Aus dem UniversitatsCentrum fur Orthopadie und Unfallchirurgie
Arzticher Direktor: Prof. Dr. med. Hans Zwipp
Geschéftsfuhrender Direktor: Prof. Dr. med. Klaus-Peter Gunther

Monitoring the first stages of the regeneration of bone defects

Dissertationsschrift

zur Erlangung des akademischen Grades
Doctor of Philosophy (Ph.D.)
der Medizinischen Fakultat Carl Gustav Carus der
Technischen Universitét Dresden

vorgelegt

von

Wenling Gao

aus Wuhan, China

Dresden, 2013



1. Gutachter:

2. Gutachter:

Tag der mindlichen Prifung: (Verteidigungstermin)

gez.:

Vorsitzender der Promotionskommission



Table of content

Table of content

[, Table Of CONTENT.... . e e e et e e e e e e eeraan s [
[I.  List of @bbreviations ...........oiiiiiii e iv
S 10 o 4 o =T 1
P22 [ 911 o Yo [8 o i) o [PPSR SRRPPPRUPPIN 3
21 The process of DONE NEaIING .........uuiiiiiiiiiiiiiiiiiiii e 3
2.1.1 Stages of fracture healing ............ooiiiiiiiiii e 3
2.1.2 Early stage of inflammation............cccooooiiiiiiiii e 5
2.2 Clinical ChallENGES.......cooeiiiiiee et e e e e e eeaaaas 12
G T |V [ Tod oo [ =1 Y= 1 13
2.3.1 The principle of MIcrodialySis .........cccoeiiiiiiiiiiiii e 13
2.3.2 Parameters influencing the reCoVEry ............uueiiiiiiiiiiiice e, 15
2.4 AIM OF thiS STUAY ..eei et eeaaas 16
B |V = 1= = | SR 17
3.1 Materials, devices and @niMalS.........coouiiniiniie s 17
K O 1= 0 ] (7= £ USRI 18
3.3 Buffers and SOIULIONS ........oooiiiiiiie e 20
N 1Y { o oY < PP 22
4.1 BACKGIOUNG ...ttt 22
4.2 1N Vitro MICTOQIAIYSIS ......vvvtiiiiiiiiiiiiiiiiiiiiieeeiebeebieb et nn e e nnne 22
4.2.1 Preparation of the protein SOIUtION.............ccooiiiiiii e 22
4.2.2 Microdialysis sampling ProCeadUre ............coouiiiiiiiiiiiii e 22
4.3 1N VIVO MICTOAIAIYSIS ... etttttiiiiiiiiitiiititiiitteettbeeeee ettt ee s nesnbsssnnennnnnne 23
4.3.1 SUrgiCal PrOCEAUIE .......cooi i 23
4.3.2 SamPIe COIBCLON ... ... 24
N = T = TRST= T ] ] [ RPN 25
4.5 Determination of the fluid reCOVEIY ........ccooiiiiiiiiii e, 26
4.6 Determination of the relative reCoVEery ..........oovuiiiiiiiiiicc e, 26
4.7  Total protein MeaSUrEMENT .......coovuiiiii i 26
4.8 Cytokine and growth factor analysis ...........ccouvuiiiiiiiiiiiicce e, 26
4.8.1 IL-1B, IL-6, TNF-a and PDGF-BB ELISA.......ccoo i 27
4.8.2 VEGE ELIS A .o 27
4.8.3 TGF-Ba ELIS A 28
4.8.4 BMP-2 ELISA. ... 28
4.8.5 Proteome Profiler™ ArTay ............ccoooeoeieeeeeeeeeee e 29
4.9 Prot€OMIC @N@IYSIS .......uuuuuuiiiiiiiiiiiiiiiiiieieeiet e 30



Table of content

4.10 HistologiCal @NAIYSIS ........uuuueiiiiiiiiiiiii e 31
411 StatistiCal @NAIYSIS .....eeiiiiiiiiiii e 31
D RESUIS .ot a e e e e e ar s 32
5.1 Protein SeleCtion ... 32
5.2  Determination of fluid recovery in vitro and in Vivo ..............ccccccceiein 32
5.3  Determination of relative recovery (RR) in VItro ...........cccccoiiiiien 35
5.4  Determination of total protein concentration in Vivo..............ccccccciiieiiiiiiiiiiiiiicee e, 37

5.5 Determination of cytokine and growth factor concentration in the microdialysate in vivo

................................................................................................................................ 40

5.5.1 1L-6 CONCENIIAtioN ....ccoeeeiie e eeeeeeenees 40
5.5.2 TGF-B1 CONCENIIAtiON ....ovvuiiiiiiiiiiece et e e e eeaans 42
5.5.3 IL-1B CONCENIIAtION ...ovvviii it e e e 43
5.5.4 TNF-0 CONCENIIAtION .....uiiiieiieeee e e e e e 43
5.5.5 PDGF-BB, BMP-2 and VEGF concentration ...........ooeeoeee e 43
5.6  Determination of further cytokines and chemokines in the microdialysate in vivo....... 44
5.7  Protein determination using HPLC-MS/MS analysis ...........ccccouviiiiiiiiiiiiiiiiiiiiiiiiieeee, 45
5.7.1 Proteins in the microdialySate .................uuuiiiiiiiiiiiiiiiiiii s 45
5.7.2 Proteins on the surface of the probe ..., 47
5.8  Protein annotation ... 48
5.9 Determination of cytokines and growth factors in the blood plasma........................... 65
5.9.1 Determination of IL-6 in the blood plasma.............coooiiiiii e, 65
5.9.2 Determination of TGF-B1 in the blood plasma............coooeviiiiiiii i, 65
5.9.3 Determination of PDGF-BB in the blood plasma ..........cccccooiiiiiiiiiii e, 66
5.10 Histological analysis of the hematoma............cccccciiiiii 66
LT I =T 1= T o PSRRI 68
B.1  FIUI FECOVEIY ..ottt e e e e e e e e e e e e et a e e e e aeeeeaanes 68
6.2 Influence of the crystalloid perfusate on relative recovery..........cccccovveiiieiiiiiiiiiiiinnnnnn. 69
6.3  Relative recovery of cytokines and growth factors in vitro..............cccccccccvvveeeiiiieniinnn, 70
6.4  IN VIVO MICTOQIAIYSIS.......oeeeiiiiiei et e e e e e e e e eeaees 72
6.4.1 Total protein CONCENLratioN ...........uuiiiiiiiiiiie e 72
6.4.2 Annotation of proteins in hematoma identified by HPLC-MS/MS..............ccccvvnennnnn. 72
6.4.3 Identification of cytokines and bone related proteins ............cccoovvviiiiiiiiiiiiiiin. 74
6.5 The humoral inflammatory reSPONSE..........cooviiiiiiiiiiee e 79
B.6  CellUlar MESPONSE. ... ettt e e e e e e et eaaeeaanea 81
A o ] [o1 1] T o - TP 83
8 RETEIENCES ...t anaae 84
LS T Y o] o= o T 1O URRRPPRRRP 100



Table of content

S IRt B 1o T = o = PP PPPPPPPPPP 100
S D - o[ Lo (= PP PPPPPP 102
[ll. Eidesstattiche ErkIArung...............uuueeueiiiiiiiiiiiiiiiiiiiiiei e 103
V. SelbstandigkeitSerkIArung.............oiieiiii e 105
V. ACKNOWIEAGEMENES ...ttt 107



List of abbreviations

II. List of abbreviations

BMP
BM-MSCs
BSA
C3
CacCl,
CAM
CCL
CRP
CX3CL
CXCL
ECM
EDTA
EE
ELISA

Bone morphogenetic protein

Bone marrow derived mesenchymal stem cells
Bovine serum albumin

Complement component C3

Calcium chloride

Cell adhesion molecule

(C-C motif) ligand

C-reactive protein

(C-XXX-C motif) ligand

(C-X-C motif) ligand

Extracellular matrix
Ethylenediaminetetraacetic acid disodium salt
Extraction efficiency

Enzyme-linked immunosorbent assay
Equation

Fibroblast growth factor

Coagulation factors X

Hematoxylin and Eosin

Hydrochloric acid
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
High-performance liquid chromatography
Identifier

Insulin-like growth factor-1

Interleukin

Interleukin-1 receptor type Il

Interleukin-1 receptor antagonist
International Protein Index

Potassium chloride

Potassium dihydrogen phosphate
Macrophage colony-stimulating factor
Macrophage migration inhibitory factor

Matrix metalloproteinase



List of abbreviations

mRNA
MS
MSCs
MW
MWCO
Na,HPO,
NaCl
NaOH
NOS
OPN
Panther
PBS

PD
PDGF
PEEK
PER

pl
PMNs
PTH
RoBo-1
ROS
RR

SD
SDS-PAGE
TGF
TNF
uvB
VEGF
XCL

Messenger ribonucleic acid
Mass spectrometry
Mesenchymal stem cells
Molecular weight

Molecular weight cut-off
Disodium hydrogen phosphate
Sodium chloride

Sodium hydroxide

Nitric oxide synthase
Osteopontin

Protein Analysis Through Evolutionary Relationships
Phosphate buffered saline
Pixel density

Platelet-derived growth factor
Polyether ether ketone
Perfusion fluid

Isoelectric point
Polymorphonuclear leukocytes
Parathyroid hormone

Rodent bone protein

Reactive oxygen species
Relative recovery

Standard deviation

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Transforming growth factor
Tumor necrosis factor

Ultraviolet B

Vascular endothelial growth factor

(C motif) ligand



List of abbreviations

Terminology of microdialysis

[
Vmicrodialysate

Vtheory-

Concentration of analyte in microdialysate
Concentration of analyte in external fluid
Concentration of analyte in perfusate
Diffusion coefficient

Membrane’s length

Flow rate of the perfusate

Resistance to the microdialysate
Resistance to the external fluid
Resistance to the membrane

Radius of membrane surface

Radius of inner cannula,

Radius of inner side of membrane
Volume of collected microdialysate

Theoretical volume of microdialysate

Vi



Summary

1 Summary

The different strategies of tissue engineering for functional reconstruction of critical-size
bone defects require a thorough knowledge of physiological mechanisms of bone repair.
Bone healing is a complex process affected by various mediators. Several investigations
have studied the gene expression 1 to 3 days after an acute or experimental fracture. Little is
known about the humoral and cellular in vivo reaction in the early stages of bone healing. In
contrast to other methods of molecule sampling and detection, which usually lead to the
inhibition of the biological activity following complex sample preparation and quantification,
microdialysis is a real-time monitoring technique which can be applied in living tissues
providing a strong link between analytical methodology and biochemistry. In this study, the
optimal conditions for microdialysis in a critical size rat long bone defect model for both in
vivo and in vitro analyses were developed. Mediators and components of the extracellular
matrix occurring in the first 24 to 48 hours of bone healing locally and systemically were
monitored via microdialysis and blood sampling, respectively. Furthermore, novel proteins
and their modulation were explored during this time frame.

In vitro microdialysis was used to optimize the condition for protein recovery. Addition of
bovine serum albumin (BSA) resulted in an enhanced recovery of interleukin (IL)-6. The
maximal relative recovery (RR) was from 15.0% without BSA and 23.6% with BSA, while the
maximal RR of transforming growth factor (TGF)-B1 was 11.2% with BSA and the
concentration of TGF-B1 was below the detection limit of enzyme-linked immunosorbent
assay (ELISA) without BSA. Using in vivo microdialysis, total protein concentrations varied
between 0.20+0.12 mg/mL and 0.44+0.18 mg/mL. Among the mediators produced in the
fracture hematoma within 24 h after the injury, IL-6 was secreted with the highest
concentration of 309.1 pg/mL between 12 and 15 h after creation of the critical size bone
defect. Meanwhile, the detectable concentrations of TGF-B1 in microdialysates ranged from
3.6 t0 44.0 pg/mL and in blood plasma TGF-31 was constantly producted ranging from 656.3
to 8398.2 pg/mL for 24 h after bone defct. Moreover, another constant producted growth
factor in blood plasma was PDGF-BB and the concentration ranged from 222.1 to
589.4 pg/mLfor 8 h after bone defect. Using high performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS), 36 proteins were identified in the
microdialysates over 8 h, and 884 proteins were identified on probes which were implanted
into the bone defect over 24 h. Among the proteins identified in the hematoma, only a
minority originated from the extracellular space. Protein analysis indicated five pathways
associated with bone healing that were overrepresented after creating soft tissue and bone
defects, of which FGF signaling was specific for bone defects. Furthermore, C-X-C motif
ligands CXCL-1, CXCL-2, CXCL-3, CXCL-4, CXCL-5, CXCL-7, rodent bone protein (RoBo-1),



Summary

insulin-like growth factor (IGF)-I, and chitinase-3-like protein 1 were detected in the fracture
hematoma. These proteins are potentially associated to early bone healing. As seen by
histological analysis, polymorphonuclear leukocytes (PMNs) and lymphocytes penetrated
into the fracture hematoma immediately after surgery and peaked at 24 h.

This study for the first time presents data from both the local and systemic acute
response to bone and soft tissue injury in a small animal model. The results of mcrodialysis
sampling may serve as a baseline for future investigations on different models and time
frames. Several proteins and pathways have been identifeid as potentially important for early

bone regeneration warranting in depth analysis in further studies.

Keywords: microdialysis, bone, critical-size defect, cytokine, growth factor, sampling
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2 Introduction
2.1 The process of bone healing

Bone tissue has a hierarchical structure and is a complex and delicate biological system.
Upon injury, bone tissue is able to undergo healing process with remarkable self-repairing
capacity without fibrous scar formation. The fracture healing process consists of the following
4 natural stages: 1) inflammation, 2) soft callus, 3) hard callus, 4) remodeling (Fig. 1) (Kolar
et al., 2010). These stages have been well summarized and characterized by histological
investigation (Einhorn, 1998).

Fracture

Softcallus Hard callus Remodeling

fibrous fissue _ d
_ hyaline cartilage lammelar bone

mineralization of cartilage

a woven bone regenerated issue

renortue ol e
forming of fracture hematoma :
coagulation
inflammatory factors
cell activation
Fig. 1: The bone healing process with consecutive and overlapped stages (Kolar et al.,

2010).

2.1.1 Stages of fracture healing

a) Inflammation

The inflammation stage includes the formation of a hematoma. The trauma leads to the
injury of blood vessels at the fracture site. The gap of the fracture is soon occupied by the
hematoma and hemostasis occurs immediately (Ozaki et al., 2000; Schmidt-Bleek et al.,
2009). Following the formation of the hematoma, the inflammation response is initiated. The
acute inflammation peaks within 24 h and can last for several days (Cho et al., 2002). The
predominant phenomenon at this stage is infiltration of immune and inflammatory cells
derived from bone marrow, surrounding soft tissues or leaking from the destructed vessels.
Meanwhile, the mesenchymal stem cells (MSCs) or osteoprogenitors recruit to the local site

and respond at fracture site from peripheral blood, bone marrow, endosteum, periosteum,
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muscle or adipose tissue (Caplan, 1991; Kitaori et al., 2009; Beamer et al., 2010). Meanwhile,
kinds of mediators are released from collapsed tissue and also secreted by activated cells.
Via the interactions between cells and the mediators, a cascade of healing processes is
activated. During this stage MSCs begin to differentiate into chondrogenitors/chondrocytes or
osteoblasts (Einhorn, 1998; Phillips, 2005). On the other hand, the angiogenesis is initiated
(Dimitriou et al., 2005). With the synthesis of a variety of collagen isotypes and fibrous tissue
in the hematoma, granulation tissue gradually replaces the hematoma (Ozaki et al., 2000;
Winn, 2005; Kolar et al., 2010).

b)  Soft callus

Following inflammation, callus formation occurs. The kinetic of this process depends on
the fracture site with the formation of compact bone being more slowly than cancellous bone
(Frost, 1989). Endochondrogenesis and initial ossification are the predominant features
during this stage. Transforming growth factor (TGF)- is discussed to be involved in the
initiation of callus formation (Bostrom, 1998). After removing granulation tissue by invading
macrophages and giant cells, the cartilage is gradually formed by differentiating and
proliferating chondrocytes (Einhorn, 1998). Due to the secretion of chondrocytes and their
progenitors, the cartilage extracellular matrix (ECM) is abundant with proteoglycans such as
aggrecan and collagen. Among the collagen, type Il and type X collagen are regarded as
ECM markers at this stage (Einhorn, 1998). With the process of chondrogenesis the fracture

ends are bridged by formed cartilage (Barnes et al., 1999).

c) Hard callus

During the soft callus formation, proliferating and differentiating osteoblasts start to
generate woven bone beneath the periosteum (Nakamura et al., 1998; Einhorn, 1998). When
the soft callus becomes hypertrophic and the fracture stabilizes, the cartilage ECM gradually
mineralizes via the hypertrophic chondrocytes and later osteoblasts. Osteocalcin as the
marker of osteogenesis is initially detected (Einhorn, 1998). Then the cartilage is degraded
by activated chondroclasts (Einhorn, 1998). With apoptosis of chondrocytes,
osteoprogenitors and capillaries invade into the mineralized cartilage with the
osteoprogenitors orienting along the neovessel (Einhorn, 1998; Barnes et al.,, 1999;
Deschaseaux et al., 2009). Finally, the mineralized cartilage is replaced by woven bone and

the bridged bone becomes rigid (Gerstenfeld et al., 2006).

d) Remodeling
The remodeling stage initiates approximately several weeks after fracture and can
continue for years until the affected bone regains its original shape, structure and mechanical

strength. Following the Wolff’s law and the process of resorption by osteoclasts combining
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with bone formation by osteoblasts, the external callus is absorbed and woven bone is slowly
remodeled into lamellar bone which parallels to the longitudinal axis (Shapiro, 2008). In the
meantime, the resorption of internal callus generates the medullary canal (Marzona &
Pavolini, 2009).

2.1.2 Early stage of inflammation

During wound healing inflammation has profound physiological purposes such as host
defense against infection, restoration of the homeostatic state, adaption to stress, tissue-
repair response and restoration of function (Li et al., 2007a). The cellular actions and
inflammatory signals following injury are critical in response to trigger and regulate bone
regeneration and for successful bone repair (Mountziaris et al., 2008). When the
inflammatory process is disturbed, bone healing will be impaired (Gerstenfeld et al., 2003;
Phillips, 2005; Wallace et al., 2011).

1) Coagulation and complement system during bone healing

Before inflammation starts, the hemostasis and the hematoma formation are initiated first.
The coagulation can be triggered by the extrinsic and intrinsic pathways or both (Fig. 2). The
extrinsic pathway depends on the release of tissue factor, whereas the intrinsic pathway is
activated when the ECM is exposed in the vascular wall (e.g. collagen) and activates the
platelets due to the injury. Both pathways can activate coagulation factor X (FX) to FXa and
subsequently generate thrombin that cleaves the soluble plasma fibrinogen into monomer
fibrin (Baum & Arpey, 2005; Chu, 2010). The fibrin monomers covalently cross-link with FXIII
which is released by activated platelets. Hence, a stable insoluble fibrin clot forms. In a rat
ribs fracture model, the fibrin clot was formed at the end of fractured fragment 12 h after
surgery (Brighton & Hunt, 1991). With the coagulation, the clot becomes the matrix for
recruitment of migrating or resident cells and the reservoir of mediators (Kurkinen et al., 1980;
Street et al.,, 2000). Many mediators derived from activated degranulating platelets can
trigger chemotactic signals. The released mediators include fibroblast growth factor (FGF)-2,
platelet-derived growth factor (PDGF), large quantities TGF-31, epidermal growth factor,
B-thromboglobulin, (C-X-C motif) ligand (CXCL)-4, histamine, serotonin and prostaglandins
(Gruber et al., 2003; Broughton et al., 2006). Attributed to the powerful mediators, the
platelets are involved in many processes during fracture healing beside coagulation. They
are associated with the initiation and the modulation of immediate bone fracture due to the
release of the growth factors PDGF and TGF-31 (Bolander, 1992). Moreover, they can

activate the complement system (Peerschke et al., 2006).
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Intrinsic pathway Extrinsic pathway
collagen
high molecular weight kininogen (HMWK)
prel‘a”'kre'” FVIl—— FVila tissue factor
FXII — ¥ » FXlla
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&
<
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cross-linked fibrin polymer

Fig. 2: Scheme of coagulation cascade.

Complement system plays an important role in the pathogenesis and removing damaged
tissue. Furthermore, it is also involved in the processes of opsonization of pathogens,
formation of anaphylatoxins or elimination of immune-complexes during inflammation
(Ehrnthaller et al., 2011). The complement system is activated through 3 ways: the classical,
the alternative, and the lectin pathway. All 3 ways can induce the complement components
C3b and C5b from C3 and C5. C3b and C5b not only lead to the formation of membrane
attack complex which causes the pathogens lysis, but can also bind with pathogens and
promote phagocytosis by neutrophils and macrophages as opsonins. After bone is injured,
they also function essentially for the bone regeneration (Schoengraf et al., 2013). Apart from
the strong immune and inflammatory response induced by the complements, which
influences fracture healing indirectly, the complements exert the potency in the aspects of
osteoprogenitors (Recknagel et al., 2012; Schoengraf et al., 2013), The anaphylatoxins (C3a
and C5a) cleaved from C3 and C5 act as powerful chemoattractants for human MSCs in vitro

and the recruitment of osteoblasts during the rats fractured bone healed in vivo
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(Schraufstatter et al., 2009; Ignatius et al., 2011). In addition, complements directly influence
the osteoblast-osteoclast interaction and modulate the inflammatory response by

osteoblasts (Recknagel et al., 2012; Schoengraf et al., 2013).

2) Inflammatory cell response

Coagulation and inflammation correlate tightly. During coagulation, the vasoconstriction,
vasodilatation and elevation of vascular permeability occur due to effects of the
vasoconstrictors that are produced by the activated platelets like histamine, serotonin and
prostaglandins.

With the vasodilatation, the elevation of vascular permeability and the chemotactic
gradient of chemoattractants, inflammatory cells and progenitors migrate towards the injured
site. Among the inflammatory cells neutrophils, monocytes and macrophages are
predominant (Hietbrink et al., 2006; Li et al., 2007a). The migration of these cells depends on
the upregulaed expression of cell adhesion molecules (CAM) on endothelial cells (Beamer et
al., 2010). Furthermore, they migrate to the injured site sequentially. Neutrophils, as the
major part of polymorphonuclear leukocytes (PMNs), are known to be the first group of cells
arriving at the site of injury. This might be due to the higher percentage of neutrophils in the
blood compared to monocytes and to the kinetics of expression of leuko-endothelial
adhesion molecules (Kaplanski et al., 2003). Moreover, cytokines and chemokines play a
role for the migration of neutrophils. IL(interleukin)-1 and tumor necrosis factor (TNF)-a can
promote the expression of vascular cell adhesion molecules (VCAM)-1 and endothelial
leukocyte adhesion molecule (ELAM)-1 on blood vessels and enhance the neutrophil
migration (Pohlman et al., 1986; Osborn et al., 1989; Bevilacqua et al., 1989). IL-6-sIL-6Ra
complex can activate the vascular endothelial cell to secrete CXCL-8 which attracts
neutrophils, and might favor the resolution of infiltration of neutrophils during acute
inflammation (Romano et al., 1997; Kaplanski et al., 2003). .

(Lee et al.,, 2009b). On account of the potent mediators in the early injured site, the
human fracture hematoma was found to enable an activation of neutrophils and result in an
increased neutrophil infiltration due to the toxicity to vascular endothelial cell and disrupting
the integrity of the endothelial barrier (Timlin et al., 2005). However, in a sheep tibia fracture
model, the first arrived neutrophils declined with increasing lymphocytes within 4 h after
surgery (Schmidt-Bleek et al., 2009). Generally, the peak of neutrophils infiltration came at 24
to 48 h after injury (Witte & Barbul, 1997). Apart from the effect of cytokines (IL-1 and TNF-a)
and chemokines (CXCL-4 and CXCL-8), many other chemoattractants affect the migration of
neutrophils, such as PDGF, TGF-B, CXCL-1, C5a and leucotriene B4 (Deuel et al., 1982;
Shibata et al., 1996; Kaplanski et al., 2003). Among these chemoattractants, part of them are
responded by the release from activated platelets (IL-1, TNF-a, CXCL-4, complement, PDGF
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and TGF-B) (Broughton et al., 2006).

The main tasks of the infiltrated, activated neutrophils are the clearing from bacteria and
cellular debris via reactive oxygen species (ROS) and proteolytic enzymes (Broughton et al.,
2006). For human bone fracture, the production of ROS increases in PMN by using 48 h- to
5 day-old human fracture hematoma fluid (Hauser et al., 1999). Meanwhile, Timlin et al.
found 48 to 72 h-old human fracture hematoma responded to the delay of neutrophil
apoptosis. They considered that IL-6, granulocyte macrophage colony-stimulating factor and
platelet-activating factor were associated with the biological foundation of the delay (Timlin et
al., 2005). Many matrix metalloproteinases (MMP) produced by neutrophils such as MMP-8
and MMP-9 are a group of enzymes that degrade the collagen in damaged ECM and
promote the tissue remodeling (Kjeldsen et al., 1992; Nwomeh et al., 1998; Broughton et al.,
2006). Besides the effects of phagocytosis and ECM destruction, PMNs are the major
producer of pro-inflammatory cytokines (IL-1a, IL-18 and TNF-a), which is very important
during initiation of wound healing in mice (Hibner et al., 1996). Although neutrophils are
believed to be inessential for tissues repair, their phagocytosis is taken over by the following
macrophages especially in the case of absent bacterial contamination (Simpson & Ross,
1972; Witte & Barbul, 1997).

Following the infiltration of neutrophils the monocytes as the precursors of macrophages
start to accumulate (Broughton et al., 2006). The transition from neutrophils to monocytes
contributes to the shift of the subtype of chemokines via IL-6-slL-6Ra complex (Kaplanski et
al., 2003; Broughton et al.,, 2006). Chemokine superfamily as a subset of cytokines are
mainly responsible for chemotaxis and were divided into 4 major groups according to the
protein structure (Broughton et al., 2006):

a) CXC-subfamily: e.g. CXCL-1, CXCL-2, CXCL-3, CXCL-4, CXCL-8;

b) C-C-subfamily: e.g. (C-C motif) ligand (CCL)-2, CCL-4, and CCL-5,

c) C-subfamily: (C motif) ligand (XCL)-1 and XCL-2.

d) CX3C-subfamily: (C-XXX-C motif) ligand (CX3CL)-1.

The different cysteine patterns chemoattract different types of inflammatory cells. The
CXC-subfamily chemokines with ELR motif, e.g. CXCL-1, CXCL-2, CXCL-3, chemoattract
only neutrophils. Whereas without the ELR motif, e.g CXCL-9, only activated lymphocytes
were chemoattracted (Shibata et al., 2002; Broughton et al., 2006). In addition,
C-C-subfamily chemokines are chemotactic for lymphocytes, monocytes, eosinophils and
basophils except neutrophils (Broughton et al., 2006).

Among these chemokines, CXCL-8 and CCL-2 are believed to be the most important for
the recruitment of neutrophils and monocytes, respectively. Meanwhile CXCL-4 is also able
to chemoattract monocytes (Deuel et al., 1981). Besides chemokines, PDGF, vascular

endothelial growth factor (VEGF) and TGF-B are also able to chemoattract monocytes (Deuel
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et al.,, 1982; Wahl et al., 1987; Clauss et al., 1990). Normally during wound healing
monocytes are attracted around 48 to 96 h after injury with a peak after 48 h, and they
transform into macrophages (Witte & Barbul, 1997; Broughton et al., 2006). In a mice tibia
fracture model, the monocytes appeared in the hematoma within 24 h after surgery (Bourque
et al., 1993). At the periphery of hematoma, few macrophages occurred within 24 h as well in
the mice tibia fracture model (Bourque et al., 1993; Kon et al., 2001). The transformation of
macrophages from monocytes only took few hours, and after 48 h the number of
macrophages increased (Bourque et al., 1993). Moreover, the molecules that activate the
coagulation can also activate monocytes and macrophages (Opal, 2000). They produce
many important mediators. Monocytes produce and express IL-6, IL-1, TNF-a, FGF and
PDGF (Wahl et al., 1987; Dimitriou et al., 2005). Among them IL-6 facilitate the differentiation
of monocytes into macrophages (Kaplanski et al., 2003). Macrophages are essential for
wound healing (Broughton et al., 2006). In a mice macrophages cell line study C5a was
found to act as a strong chemoattractant for macrophages (Aksamit et al., 1981). During the
inflammation, the major roles of macrophages are phagocytosis and the removal of the
debris using enzymes (Witte & Barbul, 1997). Furthermore, macrophages are responsible for
the production of IL-1a, IL-1B3, IL-6, TNF-a, TGF-3, FGF-2, VEGF-A and insulin-like growth
factor (IGF)-1 (Bourque et al., 1993; Kon et al., 2001; Werner & Grose, 2003). By producing
MMPs, monocytes and macrophages can digest the ECM (Broughton et al., 2006; Beamer et
al., 2010). In a model of mice tibia fracture macrophages also seem to initiate cell division at
the fracture site via the production of PDGF (Bourque et al., 1993). In addition, the
monocytes and macrophages lineages would transform into osteoclasts for the process of
bone healing (Schoengraf et al., 2013).

Although lymphocytes were reported to be present in sheep fracture hematoma as early
as 4 h after surgery, normally for wound healing they peaked at the end of inflammation
(Witte & Barbul, 1997; Schmidt-Bleek et al., 2009).

With the infiltration of those inflammatory cells, degranulating platelets and activated
endothelial cells, many cytokines and growth factors are regulated particularly within 24 h
after fracture according to various in vivo studies. IL-6, IL-1B and TNF-a were strongly
expressed and peaked at 24 h after bone fracture in mice model, then their level decreased
at day 3 (Kon et al., 2001; Cho et al., 2002). Except for the effect of chemotaxis mentioned
above, these cytokines responded for the enhancement of the ECM synthesis and
angiogenesis (Kon et al., 2001). Moreover, cells affect the osteopregenitors during the early
inflammation stage. In in vitro studies IL-18 and TNF-a were found to inhibit the proliferation
or differentiation of MSCs (Lacey et al. 2009; Lange et al. 2010). Furthermore, TNF-a down-
regulated the osteocalcin gene promoter in osteoblast-like cells, while IL-6 played a minor

role in vitro (Li & Stashenko, 1992). Besides, immunosuppressive factor IL-10 was released
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in the human hematoma within 24 h after fracture to modulate the immune response (Hauser
et al., 1996).

3) Bone-related cellular response during fracture healing

In vitro studies showed that besides the complement components, bone morphological
protein (BMP)-2, BMP-4 and PDGF-BB modulated the chemotaxis for human MSCs,
nevertheless, the chemotactic ability of BMP-2 is still controversial (Fiedler et al., 2002; Bais
et al., 2009). During the inflammatory stage of bone healing, the bone marrow derived MSC
(BM-MSC)-like cells appeared in the 48 h human fracture hematoma (Oe et al., 2007).
Although many researches considered that the MSCs originated from the surrounding soft
tissues and bone marrow, the systemic derived MSCs in the injured site seem to be
necessary for an optimal healing response (Kitaori et al., 2009; Marsell & Einhorn, 2011).

Many growth factors, such as TGF, VEGF and PDGF, are capable of enhancement of
osteogenesis. As a member of the TGF-family, TGF-B1 is released from degranulating
platelets and the destructed bone matrix after bone injury (Assoian et al., 1983; Janssens et
al., 2005). It recruited osteoblast progenitors, stimulated their proliferation and differentiation
and synthesis of ECM (Joyce et al., 1990; Janssens et al., 2005). TGF-B1 has a high basal
level of expression in the intact mice tibias, and sharply rises as early as 12 h, and by day 1
after fracture the expression returned to the baseline level seen in the intact tibias (lto et al.,
1999; Cho et al., 2002). Besides, PDGF exhibited the ability of osteogenesis during bone
healing. /In vitro PDGF can induce osteoblasts to secrete osteopontin (OPN) (Tanaka & Liang,
1995). Within 2 days after mice tibia bone fracture PDGF that was produced by
macrophages may act as a key to initiate the cell division in fibroblast-like MSCs and of cells
in the cambial layer of the periosteum (Bourque et al., 1993). Nevertheless, because of the
outstanding osteoinductive potential, the BMP family was investigated intensively in the
context of bone healing during the years. Compared with other growth factors such as VEGF
and PDGF-BB, BMP-2 exerted a stronger potential of osteogenesis based on a delayed-
union rat model (Kaipel et al., 2012). In an in vitro study Bais et al. have demonstrated
BMP-2 was essential for the differentiation of the MSCs (Bais et al., 2009). After bone
fracture in a mice model, BMP-2 was found to be the earliest induced gene with strong
expression that achieves maximum expression 24 h after surgery (Cho et al., 2002). At the
protein level, BMP-2 was observed on day 2 in swelling periosteum which was distal and
proximal to the fracture site (Bostrom et al., 1995). By blocking BMP-2 signaling, the bone
formation will pause at very early stage (Tsuiji et al., 2006).

During the inflammtion stage of fracture, some osteoclasts usually appear to resorbe the
surface of the fracture (Frost, 1989). Horowitz et al. has summarized IL-1 and TNF can

directly stimulate osteoclast formation in vitro (Horowitz & Lorenzo, 2008). The messenger
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ribonucleic acid (MRNA) of osteoprotegerin (OPG), receptor activator of nuclear factor kB
ligand (RANKL) and macrophage colony-stimulating factor (M-CSF), which were related to
the osteoclast differentiation increased as early as 24 h after fracture in mice (Kon et al.,
2001). Furthermore, VEGF that is involved in migration, survival and stimulation of
monocytes and macrophages can indirectly influence the osteoclast formation (Nakagawa et
al., 2000).

4) Angiogenesis during the inflammatory stage

Angiogenesis is important and essential for bone healing since it not only transports
oxygen and nutrient for the cells but also MSCs for osteoblast differentiation (Beamer et al.,
2010). Generally this process is initiated 3 days after bone injury (Dimitriou et al., 2005).
Nevertheless, the concentration of PDGF and VEGF, two important related growth factors,
elevated at high level in human fracture hematoma within 24 h after injury in comparison to
plasma level (Street et al., 2000; Street et al., 2001). At genetic level, expression of VEGF
was upregulated within 24 h after the tibia was fractured in a mice model which reflected the
early response to the bone injury (Schmid et al., 2009). VEGF as a potent endothelial cell
mitogen was able to attract myocytes in vitro (Grosskreutz et al., 1999). Some angiogenic
genes like hypoxia-inducible factor 1-alpha (HIF-1a), which is associated with the production
of VEGF, was upregulated in periosteum within 24 h after the sheep tibia was osteotomized
(Schmidt-Bleek et al., 2012).

5) Other mediators during the early inflammation

IGF-1 is stored predominantly in the bone ECM of rodents and can also be released
from platelets into the hematoma as a major signaling mediator to control the inflammatory
cascade (Bautista et al., 1990; Phillips, 2005). It is induced by growth hormone and effected
by parathyroid hormone protein (PTH) (Rosen & Niu, 2008). Furthermore, 24 h after limb
fractures the mRNA of IGF-I and parathyroid hormone-related protein (PTHrP) which is a
member of PTH family were expressed in periosteum both in the mice and the rat model (lto
et al., 1999; Okazaki et al., 2003). In Bourque’s research, IGF-1 was only identified in young
chondroblasts at the protein level after fracture in mice tibia, while the expression of PTHrP
experienced for the entire healing period but at a low level (Bourque et al., 1993; Ito et al.,
1999).

The members of the FGF family are critical during fracture repair. FGF-1 and FGF-2 are
abundant in bone ECM (Barnes et al., 1999). During the inflammation stage FGF partially
derives from platelets, and is partially expressed in macrophages or periosteal cells among
the granulation tissue (Bolander, 1992). Bourque et al. found FGF-2 was initially stained in

cells of the expanding cambial layer of the periosteum during soft callus stage (Bourque et al.,
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1993). By gene analysis in mice with fractures, Schmid et al. found FGF-1, FGF-2 and FGF-5
were upregulated at 24 h after bone injury and played a redundant role during early response.
Since the increasing expressions of FGF-1 and FGF-2 might partially contribute to the
fixator-induced trauma, they suggested that FGF-5 was important for the early fracture
healing comparing with FGF-1 and FGF-2 (Schmid et al., 2009).

Although the formation of soft and hard callus followed inflammation, many chondrogenic
and osteogenic related genes were also expressed during the early inflammatory stage.
Indian hedgehog (lhh), smoothened (Smo) and patched (Ptc) which were involved in
differentiation, proliferation and maturation of chondrocytes were upregulated from 8 to 12 h
after mice tibias fractured (Ito et al., 1999). OPN and osteocalcin as markers of osteogenesis
increased as early as 6 h after bone fracture and the high expression persisted over 24 h in
mice tibiae (lto et al.,, 1999; Kon et al., 2001; Cho et al.,, 2002). Furthermore, many
researchers have found the expression of type | collagen which is the main component of the
bone ECM elevated within 24 h after the mice tibia fractured (Gerstenfeld et al., 2001; Kon et
al.,, 2001; Cho et al., 2002). Nevertheless, Schmid and his colleagues did not find an
expression of any marker of chondrogenesis or osteogenesis within 24 h after mice fracture
(Schmid et al., 2009).

2.2 Clinical challenges

Unfortunately, not every fractured bone is able to heal completely. In the clinic, many
reasons such as serious trauma, tumor resection, inflammation, pathological degeneration or
congenital malformations can induce critical-size bone defects. The severe destruction of
tissue and loss of bone marrow and periosteum generate a loss of powerful osteoprogenitors
and osteoconductive material. This causes disability of spontaneous bone healing, which
subsequently induces pseudoarthrosis or nonunion that lead to severe impairment of lifestyle
for the patient and become a great challenge in the clinic (Calori et al., 2007). Instead of
bridging segmental bone, only loosen fibrous connective tissue, small amount of cancellous
and woven bone were observed at the edge of defect towards the periosteum side, and then
bone formation ceased (Chiba et al., 2001; Kirker-Head et al., 2007). To overcome the
limitation of physiological healing, great efforts have been made during past decades to
enhance bone healing. So far, the golden standard of treatment is autogenous bone graft.
But it has many drawbacks, such as limitation of bone availability, significant morbidity at the
donor site and continuous pain, extra surgery and the risk of virus infection, particularly when
large grafts are required (Sutherland & Bostrom, 2005). Hence, developing an approach to
accelerate bone regeneration is required. Considering the importance of the initial healing

cascade in bone, to characterize the early physiological changes in bone defect might
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contribute to understand the mechanism of bone defect healing and the improve the

approach for future therapies.
2.3 Microdialysis

Microdialysis is a well-established powerful sampling technique to monitor target
molecules in tissues or fluid compartments in vitro or in vivo. Originally, it was termed
intracranial dialysis and applied to collect chemical information in rodent brain (Stenken,
2006). Other than in the brain this technique is now widely used in multiple organs such as
skin, muscle, adipose tissue and eye (Louzada-Junior et al.,, 1992; Rosdahl et al., 1998;
Averbeck et al., 2006). However, few researches have applied this technique in bone tissue.
Those studies mostly focused on the pharmacological metabolism, the mechanical response
or the blood flow in ischemia in bone (Thorsen et al., 1996; Stolle et al., 2004; Bagehgj et al.,
2007). Only one study applied microdialysis on the analysis of TNF-a after muscle flap

transposition during a canine tibia fracture (Brown et al., 2000).
2.3.1 The principle of microdialysis

The principle of microdialysis is based upon the diffusion of molecules through a semi-
permeable membrane due to a concentration gradient (Fig. 3). The diffusion coefficient (D) is
a parameter describing the efficiency of the molecular diffusion. Higher value of D indicates
increasing amountS of molecules that diffuse within an interval. For small molecules e.g.
inorganic ions and glucose, D ranges from 107°-10° cm?s whereas for large molecules e.g.
proteins, D decreases to the grade of 10°-107" cm?/s (Klein et al., 1979; Rosenbloom et al.,
2005). The semi-permeable membrane controls the influx of molecule into the microdialysate
according to the molecular weight cut-off (MWCOQO) of the membrane. The commercially
available membrane MWCO ranges from 6-300 kDa. Only molecules whose molecular
weights are smaller than the MWCO are able to pass through. Previously this technique was
exclusively used to recover small hydrophilic molecules. But nowadays it is also extensively

used for large biomolecule sampling such as proteins (Stenken, 2006; Wang et al., 2007).

13



Introduction

outlet\ ;frinlet membrane

T,
¥ .

auelquisw
—
o
e

o '--"'._..f’ external fluid >

cannula

Fig. 3: Scheme of the microdialysis recovery process. a) Sagittal plane of the probe
membrane area in tissues. Red, small molecules, Yellow, large molecules. b) Cross section
of probe. rq, rg ro are the radius of inner cannula, inner side of membrane and outer

membrane surface respectively and L is the length of the membrane.

The recovery efficiency is assigned to evaluate the efficiency of sampled molecules. Two
parameters are commonly used: 1) the absolute recovery which represents the total amount
of the target molecule recovered in a microdialysate, 2) the extraction efficiency (EE) which
represents the percentage of the target molecule concentrations in a microdialysate to the
concentrations of the target molecule that is in the external fluid (Nandi & Lunte, 2009). The
EE is mostly used to evaluate the recovery efficiency and a mathematical equation is
established to describe it (Eq.1) (Bungay et al., 1990).

EE=C0 "G 100% = | 1— exp| - 1 x100% Eq. 1
C.-C Q,(Ry+R, +R,)

Cq, Ce and C; are the concentrations of the molecules in the microdialysate, the external
fluid and the perfusate, whereas Qq is the flow rate of the perfusate; Ry, R, and R, the
resistances to the microdialysate, the membrane and the external factors (such as a complex
matrix). These three resistance parameters negatively correlate with D in the microdialysate,
the external fluid and the perfusate. For the recovery mode which indicates C=0, the EE is
known as the relative recovery (RR) and Eq.1 can be simplified as:

RR=%X1OO% Eq. 2

e

Practically the equilibrium between the microdialysate and the external fluid is hard to

obtain. Hence, the RR will never reach 100% and cannot reflect the absolute value in the
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external fluid. In order to resolve this problem, diverse calibration methods have been
proposed (Plock & Kloft, 2005). However, none of them are perfectly practicable. Although
the concentration of the target molecule in the microdialysate is not the absolute value, the
relative level which changes from baseline may be more effective in some cases (Clough,
2005). Once the microdialysis is attempted to set up, there are several factors which

influence the recovery and should be taken into consideration.
2.3.2 Parameters influencing the recovery

1) Probe geometry and materials

The length and thus the extensive area of the probe membrane can increase the RR.
The physical property e.g. the charge of the membrane also interferes the process of
recovery (Zhao et al., 1995). Moreover, to enhance the RR the polymer membranes have
been chemically or biologically modified (Huinink et al., 2010; Dahlin et al., 2010).
2) Molecular weight cut-off

The molecular weight is negatively associates with the RR (Helmy et al., 2009). Only the
target molecules whose molecular weights are one-third to -fourth less than MWCO are
readily recovered (Torto et al., 1998; Plock & Kloft, 2005). The tertiary-quaternary structure of
proteins, the shape or the radius of the hydration shell of the molecules in the medium also
affect the recovery (Ao et al., 2004; Rosenbloom et al., 2005). Although the higher MWCO
permits more and larger molecules passing through, it conversely induces the fluid loss from
the perfusate, which is harmful for large molecule recovery (Ao & Stenken, 2006).
3) Perfusate

Physiological solutions are normally used to perfuse, e.g. the Ringer’s solution, saline,
phosphate buffered saline (PBS) or artificial cerebrospinal fluid (Stolle et al., 2004; Hillman et
al., 2005; Takeda et al.,, 2011). The ion strength, the osmotic value and the pH of the
perfusate also influence the recovery (Zhao et al., 1995; Trickler & Miller, 2003; Helmy et al.,
2009). Addition of colloid to crystalloid perfusates can avoid perfusate loss and enhance the
recovery through increasing the colloid pressure (Hamrin et al., 2002). Among the colloids,
dextran and bovine serum albumin (BSA) are the mostly used. Beside the colloid, heparin-
immobilized microspheres or antibody-coated microspheres also have been designed to
enhance protein recovery of specific proteins (Ao et al., 2004; Duo & Stenken, 2011).
4) Flow rate

Theoretically, a lower flow rate induces a higher RR according to Eq.2. When the flow
rate approaches zero, an equilibrium becomes accessible and the RR is close to 100%.
However, the ultraslow flow rate implies smaller volume of collected microdialysate at an

interval and requires a long time to collect adequate volume for analysis. Meanwhile, long
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time and small volume of microdialysate induce a subsequently risk of evaporation
(Menacherry et al., 1992). Routinely, flow rate ranges between 0.1-5.0 yL/min for protein
recovery. On the other hand, a higher flow rate is beneficial for protein recovery, because the
higher flow rate can diminish the binding of proteins to the inner surface of the membrane
especially for hydrophobic proteins (Waelgaard et al., 2006).
5) Other factors

A higher temperature leads to a higher D of the molecules in terms of the thermal kinetic
motion principle which indicates the higher RR. Nevertheless, in life science the body
temperature is recommended for microdialysis studies (Plock & Kloft, 2005). The positions of
the collection tubes for microdialysates induce different hydrostatic pressures which is
associated with the amount of fluid loss (Hamrin et al., 2002). Then the properties of the
membranes change over time especially for long-term implantation of the probe which might
cause a foreign body reaction (Wang et al., 2007; Helmy et al., 2009).

Although the microdialysis is applied widely, so far, none has been applied to investigate
the dynamic changes of mediators in a critical size bone defect during the early stage of

healing.

2.4 Aim of this study

It is well known that the inflammation stage is critical for fracture healing. However, this
process has not been thoroughly characterized at the site of injury so far. Therefore,
microdialysis was established in rats with bone and soft tissue defects to identify and
characterize the inflammatory reaction in the early stages of bone healing. The principal aims

of this study were:

1) Establishing microdialysis a s a method to characterize the early stages of bone healing
and creating a baseline for further observations

2) To identify and monitor the level of selected local cytokines and growth factors within
24 h after creating bone defects in vivo

3) To identify proteins present in bone and soft tissue defects in vivo

4) To identify and monitor the level of circulating cytokines and growth factors within 24 h
after creating bone defects to characterize the systemic response to injury in vivo

5) To characterize the morphological features of the fracture hematoma with 48 h after

creating bone defects in vivo.
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3 Materials

3.1 Materials, devices and animals

BD Falcon® Tube (15 mL and 50 mL)
CMA 20 Microdialysis Probe
CMA 402 syringe pump

Dental micromotor including foot switch and
handpiece

Gigly wire saw 0.22 mm

Hand drill

HandyStep® electronic repetitive pipette
Infinit M200 pro microplate reader

Leica camera DC 300
Light microscopy

LTQ Orbitrap XL Mass Spectrometer
MF-ChemiBIS 1.6

Micotubes (1.5 mL and 2 mL)
Microcentrifuge 5415 R

Microsyringe 1 mL

NanoAcquity Nanoflow HPLC system
NanoDrop ND-2000c¢ Spectrophotometer
Nunc 96-well plate

Precision Dispenser Tips (5 mL and 12 mL)
RatFix drill- & saw guide 6 mm

RatFix plate, 8 hole at 23 mm, Femur
RatFix shoulder screw 0.7x5.7 mm
Rotamax 120

Rotation microtome RM2055
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BD Biosciences, Bedford, USA
CMA Microdialysis AB, Solna, SWE
CMA Microdialysis AB, Solna, SWE

Eickemeyer Medizintechnik fur Tierarzte KG,
Tuttlingen, GER

RISystem AG, Davos, SUI

RISystem AG, Davos, SUI

Brand GmbH & Co. KG, Wertheim, GER
Tecan Group Ltd., Mannedorf, SUI

Leica Microsystems CMS GmbH, Heerbrugg,
Sul

Leitz DMRBE, Leica Mikrosysteme Vertrieb
GmbH, Wetzlar, GER

Thermo Fisher Scientific Inc., San Jose, CA,
USA

DNR Bio-Imaging Systems, Israel

Sarstedt AG & Co., Nimbrecht, GER
Eppendorf AG, Hamburg, GER

CMA Microdialysis AB, Solna, SWE

Waters GmbH, Milford, MA, USA

PEQLAB Biotechnologie GmbH, Erlangen,
GER

Thermo Fisher Scientific Inc., Roskilde, DEN
Brand GmbH & Co. KG, Wertheim, GER
RISystem AG, Davos, SUI

RISystem AG, Davos, SUI

RISystem AG, Davos, SUI

Titramax, Heidolph, Schwabach, GER

Leica  Mikrosysteme  Vertrieb

Nussloch, GER

GmbH,
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Semi-Micro Balance series 225SM-DR
Thermomixer® comfort 5355
Tissue Processor STP 420

TriVersa NanoMate Nano-electrospray ion
source

Vacuum concentrator plus

Wistar rat

3.2 Chemicals

0.9% sodium chloride (0.9% NacCl)

1,4-Dithiothreitol
10% Glucose
2-lodoacetamide

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES)

Acetonitril, ROTISOLV®, HPLC Gradient
Grade, Methylcyanid, Cyanomethan

Amersham™ ECL Plus Western Blotting
Detection Reagents

Ammonium bicarbonate
BSA
Calcium chloride (CaCl,)

Canada-balsam

Cutasept® G
Dextran-70
Eosin
Ethanol

Ethylenediaminetetraacetic acid disodium salt
(EDTA)

Formic acid
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Precisa Gravimetrics AG, Dietikon, SUI
Eppendorf AG, Hamburg, GER
Microm International GmbH, Merelbeke, BEL

Advion Inc., Ithaca, NY, USA

Eppendorf AG, Hamburg, GER

Janvier, Le Genest-Saint-Isle, FRA

Fresenius Kabi Deutschland GmbH, Bad

Homburg, GER
Carl Roth GmbH & Co., Karlsruhe, GER

B. Braun Melsungen AG, Berlin, GER
Merck KGaA, Darmstart, GER

Carl Roth GmbH & Co., Karlsruhe, GER
Carl Roth GmbH & Co., Karlsruhe, GER
GE Healthcare, Piscataway, NJ

Sigma-Aldrich Chemie GmbH, Taufkirchen,
GER

Merck KGaA, Darmstadt, GER
Merck KGaA, Darmstadt, GER

Sigma-Aldrich Chemie GmbH, Taufkirchen,
GER

BODE Chemie GmbH, Hamburg, GER
Carl Roth GmbH & Co., Karlsruhe, GER
Merck KGaA, Darmstadt, GER

Merck KGaA, Darmstadt, GER

Sigma-Aldrich Chemie GmbH, Taufkirchen,
GER

Merck KGaA, Darmstadt, GER
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Glycine

Hematoxylin
Hydrochloric acid (HCI)
Ketamin 10%

Paraffin

Potassium chloride (KCI)
Potassium dihydrogen phosphate (KH,PQO,)

Proteome profiler™ array, Rat Cytokine
Array Panel A array

Quantikine® ELISA BMP-2 Immunoassay

Quantikine® ELISA Mouse/Rat PDGF-BB
Immunoassay

Quantikine® ELISA Mouse/Rat/Porcine/Canine
TGF-B1 Immunoassay

Quantikine® ELISA Rat IL-1B/IL-1F2
Imunoassay

Quantikine® ELISA Rat IL-6 Immunoassay
Quantikine® ELISA Rat TNF-a Immunoassay
Quantikine® ELISA Rat VEGF Immunoassay
NaCl

Sodium hydroxide (NaOH)

Disodium hydrogen phosphate (Na,HPO,)
Trypsin

Xylazine 20%

Compute pl/Mw tool

Carl Roth GmbH & Co., Karlsruhe, GER
Merck KGaA, Darmstadt, GER

Merck KGaA, Darmstadt, GER
Bela-pharm, Vechta, GER

Engelbrecht Medizin- und Labortechnik

GmbH, Wien, AUT
Merck KGaA, Darmstadt, GER

Merck KGaA, Darmstadt, GER

R&D Systems GmbH, Wiesbaden, GER

R&D Systems GmbH, Wiesbaden, GER

R&D Systems GmbH, Wiesbaden, GER
R&D Systems GmbH, Wiesbaden, GER
R&D Systems GmbH, Wiesbaden, GER

R&D Systems GmbH, Wiesbaden, GER
R&D Systems GmbH, Wiesbaden, GER
R&D Systems GmbH, Wiesbaden, GER
Merck KGaA, Darmstadt, GER

Carl Roth GmbH & Co., Karlsruhe, GER
Merck KGaA, Darmstadt, GER

Roche Diagnostics GmbH, Mannheim, GER
Riemser Arzneimittel, Greifswald, GER

http://web.expasy.org/compute_pi/

Imaged software

MASCOT search algorithm version 2.2.06
Microsoft® Excel software
Origin version 8.0

Protein Analysis Through Evolutionary

U.S. National Institutes of Health, Bethesda,
Maryland, USA

Matrix Science Ltd., London, UK
Microsoft Inc., Redmond, WA, USA
Microcal Software, Northampton, MA, USA

http://www.pantherdb.org

Relationships (Panther)
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Proteome Discoverer version 1.0 Thermo Fisher Scientific Inc., San Jose, CA,
PubMed rllJt?:;A:\//www.ncbi.nlm.nih.qov/

SPSS version 17.0 SPSS, Chicago, IL, USA

the International Protein Index (IPI) http://www.ebi.ac.uk/IPl/IPIhelp.html

3.3 Buffers and solutions

1) ELISA
1.2 M NaOH/0.5 M HEPES 2.4 g NaOH
5.95 g HEPES
fill distilled water to 50 mL
2) HPLC/MS
0.1% Formic acid 100 pL formic acid (100%)
fill distilled water to 100 mL
50% Acetonitrile 10 mL acetonitrile
fill distilled water to 20 mL
5 mM Ammonium bicarbonate 8 mg ammonium bicarbonate
fill distilled water to 20 mL
10 mM Dithiothreitol 31 mg dithiothreitol
fill 5 mM ammonium bicarbonate to 20 mL
100 mM lodoacetamide 360 mg iodoacetamide

fill 5 mM ammonium bicarbonate to 20 mL
Wash solution 10 mL 50% methanol
1 mL 5% acetic acid
fill distilled water to 20 mL
3) Microdialysis
5% BSA 50 mg BSA
1 mL 0.9% NaCl
100 mM EDTA 0.37g
fill distilled water to 10 mL
PBS 0.19 g KCI
0.20 g KH,PO,
7.94 g NaCl
1.42 g Na,HPO,
fill distilled water to 1 L and sterilized by
0.22 pm filter
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pH 7.4

Perfusion fluid (PER) 8.58 g NaCl
0.30 g KClI
0.34 g CaCl,-2H,0
fill distilled water to 1 L and sterilized by
0.22 um filter
pH 6.0
Protein solution 400 pg/mL IL-6
400 pg/mL VEGF
400 pg/mL TGF-31
5% BSA/0.9% NaCl
Filled 0.9% NaCl to 1 mL
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4 Methods

4.1 Background

By searching the literature in PubMed (http://www.ncbi.nlm.nih.gov/), several cytokines

and growth factors, which potentially function during the early stage of bone defect healing,
were selected to be monitored in the microdialysates or blood plasma for 24 h after bone
defects. The eligibility criteria for the selection of those cytokines and growth factors included:
1) The gene expressions or the production of those cytokines and growth factors have
been reported within 24 h after bone fracture,
2) The molecular weights of those cytokines and growth factors are less than 100 kDa.
Their nature molecular weight (MW) and isoelectric point (pl) were described by previous
researches via searching on PubMed. If not previously described, the MW and pl of the
resepective molecule was caluculated by the Compute pl/Mw tool at the ExPASy Molecular

Biology Server (http://web.expasy.org/compute pi/) in Swiss-Prot database to obtain a

theoretical value (Gasteiger et al., 2005). By entering the UniProtKB/Swiss-Prot protein
identifiers (ID) (e.g. IL6_RAT), theoretical pl/Mw could be calculated according to the amino
sequence of the specific protein or the domain of interest of the protein according to the

Swiss-Prot database.
4.2  In vitro microdialysis
4.2.1 Preparation of the protein solution

The recombinant rat cytokine and growth factors (TGF-31, IL-6 and VEGF) as lyophilized
powders were reconstituted in 2 mL 0.9% NaCl/5% BSA to produce a concentration of
2000 pg/mL for IL-6 and VEGF, and 4000 pg/mL for TGF-B1. Finally, a standard solution
yielding 400 pg/mL for each protein was prepared.

4.2.2 Microdialysis sampling procedure

The probes were flushed with perfusates for 15 min at flow rate of 5 yL/min. Afterwards
the probes were inserted into the protein mixtures and flushed for 15 min at appropriate
conditions. Before starting sample collection, 25 L protein solution was taken to determine
the concentration of the single cytokine or growth factor. Then the probe was immersed into
the protein solution placed in Thermomixer® at 37°C. The microdialysates were collected for
4 h at 0.5 yL/min, 2 h at 1.0 yL/min and 1 h at 2.0 yL/min. Once the condition changed, the
probe was flushed by perfusate for 15 min for equilibration. Each microdialysate was divided
into 3 aliquots and stored at -20°C. PBS, PER and 0.9% NaCl were used as crystalloid
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perfusate. The colloids BSA (1%) and Dextran-70 (0.01%-0.4%) were added in certain
experiments. To avoid protein degradation 100 mM EDTA was added into the microdialysate
to get a final concentration of 10 mM and microdialysates were stored on ice during the

whole sampling procedure.
4.3 In vivo microdialysis
4.3.1 Surgical procedure

Approval for the animal experiments was obtained from the local animal care committee
(AZ 24-9168.11-1/2010-22). Male adult Wistar rats weighting 400-650 g were used and an
established femoral critical-size defect (hereinafter referred to bone defect) rat model was
employed (Drosse et al., 2008). The animals were anesthetized by an intraperitoneal
injection of a mixture of 9 mg ketamine and 1 mg xylazine per 100 g body weight. The right
hind limb was shaved and disinfected. A 5-cm skin incision was made along the anterior
surface of the right femoral diaphysis. The muscle was carefully dissected from the femur. A
titanium-coated polyether ether ketone (PEEK) RatFix™ plate was placed and fixed with
4 screws for mechanical support. A 6-mm mid-diaphysis segmental defect was created with a
gigli saw. Then the microdialysis probe was insert and fixed in the defect to avoid dislocation.
The wound was closed with suture and wetted with sterile PBS to prevent tissue dehydration.
The rat was kept under anaesthesized condition by administration of a mixture of 4.5 mg
ketamine and 0.5 mg xylazine per 100 g body weight. Additionally, 1 mL mixture of 0.5 mL
10% glucose and 0.5 mL 0.9% NaCl was administered intraperitoneally. The rats with soft
tissue defect were subjected to the identical surgical procedures without creating the bone
defect. The microdialysis probe was put between muscle and diaphysis. All rats were
sacrificed after the end of the microdialysis. Fig. 4 illustrates the surgical procedure of

creating the critical-size bone defect and the experimental setting.
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Fig. 4: Surgical procedure to create a critical size bone defect in a rat for microdialysis.
a) Exposure of the right femur. b) Stabilization of the bone defect in the rat femur by a PEEK
RatFix™ plate. ¢) Explanted 6-mm mid-diaphysis segment with the drill- & saw guide. d)
Insertion of the microdialysis probe into the bone defect and fixed to the plate after the bone
was stabilized by the plate. e) The experimental set-up for in vivo microdialysis. The probe

was connected to the microdialysis pump. The samples were collected on ice.
4.3.2 Sample collection

To identify the optimal microdialysis conditions, 7 rats were recruited for this study (rats
with bone defect, n=4; rats with soft tissue defect, n=3). The probes were perfused at flow
rates of 0.5, 1.0 and 2.0 pL/min respectively by perfusing crystalloid perfusate PER or PER
adding Dextran-70 (0.01-0.4%) (Table 1, Table 2). The microdialysis probes were flushed
with the perfusates at a flow rate of 2.0 yL/min. For each condition, microdialysate was
collected hourly throughout the experiment with 15 min equilibration at a flow rate of
2.0 yL/min when condition changed. The microdialysate were stored on ice during sampling
procedure. To avoid the protein degradation 100 mM EDTA was added to get the final

concentration of 10 mM. After the microdialysis, the probes were stored in -20°C.

Table 1: Microdialysis recovery arrangement for rats with soft tissue defect (n=3). x: start

point of microdialysis recovery; —: recovery order for each rat

PER PER/ PER/ PER/
Flow rate 0.04% Dextran-70  0.02% Dextran-70  0.01% Dextran-70

(MV/min)  “95 10 20 05 10 20 05 10 20 05 10 20
Duration (h) 1 1 1 1 1 1 1 1 1 1 1 1

Right femur  x — — — — END

Left femur X — — — — END
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Table 2: Microdialysis recovery time point arrangement for rats with bone defect (n=4 ).

PER PER/ PER/ PER/
Flow rate 0.4% Dextran-70 0.2% Dextran-70 0.1% Dextran-70

(W/min)  “o5 10 20 05 10 20 05 10 20 05 10 20
Duration (h) 1 1 1 1 1 1 1 1 1 1 1 1

Rat 1 X — — — — - — — END

Rat 2 X — — — — - — — END

Rat 3 — — END X — — — — —

Rat 4 — — — — — END X — —
Flow rate PER PER/ PER/ PER/

0.04% Dextran-70  0.02% Dextran-70 0.01% Dextran-70
(M/min) ~ “05 10 20 05 10 20 05 10 20 05 10 20
Duration (h) 1 1 1 1 1 1 1 1 1 1 1 1

Rat 1 X — — — — - - — END

Rat 2 X — — — — — — — END

Rat 3 — — END X — — — — —

Rat 4 — — — — — END X — —

To determine the concentration of certain cytokines and growth factors, microdialysates
were collected for 8 h perfusing with PER or 0.9% NaCl (2 h-interval) and 24 h (3 h-interval)
perfusing with PER/0.01% Dextran-70 or PER/1% BSA at a flow rate of 2.0 yL/min (Table 3).
Moreover, to identify the proteins absorbed on the probes during microdialysis, the probes
were explanted after finishing microdialysis. Additionally a probe, which was implanted from
24-48 h after bone defect, was explanted for analysis. All microdialysates and microdialysis

probes were stored in -20°C.

Table 3: Microdialysis recovery arrangement to investigate the proteins in the

microdialysates after surgery in vivo.

Number of rats  Group Perfusate Time Protease inhibitor
6 Bone defect PER 8h -
6 Bone defect 0.9% NaCl 8 h (2 h-interval) +
3 Bone defect PER/0.01% Dextran-70 24 h (3 h-interval) +
8 Bone defect PER/1% BSA 24 h (3 h-interval) +
Soft tissue
8 PER/1% BSA 24 h (3 h-interval) +
defect

4.4 Plasma samples

To obtain plasma samples, 50 uL—100 uL blood was collected from the tail vein of rats
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with soft tissue defect (n=4) or critical-size bone defect (n=6) in 1.5 mL tubes which
contained 50 pyL 100 mM EDTA. The collection was executed pre-surgery and after surgery
at certain intervals. For 2 rats with soft tissue defect and 4 rats with bone defect, blood
samples were collected hourly for 8 h after the surgery. Further, for 2 rats with soft tissue
defect and 2 rats with bone defect, the blood samples were collected in 3 h-interval for 24 h
after surgery. After centrifuging the samples for 5 min at 3000 rpm, the resulting plasma were

collected and stored at -20°C.
4.5 Determination of the fluid recovery

The microdialysate volume was measured immediately after sample collection. The fluid
recovery is defined as the percentage of the volume of collected fluid Vyicrogialysate t0 the

theoretical volume of the fluid Vineor,. The fluid recovery is calculated based on the Eq. 3

Fluid recovery=Mx 100% Eq. 3
q.

theory
4.6 Determination of the relative recovery

To determine the RR in the /n vitro study, the concentration of a certain cytokine or
growth factor in a microdialysate (C4) and in protein solution before collection (C.) were
measured by enzyme-linked immunosorbent assay (ELISA). The RR of a certain cytokine or
growth factor is calculated based on the Eq. 2.

Cd

RR = ~4 x100% Eq. 2

4.7 Total protein measurement

A sample volume of 2 uL was used for measuring the total protein concentration at

wavelength of 280 nm on a NanoDrop-2000 ¢ Spectrophotometer.
4.8 Cytokine and growth factor analysis

The cytokines and growth factors IL-1B, IL-6, TNF-a, TGF-1, PDGF-BB, VEGF and
BMP-2 were determined by ELISA. The samples from in vitro study were only analyzed for
IL-6, TGF-B1 and VEGF ELISA. Furthermore, to detect further cytokines and chemokines in

the microdialysates, a proteome profiler™ array was performed.
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4.8.1 IL-1B, IL-6, TNF-a and PDGF-BB ELISA

The 4 cytokines and growth factors IL-1B3, IL-6, TNF-a and PDGF-BB were determined
by using 4 corresponding individual ELISA kits through a similar procedure. The standards of
IL-18 (0-2000 pg/mL), IL-6 (0—4000 pg/mL), TNF-a (0-2000 pg/mL) and PDGF-BB
(0—2000 pg/mL) were reconstituted by using corresponding calibrator diluent RD5Y, RD5-16,
RD5-17 and RD6-3 in their individual kit respectively.

For IL-1B concentration measurement, 50 yL assay diluents RD1x was added to each
well of the microplate which has been pre-coated with monoclonal IL-13 antibody. Then
50 uL standard of IL-1B and the final volume of sample were placed into each well.

For IL-6 concentration measurement, 50 uL assay diluent RD1-54 was added to each
well of the microplate which has been pre-coated with monoclonal IL-6 antibody. Then 50 L
standards of IL-6 and the final volume of samples were placed into each well.

For TNF-a concentration measurement, 50 pyL assay diluent RD1-41 was added to each
well of the microplate which has been pre-coated with monoclonal TNF-a antibody. Then
50 uL standard of TNF-a and the final volume of sample were placed into each well.

For PDGF-BB concentration measurement, 50 uL assay diluent RD1x was added to
each well of the microplate which has been pre-coated with monoclonal PDGF-BB antibody.
Then 50 yL standard of PDGF-BB and the final volume of sample were placed into each well.

Afterwards the microplates were incubated at room temperature for 2 h. Following
washing the microplates 5 times, 100 ul conjugate which contained enzyme-linked polyclonal
antibody specific for the corresponding cytokine or growth factor was added in each well.
After incubating for 2 h at room temperature, each well was washed 5 times again to remove
unbound antibody-enzyme reagent. Then 100 ul substrate was added to each well and the
microplates were incubated in the dark for 30 min. The reaction was stopped by adding
100 pL stop solution in each well.

The optical density was read by a microplate reader at 450 nm and 540 nm. Finally, the
concentration of each cytokine or growth factor was calculated using the software Origin
version 8.0 based on the standard curve. The detection limits were 5 pg/mL for IL-1(,
21 pg/mL for IL-6, 5 pg/mL for TNF-a and 7.7 pg/mL for PDGF-BB according to the

instruction in the manual.

4.8.2 VEGF ELISA

The standards of VEGF (0-2000 pg/mL) were reconstituted by using calibrator diluent
RD5-3. Then, 50 pL assay diluent RD1-41 was added to each well of the microplate which
has been pre-coated with monoclonal VEGF antibody. Afterwards, 50 pL standard of VEGF

and the final volume of sample were placed into each well of the microplate. The microplate
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was incubated at room temperature for 2 h on the shaker at 300 rpm. Following washing the
microplate 5 times, 100 pl conjugate which contained enzyme-linked polyclonal antibody
specific for rat VEGF was added in each well. After incubating for 1 h at room temperature on
the shaker at 300 rpm, each well was washed 5 times again to remove unbound antibody-
enzyme reagent. Then 100 pl substrate was added to each wells and the microplate was
incubated in dark for the 30 min. The reaction was stopped by adding 100 uL stop solution in
each well. The optical density was read by a microplate reader at 450 nm and 540 nm.
Finally, the concentrations of VEGF were calculated using the software Origin version 8.0
based on the standard curve. The detection limit was 8.4 pg/mL according to the instruction

in the manual.
4.8.3 TGF-B1ELISA

The standards of TGF-B1 (0—2000 pg/mL) were reconstituted by using calibrator diluent
RD5-53 (1x). Meanwhile, 40 pL final volume of the samples were activated by adding 10 yL
0.1 mM HCI. After incubating for 10 min at room temperature, the samples were neutralized
by adding 8 pL 1.2 M NaOH/0.5 M HEPES. Then, 50 yL assay diluent RD1-73 was added to
each well of the microplate which has been pre-coated with monoclonal TGF-31 antibody.
Afterwards, 50 ul prepared sample and standard were placed into each well of the microplate.
Then the microplate was incubated at room temperature for 2 h. Following washing the
microplate 4 times, 100 ul conjugate which contained enzyme-linked polyclonal antibody
specific for rat TGF-B1 was added in each well. After incubating for 2 h at room temperature,
the each well was washed 4 times again to remove unbound antibody-enzyme reagent. Then
100 ul substrate was added to the wells and the microplate was incubated in the dark for
30 min. The reaction was stopped by adding 100 yL stop solution in each well. The optical
density was read by a microplate reader at 450 nm and 540 nm. Finally, the concentration of
TGF-B1 was calculated using the software Origin version 8.0 based on the standard curve.

The detection limit was 4.6 pg/mL according to the instruction in the manual.
4.8.4 BMP-2 ELISA

A stock solution of BMP-2 was reconstituted by using distilled water: The standards of
BMP-2 (0—4000 pg/mL) was prepared by calibrator diluent RD5P (1x). Then, 50 yL assay
diluent RD1-193 were added to each well of the microplate which has been pre-coated with
monoclonal BMP-2 antibody. Afterwards, 50 pL final volume of standard and sample were
placed into each well of the microplate. The microplate was incubated at room temperature
for 2 h on shaker at 300 rpm. Following washing the microplate 4 times, 200 ul conjugate

which contained enzyme-linked polyclonal antibody specific for BMP-2 was added in each
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well. After incubating for 2 h at room temperature on shaker at 300 rpm, each well was
washed 4 times again to remove unbound antibody-enzyme reagent. Then 200 ul substrate
was added to the wells and the microplate was incubated in the dark for 30 min. The reaction
was stopped by adding 50 uL stop solution in each well. The optical density was read by a
microplate reader at 450 nm and 540 nm. Finally, the concentration of BMP-2 was calculated
using the software Origin version 8.0 based on the standard curve. The detection limit was

11 pg/mL according to the instruction in the manual.
4.8.5 Proteome profiler™ array

The proteome profiler™ array can detect 29 different cytokines and chemokines
simultaneously (Table 4). Briefly, microdialysate was collected with PER/1% BSA in 3 h-interval
for 6 h from bone defects (n=2) and soft tissue defects (n=2). Then 2 mL block buffer was
added into each well of a 4-well multi-dish. A membrane was placed into the multi-dish and
then was incubated for 1 h on shaker. Meanwhile, each pooled sample was added to 0.5 mL
block buffer and adjusted to a final volume of 1.5 mL. Furthermore, to each sample, 15 pL
detection antibody cocktail was added. Afterwards, it was incubated for 1 h at room
temperature. After removing the block buffer from the 4-well multi-dish, the sample/antibody
mixture was placed into the 4-well multi-dish. Then the membrane was incubated at 4°C
overnight on shaker. After washing the membrane with block buffer 3 times for 10 min, 2 mL
diluted labeled streptavidin-horseradish peroxidase was added to each well and the
membrane was incubated for 30 min at room temperature on shaker. Then the membrane
was washed with block buffer 3 times again. Afterwards, the immunoreactive spots were
visualized using chemiluminescent reagents Amersham™ ECL Plus Western Blotting
Detection system. The membrane was scanned by MF-ChemiBIS 1.6. Histogram profile of
each cytokine or chemokine was quantified by mean spot pixel densities (PD) using ImageJ
software. The negative control was subtracted from each spot. To normalize the PD between

membranes, PD of each spots on each membrane were corrected according to the formula:

Mean PD

positive control of all membranes P
spot on membrane x

Mean PD

positive control of membrane x

corrected PD

spot on membrane x

Table 4: Cytokines and chemokines spotted on the membrane in the proteome profile array.

Cytokines and chemokines

CXCL-1 CXCL-3a CXCL-2 CNTF CX3CL1 GM-CSF  sICAM-1 IFN-y
IL-1a IL-1B IL-1ra IL-2 IL-3 IL-4 IL-6 IL-10
IL-13 IL-17 CXCL-10 CXCL-5 L-Selectin  CXCL-9 CCL3 CCL-20

CCL5 CXCL-7 TIMP-1 TNF-a VEGF

CNTF, ciliary neurotrophic factor; GM-CSF, granulocyte-macrophage colony-stimulating
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factor; sICAM, soluble form of intercellular adhesion molecule; IFN-y, interferons-y; TIMP,

tissue inhibitor of metalloproteinases
4.9 Proteomic analysis

Protein mixtures obtained from microdialysates as well as those absorbed on the surface
of the microdialysis probes were analyzed by proteomics. The probes were explanted from
rats with bone defect after 12 h (n=1), 17 h (n=1), 24 h (n=2) and 24-48 h (n=1) and from
rats with soft tissue defect after 15 h (n=1) or 24 h (n=2). The microdialysates collected for 8
h (n=6) were prepared for analysis by Dr. Stefan Kalkhof (Department of Proteomics, The
Helmholtz Centre for Environmental Research, Leipzig). The microdialysates were desalted
and analyzed by precipitation. Meanwhile, the proteins on the probe were separated by
5-20% gradient sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
using a constant current of 15 mA for 2 h and 30 mA for 2 h, which was performed by Dr. Ute
Hempel (Institute of Physiological Chemistry, TU Dresden). Each lane was cut into 8 slices of
approximately 1 cm? Each slice was washed twice with 200 pL wash solution for 1 h on
shaker. Then, 200 pL of acetonitrile was added. The samples was kept shaking at room
temperature for 5 min. The gel pieces were dehydrated for 5 min at room temperature.
Afterwards, the proteins on each gel piece was reduced in 60 uL 10 mM dithiothreitol at room
temperature shaking for 30 min. Later, proteins in gels were alkylated with 60 yL 100 mM
iodoacetamide shaking for 30 min at room temperature. Next 200 yL of acetonitrile was
added to the gel pieces for 5 min shaking and then the gel pieces were dehydrated for 5 min.
Thereafter each gel piece was rehydrated in 100 pL of 10 mM ammonium bicarbonate for
10 min shaking at room temperature. Then 200 pL of acetonitrile was added for 5 min
shaking and the gel pieces was dehydrated for 5 min again. Following, proteins in gel were
digested with 20 puL 10 ug/mL trypsin with overnight incubation at 37°C and the reaction was
stopped by adding 5% formic acid (final concentration: 2%). The containing peptides were
extracted with 50% acetonitrile and later were dried using vacuum centrifugation. The
peptides were reconstituted in 20 yL 0.1% formic acid.

The samples were analyzed by nano-high performance liquid chromatography (HPLC)
prior to tandem mass spectrometry (MS/MS) (Dr. Stefan Kalkhof, Department Proteomics,
UFZ Leipzig). Nano-HPLC system coupled to an orbitrap mass spectrometer via a
nanoelectrospray ion source was used.

Database search of proteins derived from the microdialysates and proteins adsorbed on
the probes were performed by using Proteome Discoverer utilizing the MASCOT search
algorithm using the International Protein Index (IP1) database.

The identified proteins were clustered by Panther (www.pantherdb.org) based on

30



Methods

annotation of cellular component, function, biological process and overrepresented pathway.

Moreover, UniProtkKB (http://www.uniprot.org/) was used to complete annotation for the

unidentified proteins in Panther database.
4.10 Histological analysis

The fracture hematoma were explanted from critical-size bone defect of 5 rats at
different time points (9, 12, 24, 45 and 48 h) and were fixed in 4% formalin for 48 h at 4°C.
Samples were dehydrated for 8 hours by tissue processor STP 420 using a graded series of
ethanol (40%, 70%, 96% and 100%) following clearing using xylene. Then the samples were
embedded in paraffin. Sections of 1 ym were cut from the center of the hematoma on a
rotation microtome. The sections were incubated for 15 min in hematoxylin, followed by a
differentiation step with water for 5 minutes and finally stained with eosin for 1 min. After
washing with water to remove the excess dyes from the tissue the sections were mounted in
Canada balsam The glass cover lips were placed on top of the slices and the stained tissue
sections were analyzed in a Leica light microscope with a Leica camera at magnification of
x400. The amount of mononucleated and multinucleated cells whose nuclei were stained

blue were counted per low power field on 30 histological slices per rat.
4.11 Statistical analysis

Samples were analyzed by Kruskal-Wallis test. Furthermore, once a significance was
shown, the pair comparison test was performed to compare the data at the different time
points or intervals. Mann-Whitney-Wilcoxon test was used to calculate the difference of data
between rats with soft tissue defect and rats with bone defect at the same time point or
interval. The binomial test was used to compare then protein list to the reference list in the
Panther database for determination of overrepresentation of pathway term in Panther. The

values of p<0.05 were considered statistically significant.
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5 Results

5.1 Protein selection

After reviewing the current literature, IL-6, IL-1B8, TNF-a, TGF-1, VEGF, PDGF-BB and
BMP-2 were selected for detailed analysis. The molecular weight of these cytokines and
growth factors were below 100 kDa and they have been confirmed to be expressed within
24 h after bone fracture (Table 5). Because none of the natural pl and molecular weight of
BMP-2 in rats was reported among the previous researches, the theoretical pl and molecular

weight of BMP-2 was calculated and tabulated.

Table 5: Physiological properties of the selected cytokines and growth factors.

Protein Nature MW (kDa) Theoretical pl
IL-6 21.6 (Wang et al., 2007) 7.7
IL-1B 17.0 (Hazuda et al., 1991) 8.4
TNF-a 51.0 (Shubayev & Myers, 2001) 4.9
TGF-B1 12.5 (Hill et al., 2000) 8.6
VEGF 40.0 (Ray et al., 2000) 9.3
PDGF-BB 30.0 (Han et al., 1992) 9.4
BMP-2 12.9 8.2

5.2 Determination of fluid recovery in vitro and in vivo

The fluid recovery is a parameter to identify the level of fluid loss and indexes the
potential of the molecule recovery. To optimize the conditions for microdialysis, the fluid
recoveries were analyzed at the flow rates of 0.5, 1.0 and 2.0 yL/min when using PER and
PER with different concentrations of colloids (0.01, 0.02 and 0.04% Dextran-70 or 1% BSA).
Although there was no statistical significant influences of the flow rate and perfusate on the
fluid recovery in vitro, the colloid perfusate resulted in a higher fluid recovery at the same
flow rate (Fig. 5). At flow rate of 2.0 yL/min the fluid recovery was 87.5+2.4% when using
PER. The addition of 0.01%, 0.02 or 0.04% Dextran-70 increased the fluid recovery to
99.245.3%, 99.6£0.6% and 91.2+1.8% at the same flow rate. PER also induced the lower
fluid recovery at flow rate of 0.5 pyL/min (67.1£5.3%) and 1.0 yL/min (82.5£1.2%), whereas
after adding colloids into PER the fluid recovery increased above 83.6+1.8% and 91.2+1.8%

at flow rate of 0.5 and 1.0 yuL/min respectively.
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Fig. 5: Fluid recovery from in vitro microdialysis perfused under the different conditions.
Data represent meantstandard deviation (SD) and n=2 for each condition. The samples
were collected for 4 h at 0.5 yL/min, 2 h at 1.0 yL/min or 1 h at 2.0 yL/min and at each flow
rate. The probes were perfused with PER, PER/0.01% Dextran-70, PER/0.02% Dextran-70,
PER/0.04% Dextran-70 or PER/1% BSA.

In vivo, the fluid recovery was determined when using PER or PER with
0.01-0.4% Dextran-70 at various flow rates of 0.5, 1.0 and 2.0 yL/min from rats with bone
defect (n=4) and rats with soft tissue defect (n=3).

The results of the fluid recovery from rats with soft tissue defects were given in Fig. 6.
Perfusing PER and PER/0.02% Dextran-70 exhibited lower fluid recovery (86.2+9.3% and
92.248.4%) which was used at the initial 1 h after surgery at flow rate 0.5 pL/min compared
to using PER/0.01% and 0.04% Dextran-70 (101.0+5.1% and 100.0+5.8%). At higher flow

rate of 1.0 and 2.0 uL/min, all fluid recoveries were above 98% for all perfusates.
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Fig. 6: Fluid recovery from in vivo microdialysis in rats with soft tissue defect. Data
represent meantSD and n=3 for each condition. The samples were collected for 1 h at each
flow rate (0.5, 1.0 and 2.0 pL/min) using PER, PER/0.01% Dextran-70, PER/0.02%
Dextran-70 or PER/0.04% Dextran-70.
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In rats with bone defect, sampling procedure started with different perfusates
alternatively (Table 2). When the concentration of Dextran-70 in PER were 0.1-0.4%, at a
flow rate of 0.5 pL/min, the fluid recovery significantly decreased to 84.4 % after adding 0.2%
and 0.4% Dextran-70 in PER (p<0.05) (Fig. 7a). When the concentrations of Dextran-70
decreased to 0.01-0.04% in PER, only 2 probe remained to be perfused when using
PER/0.01% and 0.02% Dextran-70 due to the death of rats. The flow rates and perfusates
did not affect the fluid recovery that was over 95% (Fig. 7b).
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Fig. 7: Fluid recovery from in vivo microdialysis in rats with bone defect. Data
represent meantSD. a) Samples were collected hourly at flow rates of 0.5, 1.0 and
2.0 yL/min using PER (n=6), PER/0.1% Dextran-70, PER/0.2% Dextran-70 or PER/0.4%
Dextran-70 (n=3). b) Samples were collected hourly at flow rates of 0.5 (n=2), 1.0 and
2.0 yL/min using PER (n=6), PER/0.01% Dextran-70, PER/0.02% Dextran-70 and
PER/0.04% Dextran-70 (n=3). (* p<0.05)

To investigate the temporal profiles of the fluid recovery, the microdialysates were
collected in 3 h-interval for 24 h when using colloid perfusates at a flow rate of 2.0 yL/min.
There were no significant differences of the fluid recovery among the three conditions for

24 h (Fig. 8). Moreover, for all 3 conditions the fluid recovery was over 90% and since
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interval of 6-9 h, the fluid recovery was above 95%. Further, the surgery type also did not
affect the fluid recovery. For rats with bone defect as well as for rats with soft tissue defect

the fluid recoveries were above 95% at 2.0 yL/min (Fig. 8).
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Fig. 8: Temporal profiles of fluid recovery from in vivo microdialysates. Data represent
meant+SD. Samples were collected at a flow rate of 2.0 yL/min in 3 h-intervals for 24 h.
PER/1% BSA was perfused in rats with bone defect and rats with soft tissue defect (n=8),
and PER/0.01% Dextran-70 was perfused in rats with bone defect (n=3).

5.3 Determination of relative recovery (RR) in vitro

To estimate the RR in vitro, mixtures of IL-6, TGF-f1 and VEGF was recovered at
different conditions. The crystalloid perfusates (0.9% NaCl, PBS or PER) and the colloid
perfusates (0.9% NaCl/1% BSA, PBS/1% BSA, PER/1% BSA, PER/0.01% Dextran-70,
PER/0.02% Dextran-70 and PER/0.04% Dextran-70) were perfused at flow rates of 0.5, 1.0
and 2.0 yL/min. EDTA was added in the sampling tubes in attempt to avoid degradation of
the proteins. However, EDTA did not influence RR. VEGF concentration was below the
detection limit of ELISA among all samples. The detection of IL-6 and TGF-31 was tabulated
in Table 6.
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Table 6: The detection of IL-6 and TGF-B1 in vitro microdialysate when using different
perfusates. *, n=1; **, n=2; ***, n=4 for IL-6 and n=2 for TGF-31; ****, n=5 for IL-6 and n=3 for
TGF-B1; -, not detected; +, detected in single microdialysates (less than half); ++, detected in

most microdialysates; +++ detected in all microdialysates.

Perfusate IL-6 TGF-B1
0.9% NaCI* - -

PBS* - -
PER**** + +

0.9% NaCl/1% BSA** + +++
PBS/1% BSA* - +++
PER/1% BSA**** ++ +++
PER/0.01% Dextran-70**  + +
PER/0.02% Dextran-70***  + +
PER/0.04% Dextran-70***  + ++

TGF-B1 was undetectable in the microdialysates collected when using crystalloid
perfusates. When using colloid perfusates, TGF-f1 was detected. Among the different
crystalloid perfusates, the highest RR was 11.2% at flow rate of 0.5 pyL/min when using
PER/1% BSA (Fig. 9). Further, at the same flow rate adding 1% BSA to PER had a higher
RR (6.3-11.2% at a flow rate of 0.5 yL/min, 4.7-8.0% at a flow rate of 1.0 yL/min and
0-10.2% at a flow rate of 2.0 yL/min) than adding 0.01-0.04% Dextran-70 to PER (0-7.1%
at a flow rate of 0.5 yL/min, 0—4.6% at a flow rate of 1.0 yL/min and 0% at a flow rate of
2.0 yL/min) (Fig. 9).
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Fig. 9: Relative recovery of TGF-1 from in vitro microdialysis. Data represent individual

values. The probes were perfused with 0.9% NaCl/1% BSA (n=1), PBS/1% BSA (n=1),
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PER/1% BSA (n=3), PER/0.01% Dextran-70 (n=2), PER/0.02% Dextran-70 (n=2) and
PER/0.04% Dextran-70 (n=2) at flow rates of 0.5, 1.0 and 2.0 pL/min. Samples were
collected for 4 h at 0.5 yL/min, 2 h at 1 yL/min or for 1 h at 2 yL/min.

Among the crystalloid perfusates, IL-6 was only detected using PER in vitro. However,
at different flow rates (0.5-2.0 yL/min) IL-6 was detected in 4 out of 15 microdialysates with
the highest RR of 15.0%. After adding BSA to perfusates, IL-6 was detected in 9 out of 21
microdialysates with maximal RR of 23.6% when using 0.9% NaCl/1% BSA at flow rate of
0.5 uL/min (Fig. 10). When adding different colloids in PER, IL-6 was detected in 8 out of 15
microdialysates using PER/1% BSA with maximal RR 20.4% at flow rate of 1.0 yL/min.
Whereas IL-6 was detectable in 5 out of 30 microdialysates using PER/(0.01-0.04%)
Dextran-70 with maximal RR 7.1% at flow rate of 1.0 yL/min (Table 6, Fig. 10).
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Fig. 10: Relative recovery of IL-6 from in vitro microdialysis. Data represent individual
values. The probes were perfused with 0.9% NaCl/1% BSA (n=1), PER (n=5), PER/1% BSA
(n=5), PER/0.01% Dextran-70 (n=5), PER/0.02% Dextran-70 (n=5) or PER/0.04%
Dextran-70 (n=2) at the flow rates of 0.5, 1.0 and 2.0 yL/min. Samples were collected for 4 h
at 0.5 uL/min, 2 h at 1 yL/min or for 1 h at 2 pL/min.

5.4 Determination of total protein concentration in vivo

The total protein concentration was an index of recovery efficiency for in vivo
microdialysis to optimize recovery conditions. In rats with soft tissue defect, the total protein
concentration decreased with increasing flow rates regardless of perfusates but without
statistical significant (n=3) (0.26+0.14-0.80+0.13 mg/mL at a flow rate of 0.5 pL/min,
0.17+0.06-0.22+0.07 mg/mL at a flow rate of 1.0 pL/min, 0.08+£0.06-0.11£0.06 mg/mL at a

flow rate of 2.0 yL/min) (Fig. 11). Dextran-70 did not increase the concentration of total
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protein in microdialysates. The total protein concentrations of microdialysates that were
collected when using PER and PER/0.02% Dextran-70 at the flow rate of 0.5 pL/min were
higher because microdialysis started without equilibration and these had been the condition

immediately after surgery.
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Fig. 11: Total protein concentrations from in vivo microdialysates. Data represent
meantSD. PER and PER adding 0.01%, 0.02% and 0.04% Dextran-70 were used as
perfusates at the flow rates of 0.5, 1.0 and 2.0 yL/min (n=3) collected hourly from rats with

soft tissue defect.

In rats with bone defect addition of Dextran-70 neither significantly increased the
concentration nor the amount of total protein in microdialysates (n=4). At a flow rate of
2.0 yL/min the concentration of total protein was 0.12+0.07 mg/mL when using PER,
whereas the concentrations were 0.11£0.02-0.21£0.08 mg/mL when adding 0.01-0.4%
Dextran-70. The concentration of total protein decreased with increasing flow rates from
0.60£0.14 mg/mL to 0.10+£0.06 mg/mL (Fig. 12). Therefore, all perfusates can be used for
microdialysis. Nevertheless, using PER/0.01% and 0.2% Dextran-70 at a flow rate of
2.0 pL/min recovered more amounts of total protein than using other perfusates. Concerning
to the little effects of the flow rates on RR and higher amount of protein obtained, a flow rate

of 2.0 uL/min was used during microdialysis study to increase the sample volumes.
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Fig. 12: Concentration and amount of total protein from in vivo microdialysates in rats
with bone defect. Data represent meanSD. a, b) Samples were collected using PER (n=6),
PER/0.1% Dextran-70, PER/0.2% Dextran-70 and PER/0.4% Dextran-70 (n=3) at flow rates
of 0.5 10 and 2.0 pL/min. ¢, d) Samples were collected using PER (n=6),
PER/0.01% Dextran-70 (n=3), PER/0.02% Dextran-70 (n=2) and PER/0.04% Dextran-70
(n=2) at the flow rates of 0.5, 1.0 and 2.0 yL/min. a, ¢) showed the concentration of total

protein and b, d) showed the amount of total protein.

The total protein concentration was determined in microdialysates collected from rats
with bone defect at a flow rate of 2.0 yL/min. The microdialysates were collected for 8 h
when using PER (n=6), for 8 h in 2 h-intervals when using 0.9% NaCl (n=6) and in
3 h-intervals for 24 h when using PER/0.01% Dextran-70 (n=3) (Fig. 13). After collecting 8 h
the concentration of total protein was 0.361£0.24 mg/mL. For both interval series, total protein
concentration peaked in the first 2 h- and 3 h-interval sample with 0.20+0.12 mg/mL and
0.4410.18 mg/mL (Fig. 13). After the first interval, the concentrations of total protein
decreased to 0.14-0.17 mg/mL when using 0.9% NaCl for 8 h, and decreased to
0.15-0.23 mg/mL when perfusing PER/0.01% Dextran-70 for 24 h. For both series, after the
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first interval the concentration of total protein was constant over time.
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Fig. 13: Total protein concentrations from in vivo microdialysates. Samples were
collected in rats with bone defect at a flow rate of 2.0 yL/min. Data represent meantSD. a)
Samples were collected for 8 h in 2 h-intervals by perfusing 0.9% NaCl (n=6). b) Samples
were collected in 3 h-intervals for 24 h by perfusing PER/0.01% Dextran-70 (n=3).

5.5 Determination of cytokine and growth factor concentration in the microdialysate in vivo

The concentrations of IL-6, IL-1B8, TNF-a, TGF-p1, VEGF, PDGF-BB and BMP-2 were
determined by ELISA in microdialysates collected from rats with bone defect using PER for
8 h (n=6 rats), using 0.9% NaCl for 8 h in 2 h-interval (n=6), PER/0.01% Dextran-70 (n=3) or
PER/1% BSA (n=8) in 3 h-interval for 24 h. The concentrations of these cytokines and growth
factors were also determined in microdialysates collected from 6 rats with soft tissue defect
for 24 h in 3 h-interval with PER/1% BSA (n=8). The flow rate was 2.0 pyL/min for all

experiments.
5.5.1 IL-6 concentration

During 8 h perfusion of PER, IL-6 was detectable among 5 of 6 microdialysates with a
mean of measurable IL-6 of 124.7+17.5 pg/mL. By perfusing 0.9% NaCl for 8 h in
2 h-intervals, IL-6 was detectable in 2 of 6 rats with a slight increasing concentration from
105.4+28.4 pg/mL in 0-2 h interval after surgery to 172.2+17.5 pg/mL in 6-8 h interval after
surgery (Fig. 14a). When using PER/0.1% Dextran-70 as perfusate, IL-6 was detectable in
only 6 of 24 microdialysates (n=3). The highest IL-6 concentration was detected in the
interval of 6-9 h (241.3 pg/mL) (Fig. 14b).
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Fig. 14: IL-6 concentration from in vivo microdialysates. Data represent individual
values. a) Samples were collected for 8 h in 2 h-intervals when perfusing 0.9% NacCl in rats
with bone defect at 2.0 yL/min (n=6). b) Samples were collected in 3 h-intervals for 24 h
when perfusing PER/0.01% Dextran-70 in rats with bone defect at 2.0 yL/min (n=3).

With PER/0.01% Dextran-70 or 0.9% NaCl no continuous collection of IL-6 was possible.
When perfusing PER/1% BSA, IL-6 was continuously detectable in 3 h-intervals for 24 h from
the rats with bone defect (n=8) and with soft tissue defect (n=8). For rats with bone defect,
the highest IL-6 concentration (309.1£306.3 pg/mL) was determined in the interval of
12-15 h after surgery but insignificant differences were across all intervals (Fig. 15). After
21-24 h collection the IL-6 concentrations declined to 118.1£121.9 pg/mL. Among the
microdialysates from the rats with soft tissue defect, the IL-6 concentration peaked in 6-9 h
interval with 579.5+277.3 pg/mL, and then decreased to 117.8+145.9 pg/mL at final 21-24 h.
Moreover, a significant increase in IL-6 concentrations were detected between 0-3 h and
9-12 h and 12-15 h after surgery (p<0.05) (Fig. 15). In the interval of 6-9 h the IL-6
concentration was significantly higher in the microdialysates from rats with soft tissue defect
(579.5+277.8 pg/mL) than from rats with bone defect (224.1+180.0 pg/mL).
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Fig. 15: IL-6 concentration from in vivo microdialysates. Data represent the individual values.
Samples were collected in 3 h-intervals for 24 h in rats with bone defect and with soft tissue
defect (n=8) and determined by ELISA. PER/1% BSA was used as perfusate at a flow rate of
2.0 uL/min. (* p < 0.05)

5.5.2 TGF-B1 concentration

TGF-B1 was undetectable in microdialysates when PER/0.01% Dextran-70 or 0.9% NacCl
were used as perfusate. During 8 h perfusing by PER, TGF-31 was only detected in 1 of
6 microdialysates with a concentration of 12.7 pg/mL. Addition of 1% BSA to PER resulted in
a continuous detection of TGF-B1. The concentration of TGF-B1 did not show a significant
changes for 24 h neither in bone defect nor in soft tissue defect. During 24 h after surgery,
the mean concentration of TGF-31 ranged between 3.617.1 pg/mL and 44.7+56.4 pg/mL for
rats with bone defect and between 4.1£8.2 pg/mL and 13.5£17.1 pg/mL for rats with soft
tissue defect. Moreover, there were no significant differences between the TGF-1
concentrations from rats with bone defect and rats with soft tissue defect at each 3 h-interval
(Fig. 16).
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Fig. 16: TGF-B1 concentration from in vivo microdialysates. Data represent the individual values.
Samples were collected in 3 h-intervals for 24 h in rats with bone defect and with soft tissue defect
(n=8) and determined by ELISA. PER/1% BSA was used as perfusate at a flow rate of
2.0 pL/min.

5.5.3 IL-1B concentration

IL-18 concentration in the microdialysates was below the detection limit of the ELISA
when using PER (8 h) or 0.9% NaCl (2 h-intervals) at 2.0 yL/min. Furthermore, IL-13 was
undetectable in microdialysates collected from soft tissue defect. Once the colloid
0.01% Dextran-70 (n=3) or 1% BSA (n=3) was added in PER, IL-13 was detectable in 4 of
24 microdialysates when using PER/0.01% Dextran-70 and in 2 of 22 microdialysates when
using PER/1% BSA from rats with bone defect. The IL-1B concentrations in microdialysates
were collected within 9 h after bone defect between 5.4-7.2 pg/mL when perfusing
PER/0.01% Dextran-70, whereas the IL-13 concentrations were 9.56 pg/mL and 30.4 pg/mL
from interval of 3—6 h and 6-9 h respectively when perfusing PER/1% BSA.

5.5.4 TNF-a concentration

TNF-a was detectable in 3 microdialysates collected by perfusing PER within 8 h after
bone defect with concentrations between 13.4 pg/mL and 26.0 pg/mL. In other series TNF-a
was undetectable in microdialysates collected neither from bone defects nor soft tissue

defects regardless of the perfusates.
5.5.5 PDGF-BB, BMP-2 and VEGF concentration

The concentrations of VEGF, PDGF-BB, BMP-2 were below the detection limits of ELISA

in all microdialysates. iii
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5.6 Determination of further cytokines and chemokines in the microdialysate in vivo

To identify further proteins which potentially were involved in bone healing, the
microdialysates, which were collected by perfusing PER/1% BSA at a flow rate of 2.0 yL/min
for 6 h in 3 h-intervals, were analyzed by a proteome profiler™ array. The microdialysates
from rats with bone defect (n=2) or with soft tissue defect (n=2) were pooled based on
interval of 0-3 h and 3-6 h. Among the 29 designed cytokines and chemokines CXCL-1,
CXCL-5 and CXCL-7 were detected in the tested pooled microdialysates (Fig. 17).
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Fig. 17: Rat proteome profiler™ array. Samples were pooled by microdialysates collected for
6 h in 3 h-intervals at a flow rate of 2.0 yL/min from 2 rats with bone defect and with soft tissue
defect respectively. a) Array analysis revealed the detected cytokines and chemokines in
microdialysates. Spot 1, CXCL-7; spot 2, CXCL-5; spot 3, CXCL-1; spot P, positive control;

spot N, negative control. b) Quantification of pixel density via software ImageJ.

The quantification of the mean PD showed an elevation of the secretion of CXCL-1 in the
pooled microdialysates from 0-3 h to 3—6 h after bone defect and soft tissue defect. CXCL-1
was secreted stronger in rats with soft tissue defect than in rats with bone defect during first
3 h-interval. During the interval of 3—6 h after surgery, the secretion of CXCL-1 elevated in
rats with bone defect, whereas in rats with soft tissue defect it elevated slightly. CXCL-5

secretion slightly decreased from 0-3 h to 3-6 h after bone defect and soft tissue defect.
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Furthermore, in the interval of 3—6 h the level of CXCL-5 decreased in rats with soft tissue
defect. Compared to CXCL-1 and CXCdL-5, CXCL-7 was intensively secreted within interval
of 0-3 h after bone defect or soft tissue defect. In the interval of 3-6 h the secretion of
CXCL-7 slightly increased in the rats with bone defect, while it was reduced 55% in rats with

soft tissue defect.

5.7 Protein determination using HPLC-MS/MS analysis

To comprehensively investigate and annotate the proteins recovered in the
microdialysates and the proteins absorbed on the probes, the proteins in the microdialysate
and on the probe were identified by HPLC-MS/MS. The microdialysates were collected by
perfusing PER for 8 h at a flow rate of 2.0 yL/min and the probes had been explanted within

24 h after bone defect or soft tissue defect.

5.7.1 Proteins in the microdialysate

In total, 36 proteins were identified in the 8 h microdialysates collected from 6 rats with
bone defect with concentration of 0.37£0.24 mg/mL (Table 7). The molecular weight varied
between 9.0 to 3701.5 kDa (median: 32.8 kDa) with 44.4% below 30 kDa and with 78.4%
below 100 kDa. A comparison of proteins with the proteins detected on the probe revealed,
that 6 proteins were exclusively detected in the microdialysate (Prothymosin alpha; Actin,
cytoplasmic 1; Musculoskeletal embryonic nuclear protein 1; Signal recognition particle
receptor subunit beta 77 kDa protein; Myotilin; Hbe1 Epsilon 1 globin). But these proteins

were ubiquitously produced in cells.
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Table 7: Proteins identified from in vivo microdialysates collected for 8 h from rats with bone
defect by the IPI database via HPLC-MS/MS signal data analysis (n=6).

Molecular weight

IPI'ID Protein name

(kDa)
IP100327075 Musculoskeletal embryonic nuclear protein 1 9.0
IPI00421832 Dermcidin 11.3
IP100231350 Parvalbumin alpha 11.9
IP100393595 Prothymosin alpha 12.4
IPI00205036 Hemoglobin alpha 2 chain 15.3
IP100287835 Hemoglobin subunit alpha-1/2 15.3
IP100230897 Hemoglobin subunit beta-1 16.0
IPI00231192 Hemoglobin subunit beta-2 16.0
IP100207146 Zero beta-1 globin 16.0
IP100212478 Hbe1 Epsilon 1 globin 16.1
IPI00211927 Lysozyme C-1 16.7
IP100231699 Troponin |, slow skeletal muscle 21.7
IP100231650 Histone H1.2 22.0
IPI00766273 Similar to Histone H1.2 22.2
IPI00766956 Histone cluster 1, h1b 22.6
IP100210941 Isoform 2 of Tropomyosin alpha-3 chain 28.7
IPI00197888 Isoform 1 of Tropomyosin alpha-1 chain 32.7
IPI00230775 Isoform 1 of Tropomyosin beta chain 32.8
IPI00393158 33 kda protein 32.9
IPI00767644 Ankyrin repeat domain 2 37.1
IP100189819 Actin, cytoplasmic 1 41.7
IP100189813 Actin, alpha skeletal muscle 42.0
IPI00200591 Serine protease inhibitor A3L 46.3
IP100200593 Serine protease inhibitor A3K 46.5
IP100195516 Hemopexin 51.3
IPI00190185 Myotilin 55.1
IPI00191737 Serum albumin 68.7
IP100476177 Signal recognition particle receptor subunit beta 77 kDa protein 76.4
IP100201262 Alpha-1-inhibitor 3 163.7
IPI00480639 Complement component 3 (fragment) 186.3
IPI00189811 Myosin-7 222.9
IP100780102 Myosin, heavy polypeptide 1, skeletal muscle, adult 223.1
IPI00476111 Myosin-4 223.4
IP100554308 Myosin, heavy polypeptide 2, skeletal muscle, adult 223.5
IPI00870537 Nebulin 850.2
IP100210193 Similar to titin isoform N2-B 3701.5
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5.7.2 Proteins on the surface of the probe

To identify the proteins absorbed on probes the proteins were separated by a gradient
SDS-PAGE (Fig. 18). Those probes were implanted in rats with bone defect for 12 h (n=1),
17 h (n=1), 24 h (n=2) or 24—48 h (n=1) and rats with soft tissue defect for 15 h (n=1) or 24 h
(n=2). Several strong staining bands were visible including a large intensive band at 66 kDa

referring to the serum albumin from blood plasma or BSA from perfusate.

- 4 — 4 -
RS 5] = O |5}
=) L = L 2
(] (] [}] (O] (0]
2 B B ° = B © © © ©
= 0] ) ) [ 5} O~ O [}
© ‘D = ‘D = 35~ ®© ‘D = “5A“5£ 35~ 3~
—— 5 < < n c 5 S e o v o<
QO N~ < 2 0 O O o < < L D«
) [0} ) = X o O ) ) = =
® = = c5 c9 =Y =35 57 cf cd =9 =9
a T O S o) S ®© T2 o o o o o
= == a2 & RS A == 82 a2 8% a2 o<
~
L ¥
200 I 200 ¥

130

72
55

36

17 17

’-—-.“-_-._

" 11

%
| 4

gel 1 gel 2

Fig. 18: Gradient SDS-PAGE of the proteins on the probes. The probes implanted in rats
with bone defect for 12 h (n=1), 17 h (n=1), 24 h (n=2) or 2448 h (n=1) and rats with soft
tissue defect for 15 h (n=1) or 24 h (n=2).

After HPLC-MS/MS analysis, 1322 different proteins were identified on the probes
independent of the probe. Among them 884 proteins were detected on probes implanted in
rats with bone defect, 1063 proteins on the probes implanted in rats with soft tissue defect.
Out of 259 proteins were exclusively identified in bone defect, 438 exclusively in soft tissue

defect and 625 proteins in bone defect as well as in soft tissue defect (Fig. 19).
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Bonedefect overlap Soft tissue defect

884 proteins 625 proteins 1063 proteins

Fig. 19: Distribution of all proteins identified on probe from rats with bone defect and
with soft tissue defect. Proteins were represented for each proteome with two circles;

subsets in common (in purple) are indicated within the diagram.

The molecular weight of the proteins ranged from 0 to 3701 kDa with a median of
37.7 kDa (Fig. 20). Moreover, 87.9% of the proteins were below the MWCO of the probe. The

distribution of the molecular weight was illustrated in Fig. 20.
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Fig. 20: Distribution of molecular weight of the proteins on the surface of probes.

Samples were collected from bone defect and soft tissue defect after explantation (n=8).

5.8 Protein annotation

To allocate the identified proteins from microdialysates and probes to cellular
components and biological processes the Panther classification system was used. For the
Panther annotation, 19 of 36 (52.8%) proteins in the microdialysates were identified in
Panther database. Whereas among the proteins on the probes, 518 of 884 (58.6%) proteins
from bone defects and 652 of 1063 (61.3%) proteins from soft tissue defects were identified

in Panther database (Table 8). Moreover, the identified protein can be assigned in different
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cellular component, biological processes or pathways.

Table 8: Proportion of proteins identified by Panther database for protein annotation.

Sample Surgery type Total protein Identified protein Percentage

Microdialysate Bone defect 36 19 52.8%

Probe Bone defect 884 518 58.6%
Soft tissue defect 1063 652 61.3%

1) Clustering according to the cellular component

The cellular localization of the proteins is shown in Fig. 21. The proteins in the
microdialysates and on the probes had a similar distribution between intracellular and
extracellular region. The results show a majority (86.4%-88.9%) of proteins which collected
either from microdialysate or probes derived from the cellular origin including protein complex,
ribonucleoprotein complex, plasma membrane or intracellular origin. Whereas only a small
amount (11.1%—-13.6%) were from the extracellular origin.
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Fig. 21: Distribution of the protein hits in the functional classification of the cellular
component against the total number of proteins identified by Panther. Proteins from in
vivo microdialysates recovered for 8 h in rats with bone defect (n=6). The proteins on the
probes implanted in the bone defect for 12-24 h (n=4) and during 24—-48 h (n=1), and in the
soft tissue defect for 15-24 h (n=3).

2) Clustering according to biological process

In total, 9, 17 and 16 biological processes were identified by analyzing the proteins in the
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microdialysates and the probes explanted from rats with bone defect and soft tissue defect
(Fig. 22). The distribution of the proteins in the biological process was similar between the
probes explanted from rats with bone defect and soft tissue defect (Fig. 22b). For both of
them, metabolic processes formed the biggest cluster according to the proteins on the
probes. Following the metabolic processes, either in bone defect or in soft tissue defect, the
proteins enriched in the clusters of “cellular process”, “cell communication” and “immune
system process”. Among the identified processes “immune system process” and “response
to stimulus” were important biological processes. Although on the probes from bone defect
less kinds of protein were detected, higher percentage of proteins were classified to the
category of “immune system process” (21.0% for bone defect vs. 16.4% for soft tissue defect)
and “response to stimulus” (15.6% for bone defect vs. 11.0% for soft tissue defect) (Fig. 22b).
Many important humoral proteins were found to be involved in these two processes during
bone defect and soft tissue defect healing: They included complement components,
chemokines, insulin-like growth factor-binding protein complex acid labile chain, IL-1 receptor
antagonist protein (IL-1ra), IL-1 receptor type Il (IL-1R2), macrophage migration inhibitory
factor (MIF) and similar to coagulation factor IX. Furthermore, with a comparison of selected
proteins between bone defect and soft tissue defect, CXCL-2, CXCL-3 and CXCL-7 were
only found in rats with bone defect in both processes, while CXCL-4 were only found in rats
with bone defect and involved in “immune system process” (Table 9). Moreover, as the
children term of “response to stimulus”, in the biological process of “blood coagulation” 17
proteins deriving on probes in bone defect and 9 proteins in soft tissue defect was involved

including chemokines, complement components, integrins (Table 10).
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Fig. 22: Biological process classification of identified proteins using Panther
classification system. a) Proteins collected from microdialysates for 8 h (n=6). b) Proteins
from the probes which were implanted in bone defect for 12 h (n=1), 17 h (n=1), 24 h (n=2) or
during 24—-48 h (n=1) and in soft tissue defect for 15 h (n=1) or 24 h (n=2).
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Table 9: Selected important proteins. The tabulated proteins were selected from 107 and 81

proteins involved in “immune system process” and “response to stimulus” on the probes

explanted from bone defect, whereas 109 and 72 proteins involved in “immune system

process” and “response to stimulus” on probes explanted from soft tissue defect were used
for selection. Probes were implanted for 12 h (n=1), 17 h (n=1), 24 h (n=2) or during 24-48 h

(n=1) in rats with bone defect and for 15 h (n=1) or 24 h (n=2) in soft tissue defect.

ID Protein

Immune system process  Response to stimulus

Bone defect

Soft tissue Bone defect Soft tissue
defect defect

IPI00365896 Complement factor properdin
IP100204451 Complement factor |
IPI00382185 Da1-24 (protein cfb)
IP100215296 C1q subcomponent subunit A
IP100215299 C1q subcomponent subunit C
Ipi00209973 C4 binding protein, alpha
IPI00422037 C4, gene 2

IPI00764698 Similar to C5 precursor
IP100331776 C6

IPI00780574 C8, gamma polypeptide
IP100231423 C9 protein

IPI00188225 C-reactive protein (CRP)
IPI00231328 CXCL-2

IPI00778837 CXCL-3

IPI00206634 CXCL-4

IPI00197780 CXCL-7

IPI00194341 Galectin-3

IP100202416 Insulin-like growth factor-binding

protein complex acid labile chain

IP100214461 |L-1 receptor antagonist protein (IL-1ra)

IPI00199341 IL-1 receptor type Il (IL-1R2)
IP100230907 MIF
IPI00765267 Similar to coagulation factor IX

+ + + + F + F o+ A+ o+ 4+ o+ 4+ o+

+

+ o+ 4+ + + + + o+ + o+ o+ +

+

+ + + o+
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Table 10: Proteins on the probes involved in biological process of “blood coagulation” using
Panther classification system. The probes were implanted in bone defect for 12 h (n=1), 17 h
(n=1), 24 h (n=2) or during 24-48 h (n=1) and in soft tissue defect for 15 h (n=1) or 24 h
(n=2).

ID Protein Bone defect Soft tissue defect
IP100204451 Complement factor | +

IPI00382185 Da1-24 (protein cfb)

IP100554226 Complement component factor h-like 1
IPI00209973 C 4 binding protein, alpha

IPI00331776 C6

IPI00780574 C8, gamma polypeptide

IPI00231423 C9 protein

IPI00231328 CXCL-2

IPIO0778837 CXCL-3

IPI00206634 CXCL-4

IPI00197780 CXCL -7

IPI00210900 Protein AMBP

IPI00565708 Isoform 1 of Haptoglobin

IPI00765267 Similar to coagulation factor IX

IP100778633 Apolipoprotein H

IP100198695 Integrin beta

IPI00360541 Integrin beta 2

IPI00208961 Similar to collagen alpha-1(X) chain precursor

+ o+ + + F o+ F o+ o+ o+ o+ A+ + o+
+ + 4+ o+

3) Clustering according to pathway analysis

The overrepresented pathway indicated that more involved proteins were presented
among the analyzed protein than expected by comparing with the reference proteome data
set. In this study, the statistically overrepresented pathways which were clustered from the
proteins on the probes were tabulated in Table 11 (p<0.05). In total, 518 proteins and 628
proteins on probes explanted from rats with bone defect (n=5) and soft tissue defect (n=3)
were identified by panther for statistical overrepresentation test. Although 9 and 11 pathways
were significantly over/down-represented in bone defect and soft tissue defect, only 4 and 3
were particularly related with injury healing. The pathways of “blood coagulation”, “integrin
signaling” and “inflammation mediated by chemokine and cytokine signaling” were found to
be statistically overrepresent both after bone defect and soft tissue defect. Additionally, “FGF
signaling” was only significantly overrepresented after bone defect (Fig. 23). Many proteins
were involved in the blood coagulation and more proteins were identified in this pathway from
bone defect than soft tissue defect (Fig. 24). Particularly, integrin beta, glycoprotein 9 and
similar to murinoglobulin 1 homolog were only detected from bone defect. In the pathway of
inflammation mediated by chemokine and cytokine signaling, CXCL-4 were only found in
bone defect.

On the other hand, among the 19 proteins identified by Panther in the microdialysates, 2
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pathways were statistically overrepresented. Nevertheless, only “nicotinic acetylcholine
receptor signaling” was specifically related with healing process. There were 3 proteins (actin,
skeletal muscle, adult; actin,

alpha skeletal muscle; myosin, heavy polypeptide 1,

cytoplasmic 1) involved in this pathway.

Table 11: List of the 4 important statistically overrepresented pathways based on the proteins
on the probes using Panther statistical overrepresentation test. In total 518 proteins and 628
proteins on probes explanted from rats with bone defect for 12 h (n=1), 17 h (n=1), 24 h (n=2)
or during 24—-48 h (n=1) and from soft tissue defect for 15 h (n=1) or 24 h (n=2) were involved

the analysis. (p<0.05)

Bone defect  Soft tissue defect

ID Protein name No. of No. of

. pvalue . pvalue

protein protein
Blood coagulation 15 9.1x10" 12 1.2x10°
IPI00199695 Serine (or cysteine) peptidase inhibitor, clade F, + +
member 2

IPI00205389 Isoform 1 of fibrinogen beta chain + +
IPI00206780 Plasminogen + +
IPI00210947 Heparin cofactor 2 + +
IPI00212666 Isoform 1 of murinoglobulin-1 + +
IPI00326140 Alpha-1-macroglobulin + +
IPI00392886 Alpha-2-macroglobulin + +
IP100515829 Kininogen 1 + +
IPI00564327 Murinoglobulin-2 + +
IPI00679245 T-kininogen 2 + +
IPI00763879 Glycoprotein Ib (platelet), alpha polypeptide + +
IPI00765267 Similar to coagulation factor IX + +
IPI00198695 Integrin beta +
IPI00204686 Glycoprotein 9 +
IPI00368704 Similar to murinoglobulin 1 homolog +
Integrin signalling pathway 26 1.2x10° 22 3.0x10°
IPI00187747 Ras-related protein Rap-1A + +
IPI00200773 Skeletal muscle-specific alpha-actinin 3 + +
IPI0020902  Alpha-actinin-1 + +
IPI00210097 Isoform 2B of gtpase kras + +
IPI00211512 Actin-related protein 2/3 complex subunit 1B + +
IPI00213463 Alpha-actinin-4 + +
IPI00231966 ADP-ribosylation factor 4 + +
IPI00285606 Isoform 1 of cell division control protein 42 homolog + +
IPI00331953 ADP-ribosylation factor 1 + +
IPI00360356 Actin, beta-like 2 + +
IP100360541 Integrin beta 2 + +
IPI00363022 Similar to actinin alpha 2 + +
IP100363395 Ras-related protein Rap-1b + +
IPI00363847 Actin-related protein 2/3 complex subunit 5 + +
IPI00365286 Vinculin + +
IP100365657 Vasp protein + +
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Table 11: List of the 4 important statistically overrepresented pathways based on the proteins

on the probes using Panther statistical overrepresentation test (continued).

IP100370158
IP100422092
IP100764535
IP100768299
IP100188921
IP100191114
IP100198695
IP100208961
IP100231965
IP100776522
IP100373752
IP100565677

Ras-related C3 botulinum substrate 2
Ras-related C3 botulinum toxin substrate 1
Actin-related protein 2/3 complex subunit 2
Actin related protein 2/3 complex, subunit 3
Collagen alpha-2(1) chain

Ras homolog gene family, member C
Integrin beta

Similar to collagen alpha-1(X) chain precursor
ADP-ribosylation factor 5

31 kDa protein

Filamin, beta

289 kDa protein

Inflammation mediated by chemokine and cytokine signaling 19

pathway
IP100189813

IP100204077
IP100210097
IP100211512
IP100285606
IP100360356
IP10036054 1
IP100363847
IP100366039
IP100370158
IP100372040
IP100422092
IP100764535
IP100768299
IP100780102
IPI00191114
IP100776522
IP100206634
IP100324979
IP100208224
IP100211615
IP100212655

IP100212658
IP100366042

IP100565677

Actin, alpha skeletal muscle

Ras homolog gene family, member G

Isoform 2B of gtpase kras

Actin-related protein 2/3 complex subunit 1B
Isoform 1 of cell division control protein 42 homolog
Actin, beta-like 2

Integrin beta 2

Actin-related protein 2/3 complex subunit 5
Formyl peptide receptor 1

RAS-related C3 botulinum substrate 2

Arpc4 protein

Ras-related C3 botulinum toxin substrate 1
Actin-related protein 2/3 complex subunit 2

Actin related protein 2/3 complex, subunit 3
Myosin, heavy polypeptide 1, skeletal muscle, adult
Ras homolog gene family, member C

31 kda protein

CXCL-4

Arachidonate 5-lipoxygenase-activating protein
Signal transducer and activator of transcription 3
Serine/threonine-protein kinase PAK 2

Guanine nucleotide-binding protein G(1)/G(S)/G(T)
subunit beta-1

Guanine nucleotide-binding protein G(1)/G(S)/G(T)
subunit beta-2

Similar to formyl peptide receptor, related

sequence 2
289 kda protein

FGF signaling pathway 11

IP100196661
IP100210097
IP100230835
IP100230937

14-3-3 protein theta

Isoform 2B of GTPase KRas

14-3-3 protein gamma
Phosphatidylethanolamine-binding protein 1

+ + + + + + + + 4+ 4+

6.4x10° 21

+ + + + + + + + + + o+ + + o+ +

3.8x107?

+ + + +

+ + 4+ +

9.7x10°

+ + 4+ + + + + + + F o+ + o+ o+
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Table 11: List of the 4 important statistically overrepresented pathways based on the proteins

on the probes using Panther statistical overrepresentation test (continued).

IP100231677
IP100285606

IP100324893
IP100325135
IP100370158
IP100422092
IP100760126
IP100196661
IP100210097
IP100230835
IP100230937
IP100231677
IP100285606

14-3-3 protein eta

Isoform 1 of Cell division control protein 42
homolog
14-3-3 protein zeta/delta

14-3-3 protein epsilon

Ras-related C3 botulinum substrate 2
Ras-related C3 botulinum toxin substrate 1
Isoform Short of 14-3-3 protein beta/alpha
14-3-3 protein theta

Isoform 2B of GTPase KRas

14-3-3 protein gamma
Phosphatidylethanolamine-binding protein 1
14-3-3 protein eta

Isoform 1 of Cell division control protein 42
homolog

+

-+

+ + 4+ + + + + o+ + o+ 4+

Fig. 23: FGF/FGFR signaling pathway in cells with identified proteins by Panther

statistical overrepresentation test. The identified proteins were on probe from rats with

bone defect (n=5). FGF signaling is mediated through its binding to FGF receptor which
activates ERK1/2, p38 MAPK, SAPK/JNK, PKC and PI3K pathways to induce mitogenisis

and differentiation of cells, or survival, apoptosis and migration of cells in various tissue types.

Proteins identified on the probes are highlighted in yellow: 14-3-3; Ras (isoform 2B of
GTPase KRas); RKIP (Phosphatidylethanolamine-binding protein 1); Rac (RAS-related C3

botulinum substrate 1; Ras-related C3 botulinum toxin substrate 2; isoform 1 of Cell division

control protein 42 homolog).
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Fig. 24: Blood coagulation pathways with identified proteins by Panther statistical
overrepresentation test. Proteins were on probe from rats with bone defect (n=5) and soft
tissue defect (n=3). Proteins identified on the probes both from bone defect and soft tissue
defect are highlighted in red, while the proteins or the proteins contained the proteins that
were only from bone defect are highlighted in yellow: Bradykinin/HMWK/Kinogen (Kininogen
1, T-kininogen 2); FXI/FXla (similar to coagulation factor IX); Fibrinogen/Fibrin
monomer/Fibrin polymer crossed-linked (isoform 1 of fibrinogen beta chain); GPllla (integrin
beta); GP IX/GP 1bp (glycoprotein 9); GP 1ba (glycoprotein Ib (platelet), alpha polypeptide);
a2-macroglobulin (alpha-1-macroglobulin, alpha-2-macroglobulin, similar to murinoglobulin 1
homolog, isoform 1 of murinoglobulin-1, murinoglobulin-2); HC Il (heparin cofactor 2);
Plasminogen/Plasmin (plasminogen); a2-antiplasmin (Serine (or cysteine) peptidase inhibitor,

clade F, member 2).
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4) Functionally relevant proteins

By searching database of Panther, Uniprot or PubMed, a list of important extracellular
proteins which were potentially associated with the process of bone healing was selected
based on the the total 1322 proteins on probes from rats with bone defect and soft tissue
defect and the biological process/pathway analysis using Panther. These 52 selected
proteins were extracellular proteins. Moreover, they were involved in the statistical
overrepresented pathways and biological processes of “blood coagulation” and others were
related to the process of injury healing. These proteins include chemokines (CXCL-2,
CXCL-3, CXCL4 and CXCL-7), complement components (Complement factor |, Da1-24
(protein cfb), Complement component factor h-like 1, C 4 binding protein, alpha, C6, C8,
gamma polypeptide, C9 protein and CRP), blood coagulation factor (Similar to coagulation
factor 1X), MMPs (MMP-8 and MMP-9), ECM proteins (eg. rodent bone protein (RoBo-1),
osteonectin and integrins) and other proteins located in the extracellular space. Those
selected proteins with the processes and statistical overrepresented pathways were
tabulated in (Table 12).
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Table 12: The 52 selected proteins which were involved in the bone healing process among all 1322 identified proteins on probe from rats with
bone defect and soft tissue defect by HPLC-MS/MS. The probes were implanted in bone defects for 12 h (n=1), 17 h (n=1), 24 h (n=2) or during

24-48 h (n=1) and in soft tissue defects for 15 h (n=1) or 24 h (n=2). The biological processes and statistical overrepresented pathway were

analyzed by using Panther. +, detected; n.r, not reported,

Bone defect

Soft tissue defect

D Protein name . . Statistical . . Statistical
Biologcial process overrepresented Biologcial process overrepresented
pathway pathway
IPI00187799 Isoform HMW of Kininogen-1 n.r n.r n.r n.r
IP100188225 CRP immune system process n.r immune system process n.r
response to stimulus response to stimulus
IPI00188622 Similar to TGF, beta induced cellular process n.r
cell communication
developmental process
system process
cell adhesion
IP100189424 Osteonectin cellular process n.r
cell communication
IP100191715 al-acid glycoprotein immune system process n.r immune system process n.r
IPI00194341 Galectin-3 cellular process n.r cellular process n.r
immune system process immune system process
cell adhesion cell adhesion
apotosis apotosis
IP100194927 RoBo-1 metabolic process n.r metabolic process n.r
IP100196591 MMP-9 n.r n.r
IP100197780 CXCL-7 cellular process n.r
cell communication
immune system process
developmental process
response to stimulus
blood coagulation
IP100198695 Integrin beta developmental process n.r
IPI00198970 Ficolin-2 cell communication n.r cell communication n.r

cell adhesion
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Table 12: The 52 selected proteins which were involved in the bone healing process among all 1322 identified proteins on probe from rats with
bone defect and soft tissue defect by HPLC-MS/MS (continued).

IP100199341

IP100199695

IP100204451

IP100204686
IP100205389

IP100206634

IP100206780

IP100208961

IL-1R2

Serine (or cysteine) peptidase
inhibitor, clade F, member 2
Complement factor |

Glycoprotein 9

Isoform 1 of fibrinogen beta chain

CXCL-4

Plasminogen

Similar to collagen alpha-1(X)
chain precursor

-+

cellular process

cell communication
immune system process
metabolic process
developmental process
metabolic process
cellular process

immune system process
developmental process
response to stimulus
reproduction

developmental process

cell communication
developmental process
cell adhesion

cellular process

cell communication
immune system process
developmental process
response to stimulus
blood coagulation
metabolic process
developmental process
metabolic process
cellular process

cell communication
immune system process
transport

response to stimulus
system process
cellular component
organization

cell adhesion
localization
homeostatic process

n.r

blood coagulation

n.r

blood coagulation

blood coagulation

Inflammation
mediated by
chemokine and
cytokine signaling

blood coagulation

integrin signalling

metabolic process

cell communication
cell adhesion

metabolic process

n.r

blood coagulation

blood coagulation

blood coagulation
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Table 12: The 52 selected proteins which were involved in the bone healing process among all 1322 identified proteins on probe from rats with
bone defect and soft tissue defect by HPLC-MS/MS (continued).

IP100209973

IP100210900

IP100210947

IP100211401

IP100212520
IP100212666

IP100214461

IP100230907
IP100231328

C4 binding protein, alpha

Alpha-1-microglobulin/bikunin
precursor

Heparin cofactor 2

Matrix Gla protein (MGP)

MMP-8
Isoform 1 of murinoglobulin-1

IL-1ra

MIF
CXCL-2

-+

metabolic process
cellular process

cell communication
immune system process
developmental process
response to stimulus
cell adhesion

metabolic process
immune system process
developmental process
response to stimulus
metabolic process
developmental process

metabolic process
cellular process

cell communication
immune system process
developmental process
response to stimulus
cellular process

cell communication
immune system process
response to stimulus
immune system process
cellular process

cell communication
immune system process
developmental process
response to stimulus
blood coagulation

n.r

n.r

blood coagulation

blood coagulation

n.r

n.r
n.r

cellular process

cell communication
immune system process
response to stimulus
cell adhesion

metabolic process
immune system process
response to stimulus

metabolic process

cellular process
cell communication
developmental process

metabolic process
cellular process

cell communication
immune system process
response to stimulus

cellular process
cell communication
immune system process
response to stimulus

n.r

n.r

n.r

blood coagulation

n.r

n.r
blood coagulation

n.r

n.r
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Table 12: The 52 selected proteins which were involved in the bone healing process among all 1322 identified proteins on probe from rats with
bone defect and soft tissue defect by HPLC-MS/MS (continued).

IP100231423

IP100326140

IP100327745

IP100331776

IP10036054 1

IP100363839
IP100368704

IP100382185
IP100389471

C9 protein

Alpha-1-macroglobulin

Serum amyloid P-component

C6

Integrin beta 2

Chitinase-3-like protein 1
Similar to  murinoglobulin
homolog

Da1-24 (protein cfb)
IGF-1 isoform A preproprotein

+

metabolic process
cellular process

cell communication
immune system process
developmental process
response to stimulus
cell adhesion

metabolic process
cellular process

cell communication
immune system process
response to stimulus
immune system process
response to stimulus
metabolic process
cellular process

cell communication
immune system process
developmental process
response to stimulus
cell adhesion

metabolic process
cellular process

cell communication
immune system process
developmental process
response to stimulus
cell adhesion

metabolic process
developmental process

developmental process
n.r

n.r

blood coagulation

n.r

n.r

n.r

n.r
blood coagulation

n.r
n.r

cellular process

cell communication
immune system process
response to stimulus
cell adhesion

metabolic process
cellular process

cell communication
immune system process
response to stimulus
immune system process
response to stimulus

cellular process

cell communication
immune system process
response to stimulus
cell adhesion

n.r

n.r

blood coagulation

n.r

Integrin signalling
pathway
Inflammation
mediated by
chemokine and
cytokine signaling
pathway

n.r
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Table 12: The 52 selected proteins which were involved in the bone healing process among all 1322 identified proteins on probe from rats with
bone defect and soft tissue defect by HPLC-MS/MS (continued).

IP100392886

IP100515829
IP100554226

IP100555168

IP100565381
IP100679203

IP100564327

IP100565708

IP100679245

Alpha-2-macroglobulin

Kininogen 1

Complement component factor h-
like 1

Ferritin, Ferritin heavy chain
(Ferritin H subunit)
Similar to Ferritin light chain 1

Ferritin, Ferritin light chain 1
(Ferritin L subunit 1)
Murinoglobulin-2

Isoform 1 of Haptoglobin

T-kininogen 2

-+

+

+ +

metabolic process
cellular process

cell communication
immune system process
developmental process
response to stimulus

developmental process blood coagulation

blood coagulation

metabolic process n.r
cellular process

cell communication

immune system process
developmental process

response to stimulus

cell adhesion

n.r n.r
transport n.r
transport n.r

metabolic process
cellular process

cell communication
immune system process
developmental process
response to stimulus

blood coagulation

metabolic process n.r
cellular process

immune system process

developmental process

response to stimulus

system process

reproduction

developmental process blood coagulation

metabolic process
cellular process

cell communication
immune system process
response to stimulus

blood coagulation

n.r blood coagulation

transport n.r

metabolic process
cellular process

cell communication
immune system process
response to stimulus

blood coagulation

metabolic process n.r
cellular process

immune system process

response to stimulus

system process

reproduction

n.r blood coagulation
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Table 12: The 52 selected proteins which were involved in the bone healing process among all 1322 identified proteins on probe from rats with
bone defect and soft tissue defect by HPLC-MS/MS (continued).

IP100763879

IP100765267

IP100777464
IP100778633

IP100778837

IP100780574

Glycoprotein Ib (platelet), alpha
polypeptide

Similar to coagulation factor IX

Amyloid protein A
Apolipoprotein H

CXCL-3

C8, gamma polypeptide

+

metabolic process
cellular process

cell communication
immune system process
cell adhesion

metabolic process
cellular process
immune system process
response to stimulus
reproduction

n.r
metabolic process
cellular process
cell communication
immune system process
developmental process
response to stimulus
cell adhesion
cellular process
cell communication
immune system process
developmental process
response to stimulus
blood coagulation

metabolic process
immune system process
developmental process
response to stimulus

blood coagulation

n.r

n.r
n.r

n.r

n.r

cellular process

cell communication
immune system process
developmental process
cell adhesion

blood coagulation

metabolic process n.r
cellular process

immune system process

response to stimulus

reproduction

metabolic process n.r
cellular process

cell communication

immune system process

response to stimulus

cell adhesion

immune system process n.r
response to stimulus
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5.9 Determination of cytokines and growth factors in the blood plasma

To study the systemic inflammation reaction after bone defect, plasma samples from rats
with bone defect or soft tissue defect were analyzed for IL-6, IL-138, TNF-a, TGF-B1, VEGF,
PDGF-BB and BMP-2 ELISA. IL-1B, TNF-a, VEGF and BMP-2 were undetectable in plasma
sample. Blood samples were taken hourly for 8 h (n=4 for bone defect, n=2 for soft tissue

defect) or in 3 h-intervals for 24 h (n=2 for bone defect, n=2 for soft tissue defect).
5.9.1 Determination of IL-6 in the blood plasma

Before surgery, IL-6 concentration in plasma was below the detection limit of the ELISA.
After surgery, IL-6 was only detectable in individual samples. At 1 h after bone defect, the
concentration of IL-6 increased to 156.5 pg/mL and the maximal concentration was
450.8 pg/mL at 8 h after bone defect. In the soft tissue defect concentration of IL-6 was
223.4 pg/mL at 8 h. For 24 h in 3 h-intervals, IL-6 was undetected in plamsa after bone
defect, and it was only detected in one sample collected at 24 h with concentration of

21.2 pg/mL after soft tissue defect.
5.9.2 Determination of TGF-B1 in the blood plasma

Before surgery, concentration of TGF-B1 was 3239.7+2856.0 pg/mL in plasma. Right
after creating the bone defect the concentration of TGF-31 increased to the highest level of
8398.2+5364.8 pg/mL at 2 h. Afterwards, the concentrations of TGF-31 were constant with a
slightly higher level than pre-surgery within the first 8 h. After soft tissue defect, the
concentration of TGF-B1 did not significantly change with an half-fold of those in bone defect
within 8 h (Fig. 25 a). Within 24 h after bone defect and soft tissue defect, the concentrations
of TGF-B1 decreased over time. Moreover, at 24 h the concentrations of TGF-31 were similar

in both groups with a lower level than pre-surgery (Fig. 25 b).
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Fig. 25: TGF-B1 concentration in blood plasma. Samples from rats with bone defect (n=4
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for 8 h and n=2 for 24 h) and with soft tissue defect (n=2) pre- and after surgery. Data
represent meantSD. a) Samples were obtained hourly for 8 h. b) Samples were obtained

every 3 h for 24 h. pre: pre-surgery.

5.9.3 Determination of PDGF-BB in the blood plasma

The concentrations of PDGF-BB was analyzed in samples taken hourly for 8 h. They
increased after surgery in both groups. After soft tissue defect, the concentration of
PDGF-BB peaked at 2 h (1365.1+132.9 pg/mL) with 4-fold increase compared to pre-surgery
concentration (315.1£233.9 pg/mL). However, after bone defect the concentration did not
significant change. After bone defect the concentrations of PDGF-BB increased within 2 h
and then fluctuated between 222.1+99.3 pg/mL and 589.4+489.9 pg/mL (Fig. 26).

1600 - W bone defect
1400 - l O soft tissue defect

1200 +
1000 +
800 -
600 -
400 +
200 -

0 4

pre 1 2 3 4 5 6 7 8
time point (h)

PDGF-BB concentration (pg/mL)

Fig. 26: PDGF-BB concentration in blood plasma. Samples were obtained hourly for 8 h
from rats with bone defect (n=4) and rats with soft tissue defect (n=2) pre- and after surgery.

Data represent meantSD. pre: pre-surgery.

5.10 Histological analysis of the hematoma

To examine the cellular changes at the site of bone defect at the early stage of bone
healing, the hematoma were explanted from 5 rats with bone defect at 9, 12, 24, 45 and 48 h
and histological analysis was performed. Hematoxylin & eosin (H&E) stained hematoma
slides revealed that during the whole time course, an infiltration of lymphocytes and PMNs
could be observed. At 9 h after explanation, an inflammatory reaction was seen within the
hematoma with low numbers of inflammatory cells like neutrophils (bold black arrows) and
lymphocytes (narrow black arrow) (Fig. 27 a). At 12 h, there were no significant histological
changes (Fig. 27 b). After 24 h a primitive fibrin network (bold white arrow) had formed with

abundant infiltration of PMNs (black arrows) and macrophages (®) were seen (Fig. 27 c, d).
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At 45 and 48 h (Fig. 27 d, e), the fibrin network was enlarged and the number of inflammatory
cells was decreased. By counting the inflammatory cells in hematoma, it was shown that the

amount of the inflammatory cells peaked at 24 h after bone defect (Fig. 28).

Fig. 27: Histology of the hematoma after surgery from rats with a bone defect. a)

Hematoma was explanted 9 h after surgery. b) Hematoma was explanted 12 h after surgery.
c¢) Hematoma was explanted 24 h after surgery. d) Hematoma was explanted 45 h after
surgery. e) Hematoma was explanted 48 h after surgery. Original magnification: x400, scale
bar=50 pm, H&E stain. Lymphocytes (narrow black arrow), PMNs (bold black arrow),

primitive fibrin network (bold white arrow), monocyte (white star), macrophage (®).
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Fig. 28: Cell count of the inflammatory cells per low power field at five different time
points in hematoma. Thirty slices were analyzed at each time point. Data represent

meanxSD. From H&E stain slices with magnification: x100.
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6 Discussion

Although expression of several mediators in fracture healing has been revealed in
previous studies, the profile of the dynamic changes in the specific local mediator release
during the early inflammatory stage of bone defect healing so far have remained elusive. In
this study, some interstitial markers of inflammation and some important healing proteins
were characterized through microdialysis. Among the mediators, cytokines and growth
factors are important for the cellular response.

Seven cytokines and growth factors (IL-6, IL-1B, TNF-a, TGF-p1, VEGF, PDGF and
BMP-2) were monitored due to their early expression and detection in bone fracture models
as demonstrated in gene expression and protein production levels previously (Bourque et al.,
1993; Kon et al., 2001; Cho et al., 2002; Schmid et al., 2009). Among them PDGF has 3
isoforms (PDGF-AA, PDGF-AB and PDGF-BB), and PDGF-BB was selected for this study
due to its universality and the potent effects on chemotaxis and modulation for
osteoprogenitors cells during bone repair (Caplan & Correa, 2011). The molecular weight of
these cytokines and growth factors ranges between 12.5-51.0 kDa which potentially were
able to pass through the CMA 20 microdialysis probe with a MWCO of 100 kDa. So far,
sampling of these cytokines and growth factors from a bone defect site in rats has not been
reported. Hence, the essential strategy was to first establish optimal conditions for

microdalysis in rats with a long bone critical-size defect.
6.1 Fluid recovery

The recovery of large molecules is accompanied by fluid loss due to the application of
high MWCO probes (100-3000 kDa). The disequilibrium of the osmotic pressures/hydrostatic
pressure across the membrane causes the influx of water molecules from the perfusate to
the interstitial space, which potentially dilutes the protein concentrations in the interstitial
compounds and directly alters the chemistry of the interstitial space (Helmy et al., 2009).
Under physiological conditions in capillares, few large molecules can cause marked increase
the total osmotic pressure. Dextran-70 (70 kDa) and BSA (68 kDa) were widely used as
colloids in previous in vitro and in vivo microdialysis studies (Ao et al., 2006; Garvin &
Dabrosin, 2008) due to their high molecular weight and the relative inactivity.

In this study, the fluid recover olny significant decreased after adding PER/0.2% Dextran-
70 or PER/0.4% Dextran-70 in PER at flow rates of 0.5 yL/min in rats with bone defect. For
other cases in in vitro and in vivo study, after adding Dextran-70 or BSA in PER the fluid
recovery increased slightly though without a statistically significant enhancement (Fig. 7). In
a previous in vivo study the use of 1.5—4% Dextran-70 Krebs—Henseleit bicarbonate buffer at

a flow rate of 0.335 puL/min with a higher concentration of colloid prevented fluid loss due to

68



Discussion

the increased colloid osmotic pressure (Rosdahl et al., 1997). According to Dahlin’s in vitro
study, the addition of 2—4% Dextran-60 to the crystalloid perfusate enhanced the fluid
recovery with increased concentrations of Dextran-60. However, the highest fluid recovery
occurred when using 3% Dextran-60 (Dahlin et al., 2010). Compared with their studies, low
concentrations of Dextran-70 (0.01-0.4%) were used in this study. This implied that at low
range of the Dextran-70 concentration, the effect of Dextran-70 concentration on fluid
recovery was small.

Although the flow rate did not significantly affect the fluid recovery in this study, at a
higher flow rate of 2.0 yL/min the fluid recovery was over 90% when using colloid perfusates.
The present results confirmed the findings in the literature. Trickler et al. have used a
100 kDa probe to investigate the fluid loss at flow rates between 0.5-5.0 pL/min when
perfusing PBS and PBS/3.5-10% BSA. They revealed that when using a certain perfusate, a
higher flow rate induced a greater absolute amount of fluid loss due to the increased
hydrostatic pressure while fluid recovery was not affected by the flow rate (Trickler & Miller
2003).

Both Dextran-70 and BSA had an identical potency to enhance fluid recovery. But
Hillman et al. have reported 3% Dextran-60 in ringer’s solution to be more powerful on the
fluid recovery than 3.5% albumin when using microdialysis in humans (Hillman et al., 2005).
It is speculated that BSA may potentially increase the permeability of the membrane by
reducing the water barriers around the membrane (Trickler & Miller 2003). However, because
this study used different types and concentrations of Dextran and BSA, the discrepancy
between Dextran-70 and BSA did not become obvious.

During 24 h after creating a bone defect or soft tissue defect in rats, the fluid recovery
did not significantly change with perfusing either PER/0.01% Dextran-70 or PER/1% BSA.
Furthermore, since 9 h after injury, the fluid recovery was above 95%. Some researchers
have revealed that the in vivo fluid loss differed according to the different types of tissues like
brain/catheter vs. cerebrospinal fluid/catheter or muscle/catheter vs. adipose/catheter
(Rosdahl et al., 1997; Helmy et al., 2011). However, in the present study, different types of

injury between bone defect and soft tissue defect did not alter the fluid recovery.

6.2 Influence of the crystalloid perfusate on relative recovery

Three crystalloid perfusates (0.9% NaCl, PBS or PER) were compared on the basis of
relative recovery (RR) in this in vitro study. These 3 solutions are common solutions used in
clinical or biological research because of their identical crystalloid pressure to the blood
plasma or cells in mammals. Previous in vitro studies have suggested that the physiological

properties of the perfusates might correlate with the RR. The pH of the perfusates would
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interact with the pl of the molecules and the charges on the probe membrane (Zhao et al.,
1995; Helmy et al., 2009). The farther the difference between the pl of cytokine or growth
factor and the pH of the perfusate, the stronger the hydrophility of the cytokine and thus the
better the recovery which can be achieved (Helmy et al., 2009). However, in this study, the
pH of crystalloid perfusates adding BSA were not measured. Therefore, it is impossible
to determine the reason for the individual detection of IL-6 on the aspect of relationship
of pl and RR when using the same perfusate to sample TGF-31 with pl 8.61 and IL-6
with a pl of 7.7. Nevertheless, for TGF-B1 sampling, the pH of different crystalloid
perfusates seems not to affect the RR. Similarly Kjellstrém et al. reported that there were
no significant differences in the RR when using different crystalloid perfusates (Ringer at
pH 7.4 and 9.4, and PBS at pH 5.4 and 7.4) in vitro (Kjellstrém et al., 1999). Therefore
0.9% NaCl, PER and PBS were all acceptable crystalloid perfusates.

6.3 Relative recovery of cytokines and growth factors in vitro

In vitro, the recovery of TGF-B1, VEGF and IL-6 was investigated using different
perfusates and flow rates to optimize the conditions for in vivo microdialysis. Neither the used
crystalloid perfusates nor the addition of Dextran-70 resulted in a reproducible detection of
these proteins. However, addition of 1% BSA led to detectable IL-6 and TGF-31
concentrations (Fig. 9, Fig. 10). Consistent with previous findings, the colloids enhanced
cytokine RR (Hillman et al., 2005; Helmy et al., 2009). Furthermore, apart from the effect of
the increasing colloid osmotic pressure, BSA can potentially serve as a blocking agent to
prevent the non-specific binding of proteins to the inner wall of the tube or the membrane (Ao
et al., 2006). In addition, being a negatively charged protein, it generates an ionic gradient
across the probe membrane. Via binding with the charged proteins, a BSA-protein complex is
formed and consequently prohibits the reflux of the proteins. However, the neutrally charged
Dextran is unable to do so (Trickler & Miller, 2003; Helmy et al., 2009). Moreover BSA could
reduce the water boundary surrounding the membrane to maintain the permeability of the
membrane, although this potentially would increase the fluid loss (Trickler & Miller, 2003).
Nevertheless, the discrepancy between BSA effects on sampling TGF-B1 and IL-6 in this in
vitro study was probably due to the different pl and molecular weights. In PER (pH 6.0),
TGF-B1 possesses more positive charges (pl 8.6) than IL-6 (pl 7.7). This suggests that the
BSA was able to bind with TGF-B1 rather than IL-6. The smaller size of TGF-31 compared to
IL-6 (12.5 kDa vs. 21.6 kDa) may also have partially accounted for the superior passing. On
the other hand, compared to previous studies, the individual detection of IL-6 may be ascribe
to multiple factors: the different concentrations of IL-6 in the external fluid, the different

lengths of the probe, the different temperatures or the different additives in the perfusates
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(Ao et al., 2005; Ao et al.,, 2006; Wang & Stenken, 2009). Although it is known that RR
depends on the concentration of the colloid, Hemly et al. have indicated the higher
concentration of colloid might bring more external fluid into the microdialysate which induced
a low RR compared with a lower concentration of colloid (Helmy et al., 2009). In this in vitro
study, the low concentration (0.01-0.04%) of Dextran-70 might explain the missing
correlation between colloid concentration and RR.

It is known that an increasing flow rate reduces the RR for cytokines in vitro (Ao et al.,
2004; Ao et al., 2005; Duo & Stenken, 2011). Many researchers used an ultraslow flow rate
to achieve a higher RR (Kjellstrém et al., 1999; Rosenbloom et al., 2005; Helmy et al., 2009).
Although at a slow flow rate some additives like BSA have sufficient time to bind with the
target, the negative effects on recovery, like evaporation and limited sample volume, led to
using flow rates of 0.5, 1.0 and 2.0 pL/min in this study based on the previous literature (Li &
Cui, 2008). Similar with the results from Ao et al. who found a decreasing RR for some
cytokines including IL-6 with increasing flow rate (0.5-2.0 pL/min) (Ao et al., 2005), the
present in vitro study showed that RR of TGF-B1 decreased with increasing flow rate, but
IL-6 did not constantly follow this principle according to the individual detection. The
discrepancy may be explained by the fact that Ao et al. have used a longer probe (10 mm)
and higher concentration of IL-6 in the standard external fluid (Ao et al., 2005). Furthermore,
Waelgaard et al. also reported that some molecules like chemokines and anaphylatoxins
would break the inverse relation between RR and the flow rate. It was assumed that these
molecules easily bind with the inner surface of the membrane. Thus the higher flow rate
could flush and resolve them into the microdialysates (Waelgaard et al., 2006).

VEGF was below the detection limit of ELISA in all in vitro microdialysates. It was found
that the recovery efficiency decreased with an increased molecular weight of the protein
(Schutte et al., 2004; Helmy et al., 2009). The larger molecular weight of the rat recombinant
VEGF homodimer with 50 kDa might restrict crossing of the 100 kDa membrane. It is known
that only proteins with one third to one fourth of the MWCO have a good recovery (Plock &
Kloft, 2005). However, many in vitro and in vivo studies proved the recoverability of VEGF by
using 100 kDa probe (Dabrosin et al., 2002; Helmy et al., 2011; Aberg et al., 2011). The RR
of VEGEF in vitro was found 4% at a flow rate of 2.0 yL/min at room temperature using 10 mm
length of 100 kDa probe, but the concentration and composition of the protein solution were
not reported (Dabrosin et al., 2002). One interpretation might be the different parameters
used in previous experiments, e.g. the longer probe (10 or 20 mm probe), higher
concentration of colloid (3.5% human albumin solution), or slower flow rate (0.3 pL/min).
Furthermore, the cytokine concentration in external fluid linearly correlated with the RR
(Folkersma et al., 2008). Hence, low concentration of VEGF in external fluid probably also

lead to the missing detection of VEGF in in vitro microdialysates.
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6.4 In vivo microdialysis

6.4.1 Total protein concentration

By perfusing PER, 0.9% NaCl or PER/0.01% Dextran-70 during microdialysis in rats with
bone defect, the total protein concentration in the microdialysates ranged from 0.14 to
0.36 mg/mL which is similar to the concentration of total protein measured in microdialysates
from the brain (Maurer et al., 2003; Hillman et al., 2005). For 2 h- or 3 h-intervals, the highest
concentration of the total protein occurred in the first interval. This was related to the initial
burst when starting microdialysis without equilibration. To get a steady-state for sampling, it is
required to perfuse until the concentration gradient in external fluid becomes steady
(Benveniste et al., 1989). Rosdahl et al. have used ultraslow flow rates to test the
equilibration time in human muscle and adipose tissue. They found that time of equilibration
for molecules, like glucose, lactate and glycerol took 90 min after probe insertion to get to a
steady-state, whereas urea was faster (Rosdahl et al., 1998). As seen in this in vivo study,
after the burst during the first interval, the total protein concentrations were constant. It could
be shown that microdialysate collection from a bone defect was possible for 24 h

continuously without substance loss.

6.4.2 Annotation of proteins in hematoma identified by HPLC-MS/MS

1) Overview of the detected proteins

HPLC-MS/MS was used to profile the recovered proteins in the microdialysates and the
proteins absorbed on the probes. In the microdialysates collected for 8 h from creation of the
bone defect, 36 proteins were identified. However, various proteins were blocked due to the
adsorption on the outer surface of the probe. In total, 884 proteins were found to be
adsorbed on the probes which were implanted in rats with a bone defect within 48 h after
surgery, while 1063 proteins were identified on the probes from rats with a soft tissue defect
(Fig. 19). In accordance with the statement that molecules smaller than one third to one
fourth of MWCO are readily recovered, among the proteins identified in the microdialysates
the median molecular weight was 32.8 kDa and 78.4% of the recovered proteins were below
MWCO (Plock & Kioft, 2005). However, among the proteins found on the probe, 87.9%
proteins were below MWCO due to their strong adsorption. The replacement of the proteins
on the probe and the limited availability of binding sites on the probes could explain the
missing detection of some proteins. Nevertheless, analyzing the proteins on the membrane
provided additional useful information to understand the process of bone healing apart from
the proteins in microdialysates.

Among those proteins identified in the bone defect only 11.1-13.6 % derived from the
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extracellular region. These results demonstrated that in the interstitial space of the
hematoma, cellular proteins from lysed cells were predominant at the early stage of wound

healing, while secreted proteins, ECM proteins or blood proteins only occupied a small part.

2) Biological processes

Biological processes and the overrepresented signaling pathways were analyzed to
reveal the underlying healing mechanism. Based on the proteins identified in the 8 h
microdialysates, no biological processes or pathways specifically associated with bone
healing were found. In contrast with few information concluded from microdialysates, the
adsorbed proteins suggested that both the bone defect and the soft tissue defect displayed a
similar biological response and that the “response of the immune system” and “response to
stimulus” were the predominant processes during at early stage of healing. “Blood
coagulation” as the child term of “response to stimulus” contained 17 and 9 proteins from
probes in bone and soft tissue defects, respectively. On the other hand, among the
overrepresented pathways, 4 of 9 and 3 of 11 were found to be significantly overrepresented
during the early healing period. “Blood coagulation”, “integrin signaling” and “inflammation
mediated by chemokine and cytokine signaling” were overrepresented for both the bone
defect and soft tissue defect. In addition, the “FGF signaling” pathway was specifically
overrepresented in bone defect only. These results were different from that of a previous
study using the entire fractured rat femur for analysis of gene expression. The authors

LI T

reported that “IGF-1 signaling”, “cell cycle: G1/S checkpoint regulation”, “PDGF signaling”,
“‘insulin receptor signaling”, “nuclear factor ‘kappa-light-chain-enhancer’ of activated B cell
(NF-kB) signaling” and “ERK/MAPK signaling” were significantly upregulated within 24 h after
the fracture (Li et al., 2007b). Moreover, they suggested the “cell cycle” pathway was the
central theme within 24 h after fracture. However, in the present study this signaling pathway
was not identified as being overrepresented. Nevertheless, as a biological process it was
found after the injury but not among the top processes. This discrepancy may be attributed to
the different sample sources and methods of analysis (gene expression vs. in vivo
microdialysis).

Li et al. found “integrin signaling” was unregulated during the stage of fracture
remodeling (Li et al. 2007b). In this study, this pathway was revealed to be overrepresented
as early as in the inflammatory stage. Integrin signaling improves cell migration, mediates the
cellular adherence to the ECM and affects the cell cycle specifically for neutrophils,
macrophages and MSCs (Berton & Lowell, 1999; Docheva et al., 2007). Moreover, via
integrin signaling the phagocytosis was actuated in neutrophils and macrophages, and
damaged ECM facilitated the migration of cells (Docheva et al., 2007). Concerning the

present results, it is concluded that the damaged ECM potentially modulates the progress of
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healing at an early stage via the “integrin signaling” pathway.

The specifcally overrepresented pathway of “FGF signaling” revealed that during bone
defect healing, the proportion of proteins involved in the “FGF signaling” over the total protein
was significantly higher than the reference data in database of Panther. In soft tissue defects
the proteins of “FGF signaling” were not increased significantly. This pathway can regulate a
variety of basic cellular processes. But the response to FGF signaling is both cell type-
specific and stage-specific (Dailey et al.,, 2005). FGF signaling is controlled by the
glycosaminoglycan heparan sulfate with the aid from other mediators (Jackson et al., 2006).
FGF signaling is thought to be crucial in bone development (Naski & Ornitz, 1998). As a part
of FGF signaling pathway, FGF-1, FGF-2 and FGF-5 were upregulated at 24 h after bone
injury (Schmid et al., 2009). However, in this study neither FGF nor the key of this pathway,
FGF receptor substrate 2a was identified within 24 h after injury. The limitation of proteins
collection, which depended on the absorption of probe membrane and the properties of

proteins (e.g the size or pl of the proteins), may induce the missing detection.
6.4.3 Identification of cytokines and bone related proteins

When comparing the proteins adsorbed to the probe and the proteins identified in the
microdialysate by HPLC-MS/MS, 6 proteins were found exclusively in the microdialysates.
Among them only musculoskeletal embryonic nuclear protein 1 was associated with bone
and muscle tissue. It is reported to be expressed and acutely upregulated in callus at 3 days
after femur fracture in rats (Lombardo et al., 2004). In this study its immediate production
corresponded to the regenerative response of bone and muscle within 8 h after bone defect.

Among the 7 selected cytokines and growth factors (IL-6, IL-1B, TNF-a, TGF-31, VEGF,
PDGF-BB and BMP-2), none was detected in 8 h microdialysates via HPLC-MS/MS.
However, by ELISA IL-6 and TGF-B1 could be detected and monitored constantly in
microdialysates for 24 h after both bone and soft tissue defects.

IL-6 was recoverable in microdialysates either by perfusing 0.9% NaCl, PER,
PER/0.01% Dextran-70 or PER/1% BSA. However, without BSA IL-6 was only detected in
individual samples. This confirmed that BSA in PER had a better performance than
Dextran-70. After creating a bone defect and soft tissue defect, the concentration of IL-6
peaked at 12—15 h and 6-9 h, respectively. Within 24 h, there were no significant changes of
the IL-6 concentration in bone defect. But after a soft tissue defect has been created, the
concentrations of IL-6 significantly increased until the interval of 9—-12 h. Then in both types
of injury, the concentration of IL-6 declined to baseline at 21-24 h (Fig. 15). These results
correspond with a study, where IL-6 was recovered by microdialysis from ultraviolet B (UVB)-

irradiated skin. The IL-6 concentration ascended within the first 8-16 h and decreased to
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baseline after 24 h (Averbeck et al., 2006). The production of IL-6 accompanies an acute
injury (Farnebo et al., 2009). The present study revealed that at 6-9 h the concentration of
IL-6 in the soft tissue defect was significantly higher than in the bone defect. The recovered
IL-6 may have been released from PMNs, monocytes, microphages and endothelial cells
(Cicco et al,, 1990; Leeuwenberg et al., 1990; Terebuh et al., 1992). Because of the
predominance of PMNs in wounds within 24 h, the PMNs might be tha main source of the
production of IL-6.

Although previous in vivo and clinical studies found TGF-f1 expression and
concentration to be elevated in hematoma within 2 weeks after fracture, the dynamic
changes of the production within 24 h after bone defect has not been determined yet
(Steinbrech et al., 2000; Sarahrudi et al., 2011b). TGF-B1 gene was expressed constantly in
fractured bone from mice during the whole repair process with a sharp upregulation between
12 and 24 h after fracture, and then returned to the pre-surgery high baseline (lto et al., 1999;
Cho et al., 2002). In this study, the concentration of TGF-31 in the microdialysates remained
relatively constant over 24 h both in both bone and soft tissue defects. The concentration of
TGF-B1 in microdialysates from human UVB-irradiated skin also displayed a similar pattern
within the first 24 h (Averbeck et al., 2006). Moreover, a previous in vivo study demonstrated
that the first peak of the active TGF- was generated at 1 h after injury and the second peak
occurred 5 days later in rat wound model (Yang et al., 1999). The initial release from the
platelets would be sustained by release from the ECM (Werner & Grose, 2003). Although
macrophages can produce TGF-B1 (Bourque et al., 1993), they usually occur in the fracture
hematoma after 48—96 h, which was confirmed by the histological results of this study. Thus,
a higher content of TGF-B1 might be obtained when prolonging the time of sample collection.

Comparing with the consistent detection of IL-6 and TGF-B1 in microdialysates, IL-13
and TNF-a as the predominant proinflammatory cytokines were detected only rarely within
the microdialysates. The difficulty of IL-1B and TNF-a detection was also reported in fracture
hematoma serum in a clinical trial by Hauser et al., who detected IL-13 sporadically but did
not detect the soluble TNF-a (Hauser et al., 1997). Different studies showed that the mRNA
of IL-1B and TNF-a were strongly expressed within 24 h after bone fracture in mice and their
productions was increased in monocytes (Kon et al., 2001; Cho et al., 2002). Of them, TNF-a
was weakly produced at 24 h in the bone marrow space or periosteum nearest to the fracture
in mice (Kon et al., 2001). In a rat limb trauma model, the secreted TNF-a was consistently
detected via microdialysis throughout 3 h without a significant increase using a probe with
100 kDa MW CO (Farnebo et al., 2009). Compared with their results, the occasional recovery
in this study might be attributed to the higher flow rate and shorter probe membrane
especially for the large molecular weight of TNF-a (51 kDa). While Farnebo et al. used a flow

rate of 0.3 pL/min and the length of membrane was 30 mm (Farnebo et al., 2009), in this
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study the flow rate was 2.0 yL/min and the probe length was 4 mm. Platelets as well as
monocytes and macrophages are the major sources of IL-1B and TNF-a (Dinarello, 1984;
Broughton et al., 2006). The low infiltration of monocytes and macrophages and release from
activated platelets within 24 h after surgery probably induced the low concentration of these
cytokines being insufficient for consistent recovery and detection via microdialysis.

Instead of detecting IL-1pB in the fracture hematoma, IL-1R2 and IL-1ra were found to be
adsorbed on the probe membranes within 48 h after surgery. IL-1R2 was found 24 h after
creating the bone defect while IL-1ra was found 48 h after bone defect and 24 h after soft
tissue defect creation. Both proteins inhibit the IL-1 signaling transduction, downregulate
IL-1B level and inhibit the IL-1B activity in vitro (Carter et al., 1990; Giri et al., 1994).
Neutrophils are the major source of soluble IL-1R2 after the response to TNF or endotoxin
(Giri et al., 1994). After bone fracture in mice the expression of IL-1R2 increased within 24 h
and peaked at day 3 (Kon et al., 2001). Overall, these results indicate that IL-1R2 and IL-1ra
play a role in regulation of IL-1B levels and the subsequent healing cascade.

Previously it was reported that the concentration of PDGF and VEGF in local human
hematoma supernatant was above 4 ng/mL within 24 h after bone fracture with a 2.5 fold and
10 fold increase compared to the circulation level respectively (Street et al., 2001). However,
they were undetectable locally at the site of injury by microdialysis. The pl of PDGF-BB and
VEGF (9.3 for VEGF and 9.4 for PDGF-BB) seems not to be a barriers to their recovery,
however, their molecular weights (40 kDa for VEGF and 30 kDa for PDGF-BB) were close to
the optimal threshold for the 100 kDa membrane (Plock & Kloft, 2005). So far there is no
report on PDGF-BB recovery with microdialysis, while VEGF has been recovered in several
clinical microdialysis studies (Helmy et al., 2011; Aberg et al., 2011). However, in this in vivo
study, VEGF and PDGF-BB were not detected in the microdialysates. The missing detection
of VEGF was in agreement with the results of a present in vitro study, and the potential
reasons were discussed above. Hence, the missing detection of VEGF and PDGF-BB
suggested the difficulty of their recovery at a sufficient concentration by using a CMA 20
probe in rats with either bone or soft tissue defects.

Another undetectable growth factor throughout the study was BMP-2. The BMP-2 gene
is an early response gene for bone fractures and is highly expressed within 24 h after tibia
fractures in mice (Cho et al., 2002). However, the unexpectedly low concentration within 24 h
after bone defect creation in rats may lead to the missing detection of BMP-2 in
microdialysates.

The release of chemokines is a marker of early inflammation (Klapperich & Bertozzi,
2004). After creation of bone and soft tissue defects, CXCL-1, CXCL-5 and CXCL-7 were
detected and monitored in 3 h-intervals for 6 h in microdialysates by proteome profiler™

array (Fig. 17). Throughout 6 h after the fracture, the release of CXCL-1 increased in bone
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defects, while CXCL-1 was secreted steadily after creating a soft tissue defect. Additionally
CXCL-1 was also detected between 24 to 48 h after the bone defect by HPLC-MS/MS. An in
vivo study showed the degree of infiltration of neutrophils to be dependent on the
concentration of CXCL-1 (Shibata et al., 1996). Meanwhile CXCL-2 and CXCL-3 have an
amino acid sequence homology with CXCL-1 of 67% and 63%, respectively, in rats and they
have an identical activity for neutrophil chemotaxis (Nakagawa et al., 1994). But the release
of CXCL-2 and CXCL-3 within 6 h after bone defect was undetectable by proteome profiler™
array in the microdialysates. Nevertheless, they were detected on the probe by HPLC-
MS/MS at 24 h after bone defect. It is therefore suggested that CXCL-1 plays a predominant
role during the very early reaction to injury compared with CXCL-2 and CXCL-3.

Besides CXCL-1, the other 2 chemokines recovered by microdialysis were CXCL-5 and
CXCL-7 within 6 h after surgery. CXCL-5 responded immediately but the production slightly
decreased within 6 h after bone defect creation. However, in soft tissue defects it was just
released during 3—6 h. It can be expressed by monocytes and released from platelets (Rihl et
al., 2009; Nurden, 2011). An in vivo study demonstrated that CXCL-5 is a potent neutrophil
chemoattractant. Nevertheless, CXCL-5 also mediates the release of other cytokines like IL-
18 and TNF-a (Chandrasekar et al., 2003). Considering to the relatively low concentration of
IL-18 and TNF-a within 24 h in bone defect hematoma, it can be assumed that there is a
relative weak ability of CXCL-5 to induce IL-1B and TNF-a in vivo. Apart from the role in
inflammatory response, it also chemoattractes BM-MSCs, seems to be involved in regulating
angiogenesis and mitogenesis, and may be involved in the maintenance of hematopoietic
stem cells (Choong et al., 2004; Nedeau et al., 2008). Hence, the production of CXCL-5 in
bone defects may potentially influence those aspects that contribute to bone healing.

Compared to CXCL-1 and CXCL-5, CXCL-7 was abundantly released within 6 h in bone
and soft tissue defects. During the first 3 h the release of CXCL-7 displayed a similar
immediate response both in the bone and soft tissue defect. However, in the bone defect, the
release of CXCL-7 only slightly increased, while in the soft tissue defect it decreased to
about 50%. The vascular injury and the release of high concentrations of CXCL-7 from
platelets (von Hundelshausen et al., 2007; Shi & Morrell, 2011) was associated with the
intensive detection after bone and soft tissue defects in rats. This chemokine might be
associated with injury due to its properties of neutrophils chemotaxis, mediation of
neutrophils transendothelial migration and angiogenesis (Schenk et al., 2002; Romagnani et
al., 2004). Moreover, in an in vitro study, CXCL-7 was reported to be able to recruit MSCs
(Kalwitz et al., 2009; Kalwitz et al., 2011). Further, exogenous CXCL-7 enhanced the
differentiation of IGF-2 treated mouse bone marrow cells into osteoclasts (Nakao et al., 2009).
Hence compared to the other cytokines plotted on the array, the intensive and steady

production of CXCL-7 implies its diverse and important roles during bone defect healing
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especially at the initial 6 h after injury.

As an important negative regulator for CXCL-7, CXCL-4, also known as platelet factor 4,
was identified in bone defect at 12 h after surgery. CXCL-4 is synthesized in megakaryocytes
and released by activated platelets. It was also expressed in smooth muscle cells,
monocytes or macrophages (Schaffner et al., 2005; Schiemann et al., 2006; Lasagni et al.,
2007). CXCL-4 plays a role in inflammation and wound repair. In contrast to other CXC
chemokines, CXCL-4 lacks chemotactic properties for neutrophils (Petersen et al., 1996).
Moreover, CXCL-4 is a high affinity heparin-binding tetramer (Ruoslahti & Yamaguchi, 1991).
Due to these characteristics it affects the coagulation via neutralizing the anticoagulant factor
heparin during injury (Eitzman et al., 1994). Moreover, in an in vitro study it activated PMNs
by binding chondroitin sulfate on the cellular membrane (Petersen et al., 1998). On the other
hand, CXCL-4 is an inhibitor of angiogenesis by inhibiting the proliferation of endothelial cells
(Maione et al., 1990; Bikfalvi, 2004). An in vitro study in bone showed that CXCL-4 can inhibit
collagenase and ensue the significant inhibition of osteoclastic bone resorption (Horton et al.,
1980). In addition, as a component of platelet-rich plasma (PRP), which is widely used in
bone tissue engineering, CXCL-4 potentially contributes to enhancing the bone regeneration
together with other mediators (Plachokova et al., 2007).

Apart from those chemokines and cytokines, many complement components were also
detected within 48 h after the injury. These components conducted the inflammatory and
immune response. Apart from their effects on the immune and inflammatory response, for
instance C5 and C3 were potentially associated with bone tissue regeneration with respect to
chemotaxis for osteoprogenitors and the formation of osteoblasts and osteoclasts (Sato et al.,
1993; Ignatius et al., 2011; Schoengraf et al., 2013). Among the identified complete
components, CRP is a major acute phase protein that can regulate the complement system
(Schultz & Arnold, 1990). It is synthesized by hepatocytes. Normally it is only present in a
trace amount in human serum under physiological conditions, but following a fracture it is
acutely increased and peaks at day 2 in the patients’ blood (Yoon et al., 1993; Neumaier et
al., 2006; Gottlieb et al., 2011). Therefore, in this study it likely derived from the bleeding
blood vessels. In clinical applications, it was used to monitor the progress of fracture
treatment as a marker of inflammation, especially acute infection (Kallio et al., 1990; Uzel et
al., 2010). In an in vivo study on bone tissue engineering it also served as the marker of
immune response (Niemeyer et al., 2010). Besides of local complement activation it can also
interact with PMNs and leukocytes (Schultz & Arnold, 1990). Therefore, it is an important
protein during bone healing, but the specfic role of circulating or local CRP in bone defect
healing need to be further eludicated.

Among the proteins which were specifically present in the bone defect according to the

HPLC-MS/MS analysis, some possess the properties of growth factors. Chitinase-3-like

78



Discussion

protein 1 is a biomarker of inflammation (Rathcke et al., 2006) and was found in bone defects
at 17 h and 24 h after surgery. The biological function of this protein is unclear, but so far it
was found to be associated with wound healing and tissue remodeling (Gottlieb et al., 2011).
It can modulate type | collagen fibril formation, proliferation and differentiation of cells and
angiogenesis by enhancing the migration of endothelial cells (Nishikawa & Millis, 2003;
Stoffel et al., 2007; Gottlieb et al., 2011). Although it played a central role in chondrogenesis,
according to data from clinical studies, the circulating Chitinase-3-like protein 1 increased
within 24 h and then declined at 3 days after tibia fracture (Stoffel et al., 2007; Gottlieb et al.,
2011). Hence, the potential source of Chitinase-3-like protein 1 might be the blood during
bleeding. Moreover, the circulating level depended on the fracture type and the amount of the
osseous injury (Gottlieb et al., 2011). Nevertheless in accordance with the qualitative results
in this study, more information about this protein at the site of injury during the early stage of
bone healing is needed.

Although IGF-1 was not detected in the hematoma by microdialysis or on microdialysis
probes within 48 h after creating the bone defect, a 15 kDa IGF-1 isoform A preproprotein,
was found in the bone defect at 48 h after surgery. It was cleaved to IGF-1 (Chen et al.,
2001). Although IGF-1 mainly functions at the soft callus stage, during the very early
inflammatory stage macrophages and periosteum cells might produce the preproprotein
(Bourque et al., 1993; Okazaki et al., 2003). In an in vivo mandibular osteotomy model, the
MRNA expression of IGF-1 decreased at day 3 after surgery (Steinbrech et al.,, 1999).
However, Li et al. have demonstrated that IGF-1 signaling pathways were upregulated
according to genetic analysis within 24 h after a rat femoral fracture (Li et al., 2007b).
Therefore, the presence of IGF-1 isoform A preproprotein in bone defects indicates that the
synthesis of IGF-1 corresponds with early defect healing.

Finally, RoBo-1 is a bone specific protein, which was identified both in bone and soft
tissue defects. It was firstly reported in rats as a novel cDNA in 1998 and was found to be
abundant specifically in the growth plate during endocartilagineous bone healing (Noel et al.,
1998). Hence, this protein may be derived from the injured matrix. In an in vivo study it was
found that during rat tibia regeneration the RoBo-1 gene expression responded to PTH
treatment (Horesovsky et al., 2003). Moreover, it also responded to an estrogen treatment in
bone tissue (Noel et al., 1998). However, considering the limited information that s available
so far about this protein, the relationship between the protein and early bone healing needs

to be further eludicated.
6.5 The humoral inflammatory response

A systemic response to bone and soft tissue injury is induced by specific proteins, and it
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is accompanied by a local response to recruit angiogenic cells and MSCs (Marsell & Einhorn,
2009). For some proteins, it is assumed that the circulating levels are related to the fracture
healing process (Zimmermann et al., 2005). The present study revealed the temporal pattern
of circulating concentrations of IL-6, IL-18, TNF-a, TGF-B1, VEGF, PDGF-BB and BMP-2 in
rats with bone or soft tissue defect. The observations were made up to 24 h after the injury.
Among those cytokines, only TGF-f1, VEGF and PDGF were consistently detected in the
blood plasma. IL-6 was detected in individual samples.

Circulating TGF-B1 was suggested to be a biomarker of delayed/nonunion fracture
(Zimmermann et al., 2005). The increasing plasma concentration of TGF-f1 lasted for about
8 h with a sharp increase at 2 h, followed by a decrease at 24 h in bone defects. This trend
was not reproduced locally with microdialysis that showed a constant production of TGF-1
for 24 h at the site of injury. Compared with the bone defect, the plasma concentration of
TGF-B1 decreased in the soft tissue defect without any increase before 21 h. The acute
increase might be ascribed to the uptake of TGF-31 from the local site of injury into the blood
stream which usually takes hours to days (Giannoudis et al., 2008). Moreover, the systemic
TGF-B1 did not correspond to the local release.

Within 8 h of bone defect creation, the concentration of circulating PDGF-BB showed an
inconsistent trend with an immediate increase after the injury. This may be attributed to a
constant release from platelets and the plasma levels of PDGF-BB seems not to be affected
by the injury within 8 h. Furthermore, the concentrations of VEGF in the circulation were
below the detection limit of ELISA before and after surgery. A 24 week observation in patients
with fractures revealed increasing levels of circulating TGF-1 accompanied by increased
concentrations of the circulating PDGF, VEGF and M-CSF which indicated the systemic
response to fracture (Sarahrudi et al., 2011a; Sarahrudi et al., 2011b). However, no such
correlation was seen in 8 h after bone defect or soft tissue defect in rats. Moreover, elevation
of circulating PDGF and VEGF concentrations has been observed within 24 h and 1 week
after the trauma (Street et al., 2001; Sarahrudi et al., 2009). Street et al. found that together
with the local response to bone injury, the systemic response of PDGF and VEGF culminated
following fracture revascularization (Street et al. 2001). Within 8 h after the injury, no
angiogenesis was noticeable, which corresponds to the fact tha the plasma levels of
PDGF-BB and VEGF were not affected by the injury.

Other than in previous animal or clinical studies which found the circulating
concentrations of IL-6, TNF-a and IL-13 to be increased during the initial stages of fracture
healing (Kobbe et al., 2008; Lee et al., 2009a; Sears et al., 2010), this study revealed that
IL-6 concentration in the blood plasma was only measurable in individual samples and that
TNF-a as well as IL-13 were not detectable in blood plasma neither before nor after surgery

with ELISA. This result implied that although the inflammatory cytokines played a role locally,
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the systemic inflammatory cytokine response in rat may not be significant immediately after a
local bone or soft tissue defect.

The concentrations of circulating BMP-2 were below the detection limit in all blood
plasma samples in this study. BMP-2 was reported to be detectable in the circulation of
healthy human volunteers and healthy rats (Park et al., 2008; Choi et al., 2012; Gunary et al.,
2013). In Zimmermann’s study, the circulating BMP-2 was not detected for 72 weeks after
bone fracture in patients (Zimmermann et al., 2005). However, no information is available
about the plasma BMP-2 in rats with either a fracture or bone defect. This study suggests for
first time that BMP-2 does not respond systemically in rats during the early phase after bone

injury in detectable concentrations.
6.6 Cellular response

In this study, at 9-12 h after bone defect creation, PMNs and mononuclear cells were
found to be scattered in the bone defect hematoma and their amount peaked at 24 h.
Meanwhile the monocytes were seen since 24 h after bone defect and the macrophages
appeared at 45 h (Fig. 27). The PMN infiltration was in agreement with a previous in vivo
study which demonstrated that the infiltration of inflammatory cells scattered throughout the
site of bone injury during the early stages of fracture healing (Andrew et al., 1994). Moreover,
in this study several cytokines including IL-6, CXCL-1, CXCL-2, CXCL-3, CXCL-4, CXCL-5,
CXCL-7 and TGF-B1 were identified to be associated with the chemotaxis of inflammatory
cells into the hematoma. In a sheep fracture model, the PMNs in the fracture hematoma
increased over 1-4 h and then decreased due to the short life span. Subsequently, the
percentage of lymphocytes was elevated. The same study revealed that the number of
monocytes was increased within 4 h (Schmidt-Bleek et al., 2009). The discrepancy to this
study might be due to the different analysis methods and the different experimental models.
Moreover, many in vivo studies have demonstrated that after a fracture few monocytes are
transformed into macrophages within 24 h and macrophages become predominant after 48 h
(Bourque et al., 1993; Andrew et al., 1994; Kon et al., 2001).

An abundant fibrin network was seen in the fracture hematoma beginning 24 h after
bone defect creation in the present study. At 45 h after surgery, the fibrin network formation
increased and became looser. This primitive fibrin network helps to recruit more cells
including bone progenitors thus being beneficial for the bone healing progress. In a study on
rats a cranial bone defect was flled with connective tissue, endothelial cells and clots within
one day after the injury (ltagaki et al., 2008). However, in this study, endothelial cells were
not identified in the hematoma by H&E staining within 45 h after surgery. This result was in

agreement with Bourque et al. who identified the endothelial cells beyond day 5 after tibial
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fractures in mice (Bourque et al., 1993). The different bone types, animals and bone defect

models may be responsible for the different results.
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7 Conclusions

In the present study microdialysis could be established to monitor the local early
response to bone and soft tissue injury in rats with a critical-size bone defect. Among the
different conditions for microdialysis, adding the colloids BSA or Dextran-70 to the crystalloid
perfusates slightly enhanced the fluid recovery. The crystalloid perfusates did not significantly
affect the recovery of cytokines and growth factors. Nevertheless, 1% BSA had a slightly
better performance with respect to enhancing cytokine and growth factor recovery. The flow
rates did not significantly affect the protein recovery in vitro or in vivo, but at a flow rate of
2.0 yL/min the total amount of protein was higher and larger sample volumes were obtained
which was beneficial for multiple analysis.

During 24 h after surgery, among 7 cytokines and growth factors involved in early wound
healing, only IL-6 and TGF-B1 were detectable consistently in bone or soft tissue defects with
microdialysis. The concentration of IL-6 peaked during 12—15 h in microdialysates from bone
defects whereas the concentration of TGF-1 remained relatively constant for 24 h. However,
the concentrations of TNF-a, IL-13, VEGF, PDGF-BB and BMP-2 were below the detection
limits of the ELISA. Furthermore, several chemokines like CXCL-1, CXCL-5 and CXCL-7
were released in bone defects within 6 h after surgery, and CXCL-2, CXCL-3, CXCL-4,
RoBo-1, IGF-1 isoform A preproprotein and Chitinase-3-like protein 1 were identified on the
probe membrane implanted in bone and soft tissue defects. Taking all detected proteins from
bone detect hematoma into account, it was revealed that during 48 h after bone defect the
pathways of “nicotinic acetylcholine receptor signaling”, “blood coagulation”, “integrin
signaling”, “inflammation mediated by chemokine and cytokine signaling” were
overrepresented bone and soft tissue defects. In addition, the “FGF signaling” pathway was
specifically overrepresented in bone defects and s therefore thought to have a particular role
in bone healing.

When looking at the systemic reaction to bone and soft tissue injury, only PDGF-BB and
TGF-B1 were constantly detected in the blood plasma within 24 h. This finding suggests that
during the response to bone defects in rats different mediators are expressed systemically
and locally.

In the histological analysis, polymorphonuclear leucocytes and mononuclear cells
infiltrated into the bone defect hematoma immediately after surgery and peaked at 24 h.

The experiments used in this study may serve as a baseline for further investigations of
the acute response to osseous and soft tissue trauma with microdialysis. The detected
proteins like CXCL-1, CXCL-2, CXCL-3, CXCL-4, CXCL-5, CXCL-7, RoBo-1, Chitinase-3-like
protein 1 or IGF-I should be monitored further to enhance our understanding of the complex

process of bone defect healing and to develop novel strategies for bone regeneration.
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