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Abstract. Mesenchymal stem cells (MSCs) participate in
regenerative osteogenesis by generating bone-forming
cells. To examine the proliferative capacity of MSC
populations from bone marrow and their relationship to
trauma severity (multiple trauma, monofracture, atro-
phic nonunion), we quantified colony properties of hu-
man MSCs in vitro. Serum levels of mediators associated
with bone formation were also assessed. Fifty-five indi-
viduals were enrolled in this study (13 multiple trauma
patients, 15 patients with monofracture, 20 patients with
atrophic nonunions, 7 healthy volunteers). The colony
forming unit-fibroblast (CFU-F) assay was used to
quantify total colony number, mean cell density per
colony, and mean colony area. MSC phenotype was
established using flow cytometry and osteogenic differ-
entiation. MSCs obtained from multiple-trauma pa-
tients yielded the highest reservoir. Significant
differences in colony numbers of MSCs in female sub-
jects were found between multiple-trauma patients
(mean ± SD 48 ± 21 CFU-F/culture) and healthy
volunteers (18.7 ± 3.3 CFU-F/culture, P < 0.05), pa-
tients with monotrauma (15 ± 10 CFU-F/culture, P <
0.05), and patients with atrophic nonunions (6.3 ± 4.1
CFU-F/culture, P < 0.05). In male participants, sig-
nificant differences were found between patients with
nonunions (14 ± 14 CFU-F/culture) and healthy vol-
unteers (54 ± 17 CFU-F/culture, P < 0.05) as well as
multiple-trauma patients (59 ± 25 CFU-F/culture, P<
0.05). The highest proliferative capacity (cell density)
was seen in multiple-trauma patients. These data suggest
that trauma severity and gender affect the reservoir and
proliferation capacity of bone marrow-derived MSCs.
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Bone-forming cells originate from mesenchymal stem
cells (MSCs), which are present in red bone marrow and
in mesenchymal tissues. MSCs possess both the capacity

for renewal and the potential to differentiate into mul-
tiple lineages of mesenchymal tissue and have been
implicated in bone tissue regeneration [1].

MSCs were isolated initially by Friedenstein et al. [2]
and subsequently by other investigators who named
them plastic-adherent cells or colony-forming unit fibro-
blasts (CFU-Fs) based on their adherence to tissue cul-
ture surfaces. MSCs are phenotypically characterized by
surface expression of CD71, CD73, CD90, and CD105
proteins (cultured MSCs do not typically express CD34
and CD45) [3]. These cells can be functionally charac-
terized by their potential for osteogenic differentiation,
which is regulated by growth factors and external signals
staining for alkaline phosphatase, sudan black, esterase,
fibronectin, collagen IV, and calcium deposition using
von Kossa staining [4�7]. The CFU-F assay has been
extensively used as a tool for quantification of mesen-
chymal progenitors in bone marrow [8, 9]. In addition,
numerous in vitro studies have demonstrated that oste-
ogenic differentiation of purified, culture-expanded hu-
man MSCs can be achieved by supplementation of the
culture medium with dexamethasone, ß-glycerophos-
phate, and ascorbic acid-2-phosphate [10, 11].

Contradictory results have been reported regarding
the osteogenic potential and functional capacity of
MSCs in adult bone marrow. Some investigators have
reported an age-related decrease in the number of MSCs
[7, 12], while others have found no differences in MSC
number between different age groups and patients with
osteoporosis [13, 14] or osteoarthritis [15]. The use of
heterogeneous patient populations and the lack of
appropriate controls may have contributed to these
discrepant results regarding MSCs.

Cytokines and hormones are known to exert various
cellular effects, ranging from induction of apoptosis to
activation of cellular function and proliferation,
depending on the specificity of the target cell [16]. In a
clinical study, trauma patients with severe head injury
presented with an increase in osteogenesis with hetero-
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topic ossification that correlated with an increased serum
concentration of prolactin [17]. Although multiple trau-
ma (MT) patients with multiple fractures show an over-
stimulated immune system, atrophic nonunion patients
do not typically show a systemically or locally stimulated
immune response. Studies attempting to characterize
tissue-specific trauma markers that reflect type and
severity of tissue injury have reported a marked increase
in interleukin-6 (IL-6) concentrations in the first hours
after trauma that correlated significantly with the extent
of fracture trauma [18]. The aim of the present study was
to delineate the reservoir and functional capabilities of
MSCs in the bone marrow and their relationship to
trauma severity in MT vs. single fracture vs. atrophic
nonunion patients compared with healthy volunteers.
Colony number and colony area as determined byCFU-F
assay and the proliferation capacity ofMSCs asmeasured
by mean cell density per colony were evaluated. To
examine the putative influence of IL-6 on the concentra-
tion of CFU/F in the bone marrow, serum levels of IL-6
were measured and correlated with the corresponding
CFU-F number.Measurement of serum IL-6 was used as
a marker for the systemic inflammatory state. The results
of this study support the use of MSCs in eligible patient
groups as a therapeutic application of autologous ex vivo
expanded MSCs.

Subjects and Methods

Protocol Design and Patient Population

Trauma patients scheduled to receive pelvic surgery were en-
rolled in the protocol. The severity of trauma was calculated
using the injury severity score (ISS) [19, 20]. Patients with an
ISS > 16 points were assigned to the MT group. Depending
on trauma severity and gender, participants were divided into
eight study groups (Table 1). Exclusion criteria included
pathological fractures due to a tumor or fractures which were
accompanied by bacterial infections. All participants or close
relatives and healthy volunteers were informed of all proce-
dures prior to signing a consent form. The ethics committee of
the Johann-Wolfgang-Goethe University Hospital (Frankfurt,
Germany) approved all procedures.

Isolation, Cultivation, and Characterization of MSCs

Bone marrow cells were obtained from the iliac crest aspirate
of voluntary trauma patients undergoing pelvic surgery or

from healthy volunteers via pelvic puncture. MSCs were iso-
lated from fresh bone marrow aspirate using Ficoll density
gradient centrifugation (30 minutes, 1,100 g, d = 1,077 g/mL;
Biochrom, Berlin, Germany). Cells in interphase were collected
and washed twice using phosphate-buffered saline (PBS; 10
minutes, 900 g) containing 2% fetal bovine serum (FBS). Cells
were resuspended in 3 mL MesenCult + Supplements (Cell-
Systems, St. Katharinen, Germany) and counted using a
Neubauer chamber.

The cell suspension was then divided and used for the CFU-
F assay as well as for the determination of the phenotype of
the outgrowing MSC population. Cells were cultured in
MesenCult + Supplements at 37�C and 5% CO2. The medium
was changed three times a week.

Each 4 · 106 cells were seeded in a 25 cm2 culture flask
under identical conditions as described above. The cells were
expanded over three passages and then subjected to flow
cytometry. In brief, cells were detached by incubation of 10
minutes with Accutase (PAA Laboratories, Linz, Austria).
After one wash (10 minutes, 300 g), the cells were resuspended
in PBS without Ca2+ or Mg2+ which was supplemented with 2
mM ethylenediaminetetraacetic acid (EDTA; Sigma, Deis-
enhofen, Germany) and 0.5% FCS (Life Technologies, Kar-
lsruhe, Germany). Each 100 lL cell suspension containing
approximately 30,000 cells was incubated with 7.5 lL of
monoclonal antibodies against CD34, CD45, CD71, CD73,
CD90 (BD Biosciences, Heidelberg, Germany), CD105 (Sero-
tec, Duesseldorf, Germany), or an appropriate isotype control
for 20 minutes. After final centrifugation, the cells were ana-
lyzed using a FACScan (Becton-Dickinson, Heidelberg, Ger-
many). If a preparation did not show a typical MSC
phenotype, the results of the corresponding CFU-F-assay were
discarded.

CFU-F Assay

Each 5 · 105, 1 · 106, and 2 · 106 cells were seeded in 25 cm2

culture flasks (Nunc, Roskilde, Denmark). The culture med-
ium (Mesencult + Supplements) was changed three times
weekly. The cells were cultured for 14 days and subsequentely
stained using Diff-Quick (Baxter, Düdingen, Switzerland). The
culture flasks were then photographed, digitized, and subse-
quently converted to an eight-bit gray level TIFF file (Multi
Analyst; Bio-Rad, Munich, Germany). The digitized CFU-F
assays were used for colony counting and determination of
mean colony area and mean cell number per microscopic field
of view (FOV, 0.1 · 0.1 mm). Colonies were counted using the
software Cell Explorer (BioSciTek, Frankfurt, Germany).

Colony Area and Cell Number per Microscopic FOV
(Cell Density)

The area of the colonies was determined using the software
Cell Explorer. For evaluation of the mean cell number per
microscopic FOV, the following procedure was applied. Diff-
Quick-stained cells within 15 randomized chosen colonies ob-
tained from five different donors were counted microscopically

Table 1. Patient characteristics and group assignment

Group number Trauma severity Gender Age (years) Patients (n)

1 Healthy volunteers Male 32 ± 9 3
2 Healthy volunteers Female 33 ± 6 4
3 Atrophic nonunions Male 41 ± 15 14
4 Atrophic nonunions Female 42 ± 13 6
5 Monofracture Male 46 ± 17 12
6 Monofracture Female 38 ± 23 3
7 Multiple trauma Male 37 ± 10 9
8 Multiple trauma Female 55 ± 18 4
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(·100) using an ocular grid. Within each colony, the cells in
four peripheral and one central areas were counted and the
mean value was calculated. The processed colonies were
marked and the mean gray level (including background cor-
rection) of the corresponding digitized colony was determined
using the software Multi Analyst (Bio-Rad). The mean cell
number per colony was then blotted against the corresponding
gray level, and a calibration curve was generated. The mean
cell number per FOV was subsequently calculated by applying
linear regression. All counts were performed by a single ob-
server blinded to the donor status of the samples.

Osteogenic Differentiation

For confirmation of the plasticity, the osteogenic capacity of
control samples was assessed. Osteogenic differentiation was
induced by adding 0.1 lM dexamethasone, 10 mM ß-glyc-
erophosphate, and 50 lM ascorbic acid-2-phosphate (all from
Cell Systems) to the culture medium [10, 11]. After 12 days,
calcium deposition was qualitatively determined using von
Kossa staining.

Serum Level of Prolactin and IL-6

Serum levels of prolactin (Bayer Healthcare, Leverkusen,
Germany) and IL-6 (RayBiotech; Hoelzel Diagnostika, Köln,
Germany) were measured as directed by the manufacturers.

Statistics

All values are expressed as a mean ± standard deviation (SD).
Statistical evaluation was performed using the Kruskall-Wallis
test with the Dunn test as post-hoc analysis. At most, four
groups were compared (e.g., male healthy volunteers vs. male
patients with nonunions vs. male patients with a monofracture
vs. male MT patients). P < 0.05 was considered significant.
Correlation analysis was carried out using the Spearman-Rank
test. SPSS V9.0 (SPSS, Chicago, IL) was used for all statistical
analyses.

Results

Patients

A total of 55 patients and volunteers (18 female, 37
male) were enrolled in the study (mean age ± SD,
41 ± 15 years), including 20 patients with atrophic
nonunions, 15 patients with monofracture, 13 MT pa-
tients, and 7 healthy volunteers (control) (Table 1).

Cell and Colony Morphology

After 12 days in culture, MSCs had a fusiform and
spindle-shaped appearance (Fig. 1a,b). They prolifer-
ated and formed colonies with a morphologically
homogenous cell population.

Phenotype of Cultured MSCs

All cultures evaluated expressed a phenotype (CD34),
CD45), CD71+, CD73+, CD90+, and CD105+) that
was consistent with MSCs (Fig. 2a�e). Control samples
could be successfully differentiated to an osteogenic
phenotype.

Correlation between Optical Density of the Colonies and Cell
Number per

Microscopic FOV (Cell Density). The mean cell number
per FOV (cell density) correlated significantly with the
corresponding gray level of the colony (rho = 0.92,
P < 0.00001; Fig. 3). Thus, the optical CFU-F density
reflected the true cell number per colony and represents
an appropriate surrogate measure of the proliferative
capacity of MSCs.

Effect of Trauma Severity on Colony Number (Reservoir)

The mean number of colonies obtained from female MT
patients was significantly higher (48 ± 21 CFU-F/cul-
ture) than that from female patients with atrophic non-
unions (6.3 ± 4.1 CFU-F/culture, P < 0.05) or healthy
female volunteers (control, 18 ± 3.3 CFU-F/culture, P
<0.05). Moreover, female healthy volunteers had higher
CFU-F values than female patients with atrophic non-
unions (6.3 ± 4.1 CFU-F/culture, P < 0.05; Fig. 4a),
but no differences from female patients with monofrac-
ture (15 ± 10 CFU-F/culture) were found.

Fig. 1. Cell and colony morphology of MSCs. (a) Colony
morphology of MSCs (·100). (b) MSCs had a fusiform and
spindle-shaped appearance (·200).
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In male patients, the mean number of colonies in MT
patients was significantly higher (59 ± 25 CFU-F/cul-
ture) than in patients with nonunions (14 ± 14 CFU-F/
culture, P < 0.05) or with monofracture (14 ± 11
CFU-F/culture, P < 0.05). Moreover, healthy volun-
teers (54 ± 17 CFU-F/culture) had significantly higher
CFU-F values than patients with nonunions (14 ± 14
CFU-F/culture, P < 0.05) or with monofracture
(14 ± 11 CFU-F/culture, P < 0.05; Fig. 4a).

Effect of Cell Density and Mean Colony Area
(Proliferative Capacity)

Significant differences were observed in colony cell
density from male patients subjected to MT (57 ± 23

cells/FOV) vs. those suffering from monofracture
(26 ± 19 cells/FOV, P < 0.05; Fig. 4b). Significant
differences were also noted for mean colony area values
between patients with monotrauma (3 mm2) and healthy
volunteers (7 mm2, P < 0.05) as well as MT patients
(6.6 mm2, P < 0.05). Female MT patients, healthy fe-
male volunteers, and female patients with monofracture
or atrophic nonunions showed mean cell densities of 60,
26, 38, and 26 cells/FOV, respectively, and mean colony
areas of 5.2, 4.2, 8.5, and 4.4 mm2, respectively.

Effect of Gender on MSC Number and MSC Proliferation

A significant difference between female and male healthy
volunteers in the number and proliferative capacity of

Fig. 2. Phenotype of cultured
MSCs. Representative FACS
analyses documented the
phenotype of (a) CD34), (b)
CD71+, (c) CD73+, (d)
CD90+, and (e) CD105+ of
cultured MSCs in vitro. Black
histograms represent the
corresponding isotype control.
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cultured MSCs was found (Fig. 4a�c). The colony
number of MSCs in cultures obtained from male vol-
unteers (54 ± 17 CFU-F) was significantly higher than
that in cultures obtained from female volunteers
(18 ± 3.3 CFU-F, P< 0.05). The mean cell density was
also higher in male volunteers (45 cells/FOV) than in
female volunteers (26 cells/ FOV). Furthermore, the
mean colony area was increased in male volunteers (7
mm2) in comparison to female volunteers (4.2 mm2).

Serum Levels of Prolactin and IL-6

No significant correlation was found between the num-
ber of CFU-Fs and serum levels of prolactin and IL-6.

Discussion

The present study demonstrates the relationship be-
tween injury severity (multiple trauma, monotrauma,
atrophic nonunions) and the reservoir and proliferative
capacity of MSCs in bone marrow. Although previous
studies have shown that the generation of MSCs in bone
marrow is influenced by age and gender of the donor [9,
21, 22], our study extends the current knowledge by
documenting, for the first time, that the CFU-F fre-
quency is enhanced in patients (female) with multiple
injuries and depressed in patients with atrophic non-
unions (female/male) and monofractures (male).

To evaluate the presence of MSCs, several investi-
gators have used assays for quantifying MSC number in
bone marrow based solely on their ability to adhere to
plastic surfaces. Previous human studies on MSCs
demonstrated that the discrepancies in study results can
be attributed to differences in study subjects or sampling
site of bone marrow, which may influence the compo-
sition of bone marrow MSCs [23�25]. Moreover, tech-
niques used for establishing MSC cultures have differed

between studies [23, 26, 27]. Taken together, these dif-
ferences demonstrate the difficulties involved in com-
paring diverse studies. To overcome the limitation of
heterogeneous and contaminated culture assays, we used
FACS analysis to unequivocally determine the mesen-
chymal phenotype of the cultured cells. In addition to
the total number of colonies (CFU-F), which indicates
the reservoir of MSCs in bone marrow, the number of
cells within a colony (cell density) provides important
information regarding the proliferative potential of the
CFU-Fs. Accordingly, we assessed the cell density per
colony and found a good correlation between the mean

Fig. 3. Correlation of cell number/colony and gray level. Cell
number/colony was blotted against the corresponding gray level
of the same colony, and subsequently a calibration curve was
generated. Cell number/colony correlated significantly with the
corresponding gray level (rho = 0.92, P<0.00001). Mean cell
number/colony was calculated by applying linear regression.

Fig. 4. Altered properties of MSCs when cultured for 12 days.
(a) Total number of colonies measured in healthy female/male
volunteers (control) and in female/male patients with non-
unions, monofracture, or MT. (b) Cell density was quantified
for male/female patients with nonunions, monofracture, or
MT. (c) Colony area of CFU-F colonies derived from patients
with nonunions, monofracture, or MT. All results are pre-
sented as mean values ± SD. %P < 0.05 vs. control,
P < 0.05 vs. nonunions, and ¯P < 0.05 vs. monotrauma.
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cell number per FOV (cell density) and the corre-
sponding gray level of the colony (Fig. 3). Thus, the
optical CFU-F density reflects the true cell number per
colony and accurately indicates the proliferation
capacity of the cells within the colony.

In our study, we found significantly different trauma-
related changes in female and male patients. In general,
the number of CFU-Fs is gender-dependent. MSCs
obtained from female patients showed lower colony
numbers (reservoir) compared to those from male pa-
tients. Interestingly, in female, MT patients, we detected
a strong increase in colony number (reservoir) of MSCs
compared to colony numbers from male MT patients.

In addition, we observed prolonged upregulation of
MSC proliferation in patients with MT.

It is well known that in MT patients an increased rate
of bone remodeling and turnover occurs, which requires
continuous recruitment of osteoprogenitor cells. Thus, it
is possible that, in MT patients, distinct mediators are
released that exert MSC-promoting effects. This idea is
supported by the finding that enhanced concentrations
of the mediators vascular endothelial growth factor
(VEGF) and transforming growth factor ß (TGF-ß) in
serum from MT patients promote the differentiation of
another type of progenitor cell (endothelial progenitor
cells) in vitro [28]. Moreover, a review of the literature
suggests that factors derived from platelets (e.g., plate-
let-derived growth factor [PDGF], basic fibroblast
growth factor [bFGF], insulin-like growth factor I [IGF-
I], TGF-ß) contribute to enhanced MSC proliferation
[29]. Although it has been reported that IGF-1 is de-
creased [30] while TGF-ß is increased [28] following MT,
whether other factors including PDGF and bFGF are
also increased following MT and their influence on
MSCs remains unclarified.

Evidence also exists that progenitor cells are harmed
by excessive amounts of proinflammatory mediators [31]
like IL-6. MT patients with multiple fractures show an
overstimulated immune system, whereas atrophic non-
union patients do not typically show a systemically or
locally stimulated immune response. Strecker et al. [18],
attempting to characterize tissue-specific trauma mark-
ers that reflect type and severity of tissue injury, re-
ported a marked increase in IL-6 concentrations in the
first hours after trauma that correlated significantly with
the extent of fracture trauma.

In our study, the measurement of serum IL-6 was
used as a marker for the systemic inflammatory state,
but no correlation with CFU-F number and cell density
was found.

It has been previously reported that prolactin stim-
ulates osteogenesis associated with heterotopic ossifica-
tion in patients with severe head injury [17].
Additionally, other authors have described a modulat-
ing effect of prolactin on the differentiation of MSCs
[32]. In the present study, we did not observe a signifi-

cant correlation between serum prolactin concentrations
and the corresponding MSC colony number. Taken
together, our study indicates that the concentration of
MSCs in bone marrow and the proliferative capacity of
MSCs during MT are likely regulated by the interaction
of different and as yet unknown factors.

In patients with atrophic nonunions, the reservoir of
MSCs in bone marrow was found to be significantly
decreased. Additionally, we could not detect a com-
pensatory increase in the proliferative capacity in those
patients with disorder of bone healing. Interestingly, in
patients with a monofracture, we were able to detect
also a decrease in MSC reservoir in the absence of an
increase in proliferative capacity, suggesting that in local
bone defects MSCs migrating from bone marrow may
be beneficial [33]. It seems that a local bone defect
without systemic release of mediators does not give a
feedback for proliferation of MSCs in the bone marrow.

In addition to circulating hormones and serum fac-
tors, other cellular pathways may be involved in medi-
ating the activation and inactivation of MSCs. Evidence
exists that the length of telomeres determines survival
and number of population doublings [34], suggesting
that the frequency of MSCs in the bone marrow of el-
derly humans remains high but the cells cannot prolif-
erate enough to form sufficient colonies.

In skeletal maturation, a major decline occurs up to
the age of 30, with a minimally progressive decrease
thereafter [23, 26, 27]. The latter is an established esti-
mate of the in vivo osteoblastic bone-forming capacity
[35, 36], indicative of a change in the skeletal dynamics
from a ‘‘modeling’’ mode characteristic of skeletal
growth to a ‘‘remodeling’’ mode for maintenance of the
adult skeleton. This point of view was reinforced in a
recent publication in which the reducing effect of sera
obtained from elderly patients on the osteoblastic dif-
ferentiation of an immortalized MSC line was described
[37]. Interestingly, even in elderly female patients, who
have a lower concentration of MSCs in the bone mar-
row, our study demonstrates that in the presence of MT
as yet unidentified serum factors are released which may
enhance the number of MSCs in bone marrow during
the posttraumatic course.

Moreover, our study demonstrates clearly that pa-
tients with a high need for a cell-based therapy (non-
unions) had the lowest concentration of MSCs in the
bone marrow. These observations underscore the
importance for future studies of identifying physiologi-
cally relevant mediators capable of enhancing the
number and proliferative capacity of MSCs.
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