defined as a plane 

cut through the growth plate with a central lesion and the extending drilling channel, which was 

confirmed under the microscope. From that time on, sections of a thickness of 7.5µm were cut 

and placed on glass slides. Always 2 sections were positioned one next to the other to ensure 

that the negative control section of the immunohistochemistry staining always corresponded. 

For the right tibiae, the correct plane was defined as the middle of tibia head in a frontal or 

sagittal plane. 

All slides were labelled and organized in boxes according to their groupand number within the 

group.  

They were stored at -20°C in an upright freezer until their usage. 

 

2.5 Immunohistochemical Staining 

2.5.1 Basic principle 

Immunohistochemistry is based on simple principle: An antibody binds specifically to a host 

antigen displaying the site of localisation (see in Figure 15) 

 An antibody is a protein produced by plasma cells in the blood(64), which has the ability to 

bind a special protein for which it was designed for, in our case VEGF in the tissue of the growth 

plate and the lesion. Antibodies are too small to be visible to the human eye, and additionally, 

they are transparent. Thus, the target structure needs a label to be seen by the viewer. So they 

are is marked either directly (direct method) or it is bound by another antibody that has been 

specially designed to be marked by a chromogen (indirect method).(134) 

“The sensitivity of the indirect method is higher than a direct method because  

1) the primary antibody is not labelled, retaining its activity and resulting in a strong signal and  
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2) the number of labels (e.g., peroxidase) per molecule of primary antibody is higher, increasing 

the intensity of reaction. 

The result is the ability to detect smaller amounts of Ag or to increase the dilution of the 

primary antibody because at least two labelled antibodies can bind each primary Antibody 

molecule. “(135) 

A chromogen is a chemical substance that is colourless unless it is oxidised, e.g. by a substance 

attached to the secondary antibody. Then it turns into a certain colour and can now be 

localised easily (135) under a microscope or even with the vision of the eyes only.  

 

2.5.2 Staining Procedure 

2.5.2.1 Preparation of the chemicals 

All chemicals were exactly prepared as stated below. Before the first step of staining all 

chemicals were prepared not to exaggerate the time limits during the staining procedure 

(except for ABC Solution).  

 

Table 6: Preparation of the Chemicals 

Substance Ingredients Comment 

   

PBS – Tween 20© 

Solution at pH 7.4 

For 1L 

1L of destilled water  

0.32.g of monobasic sodiumphosphate 

1.42g of dibasic sodiumphosphate 

9g of Sodium Chloride 

1mL of Tween 20© 

Store at 4°C 

PBS Sucrose Solution 

(5%) 

For 1L 

1000mL of PBS 

50g of Sucrose 

 

H2O2 Peroxidase blocking 

Solution (0.3%) 

For 100mL: 

100mL of PBS 
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1mL of 30% H2O2 

Ammonia Water For 1L: 

1L of destilled water 

1mL of 25% Ammonia Solution 

 

Goat Serum Solution For 1 Slide/100µL: Dilution at 1:20 

95mL of PBS – Tween – Solution 

5µL of Goat Serum 

 

Primary Antibody 

Solution 

For 1 Slide/100µL: Dilution at 1:100 

99µL of Dako AB Diluent Solution 

1µL of Primary Antibody Abcam 14078 

Polyclonal  anti VEGF 

antibody ex chicken 

Secondary Antibody 

Solution 

For 10 Slides/1mL: Dilution at 1:600 

998,33µL of Dako AB Diluent solution 

1,67µL of Secondary Antibody 

Polyclonal  anti chicken 

antibody ex goat 

ABC Complex Kit 

Solution 

For 10 Slides/1mL: 

960µL of PBS - Tween 20 – Solution 

20µL of Substance A of ABC Kit 

20µL of Substance B of ABC Kit 

Storage at 4°C for 30 

min before application 

Kaiser’s Glycerol 

Gelatine 

For 1 glass: 

40g of Gelatine 

210 mL of distilled water 

250 mL of Glycerole 

5mL of Phenole 

Preheating to 50°C 

before application 

Ammonia Water For 1L: 

999ml of destilled water 

1ml of 25% Ammonia Solution 

 

   

 

2.5.2.2 Preparation 

At first, the slides were unfrozen at room temperature (20°C) for 60 min. They were organized 

in racks and covered with a lid to prevent them from dehydration. 

Secondly, they were put into a container filled with PBS - Tween 20© Solution for 5 min for 

rehydration purpose. This was followed by a bath in H2O2 Peroxidase blocking Solution (0.3%) 
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to block endogenous peroxidase activity, which would cause uncontrolled oxidisation of the 

chromogen.(134, 135) This unspecific colourisation of the tissue would have alterated the 

result. 

After 15min the blocking was ended and the racks were placed in PBS - Tween 20© Solution 3 

times for 2min each to wash off the blocking solution. 

A DakoPen©, a liquid repellent for slides, was used to draw circles around the section to limit 

the amount of antibody that had to be used. Additionally it prevented the fluids of the 2 

sections from mixing up while they were transported or when it was impossible to store them 

horizontally.  

The slides were placed in a special box and 100µL of Goat Serum was applied on each section 

with a pipette (Eppendorf, Vienna, Austria) for one hour at room temperature. Serum from the 

same species as the secondary antibody’s host species is meant to intercept secondary 

antibodies that do not bind to primary antibodies which would have caused unspecific 

staining.(135) 

Finally, the goat serum solution wasn’t washed off the slides as all the other liquids. The slides 

were just knocked on the table to get rid of the excessive amount of fluid.  

No antigen retrieval was necessary prior to the application of the antibody solutions as 

cryo technology was used to conserve the tissue – no substance, e.g. paraffin, blocked any 

epitopes.  

 

2.5.2.3 ABC - based indirect Immunohistochemistry 

In this case the indirect method of immunohistochemistry with the help of an avidin biotin 

complex system was chosen. 

It binds specifically to an antigen (dark blue “V”) that is located in the tissue you want to 

examine. As already mentioned you cannot observe it, so it has to be marked. In this case, a 

biotinated secondary antibodyin combination with an Avidin Biotin complex system together 

with a chromogen (AEC, of red colour) was used to make it visible.  

The ABC Complex System contains avidin (red “X”), biotin (the same substance the secondary 

antibody is connected to; light blue triangle) and horseradish peroxidase (purple circle). Avidin 

is a 68.000 molecular weight glycoprotein extracted from egg white with an extremely high 
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affinity for the vitamin “Biotin” at its 4 binding sites.(136) The strength of this affinity is over 

one million times higher than that of a normal antigen-antibody connection and additionally, it 

is irreversible. (136, 137) 

The Vitamin Biotin has one binding site for Avidin, the others can be used for horseradish 

peroxidase. Horseradish Peroxidase, which is isolated from the horseradish root, has the ability 

to oxidize chromogens, which makes them visible. It can be conjugated to biotin via their amino 

group via a two-step method. (134) 

AEC (3 – amino – 9 ethylcarbazole), the chromogen, is an electron donor which is invisible but 

when oxidized it turns red.(134) Oxidization process is done by the horseradish peroxidase as 

mentioned above. 

This aspect provides the potential of a macromolecular system that connects primary 

antibodies to biotinated secondary antibodies, cross links biotinated secondary antibodies to 

avidin and other horseradish peroxidase coupled biotin molecules and at last, the chromogen.  

 
 

 

 

 

Figure 15: Mode of Operation of ABC-based Immunohistochemistry.(134) 

Description of the Figure: Tissue Antigen=dark blue „V“, Primary Antibody= green „Y“, Secondary 

Antibody=yellow „Y“, light blue triangle=Biotin, Red „X“=Avidin, purple circle=Horseradish peroxidase. 

 

 



 67 

2.5.2.4 Antibody application 

The slides were organized in a special box with a lid to protect them from sunlight. 100µL of the 

primary antibody solution (for preparation see Table 6) were applied always on the left section 

of the slide.  

The primary antibody solution contained a polyclonal chicken anti VEGF antibody dissolved in 

Dako Antibody Diluent© Solution at a dilution of 1:100. The anti-VEGF antibody binds 

specifically to the VEGF (=Antigen) that is present in the tissue.  

The right section was treated with 100µL of PBS solution only to serve as control section. The 

box was shut with a lid and stored for 24 hours at 4°C in a refrigerator room. 

After 24 hours, all slides were washed in PBS - Tween 20© Solution 3 times for 2min each to get 

rid of the primary antibody solution. The secondary antibody solution contained a biotinated 

polyclonal anti chicken antibody ex goat that was designed to bind antibodies that were bred in 

chickens (here: primary antibody ex chicken). It was dissolved in Dako Antibody Diluent© 

Solution at a dilution of 1:600 and it was applied on all sections and left there for 30 min at 

room temperature (+20°C). 

 

2.5.2.5 ABC complex & AEC Application 

As soon as the secondary antibody was applied, preparation for the ABC Solution started. For 

10 sections 960mL of PBS – Tween 20 Solution, 20µL of Substance A of ABC Kit and 20µL of 

Substance B of ABC Kit were mixed and 100µL of the mixture were applied on each section. The 

slides were again stored in a box with a lid, which protected them from light at 4°C in a 

refrigerator. 

After 30min all slides were washed in PBS - Tween 20© Solution 3 times for 2min each to get 

rid of ABC Complex Solution. Now 2 drops of AEC solution (=Chromogen) were admitted to 

each section with special attention neither to exceed the time limit of 2min 50 sec nor to 

expose it to light during this time. 

After 2 min and 50 sec the reaction was stopped with the help of distilled water in a glass 

container. After 30 seconds the liquid was changed and the slides remained in the distilled 

water for another 3 minutes. 
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2.5.2.6 Counterstaining, Blueing & Mounting 

After the reaction had been stopped in distilled water, the slides were dipped into Mayer’s 

Haemalum Solution. After 15 sec, they were removed from the bath and put into a container 

filled with hand warm tab water. In order to ensure permanent removing of spare Mayer’s 

Haemalum Solution, the water was changedcontinuously. 

The rack was removed from the water and put on a towel to allow the excessive water to drip . 

Afterwards, the rack was placed in a container filled with Ammonia Solution for a few seconds 

to blue the counterstaining before it was put in distilled water again.  

Now, the staining process was finished. To conserve the sections for further analysis, cover 

glasseswere mounted using Kaiser’s glycerol Gelatine that had been preheated to 50°C to 

liquefy it. 

A non-alcoholic mounting medium was necessary as AEC was used as chromogen. If AEC is used 

in an alcoholic medium, the end product (here: the red colour on the sections) will disappear as 

it is alcohol – soluble.(134) 

 

2.5.2.7 Pictures 

The slides were analysed under the microscope using an Olympus BX51 microscope and a DP71 

camera (Olympus Inc., Center Valley, PA). 
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3 Results 

3.1 Analysis of VEGF Labelling 

All slides were analysed under the microscope and then photographed. All areas than contain 

VEGF are coloured in red whereas all the other tissues such as the bone marrow, cell nucleus 

and bone tissue are coloured in blue 

The focus of analysis was set on the lesion and the adjacent physis. The growth plate itself was 

examined, but due to the heterogeneous result of VEGF, it could not be analysed as exactly as 

the lesion and its content. 

Some facts remain the same throughout all the images: The resting zone remains negative, 

whereas the hypertrophic and mineralizing zone are always positive for VEGF. Above the 

resting zone, a red boarder can be found. There is always the lesion in the middle, only the 

content changes with the different evaluated time points. 

 

Figure 16: Microscopic picture of the growth plate with a lesion. BM = Bone Marrow, L = Lesion, GP = Growth 

Plate. Anti VEGF Immunohistochemical Staining, Magnification 10x. 

  

GP 

L 

BM 
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3.2 Day 1 

On day 1, a gap crossing the growth plate could be observed in all slides. This gap was filled 

with a fracture hematoma, bone bruise and a large number of mesenchymal cells. The fracture 

hematoma as well as the bone bruise stained highly positive for VEGF. (Figure 17, Figure 18, 

Figure 19) 

Regarding the growth plate itself, the resting zone showed no staining whereas all the other 

layers showed positivity for VEGF. Two to four columns that adjoin the lesion showed no 

staining (see Figure 19).  

 

 

Figure 17: Microscopic Picture of the Growth Plate with a Lesion on Day 1. Anti VEGF Immunohistochemical 

Staining, Magnification 4x. 
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Figure 18: Microscopic Picture of the Growth Plate with a Lesion on Day 1. Anti VEGF Immunohistochemical 

Staining, Magnification 10x. 

 

 
Figure 19: Microscopic Picture of the Growth Plate with a Lesion on Day 1.The Focus was set on the 4 adjoining 

columns of chondroblasts. Anti VEGF Immunohistochemical Staining, Magnification 20x. 
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3.3 Day 3 

Not much difference between day 1 and day 3 could be observed. The fracture haematoma and 

the bone fragments that were positive for VEGF were still prominent (Figure 20, Figure 21) No 

reorganization of the fragments into a bone bridge had yet begun. The growth plate showed 

the same staining; also the adjoining columns were still negative for VEGF. 

 

 
Figure 20: Microscopic Picture of the Growth Plate with a Lesion on Day 3. Anti VEGF Immunohistochemical 

Staining, Magnification 4x. 

 

 

 
Figure 21: Microscopic Picture of the Growth Plate with a Lesion on Day 3. Anti VEGF Immunohistochemical 

Staining, Magnification 20x.  
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3.4 Day 7 

On day 7, reorganization of the bone fragments was observed. The existence of a  continous 

bridge distending from the epiphysis to the metaphysis could not be proven, but still a large 

number of cells infiltrating the region was seen. The osseous structure stained clearly positive 

for VEGF (Figure 22, Figure 23) 

The resting zone showed no staining whereas all the other layers of the physis showed 

positivity for VEGF. 

 

 

Figure 22: Microscopic Picture of the Growth Plate with a Lesion on Day 7. Anti VEGF Immunohistochemical 

Staining, Magnification 4x. 

 

Figure 23: Microscopic Picture of the Growth Plate with a Lesion on Day 7 Anti VEGF Immunohistochemical 

Staining, Magnification 20x. 
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3.5 Day 14 

The reorganization process continued on day 14, where a small continuous osseous structure 

was visible. It reached from the epiphysis to the metaphysis and its boarders showed clear 

positivity for VEGF (Figure 24, Figure 25).  

Concerning the growth plate, everything remained the same with no staining in the resting 

zone and positivity in the proliferating and hypertrophic as well as the mineralizing zone. 

 

 

Figure 24: Microscopic Picture of the Growth Plate with a Lesion on Day 14. Anti VEGF Immunohistochemical 

Staining, Magnification 4x. 

 

Figure 25: Microscopic Picture of the Growth Plate with a Lesion on Day 14. Anti VEGF Immunohistochemical 

Staining, Magnification 10x. 
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3.6 Day 28 

On day 28, a bone bridge reaching from the epiphysis to the metaphysis can be observed. VEGF 

staining is still positive, but it is limited to the cells that surround the osseous structure (Figure 

26, Figure 27). 

VEGF staining of the growth plate remains the same, with positivity for VEGF in the 

hypertrophic in mineralizing region.  

 

 

Figure 26: Microscopic Picture of the Growth Plate with a Lesion on Day 28. Anti VEGF Immunohistochemical 

Staining, Magnification 10x. 

 
Figure 27: Microscopic Picture of the Growth Plate with a Lesion on Day 28. Anti VEGF Immunohistochemical 

Staining, Magnification 20x. 
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3.7 Day 82 

On day 82, a fully developed osseous bridge between the epiphysis and the 

metaphysis/diaphysis (=bone bridge) could be observed. The VEGF staining of the osseous 

structures was limited to the surrounding cells (see Figure 28, Figure 29) 

The height of the growth plate seemed to be diminished in comparison to earlier slides, but no 

exact measurements could be performed. The chondroblasts of the growth plate stained 

differently: No staining could be observed in the resting and the proliferative zone while the 

hypertrophic layer and the mineralizing zone were highly positive for VEGF. 

 

 

Figure 28: Microscopic Picture of the Growth Plate with a Lesion on Day 82. Anti VEGF Immunohistochemical 

Staining, Magnification 4x. 
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Figure 29: Microscopic Picture of the bone bridge on Day 82 Anti VEGF Immunohistochemical Staining, 

Magnification 40x. 
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3.8 Negative Controls 

Negative Controls were done for each cycle of staining using 100 mL of PBS instead of the 

primary antibody against VEGF. 

Negative controls showed no significant staining in any of the slides (Figure 30, Figure 31, Figure 

32). 

 

Figure 30: Microscopic Picture of the Growth Plate with no Lesion on Day 28. Negative Control Staining Staining, 

Magnification 4x. 

 

 

Figure 31: Microscopic Picture of the Growth Plate with no Lesion on Day 28. Negative Control Staining Staining, 

Magnification 20x. 
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Figure 32: Microscopic Picture of the Growth Plate with no Lesion on Day 82. Negative Control Staining Staining, 

Magnification 20x 
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4 Discussion 

Damage of the growth plate can lead to various phenomena including axis deviation and/or 

joint deformity. Slowdown or arrest of longitudinal growth, which leads to length discrepancy 

between two extremities, may also occur. All these problems decrease the quality of life of our 

young, still-growing patients. Many experiments have been done to investigate this 

phenomenon, but no one has set a focus on the expression of VEGF yet, which is one of the 

most important factors of fracture healing. 

 

The setting of the experiments was based on the knowledge that had been made before by 

several others authors, who have worked on that topic.  

The diameter of the drill was chosen according to Garces and colleagues (52)  aiming to prevent 

early fusion of the growth plate. During our experiments, premature fusion occurred in none of 

the examined rats. Rats have a maximum lifespan of 3.6 months, fusion of the growth plate 

occurs in only 10% of the rats at the age of 3.9 months and in 90% at the age of 7.4 months. 

(138) 

However, our main goal was to investigate the vascularisation patterns in the lesion and not the 

early fusion of the growth plate due to the fact that the rat may not the ideal model for this 

purpose. For the same reason, detailed measurement and axis deviation analysis were not 

performed.  

Further investigation could include different location of the drill hole, different diameters of the 

drill and different techniques to place the lesion (e.g. different materials, tools etc.). Janarv and 

co-workers(59) suggested that the area of the lesion has an influence on the fusion of the 

growth plate and length disturbances in rabbits. A similar trial for rats could be established. 

Day 1 to 3 revealed a fracture hematoma including many small bone fragments. No literature 

could be found showing comparable results due to the fact that numerous studies did not 

examine the first week after transphyseal drilling. These solitary bone fragments are distributed 

randomly along the drilling site. The location and time of appearance suggest that they result 

from the destruction of the bone tissue of the epiphysis as well as the trabecullar bone of the 

metaphysis by the drill. On day 7, reorganization of these fragments was observed prior to the 

development of small bony trabeculae crossing the physis by day 14. By day 28, a bone-bridge 
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consisting of proment bone trabeculae at the physeal injury site connecting the epiphysis with 

the metaphysis was visible which was still prominent on day 82. These findings concur with the 

results of Garces and co-workers(52). 

 

Beside the setting and the development of the lesion, the focus was set on the Vascular 

Endothelial Growth Factor. It is implicated in enchondral bone formation where blocking results 

in growth arrest and alteration of the architecture of the growth plate.(40) Furthermore, it is an 

important factor in the early phase of normal fracture healing.(139, 140) Generally spoken, 

vascularisation and angiogenesis are crucial for bone healing and VEGF is seen as a key 

factor.(141) 

In our study, on days 1 and 3, the fracture hematoma and the bone fragments expressed a high 

amount of VEGF. One explanation could be the hypoxic environment of the injury, which is 

caused by the interrupted blood supply. Low partial pressure of O2 activates HIF-1, which 

induces the expression of genes of the VEGF-Family.(103, 142) This leads to high expression of 

VEGF, which could be proven immunohistochemically in our experiment. Pufe and co-workers 

showed that the expression of VEGF in a fracture gap increases until day 5 where it peaks, but 

then diminishes continuously and rapidly.(139) 

 

Interestingly, on days 1 and 3, 2 to 4 columns of chondroblasts adjoining the lesion, did not 

stain for VEGF whereas the other columns showed positivity for VEGF. This may be due to the 

direct influence of the drilling procedure or the unfavourable conditions in the early phase of 

the healing. 

 

VEGF expression has decreased by day 7, but the positivity of the bone fragments is still strong. 

They are completely covered with VEGF suggesting a high activity of those particles.  

This high activity during the first 7 days may be due to the multifaceted nature of VEGF.  

Firstly, it is directly involved in bone formation because blocking of VEGF results in impaired 

bone formation in the intramembranous as well as in the enchondral ossification pathway. 

Additionally, Street and co-workers showed that it improves vascularity and callus formation. 

(143) Apart from its direct effects on the whole process of bone formation, it also influences 

several cells that are involved in fracture healing. It enhances osteoclast survival and therefore 
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bone resorption.(108, 143) It attracts osteoblasts and augments their ability to differentiate 

and proliferate as well as their activity.(101, 143, 144) In human mesenchymal stem cells it 

enhances the mineralization and differentiation as well as its own production.(103) 

Furthermore, there is also a chemotactic effect on human mesenchymal progenitor cells.(145) 

All these facts may contribute to an explanation why VEGF is strongly expressed in the early 

phase of fracture healing in the growth plate. From day 14 onwards, the expression of VEGF 

decreased and was limited to the cells that border the bone trabeculae. Uchida and co-workers 

set up a similar experiment in rats where they drilled trough the diaphysis of a long bone where 

similar results were found at similar time points from day 1 to day 14.(140) 

 

We could clearly document that VEGF is involved in post-traumatic bone bridge formation of 

the growth plate. 

 

Vascular Endothelial Growth Factor may be an important and even crucial factor for the healing 

of growth plate defects. Further investigation should be done on this topic, as it may be a target 

of therapy to prevent the formation of bone bridge bridges and its side effects in our already 

injured young patients. 
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6 Attachments 

6.1 VEGF Immunohistochemistry Staining Protocol 

 

60 
description of the slides (Number and Primary Antibody with pencil, remember to 

take one control slide for each secondary antibody), unfreeze slides for 60mins 

30 

5 mins rehydration in PBS+Tween 

15 mins H2O2 bath (150ml PBS and 1,5ml 30% H2O2) 

wash 3x2 mins in PBS+Tween 

draw PERFECT circle around sections with Dako pen  - hydrophobic 

60 

prepare goat serum  

- blocking with 1:20 goat serum (60mins, RT, diluted with PBS, 100µL, box 

with lid) 

- don’t wash afterwards, just knock on the table 

 

application of the primary antibody (see above): overnight at 4°C, 100µl, box with 

lid  

- Chicken poly; VEGF; Dil. 1:100 in Ak Diluent 

- Control slide: application of PBS 

50 

wash 3x2mins in PBS+Tween 

application of the secondary antibody: 100µL per section, 30mins, RT, box with lid: 

- Anti-Chicken biot. (ex goat), Dil.1:600 

Prepare ABC Complex as soon as sec. antibody is admitted: 

- 100µL per section 

- 1ml PBS and 20µl ABC-A and 20µl ABC-B 

- Store at 4°C at least for 30mins but less than 1 hour 

wash 3x2mins in PBS+Tween 

40 

Application of ABC Complex (30mins, RT, box with lid) 

wash 3x2mins in PBS+Tween 

warm up glycerine solution 
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40 

AEC application, 2min 50sec, incubate in the dark! 

- CAVE: Gloves!! 

- 2 drops per section 

Stop the reaction in aqua dest., 30 sec – change aqua dest. – 3 min – remove 

counterstaining with Hämalaun Solution for 15 sec, wash in tapped water until 

water is clear 

put slides in NH4-H2O for several seconds, change aqua dest., then into aqua dest. 

again 

application of glycerine solution on slides, cover with glas 
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6.2 Oral Presentation 

European Student Conference: October 3, 2009, Berlin 
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