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ABSTRACT

This study was initiated in order to test a mini-invasive
method of mesenchymal stem/progenitor cells (MS/PCs)
isolation from a rat bone marrow (BM), and subsequently
their expansion, differentiation, and evaluation of their
immunophenotypic characteristics; and later their preser-
vation as donor cells in an optimal condition for potential
autotransplantation. The study group comprised of 6 adult
male Sprague-Dawley (S-D) rats, weighing 480—690g.
The rats were anaesthetised by isoflurane with room air in
a Plexiglas box and maintained by inhalation of a mixture
of isoflurane and O,. Their femurs were surgically exposed
and their diaphyses double-trephined. Then BM cells were
flushed out by saline with heparin and aspirated into
a syringe with a solution of DMEM (Dulbecco’s modified
eagle’s medium) and heparin. The mononuclear cells from
the BM were isolated by centrifugation and expanded in
a standard culture medium supplemented with ES-FBS
(es-cell-qualified foetal bovine serum), L-glutamine and
rh LIF (recombinant human leukemia inhibitory factor).

Following 14 days of passaging cultures, the cells were

split into 2 equal parts. The first culture continued with
the original medium. The second culture received addi-
tional supplementation with a human FGFp (fibroblast
growth factor beta) and EGF (epidermal growth factor).
The populations of these cells were analysed by light-mi-
croscopy, then the mean fluorescence intensities (MFIs) of
CD90 and Nestin were evaluated by a tricolour flow cy-
tometry using monoclonal antibodies. The type of general
anaesthesia used proved to be appropriate for the surgical
phase of the experiments. All rats survived the harvest-
ing of the BM without complications. The total number
of mononuclear cells was 1.5—4.0 x 10° per sample and
the proportion of CD90/Nestin expressing cells was <1 %.
Following 14 days of expansion, the cells became larger,
adherent, with fibrillary morphology; the proportion of
cells expressing CD90/Nestin increased to almost 25 %,
i.e. they earned basic phenotypic characteristics of MSCs.
Throughout the further cultivation a gradual decrease of
the CD90/Nestin expression occurred. This suggested that
the suitability of rat bone marrow derived MS/PCs for re-
placement therapy would probably be the highest between

days 12—15 of cultivation and then would diminish.
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INTRODUCTION

Bone marrow multipotent mesenchymal stromal cells
(MSCs), also known as mesenchymal stem/progenitor
cells (MS/PCs), represent a heterogeneous population of
the non-blood producing fraction of bone marrow [2, 3, 4,
14]. Their ability to differentiate into tissues of mesenchy-
mal origin such as bone, tendon, and cartilage or, under
specific conditions, into neural, muscle, myocardial or liver
cells makes them a valuable source of different types of pro-
genitors for transplantation [6, 13, 21, 22]. Being members
of a team participating in a study of new approaches in the
treatment of spinal cord injuries, including replacement
therapy of damaged neurocytes, astrocytes and oligoden-
drocytes by autologous stem cells, the authors developed,
and with positive results, tested a modified method of har-
vesting and expansion of adult rat bone marrow MSCs en-
abling an easy autotransplantation to donors, thus avoiding

possible adverse immune reaction [2, 3, 4, 10, 19, 20].

MATERIALS AND METHODS

The experimental protocols were prepared with re-
spect to the rules of the Animal Protection Act of Slovakia
No. 15/1995 [1], approved by the Ethical Commission of
the P. J. Saférik University, Faculty of Medicine in Kosice,
as well as the State Veterinary and Food Administra-
tion of the Slovak Republic in Bratislava by the Decision
No.SKP10552/03-220. The experimental procedures in
animals were performed under general anaesthesia and the
postoperative painful sensations were suppressed by the
intramuscular administration of anodynes. Six adult male
Sprague-Dawley (S-D) rats weighing 480-690 g were used
in this study.

Harvesting of rat bone marrow stromal cells

The general anaesthesia was induced by inhalation of
a mixture of isoflurane (1-chloro-2,2,2-trifluoroethyldiflu-
oro-methylether) with room air in a Plexiglas box. Follow-
ing the 2—3 min inhalation of anaesthetics, when the sur-

gical phase of narcosis was achieved, animals were removed
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from the box and placed on a heated platform which kept
their rectal temperature between 36.6 and 37.2°C. The gen-
eral anaesthesia was further maintained by administration
of 1.5% isoflurane with medical oxygen (O,) via a special
mask designated for rodents. The lateral parts of both fem-
oral regions were shaved and the exposed area of skin was
disinfected by an iodine solution (Iodopolyvidonum). The
disinfected skin and femoral fascia were incised, adjacent
parts of musculus rectus femoris and musculus vastus latera-
lis were dissected and between them the ventrolateral sur-
face of femur was approached. After removal of the peri-
osteum, two burr-holes (one at the proximal, the second
at the distal end of diaphysis ossis femoris) were performed
using a tooth-drill. The bone marrow from the femoral
medullary cavity was flushed by 2ml of saline with 0.1 ml
of heparin (solutio heparini natrici sterilisata et titrata 5000
u.i.) instilled into one of the burr-holes and aspirated by
an injection needle from the other into a syringe with 2ml
of collecting medium “Invitrogen’, i.e. Dulbecco’s modi-
fied eagle’s medium (DMEM) with heparin under aseptic
conditions (Fig.1). After aspiration of the bone marrow
(BM), the dissected thigh muscles were fixed in their origi-
nal position by several non-absorbable stitches, then the
femoral fascia and skin were sutured in anatomic layers.
The position of the rat was changed, the skin of the con-
tralateral thigh was disinfected, incised, and the femur
was approached, double-trephined and the bone marrow
was harvested from the opposite side, also. Before finish-
ing the experimental operation, antibiotics (amoxicillinum
natricum with kalii clavulans) were administered intramus-
cularly in a total dose of 30mg and 2ml of anodyne tra-
madol [2-dimethylamino-methyl-1-1-(3-methoxyphenyl)-
cyclohexanol] was injected intramuscularly at two different
places. After suture of the second surgical wound, the rat
was transferred to a disinfected cage, where it was provided
with drinking water ad libitum and food granules. Two ran-
domly chosen rats were chosen as shame controls. Blood
samples (0.5ml) aspirated by a thin needle from the right
heart ventricle were collected into a syringe containing
0.2ml of heparin solution just before finishing the admin-

istration of general anaesthesia.

Cultivation of multipotent stromal cells
Immediately after aspiration of the BM from both fe-
murs, the material in the collecting medium was removed

to a special cell culture laboratory at the Department of



Pharmacology, P. J. Saférik University, Faculty of Medi-
cine. The medium was dissected into small pieces, homog-
enized and filtered through a 70 um filter (to remove bone
fragments), diluted 1:1 with HanKs balanced salt solution
(HBSS) and mononuclear cells were isolated by Ficoll-Uro-
graphin density gradient centrifugation (DCG) at 1600rpm
for 30 minutes. After centrifugation, the mononuclear cells
were collected from the interface, washed two times in
DMEM, suspended at 10° cells.ml™ in culture media and
plated in 12 well culture dishes. The cells were cultured in
alpha-MEM (minimum essential medium) supplemented
with 10% ES-FBS (embryonic stem-cell-qualified foetal bo-
vine serum), 2mM L-glutamine, 10ng.ml" human rh LIF
(recombinant human leukemia inhibitory factor), 100u.1./
ml™ PNC (benzylpenicillinum kalicum) and 10 ug.ml* STM
(streptomycinum sulphate), half volume of the culture solu-
tion being replaced with a fresh medium every three days.

At passage 4 (after 14 days of cultivation), the cell cul-
tures were divided into two equal parts. In the first subgroup
of cultures, we continued to use the same medium, whereas
in the second subgroup, the medium was additionally sup-
plemented with rh FGF-f (recombinant human basic fibro-
blast growth factor beta) and rh EGF (recombinant human
epidermal growth factor). At the 14th, 21st, 36th and 45th
day of cultivation (passages P4, P7, P12, P15) the samples
of cells were stained with a combination of FITC/PE/PE-
Cy5, i.e. monoclonal antibodies (mouse IgG1) against rat
CD45 (thyrosine phosphatase expressed by haemopoietic
cells), CD90 (protein expressed by mesenchymal cells) and
cy-Nestin (type VI intermediate filament-associated pro-
tein expressed mostly by nerve cells) and the mean fluores-
cence intensities (MFIs) were evaluated by the three-colour
flow cytometry [3, 12].

RESULTS

The general anaesthesia by vapours of isoflurane with
O, met our expectations. Its induction phase was short
(2—3 min.), the course of the narcosis was smooth, its
depth sufficient for performing the surgical phase of the
procedure, and subsequent awakening of the animals was
uneventful and quick. All six rats survived the aspiration of
the bone marrow without complications, incisions of skin,
fascia, and dissections of thigh muscles; the trephinations

of the femurs healed by first intention (Fig. 2).

The light-microscopic analyses of the cells isolated from
the fresh adult rat bone marrow showed that a total num-
ber of mononuclear cells was 1.5—4.0 million per sample
and the proportion of CD90/Nestin expressing multipo-
tent cells was less than 1%. After 14 days of in vitro ex-
pansion, the proportion of CD90 and cy-Nestin express-
ing cells increased to 19.2—24.9% in individual samples.
The cells were large, adherent with fibrillary morphology
(Fig. 3). They expressed inconsistently for CD45 (a pheno-
type characteristic for haemopoietic lineage), but the cells
were strongly positive for CD90 and cy-Nestin, compatible
with the basic phenotypic characteristics of MSCs (Fig. 4).
P2 — primary data space region 2. In the P2 area are locat-
ed stem/progenitor cells strongly expressing CD90 marker.
In flow cytometric images their colour is green. The MFIs
for CD90 cells were 9552, 9356 and 9 250; for nestin 3 620,
2681 and 1628. Throughout the further cultivation the
gradual decrease of expression of CD90, as well as cy-Nes-
tin was observed. At passages 7, 12 and 15, i.e. after 21, 36
and 45 days of expansion, the MFIs of CD90 decreased to
9320, 8772, 6671 and of cy-Nestin to 3605, 1757, 541.

2 ml saline
= 0,1 ml heparin
3
£
Q
(18

2 ml DMEM
v l with heparin

1l ]

Fig. 1. Pattern of double-trephination perfusion technique
of harvesting rat bone marrow cells
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Fig. 2. Situation two months following aspiration of bone marrow.
Trephinations in a rat femoral bone are almost completely healed

Fig. 3. A heterogeneous culture of spindle-shaped fibroblastic
morphology adherent cells obtained after the initial 14 days of cultivation
of bone marrow cells (passage 0). Original magnification Magn. x100
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Fig. 4. Results of flow cytometry immunophenotyping analysis of rat bone marrow derived stem cells.
Illustrative bivariate dot plots show expression of CD45, CD90 and nestin by the cells before (A, B, C)
and after initial 14 days — passage 3 of cultivation (D, E, F). P2 - primary data space region 2

DISCUSSION

Spinal cord and brain injuries, ischemic or haemor-
rhagic strokes, neurodegenerative disorders (e.g. Parkin-
sons and Alzheimer’s disease, and amyothrophic lateral
sclerosis), muscular dystrophy, myocardiopathies, and
myocardial infarctions, belong to serious pathological con-
ditions connected with high morbidity and mortality [6,
10, 13, 21, 22]. The treatment modalities of these diseases

are limited and attempts to renew impaired or lost func-
tions are unsuccessful in the majority of cases, so far [3, 6,
17]. The well-known fact, that the viability of tissues dur-
ing the whole lifespan of an animal, is maintained by re-
placement of damaged cells through a process provided by
special cells, called stem/precursor cells (SC/PCs), inspired
scientists to use SC/PC transplants to treat different defects
of organs with restricted regenerative capacity [3, 4, 5, 6,
13, 15].
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In general, there are five distinct groups of stem cells
(SCs):i.e.

1. Totipotent SCs (able to differentiate into all embry-
onic as well as extraembryonic structures),

2. Pluripotent SCs (able to differentiate into cells of all
three basal germ layers, i.e. ectoderm, mesoderm and en-
doderm),

3. Multipotent SCs (able to give rise to a limited SC
types, e. g. skin, cartilage, bone marrow, and neurocytes),

4. Oligopotent SCs (able to differentiate only into a few
SC types, such as lymphoid or myeloid SCs), and

5. Unipotent SCs, (which are able to produce only one
cell type) [3]. Embryonal stem cells (ESCs) are the best
source of omnipotent stem cells as they have an unlimited
potential to produce any specialised cell type of an organ-
ism [3, 16].

Experimental results suggest the almost unrestricted
capacity for their utilisation in replacement therapy and
regenerative medicine [16, 17]. On the other hand, the fact
that a blastocyst developing from a fertilized egg has to be
destroyed to obtain ESCs, their use is highly controversial
and considered an act of violating human rights in many
countries. Later on, experimental studies confirmed the
possibility to acquire MS/PCs from several tissues of adult
mammals. MS/PCs occur, e. g. in bone marrow, brain sub-
ventricular zone, olfactory bulb, adipose tissue, skin, and
even malignant tumours [3, 4, 5, 11, 12, 13]. They are not
omnipotent or pluripotent as embryonal or foetal stem
cells, however their capacity to expand, transdifferentiate
into multipotent progenitors and eventually replace dam-
aged cells, produce growth factors and trophic mediators is
not substantially reduced [13, 14, 15, 21]. Since the utilisa-
tion of adult MS/PCs avoids, on one hand emotional and
legal problems, but on the other hand, it permits successful
autotransplantation; this practice has become standard in
animal experiments, as well as in clinical trials [2, 3, 4, 5, 6,
10, 13, 14, 15, 22].

There is a well established cell laboratory at the Depart-
ment of Pharmacology, P.J.Saférik University, Faculty of
Medicine in Kosice, specialized in the diagnostics of dif-
ferent types of leukemias and bone marrow diseases. This
laboratory has also been able to perform phenotypic analy-
ses of cancer cells obtained from patients after surgical re-
section of their tumours. The sufficient experience with the
bone marrow research and high-class equipment at their

disposal inspired the authors to concentrate on various
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problems accompanying harvesting, cultivation, expansion
and transdifferentiation of multipotent mesenchymal stem
cells derived from bone marrow of adult organisms. Several
scientific teams dealing with SCs/PCs research have pub-
lished reports recommending experimental models using
different mammals and their tissues in basic spinal cord
injury and transplantation research — from mice, rats and
rabbits to cats, dogs, minipigs, exceptionally apes or human
embryonal, foetal and adult tissues [2, 3, 4, 5, 6,7, 8, 9, 11,
14, 15, 16, 17, 18, 21]. The authors decided to use S-D rats
in the presented study. Their decision was influenced by
several facts: namely, rats are much bigger than mice; S-D
rats are more robust than Wistar rats, so they tolerate bet-
ter the stress associated with complex and repeated surgi-
cal procedures; the volume of bone marrow (BM) in their
femurs are greater; and the aspiration of BM from both fe-
murs does not endanger the life or health of experimental
animals.

Various techniques of bone marrow MSCs acquisi-
tion have been tested recently [4, 6, 15, 18]. The majority
of them require longitudinal splitting of femurs and exco-
chleation of the cellular contents of the medullary cavity,
or resection of both ends of a femur and flushing out the
bone marrow from the diaphysis. In consequence, the do-
nors are severely mutilated and perish, which sometimes is
emotionally distressing and it excludes autotransplantation
of cultivated MSCs. With an aim to avoid these disadvan-
tages, the authors developed a less invasive surgical pro-
cedure. The operative technique developed proved simple
and straight- forward; the amount of obtained bone mar-
row cells was sufficient; and the procedure did not increase
the morbidity or mortality of the experimental animals.
The authors believe their technique could be recommended
as a method of choice for experimental acquisition of rat
BM derived MSCs (BMDMSCs).

For the expansion of BMDMSCs, commercially avail-
able standard culture media and supplements were used
which were acquired from well-established firms, such
as: BD Biosciences, USA, GIBCO Products International
Inc., USA, Chemicon International Inc., USA and Stemcell
Technologies Inc., Canada. Their products are expensive,
but of high quality, and provided reliable results. The prep-
aration of culture media and all manipulations with cell
cultures were performed in a special box with laminar air
circulation at the stable temperature of 37.0°C, in a room

air containing approximately 20 % of O, (considering the



altitude of KoSice at 208 metres above the sea level). Some
authors point out that hypoxic environments (oxygen con-
centrations 2—3 %) markedly increase the expansion of
MSCs, without negative influence to the multilineage dif-
ferentiation capabilities [8]. The construction of the cell
culture box that the authors had at their disposal did not
allow to work in such an atmosphere. In addition, it was not
necessary — the amount of BM derived MSCs increased
substantially during the first four passages. The acquired
cells were viable and expressed essential markers charac-
teristic for mesenchymal and neural SCs. The laboratory
equipment at the Department of Pharmacology, P.J. Safarik
University, Faculty of Medicine allowed us to test only
CD45, CD90 and cy-Nestin expressions. The more detailed
identification of cells made ready for actual transplantation
is recommended [7]. The authors plan to adopt this proto-
col in future transplantation experiments.

Since cy-Nestin is predominantly expressed by NS/PCs,
the expression of this marker is considered to be the first
step in the progression of BMDSCs along the neural lineage
[19]. Following 14 days in vitro cultivation of BMDSCs in
alpha-MEM solution supplemented with 10% ES-FBS,
2mM l-glutamine and 10ng.ml™" human rh LIE the pro-
portion of CD45 (marker characteristic for haemopoietic
lineages at all stages of leukocyte’s development) was nega-
tive or %, but SC/PCs expressing CD90 (a cell surface mark-
er expressed mainly by mesenchymal stem cells — MSCs)
and cy-Nestin expressing cells raised from less than 1% to
19.2—24.9%.

As a next step in their research, the authors decided to
find out, if BMDMSC/PCs would be able to maintain their
original properties, i. e. the strong (+++) expression of cy-
Nestin and CD90 markers, and none or weak (+) expres-
sion of CD45. The gradual decrease of both, CD90 as well
as cy-Nestin markers expression, confirmed by a decline of
the mean fluorescence intensities of these markers during
medium-term cultivation, was detected at the 21st, 36th
and 45th day of passage. This observation indicates, that
BMDMSC/PCs are most suitable for replacement therapy
between the 12th to the 15th day of cultivation.

The results of this study are promising, however further
in vitro and in vivo experiments, aimed to detect the poten-
tial of harvested NS/PCs to differentiate into mature cells of
the CNS and to determine whether they gained functional
properties of neurons, astrocytes or Schwann cells, even-

tually cells producing growth factors or trophic mediators,

will be necessary. Several studies suggest that BMDMSC/
PCs have none or only limited ability to provoke an adverse
immunologic reaction [4, 21]. The authors do not share this
opinion. That is why they decided to use a minimally in-
vasive bone marrow harvesting surgical procedure offering
the opportunity to proceed with MSC/PCs autotransplan-

tation in the same experimental animals.
CONCLUSIONS

This study demonstrated that the use of the BM-har-
vesting method was simple and reliable. The standard cul-
ture media supplemented with ES-FBS, L-glutamine and
human rh LIF can be utilized for the expansion of BM-
DMS/PCs. The experimental procedure did not increase
morbidity or mortality. The healing of the surgical wounds
was uneventful, thus easily allowing for the autotransplan-
tation of the expanded MSCs.
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