
Mesenchymal Stem Cell Heterogeneity
and Ageing In Vitro: A Model Approach

Jörg Galle, Martin Hoffmann and Axel Krinner

Abstract Mesenchymal Stem Cell (MSC)-based therapies have been suggested as
a particular promising strategy in tissue regeneration. These cells can easily be
obtained from the patient and are able to produce a large number of progeny that
can be induced to form connective tissue. However, rapid amplification of the
isolated cells is required for their therapeutic application. While already the iso-
lated populations are heterogeneous regarding various functional and molecular
aspects, this heterogeneity further evolves during amplification. Understanding the
origin and development of MSC heterogeneity will help to improve MSC culture
conditions and thus facilitate their clinical use. We here review recent results on
MSC heterogeneity and introduce a mathematical framework that approaches
MSC heterogeneity on the single cell level. This approach bases on the concept of
noise-driven MSC differentiation and allows describing MSC heterogeneity with
respect to their differentiation state and age. It is capable of describing the impact
of MSC heterogeneity on in vitro expansion and differentiation. We present new
results on the formation of an age structure in MSC populations in vitro and the
age-dependent differentiation structure of MSC populations. Moreover, we discuss
open questions regarding MSC adaptation to changing environments and the cell
intrinsic control of state fluctuations.
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1 Introduction

Mesenchymal stem cells (MSCs, also known as multipotent mesenchymal stromal
cells) have been characterised as a heterogeneous cell population of adherent
spindle-shaped cells capable of differentiating into bone-marrow stromal cells,
osteoblasts, chondrocytes, adipocytes and myocytes. Related lineage priming of
MSCs has been nicely demonstrated in monoclonal culture [23]. In some tissue
types, e.g. bone-marrow stroma, adipose, skeletal muscle and synovium, MSCs
persist in adult life without loosing their capacity to proliferate and differentiate
[41, 76]. Accordingly, MSCs have been proposed as innovative therapeutic tools in
tissue regeneration. Their therapeutic deployment comprises treatment of various
diseases, including osteoarthritis [12] and myocardial infarction [40]. MSC
application in asthma, radiation exposure, and neurological disorders has been
explored as well [9]. Moreover, beside of having high regenerative potential these
cells have been shown to carry immunosuppressive capacities, to improve angi-
ogenesis and to prevent fibrosis [24].

Therapeutic applications of MSCs require massive in vitro expansion of the
isolated cells [7, 21]. The populations typically can be expanded for up to 20
population doublings (PDs) until they enter a senescent state. Figure 1a shows a
single cell-derived, expanding clone of MSCs. As shown in Fig. 1b the growth
properties of such clones can vary largely during expansion. Various culture pro-
tocols have been suggested in order to isolate MSCs with high regenerative potential
[18, 88, 92]. However, independent of the culture condition applied, massive rep-
lication of MSCs was found to be associated with continuous decline of the cell’s
functional competence, which was called ‘‘MSC ageing’’ [91]. During expansion the
MSCs show a decreasing proliferation potential [84, 88]. Moreover, the efficiency of
differentiating into local tissue after transplantation was found to severely decrease
during expansion [75]. During prolonged in vitro culture MSCs frequently undergo
spontaneous malignant transformation which represents a biohazard in long-term
expansion [77]. Both ageing and transformation appear to be stochastic in nature and
render the MSC populations an additional layer of heterogeneity.

In the following we discuss different hypotheses on the origin and development
of MSC heterogeneity and introduce a model framework which allows addressing
related questions. We show that a noise-driven approach to MSC differentiation
combined with a model of intrinsic MSC ageing can explain MSC heterogeneity
on both the individual and population level. We highlight open questions on MSC
heterogeneity and suggest future investigations.

2 MSC Heterogeneity on Different Scales

Due to a growing body of evidence it is has been generally accepted that tissue
stem cells are heterogeneous with regard to their function. This heterogeneity has
been suggested to involve properties like their cycling activity, engraftment
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potential or differentiation status as well as their expression of adhesion molecules
or cell surface antigens [54]. Accordingly, a functional definition of tissue stem
cells has been given by Loeffler and Roeder [53] that includes heterogeneity as a
characteristic feature: ‘Tissue stem cells are a potentially heterogeneous popula-
tion of undifferentiated cells that are capable of proliferation and production of a
large number of differentiated tissue cells for replenishing tissue continuously and
after injury, while self-maintaining their population.’

However, isolation of stem cells for subsequent applications by applying these
functional criteria is impossible, simply because a cell cannot be differentiated in
different lineages while simultaneously maintaining its ‘stem cell’ state. As an
alternative method marker systems have been studied in order to identify
individual cells that carry stem cell properties. But, while well defined marker
systems are available for other stem cells, e.g. for haematopoietic stem cells
(HSCs, [27]), for MSCs such marker systems are still a matter of debate [42]. First
effective protocols have been suggested more than ten years ago [67]. Currently,
standard isolation protocols for human MSCs use combinations of up to ten surface
markers. There is common agreement that more than 95% of the cells must express
CD73, CD90 and CD105 and less than 2% CD35, CD45 together with CD11b or
CD14 [24, 25, 48]. However, the MSCs isolated applying related protocols show
still a large variance in the expression of these markers. Subpopulations of them
with more defined expression have been demonstrated to carry different functional
potential (e.g. Sca-1, [13]). Moreover, gene expression analysis of individual MSCs
[82, 83] demonstrated MSC heterogeneity even on the single cell level. Despite a
common molecular signature of potential multilineage differentiation capacity the
analysed cells show considerable variance in expression.

During expansion MSCs adapt to the in vitro conditions and change their
expression profile until they reach a senescent state as described in detail by
Wagner et al. [94]. How this adaptation process affects MSC heterogeneity will be
discussed below. The related changes in the expression profile are accompanied
by morphological changes of the cells. Initially many of the cells are round and

Fig. 1 Expansion of MSCs in vitro. a Massive expansion of an ovine MSC clone within 6 days of
in vitro culture at standard culture conditions [101]. b Spatial competition of ovine MSC clones
in vitro. A fast growing clone spreads into the area already occupied by a slow growing clone
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small, so-called RS cells, [14, 15]. But relatively fast most of the cells develop a
fibroblast-like morphology. With increasing culture time they spread more and
more and their morphology becomes irregular. This suggests using morphologi-
cal cell properties, as e.g. cell size, as alternative sorting targets. Actually,
characterisation of high proliferative subpopulations by cell size has been
demonstrated [31]. Unfortunately, cell size does also change according to spon-
taneous transformation events during long term culture. Such transformations can
occur frequently and can start early. They result in the emergence of a cell type
characterised by an elevated proliferation, reduced plasticity and round and small
morphology [2, 77]. Thus, transformed cells may be hardly distinguishable from
high potential untransformed MSCs by morphological characterization only.

Interestingly, the time point of spontaneous transformation seems to be sto-
chastic in nature like that of acquiring senescence [77]. Experimental results
suggest that the transformed fate is not correlated to a defined regulatory state. So,
transformed clones have been observed to differ in their expansion rate [77] as well
as in the number of chromosomes present in the cells [2]. In the following we will
focus on non-transformed MSCs and will neglect transformation as a particular
source of population heterogeneity.

In summary, experimental findings demonstrate that MSC heterogeneity is a
multi-scale phenomenon and is subject to significant changes during in vitro
cultivation.

3 On the Origin of MSC Heterogeneity

While heterogeneity is accepted to be a characteristic property of stem cell pop-
ulations, its origin is still not well understood. Heterogeneity of non-transformed
functional stem cells has been discussed as a consequence (i) of cell adaptation to
dynamic environments and (ii) of the flexibility and reversibility of stem cell fate
decisions. Additional variance in cell fates may be associated with cell ageing.

3.1 Heterogeneity as a Consequence of MSC Environmental
Adaptation (Extrinsic)

It has been demonstrated that MSCs from different tissues, including bone-marrow
stroma, adipose, skeletal muscle, synovium and umbilical cord differ in both
molecular and functional properties [39, 58, 63, 99]. Typically a large number of
genes and proteins have been found to be differentially expressed (see e.g.
[61, 62]) and, although the MSCs were expanded over many PDs in vitro, these
differences in expression appeared to be conserved. Moreover, they also manifest
in functional differences of the MSCs including their expansion and differentiation
potential. For example experiments on human bone marrow MSCs revealed that
about one-third of the clones are able to acquire phenotypes of pre-adipocytes,
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osteocytes and chondrocytes [67]. In contrast, only 1.4% of single MSCs isolated
from adipose-derived adult stem cell populations were tri-potent, the others being
bi-potent or uni-potent [102]. Dental MSCs were found to have less potential to
differentiate into adipogenic and chondrogenic, but more potential for neural and
odontogenic differentiation compared to bone marrow MSCs [39].

In agreement with these in vivo results in vitro culture conditions strongly
impact MSC phenotypes. A large number of environmental factors such as oxygen
[19, 41, 52, 101], glucose [91] and growth factors [5, 36] have been demonstrated
to affect MSC expansion and differentiation. These processes are also affected by
substrate stiffness [29], geometry [66], micro/nano-structure [20, 60] as well as
surface chemistry [17]. Thus, one may expect that population heterogeneity
observed in a specific environment (compare Fig. 2) is a consequence of adapta-
tion of the MSCs to different microenvironments. Thereby, stem cells may either
reside in microenvironments that support stem cell maintenance, so-called stem
cell niches, or in activating environments that enforce their expansion. While
e.g. HSC-niches are well described [27], MSC-niches are discussed controversial.
Several studies suggest that MSCs reside in a perivascular niche in almost all adult
tissues, where they associate with blood vessels [16]. However, they are also found
in non-vascularised cartilage tissue where they show a well defined spatial dis-
tribution [68]. In fact, until now it has not been shown directly that heterogeneous
microenvironments are responsible for the experimentally observed MSC popu-
lation heterogeneity.

3.2 Heterogeneity as a Consequence of MSC Self-Organisation
(Flexibility)

MSC differentiation and lineage specification have been found to be at least par-
tially reversible, demonstrating a limited but significant plasticity of MSCs [87].
Moreover, plasticity has been described as a fundamental feature of these cells
[100]. This is supported by recent experimental findings that they represent an
excellent source for generating induced pluripotent stem cells [98] which appeared
to be the closest equivalent to embryonic stem cells as demonstrated by DNA
microarray gene profile and germline-transmission efficiency [64]. Thus, the
question raises whether individual MSCs exhibit a stable tissue specific phenotype
or whether they permanently change their regulatory states exhibiting a tissue
specific phenotype only on population level.

Evidence that fate decisions of stem cells are reversible and that these cell
populations self-organise permanently emerges from so-called regeneration
experiments [10, 11]. In particular it has been shown that for a haematopoietic
progenitor cell line the expression profile of the stem cell marker Sca-1 regenerates
from different subpopulations. These experiments suggest fluctuations in the
expression of such markers for each individual cell in a fixed environment. For
primary MSCs such a regeneration of the tissue specific distribution of regulatory
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states is expected within a few days [46]. However, such experiments have not
been carried out so far. While such observations do not rule out the impact of
microenvironments on the formation of heterogeneous populations, they suggest
that stem cells populations can develop heterogeneity also independent of the
presence of complex in vivo environments. However, a direct proof of the
assumption of (stem cell) state fluctuations would require demonstrating them in
individual cells in a defined environment. A prerequisite of such studies is long
term single cell tracking, which has been successfully demonstrated for HSCs [72],
and for which excellent new technology has been established [43].

In summary, there is evidence that MSCs are very flexible in their fate decisions
and can adapt to a large variety of different environments. The experimental
findings can be understood assuming that individual cells underlie permanent
fluctuations of their regulatory states and that these fluctuations are modulated by
the cell environment.

3.3 Heterogeneity as Consequence of MSC Ageing (Intrinsic)

The functional potential of MSCs has been shown to decrease throughout life.
Under homeostatic conditions, there are limited demands on the self-renewing
stem cells and so these cells divide infrequently, sparing stem cells the perils of

Fig. 2 Clonal heterogeneity of bone marrow MSCs. Hierarchical clustering using individual
samples and genes down regulated after adipogenic (A), osteogenic (O), and chondrogenic (C)
differentiation and genes implicated in A, O, and C differentiation. Individual samples are three
primary MSC layers and five MSC clones before differentiation and two primary MSC layers and
two MSC clones after A, O, and C differentiation. The individual samples show considerable
differences in expression before and after differentiation. From: Delorme et al. [23]
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DNA-replication and mitosis. However, under stress the metabolic activity of the
stem cells increases. The stem cells are exposed to higher levels of DNA-damage-
inducing metabolic side products such as reactive oxygen species [85]. It has been
suggested that the damages induced thereby impact not only the stem cells but the
whole organism. In fact, excess replicative demands alone can induce progeroid
phenotypes [78].

Recent experiments demonstrated that artificial in vitro ageing and in vivo
ageing of MSCs induce related changes on the cellular as well as on the molecular
scale [45, 94]. Thereby, pre-mature senescence has been implicated as a major
cause of the in vitro decline in MSC function [90]. The accumulation of this
phenotype, also called replicative senescence, has been demonstrated to be a
continuous process in MSCs [95]. Interestingly, expansion at low oxygen pressure
and low glucose culture decreases the number of accumulating senescent cells
compared to high oxygen pressure and high glucose culture, respectively [89, 101].
Whether the accumulation of damage is actually pre-requisite for MSC ageing is
still unknown. However, DNA-damage rarely affects the 2% of protein-coding
sequences. Instead, it is expected to alter regulatory regions [69] and expression
and function of non-coding RNAs that are involved in chromatin regulation [4].
Accordingly, an increasing number of ageing studies investigate the impact of
epigenetic changes, such as DNA hyper/hypo-methylation, and histone modifi-
cations [65, 86]. The results suggest that decreasing accessibility of certain reg-
ulatory states of MSCs due to epigenetic remodelling may represent an alternative
or at least a complementary explanation of ageing.

Without any question, the distribution of MSC states changes over time,
i.e. with age and in a tissue specific manner. Whether this is due to changing
environments or due to epigenetic remodelling and accumulation of damage is
currently not fully understood.

4 General Model Approaches

A large number of theoretical approaches to MSC culture aim at quantitatively
describing culture conditions and their impact on processes such as matrix forma-
tion [81]. Theoretical models of MSC expansion and differentiation are rather
rare [22, 51] and do not include single cell-level population heterogeneity. In order to
provide reliable predictions on the dynamics of such systems, theoretical approaches
are required that account for: (i) composition and structure of the cell environment and
(ii) particular stem cell properties such as functional differentiation and self-renewal
in individual cells. Currently there are different concepts to approach these problems
in general. In particular there are different concepts of modelling stem cell organi-
sation. The most prominent are the ‘pedigree concept’ and the ‘plasticity concept’.

The pedigree concept treats ‘stemness’ as a property that if once lost is lost
forever. In the models that obey this concept this loss can be a deterministic or a
stochastic process. Accordingly the development of individual progenitors may
more or less differ. However, over time they all will approach a defined
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state (Fig. 3a). Stem cells inherit ‘stemness’ by performing asymmetric cell
divisions. This concept was very successful in describing the hierarchical orga-
nisation of tissues. However, experimental results on HSCs have led to the
development of a concept that allows for more flexibility, the plasticity concept.
According to this concept cells can loose and gain stem cell properties. If this
applies to all possible states of a population, the states approach a stationary
distribution which will be in general a broad distribution (Fig. 3b). In the fol-
lowing we will focus on models based on the plasticity concept.

The reversibility and stochasticity of cellular fate decisions has been studied by
Loeffler and Roeder [54]. In their models [34, 73, 74] individual cells gain and
loose stem cell properties depending on whether they localise inside or outside a
specific niche environment, respectively. Thus, the environment directs the cel-
lular fate and the reversibility of cell fate decisions is enabled by probabilistic
switches between different micro-environments. The models were successfully
applied to in vivo organisation of normal and malignant HSC populations.

However, MSC populations have been shown to expand while maintaining stem
cell properties also in a homogenous environment. For modelling these systems we
have expanded the ideas of Loeffler and Roeder by assuming that cells gain and
loose stem cell properties according to a probabilistic process whose state-specific
amplitudes are set by the environment. Within this approach cell fate decisions are
basically reversible. The assumed fluctuations are hypothesised to be generated by
intra- and extracellular noise triggering random transitions between different
regulatory network activation patterns. This assumption is supported by experi-
mental findings demonstrating that epigenetic gene silencing has a strong sto-
chastic component [70, 96]. In the following we will give a brief description of a
MSC population model that is based on this approach.

5 The Concept of Noise-Driven Differentiation

A growing body of evidence indicates that noise is not generally detrimental to
biological systems but can be employed to generate genotypic, phenotypic, and
behavioural diversity [44, 79, 80]. In particular, noise-driven solutions are
expected to prevail in cellular adaptation to variable environments. Moreover, it
has been proposed that biological systems have built-in molecular devices for
noise control [1, 3, 28]. Together with the experimental results on MSCs, reviewed
above, this has led us to suggest a model of noise-driven differentiation [37, 47],
which will be introduced in the following.

5.1 General Assumption

In the model of noise-driven differentiation, cell differentiation is defined as loss of
stem cell properties. It is quantified by a continuous state variable a that can adopt
values between 0 (full stem cell competency) and 1 (fully differentiated cell).
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Each value of a may represent a set of regulatory network activation patterns.
From the molecular point of view, a may depend on abundance and subcellular
localization of proteins and RNAs, as well as other types of signalling and met-
abolic molecules [50]. In general, cell differentiation is assumed to be reversible.

Each cell’s a -value fluctuates randomly with a state-dependent noise amplitude
r(a) (Fig. 4a). From its current a-value a cell adopts a new value a0 with a
randomization rate R which may in general depend on a. We assume R to be
constant. a0 is drawn from a Gaussian distribution p(a0|a), centred around a with
standard deviation r(a).

pða0jaÞ / expð�ða0 � aÞ2=2r2ðaÞÞ ð1Þ

The state dependence of r(a) is assumed to be determined by the environment.
We describe this dependency by:

rðaÞ ¼ r0 1� a f ðEÞ½ � � 0 ð2Þ

Here, r0 denotes the noise amplitude for stem cells, i.e. r(a = 0). f(E) is a function
describing the environmental impact. Positive fluctuation amplitudes require that
f(E) \ 1. In a simple approach it can be a constant f(E) = f0. In this case f0 \ 0
describes stem cell supporting environments and 1 [ f0 [ 0 describes differenti-
ating environments [37]. Differentiation is assumed to occur independently of cell
proliferation as found in progenitor systems [8].

In contrast, cell proliferation is assumed to be differentiation state dependent.
We assume that only cells in intermediate differentiation states with as \ a\ ad

proliferate (see Fig. 4b). For these states we assume an identical growth time s.

Fig. 3 Cell fate trajectories of individual cells according to different stem cell concepts. Cells of
a defined differentiation state were selected (t = 0) and cultivated. a Pedigree concept: The cells
loose stem cell properties due to a random process. Over time they accumulate again in a defined
but more differentiated state. b Plasticity concept: The cells loose and gain stem cell properties in
any state. The population approaches a stationary distribution over time. Solid lines denote
sketches of the distribution of cell states at different time points. Dashed lines are trajectories of
individual cells
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Stem cells (a\ as) and differentiated cells (a[ ad) do not proliferate. During the
growth process cells may frequently switch between proliferative and non-proliferative
states. This will result in an effective cell growth time larger than s.

The rate of randomization R is a model parameter that can be used for fitting
experimental data. For MSCs it has been set to about 1 update per hour for a stem
cell noise-amplitude of r0 = 0.15. Growth times are given by experimental
observed minimal cell cycles times, which is about 11 h for MSC. The choice of as

and ad is somewhat arbitrary, as there is no clear phenotype related to it. We have
chosen as = 0.15 and ad = 0.85. Details can be found in Krinner et al. [47].

A straightforward method for quantifying the population heterogeneity is to
calculate the normalised Shannon entropy from the distribution of the a states
(here for a histogram of n bins):

H ¼ �1
lnðnÞ

X

n

pðanÞ lnðpðanÞÞ ð3Þ

Figure 5 shows the dependence of H on f(E) assuming a constant f(E) = f0

between 0 and 1. H decreases with increasing f(E). However, the distribution
remains heterogeneous (close to maximum entropy) as long as f(E) gets close to 1.
These changes are much more pronounced in quiescent populations 1/s = 0
compared to proliferating populations 1/s[ 0. Thus, very efficient noise control
mechanisms are required in order to generate a homogeneous proliferating

Fig. 4 Mechanisms of noise driven MSC differentiation. a Modelling fluctuations of the
differentiation state a. Upper panel: Gaussian conditional probability function p(a0|a) for the
transition a ? a0 for a = 0.3, 0.5 and 0.7. Lower panel: A decrease of the noise amplitude r(a)
with a results in an accumulation of cells at higher values of a. b A pedigree of a differentiated,
quiescent cell (a[ ad) illustrating the model concept. After some time the cell regains
proliferative capacity (as \ a\ ad) and generates a number of progeny. Moreover, there is a non
vanishing probability of even regaining stem cell properties (a\ as)

192 J. Galle et al.



population. It appears that this is given under artificial in vitro conditions, as e.g.
high oxygen tension, leading to fast accumulation of cells in senescent states [101].

5.2 Exemplifying the Environmental Impact

A factor that strongly impacts MSC proliferation and differentiation is oxygen.
It has been shown that MSC-derived cell populations show higher proliferative
activity when cultured under low oxygen tension (2–5% pO2) compared to high
oxygen tension (20–21% pO2) [19, 52, 71]. Moreover, cell populations expanded
at low oxygen tension show a faster and more directed differentiation into
osteoblasts, adipocytes [35, 52] and chondrocytes [59, 97]. As shown in Fig. 5d,
our model predicts that increased proliferation increases the population hetero-
geneity. This would suggest describing the oxygen dependence in terms of the
growth rate, i.e. by assuming a higher growth rate 1/s at low oxygen tension.
However, in case of a proliferation stop, e.g. according to contact inhibition of
growth (see below), cells at 5% pO2 would acquire a senescent state as fast as at
20% pO2, which has not been observed. Thus, we decided to model the observed
effects of oxygen tension by changes of the noise-profile exclusively.

Actually, we assumed that cell adaptation to non-physiological high oxygen
tension results in decreased state fluctuations which subsequently lead to an
accumulation of cells in differentiated states. In contrast, low oxygen tension
conserves stem cell and progenitor states by enabling high amplitudes of the state
fluctuation. We described this dependency by a Hill function f(pO2/pO2

max)
approaching 0 and 1 at low and high pO2, respectively:

rðaÞ ¼ r0 1� a f pO2=pOmax
2

� �� �
with f ðXÞ ¼ Xn

Xn þ Kn
ð4Þ

The related ‘noise landscape’ is shown in Fig. 6 together with the differentia-
tion state profiles for 5% and 20% pO2. The parameters of the profiles were
obtained by reproducing the clonal growth properties at these conditions [47].
Using these distributions as input we were able to simulate the experimentally
observed impact of low oxygen expansion on subsequent differentiation in pellet
culture which appears to be a result of limited lineage plasticity of MSC
populations.

5.3 Impact of Cell2Cell Interactions (Contact Inhibition
of Growth)

The above assumptions exclusively consider intrinsic regulation of the MSC state.
The impact of cell-cell interaction has been neglected so far. However, it is well
known that MSC expansion, lineage specification and terminal differentiation
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depend or even require such interactions [93]. A well known control mechanism of
proliferation based on cell-cell interaction is contact inhibition of growth.
According to this mechanism cells that form close contacts stop proliferation.
Preventing this phenomenon by applying sophisticated culture conditions can
significantly enlarge cell culture harvest [57].

In order to consider such regulation individual cell-based models of cell
populations have been established [26, 32, 33]. In these models each individual
cell is described by a physical object that can deform, adhere to other cells or a

Fig. 5 Simulation results on noise driven MSC differentiation. a Noise-profiles with monoto-
nously increasing f(E): 0 \ f(E) = f0 \ 1 were applied. b The calculated differentiation profiles
of the MSCs demonstrate accumulation of the cells in differentiated states a [ ad. The amount of
differentiated cells increases with f0. c Equilibration of the profiles occurs on the scale of a few
days. Shown are snapshots of a fast equilibrating system with 1/s = 0 after switching f(E) from 0
to 1 (time steps Dt = 3 h). Eventually all cells accumulate in the fully differentiated state (bin:
0.95 \ a\ 1.00). Except for the first profile at 3h (+) its fraction exceeds 0.2. d The normalised
entropy of the a-distributions strongly decreases if f(E) gets close to one. For 1/s = 11 h (dark
grey) the systems equilibrate as shown in b. For 1/s = 0 (light grey) the tendency to differentiate
is more pronounced and more homogeneous populations are formed
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substrate, can move, grow and divide. Cell proliferation is modelled assuming a
two phase cell cycle where during the interphase, a cell doubles its volume by
stochastic increments and during the mitotic phase, a cell divides into two daughter
cells of equal properties. Thereby, cell shape is often approximated by a sphere
(see Fig. 7a) and the elastic deformation of a cell subject to compression by other
cells or substrate is modelled by the Hertz-Model [49]. Contact inhibition of
growth is considered by these models assuming that a cell stops growth if the sum
of contact forces on it exceeds a critical threshold value.

Simulating monoclonal expansion by applying such an individual cell-based
model one observes a specific distribution of proliferating cells within the growing
clone [26, 32], with quiescent cells located in the core and proliferating cells at the
periphery of the clone. In such simulations one can simply record the pedigree of
the clone and can calculate the spatial distribution of the different generations
throughout it. Thereby, the generation numbers are uniquely defined for all cells by
the recursion ml = mm = mk ? 1 for the daughter cells l and m of mother cell k;
i.e. m counts for the number of divisions that has been carried out until the cell was
born. The result of such a simulation is shown in Fig. 7c. One observes a heter-
ogeneous distribution with ‘younger’ cells in the core and ‘older’ cells at the
periphery. Within about 12 days differences in ‘age’ of more than ten generation
have been established.

Obviously, MSC shape is very different from being spherical-like. Considering
that the cell-cell interactions resulting in contact inhibition of growth depend on
the cell shape, the reliability of simulation results, as shown in the top row of
Fig. 7, seems to be questionable. We therefore developed a more sophisticated
model of MSCs that explicitly accounts for podia formation [38]. This approach
builds on the model assuming spherical cell bodies. In addition, cells feature podia
that generate forces for cell spreading and movement. Podia of model cells retract

Fig. 6 Noise-landscapes of MSCs in dependence of the oxygen tension. a A low oxygen
environment (5% pO2) is characterised by high noise amplitudes in all states (dashed line), while
a high oxygen environment (20% pO2) is characterised by low amplitudes in high a-states (solid
line). b, c The a-profiles of the low and high oxygen environments for s = 11 h
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prior to cell division and align to each other as is also experimentally observed in
proliferating MSCs in vitro (see Fig. 1b, [15]). In this model cell migration is
accomplished by protrusion and traction forces exerted by model podia. The
number of podia is dynamically controlled by adaptation of the probabilities of
podium generation and inactivation. The migration phenotype largely differs
between cells with only one active podium (mostly ballistic movement with ran-
dom turns) and cells with multiple active podia (mostly stretched out and resting
with random reorientation moves). Details can be found in Hoffmann et al. [38].

Simulating monoclonal growth applying this podia model one observes results
comparable to those observed in the simple model. In particular this regards the
spatial distribution of cell generations (see Fig. 7d). However, quantitative
differences can be observed depending on the choice of the model parameters,
which include parameters determining cell friction forces, podia lengths and
activation/deactivation rates as well as the parameters defining the sensitivity of
the cells to contact inhibition. Regardless of these differences the age structure
appears to be a generic feature of growing cell populations. Nevertheless, it has
been not considered in MSC model approaches so far.

Fig. 7 Formation of an age distribution within expanding MSC clones. Comparison of a simple
model assuming spherical cell shape (a, c, e) with an advanced model assuming that cells do form
multiple podia (b, d, f). a, b Cell shape of the respective model. c, d Due to active contact
inhibition the growing cells in the centre of the populations stop proliferation. Accordingly, a
gradient in generation number is formed, here indicated by colour saturation. White cells are of
generation 8, and dark blue cells of generation 22. e, f Development of the distribution of
generation numbers in a growing colony over 8 days (blue: d2, magenta: d3, cyan: d4, yellow: d5,
black: d6, orange: d7, grey: d8). While the formation of an age gradient is a generic phenomenon,
the details of the distribution of generation numbers depend on the biophysical model.
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6 The Case of Stable, Inherited Heterogeneity: MSC Ageing

In order to define age dependent properties of the MSC populations we extended
our former approach and assumed that stem cell states become de-stabilised with
‘cellular age’ resulting in an increased tendency for spontaneous differentiation.
We model this scenario assuming that the noise amplitude of a cell r(a) depends
on its generation number m. Accordingly, each individual cell is characterised by
its noise amplitude, which depends on the cell’s differentiation state a and age m:

rða;mÞ ¼ r0½1� a f ðEÞ� þ m rD½1� 2a� � 0: ð5Þ

The first term on the right hand side of Eq. 5 defines the extrinsic, environmentally
determined noise amplitude (see Eq. 2). Here, r0 denotes the noise amplitude for
initial stem cells, i.e. r(a = 0, m = 0). The second term on the right hand side
defines the effect of ageing, which is most obvious considering the noise ampli-
tudes in stem cell states r(a = 0):

rða ¼ 0Þ ¼ r0 þ mrD: ð6aÞ

This stem cell noise amplitude increases with each generation by the rate rD.
This assumption allows us to quantify the ‘age’ of a cell by its stem cell noise
amplitude r(a = 0). The noise amplitude of differentiated cells is given by:

rða ¼ 1Þ ¼ r0½1� f ðEÞ� � mrD [ 0 ð6bÞ

This amplitude decreases with m. For mRE = r0[1 - f(E)]/rD it is equal to zero.
In order to ensure that r(a = 1) [ 0, we assume that r becomes independent of m
for m [ mRE.

According to these assumptions the heterogeneity of a population can be
described by the probability distribution to find a cell of age m and in state a.
During expansion the average number of cell divisions grows, thus noise ampli-
tudes in differentiated states decrease and, consequently, cells accumulate in these
states. This effect is independent of the environment. It is determined by the ageing
rate rD. This rate determines also the age mRE of replicative senescence. Assuming
rD *2.5 9 10-3 one obtains an upper limit of mRE of about 60. This can be seen
as an upper bound to the experimental findings so far (\30 at 20% pO2, [95] and
\40 at 3% pO2, [30]).

In simulations of the model we assumed for the environmental term of the noise
amplitude:

f ðEÞ ¼ 2 ð1� rE=r0Þ; ð7Þ

where rE is the mean noise amplitude defined by the environment.
Figure 8 shows results on the simulated age-structure and population hetero-

geneity applying the age model and assuming re = r0 = 0.075. After 20 days of
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expansion a few cells of the population have nearly reached r(a = 0) = 0.15 as
assumed in the other applications. However, a large heterogeneity regarding age
has been established (7 \ m \ 28). With increasing age the cells tend to accu-
mulate more and more in differentiated, senescent states (here, a[ 0.8). This is in
nice agreement with experimental observations on ageing MSCs [45, 95].

As found in our simulation studies comparing MSCs that were expanded at high
and low oxygen tension (Sect. 5.2, [47]), these differences between young and old
cells in the distribution of the differentiation states will also manifest in differences
in their lineage specification and functional differentiation potential. Accordingly,
aged cells are characterised by a lower regenerative potential compared to young
cells. This is again in agreement with experimental findings [45, 95].

In summary the model is capable of describing experimental findings on the
environmental dependent MSC ageing. The underlying concept is general in the
sense that in vitro and in vivo ageing can be assumed to base on the same prin-
ciples. This is supported by recent experimental findings demonstrating that ageing
and replicative senescence have related effects on stem cells [94] .

7 Discussion

Grafting of MSCs is an emerging technology to repair tissues and organs of
mesenchymal origin. A prerequisite of these applications is rapid and massive
MSC expansion. This becomes obvious considering the isolation process of these
cells. Bone marrow is an important source of MSCs from where they can be easily
isolated and purified. However, only about 0.01% of nucleated bone marrow cells
carry MSC properties. Accordingly from a 20 ml aspirate usually only up to
50.000 MSCs are obtained [6]. Consequently, at least 5PDs are required in order to
obtain the 106–107 cells that are required in a typical application.

Fig. 8 Simulation results applying the ageing-model. a The observed distribution of the
generations is comparable to that observed without ageing. b Age-dependent noise profiles as set
before (red) and observed after expansion (grey). A considerable heterogeneity regarding age has
developed. c Distribution of differentiation states depending on the age. Young cells (blue,
m = 8–11) include a relevant fraction of undifferentiated cells with a\ 0.2, while most of the
old cells (black, m = 24–27) reside in a differentiation state of a[ 0.8
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While even the isolated populations are heterogeneous regarding different
functional aspects, this heterogeneity further evolves during amplification.
Thereby the actual changes depend on the details of the culture conditions which
will essentially impact the cell harvest. Thus, to understand the origin and
development of MSC heterogeneity will help to improve their cell culture con-
ditions. Moreover, it represents a basic step towards individualised therapies [31].

We here presented a mathematical approach to MSC populations which allows
considering each cell individually. Thus, the approach enables us to simulate the
changes in the population behaviour based on changes in single cells which are
assumed to depend on their particular regulatory state. Our model allows simu-
lations to closely follow standard in vitro expansion and differentiation protocols
of MSCs such that they may be viewed as experiments ‘in silico’ (on the com-
puter) and the results can directly be compared to those found from experiments.

The approach presented here assumes that noise is predominant in most cellular
states. Its essence is that MSC population structures are determined by state-
specific noise [37] forming a ‘noise landscape’, where low noise states represent
the attractor states. Cells subjected to an environment not matching their internal
state are assumed to be destabilised by a high noise amplitude. They subsequently
adapt to this environment by travelling towards low noise states. Extensions of the
proposed noise-driven approach to lineage specification and functional differen-
tiation have been described [47]. Thereby, decision making in individual cells
during these processes was linked to particular differentiation states and cell–cell
interactions. In particular, lineage specification was assumed to require sufficiently
high stemness, i.e. a values below a certain threshold. In this application MSC
ageing was not considered. However, while changing the distribution of the
differentiation states, obviously ageing will also affect the lineage specification
dynamics, with aged cells rarely or never able to switch lineage. Accordingly, we
expect also functional differentiation to be hampered.

A question not raised so far is whether there is a functional relevance of MSC
heterogeneity regarding expansion and differentiation. The observed heterogeneity
of MSCs could actually represent a functional aspect of their organisation. For
example high proliferation potential of a subpopulation could originate from
secretory properties of another subpopulation in the close neighbourhood. In a
recent study Krinner et al. analysed the expansion and differentiation properties of
single cell derived clones and compared them with the properties of their mother
clone (unpublished results). As the high expansion potential of individual clones
outcompetes that of their mother population, they were not able to provide any
evidence for a specification of subclones into fast expanding clones and expansion
supporting secretory clones.

In order to get deeper insights into MSC organisation a detailed characterisation
of the microenvironments in which MSCs reside in vivo is required. Effective
methods for screening MSC properties in complex in vitro environments have
been already developed [55, 56]. Moreover, regeneration experiments on primary
MSCs as suggested in Krinner et al. [46] will help to understand MSC adaptation
to changing environments and to identify properties that are inherited. This would
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also help to solve the question whether proliferation alone (as assumed in the
models presented) or/and adaptation to changing environments is a source of
persistent clonal differences. For this purpose FACS analysis of selected markers
should be combined with gene expression analysis as demonstrated by Chang and
co-workers [10]. Moreover, time-lapse online analysis of the expression of
stemness and differentiation markers by individual MSCs could not only provide
direct evidence for the assumptions made in the noise-driven differentiation model,
it would also delineate the emerging structure of noise-landscapes.

The proposed model is capable of explaining an entire panel of experimental
observations regarding MSC heterogeneity. However, the molecular basis of
the assumed noise-profiles and their dependence on the differentiation states, the
environment and age remain speculative. Models have been suggested that involve
e.g. Wnt-pathway activity [3]. A general model framework linking noise-landscapes
to the dynamics of regulatory networks is missing. Thus, building up multi-scale
models that bridge the current gap between the increasing amount of molecular
data and observed cellular phenotypes represents a current need in order to
improve our understanding of the heterogeneity of MSCs in vitro. Their validation
will require sophisticated experimental studies on the single cell level.

References

1. Acar, M., Becskei, A., van Oudenaarden, A.: Enhancement of cellular memory by reducing
stochastic transitions. Nature 435(7039), 228–232 (2005)

2. Ahmadbeigi, N., Shafiee, A., Seyedjafari, E., Gheisari, Y., Vassei, M., Amanpour, S.,
Amini, S., Bagherizadeh, I., Soleimani, M.: Early spontaneous immortalization and loss of
plasticity of rabbit bone marrow mesenchymal stem cells. Cell Prolif. 44(1), 67–74 (2011)

3. Arias, A.M., Hayward, P.: Filtering transcriptional noise during development: concepts and
mechanisms. Nat. Rev. Genet. 7(1), 34–44 (2006)

4. Backofen, R., Bernhart, S.H., Flamm, C., Fried, C., Fritzsch, G., Hackermuller, J., Hertel, J.,
Hofacker, I.L., Missal, K., Mosig, A., Prohaska, S.J., Rose, D., Stadler, P.F., Tanzer, A.,
Washietl, S., Will, S.: RNAs everywhere: genome-wide annotation of structured RNAs.
J. Exp. Zool. B. Mol. Dev. Evol. 308(1), 1–25 (2007)

5. Ball, S.G., Shuttleworth, C.A., Kielty, C.M.: Mesenchymal stem cells and
neovascularization: role of platelet-derived growth factor receptors. J. Cell. Mol. Med.
11(5), 1012–1030 (2007)

6. Braccini, A., Wendt, D., Jaquiery, C., Jakob, M., Heberer, M., Kenins, L., Wodnar-
Filipowicz, A., Quarto, R., Martin, I.: Three-dimensional perfusion culture of human bone
marrow cells and generation of osteoinductive grafts. Stem Cells 23(8), 1066–1072 (2005)

7. Brooke, G., Cook, M., Blair, C., Han, R., Heazlewood, C., Jones, B., Kambouris, M., Kollar, K.,
McTaggart, S., Pelekanos, R., Rice, A., Rossetti, T., Atkinson, K.: Therapeutic applications of
mesenchymal stromal cells. Semin. Cell. Dev. Biol. 18(6), 846–858 (2007)

8. Brown, G., Drayson, M.T., Durham, J., Toellner, K.M., Hughes, P.J., Choudhry, M.A.,
Taylor, D.R., Bird, R., Michell, R.H.: HL60 cells halted in G1 or S phase differentiate
normally. Exp. Cell Res. 281(1), 28–38 (2002)

9. Caplan, A.I.: Why are MSCs therapeutic? New data: new insight. J. Pathol. 217(2), 318–324
(2009)

200 J. Galle et al.



10. Chang, H.H., Hemberg, M., Barahona, M., Ingber, D.E., Huang, S.: Transcriptome-wide
noise controls lineage choice in mammalian progenitor cells. Nature 453(7194), 544–547
(2008)

11. Chang, H.H., Oh, P.Y., Ingber, D.E., Huang, S.: Multistable and multistep dynamics in
neutrophil differentiation. BMC. Cell Biol. 7, 11 (2006)

12. Chen, F.H., Tuan, R.S.: Mesenchymal stem cells in arthritic diseases. Arthritis Res. Ther.
10(5), 223 (2008)

13. Choi, J., Curtis, S.J., Roy, D.M., Flesken-Nikitin, A., Nikitin, A.Y.: Local mesenchymal
stem/progenitor cells are a preferential target for initiation of adult soft tissue sarcomas
associated with p53 and Rb deficiency. Am. J. Pathol. 177(5), 2645–2658 (2010)

14. Colter, D.C., Class, R., DiGirolamo, C.M., Prockop, D.J.: Rapid expansion of recycling
stem cells in cultures of plastic-adherent cells from human bone marrow. Proc. Natl. Acad.
Sci. U S A 97(7), 3213–3218 (2000)

15. Colter, D.C., Sekiya, I., Prockop, D.J.: Identification of a subpopulation of rapidly self-
renewing and multipotential adult stem cells in colonies of human marrow stromal cells.
Proc. Natl. Acad. Sci. U S A 98(14), 7841–7845 (2001)

16. Crisan, M., Yap, S., Casteilla, L., Chen, C.W., Corselli, M., Park, T.S., Andriolo, G.,
Sun, B., Zheng, B., Zhang, L., Norotte, C., Teng, P.N., Traas, J., Schugar, R., Deasy, B.M.,
Badylak, S., Buhring, H.J., Giacobino, J.P., Lazzari, L., Huard, J., Peault, B.: A perivascular
origin for mesenchymal stem cells in multiple human organs. Cell Stem Cell 3(3), 301–313
(2008)

17. Curran, J.M., Chen, R., Hunt, J.A.: The guidance of human mesenchymal stem cell
differentiation in vitro by controlled modifications to the cell substrate. Biomaterials 27(27),
4783–4793 (2006)

18. D’Ippolito, G., Diabira, S., Howard, G.A., Menei, P., Roos, B.A., Schiller, P.C.: Marrow-
isolated adult multilineage inducible (MIAMI) cells, a unique population of postnatal young
and old human cells with extensive expansion and differentiation potential. J. Cell Sci.
117(Pt 14), 2971–2981 (2004)

19. D’Ippolito, G., Diabira, S., Howard, G.A., Roos, B.A., Schiller, P.C.: Low oxygen tension
inhibits osteogenic differentiation and enhances stemness of human MIAMI cells. Bone
39(3), 513–522 (2006)

20. Dalby, M.J., Gadegaard, N., Tare, R., Andar, A., Riehle, M.O., Herzyk, P., Wilkinson,
C.D.W., Oreffo, R.O.C.: The control of human mesenchymal cell differentiation using
nanoscale symmetry and disorder. Nat. Mater. 6(12), 997–1003 (2007)

21. Dazzi, F., Horwood, N.J.: Potential of mesenchymal stem cell therapy. Curr. Opin. Oncol.
19(6), 650–655 (2007)

22. Deasy, B.M., Jankowski, R.J., Payne, T.R., Cao, B., Goff, J.P., Greenberger, J.S., Huard, J.:
Modeling stem cell population growth: incorporating terms for proliferative heterogeneity.
Stem Cells 21(5), 536–545 (2003)

23. Delorme, B., Ringe, J., Pontikoglou, C., Gaillard, J., Langonne, A., Sensebe, L., Noel, D.,
Jorgensen, C., Haupl, T., Charbord, P.: Specific lineage-priming of bone marrow
mesenchymal stem cells provides the molecular framework for their plasticity. Stem
Cells 27(5), 1142–1151 (2009)

24. Djouad, F., Bouffi, C., Ghannam, S., Noel, D., Jorgensen, C.: Mesenchymal stem cells:
innovative therapeutic tools for rheumatic diseases. Nat. Rev. Rheumatol. 5(7), 392–399
(2009)

25. Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., Krause, D.,
Deans, R., Keating, A., Prockop, D., Horwitz, E.: Minimal criteria for defining multipotent
mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 8(4), 315–317 (2006)

26. Drasdo, D., Hoehme, S., Block, M.: On the Role of Physics in the Growth and Pattern
Formation of Multi-Cellular Systems: What can we Learn from Individual-Cell Based
Models? J. Stat. Phys. 128, 287–345 (2007)

Mesenchymal Stem Cell Heterogeneity and Ageing In Vitro 201



27. Ehninger, A., Trumpp, A.: The bone marrow stem cell niche grows up: mesenchymal stem
cells and macrophages move in. J. Exp. Med. 208(3), 421–428 (2011)

28. El-Samad, H., Khammash, M.: Regulated degradation is a mechanism for suppressing
stochastic fluctuations in gene regulatory networks. Biophys. J. 90(10), 3749–3761 (2006)

29. Engler, A.J., Sen, S., Sweeney, H.L., Discher, D.E.: Matrix elasticity directs stem cell
lineage specification. Cell 126(4), 677–689 (2006)

30. Fehrer, C., Brunauer, R., Laschober, G., Unterluggauer, H., Reitinger, S., Kloss, F.,
Gülly, C., Gassner, R., Lepperdinger, G.: Reduced oxygen tension attenuates differentiation
capacity of human mesenchymal stem cells and prolongs their lifespan. Aging Cell 6(6),
745–757 (2007)

31. Galle, J., Bader, A., Hepp, P., Grill, W., Fuchs, B., Kas, J.A., Krinner, A., Marquass, B.,
Muller, K., Schiller, J., Schulz, R.M., von Buttlar, M., von der Burg, E., Zscharnack, M.,
Loffler, M.: Mesenchymal stem cells in cartilage repair: state of the art and methods to
monitor cell growth, differentiation and cartilage regeneration. Curr. Med. Chem. 17(21),
2274–2291 (2010)

32. Galle, J., Hoffmann, M., Aust, G.: From single cells to tissue architecture-a bottom-up
approach to modelling the spatio-temporal organisation of complex multi-cellular systems.
J. Math. Biol. 58(1–2), 261–283 (2009)

33. Galle, J., Loeffler, M., Drasdo, D.: Modeling the effect of deregulated proliferation and
apoptosis on the growth dynamics of epithelial cell populations in vitro. Biophys. J. 88(1),
62–75 (2005)

34. Glauche, I., Cross, M., Loeffler, M., Roeder, I.: Lineage specification of hematopoietic stem
cells: mathematical modeling and biological implications. Stem Cells 25(7), 1791–1799
(2007)

35. Grayson, W.L., Zhao, F., Bunnell, B., Ma, T.: Hypoxia enhances proliferation and tissue
formation of human mesenchymal stem cells. Biochem. Biophys. Res. Commun. 358(3),
948–953 (2007)

36. Heng, B.C., Cao, T., Lee, E.H.: Directing stem cell differentiation into the chondrogenic
lineage in vitro. Stem Cells 22(7), 1152–1167 (2004)

37. Hoffmann, M., Chang, H.H., Huang, S., Ingber, D.E., Loeffler, M., Galle, J.: Noise-driven
stem cell and progenitor population dynamics. PLoS One 3(8), e2922 (2008)

38. Hoffmann, M., Kuska, J.P., Zscharnack, M., Loeffler, M., Galle, J.: Spatial organization of
mesenchymal stem cells in vitro–results from a new individual cell-based model with podia.
PLoS One 6(7), e21960 (2011) (Unpublished)

39. Huang, G.T., Gronthos, S., Shi, S.: Mesenchymal stem cells derived from dental tissues vs.
those from other sources: their biology and role in regenerative medicine. J. Dent. Res.
88(9), 792–806 (2009)

40. Huang, N.F., Li, S.: Mesenchymal stem cells for vascular regeneration. Regen. Med. 3(6),
877–892 (2008)

41. Hunziker, E.B.: Articular cartilage repair: basic science and clinical progress. A review of
the current status and prospects. Osteoarthritis Cartilage 10(6), 432–463 (2002)

42. Kaltz, N., Ringe, J., Holzwarth, C., Charbord, P., Niemeyer, M., Jacobs, V.R., Peschel, C.,
Haupl, T., Oostendorp, R.A.: Novel markers of mesenchymal stem cells defined by genome-
wide gene expression analysis of stromal cells from different sources. Exp. Cell. Res.
316(16), 2609–2617 (2010)

43. Kobel, S., Valero, A., Latt, J., Renaud, P., Lutolf, M.: Optimization of microfluidic single
cell trapping for long-term on-chip culture. Lab. Chip 10(7), 857–863 (2010)

44. Korobkova, E., Emonet, T., Vilar, J.M., Shimizu, T.S., Cluzel, P.: From molecular noise to
behavioural variability in a single bacterium. Nature 428(6982), 574–578 (2004)

45. Kretlow, J.D., Jin, Y.-Q., Liu, W., Zhang, W.J., Hong, T.-H., Zhou, G., Baggett, L.S.,
Mikos, A.G., Cao, Y.: Donor age and cell passage affects differentiation potential of murine
bone marrow-derived stem cells. BMC Cell Biol. 9, 60 (2008)

46. Krinner, A., Hoffmann, M., Loeffler, M., Drasdo, D., Galle, J.: Individual fates of
mesenchymal stem cells in vitro. BMC Syst. Biol. 4, 73 (2010)

202 J. Galle et al.



47. Krinner, A., Zscharnack, M., Bader, A., Drasdo, D., Galle, J.: Impact of oxygen
environment on mesenchymal stem cell expansion and chondrogenic differentiation. Cell
Prolif. 42(4), 471–484 (2009)

48. Kuhn, N.Z., Tuan, R.S.: Regulation of stemness and stem cell niche of mesenchymal stem
cells: implications in tumorigenesis and metastasis. J. Cell Physiol. 222(2), 268–277 (2010)

49. Landau, L.D., Lifschitz, E.M.: Theory of Elasticity. 3rd rev. edn. Pergamon Press, Oxford
(1986)

50. Lécuyer, E., Yoshida, H., Parthasarathy, N., Alm, C., Babak, T., Cerovina, T., Hughes, T.R.,
Tomancak, P., Krause, H.M.: Global analysis of mRNA localization reveals a prominent
role in organizing cellular architecture and function. Cell 131(1), 174–187 (2007)

51. Lemon, G., Waters, S.L., Rose, F.R.A.J., King, J.R.: Mathematical modelling of human
mesenchymal stem cell proliferation and differentiation inside artificial porous scaffolds.
J. Theor. Biol. 249, 543–553 (2007)

52. Lennon, D.P., Edmison, J.M., Caplan, A.I.: Cultivation of rat marrow-derived mesenchymal
stem cells in reduced oxygen tension: effects on in vitro and in vivo osteochondrogenesis.
J. Cell Physiol. 187(3), 345–355 (2001)

53. Loeffler, M., Roeder, I.: Tissue stem cells: definition, plasticity, heterogeneity, self-
organization and models—a conceptual approach. Cells Tissues Organs 171(1), 8–26 (2002)

54. Loeffler, M., Roeder, I.: Conceptual models to understand tissue stem cell organization.
Curr. Opin. Hematol. 11(2), 81–87 (2004)

55. Lutolf, M.P., Blau, H.M.: Artificial stem cell niches. Adv. Mater. 21(32–33), 3255–3268
(2009)

56. Lutolf, M.P., Gilbert, P.M., Blau, H.M.: Designing materials to direct stem-cell fate. Nature
462(7272), 433–441 (2009)

57. Majd, H., Wipff, P.J., Buscemi, L., Bueno, M., Vonwil, D., Quinn, T.M., Hinz, B.: A novel
method of dynamic culture surface expansion improves mesenchymal stem cell
proliferation and phenotype. Stem Cells 27(1), 200–209 (2009)

58. Manini, I., Gulino, L., Gava, B., Pierantozzi, E., Curina, C., Rossi, D., Brafa, A., D’Aniello,
C., Sorrentino, V.: Multi-potent progenitors in freshly isolated and cultured human
mesenchymal stem cells: a comparison between adipose and dermal tissue. Cell Tissue Res.
344(1), 85–95 (2011)

59. Martin-Rendon, E., Hale, S.J.M., Ryan, D., Baban, D., Forde, S.P., Roubelakis, M.,
Sweeney, D., Moukayed, M., Harris, A.L., Davies, K., Watt, S.: Transcriptional profiling of
human cord blood CD133+ and cultured bone marrow mesenchymal stem cells in response
to hypoxia. Stem Cells 25(4), 1003–1012 (2007)

60. Mata, A., Boehm, C., Fleischman, A.J., Muschler, G.F., Roy, S.: Connective tissue
progenitor cell growth characteristics on textured substrates. Int. J. Nanomedicine 2(3),
389–406 (2007)

61. Menicanin, D., Bartold, P.M., Zannettino, A.C., Gronthos, S.: Identification of a common
gene expression signature associated with immature clonal mesenchymal cell populations
derived from bone marrow and dental tissues. Stem Cells Dev. 19(10), 1501–1510 (2010)

62. Mrozik, K.M., Zilm, P.S., Bagley, C.J., Hack, S., Hoffmann, P., Gronthos, S., Bartold, P.M.:
Proteomic characterization of mesenchymal stem cell-like populations derived from ovine
periodontal ligament, dental pulp, and bone marrow: analysis of differentially expressed
proteins. Stem Cells Dev. 19(10), 1485–1499 (2010)

63. Nekanti, U., Rao, V.B., Bahirvani, A.G., Jan, M., Totey, S., Ta, M.: Long-term expansion
and pluripotent marker array analysis of Wharton’s jelly-derived mesenchymal stem cells.
Stem Cells Dev. 19(1), 117–130 (2010)

64. Niibe, K., Kawamura, Y., Araki, D., Morikawa, S., Miura, K., Suzuki, S., Shimmura, S.,
Sunabori, T., Mabuchi, Y., Nagai, Y., Nakagawa, T., Okano, H., Matsuzaki, Y.: Purified
mesenchymal stem cells are an efficient source for iPS cell induction. PLoS One 6(3),
e17610 (2011)

65. Oakley, E.J., Zant, G.V.: Unraveling the complex regulation of stem cells: implications for
aging and cancer. Leukemia 21(4), 612–621 (2007)

Mesenchymal Stem Cell Heterogeneity and Ageing In Vitro 203



66. Oh S., Brammer K.S., Li Y.S., Teng D., Engler A.J., Chien S., Jin S.: Stem cell fate dictated
solely by altered nanotube dimension. Proc. Natl. Acad. Sci. U S A 106(7):2130–2135
(2009)

67. Pittenger M.F., Mackay A.M., Beck S.C., Jaiswal R.K., Douglas R., Mosca J.D., Moorman
M.A., Simonetti D.W., Craig S., Marshak D.R.: Multilineage potential of adult human
mesenchymal stem cells. Science 284(5411):143–147 (1998)

68. Pretzel D., Linss S., Rochler S., Endres M., Kaps C., Alsalameh S., Kinne R.W.: Relative
percentage and zonal distribution of mesenchymal progenitor cells in human osteoarthritic
and normal cartilage. Arthritis. Res. Ther. 13(2):R64 (2011)

70. Rando, O.J., Paulsson, J.: Noisy silencing of chromatin. Dev. Cell 11(2), 134–136 (2006)
71. Ren, H., Cao, Y., Zhao, Q., Li, J., Zhou, C., Liao, L., Cai, H., Han, Z.C., Yang, R., Chen, G.,

Zhao, R.C.: Proliferation and differentiation of bone marrow stromal cells under hypoxic
conditions. Biochem. Biophys. Res. Commun. 347(1), 12–21 (2006)

72. Rieger, M.A., Hoppe, P.S., Smejkal, B.M., Eitelhuber, A.C., Schroeder, T.: Hematopoietic
cytokines can instruct lineage choice. Science 325(5937), 217–218 (2009)

73. Roeder, I., Braesel, K., Lorenz, R.: Loeffler, M.: Stem cell fate analysis revisited:
interpretation of individual clone dynamics in the light of a new paradigm of stem cell
organization. J. Biomed. Biotechnol. 3, 84656 (2007)

74. Roeder, I., Horn, M., Glauche, I., Hochhaus, A., Mueller, M.C., Loeffler, M.: Dynamic
modeling of imatinib-treated chronic myeloid leukemia: functional insights and clinical
implications. Nat. Med. 12(10), 1181–1184 (2006)

75. Rombouts, W.J.C., Ploemacher, R.E.: Primary murine MSC show highly efficient homing to
the bone marrow but lose homing ability following culture. Leukemia 17(1), 160–170
(2003)

76. Rosenbaum, A.J., Grande, D.A., Dines, J.S.: The use of mesenchymal stem cells in tissue
engineering: a global assessment. Organogenesis 4(1), 23–27 (2008)

77. Rosland, G.V., Svendsen, A., Torsvik, A., Sobala, E., McCormack, E., Immervoll, H.,
Mysliwietz, J., Tonn, J.C., Goldbrunner, R., Lonning, P.E., Bjerkvig, R., Schichor, C.:
Long-term cultures of bone marrow-derived human mesenchymal stem cells frequently
undergo spontaneous malignant transformation. Cancer Res. 69(13), 5331–5339 (2009)

78. Ruzankina, Y., Brown, E.J.: Relationships between stem cell exhaustion, tumour
suppression and ageing. Br. J. Cancer 97(9), 1189–1193 (2007)

79. Samoilov, M., Plyasunov, S., Arkin, A.P.: Stochastic amplification and signaling in
enzymatic futile cycles through noise-induced bistability with oscillations. Proc. Natl. Acad.
Sci. U S A 102(7), 2310–2315 (2005)

80. Samoilov, M.S., Price, G., Arkin, A.P.: From fluctuations to phenotypes: the physiology of
noise. Sci. STKE 2006 (366):re17 (2006)

81. Sengers, B.G., Taylor, M., Please, C.P., Oreffo, R.O.C.: Computational modelling of cell
spreading and tissue regeneration in porous scaffolds. Biomaterials 28(10), 1926–1940
(2007)

82. Seshi, B.: Gene expression analysis at the single cell level using the human bone marrow
stromal cell as a model: sample preparation methods. Methods Mol. Biol. 449, 117–132
(2008)

83. Seshi, B., Kumar, S., King, D.: Multilineage gene expression in human bone marrow
stromal cells as evidenced by single-cell microarray analysis. Blood Cells Mol. Dis. 31(2),
268–285 (2003)

84. Sethe, S., Scutt, A., Stolzing, A.: Aging of mesenchymal stem cells. Ageing Res. Rev. 5(1),
91–116 (2006)

85. Sharpless, N.E., DePinho, R.A.: How stem cells age and why this makes us grow old. Nat.
Rev. Mol. Cell Biol. 8(9), 703–713 (2007)

86. Sinclair, D.A., Oberdoerffer, P.: The ageing epigenome: damaged beyond repair? Ageing
Res. Rev. 8(3), 189–198 (2009)

204 J. Galle et al.



87. Song, L., Webb, N.E., Song, Y., Tuan, R.S.: Identification and functional analysis of
candidate genes regulating mesenchymal stem cell self-renewal and multipotency. Stem
Cells 24(7), 1707–1718 (2006)

88. Sorrentino, A., Ferracin, M., Castelli, G., Biffoni, M., Tomaselli, G., Baiocchi, M., Fatica,
A., Negrini, M., Peschle, C., Valtieri, M.: Isolation and characterization of
CD146+ multipotent mesenchymal stromal cells. Exp. Hematol. 36(8), 1035–1046 (2008)

89. Stolzing, A., Coleman, N., Scutt, A.: Glucose-induced replicative senescence in
mesenchymal stem cells. Rejuvenation Res. 9(1), 31–35 (2006)

90. Stolzing, A., Jones, E., McGonagle, D., Scutt, A.: Age-related changes in human bone
marrow-derived mesenchymal stem cells: consequences for cell therapies. Mech. Ageing
Dev. 129(3), 163–173 (2008)

91. Stolzing, A., Scutt, A.: Age-related impairment of mesenchymal progenitor cell function.
Aging Cell 5, 213–224 (2006)

92. Suva, D., Garavaglia, G., Menetrey, J., Chapuis, B., Hoffmeyer, P., Bernheim, L., Kindler, V.:
Non-hematopoietic human bone marrow contains long-lasting, pluripotential mesenchymal
stem cells. J. Cell Physiol. 198(1), 110–118 (2004)

93. Tuli, R., Tuli, S., Nandi, S., Huang, X., Manner, P.A., Hozack, W.J., Danielson, K.G.,
Hall, D.J., Tuan, R.S.: Transforming growth factor-beta-mediated chondrogenesis of human
mesenchymal progenitor cells involves N-cadherin and mitogen-activated protein kinase
and Wnt signaling cross-talk. J. Biol. Chem. 278(42), 41227–41236 (2003)

94. Wagner, W., Bork, S., Horn, P., Krunic, D., Walenda, T., Diehlmann, A., Benes, V., Blake,
J., Huber, F.-X., Eckstein, V., Boukamp, P., Ho, A.D.: Aging and replicative senescence
have related effects on human stem and progenitor cells. PLoS One 4(6), e5846 (2009)

95. Wagner, W., Horn, P., Castoldi, M., Diehlmann, A., Bork, S., Saffrich, R., Benes, V., Blake,
J., Pfister, S., Eckstein, V., Ho, A.D.: Replicative senescence of mesenchymal stem cells: a
continuous and organized process. PLoS One 3(5), e2213 (2008)

96. Xu, B.L., Tao, Y.: External noise and feedback regulation: steady-state statistics of auto-
regulatory genetic network. J. Theor. Biol. 243(2), 214–221 (2006)

97. Xu, Y., Malladi, P., Chiou, M., Bekerman, E., Giaccia, A.J., Longaker, M.T.: In vitro
expansion of adipose-derived adult stromal cells in hypoxia enhances early chondrogenesis.
Tissue Eng. 13(12), 2981–2993 (2007)

98. Yan, X., Qin, H., Qu, C., Tuan, R.S., Shi, S., Huang, G.T.: iPS cells reprogrammed from
human mesenchymal-like stem/progenitor cells of dental tissue origin. Stem Cells Dev.
19(4), 469–480 (2010)

99. Yoshimura, H., Muneta, T., Nimura, A., Yokoyama, A., Koga, H., Sekiya, I.: Comparison of
rat mesenchymal stem cells derived from bone marrow, synovium, periosteum, adipose
tissue, and muscle. Cell Tissue Res. 327(3), 449–462 (2007)

100. Zipori, D.: The stem state: mesenchymal plasticity as a paradigm. Curr. Stem Cell Res.
Ther. 1(1), 95–102 (2006)

101. Zscharnack, M., Poesel, C., Galle, J., Bader, A.: Low Oxygen Expansion Improves
Subsequent Chondrogenesis of Ovine Bone-Marrow-Derived Mesenchymal Stem Cells in
Collagen Type I Hydrogel. Cells Tissues Organs 190(2), 81–93 (2009)

102. Zuk, P.A., Zhu, M., Ashjian, P., De Ugarte, D.A., Huang, J.I., Mizuno, H., Alfonso, Z.C.,
Fraser, J.K., Benhaim, P., Hedrick, M.H.: Human adipose tissue is a source of multipotent
stem cells. Mol. Biol. Cell 13(12), 4279–4295 (2002)

Mesenchymal Stem Cell Heterogeneity and Ageing In Vitro 205


	116 Mesenchymal Stem Cell Heterogeneity and Ageing In Vitro: A Model Approach
	Abstract
	1…Introduction
	2…MSC Heterogeneity on Different Scales
	3…On the Origin of MSC Heterogeneity
	3.1 Heterogeneity as a Consequence of MSC Environmental Adaptation (Extrinsic)
	3.2 Heterogeneity as a Consequence of MSC Self-Organisation (Flexibility)
	3.3 Heterogeneity as Consequence of MSC Ageing (Intrinsic)

	4…General Model Approaches
	5…The Concept of Noise-Driven Differentiation
	5.1 General Assumption
	5.2 Exemplifying the Environmental Impact
	5.3 Impact of CellminusCell Interactions (Contact Inhibition of Growth)

	6…The Case of Stable, Inherited Heterogeneity: MSC Ageing
	7…Discussion
	References


