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1. Introduction 

In the last century stem cells came more and more in the focus of interest in the 

medical research with the hope of the development of stem cell-based therapeu-

tics.  

 

1.1. Historical Development of the stem cell research 

Already 1876 J. Cohnheim postulated in the time of the development of the Cellu-

lar Pathology the existence of fibroblast-like cells in the blood stream and therefore 

from the bone marrow, which were part of the inflammation and wound healing 

[12].  

At begin of the 20th century A. Maximov suggested an intimate relationship be-

tween the embryonic development of blood cells and the mesenchym. He postu-

lated, that the mesenchym consists of two cell types, “fixed, spindle- and star-

shaped cells” and “wandering cells” [40, page 540]. From the fixed cells one part 

differentiated into fibroblasts, whereas the other part remained in an undifferentiat-

ed state and is the origin of all the different blood cells, so he described the histio-

cytes as HSCs. This was one of the principles of the first bone marrow transplan-

tation 1957 in Seattle by Donall Thomas and in the following years the stem cell 

transplantation became a successful standard therapeutic method by patients with 

leukaemia.  

The final proof of an adult pluripotent hematopoetic stem cell was done by James 

Till, Ernest McCulloch and Lou Siminovitch 1963 with the detection of colony-

forming cells in the spleen of mice, which had the capacity of self-renewal, exten-

sive proliferation and differentiation [53].  

A cornerstone in the discovery of the MSCs was the proof of a separate stem cell 

line by A. J. Friedenstein. Already 1966 he postulated after his experiments with 

mouse bone marrow isotransplanted intraperitoneally in diffusion chambers that 

“haemopoietic and stromal elements might have different stem cells while control 

over the composition of the whole population of marrow cells provides selective 

effects upon each of these categories of stem cells” [20, page 388-389]. Two 

years later he assumed a multipotent stem cell responsible for the osteogenesis. 

In the following years he defined it as plastic-adherent colony-forming unit fibro-

blasts cell or stromal stem cells with self-maintenance ability, the capability to 
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generate connective tissue within the bone marrow and the microenvironment for 

the hematopoietic tissue [21,22].  

Finally A. Caplan called these cells Mesenchymal stem cells with the capability to 

differentiate along the mesodermal lineage into bone, cartilage, tendons, liga-

ments, marrow stroma, adipocytes, dermis, muscle and connective tissue accord-

ing to extrinsic and intrinsic factors [10]. 

In the following years many studies were carried out to characterize the MSCs and 

to appreciate the therapeutical abilities.  

 

1.2. Stem cells 

Stem cells are unspecialized cells, which have the capacity with an asymmetric 

division to a self-renew through cell division (= proliferation) and to generate spe-

cialized cells by differentiation [30].  

On the one hand the stem cells are classified according to their origin as embryon-

ic stem cells (from the inner mass of an embryo before the building of the blasto-

cyst), embryonic germ cells (collected from a foetus later in development in the 

gonadal ridge) and adult stem cells (taken from a mature organism). Additionally 

the cells could be arranged by their differentiation potential: embryonic stem cells 

are totipotent (capable to develop to all cells and a whole organism, i.e. the zy-

gote) or pluripotent (development to many cell types but not to an entire organism, 

i.e. the blastocys); adult stem cells are multipotent (also capable of multi-lineage 

differentaiton, i.e. MSCs), oligopotent (differentiation only into a few cell types, i.e. 

lymphoid progenitor cells) or on the other hand unipotent (can only differentiate 

along one cell line, i.e. osteoblasts) [55].  

The differentiation of the adult stem cells processes at the three blastodermic lay-

ers: endoderm, mesoderm and ectoderm. The ectoderm is the origin of the cutis, 

neural system and the sensory organs; the mesoderm i.a. of the bones, muscula-

ture, connective tissue, heart and vessels, lymph nodes and lymph vessels; and 

the endoderm of the epithels of the most part of the gastrointestinal part, liver, 

pancreas, thymus, respiratory tract, urinary tract. If a cell from one layer differenti-

ates into a cell from another layer, the process is called transdifferentiation. 

Although the use of embryonal stem cells and embryonal germ cells promises the 

opportunity to treat many in the moment untreatable diseases, the embryonic pro-

tection law in Germany limits the research and use of these cells [8]. For this rea-
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son adult stem cells came more and more in the focus of the medical studies with 

the aim to differentiate them into special tissues and to migrate them in an organ-

ism to a place destinated without malignant transformation.  

 

Adult stem cells occur in almost the whole organism and they are mostly obtained 

from the bone marrow, circulating blood and the umbilical cord blood.  

In the bone marrow various populations of stem cells appear. There are hemato-

poetic and non-hematopoetic stem cells.  

To the group of the non-hematopoetic stem cells belong Endothelial Progenitor 

Cells (EPCs), MSCs, Multipotent Adult Progenitor Cells (MAPCs), Marrow-isolated 

Adult Multilineage Inducible Cells (MIAMI), Multipotent Adult Stem Cells (MACs) 

and Very Small Embryonic-like Stem Cells (VSEL). These various cell types do not 

necessarily represent distinct populations, but they also show some overlap. Non-

hematopoetic stem cells are mobilized from the bone marrow into the circulation 

during tissue injury and stress for the regeneration [48]. But until now it is not 

clear, if MSCs are true stem cells, because they show senescence in vitro [50]. 

 

The transplantation of these cells could be done with different grafts: xenogenic – 

donor and recipient from different species, allogenic – donor and recipient from the 

same species, isogenic – donor and recipient are genetic identically (enzygotic 

twins) and autogenetic – donor and recipient are the same person. The advantage 

of the isogenic and autogenetic transplantation is the abandonment of an immuno-

suppressive therapy after the transplantation. The most important methods are the 

allogenic and the autogenetic transplantation. 

 

1.3. Mesenchymal stromal cells 

MSCs could be isolated in the last years i.a. from the bone marrow (between 1 per 

104 and 1 per 105 mononuclear cells in human bone marrow according to the age 

of the donor), compact bone, peripheral blood, adipose tissue, amniotic fluid, um-

bilical cord and connective tissues of various organs [5,6,28,43,45] and from vari-

ous species like humans, rats, mice, cats, dogs, rabbits and pigs [50]. Crisan et al. 

assumed, that MSCs are “natively associated with the blood vessel wall” and “be-

longs to a subset of perivascular cells” [13, page 310], so called pericytes, that 

could be the reason, that MSCs could be found in so many tissues. 
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But the cells from these various populations are very different and have to be more 

standardized in the future.  

A transdifferentiation potential of the MSCs could also be shown by in vitro assays 

to neuronal, hepatic, epithelial and even cardiac phenotypes [5,24,43,45]. This 

circumstance promised a high therapeutic potential in the treatment of diseases, 

but it rather seems that the tissue repair is promoted more effectively by the secre-

tion of miscellaneous factors, e.g. to improve regeneration of injured cells, to stim-

ulate proliferation and differentiation of progenitor cells and decrease inflammatory 

and immune reactions [52]. 

MSCs are immunosuppressive by the interaction of the cells with the innate and 

adaptive immunosystem, for example by the secretion of cytokines [50]. 

Furthermore MSCs build the microenvironment for the growth and differentiation of 

the HSCs. This could be an approach to improve the engraftment of HSC by sim-

ultaneous transplantation [5,48].  

 

Because of the lack of a unique stem cell marker and the heterogenity of the iso-

lated MSCs, the International Society for Cellular Therapy defined minimal criteria 

for in vitro cultured human MSCs in a position statement 2006 “to standardize the 

cell preparations and to allow comparisons of scientific studies among laborato-

ries” [14, page 317].  

Therefore they proposed three criteria for the definition of MSCs: the cells must be 

plastic-adherent in vitro, over 95% of the population must express CD105, CD73, 

and CD90 and additionally have to be negative (lower than 2%) for CD45, CD34, 

CD14 or CD11bc, CD79α or CD19 and HLA class II. Finally the isolated cells must 

be able to differentiate into three lineages, i.e. into osteoblasts, adiopocytes and 

chondroblasts under standard in vitro differentiating conditions.  

Human MSCs are already applied in rapidly increasing indications 

(www.clinicaltrials.gov) [33], i.e. for the treatment of myocardial infarction [11], skin 

defects [15], osteogenis imperfecta [27] and in the therapy of bone defects by an 

autogenetic transplantation [39].  

If patients received treatment with allogenetic hMSCs, they showed no anti-

allogenic MSC antibody production or T-cell priming [54]. For this reason first stud-

ies with hMSCs in the treatment or even the prevention of GvHD were done with 
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results auspiciously [34,35,37]. Additionally clinical trials showed an enhancement 

of hematopoietic engraftment [31,36]. 

For the rBM-MSCs there are no standardized conditions like there are for the 

hMSCs. They are mainly cultured in a basic medium containing αMEM or DMEM 

with glucose and L-Glutamine and additionally FCS as serum.  

Similarly to the human MSCs differentiation to adipogenic, osteogenic, chondro-

genic and neuronal like cells could be shown. 

The surface antigen expression is described as positive for CD90, CD73, CD29 

and CD105 and negative for CD45, CD11a, CD31, CD18, CD71 and CD34 

[26,29,46]. 

 

In the recent past, the influence of different cytokines was investigated, to better 

understand the growth and differentiation of the MSCs.  

To the tested cytokines belongs i.a.: 

 PDGF: 

Platelet-derived growth factor (PDGF) is a disulfide-bonded dimeric mole-

cule which exists in several subtypes consisting of homo- or heterodimers 

(PDGF-AA, PDGF-BB, PDGF-AB, PDGF-CC and PDGF-DD) of the PDGF-

A, -B, -C and -D gene products. PDGF is a mitogen, which induces cell divi-

sion and is released from activated platelets for example. The isoforms act 

over the binding at one of the two PDGF-receptors α or β, which are tyro-

sine kinases [7,19].  

The concentration of PDGF-AA in PL amounts about 300 000 pg/ml and of 

PDGF-AB/BB about 500 000 pg/ml [16]. 

 

FGF: 

The FGF-familiy is a group of growth factors with 23 members. They inter-

act with cell-surface-associated heparan sulfate proteoglycans and are im-

portant for the signal transduction through a tyrosin kinase receptor. For this 

reason they control the proliferation and differentiation of wide variety of 

cells and tissues [56]. Human basic fibroblast growth factor (hFGF) increas-

es the growth rate and life span of MSCs [42]. The concentration of hFGF in 

PL amounts about 500 pg/ml [16]. 

 

http://en.wikipedia.org/wiki/Heparan_sulfate
http://en.wikipedia.org/wiki/Proteoglycans
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TGF-β1: 

TGF-β1 is a multifunctional cytokine and part of a large family, which in-

cludes TGF-β1, -β2, -β3 and also activines and inhibines. The three 

isoforms show a great homology but are encoded by different genes. They 

signal through the same intracellular signal pathways and are secreted as 

latent precursor molecules. After activation, e.g. by plasmin or thrombin, 

proteins can bind to TGF and promote the activity. The isoforms bind to a 

transmembran heteromeric complex of serin-threonin kinases (TGFβRII), 

which then activates an activin-receptor-like kinase (TGFβRI) and leads to a 

gene transcription. TGF-β1 is for this reason involved i.a. in the cytoskeletal 

organisation, matrix formation, metabolism and protein biosynthesis, cells 

signalling and proliferation [32]. The concentration of TGF-β1 in PL amounts 

about 100 00 ng/ml [16]. 

 

1.4. Regenerative Medicine  

In the last years the regenerative medicine, a part of the biomedicine, came more 

and more in the focus of interest. The aim is to develop methods to reconstitute 

cells, tissues and even organs. Therefore the tissue engineering belongs to the 

partitions of the regenerative medicine (development of transplants from autolo-

gous cells), the somatic cell therapy, the inducted autoregeneration and the gene 

therapy (not allowed in Germany).  

For the tissue engineering cells (i.e. MSCs), a surface and growth factors (i.e. 

BMP-2 or TGF-β) are necessary [16].  

Consequently MSCs with their ability to differentiate into different tissues are very 

important for the tissue engineering. They can easily be collected i.e. from the 

bone marrow, adipose tissue or the cord blood, in vitro expanded and differentiat-

ed into required tissues and then transplantated into the organism.  

The autologous chondrocyte transplantation by patients with damage of the inter-

vertebral disc or the meniscus or the repair of large bone defects are alredady in 

the clinical use [9]. 

 

 

 

1.5. Scope of the dissertation 
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As described above, MSCs represent an interesting approach for the therapy of 

many human diseases.  

Before clinical trials can be done safely, pre-clinical studies have to be done to 

prevent the patients of avoidable damage. An optimal assessment includes in an 

animal model: 

a) human MSCs or  

b) animal MSCs  

With approach a) cells could be investigated, that are later used in the clinical set-

ting, but are xenogenic and therefore might act different. On the other side with 

approach b) allogenic or autogenic cells could be examined in the animal model to 

investigate the species-specific behaviour, but these are not the cells for the clini-

cal trials. An optimal approach would combine both pre-clinical assessments: hu-

man cells (study for clinical trials) and animal cells (non-xenogenic cells). 

For these reasons besides the examination of human MSCs also animal MSCs 

must be established for further research.  

 

Therefore the scope of the dissertation was to establish standard methods for the 

laboratory for the:  

- isolation of MSCs from the rat bone-marrow 

- optimal cultivation conditions for the expansion 

- characterization of the MSCs with the differentiation into osteogenic, chondro-

genic and adiopgenic tissue and the antigen surface expression 

 

These results should allow further investigations relating to the in vivo behaviour 

of the MSCs by imaging studies and the comparison with the human MSCs. 

 

 

 

 

 

 

 

2. Materials and Methods 
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2.1. Devices 

 20 gauge needle    B. Braun, Melsungen, Germany 

BD FACSariaTM  BD Immunocytometry Systems, 

BD FACSDiVaTM software Heidelberg, Germany 

CellQuest 3.3 BD Immunocytometry Systems, 

  Heidelberg, Germany 

centrifuge 5810    Eppendorf, Germany  

Eppendorf research pipettes  Eppendorf, Hamburg, Germany 

Excel 2010     Microsoft, USA 

foliodrape      Paul Hartmann AG, Heidenheim, 

      Germany  

GIGLI saw     Aesculap AG, Tuttlingen, Germany 

Graph Pad Prism 6    GraphPad Software, USA 

incubator for cell cultures   Heraeus, Hanau, Germany 

Laminar Air® laminar flow bench  Heraeus, Hanau, Germany 

microscope Eclipse TS 100  Nikon, Kingston, UK 

 Neubauer cell counting chamber  Neubauer Brandt, Germany 

 POLARstar Omega plate reader  BMG Labtech, Freiburg, Germany 

scalpel     Aesculap AG, Tuttlingen, Germany 

serological pipettes    BD, Le Pont-de-Claix, France  

shaver     Wella, Germany 

 sterile gloves      Paul Hartmann AG, Heidenheim,  

       Germany 

 Word 2010     Microsoft,  USA 

  

2.2. Plastic materials 

 5 ml Polystyrene round-bottom  BD Falcon, Erembodegem,  

tube with cell strainer cap   Belgium      

10 ml syringe    Dispomed®, Gelnhausen, Germany 

50 ml FALCON conical tube  BD Falcon Biosciences, Germany 

96well plate      BD Biosciences, Germany 

cell scratcher     Nunc GmBH, Germany 

cryo tubes     Greiner Bio-One GmbH,  
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      Frickenhausen, Germany 

Eppendorf tubes    Eppendorf, Hamburg, Germany 

NUNC sterile plastic flask   Nunc/Thermo Scientific, Germany 

slide flask     Thermo Fisher Scientific, Roskilde, 

      Denmark 

 

2.3. Chemicals, solutions and buffers 

 0.9% NaCl solution    B.Braun,Germany 

2.5% Trypsin Gibco®   Invitrogen, Canada 

Aquadest      Fresenius Kabi, Bad Homburg,  

      Germany 

BCIP/NBT     Sigma Aldrich, Steinheim, Germany 

Deso Med Rapid AF   Desomed Dr. Trippen GmbH,  

      Freiburg, Germany 

Dimethyl-sulphoxide (DMSO)  Sigma Aldrich, St. Louis, USA 

Eosin-Hematoxylin solution according  Sigma-Aldrich, Steinheim, Germany 

   to Ehrlich    

formaldehyde    Sigma Aldrich, Steinheim, Germany 

frekaderm®     Dr. Schumacher GmbH, Malsfeld, 

      Germany 

Löffler’s methylenblue solution  Merck KGaA, Darmstadt,  

      Germany   

methanol     Fluka Chemie GmbH, Buchs, Swiss 

PBS      Lonza, Basel, Switzerland  

Trypan blue solution 0.4%   Sigma, Irvine, UK 

 Isopropanol     Sigma Aldrich GmbH, Germany 

 Oil-Red-O     Sigma Aldrich GmbH, Germany 

 

2.4. Cell culture media and supplements 

3-Isobutyl-1-methylxanthine  Sigma Aldrich GmbH, Germany  

αMEM      Lonza, Basel, Swiss 

β-Glycerophosphate disodium salt  Sigma Aldrich GmbH, Germany 

    hydrate  
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Ascorbic-acid-2-phosphate  Sigma Aldrich GmbH, Germany 

 dexamethasone    Sigma Aldrich GmbH, Germany 

 fetal bovine serum     Invitrogen, Grand Island, NY, USA 

GlutaMAX     Invitrogen, Grand Island, NY, USA

 Indomethacin    Sigma Aldrich GmbH, Germany 

Insulin, human recombinant  Invitrogen, Darmstadt, Germany 

 ITS      Sigma Aldrich GmbH, Germany 

LA-BSA     Sigma Aldrich GmbH, Germany 

 low-Glucose DMEM    Invitrogen, Grand Island, NY, USA 

 MCDB-201 medium    Sigma Aldrich GmbH, Germany 

Na-heparin     B. Braun, Germany 

Pen Strep Gibco®    Invitrogen, Grand Island, NY, USA 

PL (human platelet lysate)  Institute for Clinical  Transfusion 

Medicine and Immunogenetics, Ulm 

rat serum azide free   AbD Serotec, UK 

 rat serum     PAN Biotech GmbH, Germany 

 rat serum normal     GeneTex, Biozol Diagnostic   

       Vertrieb GmbH, Germany 

   

2.5. Antibodies 

 Anti-rat antibodies: 

  APC CD11b/c    BioLegend, Germany 

  APC/Cy7 CD29    BioLegend, Germany 

  APC/Cy7 CD45    BioLegend, Germany 

FITC CD71     BioLegend, Germany 

  FITC CD31     AbD Secotec, Oxford, UK 

FITC CD44H     BioLegend, Germany 

PE CD106     BioLegend, Germany 

PE CD54     BioLegend, Germany 

PerCP CD90 .1    BioLegend, Germany 

 Anti-human antibodies: 

  PDGF-AA     R&D Systems, Germany 

  PDGF-BB     R&D Systems, Germany 

  FGF basic     R&D Systems, Germany 



 11 

 multi-species antibodies: 

  TGF-β1     R&D Systems, Germany 

 Isotype Controls: 

  APC mouse IgG2a    BioLegend, Germany 

APC/Cy7 mouse IgG1, κ   BioLegend, Germany 

  APC/Cy7 armenian hamster IgG  BioLegend, Germany 

  FITC mouse IgG2a    BioLegend, Germany 

  PE mouse IgG1    BioLegend, Germany 

  PerCP mouse IgG1    BioLegend, Germany 

   

2.6. Cytokines 

 recombinant human PDGF-AA   R&D Systems, Germany 

 recombinant human PDGF-AB   R&D Systems, Germany 

 recombinant human PDGF-BB   R&D Systems, Germany 

 recombinant human TGF-β1   R&D Systems, Germany 

 recombinant human FGF basic 157 aa  R&D Systems, Germany 

 

2.7. Test compounds 

 CyQUANT® Cell proliferation Assay Kit  Invitrogen, Eugene, Oregon, 

        USA 

Iron-PLLA nanoparticles: 

  MU119-5zdz N11-N14   Dr. rer. nat Markus Urban, 

        Max Planck Institute for  

        Polymeric Research, Mainz, 

        Germany 

 

2.8. Animals 

For isolation or rat bone marrow, female and male Wistar rats with a weight of 

about 550 – 610g were used after obtaining regulatory approval according to the 

German animal protection act. Animals were housed in the Tierforschungszentrum 

(TFZ) Ulm under standard conditions for at least 28 days after arrival. For the iso-

lation of the rBM-MSCs the rats were killed with CO2 following the guidelines of the 

Protection of Animals Act.   
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2.9. Methods 

2.9.1. Isolation of rat bone marrow-derived MSCs 

For the isolation of MSCs from the bone marrow of female and male Wistar rats, 

the rats were killed using inhalational CO2. Subsequently, after the animals were 

dead, the upper body of the rats was shaved and disinfected with Frekaderm®. 

The animals were then immediately transported to the laboratory in the Institute of 

Transfusion Medicine of the University of Ulm. Here the rats were again exhaust-

ively disinfected with Frekaderm®. After bedding the animal in a laminar air flow, 

the operation area was covered with a sterile blanket and again disinfected with 

Frekaderm®. The preparation of the bones was done separately for each leg. 

First, the skin was removed to expose the musculature of the femur and tibia and 

then muscles of the femur were detached blunt. Afterwards affixed muscles, sin-

ews, ligaments and the joint capsules were detached with a scalpel. After prepara-

tion of femurs and tibias both ends of each bone were separated with a Gigli saw, 

and bones were flushed with 10ml physiologic salt solution (0.9% NaCl solution) 

using a 20 gauge needle (see Figure 1). The whole bone-marrow of femurs and 

tibias of one rat was collected in a sterile container and then centrifuged for 10 

minutes at 200 G. The cell pellet was resuspended in culture medium. After cell 

counting and confirmation of cell viability via trypan blue-exclusion, the cells were 

seeded in one NUNC sterile cell culture flask in the respective medium for in vitro 

cell culture in 22 of 26 trials or the cells were split of in 4 of 26 trials and seeded in 

two culture flasks to examine the influence of different media compositions.   

 

The cells were incubated in a humidified incubator with 5% CO at 37°C.  

 

After three days, the whole culture medium was removed and cells were washed 3 

times with PBS to remove non-adherent cells. Then, fresh culture medium was 

added and MSCs were further cultivated (P0).  

 

Cell counting and trypan blue staining was done with a Neubauer chamber. 20μl of 

the cell suspension were mixed with 20μl of a 0,4% trypan blue solution. The cell 

concentration was determined by the following formula: 

 [(Number of unstained cells):4] x chamber factor x dilution factor = Cells/ml 
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Figure 1: 
Isolation of the rat bone-marrow 
a) bearing the disinfected rat under the sterile bench 
b) covering the rat with a sterile blanket 
c-e) preparation of  rat femur and tibia 
f) separation of both ends of the bones with a gigli saw 
g) flushing out of the bones with 0.9 NaCl solution with a 20 gauge needle and collecting of the bone marrow in a sterile 
container 
NaCl: sodium chloride 

b a 

c 

g 

d 

e f 
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2.9.2. Cell culture of MSC and passaging 

Cells were cultivated in NUNC sterile plastic flasks with the respective culture me-

dium. Every 2-3 days, 40% of the culture medium was removed and replaced with  

fresh culture medium.  

Once the cell culture reached 80% confluence, the cells were harvested.  

First, the whole culture medium was removed and the cells were washed twice 

with PBS. Then the cells were incubated 2 minutes with 0.5% trypsin at 37°C and 

the detachment was visually controlled and confirmed with a microscope. The 

trypsin was neutralized by addition of an equal volume of culture medium. The cell 

suspension was then transferred into a tube. After centrifugation at 400 G for 10 

minutes the cell pellet was resuspended with medium. The cells were re-seeded in 

new culture flasks after cell counting with a Neubauer chamber at a density of 1.5 

– 3.5 x 104 cells per cm2 with fresh corresponding basal medium and supplements. 

 

For cryopreservation 1.5 – 4 x 104 cells were mixed with 90% vol/vol FCS and 

10% vol/vol DMSO and immediately transferred to -80°C. For long-term storage, 

the cells were subsequently stored in liquid nitrogen.  

 

The cells were cultivated, if possible, as far as passage 10 and then harvested and 

cryopreserved. 

 

For the description of the further culturing following methods were used: 

The cumulative growth rate describes the possible growth if all cells of the 

culture were re-seeded after the harvesting. It is calculated with this formula:  

= (cells harvested / cells seeded) x cells harvested the passage before 

 

The doubling time curve describes the time in hours in which the seeded 

cells have doubled their amount and is calculated with this formula: 

= (LN(2) x days of culture x 24) / LN(cell number harvested / cell number seeded) 

 

The population doublings curve describes the amount of population dou-

blings of the cell culture during the time of culturing one passage (from the re-

seeding till the harvesting of the next passage) and is calculated with this formula: 

= (days of culture x 24) / doubling time   
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2.9.3. Cell proliferation assays 

To determine exactly the most effective medium to grow the rBM-MSCs, cell pro-

liferation assays with different supplements were done.  

In a next step, the influence of several inhibitory and excitatory cytokines that were 

found in the composition of PL, was tested. The concentration of the inhibitory cy-

tokines was geared to the Neutralization Dose50 indicated by R&D Systems.  

 

For the assay, the cells were harvested or thawed and centrifuged. Afterwards 

cells were seeded at a density of 625 cells/cm2 in medium composed of αMEM, 

Penicillin and Streptomycin and if applicable Heparin for PL as supplement at a 

96-well plate. Finally the different supplements were added. Then the plates were 

incubated in a humidified incubator with 5% CO2 at 37°C. 

After seven days the medium in the wells was removed and then the adherent 

cells in the wells were washed with 1 ml PBS. Afterwards the plates were deep 

frozen by -80°C for at least one hour. 

For the analysis the components of the CyQUANT® Cell proliferation Assay Kit 

and the cell plates were thawed and a solution composed of 19 ml distilled water, 

1 ml lysis buffer and 50 μl CyQUANT® GR dye was prepared. 200 μl of this solu-

tion was added to each well. Additionally a DNA standard curve was prepared in 

eight wells using CyQUANT® Lysis Buffer and the provided DNA standard in in-

creasing concentrations.  

 

The measurement of the sample fluorescence in the cells was immediately per-

formed using a plate reader (PolarStar Omega).  

 

 

2.9.4. In vitro differentiation assays 

Mesenchymal stem cells have a multipotent differentiation potential. The expand-

ed rat bone-marrow cells were subjected to differentiation assays into osteoblasts, 

chondroblasts and adipocytes. For each differentiation assay there was a control 

using the same settings and standard cell culture medium.  

The analysis and documentation was done using a light-microscope.  
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2.9.4.1. Adipogenic differentiation and staining 

For the adipogenic differentiation assay rat bone-marrow derived MSCs were plat-

ed at a density of 2 x 105 cells in one control and in one sample Slide Flask® with 

2 ml medium. When cells reached confluence, adipogenic differentiation was in-

duced in the assay flask with a special adipogenic differentiation medium.  

The first adipogenic medium contained αMEM, 15% FCS, 0.5 mM Isobutylme-

thylxanthin, 0.05 μM Dexamethasone, 10 μg/ml Insulin, 1% Glutamine, 100 Units 

Penicillin and 100 μg/ml Streptomycin.  

The second adipogenic medium (induction medium) contained additionally 200 μM 

Indomethacine. The medium was changed all two or three days completely. After 

21 – 30 days of culturing, the cells were stained.  

In a third adipogenic differentiation assay, additionally to the second adipogenic 

medium, there was a maintenance medium, which was composed of αMEM, 10% 

FCS, 0.1 mg/ml Insulin, 1% Glutamine, 100 Units Penicillin and 100 μg/ml Strep-

tomycin. Adipogenic differentiation was induced with the induction medium once 

cells were confluent. The medium was completely removed after 3 – 4 days and 

substituted with maintenance medium for 3 – 4 days. This cycle was repeated 3 – 

4 times.  

Subsequently, the cells in the control flask and in the assay flask were stained with 

Oil-Red-O, which accumulates in the lipid vacuoles and stains them red. For this 

purpose, the cells were washed with 2 ml of PBS and fixed with formaldehyde for 

45 minutes at room temperature. Then the cells were again washed with 2 ml 

ddH2O and incubated with 2 ml of a 60%-Isopropanol solution for 2 – 5 minutes. 

The staining was performed with 2 ml of a 0.5%-Oil-Red-O-Solution by room tem-

perature for 4 -6 minutes. Then the flasks were washed 2x with supply water and 

again stained with filtrated Hematoxylinsolution for 20 minutes at room tempera-

ture in the absence of light for counterstaining the nuclei. Finally the cells were 

washed with warm supply water.  

 

2.9.4.2. Chondrogenic differentiation and staining 

For the chondrogenic differentiation assay rat bone-marrow derived MSCs were 

plated at a density of 4.5 x 104 cells in a Slide Flask® and cultivated in chondro-

genic medium from the beginning. There was also a control Slide Flask® with the 

same cell concentration in the standard medium for the cells.  
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The condrogenic medium was composed of αMEM, 15% FCS, 0.05 μM Ascor-

bate-2-phosphate, 10 ng/ml TGF-β, 0.5 μg/ml Insulin, 1% Glutamine, 100 Units 

Penicillin and 100 μg/ml Streptomycin.  

After 3 – 4 days the medium was replaced with fresh medium. When the cells 

reached confluence (after approximately 21 days), they were dyed with Methylene 

Blue, which staines the proteoglycan-rich extracellular matrix of the chondroblasts.  

For the staining the flasks were washed with 2ml PBS, fixed with 2ml methanol for 

8 – 15 minutes at room temperature and afterwards air-dried. The staining was 

done with 2 ml methylenblue at room temperature in the dark for approximately 90 

minutes. Finally, the flasks were washed twice with distilled water and air-dried. 

 

2.9.4.3. Osteogenic differentiation and staining 

To induce osteogenic differentiation in rat bone-marrow derived MSCs, the cells 

were plated at a density of 4.5 x 104 cells in a Slide Flask® containing osteogenic 

medium from the beginning. There was also a control Slide Flask® with the same 

cell concentration in the standard medium for the cells.  

The osteogenic medium was composed of αMEM, 15% FCS, 100 nM Dexame-

thasone, 0.05 μM Ascorbate-2-phosphate, 10 mM β-Glycerophosphate, 1% Glu-

tamine, 100 Units Penicillin and 100 μg/ml Streptomycin.  

After 3 – 4 days the medium was completely replaced with fresh differentiation 

medium. When the cells reached confluence (after approximately 12 days), they 

were stained with the SIGMA FAST BCIP/NBT staining kit for the detection of al-

kaline phosphate activity. Alkaline phospathase is a marker for osteoblast activity. 

For the staining the flasks were washed with 2 ml PBS, fixed with 2 ml formalde-

hyde for 50 minutes at room temperature and then stained with 3 ml BCIP/NBT-

solution (consisting of 10 ml distilled water and 1 tablet of the staining kit) in the 

absence of light. Finally the flasks were washed with 2 ml distilled water and then 

air-dried.  

 

 

2.9.5. Flow cytometric analysis 

In the identification of mesenchymal stem cells flow cytometry plays an important 

role for the analysis of the surface antigens. Unfortunately, there is not a single 
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specific marker for the mesenchymal stem cells but using a defined panel of 

markers other cells can be excluded. 

 

Flow cytometry allows the counting and examining of particles and cells by the 

principles of light scattering, light excitation and emission of fluorescence by 

flourochromes. The outcomes of this are multi-parameter data from cells simulta-

neously aquired in a specific range. 

The cells are hydro-dynamically focused in a sheath of PBS before being inter-

cepted in an optimally focused laser light of a single wavelength. If the cells enter 

into the light source, light and flourochromes are excited to a higher energy state 

and the energy is released as a photon of light with specific spectral properties. 

Finally the scattered and emitted light from cells is converted to electrical pulses 

by optical detectors, one in line with the light beam (forward scatter channel) and 

several vertical to the light beam (sideward scatter channel). The collimated light is 

picked up by confocal lenses focused at the intersection point of the cells and the 

light source. Then the light is sent to different detectors by using optical filters and 

an electrical pulse is generated.  

The forward scatter channel (FSC) correlates with the cell volume and can be 

used to distinguish between cellular debris and living cells, the sideward scatter 

channel (SSC) depends on the inner complexity of the cell. 

 

For the analysis with the flow cytometry, rBM-MSCs were harvested according to 

the standard protocol or, alternatively, cryopreserved cells were thawed. After the 

centrifugation the cell pellet was resuspended in 1 ml PBS and afterwards dis-

pensed in tubes. Then the corresponding antibody was added. After an incubation 

period of 20 minutes in the absence of light, 1 ml PBS was added to each tube 

and the samples were centrifuged once again. Finally the supernatant was re-

moved and 0.2 ml PBS was added to each tube. The analysis with the flow cytom-

etry was done immediately.  

 

In this thesis the following surface antigen panel with rat-antibodies was used (see 

Table 1).  
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The measurement with a FACS Aria® and the respective data evaluation was per-

formed in collaboration with Markus Rojewski, Institute for Transfusion Medicine, 

University of Ulm. 

 

 

 
Table 1: Overview on the surface antigen panel for the detection of rat bone-marrow derived mesenchymal stromal cells 
CD: cluster of differentiation;  

Antibody Clone 
Antigen expected positive or 

negative on MSCs 

CD 29 OX-1 
Positive [1,4,23,26,29,58]  

CD 29 HMβ1-1 

CD 44H OX-49 Positive [58,59] 

CD 54 1A29 Positive [1,58] 

CD 71 OX-26 Positive [59] 

CD 90 OX-7 Positive [3,4,26,29,57,59] 

CD106 MR 106 Positive [1,4,23] 

CD 11b/c OX-42 Negative [4,59] 

CD 31 TLD-3A12 Negative [3,46,58,59] 

CD 45 OX-1 Negative [3,4,23,29,46,57,59] 

   

 

2.9.6. Iron-nanoparticle labelling 

For subsequent in vivo imaging studies via MRI, the rat bone marrow-derieved 

MSCs were labelled with iron oxide-PLLA-iron-nanoparticles. As the nanoparticle-

labelling of human MSCs had already been established in this laboratory, it was 

used as a control [51].  

The cells were harvested at passage 2 and seeded at a density of 40000 cells/cm2 

in a 6-well plate with 3 ml of medium. 

Following an incubation period of 24 hours the medium was removed and fresh 

medium containing 6 μl/ml Ciprofloxacin and 100 μl/ml Fe nanoparticle dispersion 

was added. As a negative control, we used rBM-MSCs and hMSCs in fresh medi-

um without iron oxide-PLLA-particles. 

The medium and nanoparticles were removed after 24 hours of incubation. The 

cells were then washed once with PBS, harvested and one aliqout of the rBM-

MSCs and of the control human MSCs was analysed by flow cytometry, respec-
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tively, whereas the remaining cells were cultivated for further 24 hours in fresh 

medium. Subsequently, these cells were also harvested and analyzed by flow cy-

tometry.  

The fluorescent dye PMI encapsuled in the iron oxide-PLLA-particles allows the 

analysis of nanoparticle uptake by the cells via flow cytometry.  

 

2.9.7. Production of PL IKT Ulm 

PL was produced in the Institute for Clinical Transfusion Medicine and Immunoge-

netics, Ulm and analysed [16]. Briefly pooled clinical-grade platelet concentrates 

were irradiated with 30 Gray and frozen at -30°C. After a quarantine time they 

were thawed and transferred into a Compoflex bag. Afterwards they were again 

stored over night at 4°C and then centrifuged. The supernatant was transferred in 

bags and finally two times filtered under sterile conditions. In the end the PL was 

filled into 50-mL tubes, tested for sterility and stored at -80°C to -30°C until use. 

 

2.9.8. Statistics 

For the analysis descriptive and comperative statistics were used. Mean and 

standard deviation of the mean was calculated with Excel 2010 and/or GraphPad 

Prism 6. Statistical significance in the analysis of the proliferation assays was as-

sessed using a Dunnett's Multiple Comparison Test with GraphPad Prism, the re-

sults were considered as significant with p<0.05.  

 

 

 

 

 

 

 

 

 



 21 

3. Results 

3.1. Isolation of rat bone marrow-derived MSCs 

In the first instance the isolation of rBM-MSCs was the focus of interest. Therefore 

n=26 Wistar rats, male (n=22) and female (n=4), varying in age and weigth (see 

Table 2) were used for the isolation of rBM-MSCs as described above under ster-

ile conditions. 

 

Table 2: Overview of rats used for the isolation of rat bone marrow stromal cells and the respective culture medium 
αMEM: α- minimum essential medium; FCS: fetal calf serum; PL: platelet lysate; DMEM: Dulbecco`s modified eagle medium 

Rat  

(identification) 
Gender Age 

Basal Medium and Supplements 

(firm) 

rat number 1 female 7 months αMEM + 15% FCS 

rat number 2 Male 5 weeks αMEM + 15% FCS / αMEM + 10% PL 

rat number 3 Male 5 weeks αMEM + 15% FCS / αMEM + 10% PL 

rat number 4 Male 7 weeks αMEM + 15% FCS / DMEM + 10% PL 

rat number 5 Male 7 weeks αMEM + 10% PL / DMEM +10% PL 

rat number 6 Male 8 weeks αMEM + 10% PL 

rat number 7 Male 8 weeks αMEM + 10% PL 

rat number 8 Male 6 weeks αMEM + 15% FCS 

rat number 9 Male 7 weeks αMEM + 10% PL 

rat number 10 Male 7 weeks αMEM + 10% rat serum (AbD Serotec) 

rat number 11 Male 7 weeks αMEM + 10% rat serum (AbD Serotec) 

rat number 12 Male 9 weeks αMEM + 2,5% PL 

rat number 13 Male 9 weeks αMEM + 10% PL 

rat number 14 Male 9 weeks αMEM + 15% FCS 

rat number 17 Male 9 weeks DMEM + 2,5% PL 

rat number 18 Male 5 months αMEM + 15% FCS 

rat number 19 Male 3 months αMEM + 15% FCS 

rat number 20 Male 3 months αMEM + 10% rat serum (GeneTex) 

rat number 21 Male 5 months DMEM + 15% FCS 

rat number 22 Male 3 months αMEM + 10% PL 

rat number 23 Male 9 months αMEM + 10% rat serum (PAN Biotech) 

rat number 24 Male 9 months αMEM + 15% FCS 

rat number 25 Male 6 months αMEM + 10% PL 

rat number 26 female 5 weeks αMEM + 15% FCS 

rat number 28 female 5 months αMEM + 15% FCS 

rat number 29 female 5 months αMEM + 15% FCS 
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After bone marrow collection, the cell suspension was centrifuged, vital cells were 

counted using a Neubauer chamber, seeded in the culture flasks and finally the 

cells were cultured in the respective standard medium. Cell viability was confirmed 

by trypan blue staining during cell counting. The lowest amount of isolated cells 

was 1.61 x 108 vital cells (rat number 7), the highest 8 x 108 vital cells (rat number 

9). The mean ± SD (25 rats, rat number 1 is excluded because there was no cell 

count after the isolation) was over all 3.517 x 108 vital cells ± 1.576 x 108 (see Fig-

ure 2a).  

The amount of cells isolated after collection of bone marrow did not correlate with 

age or gender (data not shown) of the rats. The correlation coefficient r=0.2734 for 

age and cell count, r=0.0929 for gender and cell count with a 95% confidence in-

terval. The lowest value of cells was a male rat 8 weeks old (rat number 7) and the 

highest value was also a male rat 7 weeks old (rat number 9) (see Figure 2b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: 
Number of isolated bone marrow-derived cells of the male and female rats. a) Total cell count after isolation at the y-axis, 
the number of the rat at the x-axis. The dotted line represents the mean of the counted cells. Rat number 1 is excluded 
because there was no cell counting after the isolation.     
b) Correlation analysis between the age of the rat at the time of the isolation and the total cell count after the isolation. r² = 
0.074 (regression line in red)                        
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After 3 days, the whole medium was removed and the culture flasks were washed 

out three times with PBS to remove non-adherent cells, because one criterium for 

mesenchymal stem cells is the adherence to plastic [14]. 

If the cells were cultured with PL, in 10 of 12 flasks (only exception were rat num-

ber 22 and 25) an adherent layer developed at the culture bottom of the flask after 

one day, independent whether the cells were cultured with a lesser concentration 

of PL or with additional Na-heparin in the culture medium (at a concentration 5x 

higher than in the standard medium with PL). This layer could not be removed by 

washing the flasks with PBS or by tapping on the culture flask. The only way to 

detach the cell suspension was by scrapping with a cell scratcher.  

If the cells were cultured with FCS or with rat serum, no adherent layer was 

formed, and the cells were washed at the third day and fresh medium was refilled.   

 

The first adherent cells with a MSCs-like appearance could be observed using the 

light microscope for ten rat cell cultures after three days, for six cultures after five 

days, for two cultures after six days and for one rat after seven days. If the rat 

bone marrow-derived cells were cultured with rat serum, only in two cell cultures 

cells with a phenotype typical of MSCs could be seen after three days. 

 

 

3.2. Ex-vivo expansion of MSCs  

After the isolation of the cells, the next step was the expansion of the rat bone 

marrow-derived cells. For in vivo trials, a high amount of MSCs is needed. There-

fore different media and media supplements were tested so as to find the most 

effective method for the culturing of the rBM-MSCs (see table 3).  

As one basal media αMEM was used. It is described in the literature successfully 

and is also used for the expansion of the hBM-MSCs as a standard medium. Fur-

thermore Harting et al. [26] published a medium composition of DMEM and further 

supplements for the culturing of more homogenous rBM-MSC population, so we 

also used a similar medium to these.  

The passaging was done as described before and using the same method for eve-

ry culture.  

If adherent cells could not be detected after a several weeks the cell culture was 

terminated. 
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Table 3: Overview of the tested media compositions with the number of replicates using bone marrow from different rats 

TESTED 
MEDIA 

15% FCS 10% PL 2.5% PL 10% Rat serum 

αMEM 12 9 1 4 

DMEM + 
supplements 

1 2 1 not tested 

 

 

3.2.1. Ex-vivo expansion of adherent bone marrow-derived cells during passage 0  

After the isolation of the bone marrow-derived cells, the cells were expanded dur-

ing passage 0 with the corresponding medium. If the cells reached 80% conflu-

ence approximately, they were harvested, counted and re-seeded and then called 

passage 1. 

 

3.2.1.1. αMEM and FCS as supplement 

One medium was αMEM with 15% FCS as described in the literature [e.g. 3,57]. 

Additionally, 1% Glutamine, 100 Units Penicillin and 100 μg/ml Streptomycin were 

added.  

 

Adherent cells with a MSC-like morphology could be seen in 11 of 12 cell cultures 

with this medium after 7.2 ± 9.6 days (mean±SD) (see table 4). In the culture of rat 

number 4, the first cells could not be seen till the 36th day. On this account first 

MSCs like cells could be seen after 4.3 ± 1.5 days meanly (excluding rat number 

4).  

The adherent cells could be described as almost star-shaped flat cells with a big 

cell body and long thin offshoots. But there were also round cells with no offshoots 

(see figure 3). 

 

If the cells reached a confluence of approximately 80%, the cells were harvested 

and counted. This time in point was at a mean of 14.6 ± 13.1 SD days. However, 

rat number 1 (cells suspension after the isolation did not really distribute in the cell 

flask), rat number 3 and rat number 4 (in both cases the isolated cell suspension 

was split after the isolation in two cell cultures) took considerably more days of 

culturing (rat number 1: 39 days, rat number 3: 17 days and rat number 4: 42 

days), so that the time for the culturing of passage 0 really lasted 7.9 ± 0.8 days 

(mean ± SD)  with FCS as a supplement if rat 1, 3 and 4 as outliners were exclud-

ed from the analysis.  



 25 

The absolute count of adherent MSC like cells at passage 0 at the time of harvest-

ing was 6.498 x 106 ± 5.817 x 106, what means a yield of 1 MSC like cell per 47.6 

seeded bone marrow cells. The amount of cells harvested was higher, if the cells 

were cultured after the isolation in a flask with an effective growth area of 175 cm2 

rather than in a flask with 75 cm2, only the rat number 18 and rat number 26 were 

an exception. The cell suspension of rat number 18 was seeded in a 175 cm2 but 

the yield of adherent cells at passage 1 was only 1.28% and the cells of rat num-

ber 26 were seeded in a 75 cm2 flask but the yield of adherent cells was 6.26%.   

 

Finally the harvested cells were re-seeded in fresh culture medium. 

 

Adherent cells with a fibroblast like morphology could be cultivated with αMEM and 

15% FCS. Further analysis and cultivating must proof finally, that the isolated cells 

are MSCs (differentiation potential, surface antigen expression). 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.1.2. αMEM and PL as supplement 

Bone marrow-derived human MSCs were previously cultured in this laboratory 

successfully with αMEM and PL as a supplement.  

For further comparisons of the human and the rat bone marrow-derived MSCs it 

would have been useful if the same medium could be used for the culturing of the 

rBM-MSCs. For this reason a medium consisting of αMEM and PL (supernatant 

after centrifugation at 5000 rpm) was used. Additionally, the medium contained 

2IU Na-heparin, 1% Glutamine, 100 Units Penicillin and 100 μg/ml Streptomycin. 

Figure 3: 
rat bone marrow-derived adherent cells cultured with αMEM and 15% FCS, 10 fold objective used 
a) rat number 18 passage 0 day 5 after isolation and b) rat number 14 passage 0 day 9 after isolation 
FCS: fetal calf serum 

a) b) 
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Once (rat number 6) the concentration of Na-heparin was 5 times higher to proof if 

the building of an adherent layer could be avoided with a higher concentration of 

Na-heparin. The concentration of PL was 10% in 9 of 10 tests similar to the human 

MSCs expansion. In one of the cultures a lower concentration of 2.5% PL was 

tested because the proliferation assays showed an improved growth with a lower 

concentration of PL (see 3.2.3.1.).  

 

An adherent layer (see figure 4c), which must be detached by a cell scratcher, was 

formed in 8 of the 10 cell cultures, also in the culture of rat number 6 with a higher 

concentration of Na-heparin. Only for rat number 22 and rat number 25 there was 

no attached layer. 

 

MSC-like cells could be seen in 9 of the 10 cultures with PL after a medium time of 

8.7 days. Only exception was rat number 5 with PL where no cells could be seen.   

The adherent cells cultured with PL as supplement appeared akin as the cells cul-

tured with FCS as supplement, almost star-shaped flat cells with a big cell body 

and long thin offshoots. And there were also round cells (see figure 4).  

 

The growth of the cells in passage 0 with PL as supplement was very variable.  

Five cell cultures needed 11.4 ± 4.1 days (mean ± SD) of growing until they could 

be harvested for passage 1, the remaining three cultures showed a low growth 

and were harvested after 44 days meanly.  

The absolute count of MSC like cells after passage 0 was 2.92 x 106 ± 5.42 x 106 

(mean ± SD) if rat 7, 9 and 12 were excluded, the yield of isolated cells from the 

rat bone marrow counted was in these cases 1.2% ± 2.1 meanly (1 MSC like cell 

per 83.3 seeded bone marrow cells) (see table 4). No cell count was done for rat 

number 2 because the cell pellet was too small. 

 

We could observe adherent cells with a MSC like phenotype in only 50% of pas-

sage 0 cultures.  
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Table 4: Overview of the composition of the different tested media with the time until the first appearance of cells with a 
MSC-like phenotype, the time until the harvesting of passage 0 with the absolute cell count and the count of the yield of 
MSCs at these time point. All values, if possible, were shown as Mean and SD. (*) means, that their only one value was 
present and therefore no Mean and SD could be done.  
αMEM: α-minimum essential medium; FCS: fetal calf serum, ITS: human insulin-transferrin-sodiumselenite, LA-BSA: linoleic 
acid-albumin from bovine serum albumin, MCDB: modification of Hams’s nutrient mixture F-12, MSCs: mesenchychmal 
stromal cells, P0: passage 0, PL: platelet lysate, SD: standard deviation  

Basal 
Medium 

Supplements 

Time to ap-
pereance of 
the first cells 
with a MSC-
like pheno-

type 

Harvested cells at P0 

  Mean ± SD Time until 
harvesting 

P0        
Mean ± SD 

Mean of absolute 
cell count ± SD  

Mean of 
yield of 

MSCs in 
% 

± SD 

αMEM 

 15% FCS 4.3 ± 1.5  7.9 ± 0.8 6
 
497 500           

± 5 816 809.5 
2.1% ± 

2.0 

10% PL 8.6 ± 6.3 11.4 ± 4.1 2 920 500        ± 
5 418 335.3 

1.2% ± 
2.1 

2.5% PL 5
(*)

 39
(*)

 30 000(*) 0.01%
(*)

 

10% Rat 
serum 

3
(*)

 14
(*)

 85 000
(*)

 0.01%
(*)

 

       

DMEM 

MCDB, ITS,  
LA-BSA, 

dexamethason, 
ascorbat-2-
phosphate 

15% FCS 3
(*)

 9
(*)

 10 500 000(*
)
 

 
2.4%

(*)
 

10% PL 8 ± 4.2 24 ± 12.7 142 500              
± 144 956.8 

0.1% ± 
0.1 

2.5% PL 3
(*)

 7
(*)

 17 500
(*)

 0.005% 

Figure 4: 
rat bone marrow-derived adherent cells cultured with αMEM and 10% PL, 10 fold objective used 
a) rat number 3 passage 0 day 10 after isolation 
b) rat number 25 passage 0 day 6 after isolation 
c) rat  number 3 passage 0 day 3 after isolation before the dissolution of the adherent layer 
αMEM: α-minimum essential medium; PL: platelet lysate 
 

 

a b 

c 



 28 

3.2.1.3. αMEM and rat serum as supplement 

Because the hBM-MSCs could be cultivated with human PL we tried whether the 

rBM-MSCs could also be cultivated with rat serum.  

Therefore three different rat sera were tested with αMEM as medium. The concen-

tration of the rat serum was added up to 10% (see 3.2.3.1.) correlating to the con-

centration of PL in the medium. Additionally the medium contained 1% Glutamine, 

100 Units Penicillin and 100 μg/ml Streptomycin.  

 

Adherent cells with MSCs-characteristic shape could only be seen in two of four 

cell cultures, but they were very few cells. In the cell culture of rat number 23 

MSC-like cells could be seen already after three days, in the culture of rat number 

11 after 26 days of culturing.  

The cells had a different morphology than the cells in the cultures with FCS or PL 

as supplement. The isolated cells of rat number 11 were mainly small with very 

long spurs and the cells of rat number 23 were very small, but with an almost tri-

angular-like shape or round (see figure 5).  

 

The growth of the few cells was very poor or could not be enumerated, so that the 

harvested cells of rat number 11 at passage 1 were not counted. The yield of har-

vested cells of rat number 23 was only 0.01% in relation to the isolated cells of the 

rat bone marrow. Later at passage 1, no growth could be detected, so the culturing 

was terminated in both cases. 

 

The culturing of thawed cells, which were firstly cultured with FCS as supplement 

was tested once with cells of rat number 18. Here, the cells could be cultured and 

a growth could be detected. The cells looked like the cells cultured with FCS (see 

figure 5).  

 

In summary, the cell culturing starting after the isolation of the bone marrow-

derived cells could not be done with rat serum as supplement even if there was a 

growth in the proliferation assays (see 3.2.3.1.). 
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3.2.1.4. DMEM and further supplements 

MT Harting et al. [26] reported a medium designed for the culturing of a more ho-

mogenous population of rBM-MSCs. A medium similar to his was tested for the 

expansion. 

The basal medium was composed of 60% DMEM and 40% MCDB-201. Addition-

ally the medium contained 50 μl ITS, 50 μl LA-BSA, 0.05 μl/ml dexamethasone, 

0.032 mg/ml ascorbate-2-phosphate, 1% Glutamine, 100 Units Penicillin, 100 

μg/ml Streptomycin and either as supplement 15% FCS or PL (10% or 2,5%) with 

2 IU Na-heparin.  

Altogether, four cell cultures of rat bone marrow-derived cells were tested with 

these media, rat number 4 and 5 with 10% PL as supplement, rat number 17 with 

2.5% PL and rat number 21 with 15% FCS. 

 

Figure 5: 
rat bone marrow-derived adherent cells cultured with αMEM and 10% rat serum 
a) rat number 23 passage 0 day8 after isolation, 10 fold objective used 
b) rat number 11 passage 0 day 26 after isolation, 10 fold objective used 
c) rat number 18 passage 6 day 5 of culturing (cells thawed at passage 2, cultured with FCS till passage 4 and then cultured 
with rat serum), 10 fold objective used 
d) rat number 18 passage 5 day 5 of culturing (cells thawed at passage 2, cultured with FCS till passage 4 and then cultured 
with rat serum), 40 fold objective used 
αMEM: α-minimum essential medium; FCS: fetal calf serum  
  
 

 
 

   a b 

  c   d 
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In the cell cultures with PL, again an adherent layer was formed, which had to be 

detached with a cell scratcher. 

Adherent cells with a MSC-like phenotype could be seen in all four cell cultures, in 

the culture of the rat number 17 (with 2.5% PL) and 21 (with 15% FCS) already 

after three days, for rat number 5 after five days and for rat number 4 after 11 

days, both with 10% PL as supplement.  

The cells looked like the cells cultured with αMEM and FCS or PL, but with a more 

flat body shape (see figure 6).  

 

The growth of the cells was observed to be focused more as colonies than in the 

other cell cultures.  

The growth in the cell culture of rat number 5 and of rat number 21 was consider-

ably better than in the other two cell cultures. The absolute counts of cells was 

2.45 x 105 for rat number 5 (yield of harvested cells at passage0 = 0.15%, what 

means 1 MSC like cell per 666.7 seeded bone marrow cells) and 10.5 x 106 for rat 

number 21 (yield of harvested cells at passage0 = 2.43%, what means 1 MSC like 

cell per 41.2 seeded bone marrow cells).  

The cell growth of rat number 4 was undetectable, so that this cell culture was 

harvested after 33 days with an absolute count of 4 x 104 cells (1 MSC like cell per 

3.57 x 103 seeded bone marrow cells).  

Also the increase of the cells of rat number 17 with 2.5% PL was not as good as 

with FCS as supplement. The cells were harvested after 7 days because the cells 

grew only in aggregates. Here, the absolute count amounted only 1.75 x 104 cells 

(yield of adherent cells at passage 0=0.005%, what means 1 MSC like cell per 2 x 

104 seeded bone marrow cells).  

 

In conclusion, adherent MSC-like cells could be cultivated within 50% with these 

media - especially with FCS as supplement, but even in one case with PL as sup-

plement. 

Further analyses are necessary to determine if these media allow the culturing of a 

more homogenous MSC population. 
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In summary, adherent cells which microscopically looked like MSC could be culti-

vated with the tested media supplements (see figure 7).  

With FCS as supplement (with αMEM or with DMEM and further supplements), 

cells could be cultivated successfully. The growth of cells with PL as supplement 

was not as good as with FCS as supplement, the yield of cells compared to the 

isolated cells of the rat bone marrow was considerably lower. Also a lower concen-

tration of PL and a higher concentration of Na-heparin in the culture medium made 

no difference. Just one cell culture with rat serum out of four was successful.  

If the cells were seeded after the isolation in a 175cm2 flask, the amount of har-

vested cells was in the most cases higher than with a 75cm2 flask. 

If the cell suspension was split in two flasks after the isolation from the rat bone 

marrow, the growth was inferior compared to cultures in one flask after the isola-

tion. 

 

 

 

 

 

 

.  

 

 

 

   a 

Figure 6: 
rat bone marrow-derived adherent cells cultured with DMEM and further supplements, 10 fold objective used  
a) rat number 21 (FCS as supplement) passage 0 day 4 after isolation and b) rat number 17 (2,5% PL as supplement) passage 
0 day 5 after isolation 
FCS: fetal calf serum; PL: Platelet lysate 

b 
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Figure 7: 
Absolute counts and yields of harvested  rBM-MSCs at passage 0 cultured with: 
a) FCS. The isolated cells of the rats number 3 and 4 were seeded in 25cm

2
 flasks, of the rats number 8, 14, 19 and 

26 in 75cm
2
 flasks and of the rats number 18, 24, 28 and 29 in 175cm

2
 flasks.  

b) PL. The isolated cells of the rats number 2, 3 and 5 were seeded in 25cm
2
 flasks, of rat number 6 in a 25cm

2
 flask 

and in a 75cm
2
 flask, of the rats number 7, 12, 13 and 22 in 75cm

2
 flasks and of the rat number 25 in a 175cm

2
 flask. 

c) Other supplements. The isolated cells of the rats number 4 and 5 were seeded in 25cm
2
 flasks and of rats number 

17, 21 and 23 in 75cm
2
 flasks. 

rBM-MSC: rat bone-marrow derived mesenchymal stromal cells; FCS: fetal calf serum; cm
2
: square centimeter; PL: 

platelet lysate 
 

a) 

b) 

c) 
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3.2.2. Long-term ex-vivo expansion of adherent bone marrow-derived cells 

In the following the further culturing of the MSCs is described.  

Because it was not possible to cultivate the cell cultures with rat serum as supple-

ment at passage 1 and higher, these cell cultures are not described in the follow-

ing. 

The fourth medium with DMEM and further supplements is described in the part 

accordingly to the medium supplement, FCS or PL.  

 

3.2.2.1. Long-term ex-vivo expansion with FCS as supplement 

The further culturing of the cell cultures with FCS as supplement could be done 

successfully. The cell cultures could be cultivated to a higher passage, for exam-

ple the cell culture of rat number 18 until passage 10, and then the culturing was 

terminated with the cryopreservation of the cells remaining. The cells of rat num-

ber 21, which are cultivated with DMEM+MCDB, showed a similar behaviour like 

the cells cultured with only αMEM. 

 

The cumulative growth rate of the cells cultured with FCS was considerably higher 

than of the cells cultured with PL as supplement and the drift is more constant. But 

also a broad range between the different cell cultures with FCS could be shown. 

The growth rate of the cells of rat number 18 and rat number 1 differs in a 102 po-

tency in the beginning (passage 1) and in a 106 potency at passage 9 (see figure 

8a).  

 

Also in the comparison of the doubling times and the population doublings, the 

cells cultured with FCS as supplement showed a better growth compared to non-

FCS containing media. But there was not a constant time of doublings. In the most 

cultures, the doubling time was significantly higher in the first passages (especially 

1 and 2). The only exception was rat number 1. Then, in some cases the doubling 

time was reduced. And in some cases there was no cell doubling from one pas-

sage to the next, but in the next passaging the cells grew again (for example cells 

of rat number 26). The same could be shown for the population doublings (see 

Figure 8b,c). 
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Figure 8: 
a) Cumulative growth rate of the rBM-MSCs with a log scale. 
b) Population Doublings of the rBM-MSCs during a passage with a log scale.  
c) Doubling Time of the rBM-MSCs in hours with a log scale. 
The cells of the rats number 6, 7 and 22 were cultivated with αMEM and PL (dotted lines; *).  
The cells of rat number 21 were cultivated with DMEM+MCDB and FCS (spotted line; °).  
The cells of rat number 5 were cultivated with DMEM+MCDB and 10% PL (dotted line; *). The other curves represent 
cells cultivated with αMEM and FCS. 
The Doubling Time  and the Population Doublings of rat number 6 are excluded, because there was no growth. 
If the curves are not continued to passage 10 it is because of the end of the expansion as there was no growth any 
more. 
Log: logarithm; rBM-MSC: rat bone-marrow derived mesenchymal stromal cell; αMEM: α-minimum essential medium;  
PL: platelet lysate; DMEM: Dulbecco`s modified eagle medium; MCDB: modification of Ham´s nutrient mixture; FCS: 
fetal calf serum 

c) 
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Relative to the morphology of the cells it could be shown, that the cells retained 

their almost star-shaped flat cell body, but with shorter offshoots. The cell body 

seemed bigger but more flat than in the early passages.  

 

In contrast the cells of rat number 21 cultured with DMEM+MCDB and FCS as 

supplement showed a deviant morphology in the high passages. The cells were 

longer with many round cells in the cell culture (see figure 9). 

 

 

3.2.2.2. Long-term ex-vivo Expansion with PL as supplement 

Only four of the originally twelve cultures with and PL could be cultivated over 

more than two passages.  

 

The cumulative growth rate was considerably lower in these cultures than with 

FCS as supplement (see figure 8a). We observed a decline of cell numbers, which 

a 

Figure 9: 
rat bone marrow-derived adherent cells cultured with FCS as supplement, 10 fold objective used 
a) rat number 19 passage 5 day 11 of culturing (αMEM + FCS) 
b) rat number 14 passage 5 day 5 of culturing (αMEM + FCS) 
c) rat number 18 passage 7 day 5 of culturing(αMEM + FCS) 
d) rat number 21 passage 9 day 9 of culturing (DMEM + supplements + FCS) 
FCS: fetal calf serum; αMEM: α-minimum essential medium; DMEM: Dulbecco´s modified eagle medium 
 
 

c 

b 

d 
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was transient for the MSCs of two of the rats and which was permanent for the 

other two rats.  

 

The doubling times and the population doublings were very inconsistent (see fig-

ure 8b,c), but within the range of the cells cultured with FCS as supplement. 

 

Morphologically, the cells retained a rather thin body shape with long offshoots 

and the growth was more in aggregates than with FCS as supplement (see figure 

10). 

 

 

 

 

 

 

 

 

 

 

 

Finally, it could be shown, that the further culturing of the cell cultures was possi-

ble with the three media, αMEM and DMEM with further components and FCS or 

PL as supplement.  

However, the growth was clearly better with FCS as supplement, as more cell cul-

tures could cultivated successfully and more cells could be harvested. 

 

In comparison to hBM-MSCs, the doubling time in hours for the rBM-MSCs was 

considerably higher. For hBM-MSCs a doubling time between 22 and 30 hours is 

described [16,17,49], the shortest doubling time for the rBM-MSCs was 31 hours 

[see figure 9].  

 

 

 

 

a 

Figure 10: 
rat bone marrow-derived adherent cells cultured with PL as supplement, 10 fold magnification objective used 
a) rat number 22 passage 7 day 8 of culturing 
b) rat number 5 passage 3 day 10 of culturing 
PL: platelet lysate 

b 
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3.2.3. Cell proliferation tests 

It could be shown that the isolation and the expansion of rBM-MSCs were possible 

with FCS or PL as supplements. The expansion with rat serum was not possible 

and the growth with PL was lower than with FCS. Therefore cell proliferation tests 

were done, to better examine the optimal concentration of supplements for the 

expansion of the isolated cells. In addition the influence of different cytokines was 

tested. 

 

3.2.3.1. Comparison of the different media supplements and effect of media 

composition 

To find the optimal media composition proliferation assays with different concen-

trations of the supplements were performed. Cells of different cell cultures and 

passages were used for these experiments. 

 

Proliferation was measured with concentrations of supplements from 0–20%. FCS 

as supplement with the best proliferation was observed at a concentration of 10–

20%. For this reason, a concentration of 15% FCS with αMEM was used in the cell 

cultures, this is also described in the literature. However, we could also show with 

a further proliferation assay, that there was a difference between the different 

batches of FCS (see figure 11a,b). 

 

The optimal concentration of PL was between 2.5% and 5% (see figure 11a,b,c). 

In an additional test it could be shown that 3% was the most effective concentra-

tion. In contrast to FCS as supplement, higher concentrations of PL (>5%) did not 

stimulate MSC proliferation. Still in cell cultures this low concentration of PL was 

not sufficient for the culturing and the cells did not grow. Also, in the different pro-

liferation assays testing PL it could be shown that the growth of the cells was de-

pended on the batch of PL.  

 

For rat serum as supplement, the maximum growth rate in the proliferation assays 

was between 10% and 15% (see figure 11). For this reason, a concentration of 

10% was used in the culture experiments.  
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Finally, the growth with the fourth medium with DMEM and further supplements as 

well as with PL was tested. In this case a growth curve comparable to that of the 

cells tested with αMEM and PL could be seen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c) 

a) b) 

rat number 14 
rat number 19 

Figure 11: 
Proliferation assays showing the growth of the cells with an increasing amount of the different supplements. 
*: p<0.05 
**:p<0.01 
***:p<0.001 
****:p<0.0001 
a) comparison of two different charges of FCS and PL: b) comparison of FCS, PL and rat serum with cells of rat num-
with cells of rat number 19 passage 3   ber 8 passage 1: 
control:  0% supplement    control: 0% supplement 
sample1:  5% supplement    sample1: 2.5% supplement 
sample2:  10% supplement    sample2: 5% supplement 
sample3:  15% supplement    sample3: 10% supplement 
sample4:  20% supplement    sample4: 15% supplement 
      sample5: 20% supplement 
c) cells of rat number 14 passage 6 and rat number 19 passage 7 showing the growth of the cells with an increasing 
amount of PL as supplement (the samples are when indicated significant in reference to the control) : 
control: 0% PL  sample6: 6% PL 
sample1: 1% PL  sample7: 7% PL 
sample2: 2% PL  sample8: 8% PL 
sample3: 3% PL  sample9: 9% PL 
sample4: 4% PL  sample10: 10% PL 
sample5: 5% PL 
p: level of significance; FCS: fetal calf serum; PL: platelet lysate;  
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In conclusion, it could be shown that for the different media supplements an opti-

mal concentration was detectable in the proliferation assays. However, for PL as 

supplement, this result could not be uniformly translated into cell culturing. 

 

 

3.2.3.2. Influence of different cytokines in the proliferation assays 

For the cultivation of MSCs essential growth factors are needed like FGF, TGF-β 

and PDGF [16,18,49]. Because the cells cultivated with PL as supplement showed 

a different behaviour regarding their growth in comparison with those cultured with 

FCS as supplement, the specific influence of distinct cytokines on the cell growth 

was tested in further proliferation assays.   

In the proliferation assays, human cytokines and antibodies were tested in spite of 

the fact that the expanded MSCs were from rats. This was based on the assump-

tion that the effects are not comparable, but there is cross-reactivity between rat 

cells and human cytokines. Additionally the results could be compared with the 

results using these cytokines on human MSCs.  

 

The influence of the platelet-derived growth factors was tested at first by testing 

recombinant human PDGF-BB, PDGF-AA, PDGF-AB as well as the neutralizing 

human antibodies anti-PDGF-BB and anti-PDGF-AA.  

 

First of all it could be shown that cells with 10% PL as supplement had a signifi-

cant better growth than the cells in the control without a supplement (see figure 

12).  

Inhibition of hPDGF-BB (2µg/ml) in αMEM medium supplemented with PL signifi-

cantly decreased MSC proliferation compared to that in 10%PL. This effect ap-

peared to be specific for anti-hPDGF-BB, as inhibition of hPDGF-AA (2µg/ml) and 

also inhibition of both hPDGF-AA and hPDGF-BB, did not decrease MSC prolifera-

tion significantly if PL was added as supplement (see figure 12a).  

If these cytokines were only added to the basal αMEM medium, with an increasing 

amount of hPDGF-BB (250 ng/ml, 500 ng/ml, 2.5 µg/ml) and hPDGF-AB (25 

ng/ml, 50 ng/ml, 250 ng/ml) an improved proliferation, significantly for hPDGF-AB, 

could be seen. Additionally, a higher dose of neutralizing anit-hPDGF-AA (2 µg/ml, 

10 µg/ml, 20 µg/ml) stimulated the proliferation significantly (see figure 12b). Fur-
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thermore, the combination of different stimulatory and inhibitory cytokines (see 

figure 12b) had no other growth promoting influence on the cells (data not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As described above, a significant reduction in cell proliferation by inhibition of 

hPDGF-BB in 10%PL could be seen. These observations are in agreement with 

published data on the role of hPDGF-BB for proliferation of human MSCs [16]. 

Since these findings also suggested an important role for hFGF and TGF-β1 on 

cell proliferation, their effect on the growth of rat MSCs by adding or inhibiting both 

of these factors was investigated. As supplement, PL was used at a concentration 

of 2%, as this was the half-maximal dose required for optimal cell proliferation (see 

figure 13).  

Inhibition of with neutralizing anti-hPDGF-BB (10 µg/ml) within 2%PL again re-

duced cell proliferation; also the inhibition of hFGF (120 µg/ml) or hTGF-β1 (30 

µg/ml) within 2%PL leads to a reduction in the cell proliferation. The highest reduc-

Figure 12: 
Proliferation assays with cells of rat number 14 passage 3 showing cell proliferation incubated with cytokines 
control: αMEM with no supplements  
samples: αMEM with the denoted supplement(s) 
*: p<0.05 
**: p<0.0.1 
***: p<0.001 
****: p<0.0001 
a) cells incubated with recombinant human cytokines or neutralizing human antibodies binding the indicated cytokines 
and with or without 10% PL (samples with PL as supplement are compared with PL as control, samples without PL are 
compared with the control) 
b) cells incubated with increasing concentrations of inhibitory or excitatory cytokines without 10% PL 
αMEM: α-minimum essential medium; PL: Platelet lysate; p: level of significance; hPDGF: platelet-derived growth factor   

 

a) 
 

b) 
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tion could be reached with a combination of anti-PDGF-BB and anti-hFGF, where-

as the combinations with anti-TGF-β1 did not result in a higher decreased cell pro-

liferation. Also a triple-inhibition of PDGF-BB, hFGF and TGF-β1 did not have an 

increased effect on cell proliferation compared (see Figure 13). These results are 

again in agreement with the findings of N. Fekete for hMSCs [16]. 

The stimulating cytokines in the concentrations used (hPDGF-BB: 125ng/ml, 

hFGF: 20 ng/ml, TGF-β1: 100 ng/ml) showed no significant influence, single or 

combined, on regard to the cell growth in comparison to the control with no sup-

plements. 
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Figure 13: 
Proliferation assay with cells of rat number 26 passage 4 showing the growth of the cells incubated with recombinant cyto-
kines or neutralizing antibodies binding the indicated cytokines with or without 2% PL. 
(samples with PL as supplement are compared with PL as control, samples without PL are compared with the control) 
*: p<0.05 
**: p<0.01 
***: p<0.001 
****: p<0.0001 
PL: platelet lysate; p: level of significance; hPDGF: human platelet-derived growth factor; hFGF: human fibroblast growth 
factor; hTGFβ: human transforming growth factor β 

 



 43 

3.3. In vitro differentiation assays 

As shown in the previous part, the isolation and expansion of bone marrow-

derived cells was successfully. However in the next step the characterization of 

the cells in order to prove that they fulfil the MSC criteria has to be done.  

As already described in chapter 3.2 the cells are plastic adherent. Additionally 

MSCs must show tri-lineage differentiation capacity, which is assessed in the fol-

lowing chapters. 

 

3.3.1 Adipogenic differentiation 

To assess the adipogenic differentiation potential of the rBM-MSCs, three different 

adipogenic mediums were used.  

Using a differentiation medium without Indomethacin (=adipogenic differentiation 

medium#1), we could not detect adipogenesis in rBM-MSCs compared to the neg-

ative control without adipogenic medium (see figure 14a,b).  

Next, the adipogenic differentiation was induced using this adiopogenic medium 

additionally containing Indomethacin (=adipogenic differentiation medium#2) and 

third with an accessory maintaining medium analogous to routine procedure for 

hBM-MSCs (=adipogenic differentiation medium#3). The results with both proto-

cols were almost equal, in both cases the cells were differentiated into adipocytes, 

whereas the negative controls did not show differentiation (see figure 14c-e).  

Therefore adipogenic differentiation of the rBM-MSCs was induced by a cycle of 

inducing medium additionally containing Indomethacin and a maintencance medi-

um as a standard protocol well comparable to the assay used for hBM-MSCs. 

 

Considering the different medium supplements, it could be shown that the rBM-

MSCs have differentiation potential with FCS as supplement as well as with PL. 

The number of adipocytes was considerably higher however if the cells were cul-

tured with αMEM and FCS as a supplement compared to the other supplements 

(see figure 14f-h).  

 

Furthermore there was no difference in the adipogenic differentiation potential of 

the cells from one cell line in the different passages. Even in cells with a high 

number of passages or senescent cells showed adipogenic differentiation (see 

figure 14i-k).  
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Figure 14:  
Adipocyte differentiation test with rBM-MSCs: red drops (Oil red O Staining) show the intracellular lipid vacuoles of 
rBM-MSCs of rat number 8 at passage 3 cultivated in medium with FCS as supplement; 10 fold magnification objective used;  
a) negative control and b) adipogenic medium#1 rBM-MSCs  
rat number 19 passage 4 with FCS as supplement; magnification 10 fold; c) negative control and d) adipogenic medium#2 
containing Indomethacin and e) differentiation with induction and maintenance medium (=adipogenic differentiation medi-
um#3) 
f) rBM-MSCs rat number 18 passage 3 with FCS as supplement, g) rBM-MSCs rat number 22 passage 5 with PL as sup-
plement, h) rBM-MSCs rat number 21 passage 4 with DMEM, FCS and additionally supplements; magnification 10 fold 
rBM-MSCs rat number 18; magnification 10 fold; i) passage 2, j) passage 4, k) passage 10 
rBM-MSC: rat bone-marrow derived mesenchymal stromal cells; #: number; FCS: fetal calf serum; PL: platelet lysate; 
DMEM: Dulbecco´s modified eagle medium 
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Figure 15: 
Chondrogenic differentiation assay with rBM-MSCs: blue fibrillary structures indicate the collagen proteoglycan rich fibrilles 
of the chondroblasts 
10 fold magnification objective used 
rBM-MSCs rat number 18 passage 5 with FCS as supplement, a) chondrogenic differentiation and b) negative control 
rBM-MSCs rat number 21 passage 4 with DMEM and additionally supplements, c) chondrogenic differentiation and d) 
negative control 
rBM-MSCs rat number 19 with FCS as supplement, chondrogenic differentiation, e) passage 2, f) passage 3,  
g) passage 6 

rBM-MSC: rat bone-marrow derived mesenchymal stromal cells; FCS: fetal calf serum; DMEM: Dulbecco´s modified eagle  

e f g 

a b 

c d 

3.3.2 Chondrogenic differentiation 

For the chondrogenic differentiation one medium was used as described above. It 

could be shown that the cultivated rBM-MSCs have the potential to differentiate 

into the chondrogenic cell line.  

Furthermore, it could be demonstrated that different passages of one cell line and 

also rBM-MSCs with different media supplements could be differentiated, but the 

cells cultured with DMEM and additionally supplements already showed a certain 

amount of differentiation without chondrogenic differentiation medium in all pas-

sages (see figure 15). 
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3.3.3 Osteogenic differentiation 

Finally the osteogenic differentiation potential was tested. For this purpose one 

medium was used. 

It could be demonstrated that the rBM-MSCs differentiate into osteoblasts if they 

were cultured with the differentiation medium, but the cells showed also a certain 

amount of differentiation potential cultured with the standard medium over a longer 

time (see figure 16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: 
Osteogenic differentiation test with rBM-MSCs: black is the alkaline phosphatase produced by the osteoblasts 
10 fold magnification objective used 
rBM-MSCs rat number 19 passage 2 with FCS as supplement a) osteogenic differentiation and b) negative control  
rBM-MSCs rat number 1 passage 2 with FCS as supplement c) osteogenic differentiation and d) negative control 
rBM-MSCs rat number 8 passage 3 with FCS as supplement e) osteogenic differentiation and d) negative control 
rBM-MSC: rat bone-marrow derived mesenchymal stromal cells; FCS: fetal calf serum 

b 

  d   c 

  e   f 

  a 
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3.4. Flow cytometric analysis 

The third criterion for defining of MSCs according to the ISCT [14] is the specific 

surface antigen expression, flow cytometric analyses were done. 

Unfortunately, there is no unique surface antigen marker for mesenchymal stem 

cells, therefore a panel was used to identify the rBM-MSCs. For the panel, nine 

markers were tested. The cells should be positive for anti-rat CD90.1, anti-rat 

CD29, anti-rat CD54, anti-rat CD106, anti-rat CD44H and anti-rat CD71 and nega-

tive for anti-rat CD45, anti-rat CD11b/c and anti-rat CD31 to exclude haematopoi-

etic cells.  

 

Firstly, the expression of the surface antigens over a few passages was tested.  

figure 17 shows the expression pattern of cells cultured with FCS as supplement. 

When using PL as supplement it was not possible to expand enough cells for the 

FACS measurement over more passages, so only the results of passage 4 were 

added.  

On the one hand it could be shown that the cells are positive for CD90.1, CD29 

and CD54. During the different passages the expression of CD90.1 increased. At 

passage 2 only 72.75% ± 14.9 (Mean ± SD) of the cells were positive for CD90.1, 

at passage 3 79.65% ± 18.5, at passage 4 90.61% ± 7.2 and at passage 5 96,37% 

± 2.6 of all tested cells expressed this antigen. The expression of CD29 and CD54 

was not as high as for CD90.1, but also for these antigens a tendency towards 

more positive cells or rather a constant level of antigen expression could be shown 

(passage 2: CD29 44.39% ± 26.4 and CD54 84.92% ± 7.1; passage 3: CD 29 

54.50% ± 25.9 and CD54 79.90% ± 13.3; passage 4: CD 29 64.71% ± 28.1 and 

CD54 72.00% ± 25.34; passage 5: CD 29 63.45% ± 24.5 and CD54 82.11% ± 

18.84).  

The expression of CD106, CD44H and CD71 was very variable over the passag-

es. The cells tested were not really positive for these markers, because at pas-

sage 5 only 10.67% ± 12.6 of the cells expressed CD106, 11.75% ± 10.4 CD44H 

and 10.95% ± 14.1 CD71. 

On the other hand, in the early passages a portion of the cells was slightly positive 

for CD45 (16.96% ± 19.0) and CD11b/c (31.90% ± 15.94). However, these cells 

were negative for these antigens at passage 5 (positive expression of CD45: 

1.09% ± 1.6 and CD11b/c: 1.90% ± 2.4). Additionally, most cells were negative for 
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CD31 over the passages tested, e.g. only 0.99% ± 1.5 cells were positive for 

CD31. 

The surface antigen expression at passage 9 was tested once with the same re-

sult, i.e. the cells were clearly positive for CD90.1 (93.79%), CD29 (44.29%) and 

CD54 (83.00%) but negative for the remaining markers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: 
Relative proportion of antibody positive cells assessed by FACS measurement through passage 2 till passage 5. 
 
Red: cells cultured with αMEM and FCS 
Blue: cells cultured with DMEM+MCDB and FCS 
Green: cells cultured with αMEM and PL 
The black line represeants the mean of the in percent of all positive cells at the corresponding passages.  
 
At passage 2,3 and 5 only cells cultured with FCS as supplement were tested. 
At passage 4 additionally cells cultured with PL as supplement were added (rat number 7 and rat number 22)In these 
passage there are no values for rat number 14 for CD29, CD106, CD44H and CD71 and for rat number 7 for CD106,  
CD44H and CD71. 
At passage 5 there is no value for rat number 1 for CD71.  
 
CD: cluster of differentiation; FACS: fluorescence-activated cell sorting; αMEM: α-minimum essential medium; FCS: fetal 
calf serum; DMEM: Dulbecco´s modified eagle medium; PL: platelet lysate 
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To better examine the development of the surface antigen expression, overlays of 

the FACS measurement of rat number 19 from passage 2 to passage 5 are shown 

in figure 18.  

Regarding CD90.1 it could be shown that at passage 2 and 3 there were two 

peaks in the fluorescence histogram, indicating two cell populations. One peak 

identifies a subpopulation which express this antigen while the other is positive for 

this marker. Most cells at passage 4 or higher are positive for CD90.1.  

Similarly, for CD29 and CD54 a shift to the total cell population towards higher ex-

pression frequencies could be shown from passage 2 to passage 5. 

Expression profiles of CD106, CD44H and CD71 showed a contrary behaviour 

with a tendency to a lower antigen expression in the higher passages. 

A comparable result to CD90.1 was detectable for CD45 and CD11b/c. From pas-

sage 2 to passage 4 the fluorescence histograms had also two peaks, whereby 

expression of the markers was markedly decreased and lost during the passages. 

At passage 5 the cells were negative for CD45 and CD11b/c.  

The cells were negative for CD31 throughout all passages. 
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Figure 18: 
Overlays of the FACS curves of rat number 19 (cells cultured with αMEM and FCS as supplement) at passage 2 showing 
the antigen expression from passage 2 till passage 5. 
At the y-scale the cell counts are represented. 
dotted curves: isotype controls 
thick curves: specific antigen expression 
black curves: passage 2 
red curves: passage 3 
blue curves: passage 4 
green curves: passage 5 
CD: cluster of differentiation; FACS: fluorescence-activated cell sorting; αMEM: α-minimum essential medium; FCS: fetal 
calf serum; PerCP: peridin chlorophyll protein complex; APC-Cy7: allophycocyanin-cyanine dye; APC: allophycocyanin; 
PE: phycoerythrin; FITC: fluorescein isothiocyanate 
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Finally to examine which medium is optimal for the culturing of rBM-MSCs and 

results in a cell population with a high percentage of MSCs, FACS analyses at 

passage 4 were done for the three different media (αMEM and FCS, αMEM and 

PL, DMEM+MCDB and FCS).  

It could be shown (see figure 19) that for all three options, the cells were positive 

for CD90.1, CD29 and CD54 and negative for the remaining markers. Between the 

cells cultivated with FCS and PL there was only a small difference. The expression 

of CD44H was a little bit higher for the cells cultivated with FCS, the expression of 

CD71 was a little bit higher for the cells with PL as supplement. The remaining 

marker expressions are mostly equal. The cells of the medium containing 

DMEM+MCDB and FCS seemed a little bit more inconsistent as the expression of 

CD54 was lower compared to the other two cell cultures. Furthermore, there were 

more remaining cells measured that were positive for CD45 and CD11b/c.  
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αMEM and 10% PL 

DMEM +MCDB and 15% FCS 

Figure 19: 
Flow cytometry fluorescence intensities of rat bone-marrow derived MSCs at passage 4 of rat number 18 (yellow, cells 
cultivated with FCS as supplement), rat number 22 (red, cells cultivated with PL as supplement) and rat number 21 (blue, 
cells cultivated with DMEM+MCDB and FCS as supplement). 
black line: isotype control as negative control, green line: expression of the different surface antigens 
MSC: mesenchymal stromal cells; FCS; fetal calf serum; DMEM: Dulbecco’s modified eagle medium; MCDB: modification 
of Ham’s nutrient mixture; PerCP: peridinin chlorophyll protein complex; APC-Cy7: allophycocyanin-cyanine dye; PE: 
phycoerythrin; FITC: fluorescein isothiocyanate; APC: allophycocyanin 
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Summing up, most cells in the higher passages 4 and 5 are positive for CD90.1, 

CD29 and CD54 and negative for CD45, CD11b/c and CD31. Additionally, it could 

be shown that CD90.1+ cells were negative for CD45 and CD11b/c at passage 2. 

Therefore it seemed that the culturing of haematopoietic cells could be excluded 

within the cell population present at passage 5.  

The expression of CD106, CD44H and CD71 from passage 2 to passage 5 was 

low or negative.  

Furthermore, it was not possible to cultivate more consistent rBM-MCS cultures 

with a medium consisting of DMEM+MCDB, FCS and further supplements until 

passage 4. The results for the cells cultured with αMEM and FCS or PL as sup-

plement were almost equal at this time point.  
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3.5. Iron-nanoparticle labelling 

The uptake of iron oxide-PLLA-particles by the rat bone marrow-derived and by 

the human MSCs was analysed with flow cytometry. 

As shown in figure 20 labelling by the particles by human MSCs as well as by the 

rat bone-marrow MSCs was efficient as analyzed by their fluorescence intensity, 

which was not detectyble by the negative controls. It could also be demonstrated 

that uptake of the particles was highest after 24 hours in both cases. The particles 

were retained by MSCs also after 48 hours following the initial incubation but in a 

lower amount compared to the values present at 24 hours.  
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Figure 20: 
Flow cytometry fluorescence intensities of rat bone-marrow derived MSCs (a) and human MSCs (b) labelled 
with MU119-5zd N11+N14. dotted line: negative controls; black: after 24 hours; purple/orange: after 48 hours 

FITC: fluorescein isothiacyanate; MSC: mesenchymal stromal cells 
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4. Discussion 

4.1. Isolation and Expansion of rBM-MSCs  

The isolation of the rBM-MSCs could be done as described above with the exci-

sion of femora and tibiae of the dead rat, the flushing out of the opened bones and 

the culturing of the bone marrow cells with culture medium in a NUNC sterile cell 

culture flask with a plastic surface. This was done in accordance to the methods 

described in the literature [26,38,46].  

For the expansion of the rBM-MSCs only the cells of one rat were used and not 

pooled, in order to examine if there are differences between the different rats. We 

could determine that the cell count varied between 2.0x108 and 8.0x108 nucleated 

cells. But no correlation between cell count and gender or age of the rats could be 

assessed; this finding is similar to the results of S. Geißler et al. [23].  

To avoid a loos of cells, the isolated cells of the bone marrow where not filtered, to 

remove anucleated and dead cells the bone marrow suspension was centrifuged. 

Only the cell pellet was seeded in the culture after counting.  

 

The first cells with a MSC-like appearance could be seen in most cultures after 3 

to 5 days and the cells were harvested after 7 to 10 days approximately. These 

times are similar to the days described in the literature for rBM-MSCs [3,29].  

Interestingly, the time in days for the culture of hBM-MSCs (isolation to first har-

vesting) is slightly longer, between 12 and 13 days, but the seeding density was 

lower for the hBM-MSCs [3,49]. 

 

The amount of harvested cells at passage 0 was very variable, despite of standard 

isolation and culturing conditions independent of the age or the gender of the rats 

[see Figure 2 and 7], in comparison to the amount of cells collected from the bone 

marrow. For these reason it could be assessed that the population of BM-MSC is 

very inhomogeneous and it is not possibly to predict, how many cells could be cul-

tivated. 

 

The population doublings per passage and the doubling times were very inhomo-

geneous [see Figure 8]. The population doublings are approximately 3 times per 

passages, but with partly extensive up- and downturn and the same is visible for 

the doubling times. In comparison with the literature, the times are analogous, but 
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not the discontinuous course [4, 26, 29]. This could be due to an inhomogeneous 

cell population of MSCs expanded and cultured from the bone marrow.  

In comparison to the doubling times of hMSCs it could be asserted that the rBM-

MSCs grew slower [16,17,49,].  

 

As it is described in the literature [3, 25, 46], morphologically different cells in the 

first passages and a change in the appearance of the rBM-MCS during the culture 

could be shown. In the beginning almost spindle- or star-shaped cells with long off-

shoots and additionally small round cells could be detected with the light micro-

scope. During the culture, the small round cells disappear, so it can be assumed, 

that these cells are not plastic adherent and therefore cannot be regarded as 

MSCs.  

In the higher passages, the appearance is changed in the cultures with FCS as 

supplement to cells with a bigger and more flat cell body with shorter offshoots, 

which could be a hint, that in contrast to other publications, the cells eventually 

develop in a pre-differentiated state. The rBM-MSCs cultured with PL as supple-

ment remained their shape with a thin body and long offshoots. So maybe the cul-

turing with PL, if successfully, allows a higher amount of “pure” MSCs.  

 

In contrast to the culture of hMSCs with αMEM and PL, where the optimal concen-

tration of PL was determined as 10% to 20% [16,18], the proliferation assays with 

rBM-MSCs showed a concentration between 2.5% to 5% of PL. Possibly the hu-

mane cytokines, that are contained in the human PL, have a different effect re-

spective to the different MSCs. For this reason further investigations on these ef-

fects were done.  

It could be shown with neutralizing antibodies that, for the growth of the MSCs with 

PL, hPDGF-BB and hFGF are needed [see figure 92 and 103], similar to the find-

ings of Fekete et al. [16]. Equal to the results with hBM-MSCs, the inhibition of 

hPDGF-AA with neutralizing antibodies has no significant effect towards the prolif-

eration of rBM-MSCs, even on the contrary, with a high dose of anti-hPDGF-AA to 

the basal αMEM medium a proliferation rate comparable to the growth if PL was 

added to the basal medium was detectable. For this reason, PDGF-AA seems to 

be not necessary for the growth of the rBM-MSCs.  
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Also the addidtion of hFGF, PDGF-BB and TGF-β1 only to the basal α-MEM me-

dium seems to be not effectual (most likely other factors in the PL are also im-

portant for the growth of the MSCs, for hMSCs e.g. VCAM-1 and CD40L [41]). 

But in contrast to the hBM-MSCs, the strongest inhibition was with neutralizing 

antibodies against hPDGF-BB or the combination of hPDGF-BB and hFGF and 

not with hFGF, therefore PDGF-BB seems more important for the rBM-MSCs.   

 

In consideration of the different tested media it could be discovered, that the ex-

pansion was most effective with FCS as supplement. More cultures and passages 

could be cultivated and the amount of cells, which is important for further experi-

ments and in the future for the use as a therapeutic agent, was considerably high-

er.  

 

4.2. Characterization of the expanded rBM-MSCs 

After the isolation and expansion of the rBM-MSCs, they have to be characterized 

to make sure, that they are real MSCs. On the basis of the minimal criteria for in 

vitro cultured human MSCs from the International Society for Cellular Therapy 

2006 [14], the characterization was done.  

One criterion, the plastic-adherence in vitro, was already proved during the isola-

tion and expansion. Non-adherent cells were removed during the wash-acts.  

 

4.2.1. Differentiation of the rBM-MSCs 

The second criterion was the differentiation potential of the MSCs. A three-lineage-

differentiation into osteoblasts, adiopocytes and chondroblasts under standard in 

vitro differentiating conditions needed to be shown.  

This was possible with different media.  

For the adipogenic differentiation a cycle of induction and maintainace media was 

most effective, similar to the hMSCs [18,51], and the count of adipocytes was a 

little bit higher for FCS as supplement then for PL.  

Also the osteogenic differentiation was successfully, but the controls showed also 

a little bit of differentiation after a time, so that it must be concluded, that also with-

out a special differentiation medium the cells tend to an osteogenic differentiation. 

Finally the chondrogenic differentiation was tested. This was also possible. But the 

cultures with DMEM and further supplements showed a chondrogenic differentia-
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tion in the control like the osteogenic differentiation. For this reason it could be de-

termined, that the cultivation with DMEM and further supplements leads during the 

cultivation to a differentiation and maybe for this reason to a loss in the stemness 

of the cells. 

 

4.2.2. Flow cytometric analysis  

Finally the third criterion, regarding to Dominici et al. [14] was the surface expres-

sion of the following antigens:  

- expression of  CD105, CD73, and CD90  

- lack of CD45, CD34, CD14 or CD11bc, CD79α or CD19 and HLA class II. 

Because these are the markers for hMSCs, the panel of antigens was a little bit 

modified as the corresponding rat antibodies were not available and markers de-

scribed in the literature were used, which were successful exercised there 

[13,4,23,26,29,46,57,58,59] :  

- the isolated and expanded cells should be positive for : 

o CD90.1 (Thy-1) 

o CD29 (Integrinβ1) 

o CD54 (ICAM-1), 

o CD106 (VCAM-1) 

o CD44H (HCAM)  

o CD71 (Transferrin receptor) 

- and negative for: 

 CD45 (Leukozyte Common Antigen) 

 CD11b/c (C3bi complement receptor) 

 CD31 (PECAM-1) 

to exclude haematopoietic stem cells. 

 

It could be shown, that in the earlier passages the cell cultures are rather inhomo-

geneous and express markers for MSCs and for HSCs because they are positive 

for CD90.1, CD29, CD54 and also for CD45 and CD11b/c. It could be shown, that 

there are two populations, one was CD90.1+ and negative for CD45 and CD11b/c 

and the second population was CD45+, CD11b/c+ and CD90.1-. During culture, 

the CD45+ and CD11b/c+ got lost. 
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The remaining antibodies, CD106, CD44H and CD71, behaved very discontinu-

ously, so that they seemed not right for the characterisation of the MSCs. 

For this reason it could be said, that in the earlier passages the cultures contains 

MSCs and HSCs and not until further passaging pure MSC populations are avail-

able. This phenomena is also described by Barzilay et al. [4]  Maybe sorting meth-

ods directly after the isolation have to be done, to get “purer” cultures from the be-

ginning.  

In consideration of the tested media it could be assumed, that between FCS and 

PL in αMEM no difference was visible, whereas the cultures with DMEM and fur-

ther supplements seemed to be more inhomogeneous.  

 

Finally it could be said, that the isolated cells fulfilled the criteria for MSCs and that 

it was therefore possible to isolate rBM-MSCs under standard conditions. The op-

timal medium composition seems to be αMEM as basal medium with FCS as sup-

plement, even if the cells cultured with human PL have a more hMSC like pheno-

type. The proliferation and therefore the expansion with FCS was considerably 

better than with the other supplements. The cells could successfully differentiated 

into adipocytes, osteoblasts and chondroblast, and the higher passages fulfilled 

the MSC surface antigen panel.  

With these results, a standard protocol for the isolation and expansion of rBM-

MSC in the laboratory could be established, so that in the next time pre-clinical 

studies with an animal rat model could be done. There allogenic or autogenic 

MSCs will be investigated, just as xenogenic hBM-MSCs, and the behaviour of the 

different cells could be compared. 
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5. Summary 

Since the beginning of the last century stem cells got into the focus of interest be-

cause of their ability of self-renew through cell division and their differentiation po-

tential. In the future, an individual and specialized therapy for patients with varying 

diseases will become more and more important. Therefore, adult stem cells, which 

occur almost in the whole organism, could be used to reconstitute cells, tissues 

and organs.  

 

In this thesis, mesenchymal stromal cells, which seems to be effective in the 

treatment of many disease (i.e. Osteogenis imperfecta, skin and bone defects, 

graft-versus-host-disease), of the bone marrow from rats were investigated to es-

tablish standard methods for the laboratory for the isolation and optimal cultivation 

conditions to expand the cells. Furthermore the mesenchymal stromal cells were 

characterized by means of their differentiation potential and the antigen surface 

expression. 

 

It could be shown, that the mesenchymal stromal cells could be obtained success-

fully from bone marrow of femora and tibiae of the rats by flushing out the bones. 

Afterwards they were cultured in culture flasks with a plastic surface, because of 

the plastic adherence of this cell type. For the expansion different media were 

tested (α-minimum essential medium with fetal calf serum, platelet lysate or rat 

serum as supplement; Dulbecco’s modified eagle medium with further supple-

ments and fetal calf serum or platelet lysate).  

The optimal medium seems to be α-minimum essential medium with fetal calf se-

rum as supplement at a concentration of 15%. Expansion of the cells in these me-

dium was most effective, the long-term expansion could be done successfully. 

Cultures with platelet lysate as supplement seemed a phenotype more compara-

ble to the human mesenchymal stromal cells but with lower expansion rates, even 

if the long-term expansion was possible in 50%. In contrast to the human mesen-

chymal stromal cells, the optimal concentration of platelet lysate seems to 2-3% 

for the proliferation, according to the proliferation tests. Maybe because the vary-

ing different cytokines contained in the platelet lysate have different effects to the 

mesenchymal stromal cells. For this reason, the effects of hPDGFAA/AB/BB (hu-

man platelet-derived growth factor type AA or AB or BB), TGF-β1 (transforming 
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growth factor β1) and hFGF (human fibroblast growth factor) were investigated. 

Most important for the proliferation seems to be hPDGF-BB, whereas the inhibitory 

influence of hFGF and especially TGF-β1 was fewer. 

Rat serum as supplement was not successful. Only in two of four cultures mesen-

chymal stromal like cells could be seen and the long-term expansion was not pos-

sible.   

 

The rat mesenchymal stromal cells could be differentiated into osteoblasts, 

adiopocytes and chondroblasts using special media compositions.  

 

Also the surface antigen expression of rat mesenchymal stromal cells with flow 

cytometric analysis was in agreement with the known profile of mesenchymal 

stromal cells. Additionally it could be shown, that rat mesenchymal stromal cells 

from earlier passages are rather inhomogenous and express markers for mesen-

chymal stromal and hematopoietic stem cells. During the culture, the hematopoiet-

ic stem cells seem to disappear, so that cultures only consist of mesenchymal 

stromal cells as desired.  

Overall we were able to establish a protocol for isolation and expansion of rat bone 

marrow-derived mesenchymal stromal cells. The cells obtained by this protocol 

fulfilled the criteria of mesenchymal stromal cells. 

It could also be shown, that the growth characteristics of the cells in every culture 

were different (population doublings, doubling times, amount of harvested cells 

and surface antigens).  

Rat bone marrow-derived mesenchymal stromal cells are now available for pre-

clinical trials. Comparison of effects of bone marrow-derived mesenchymal stromal 

cells from rats and humans in appropriate rat models (for example wound healing, 

bone healing, traumata) will help to understand the role of the species barrier.  
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