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Electrophysiology is an important regulator of cell proliferation, differentiation,
migration, wound healing, and tissue regeneration. Stem cells participate in
wound healing and regeneration in many systems, yet the role of
electrophysiology on stem cell behavior has not been widely studied. In this
work, we present evidence for a functional role for membrane potential (Vmem) in
human mesenchymal stem cell (hMSC) differentiation toward osteogenic (OS)
and adipogenic (AD) lineages. Endogenous hyperpolarization accompanies and is
required for OS and AD differentiation. Cells undergoing OS differentiation
responded to artificially-induced depolarization or hyperpolarization by
suppressing or augmenting differentiation, respectively. That stem cell
differentiation responds to changing Vmem levels suggests that Vmem can be used
as a control point for directing stem cell behavior for therapeutic applications and
tissue engineering efforts. We investigated the mechanisms underlying voltage
signaling in hMSCs. Modulation of both Ca2+ signaling and ATP signaling
attenuated the effects of depolarization, suggesting a role for Ca2+ channels and
purinergic receptors in the voltage-sensing pathway. We also identified several
ion channels, including L-type Ca2+ channels, inward rectifying K+ channels, and
Ca2+-sensitive K+ channels, which may be involved in these pathways during
depolarization. To further investigate the pathways that are controlling and
controlled by voltage modulation, we performed genome-wide expression
analysis of depolarized and hyperpolarized hMSCs undergoing OS differentiation.
The transcriptional signature of Vmem-modulated cells resembled that of OS cells
rather than undifferentiated cells, implying that voltage signals target some, but
not all, pathways involved in differentiation. We present several data analysis
approaches that uncover a number of Vmem-responsive genes and functions, which
are promising candidates for future work on voltage-sensing mechanisms.
Finally, we investigated the therapeutic potential of electrophysiological
modulation of hMSCs by developing in vitro models of wound healing as
platforms in which to study Vmem effects. We report some evidence pointing to
depolarization-stimulated increases in cell repopulation and OS differentiation in
the wound. We also demonstrate the ability to study paracrine signaling between
osteoblasts and neurons in these models, which suggests that these models can be
further developed to simulate the complexity of the in vivo wound environment.
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Chapter 1
Role of membrane potential in cell
proliferation and differentiation
Biophysical signaling, an integral regulator of long-term cell behavior in
both excitable and non-excitable cell types, offers enormous potential for
modulation of important cell functions. Of particular interest to current
regenerative medicine efforts, we review several examples that support the
functional role of transmembrane potential (Vmem) in the regulation of
proliferation and differentiation. Interestingly, distinct Vmem controls are found in
many cancer cell and precursor cell systems, which are known for their
proliferative and differentiation capacities, respectively. Collectively, the data
demonstrate that bioelectric properties can serve as markers for cell
characterization and can control cell mitotic activity, cell cycle progression, and
differentiation. The ability to control cell functions by modulating bioelectric
properties such as Vmem would be an invaluable tool for directing stem cell
behavior toward therapeutic goals. Biophysical properties of stem cells have only
recently begun to be studied and are thus in need of further characterization.
Understanding the molecular and mechanistic basis of biophysical regulation will
point the way toward novel ways to rationally direct cell functions, allowing us to
capitalize upon the potential of biophysical signaling for regenerative medicine
and tissue engineering.

1.1 Introduction
It has long been known that in addition to the chemical determinants
exchanged by cells during growth and development, bioelectrical signals
represent a rich and interesting system for intracellular communication and
cellular control (1-3). These signals function also in the process of regeneration
(4-6), a cornerstone aspect of modern biomedicine. This field is enjoying a
resurgence (7, 8), as the powerful techniques of molecular physiology are being
merged with developmental biology and biophysics to reveal novel mechanisms
by which bioelectricity controls morphogenesis and can be harnessed to control it
(9, 10). In parallel with the growing importance of stem cell biology in cancer, in
addition to the fields of embryogenesis and regeneration, a variety of
channelopathies have drawn attention to the role of specific ion transport in
2

neoplasm (11-13). Here, we review exciting data implicating bioelectrical signals
in the control of stem cell behavior, focusing on transmembrane voltage as a cellautonomous signal (as distinct from exogenous electric fields).
Transmembrane potential (Vmem) refers to the voltage difference across a
cell’s bilayer membrane that is established by the balance of intracellular and
extracellular ionic concentrations. Such a balance is maintained via passive and
active ion transport through various ion channels and transporters located within
the membrane. According to traditional membrane potential theory, the resting
membrane potential of a cell is achieved when the electrochemical forces driving
ion movement are equalized and ionic equilibrium is maintained. Although
maintenance of ionic homeostasis is a critical feature of cell viability and
metabolism (14, 15), surprising specificity has been uncovered in the relationship
between changes in Vmem levels and alteration of cell function. Furthermore,
increasing evidence has pointed toward not only a correlation, but a functional
relationship between Vmem and cell functions such as proliferation and
differentiation. This relationship can be seen in many cell types, several of which
will be reviewed here. That this biophysical relationship is conserved in a wide
range of cell types (precursor and mature cells; proliferative and quiescent cells;
normal and cancerous cells) suggests that Vmem regulation is a fundamental
control mechanism.

Better characterization of Vmem-regulating and Vmem-

regulated pathways will uncover novel ways to control cell behavior.

Such

knowledge may significantly advance regenerative medicine applications,
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including stem cell-related tissue engineering efforts, where the potential of
bioelectrical regulation is largely unexplored.

1.2 Membrane potential measurements
Several techniques are currently used to measure Vmem. They fall in two
main categories: electrophysiological recordings and dye imaging.
Traditionally, electrophysiological recordings are obtained either by
intracellular “sharp” microelectrode recording or by patch clamping. To obtain
intracellular recordings, a glass microelectrode impales a cell to make direct
contact with the cytoplasm, while another electrode is immersed in the bath
solution surrounding the cell (16, 17). The potential difference between the bath
electrode and the penetrating electrode is the Vmem. Sharp microelectrode tips are
small in diameter, on the order of tens of nanometers, to minimize damage to the
membrane during insertion (16, 18).
In patch clamping, a patch electrode is brought in contact with the cell
membrane but does not penetrate the membrane. Instead, the electrode is
positioned against the membrane, allowing the glass to form a tight seal (gigaseal)
with the membrane. There are several modes of patch clamping; however, only
current clamping in the whole-cell configuration allows for direct membrane
potential measurements (18). In the whole-cell configuration, the patch of
membrane sealed by the electrode is ruptured by a suction pulse or a large current
pulse. Like intracellular recordings, the patch electrode is electrically connected
to the cytoplasm of the cell, and when no current is injected, the endogenous Vmem
can be recorded relative to a reference electrode in the bath solution. The patch
4

electrode has a larger tip than a sharp microelectrode, has less resistance to allow
for current injection, and is typically filled with a cytoplasm-like solution to
measure endogenous membrane potential (18).
While both electrophysiological techniques have been widely and
successfully used to record membrane potential, there are several inherent
limitations of the electrophysiological recording setup. Most systems are
designed to record from only single cells at a time and are therefore laborious and
low-throughput (17, 19, 20). Single-cell recordings are also unable to provide
information about the spatial dynamics of Vmem change in a cell population and
are unable to reflect the degree to which electrical changes in one cell affects
neighboring cells (19). As with spatial resolution in a multicellular system,
spatial resolution across the surface of a single cell also cannot be resolved with
these techniques (20). Electrophysiological methods also generally do not
provide information about long-term temporal changes in Vmem, since recordings
are typically conducted over only minutes or hours. Some of these limitations
have begun to be addressed with microchip-based patch clamping. For example,
several chip-based devices use a planar patch clamp approach, where microchips
are fabricated with apertures that serve as inverted patch electrode tips, allowing
parallel processing of many cell recordings simultaneously (21).
Another approach to membrane potential measurements is the use of
voltage-sensitive fluorescent dyes. Several of these dyes are thought to operate
by an electrochromic effect, where the dye spectra are altered due to the coupling
of molecular electronic states with the electric field present in the membrane, or
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an electrophoretic effect, where distribution of the dye across the membrane is
voltage-sensitive (20, 22, 23). These dyes typically respond to membrane
potential with sensitivities of 10% per 100 mV (20, 22). In addition to changes in
fluorescence, second harmonic generation signals from some dyes also exhibit
voltage sensitivities of up to 43% (22). Advantages of optical detection of Vmem
changes include ease of use, simultaneous monitoring of many cells over many
different regions, and the ability to resolve spatial differences over the surface of a
single cell (17, 19, 20). Voltage-sensitive dyes also facilitate Vmem measurements
in small cells or structures (such as the thin dendritic processes of neurons) that
are traditionally difficult to impale or patch with electrodes (17). One major
disadvantage to optical methods, however, is the difficulty of dye calibration, and
thus the difficulty of obtaining absolute values for membrane potential (17). Most
data are reported as percentage changes in fluorescence over a basal fluorescence
value and are sometimes converted into an estimated membrane potential value
based on reported dye sensitivities (17). Ratiometric imaging using fluorescence
resonance energy transfer (FRET) between a mobile voltage-sensing dye and a
membrane-bound fluorophore can improve voltage sensitivity, reduce
experimental error, and provide information about the magnitude of the voltage
change (19).

1.3 Proliferation
It has long been observed that Vmem levels are tightly correlated with cell
proliferation-related events such as mitosis, DNA synthesis, and overall cell cycle
progression. Resting potentials of various cell types fall within a wide range
6

(generally -10 to -90 mV), and cells’ positions along such a Vmem scale generally
corresponds to their proliferative potential (24). Somatic cells that have a high
degree of polarization (a hyperpolarized Vmem) tend to be quiescent and do not
typically undergo mitosis. Conversely, developing cells and cancerous cells tend
to have a smaller degree of polarization (a depolarized Vmem) and are mitotically
active (24, 25). In addition, cells transferred to in vitro culture from an in vivo
environment tend to undergo spontaneous proliferation, which is accompanied by
Vmem depolarization (25).

Similarly, proliferation induced by malignant

transformation of somatic cells is also accompanied by depolarization (25).
Cone (1971) theorized that this correlation is indicative of a functional
relationship between Vmem and mitotic level: transmembrane potential in nonproliferative cells could act as an inhibitory signal for mitosis (or the preparative
events associated with mitosis), which, upon stimulation, could be reversibly
altered to a level that is permissive for proliferation (25).

In cell cycle

progression, a plausible scenario is that a highly polarized Vmem level blocks
quiescent somatic cells residing in the G1 phase of the cell cycle from entering the
S phase of DNA synthesis, thus inhibiting mitosis (25). From the observation that
most non-proliferative cells have relatively hyperpolarized (more negative) Vmem,
while proliferative and cancerous cells have relatively depolarized (less negative)
Vmem, Binggeli and Weinstein (1986) further hypothesized that there may be a
boundary Vmem level that serves as a threshold or trigger for DNA synthesis (24).
Several studies have confirmed that Vmem modulation can stimulate or
inhibit proliferation in a predictable way. Cone and Tongier (1973) investigated
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the effects of different Vmem levels on mitotic activity of Chinese hamster ovary
cells (26). Vmem levels were varied by changing the ionic composition of the
medium to simulate a range of Vmem normally seen in vivo (-10 to -90 mV).
Complete mitotic arrest was achieved by hyperpolarizing the Vmem to -75 mV but
could be reversed by returning to a normal Vmem of -10 mV (26).
Since these initial studies, ionic regulation of cellular behavior has been
increasingly studied and has been found to play a critical role in proliferation. It
has become clear that the relationship between Vmem and proliferation is not a
simple one. Since Vmem is a parameter that reflects the cumulative activity of
many ion channels and currents, Vmem-induced cell behavior could be the result of
one or many ion-related events. In dissecting control pathways, it is important to
determine whether downstream events are controlled by the pure voltage, or by
the flow (or concentration) of individual ions (27).
Cell proliferation is a multi-step event regulated by a system of
checkpoints at different phases of the cell cycle. Such complexity has been
addressed in more recent work on the role of Vmem in proliferation, resulting in a
better understanding of the major ion channels and currents involved, as well as
stage-specific regulation of the cell cycle. Many of these studies have implicated
K+ currents as protagonists of proliferation and cell cycle progression (28, 29).
Correlations between K+ channel inhibition and inhibition of proliferation have
been shown in a variety of cell types, including lymphocytes, peripheral blood
mononuclear cells (PBMCs), lymphoma, brown fat, melanoma, breast cancer,
Schwann cells, astrocytes, oligodendrocytes, neuroblastoma, lung cancer, bladder
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cancer, and melanoma (reviewed in (28, 30)). Several model systems will be
reviewed below. In most systems, K+ flux changes resulting in depolarization
favor proliferation, although there are cases where depolarization inhibits
proliferation.

1.3.1

Activation of proliferation
To understand endogenous regulation of proliferation, it is particularly

useful to study systems in which cells endogenously switch from quiescent to
proliferative phenotypes, or vice versa, or systems in which proliferative activity
can be switched on by well-characterized stimuli (e.g., in response to injury or in
response to mitogen exposure). Particularly impressive is the initiation of mitosis
in normally post-mitotic cells, such as CNS; although the molecular details
remain to be worked out, even mature neurons can be coaxed to re-enter the cell
cycle by long-term depolarization, raising the possibility that a degree of stem
cell-like plasticity could be induced in terminally-differentiated somatic cells by
bioelectric signals (31-33).
Astrocyte cells display such behavior and have consequently been well
studied. In several models of astrocyte injury (scarring of confluent spinal cord
astrocytes; cortical freeze-lesions in rat brain), only astrocytes with relatively
depolarized resting Vmem and lacking functional inward rectifier K+ (Kir) channels
displayed active proliferation in response to injury (34, 35). In astrocytes from
developing rat spinal cord, hyperpolarization of the resting membrane potential
(approximately -50 to -80 mV) was accompanied by decreased cell proliferation
and expression of Kir channels (36, 37). Conversely, depolarization of quiescent
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astrocytes with ouabain or extracellular K+ increased proliferation and DNA
synthesis (28).

The correlation between ionic activity and proliferation was

examined in further detail by studying the effects of cell cycle arrest on ion
channel currents and the effects of exogenous current inhibition on cell cycle
progression. In proliferating astrocytes, cell arrest in G1/G0 induced premature
up-regulation of an inwardly rectifying K+ current (IKIR), resulting in a relatively
hyperpolarized phenotype, while arrest in S phase induced downregulation of IKIR
with a concomitant increase in a delayed outwardly rectifying current (IKDR),
resulting in a relatively depolarized phenotype (28). Pharmacological inhibition
of IKDR in normally proliferating astrocytes resulted in G0/G1 arrest, while
inhibition of IKIR in quiescent astrocytes resulted in increased proliferation and
DNA synthesis (28). These data imply that there is a G1/S transition checkpoint
where increased IKDR and decreased IKIR currents and the corresponding changes
in Vmem are prerequisites for cell cycle progression.
Vascular smooth muscle cells (VSMCs) retain much plasticity even in the
adult, and can undergo significant changes in phenotype (phenotypic switching, or
modulation) in response to environmental stimuli. During vascular development
and in response to vascular injury, VSMC modulation is characterized by a loss of
contractile phenotype accompanied by an increase in proliferative and migratory
ability (38). One feature of modulation is a significant change in ion transport
mechanisms between contractile and proliferative phenotypes (39). Contractile
VSMCs express an abundance of large-conductance calcium-activated K+
channels (BKCa, also called MaxiK, KCa1.1), which modulate Ca2+ influx through
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L-type voltage-gated Ca2+ channels (CaV1.2), which are also highly expressed.
However, during VSMC modulation, these ion channels are downregulated (40,
41), while an intermediate-conductance calcium-activated K+ channel (IKCa, also
called KCa3.1) is activated (42). BKCa is activated by depolarization, while IKCa is
not depolarization-dependent and is thus able to open at more hyperpolarized
Vmem, driving Ca2+ entry through voltage-independent, and possibly lipid-sensing,
channels (39). Proliferation-inducing switch from BKCa to IKCa may therefore
hint at different voltage sensitivities driving Ca2+ transport during the two cell
states.
Activation of quiescent human T lymphocytes and PBMCs by mitogens
also involves ionic regulation of cell cycle progression. Upon activation by the
mitogen phytohemagluttinin, lymphocytes undergo a transition from G0 to G1 and
express the cytokine interleukin-2, which further stimulates a transition from G1
to S (30). T lymphocyte and PBMC proliferation can be blocked with peptide
toxins with high affinity to K+ channels (43-45), suggesting that mitogenstimulated proliferation is mediated by K+ channel activity. Similarly, activation
of murine B lymphocytes and murine noncytolytic T lymphocytes can be blocked
by K+ channel inhibitors, which inhibit their progression through the G1 phase of
the cell cycle (46, 47). Molecular studies targeting K+ channels have implicated
particularly the voltage-gated K+ channel Kv1.3 in G1 progression and
lymphocyte activation.

Ca2+ signaling, which is required for activation, is

modulated by the activity of Kv1.3 and IKCa channels, which together regulate
resting Vmem levels and thereby modulate Ca2+ entry (48). The relative abundance
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of these channels changes during lymphocyte activation, and may account for the
changes in Ca2+ signaling (49-51). In quiescent cells, Kv1.3 expression is greater
than IKCa expression and is therefore thought to control Vmem. However, upon
mitogen stimulation, IKCa is upregulated and may play a greater role in
modulating Vmem for further regulation of Ca2+ signaling (50, 52).

Thus,

differential K+ channel expression may be responsible for modulating Vmem,
which regulates the Ca2+ signaling necessary for a downstream immune response
(50).

1.3.2

Proliferation of cancer cells
Cancer cells, which show an abnormally high propensity to proliferate, are

useful models in which to study ionic regulation, or mis-regulation, of
proliferation and cell cycle progression (53, 54).
For example, MCF-7 human breast cancer cell proliferation has been
shown to require a characteristic Vmem hyperpolarization during the G0/G1 phase
transition

(55,

56).

Hyperpolarization

occurs

via

an

ATP-sensitive,

hyperpolarizing K+ current, comprised of several K+ currents including human
ether à go-go (hEAG) and IKCa currents (57-61). Inhibition of hEAG and IKCa
channels induces membrane depolarization and a decrease in intracellular Ca2+,
resulting in early G1 phase arrest (62). K+ channel inhibition also results in
accumulation of cyclin-dependent kinase inhibitor p21, which is known to block
the G1/S transition (62).

A current model for cell cycle regulation by

hyperpolarizing K+ channels is that hEAG is activated during early G1, when
Vmem is depolarized to about -20 mV.
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hEAG expression is then further

upregulated during late G1, causing Vmem hyperpolarization and increasing the
driving force for Ca2+ entry. Ca2+ entry triggers activation of hIKCa channels,
resulting in further hyperpolarization that drives the G1/S transition (62).
A glioma cell model has also been used to demonstrate the functional
importance of the inwardly-rectifying Kir4.1 channel in glial cell proliferation.
Kir4.1 is not expressed in immature, proliferating glial cells (36, 63, 64), but is
widely expressed in glial-differentiated astrocytes (28, 65), and its expression is
associated with a hyperpolarized phenotype and an exit from the cell cycle (36,
37). Functional Kir4.1 channels are also absent in glial-derived tumor cells, and
the resulting depolarized phenotype has been suggested to contribute to
uncontrolled glioma tumor growth (66). When Kir4.1 channels were selectively
overexpressed

in

astrocyte-derived

gliomas,

glioma

cells

exhibited

a

differentiated astrocyte-like phenotype, including membrane hyperpolarization
and cell growth inhibition by a transition from the G2/M to the G0/G1 phase of the
cell cycle (66). This study demonstrated that Kir4.1 expression was sufficient to
induce cell maturation characterized by changes in Vmem (hyperpolarization) and
proliferative capacity.

1.3.3

Proliferation of precursor and stem cells and proliferation
in regenerating systems
Vmem-associated changes have also been shown to regulate proliferation in

precursor cells, stem cells, and regenerating systems. In neural precursor cells
(NPCs) isolated from neurospheres derived from adult mice, IKIR and IKDR
channels were responsible for establishing a hyperpolarized resting Vmem of
approximately -80 mV (67).

Depolarization by extracellular Ba2+ or K+
13

accelerated mitosis in NPCs, resulting in an increase in cell number and
neurosphere size. It is hypothesized that Vmem depolarization via modulated Kir
channel activity is responsible for NPC proliferation and cell cycle progression
(67). Interestingly, the effect was maximal at 100 μM but declined at 1 mM. This
biphasic effect reveals the presence of an optimal membrane potential range – a
window effect which will have to be taken into account when designing
modulation techniques for biomedical applications.
In human (hESCs) and mouse (mESCs) embryonic stem cells, IKDR
currents are present and are permissive for proliferation, as application of K+
channel blockers inhibited DNA synthesis (68). In Xenopus embryos, the K+
channel KCNQ1 (also called Kv7.1) contributes significantly to the membrane
potential (69). When its regulatory subunit KCNE1 (also called minK, Isk) was
misexpressed in the embryo, KCNQ1 currents were suppressed, resulting in Vmem
depolarization and ectopic induction of the neural crest regulator genes Sox10 and
Slug. Consistent with these two genes’ known roles in neoplastic progression (7073), reduction of KCNQ1-dependent currents induced overproliferation of
melanocytes and conferred upon them a highly invasive, migratory phenotype
resembling metastasis (69). Thus, a functional role was identified for the channel
KCNQ1, whose Vmem-controlling activity regulates the mitotic and invasive
activity of the melanocyte neural crest lineage through known signaling pathways.
A functional role was also found for the vacuolar ATPase H+ pump (V-ATPase)
in Xenopus tadpole tail regeneration, which requires the H+ pumping activity of
endogenously expressed V-ATPases (74). Loss of V-ATPase function, and the
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resulting depolarization in the tail bud region, decreased the number of
proliferating cells in the bud and abolished regeneration. Conversely, expression
of a heterologous H+ pump repolarized the bud and induced a significant degree
of regeneration in normally non-regenerative conditions (74).

These studies

demonstrate the importance of Vmem modulation by specific molecular species in
regulating cell growth during embryogenesis and regeneration.

1.4 Differentiation
Regulation of proliferation and cell cycle progression is closely associated
with differentiation, since cells must coordinate their exit from the cell cycle with
the initiation of their differentiation programs (75). Thus, since Vmem regulates
proliferation in many cell types, Vmem-related signals may also act as triggers for
differentiation. A thorough understanding of these signals would be an invaluable
resource for characterizing and controlling cell development and maturation in
many systems.

Two key questions must be answered in order to extract

therapeutically relevant information about Vmem in differentiation: (1) what are the
electrophysiological differences between the differentiated and undifferentiated
states, and (2) are these differences instructive for differentiation? Following the
identification of functionally significant changes in bioelectric state during
differentiation, we may be able to manipulate the parameters so as to control
differentiation outcomes for therapeutic applications.

1.4.1

Electrophysiological changes during cell development and
differentiation
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Currently, most work in this area has focused on comparing the
electrophysiological profiles of differentiated cells and undifferentiated cells. In
addition to providing clues about potential control points for differentiation, these
profiles can be used to better characterize the maturation of stem and progenitor
cells, as well as to identify and distinguish between subpopulations that may not
show other differentiating phenotypes. The majority of work has been done in
neural and muscular systems, as the acquisition of electrophysiological features
contributes to the excitability of the mature cell.

During early stages of

development, maturing neural crest (NC) cells express human ether à go-go
related gene encoded K+ currents (IHERG) and IKDR currents, while during later
stages, NC cells exhibit Vmem hyperpolarization and expression of IKDR, IKIR, and
Na+ (INa) currents (76-79). Based upon these data, it was suggested that the
ordered expression of ion channels defines NC cell developmental stages (78).
Similarly, the NC-derived SY5Y neuroblastoma cell line exhibits specific
electrophysiological profiles (relative ratios of IHERG, IKDR, INa) depending on
differentiated state and specific subtype, N- or S-type (80). N-type cells display
an immature, nonexcitable neural phenotype and are characterized by IHERG and
IKDR currents and a depolarized Vmem. Upon stimulation, they differentiate into
excitable neural cells and express IKIR (80). S-type cells display negligible IHERG,
IKDR, and INa currents, but upon differentiation along a smooth muscle pathway or
a neural abortive pathway, display characteristic (and different) levels of these
currents (80). Characteristic changes in Na+ and K+ channel expression and ionic
currents have also been found to accompany neural differentiation of other stem-
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like cell types, such as neural stem-like cells from human umbilical cord blood
(81), immortalized human neural stem cells (82), and mESCs (83). These studies
suggest that electrophysiological profiles can be coupled with traditional
immunocytochemical techniques to describe the maturation state of cells and to
distinguish between different cell populations originating from common
precursors.
Similarly, the electrophysiology of myocyte differentiation has also been
characterized.

Differentiation of mouse embryonic stem cells (84) and of

embryonic carcinoma P19 cells (85) into cardiomyocytes correlates with
upregulation of cardiac-related ion channels in specific temporal patterns. P19
cells express L-type Ca2+ and transient outward channels early during
differentiation, and Na+ and delayed and inward rectifier channels later during
differentiation (85). Skeletal myoblasts also exhibit different current and ion
channel profiles in their proliferating and differentiating states. Murine C2C12
myoblasts undergoing active proliferation express an ATP-induced K+ current, a
swelling-activated Cl- current, and an IKCa current (86-88). Upon initiation of
differentiation, these currents are replaced with a tetrodotoxin-sensitive Na+
current, an IKDR current, an IKIR current, and an L-type Ca2+ current (87-90). In
muscle satellite cell-derived human myoblasts, voltage-gated Na+ and Ca2+activated K+ channels are expressed during proliferation (91), while hEAG, IKDR,
IKIR, T-type Ca2+, and L-type Ca2+ channels are expressed in differentiated
fusion-competent myoblasts (92-96).

1.4.2

Functional role of Vmem signaling during differentiation
17

Beyond

their

role

as

markers

of

the

maturation

process,

electophysiological changes play functional and instructive roles in the
differentiation process. In such a role, they could provide more than just a passive
readout of developmental stage or of linage commitment, but could actively
contribute to transcriptional and other activity leading to expression of a
differentiated phenotype. Observations made over 30 years ago showed that
neural differentiation depended on the function of specific ion transporters such as
the Na,K-ATPase (97, 98). By uncovering the molecular and mechanistic basis of
the underlying signaling pathways, we may find novel ways to direct stem cell
behavior by modulating Vmem and related ion channel expression.
Several recent studies have demonstrated that endogenous Vmem
modulation does indeed have an instructive role during cell differentiation and
maturation.

For example, Vmem hyperpolarization not only precedes human

myoblast differentiation, but is also required for differentiation, as myocyte fusion
and transcription factor activity are blocked when hyperpolarization is blocked
(96, 99). It is the earliest detectable event in the differentiation process, and is
therefore

thought

to

be

a

trigger

for

myoblast

differentiation

(99).

Hyperpolarization, and thus differentiation, is thought to be initiated by tyrosine
dephosphorylation of the Kir2.1 channel and results in Ca2+ influx through T
channels, calcineurin (CaN) activation, and expression of two myocyte
transcription factors, myogenin and myocyte enhancing factor 2 (93, 95, 99-101).
Similarly, expression of the chloride channel ClC-3 and its corresponding Clcurrent is required for fibroblast-to-myofibroblast differentiation (102), and
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expression and function of two inward K+ rectifier channels is essential for the
differentiation of human hematopoietic progenitor cells (103, 104).

Taken

together, these results support a relationship between ion channel modulation and
the intracellular signaling pathways involved in the differentiation process. That
the endogenous hyperpolarization happens upstream of known conventional
biochemical signaling events also hints at the possibility of using a single control
point (e.g., Vmem, or Kir2.1 channel phosphorylation) to modulate the
differentiation-related signaling pathways that diverge from that point.
Hyperpolarization also plays a role in the development and maturation of
mammalian cerebellar granule cells. Developing granule cells hyperpolarize from
-25 mV to -55 mV, and it is hypothesized that these Vmem changes alter Ca2+
signaling via CaN and Ca2+-calmodulin-dependent protein kinase to control stagespecific gene expression (105, 106). Vmem- and CaN-mediated changes in granule
cell gene expression was found after treatment with depolarization agents and/or a
CaN inhibitor FK506 (107). Interestingly, ~80% of developmentally-relevant
genes corresponded to depolarization-regulated genes, and the correlation was
such

that

developmentally-upregulated

genes

were

downregulated

with

depolarization, while developmentally-downregulated genes were upregulated
wth depolarization (107). Furthermore, there was a large overlap and inverse
relation seen between depolarization- and FK506-regulated genes (107). These
data suggest that endogenous regulation of Vmem level controls genes associated
with maturation of granule cells, and that this regulation may be mediated by
CaN.
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More recently, we have shown a similar connection between Vmem and
differentiation propensity in bone marrow-derived human mesenchymal stem
cells (hMSCs). Similar to what was found for human myoblast and cerebellar
granule cell differentiation, and also in line with Binggeli and Weinstein’s
hypothesis (24) about Vmem levels in developing vs. quiescent cells, hMSCs
undergo hyperpolarization during both osteogenic (OS) and adipogenic (AD)
differentiation (108).

More importantly, hyperpolarization was found to be

necessary for differentiation. When normal Vmem progression was disrupted by
depolarization with high K+ or ouabain, OS and AD differentiation markers
decreased significantly, suggesting suppression or delay of differentiation under
depolarized Vmem conditions (108).

Conversely, during OS differentiation,

treatment with hyperpolarizing agents pinacidil or diazoxide induced upregulation
of bone-related gene expression (108). These depolarizing and hyperpolarizing
experiments demonstrate that hMSCs are sensitive to bidirectional changes in
Vmem and provide compelling evidence for an instructive role of Vmem in
differentiating hMSCs.

The discovery that Vmem can regulate long-term cell

behavior in a non-excitable cell type is exciting because it highlights the fact that
ion flows are important for a broad range of cell functions, of which excitability is
only a small part. Rational modulation of ion currents and ion channel expression
may therefore be potential control mechanisms for a variety of cell signaling
pathways. Possibilities include maintenance of a renewable stem cell population
in vitro and acceleration or augmentation of stem cell differentiation for
therapeutic purposes or for tissue engineering.
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It should also be noted that bioelectric signals may function in dedifferentiation, a process of considerable importance for understanding
regeneration of some structures (109, 110). This work (111-115) is largely premolecular, and it remains to be seen what ion transporters and mechanisms can be
capitalized upon in order to de-differentiate somatic cells for biomedical
applications.

1.4.3

Electrophysiological characterization and profiling of stem
cells
Realizing the potential of bioelectric control for stem cell therapies and for

general understanding of stem cell biology requires thorough characterization of
ion channel and current expression during proliferation and differentiation of stem
cells (83, 116-120). Alongside transmembrane voltage gradient, cells’ dielectric
properties reveal surface charge, membrane conductivity, nucleic acid content,
cell size, and presence and conductivity of internal membrane-bound vesicles; this
can be used to distinguish stem cells and their differentiated progeny (121).
A number of studies have begun to profile ion current and channel
expression in undifferentiated stem cells (80, 122). For example, hMSCs derived
from bone marrow express IKCa, IKDR, transient outward K+ currents, and slowactivating currents (123, 124). They display high expression levels for several
channel subunits, including Kv4.2, Kv4.3, MaxiK, α1c subunit of L-type Ca2+
channels, and hyperpolarization-activated cyclic nucleotide-gated ion channel
isoform 2 (123). Similar to bone marrow-derived stem cells, undifferentiated
human adipose tissue-derived stem cells express IKDR and IKCa currents (125).
Human and mouse ESCs exhibit IKDR currents at different levels of homogeneity,
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and it is hypothesized that differential ion channel gene expression is responsible
for current expression in the two cell types (68). Rat embryonic neural stem cells
can be characterized by a signature ion channel profile, including several Na+,
Ca2+, and K+ channels (126). Bioelectrical components (e.g., Kir current) are
differentially present in mesenchymal stem cells, and can perhaps be used to
identify distinct sub-populations (127). Human vascular endothelial cells consist
of 3 discrete sub-populations based on their ion channel properties (128).
We believe that obtaining a full profile of stem cell bioelectric state will
be a key step in understanding the major players in ionic regulation and will help
identify potential targets for manipulation.

Such characterization may also

supplement current immunohistochemical techniques for identifying stem cell
sub-populations, and the development of sensitive fluorescent dyes that report
Vmem, pH, and individual ion content will allow cells in unique physiological
states to be segregated non-invasively via FACS.

Profiling of stem cell

bioelectric state may prove to be a novel technique to identify stem cells that are
difficult to phenotype by traditional methods (such as hMSCs, whose set of
identifying markers is still unclear), or a technique to distinguish between a
heterogenous stem cell population (again, such as an hMSC population, which is
thought to be composed of cells with varying differentiation propensities) (129,
130).

1.5 Migration
The function of stem cells in vivo is often determined by their position
within tissues and organs; this is crucial because microenvironment controls stem
22

cell behaviors (131-133), and because targeting stem cells towards areas of injury
is a key goal of regenerative medicine. Moreover, stem cells are now an
increasingly promising vector for cancer therapies, because some types, such as
neural stem cells, appear to preferentially target aggressive tumors such as
gliomas (134, 135). While the cues that guide stem cells’ homing in mammals
have mainly been studied from the perspective of chemical gradients and ECM
molecules (136-140), there is a model in which physiological signals have begun
to be investigated.
Planaria, flatworms with impressive regenerative abilities (141-143),
possess a resident adult stem cell population. These neoblasts appear to migrate to
wounds and recreate the necessary tissues (144, 145). Importantly, this requires
the stem cells to be informed as to where the damage occurred, what cell types are
missing, what morphogenetic structures must be recreated by a combination of
coordinated proliferation and differentiation, and when the target morphology is
complete

(regenerative stem cell activity can cease); the process involves

molecules like PTEN (146), which are powerful regulators of stem cell activity in
mammals. Recent data show that gap junctions, direct channels between adjacent
cells that allow transfer of ions and small signaling molecules , are centrally
involved in this process in planaria (147, 148) and many other systems (149); gap
junctional communication is an ideal way for stem cells to rapidly communicate
with their niche. Gap junctions are both gated by Vmem (150, 151) and establish
iso-potential cell fields (define physiological compartments) (152, 153).
Moreover, recent molecular data implicated KCNQ1 potassium channels (154)
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and NaV sodium channels (12, 155, 156) in the regulation of migration and
invasiveness of several stem-like cell types. These findings implicate the cellautonomous property Vmem in migration control, and complement the long-known
ability of stem cells to migrate in physiological-strength electric gradients in their
environment (157-159). Thus, an investigation of voltage in the guidance of stem
cell position during regeneration and morphostasis is a crucial area for future
work.

1.6 Mechanisms: how is Vmem transduced into cellular
behaviors?
Since Vmem signals may be control points for guiding stem cell behavior in
biomedical settings, it is necessary to identify the Vmem-sensing pathways that link
bioelectric signals to cell behavior such as proliferation and differentiation. In
order to mechanistically dissect bioelectrical signals, it is important to distinguish
which aspect of ion flow bears the instructive signals for cell behavior: membrane
potential change, long-range electric field, or flow of individual ions. In many
cases, this can be very difficult to untangle. However, it has been accomplished in
some developmental studies by using mutants of ion transporters that allow
separation of individual biophysical events (160). It is now possible to use
molecular-genetic reagents in gain- and loss-of-function approaches to
specifically modulate different aspects of ion flux (154), controlling corneal
healing (10), inducing tail regeneration (9) at non-regenerative stages, and
drastically altering the positioning and proliferation of neural crest cells (154). For
example, misexpression of electroneutral transporters can differentiate between
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the importance of voltage changes vs. that of flux of specific ions. Pore mutants
can distinguish between ion conductance roles vs. possible functions of
channels/pumps as scaffolds or binding partners (non-electrical signaling); for
example, in the Na+/H+ exchanger, both ion-dependent and ion-independent
functions control cell directionality and Golgi apparatus localization to wound
edge (161). Gating channel mutants and pumps with altered kinetics can,
respectively, be used to reveal upstream signals controlling the bioelectric events,
and the temporal properties of the signal. Heterologous transporters, combined
with blockade of endogenous channels or pumps, can be used in elegant rescue
experiments.
The question of which aspect of ion flow is relevant in any instance of cell
behavior is intimately tied to transduction mechanism: how does the cell (or a
neighboring cell) know the membrane voltage has changed? Mechanisms that
transduce electrical signal into second-messenger cascades (162) include those
outlined in Table 1. While many questions remain, the molecular details of at
least some such transduction pathways have recently been revealed (Figure 1.1).
One major candidate for Vmem-sensing mechanisms is Ca2+ signaling (163, 164).
Calcium signaling is crucially important to many cell behaviors, including
proliferation (165-167), differentiation (168, 169), and galvanotaxis (170). It also
functions as a patterning signal in large-scale morphogenesis (171-175). It is not
possible to do justice here to the enormous literature on calcium signaling, and
this has been well-reviewed elsewhere (176-179). Most of these signaling events
take place through specialized receptors such as calmodulin or calcineurin (180),
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since calcium signals largely by virtue of its unique chemical properties – it is not
a true electrical signal. However, one area where Ca2+ signaling is integral to
bioelectrical cues is in the transduction of membrane voltage to downstream
cellular effector mechanisms. This often occurs through voltage-gated calcium
channels (181-184), although in some instances of K+-dependent signaling, Ca2+
fluxes were not affected by K+ channel activity, showing that proliferative effect
is not always due to modulation of intracellular Ca2+. Other Vmem-transducing
mechanisms may include integrin-linked signaling involving hERG1 channels
(185-189); voltage-sensitive phosphatases operating through the phosphoinositide
kinase pathway (190-193); voltage-dependent changes in the function of
intracellular transporters of signaling molecules such as serotonin (162); and
others.
A key issue for future work concerns specificity. How much information
can be encoded in a number such as Vmem (do cells interpret it as a binary
depolarized vs. hyperpolarized switch, or a larger number of discrete levels)? Do
cells have a single Vmem value, or more likely, is the cell membrane a manifold
containing a huge number of local microdomains expressing different transporters
and thus presenting a very rich amount of information to neighboring cells as well
as intracellular processes within the same cell? Do individual ion channels
provide different signals to cells even when their effect on Vmem is similar? What
are the time-dependent kinetics of Vmem changes in non-excitable cells (slow
changes in transmembrane potential)? Such mechanistic understanding will be
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critical for pinpointing the most effective and specific molecular targets for
pharmacological and molecular-genetic interventions (130).

1.7 Conclusions
Ionic regulation is a rich yet largely untapped toolbox for rational
manipulation of cell behavior (194). From existing studies, it is clear that ion
flows contribute to much more than cell excitability, playing a functional role in
proliferation, cell cycle progression, and cell maturation and differentiation. To
capitalize upon the potential of bioelectric regulation for regenerative medicine,
the fields of electrophysiology and stem cell biology must converge to uncover
the molecular and mechanistic basis of ion channel and current contributions to
cell behavior, with a view to using Vmem and other biophysical properties as (1) a
profiling tool with which to characterize cell populations as they undergo changes
in behavior and (2) as a control point with which to modulate their behavior.
With the availability of pharmacological agents and molecular genetics tools to
regulate ion channel activity and expression, we have many tools at our disposal
for probing biophysical parameters and learning how to exploit them to direct cell
functions for therapeutic applications.
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1.9 Figures

Figure 1.1

Hypothesized Vmem transduction pathways

Integration of bioelectric events with canonical biochemical and genetic
pathways occurs through a number of sequential phases. Such signals can be
initiated at the cell membrane of individual cells (function of ion transporters),
can arrive through gap junctional connections to their neighbors, or be imposed
through breaks in an epithelium that carries a transepithelial potential.
Physically, such signals are carried by changes in transmembrane potential, pH
gradients, flows of specific ions, or long-range electric fields. A number of
mechanisms serve as biophysical receptors for these signals, including voltagesensing domains within proteins, changes of intracellular ion content, electroosmosis, changes in the gating of transporters for signaling molecules, calcium
influx, and electrophoresis of morphogens through gap junctional paths between
cells. A number of early response genes have been identified immediately
downstream, including integrins, Slug/Sox10, Notch, NF-kB, and PTEN. Because
these transcriptional cascades can control all aspects of cell behavior, including
proliferation, differentiation, and migration, transduction into these secondary
pathways allow bioelectrical signals to control cell number and type during
complex morphogenetic events such as tissue regeneration.
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1.10 Tables
Table 1.1

Mechanisms for transduction of electrical signals

What happens
Modulation of the activity of
voltage-sensitive small-molecule
transporters (e.g., the serotonin
transporter, which converts
membrane voltage into the influx of
specific chemical signals)
Activation of integrin or other
signals by conformational changes in
membrane proteins
Depolarization-induced translocation
of NRF-2 transcription factor
Alteration of PTEN enzyme activity
Redistribution of charged receptors
along the cell surface
Directional electrophoresis of
morphogens through cytoplasmic
spaces
Electroosmosis
Direct changes of specific
transcriptional elements, 2nd
messenger systems like NF-kB,
differentiation, and cell cycle
Fixed charges around cell surface
control neoplasm

Mechanisms of action
Membrane voltage
potential

References
(196, 197)

Membrane voltage
potential

(185, 198, 199)

Membrane voltage
potential
Membrane voltage
potential
Electric field

(200)

Electric field

(208, 209)

Electric field
Ion-specific effects
(K+ and Cl- fluxes and
pH)

(210)
(102, 211-218)

Zeta potentials

(219-223)
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(10, 193, 201)
(202-207)

Chapter 2
Membrane potential controls
adipogenic and osteogenic differentiation of
human mesenchymal stem cells
Control of stem cell behavior is a crucial aspect of developmental biology
and regenerative medicine. While the functional role of electrophysiology in stem
cell biology is poorly understood, it has become clear that endogenous ion flows
represent a powerful set of signals through which cell proliferation,
differentiation, and migration can be controlled in regeneration and embryonic
morphogenesis. We examined the membrane potential (Vmem) changes exhibited
by human mesenchymal stem cells (hMSCs) undergoing adipogenic (AD) and
osteogenic (OS) differentiation, and uncovered a characteristic hyperpolarization
of differentiated cells versus undifferentiated cells. Reversal of the progressive
polarization via pharmacological modulation of transmembrane potential revealed
that depolarization of hMSCs prevents differentiation. In contrast,
hyperpolarizing reagents upregulated osteogenic markers. Taken together, these
data suggest that the endogenous hyperpolarization is a functional determinant of
hMSC differentiation and is a tractable control point for modulating stem cell
function.

2.1 Introduction
Harnessing the potential of stem cells for applications such as wound
healing and tissue regeneration is a tantalizing yet daunting task. During
embryonic development and tissue regeneration, two events during which stem
cells actively proliferate and differentiate, a wealth of literature suggests that
biophysical signaling plays a critical role (reviewed in (130, 224)). For example,
during both limb bud development in amphibians and mammals and spontaneous
limb regeneration in adult urodeles, limbs establish highly localized endogenous
electric fields, which, if disrupted by an exogenous current, results in deformed
structures (225-231). There is evidence that application of exogenous electric
fields can augment regeneration or even induce a degree of regeneration in
normally non-regenerative species (232-234).
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Recent application of molecular genetics to this field has confirmed the
crucial role of bioelectric signals in regenerative processes, identified the ion
transporters responsible for generating instructive ion flows, and characterized
downstream changes in gene expression. For example, in Xenopus tail
regeneration (74), the vacuolar H+-ATPase pumps a strong H+ flux through the
cell membrane of regeneration bud cells. This very early process controls
downstream changes in cell proliferation, regeneration-specific gene expression,
and axonal patterning, and is both necessary and sufficient for regeneration of
spinal cord, muscle, and vasculature in the tail.
Underlying the complex processes of tissue development and regeneration
are individual cellular events such as proliferation, migration, and differentiation,
which themselves may be regulated by biophysical signaling. For example, in a
study of cell cycle regulation in fibroblasts, activity of the Na+-H+ exchanger
NHE1 caused an increase in intracellular pH, which regulated the timing of the
cell cycle G2/M transition and resulted in cell proliferation (235). In a study of
nerve growth cone migration, Rho GTPases mediated growth cone steering in
electric fields, linking membrane receptor signaling pathways to spatial regulation
of the cytoskeleton (236-239). In a corneal wound healing model, endogenous
electric fields regulated both cell migration (240) and the orientation and
frequency of cell division (241). Phosphoinositide 3-kinase (PI(3)K) and Src
signaling pathways mediated this electrotactic response. Disruption of the gene
for PI(3)Kγ resulted in diminished electrotactic migration, while disruption of the
gene PTEN (phosphatase and tensin homolog) resulted in enhanced migration.
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These are the first-known genes to control electric-field-directed cell migration.
These studies and others have shown the importance of biophysical signaling and
have uncovered the mechanisms by which biophysical signals are translated into
familiar signaling pathways.
One exciting application of biophysical signaling is in the control of stem
cell behavior. Studies have shown that stem cells exhibit unique
electrophysiological profiles in their undifferentiated state (80, 84, 123, 126, 242).
More interestingly, ionic currents and channels have been found to play important
roles during myoblast, cardiomyocyte, and neural stem cell differentiation (80-82,
84, 99). However, the ability of these endogenous electrical signals to act as a
functional biophysical control mechanism in stem cell biology is poorly
understood. Moreover, it is not known whether stem cells’ differentiation process
is controlled by the electric fields, localized pH and ion gradients, or
transmembrane potential changes resulting from the activity of ion channels and
pumps. The aim of this study was to characterize membrane potential (Vmem)
changes in human mesenchymal stem cells over the course of differentiation
toward two different cell lineages, bone and fat, and to investigate a functional
relationship between control of membrane potential and differentiation.

2.2 Materials and Methods
hMSC cultivation – hMSCs were obtained from bone marrow aspirates from
Cambrex Bio Science Walkersville, Inc., from a 25 yr old healthy male and
prepared as we have previously reported (243). Whole bone marrow aspirates
were plated at a density of 10 μL of aspirate per centimeter squared in 185 cm2
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tissue culture flasks in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/mL),
streptomycin (100 μg/mL), 0.1 mM non-essential amino acids, and basic
fibroblast growth factor (bFGF, 1 ng/mL) (Invitrogen, Carlsbad, CA). Cells were
maintained in a humidified incubator at 37°C with 5% CO2. hMSCs were
separated from hematopoietic stem cells on the basis of their adherence to tissue
culture plastic; hematopoietic stem cells in suspension were removed after
approximately 5 days of culture. hMSCs were expanded until confluent, with
medium changes every 3-4 days. Cells were trypsinized with 0.25% trypsin-1mM
EDTA (Invitrogen), and frozen in liquid nitrogen in FBS with 10% DMSO as first
passage cells (P1). P1-P3 cells were used for all experiments.

Differentiation - hMSCs were thawed and plated on glass bottom dishes or on
tissue culture polystyrene at a density of 5000 cells/cm2 for osteogenic (OS)
differentiation or 10000 cells/cm2 for adipogenic (AD) differentiation. For the
first 24 hr post-thaw, cells were cultured in control medium, consisting of DMEM
supplemented with 10% FBS, penicillin (100 U/mL), streptomycin (100 μg/mL),
and 0.1 mM non-essential amino acids. Differentiation inducers were then added
to the medium in order to study temporal-dependent changes in membrane
potential during OS and AD differentiation. Control medium was supplemented
with 10 mM β-glycerophosphate, 0.05 mM L-ascorbic acid-2-phosphate, and 100
nM dexamethasone for OS differentiation; or 0.5 mM 3-isobutyl-1-methylxanthine, 1 μM dexamethasone, 5 μg/mL insulin, and 50 μM indomethacin for
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AD differentiation (Sigma-Aldrich, St. Louis, MO). Undifferentiated hMSCs
were maintained in control medium.

Disruption of membrane potential - To assess the effects of disruption of
membrane potential (Vmem), several methods were employed to change Vmem. (1)
Na+/K+-ATPase-inhibitor ouabain (10 nM, Sigma-Aldrich) was added to the
medium from a fresh 10 mM stock solution in distilled water. (2) The
concentration of extracellular K+ was increased by adding potassium gluconate
(Sigma-Aldrich) to the medium to final concentrations of 10-80 mM. (3) The
ATP-sensitive potassium channel (KATP ) openers pinacidil and diazoxide (SigmaAldrich) were added to the medium to final concentrations of 1, 10, or 100 μM
from 10 mM stock solutions in ethanol.

Confocal imaging using voltage-sensitive fluorescent dyes - After 0, 1, 2, 3, or 4
weeks of AD or OS differentiation (culture schedule presented in Figure 2.1A),
cells were dyed with a fluorescent dye that is sensitive to membrane potential.
Bis-(1,3-diethylthiobarbituric acid)trimethine oxonol (DiSBAC2(3) or DiSBAC,
Invitrogen) is an anionic voltage-sensitive dye whose uptake into cells is voltagedependent: higher uptake is seen in more depolarized cells. A fresh solution of 10
mM DiSBAC in DMSO was prepared and diluted to 0.5 μM in Hank’s Buffered
Salt Solution (HBSS, Invitrogen). Cells grown in glass-bottom dishes (poly-dlysine coated, No. 1.5, MatTek Corp., Ashland, MA) were incubated in DiSBAC
for 30 minutes at 37°C, then imaged while submerged in dye at room temperature.
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Images were acquired on a Leica TCS SP2 laser scanning confocal microscope
with an inverted DM IRE2 stand (Wetzlar, Germany) and a Leica PL APO 63x
(NA 1.2) water-immersion objective. DiSBAC was excited with a 543 nm HeNe
laser; images were collected at 570 ± 5 nm by a non-descanned PMT controlled
by Leica Confocal Software. A double dichroic filter was used to eliminate 543
nm excitation light. Confocal images for all samples in an experimental set were
taken on the same day to minimize instrumental and other variations. Since
fluorescence intensity was quantified for each image, the gain and offset settings
of the microscope were kept constant over the duration of each experiment. To
visualize membrane potential depolarization, cells at resting potential were
imaged as above, then exposed to depolarization agents and allowed to equilibrate
for 5 min, then imaged once more. MATLAB software (The MathWorks, Inc.)
was used to assist in the drawing of regions of interest (ROI) around cells and in
calculating pixel intensities within the ROIs. ROIs were drawn on thresholded
images by using the function bwboundaries to trace cells and their nuclei.
Fluorescence intensities of cells encircled by ROIs were calculated by averaging
corresponding pixel intensities in the original image, excluding pixels within
encircled nuclei, after background correction using a blank (no cell) region of the
image.

Intracellular recordings – Membrane potentials of hMSCs were recorded during
OS and AD differentiation before and after depolarization treatments. Electrodes
were pulled from borosilicate glass capillary tubing (1.0 mm OD, Warner
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Instrument Corp., Hamden, CT) using a Flaming/Brown Micropipette Puller
(Model P-87, Sutter Instrument Co., Novato, CA), filled with a filtered 2 M KCl
electrode solution, and loaded onto a Burleigh PCS PS60 micromanipulator
(EXFO Life Sciences, Mississauga, Ontario). Electrode resistances were in the
range of 40-60 MΩ. Signals were passed through a preamplifier (8100-1 Single
Electrode System, Dagan Corp., Minneapolis, MN) and an amplifier
(Instrumentation Amplifier Model 210, Brownlee Precision Co., San Jose, CA).
Data was collected using a DI-720 Series #3 Data Acquisition System (Dataq
Instruments, Inc., Akron, OH) controlled by WinDaq Waveform Recording
Software, and was analyzed using WinDaq Waveform Browser (Dataq
Instruments, Inc.). Individual cells were impaled, and membrane potential was
recorded relative to the bath solution (HBSS, Invitrogen). After obtaining a stable
signal, depolarizing or hyperpolarizing agents were added to the bath solution,
and the membrane potential was recorded for an additional 5 min, or until the
signal stabilized.

RNA isolation, purification, and real time RT-PCR - RNA was isolated from
hMSCs using Trizol reagent (Invitrogen) following the single step acid-phenol
guanidinium method, and purified using the Qiagen RNEasy kit (Qiagen,
Valencia, CA). To synthesize cDNA, reverse transcription was performed on the
purified RNA using the High Capacity cDNA Archive kit (Applied Biosystems,
Foster City, CA). Real time RT-PCR was performed on differentiated cells with
and without depolarization treatment to track the expression of markers

36

characteristic of the differentiated cell types. Osteoblast differentiation markers
include alkaline phosphatase (ALP) and bone sialoprotein (BSP). Adipogenic
differentiation markers include perixosome proliferator-activated receptor γ
(PPARG) and lipoprotein lipase (LPL). Primers and probes for the bone-related
and adipose-related genes above were obtained from TaqMan® Gene Expression
Assay kits (Applied Biosystems). Transcript expression levels were quantified
with an ABI Prism 7000 Real Time PCR System (Applied Biosystems) or a
Stratagene Mx3000P QPCR System (Stratagene, La Jolla, CA). Expression levels
were normalized to the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and reported relative to positive control reactions
(untreated OS or AD) (244-246). We have previously reported PCR reaction
conditions and primers (247-249).

Calcium assay – Total calcium content was determined by a colorimetric assay
using the Calcium (CPC) Liquicolor Test (Stanbio Laboratory, Boerne, TX).
Calcium was dissociated with trichloroacetic acid and reacted with ocresolphthalein complexone, forming a purple color which was measured
spectrophotometrically at 575 nm using a microplate reader (VersaMax,
Molecular Devices, Sunnyvale, CA).

Alkaline phosphatase (ALP) assay – Enzyme activity was assessed using a
biochemical assay from Sigma-Aldrich that detects the hydrolysis of pnitrophenyl phosphate (pNPP) to p-nitrophenol by ALP. Cultured cells were
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lysed with 0.2% v/v Triton X-100 in 5 mM MgCl2, and incubated with pNPP
substrate in 2-amino-2-methyl-1-propanol buffer. The hydrolysis reaction was
stopped by 0.2 M NaOH, and the colored end product was detected
spectrophotometrically at 405 nm.

Oil Red O Staining – Cells undergoing AD differentiation were stained with Oil
Red O to visualize lipid droplet accumulation. Cells were fixed overnight in 4%
neutral buffered formalin, then washed with 60% isopropanol and air-dried. A
fresh 60% Oil Red O working solution was prepared from a stock solution (0.7 g
Oil Red O in 200 mL isopropanol) and filtered through a 45 μM syringe filter.
Cells were stained with the working solution for 45 min, washed five times with
distilled water, and imaged at room temperature with an inverted microscope
(Axiovert S100, Carl Zeiss, Inc.) equipped with Zeiss A-Plan 10x (NA 0.25) and
LD A-Plan 32x (0.40) objectives. Images captured by a Sony Exwave HAD CCD
camera were acquired using ImageJ software (NIH). Photoshop software (Adobe
Systems Inc.) was used to adjust levels and color balance. To measure the
amount of Oil Red O in the stained samples, Oil Red O was eluted from the cells
by adding 100% isopropanol and incubating for 1 hr, and then transferred to a 96well plate and measured spectrophotometrically at 500 nm.

Cell viability – Cell viability was assessed using the alamarBlue assay
(Invitrogen). Cells were incubated at 37°C in a solution of 3% alamarBlue in
control medium, and the resulting fluorometric change was detected with an
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excitation wavelength of 560 nm and emission wavelength of 590 nm using a
microplate spectrofluorometer (SpectraMax Gemini EM, Molecular Devices,
Sunnyvale, CA).

Statistics – Statistically significant differences between groups were determined
by performing a two-tailed Student’s t-test. Differences were considered
significant if p < 0.05, unless otherwise noted.

2.3 Results
2.3.1

hMSCs show different membrane potential profiles during
OS vs. AD differentiation
In order to determine whether membrane potential of hMSCs changes as a

function of differentiation time, we tracked membrane potential changes during
osteogenic (OS) and adipogenic (AD) differentiation with confocal microscopy
using the voltage-sensitive fluorescent dye DiSBAC2(3). Since DiSBAC2(3) is an
anionic bis-oxonol, it tends to partition into the cell membrane when the
intracellular charge is more positive, resulting in a higher fluorescence signal
when the cell is depolarized. The fluorescence profile during OS differentiation
showed decreased membrane potential (hyperpolarization) compared to
undifferentiated cells after 2, 3, and 4 weeks of differentiation, with the 4-weekdifferentiated samples being the most hyperpolarized (Figure 2.1). During AD
differentiation, all differentiated AD cells were hyperpolarized compared to
undifferentiated cells, but the extent of hyperpolarization varied with
differentiation time. AD cells exhibited slightly greater hyperpolarization with 12 weeks of differentiation vs. with 3-4 weeks of differentiation. Due to technical
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difficulties, we were not able to obtain direct intracellular recordings of the
differentiating cells beyond the first week of culture. However, we estimated
Vmem changes from DiSBAC2(3) fluorescence changes by equating a 1% change
in fluorescence to a 1 mV change, as has been shown for the closely-related
voltage-sensitive dye DiBAC4(3) (250). From these voltage changes, Vmem values
at weeks 1, 2, 3, and 4 can be calculated with respect to Vmem values at week 0,
which were successfully recorded from cells during Days 1-4 of OS or AD
differentiation (Figure 2.2A). From these estimates, OS and AD cells exhibited a
net Vmem hyperpolarization of 56 and 74 mV, respectively, at the end of four
weeks of differentiation (Table 2.1). From these data, we conclude that
differentiated hMSCs are hyperpolarized compared to undifferentiated hMSCs,
and that the polarization of the cells is associated with their differentiation toward
different cell lineages (OS or AD).

2.3.2

Vmem measurements in resting and depolarized cells during
OS and AD differentiation
After observing trends in membrane potential changes during hMSC

differentiation (a hyperpolarized phenotype in differentiated cells vs.
undifferentiated cells), we sought to determine whether this hyperpolarization was
functionally required for differentiation. To accomplish this, we disrupted the
normal progression of membrane potential changes by depolarizing hMSCs
during differentiation. Two independent strategies were employed to depolarize
membrane potential to ensure that the observed effects were in fact due to
membrane depolarization, rather than due to inducer-specific effects. Thus,
hMSCs were cultured and differentiated in the presence of high [K+]out or ouabain
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to achieve depolarization. Normally, the ratio between extracellular and
intracellular [K+] is small (low [K+]out / [K+]in). However, as [K+]out is elevated,
the ratio increases as [K+]out approaches [K+]in. As this ratio approaches 1, the
magnitude of the Nernst potential for K+ decreases, effectively raising the
membrane potential closer to 0 mV (depolarization). Increasing the extracellular
potassium concentration is a standard means of depolarizing cells. Similarly,
blockade of the the Na+/K+ ATPase pump by the specific inhibitor ouabain was
used to inhibit the main source of transmembrane potential. Samples were
collected after 2, 7, 14/15 and/or 22 days of differentiation for PCR and other
tissue-specific analyses. Treated cells were compared to untreated differentiated
cells (AD or OS) or to undifferentiated cells (control).
We first confirmed the activity of our depolarizing treatments using direct
electrophysiology. Intracellular recordings were taken from MSCs cultured in OS
or AD medium at early time points during differentiation (Days 1-4) (Figure
2.2A). On average, OS cells were at a resting potential of -37 mV. Exposure to
10 nM ouabain depolarized the cells to -15 mV, while exposure to 80 mM K+
depolarized the cells to -7 mV. On average, AD cells were at a resting potential
of -47 mV. Exposure to 10 nM ouabain depolarized the cells to -22 mV, while
exposure to 80 mM K+ depolarized the cells to -9 mV. Confocal imaging of
DiSBAC-loaded cells also reported depolarization (higher pixel intensity) for OS
and AD cells exposed to ouabain and high K+ (Figure 2.2B). We then tested the
effects of these treatments on the differentiation trajectory of the hMSCs.
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2.3.3

Depolarization inhibits AD differentiation
The effect of depolarization on AD differentiation was assessed by

quantifying the expression of the AD-related genes peroxisome proliferator
activated receptor γ (PPARG) and lipoprotein lipase (LPL). PPARG is a an
adipogenic-specific transcription factor in the nuclear hormone receptor
superfamily (251, 252). Upregulation of PPARG expression is induced during
mitotic arrest very early in adipose differentiation and stimulates the adipogenic
pathway, activating the transcription of other adipose-specific genes (253-255).
LPL is one of several highly specialized proteins induced during adipocyte
differentiation by PPARG, and plays an important role in lipoprotein and energy
metabolism (256, 257). LPL hydrolyzes triglyceride moieties of lipoproteins,
generating free fatty acids necessary for triglyceride synthesis and lipid
accumulation (258).

2.3.4

Depolarization by high extracellular [K+] suppresses AD
differentiation
Potassium gluconate was added to AD culture medium to elevate the

extracellular concentration of K+. On Days 2, 7, and 14, samples treated with 80
mM K+ (denoted AD-80K) had significantly lower LPL expression compared to
untreated AD samples (decrease of 50.7-fold, 219.7-fold, and 43.5-fold,
respectively, p < 0.007, Figure 2.3). Oil Red O staining on Day 7 also resulted in
a different staining pattern in K+-treated AD cells: staining was diffuse and fairly
uniform throughout the sample, revealing tiny lipid droplet formation mostly at
the periphery of the cells (Figure 2.4A,B), compared to the more extensive lipid
droplet formation in AD cells (Figure 2.4E,F). Oil Red O absorbance levels were
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also reduced 8.7-fold (p < 0.002, Figure 2.4I). On Day 22, LPL levels of
depolarized samples continued to remain lower than untreated AD samples (83.9fold, p << 0.001). These results demonstrate that exposure to 80 mM
extracellular K+, which depolarizes hMSCs, can suppress AD differentiation for
approximately three weeks.

2.3.5

Depolarization by ouabain suppresses AD differentiation
To ensure that the observed effects were not due specifically to the high

extracellular K+ levels but rather to the reduction of transmembrane potential, we
next depolarized cells by a different mechanism. Since activity of the Na+/K+
ATPase pump is the main source of Vmem gradient in most cells, effects of the
Na+/K+ ATPase inhibitor ouabain were assessed during AD differentiation. On
Day 2, cells treated with 10 nM ouabain (denoted AD-ouab) had higher PPARG
levels (1.9-fold, p < 0.001) but similar LPL levels compared to untreated AD cells
(Figure 2.3). By Days 7, 14, and 22, AD-ouab cells had lower PPARG levels
(1.5-, 2.5-, and 2.4-fold, respectively, p < 0.05) and lower LPL levels (25.4-, 7.2-,
and 6.2-fold, respectively, p < 0.008) compared to untreated AD cells. On all
days, however, LPL expression in AD-ouab cells, while lower than that of
untreated AD cells, was greater than that of AD-80K cells (34.0-, 7.0-, 5.2-, and
13.5-fold greater for Days 2, 7, 14, and 22, respectively, p < 0.0005, Figure 2.3).
Oil Red O absorbance on Day 7 also showed a 3.3-fold decrease in ouabaintreated AD cells compared to untreated AD cells (p < 0.007, Figure 2.4I). Unlike
K+-treated cells, AD-ouab cells did not stain uniformly (Figure 2.4C,D). Only a
small population of cells stained for lipid droplets, but those that were positively
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stained showed more extensive droplet accumulation compared to K+-treated
cells. The greater staining intensity of this subpopulation may explain why the
Oil Red O quantification in AD-ouab cells was slightly higher than that of K+treated cells, even though the K+-treated cells had a larger population of positively
stained cells (Figure 2.4I). Apart from this subpopulation, however, the majority
of AD-ouab cells did not show any lipid droplet formation.
Therefore, treatment with 10 nM ouabain also suppresses AD
differentiation, although not to the same degree as treatment with 80 mM K+.
Some cells were partially able to overcome the effects of ouabain depolarization
at later time points, as seen by their ability to increase LPL expression and form
lipid droplets.

2.3.6

Shorter durations of depolarization are sufficient to
suppress AD differentiation
To better understand the temporal effects of depolarization on the

progression of AD differentiation, K+ and ouabain treatments were administered
early during culture (Days 1-2 or Days 1-4), then washed out and replaced with
AD medium. Cells were cultured until Day 7, and gene expression was evaluated
to determine whether the shorter exposure time was sufficient to change
expression patterns (Figure 2.5). Exposure to 10 nM ouabain for two days did not
significantly change PPARG or LPL expression (Figure 2.5A), but a four-day
exposure resulted in a 2.5-fold decrease in PPARG and 3.7-fold decrease in LPL
expression (Figure 2.5B, p < 0.02) compared to untreated AD. In contrast,
exposure to 80 mM K+ for two days decreased gene expression levels (2.1- and
8.5-fold for PPARG and LPL, respectively, Figure 2.5A, p < 0.02) compared to
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untreated AD cells. Four-day exposure to K+ further decreased LPL levels
dramatically by 113.0-fold (Figure 2.5B, p < 0.009). When the K+ and ouabain
treatments were removed after four days, electrophysiology measurements
showed that the Vmem of the cells recovered to similar levels as untreated AD cells
by Day 5 (Figure 2.6). The ability of the depolarization treatments to suppress
AD-related gene expression after washout despite recovery of Vmem suggests that
the instructive Vmem signal acts early during the differentiation process and is thus
unaffected by the subsequent recovery of normal Vmem levels. It is important to
note that the Vmem recordings of untreated AD cells in Figure 2.6 cannot be
compared to the Vmem values extrapolated from the voltage dye studies in Table
2.1 because of differences in culture conditions. The intracellular recordings were
acquired from hMSCs that had been cultured and differentiated for a total of five
days, whereas the voltage dye studies were conducted after a total of four weeks
of culture, with differentiation being initiated at various time points within those
four weeks.

2.3.7

Depolarization inhibits OS differentiation
After characterizing the AD response to depolarization, we sought to

determine whether the observed suppression of differentiation is restricted to AD
lineages only, or whether control of Vmem is an important parameter for other
differentiation trajectories as well. To address this question, we induced
depolarization during OS differentiation using the same approach as with AD
differentiation. Since both OS and AD differentiation normally exhibit
hyperpolarization, our hypothesis was that just as in AD differentiation, the
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normal progression of OS differentiation would be inhibited by externally induced
depolarization.
Extent of OS differentiation was determined by quantifying the gene
expression levels of alkaline phosphatase (ALP) and bone sialoprotein (BSP), the
activity of ALP, and the calcium content of the depolarized cells. ALP is a
membrane-bound glycoprotein that plays a role in early osteogenesis and also
initiates matrix mineralization (259). BSP is a secreted glycoprotein mainly
localized to the extracellular matrix of bone tissue (260). It is associated
temporally and spatially with calcification events during later stages of
osteogenesis and acts as a nucleator for hydroxyapatite crystal formation, thus
facilitating bone mineralization (261, 262). The resulting tissue has a high
concentration of calcium ions, as the inorganic mineral phase of bone consists
mainly of calcium hydroxyapatite (263).

2.3.8

Depolarization by both high [K+]out and ouabain
suppresses OS differentiation
Treatment with both 40-80 mM K+ and 10 nM ouabain suppressed OS

differentiation by Day 7. Ouabain treatment decreased ALP by 2.1-fold and BSP
by 34.9-fold (p < 0.002, Figure 2.7A,B). Treatment with 40, 60, and 80 mM K+
decreased ALP by 1.4-, 1.3-, and 4.6-fold, respectively, and BSP by 2.7-, 10.3-,
and 69.8-fold, respectively (p < 0.002), compared to untreated OS samples
(Figure 2.7A,B). Alkaline phosphatase (ALP) activity on Day 15 (Figure 2.8A)
and calcium content on Day 21 (Figure 2.8B) were also measured as indicators of
bone matrix formation and mineralization, respectively. Ouabain-treated cells
had 3.9-fold decreased ALP activity compared to untreated OS cells (Figure 2.8A,
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p < 0.001). Similarly, K+-treated OS cells exhibited decreased ALP activity in a
dose-dependent manner (1.8, 2.1, 3.7, 7.1-fold decreased activity for increasing
K+ concentrations, Figure 2.8A, p < 0.008). Calcium content on Day 21 was
lower for all depolarized samples compared to untreated OS cells, with ouabain
treatment yielding the least calcium content (12.8-fold decrease, Figure 2.8B, p <
0.0009) and K+ treatment yielding non-dose-dependent decreases in calcium
content (6.1-, 7.1-, 6.1-, and 3.6-fold decreases with increasing K+ concentrations,
Figure 2.8B, p < 0.002).

2.3.9

Shorter durations of depolarization are sufficient to
suppress OS differentiation
The duration of K+ exposure or ouabain exposure was shortened to

determine whether depolarization-induced changes differed with treatment
duration. Both treatments (80 mM K+ and 10 nM ouabain) decreased OS-related
gene expression after an initial two-day exposure (p < 0.04, Figure 2.9A, left). In
addition, as with AD differentiation, a four-day exposure to the treatments
resulted in larger decreases in both ALP expression (3.8- and 9.2-fold for ouabain
and K+, respectively, p < 0.0001) and BSP expression by Day 7 (5.7-fold decrease
for ouabain, p < 0.0004, and undetectable levels for K+) (Figure 2.9B, right).
Although the suppression of OS-related gene expression persisted after washout
of K+ or ouabain treatments, Vmem recovered to similar values as that of untreated
OS cells (Figure 2.6). Altogether, these data show that two days of early
depolarization can inhibit differentiation as revealed by reduced expression of OS
markers, and four days of early depolarization makes these changes even more
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apparent. These changes in phenotype persist despite recovery of normal Vmem
after washout of early depolarization treatments.

2.3.10

Hyperpolarization during OS differentiation causes
upregulation of osteogenic markers
The above depolarization studies show that depolarization prevents the

normal differentiation of hMSC cells in two lineages. To rule out non-specific
effects of depolarization and determine whether control of transmembrane
potential is an instructive, bi-directional determinant of differentiation trajectory,
we next asked whether hyperpolarization affected differentiation. If Vmem is a true
determinant of differentiation potential, as has been suggested (24),
hyperpolarization ought to have the reverse effect of depolarization and thus
induce differentiation. OS-differentiating cells were exposed to KATP channel
openers pinacidil and diazoxide (1, 10, 100 μM), reagents known to hyperpolarize
various cell types (264-267). Intracellular recordings confirmed that hMSCs
exposed to 10 μM pinacidil or diazoxide within the first four days of OS
differentiation indeed hyperpolarized by 9 mV with pinacidil treatment (p < 0.04)
and by 10 mV with diazoxide treatment (p < 0.03, Figure 2.10A). Gene
expression of hyperpolarized OS cells was evaluated relative to untreated OS cells
after 7 days. Exposure to 1 μM and 10 μM pinacidil resulted in a 1.8-fold and
2.2-fold increase in BSP expression, respectively (Figure 2.10B, p < 0.04), but no
significant change in ALP expression. Exposure to 10 μM and 100 μM diazoxide
caused upregulation of ALP expression by 2.9-fold and 2.1-fold, respectively, and
upregulation of BSP expression by 4.3-fold and 3.1-fold, respectively (Figure
2.10C, p < 0.05). Thus, hyperpolarization of differentiating OS cells by pinacidil
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and diazoxide exposure elevates bone marker expression. These results suggest
that depolarization is not merely permissive for differentiation, but rather that
Vmem is a signal whose value functionally determines the differentiation
propensity of hMSCs.

2.4 Discussion
In this study, the characteristic membrane potential profiles for hMSCs
during OS and AD differentiation were obtained using the voltage-sensitive
fluorescent dye DiSBAC2(3). Fluorescence readings of differentiating cells
decreased in intensity as a function of differentiation time, which corresponds to
more negative membrane potential, or hyperpolarization. Hyperpolarization
occurred during both OS and AD differentiation: based on the measured voltagedependent fluorescence changes, we estimated that Vmem hyperpolarized by a net
change of 56 and 74 mV after 4 weeks of OS and AD differentiation, respectively.
These trends agree with several comparative analyses in the literature that
examine Vmem and ion flux in various cell types and suggest a relationship
between depolarization and control of differentiation and proliferation (24, 25, 30,
130, 268). According to these reports, proliferative and relatively immature cells
(such as those of the developing embryo) exhibit strongly depolarized membrane
potentials, while terminally differentiated quiescent cells exhibit strongly
hyperpolarized membrane potentials. Our observation that the process of
differentiation was accompanied by a corresponding hyperpolarization in
membrane potential is consistent with these data; as the stem cells are moving
from their undifferentiated state to a committed phenotype, their membrane
49

potentials shift from values that are characteristic of developing cells towards
levels observed in terminally-differentiated, committed, somatic cells.
Vmem changes and other electrophysiological properties are traditionally
studied in excitable cells such as neurons and myoblasts, rather than the nonexcitable cells studied here. Interestingly, precursors of excitable cell types
exhibit similar Vmem hyperpolarization during development and commitment
compared to what we have seen in OS- and AD-differentiated hMSCs. For
example, maturation of neuroblastoma cells derived from neural crest cells can be
characterized by an ordered expression of currents: a human eag-related K+
channel current and a delayed rectifier K+ channel current are detected at early
stages and are and replaced at later stages by a tetrodotoxin-sensitive Na+ channel
current and an inward rectifier K+ channel current (78-80). The changes in
current cause the cells to undergo a net Vmem hyperpolarization during maturation.
Similarly, the differentiation and fusion of myoblasts to form myotubes is
accompanied by Vmem hyperpolarization from -10 to -70 mV (95, 96). Kir2.1
channel activity, which is responsible for this hyperpolarization, initiates
myogenesis by triggering the expression of early transcription factors such as
myogenin and myocyte enhancer factor (MEF2) (99). Therefore,
hyperpolarization plays an important role in differentiation and maturation of both
excitable and non-excitable cell types. In light of recent work exploring the
differentiation potential of hMSCs beyond the OS, AD, and chondrogenic
lineages, it would be interesting to compare Vmem changes in neural or myogenic
hMSC differentiation to the hyperpolarization reported in neural precursors,
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myoblasts, and OS- and AD-differentiated hMSCs. Furthermore, if
hyperpolarization does indeed occur during stem cell differentiation into neural
precursors and myoblasts, Vmem modulation could be an attractive way to improve
differentiation into these excitable cell types.
To determine whether hyperpolarization is functionally necessary for OS
and AD differentiation, we disrupted the membrane potential of differentiating
hMSCs and studied the subsequent changes in tissue-specific phenotypes.
Membrane potential disruption (depolarization) was achieved by two classic
methods: addition of high concentrations of extracellular K+ (high [K+]out), or
addition of the Na+/K+ ATPase blocker ouabain. We used two independent
methods to ensure that the effect was due specifically to reduction of
transmembrane potential, and not side-effects of the individual treatments.
Addition of 80 mM [K+] to the differentiation medium resulted in marked
suppression of the AD markers PPARG and LPL on Day 7 compared to untreated
cells. This suppression of AD gene expression continued through Day 22. Lower
concentrations of extracellular K+ did not induce the same changes in AD gene
expression (data not shown). The different behavior of cells in low vs. high
[K+]out in an AD-inducing environment suggests that there is an optimal [K+]out at
which the resulting depolarization effects a change in AD phenotype, rather than a
range of [K+]out over which a graded response can be observed. During OS
differentiation however, Day 7 expression of the mature bone marker BSP varied
in a graded, does-dependent manner, with 20 mM [K+]out having no significant
effect and 80 mM [K+]out having the greatest effect. The differences in AD and
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OS cell response to different high [K+]out concentrations indicate that progression
toward these two lineages changes the cells’ sensitivities to different Vmem levels
and their tolerance levels with respect to depolarization. Whereas AD cells have a
higher tolerance for Vmem changes and show no response below 80 mM [K+]out,
OS cells have a lower tolerance and respond proportionately to changes of 40 mM
or more. Thus, not only is hMSC differentiation disrupted by depolarization, but
more specifically, commitment to specific lineages (AD or OS) can be
characterized by unique sensitivities to Vmem changes.
Addition of the Na+/K+ ATPase blocker ouabain (10 nM) also caused
suppression of differentiation markers. Ouabain treatment significantly
suppressed both AD and OS gene expression, although the fold-changes are
smaller than to those seen with high [K+]out treatment. During OS differentiation,
ALP activity and calcium content were also significantly reduced. In contrast to
the effects of two treatments that depolarize cells by different mechanisms, bonerelated gene expression was upregulated in response to hyperpolarizing K+
channel openers. Because hyperpolarization treatments caused an opposite effect
to the depolarization treatments (depolarization suppresses differentiation, while
hyperpolarization increases differentiation), our data support a view of membrane
potential as an instructive determinant of differentiation state.
Washout experiments showed that early but short exposure to high [K+]out
was sufficient to cause similar decreases in tissue-related gene expression as
constant exposure. Exposure for the first two days or the first four days of culture
(29% and 57% of culture time, respectively) resulted in decreased fat- and bone-
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related gene expression by Day 7. As with high [K+]out treatment, the effects of
ouabain on gene expression can be seen with early but short exposure. An initial
exposure of 2 days was sufficient to reduce OS gene expression, and an initial
exposure of 4 days was sufficient to reduce AD gene expression. Interestingly,
suppression of the differentiated phenotype was observed despite the recovery of
Vmem to normal levels after washout of depolarization treatment. This suggests
that the signal mediated by Vmem hyperpolarization is transduced to downstream
controls of cell behavior during early stages of differentiation.
It is important to note that the differentiation markers assessed in the
above studies are bone- and fat-specific, and do not simply reflect general cell
viability and health. In response to Vmem depolarization, cells exhibited mostly
decreased OS and AD marker expression compared to the normal trajectory of OS
and AD differentiation. However, when compared to undifferentiated hMSCs,
the depolarized cells consistently showed elevated OS or AD marker expression.
The fact that the cells did initiate lineage-specific gene and metabolite production
indicates that this cell response cannot be simply due to stress. Rather, the
depolarized cells started the differentiation process but were restricted from
reaching a fully differentiated phenotype, due to instructive signals provided by
the changes in Vmem. Furthermore, gene expression of some markers was
increased in depolarized cells even compared to untreated differentiated cells. For
example, PPARG expression of ouabain-treated AD cells was almost 2-fold
greater than that of untreated AD cells on Day 2 (Figure 2.4), implying an
increase in transcriptional activity not characteristic of stressed cells. Finally, the
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discovery that OS differentiation can not only be suppressed by depolarization,
but can also be augmented with hyperpolarization, strongly suggests that the Vmem
exerts specific control over differentiation events.
Taken together, these depolarization studies suggest that control of the
endogenous Vmem is necessary for normal differentiation of hMSCs into bone and
fat. Depolarization by addition of high [K+]out or ouabain results in suppression of
the differentiated phenotype. Furthermore, depolarization appears to exert its
effect early in the differentiation process. Importantly, this effect is not due to
toxicity or non-specific stress response because specific marker gene expression
was induced by depolarization and hyperpolarization. The ability to either
increase or decrease the differentiation propensity by controlled modulation of
Vmem suggests strongly that, as proposed previously (24, 25, 269, 270),
transmembrane potential level is an instructive signal controlling important
aspects of cellular plasticity.
Our data extend the previous analyses of somatic vs. embryonic/cancer
cell membrane voltage (24, 130, 268) to stem cells. Crucially, our functional
results show that the relationship between depolarization and an undifferentiated
state is not merely a correlation but rather that transmembrane potential is a
functional determinant of differentiation state in hMSCs. Moreover, in
complement to recent studies implicating specific ion channels in cell behavior,
our data implicate Vmem as the salient parameter, not specific ion gradients or ionindependent functions of specific proteins. This is important for biomedical
applications because it suggests that rational changes in cell behavior can be
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induced by techniques that do not depend on specific channel or pump genes
being expressed natively in a cell population. A number of mechanisms have been
proposed to explain how Vmem levels are transduced into transcriptional cascades
by second messenger systems (reviewed in (130)), and we are currently focused
on testing Ca2+ influx, voltage sensor-containing phosphatase (VSP)-PTEN
transduction, and other mechanisms in the voltage control of hMSC
differentiation. It clear, however, that control of bioelectrical properties of stem
cells is not only a fascinating fundamental aspect of cell regulation, but also
potentially a useful tool in tissue engineering efforts. Future work in regenerative
medicine may be able to capitalize on Vmem as a powerful and tractable control
point for rational modulation of adult stem cell function.
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2.6 Figures

Figure 2.1

Vmem hyperpolarization exhibited by OS- and AD-differentiated
cells.

(A) Cell culture timeline for Vmem studies. Cells were seeded in control medium,
then switched to OS or AD differentiation medium (OS or AD) at various time
points over the course of 4 weeks. After 4 weeks, cells that had differentiated for
a total of 0, 1, 2, 3, or 4 weeks (samples 0wk-diff, 1wk-diff, 2wk-diff, 3wk-diff, and
4wk-diff, respectively) were imaged on the same day.
(B) Fluorescence measurements from cells cultured according to the timeline in
OS or AD media. Cells were stained with the voltage-sensitive dye DiSBAC,
which exhibits higher intensity with membrane depolarization. Data points are
mean pixel intensity ± standard deviation (N = 5-15 cell fields). Marked samples
are statistically different, * relative to 0wk-diff OS sample (p < 0.0005), § relative
to 4wk-diff OS sample (p < 0.0005), # relative to 0wk-diff AD sample (p <
0.0005), † relative to 3wk-diff AD sample (p < 0.0002), ‡ relative to 4wk-diff AD
sample (p < 0.005).
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Figure 2.2

Measurement of resting and depolarized membrane potentials
during OS and AD differentiation.

(A) Intracellular recordings of resting and depolarized membrane potentials
(Vmem) in hMSCs during OS and AD differentiation. Cells were impaled
individually and the Vmem recorded until a stable baseline was reached (pretreatment), then 10 nM ouabain (OS-ouab, AD-ouab samples) or 80 mM K+ (OSK, AD-K) was added and the Vmem recorded until a new equilibrium was reached
(post-treatment). Data points are mean potentials ± standard deviation (N = 6-7
cells). Marked samples are statistically different, * relative to respective pretreatment samples (p < 0.03), # relative to AD-ouab post-treatment sample (p <
0.04). (For clarity, statistical significances marked by # are reported among
post-treatment samples only.)
(B) Intensities of DiSBAC2(3)-loaded cells at resting and depolarized potentials
during OS and AD differentiation. Pre-treatment values are the fluorescence
intensities of OS and AD cells at rest, while post-treatment values are the
fluorescence intensities after depolarization with 10 nM ouabain (OS-ouab, ADouab) or 80 mM K+ (OS-K, AD-K). Data points are mean pixel intensity ±
standard deviation (N = 15-20 cell fields). Marked samples are statistically
different, * relative to respective pre-treatment samples (p << 0.0001), # relative
to OS-K post-treatment sample (p << 0.0001), † relative to AD-K post-treatment
sample (p << 0.0001). (For clarity, statistical significances marked by # and †
are reported among post-treatment samples only).
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Figure 2.3

Depolarization suppresses AD gene expression.

PPARG and LPL expression were suppressed on Days 2, 7, 14, and 22 by
addition of 80 mM K+ (AD-80K) during AD differentiation. Similarly, PPARG
and LPL expression were suppressed on Days 7, 14, and 22 by addition of 10 nM
ouabain (AD-ouab) during AD differentiation. Data points are mean relative
expression ± standard deviation (N = 6). Marked samples are statistically
different, * relative to PPARG expression of untreated AD samples (p < 0.05), †
relative to LPL expression of untreated AD samples (p < 0.003), ‡ relative to LPL
expression of AD-80K samples (p < 0.0005). (For clarity, statistical
significances are reported among samples taken within the same day.) Undiff,
hMSCs cultured in control medium; AD, hMSCs cultured in AD medium; AD80K, hMSCs cultured in AD medium supplemented with 80 mM K+; AD-ouab,
hMSCs cultured in AD medium supplemented with 10 nM ouabain.
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Figure 2.4

Depolarization reduces fat droplet accumulation during AD
differentiation.

Oil Red O staining revealed less accumulation of fat droplets in K+- and ouabaintreated AD cells. Depolarized cells were cultured in AD medium supplemented
with 80 mM K+ (AD-K; images A, B) or 10 nM ouabain (AD-ouab; images C, D).
Control cells were cultured in AD medium (AD; images E, F) or control medium
(Undiff; images G, H). After 7 days, cells were stained with Oil Red O and
imaged at magnifications of 100x (images A, C, E, G; scale bar = 100 μm) and
320x (images B, D, F, H; scale bar = 40 μm). Oil Red O was then extracted from
each sample and measured spectrophotometrically (I). Data points are mean
absorbance ± standard deviation (N = 6). Marked samples are statistically
different, * relative to untreated AD samples (p < 0.009).
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Figure 2.5

Shorter, earlier depolarization times are sufficient to suppress AD
differentiation.

Cells were exposed to 80 mM K+ (AD-K) or 10 nM ouabain (AD-ouab) during
Days 1-2 (A) or Days 1-4 (B), then washed and continued in culture in AD
medium. Gene expression was evaluated on Day 7. Two days of exposure to 80
mM K+ or four days of exposure to 10 nM ouabain was sufficient to effect a
change in AD marker expression. Data points are mean relative expression ±
standard deviation (N = 6). Marked samples are statistically different, * relative
to PPARG expression of untreated AD samples (p < 0.002), # relative to LPL
expression of untreated AD samples (p < 0.002). Undiff, hMSCs cultured in
control medium; AD, hMSCs cultured in AD medium; AD-80K, hMSCs cultured
in AD medium supplemented with 80 mM K+; AD-ouab, hMSCs cultured in AD
medium supplemented with 10 nM ouabain.
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Figure 2.6

Membrane potential of AD and OS cells recovers after washout of
early depolarization treatments.

hMSCs in AD or OS differentiation media were depolarized with 80 mM K+ (ADK, OS-K) or 10 nM ouabain (AD-ouab, OS-ouab) during Days 1-4. Control cells
were cultured in normal AD or OS media (AD or OS). Depolarization treatment
was washed out after Day 4 and replaced with normal AD or OS media.
Intracellular recordings were performed after washout on Days 5 or 6. Data
points are mean potentials ± standard deviation (N = 7-10 cells). Neither treated
AD cells nor treated OS cells were statistically different from their respective
untreated controls (p < 0.05).
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Figure 2.7

Depolarization suppresses OS gene expression.

Expression of ALP (A) and BSP (B) decreased by Day 7 of OS differentiation in
response to addition of 40-80 mM K+ (OS-40K, OS-60K, OS-80K) or 10 nM
ouabain (OS-ouab). Data points are mean relative expression ± standard
deviation (N = 6). Marked samples are statistically different, * relative to ALP
expression of untreated OS samples (p < 0.04), # relative to BSP expression of
untreated OS samples (p < 0.002). Undiff, hMSCs cultured in control medium;
OS, hMSCs cultured in OS medium; OS-20K, OS-40K, OS-60K, OS-80K, hMSCs
cultured in OS medium supplemented with 20, 40, 60, 80 mM K+, respectively;
OS-ouab, hMSCs cultured in OS medium supplemented with 10 nM ouabain.
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Figure 2.8

Depolarization suppresses ALP activity and reduces calcium
content during OS differentiation.

(A) ALP activity decreased during OS differentiation in cells treated with 20-80
mM K+ (OS-20K, OS-40K, OS-60K, OS-80K) or 10 nM ouabain (OS-ouab). Data
points are mean ALP activity units normalized to relative cell viability ± standard
deviation (N = 6). Marked samples are statistically different * relative to
untreated OS samples (p < 0.008). Undiff, hMSCs cultured in control medium;
OS, hMSCs cultured in OS medium; OS-20K, OS-40K, OS-60K, OS-80K, hMSCs
cultured in OS medium supplemented with 20, 40, 60, 80 mM K+, respectively;
OS-ouab, hMSCs cultured in OS medium supplemented with 10 nM ouabain.
(B) Total calcium content of cells undergoing OS differentiation was lowered by
addition of 20-80 mM K+ (OS-20K, OS-40K, OS-60K, OS-80K) or 10 nM ouabain
(OS-ouab). Data points are mean calcium content normalized to relative cell
viability ± standard deviation (N = 6). Marked samples are statistically different
* relative to untreated OS samples (p < 0.002). Undiff, hMSCs cultured in
control medium; OS, hMSCs cultured in OS medium; OS-20K, OS-40K, OS-60K,
OS-80K, hMSCs cultured in OS medium supplemented with 20, 40, 60, 80 mM
K+, respectively; OS-ouab, hMSCs cultured in OS medium supplemented with 10
nM ouabain.
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Figure 2.9

Shorter, earlier depolarization times are sufficient to suppress OS
differentiation.

Cells were exposed to 80 mM K+ or 10 nM ouabain during Days 1-2 (A) or Days
1-4 (B), then washed and continued in culture in OS medium. Gene expression
was evaluated on Day 7. Two or four days of exposure to depolarization
treatment was sufficient to effect a change in OS marker expression. Data points
are mean relative expression ± standard deviation (N = 6). Marked samples are
statistically different * relative to ALP expression of untreated OS samples (p <
0.009), # relative to BSP expression of untreated OS samples (p < 0.04). Undiff,
hMSCs cultured in control medium; OS, hMSCs cultured in OS medium; OS-80K,
hMSCs cultured in OS medium supplemented with 80 mM K+; OS-ouab, hMSCs
cultured in OS medium supplemented with 10 nM ouabain.
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Figure 2.10

Hyperpolarization upregulates OS gene expression.

(A) K-ATP-channel openers pinacidil and diazoxide hyperpolarized hMSCs
undergoing OS differentiation. Cells were impaled individually and the Vmem
recorded until a stable baseline was reached (pre-treatment), then 10 μM
pinacidil or diazoxide was added and the Vmem recorded until a new equilibrium
was reached (post-treatment). Data points are mean potentials ± standard
deviation (N = 5 cells). Marked samples are statistically different * relative to
respective pre-treatment samples (p < 0.04). (B, C) Exposure to K-ATP-channel
openers pinacidil (B) and diazoxide (C) resulted in slight upregulation of OS
markers compared to untreated cells. When treated with 1 and 10 μM pinacidil
(OS-1pin and OS-10pin, respectively), cells showed upregulated BSP expression
compared to untreated OS cells (p < 0.04). When treated with 10 and 100 μM
diazoxide, cells upregulated ALP and BSP expression compared to untreated OS
cells. Data points are mean relative expression ± standard deviation (N = 6).
Marked samples are statistically different * relative to ALP expression of
untreated OS samples (p < 0.05), # relative to BSP expression of untreated OS
samples (p < 0.05).
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2.7 Tables
Table 2.1

Estimated Vmem values during OS and AD differentiation.

Vmem values for week 0 were taken from intracellular recordings of cells during
early differentiation (Days 1-4) (Figure 2.2A). Subsequent Vmem values were
estimated from the DiSBAC fluorescence data (Figure 2.1B): since bis-oxonol
dyes such as DiSBAC typically generate a ~1% change in fluorescence per 1 mV
change (250), changes in Vmem for weeks 1-4 were estimated by calculating the
percentage changes in fluorescence compared to week 0.
time differentiated (wks)

OS Vmem (mV)

AD Vmem (mV)

0

-37.0 ± 9.4

-47.0 ± 15.5

1

-30.0 ± 5.7

-135.8 ± 2.9

2

-79.7 ± 9.9

-132.2 ± 1.7

3

-74.6 ± 10.3

-118.5 ± 7.6

4

-93.0 ± 5.5

-120.7 ± 4.8
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Chapter 3
Calcium signaling mediates
depolarization effects on differentiation of
human mesenchymal stem cells
Calcium is an important intracellular signaling molecule responsible for
mediating voltage signals in excitable cells. We investigated the functional role
of Ca2+ in transducing depolarization signals during human mesenchymal stem
cell (hMSC) differentiation. Ca2+ flux imaging revealed spontaneous Ca2+
oscillations in undifferentiated hMSCs. Depolarization with 10 nM ouabain
induced a significant increase in the number of oscillating cells and the spiking
frequency. To determine whether these depolarization-induced changes in Ca2+
were functionally relevant to differentiation, non-specific Ca2+ blocker LaCl3 (500
μM) was administered with depolarizers ouabain (10 nM) and potassium
gluconate (40 mM) during osteogenic (OS) differentiation to rescue hMSCs from
suppression of differentiation. LaCl3 rescued calcium content in ouabaindepolarized and K+-depolarized cells, but only rescued mineralization in ouabaindepolarized cells. LaCl3 also induced mineral deposition in depolarized hMSCs
undergoing adipogenic (AD) differentiation. These results suggest a greater role
for Ca2+ in ouabain-induced than in K+-induced depolarization, and suggest that
Ca2+ modulation may affect both differentiation propensity and lineage decisions,
favoring OS over AD differentiation. The involvement of extracellular ATP in
Ca2+-mediated signaling was then investigated, as autocrine ATP signaling has
been reported to stimulate Ca2+ oscillations in undifferentiated hMSCs. ATP was
depleted from hMSC medium with hexokinase (5U/mL) in the presence of
depolarizers. ATP depletion rescued OS gene expression, calcium content, and
mineralization in ouabain-depolarized and K+-depolarized cells. Pharmacological
blockade of purinergic receptors revealed that P2Y receptors might mediate the
ATP-induced effect. Finally, Ca2+ oscillations, ATP signaling, and Vmem
modulation have been reported to act through a number of specific ion channels,
including L-type Ca2+ channels, Ca2+-activated K+ channels (KCa), and inward
rectifying K+ (Kir) channels. The involvement of these channels and receptors
was investigated by treating OS-differentiating hMSC with various
pharmacological agonists or antagonists. These results indicated a role for Kir
channels and L-type Ca2+ channels during early OS stages, and for KCa channels
and L-type Ca2+ channels during late OS stages in ouabain-depolarized cells.

3.1 Introduction
Ca2+ signaling plays an important role in osteoblast proliferation,
differentiation, and chemotaxis (164, 271). Similarly, Ca2+ signaling regulates
adipocyte differentiation and fat metabolism (163, 272, 273). Several mediators
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of Ca2+ signaling have been shown to play important roles during osteoblast and
adipocyte differentiation. For example, upon complexing with Ca2+, calmodulin
(CaM) binds to Smad1 and Smad2 and regulates osteoblast differentiation through
bone morphogenetic protein 2 (BMP2) and transforming growth factor-β
pathways (274). Ca2+/CaM also activates CaM kinase II (CaMKII), which
promotes osteoblast growth and proliferation (275) and also regulates
adipogenesis by activating the crucial transcription factors CCAAT/enhancerbinding protein α (C/EBPα) and peroxisome proliferatior-activated receptor γ
(PPARγ) (276-281). Calcineurin (Cn) is a Ca2+/CaM-regulated serine/threonine
phosphatase that also plays a role in both osteoblast and adipocyte differentiation
via NFAT1-4 transcription factors (282-287). Ca2+ influx may also influence
differentiation through the Ras/Raf/MEK/MAPK signaling pathway. Ca2+ influx
activates extracellular signal-regulated protein kinases (ERK) (288-290), which
promotes OS differentiation and suppresses AD differentiation, possibly
functioning as a regulatory switch for the differentiation pathways. Taken
together, these observations support a significant role for Ca2+ signaling in
osteogenic (OS) and adipogenic (AD) differentiation (Figure 3.1).
We have previously reported that membrane potential (Vmem)
depolarization and hyperpolarization controls the differentiation propensity of
human mesenchymal stem cells (hMSCs) toward OS and AD lineages (108).
However, the mechanisms of this voltage-induced effect are still unclear. Given
the large role of Ca2+ in differentiation and the role of Ca2+ in mediating the
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effects of depolarization in excitable cells, we hypothesized that Ca2+ also
mediated the effects of Vmem modulation on hMSC differentiation.
The study of Ca2+ signaling in hMSCs is complicated by the fact that
cultured hMSCs undergo spontaneous Ca2+ oscillations under control conditions.
Ca2+ release from intracellular stores through inositol triphosphate receptors
(IP3R) is thought to be the major contributor to the oscillations, because
oscillations were completely blocked by either depleting Ca2+ stores with Ca2+ATPase blockers thapsigargin (TG) and cyclopiazonic acid (CPA) or blocking
IP3R with 2-amino-ethoxydiphenyl borate (2-APB) (291). Voltage-sensitive Ca2+
channels, non-selective cation channels, and store-operated Ca2+ channels permit
Ca2+ influx to replenish intracellular Ca2+ stores, while the plasma membrane
Ca2+-ATPase (PMCA) and Na+-Ca2+ exchanger (NCX) maintain oscillations by
extruding Ca2+. Changes in [Ca2+]in modulates an outward current through largeconductance Ca2+-activated K+ channels (BK channels) (292, 293).
Ca2+ signaling through oscillations has several advantages over sustained
bulk increases in intracellular Ca2+. Oscillations increase sensitivity of the cell to
the Ca2+, avoid excitotoxicity and desensitization, and allow differential
recruitment of downstream targets as a function of signal amplitude, frequency,
and duration (reviwed by (294)). For example, the enzyme CaMKII can decode
Ca2+ oscillation frequencies into levels of kinase activity, and its frequency
response depends on several factors, including spike amplitude and duration
(295). CaMKII activity can regulate nuclear Ca2+-dependent transcription factors
such as cAMP response element binding protein (CREB) (296, 297). Ca2+-
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dependent transcription factors have also been shown to respond to Ca2+
oscillations: low frequency oscillations activate nuclear factor -κB (NFκB), while
high frequency oscillations activate nuclear factor of activated T-cells (NFAT)
(292, 296, 298-301). However, low frequency oscillations were found to activate
NFAT in hMSCs. When hMSCs were induced to undergo AD differentiation, the
mature adipocytes no longer expressed Ca2+ transients and did not display
prominent nuclear localization of NFAT, suggesting that the absence of Ca2+
oscillations prevented activation of NFAT (292). Ca2+ oscillations were also
studied in OS differentiation of hMSCs. Compared to undifferentiated hMSCs,
terminally differentiated human osteoblasts displayed irregular Ca2+ spike patterns
and a reduced number of spikes per cell. Addition of osteoinductive factors to
undifferentiated hMSC was shown to immediately and reversibly decrease Ca2+
oscillations to the levels seen in terminally differentiated osteoblasts (302). Ca2+
transients also have a role in proliferation and cell cycle progression in
undifferentiated murine bone marrow MSCs, where oscillations are reported to
occur primarily during the G1/S transition of the cell cycle. This effect on
proliferation was mediated by IP3R (303). Together, these studies provide strong
evidence of modulation of Ca2+ dynamics in stem cell proliferation and
differentiation, and suggest that stimuli which alter Ca2+ dynamics, such as
depolarization, might act through common pathways to affect stem cell behavior.
ATP secreted by hMSCs through hemi-gap-junction channels is thought to
be the source of the observed spontaneous Ca2+ oscillations in hMSCs. In this
study, we investigated the role of Ca2+ and ATP signaling in the transduction of
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Vmem depolarization signals in OS-differentiating hMSCs. We first measured
Ca2+ oscillations in control and depolarized hMSCs. To understand the functional
role of Ca2+ and ATP, we administered a Ca2+ channel blocker or an ATP
consumer while depolarizing cells with ouabain or high K+ to determine whether
OS differentiation could be rescued. We then administered pharmacological
modulators of various ion channels and receptors reported to function in Ca2+,
ATP, and Vmem signaling to identify additional members of the signal transduction
pathway.

3.2 Materials and Methods
hMSC cultivation – Whole bone marrow aspirate from a 25-year old healthy male
was purchased from Lonza, and hMSCs were isolated as we have previously
reported (243). Cells were expanded in tissue culture flasks in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), penicillin (100 U/mL), streptomycin (100 μg/mL), 0.1 mM non-essential
amino acids, and basic fibroblast growth factor (bFGF, 1 ng/mL) (Invitrogen,
Carlsbad, CA). Cells were maintained in a humidified incubator at 37°C with 5%
CO2 and 5% O2 until initiation of differentiation. Medium was changed every 3-4
days until confluence, when cells were then trypsinized with 0.25% trypsin-1mM
EDTA (Invitrogen), and frozen in liquid nitrogen in FBS with 10% DMSO.

Osteogenic differentiation - hMSCs were plated on glass bottom dishes or on
tissue culture polystyrene at a density of 5000 cells/cm2. For the first 24 hr postthaw, cells were cultured in control medium, consisting of DMEM supplemented
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with 10% FBS, penicillin (100 U/mL), streptomycin (100 μg/mL), and 0.1 mM
non-essential amino acids. Cells were then switched to OS differentiation
medium, consisting of α-MEM, 10% FBS, penicillin (100 U/mL), and
streptomycin (100 μg/mL), supplemented with 10 mM β-glycerophosphate, 0.05
mM L-ascorbic acid-2-phosphate, and 100 nM dexamethasone (Sigma-Aldrich,
St. Louis, MO). Undifferentiated hMSCs were maintained in control medium.

Depolarization of membrane potential - Na+/K+-ATPase-inhibitor ouabain (10
nM, Sigma-Aldrich) was added to the medium from a fresh 10 mM stock solution
in distilled water. Alternatively, the concentration of extracellular K+ was
increased by adding potassium gluconate (Sigma-Aldrich) to the medium to a
final concentration of 40 mM.

Ca2+ channel block – Ca2+ blockers were administered with depolarizers ouabain
and K-gluconate for 1-3 weeks of OS differentiation. LaCl3, a non-specific Ca2+
channel blocker, was added to OS medium at a concentration of 100-500 μM
(Sigma-Aldrich). Nifedipine, a dihydropyridine L-type Ca2+ channel blocker, and
verapamil, a phenylalkylamine L-type Ca2+ channel blocker, were added to OS
medium at a concentration of 10 μM (Sigma-Aldrich) (27).

Pharmacological modulation of K+ channel activity – BaCl2 and bradykinin
(Sigma-Aldrich) were administered with depolarizers ouabain and K-gluconate
for 1-3 weeks of OS differentiation. BaCl2, a blocker of K+ channels with some
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preference for inward rectifying K+ (Kir) channels, was added to OS medium at a
concentration of 10-100 μM. Bradykinin, an agonist of Ca2+-sensitive K+
channels, was added to OS medium at a concentration of 0.1-1 μM.

ATP depletion from medium – ATP was depleted from the culture medium by
incubating hMSCs in hexokinase, an enzyme that phosphorylates glucose by
consuming ATP. Hexokinase (5U/mL) was added to cultures containing
depolarizers ouabain and K-gluconate for 1-3 weeks of OS differentiation. P2X
and P2Y purinergic receptor activity was probed with several pharmacological
antagonists of purinergic receptors. Pyridoxalphosphate-6-azophenyl-2',4'disulfonic acid tetrasodium salt (PPADS), a nonspecific P2 blocker, was added to
OS medium at a concentration of 10-30 μM. 2',3'-O-(2,4,6-Trinitrophenyl)
adenosine-5'-triphosphate tetra(triethylammonium) salt (TNP-ATP), a specific
P2X blocker, was added to OS medium at a concentration of 0.1-1 μM.
Pannexin-1 channel blocker carbenoxolone (CBX) was also administered at 10
μM to block ATP release from hemi-gap-junctional channels. All chemicals were
from Sigma-Aldrich.

Ca2+ flux imaging – To visualize Ca2+ dynamics during depolarization, Ca2+ flux
was monitored by fluorescence imaging using the Ca2+ sensitive dye Fluo-4
(Molecular Probes, Inc., Eugene, OR). hMSCs were cultured on glass-bottom
dishes, incubated in 10 μM Fluo-4, washed in HBSS, and imaged on a confocal
microscope with an inverted DM IRE2 stand (Wetzlar, Germany) and a Leica PL
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APO 63x (NA 1.2) water-immersion objective. Fluo-4 was excited with a 488 nm
ArKr laser; images were collected at 530 ± 5 nm by a non-descanned PMT
controlled by Leica Confocal Software. A double dichroic filter was used to
eliminate 488 nm excitation light. Time lapse series were taken at 10 sec
intervals over a period of 20-40 min to capture Ca2+ oscillations. After
monitoring baseline oscillations, hMSCs were depolarized by addition of 10 nM
ouabain or 40 mM K-gluconate, then imaged for an additional 20-40 min. The
effects of Ca2+ channel blockers and receptor antagonists on depolarized Ca2+
response will bewere assessed by first pre-treating hMSCs with the blockers or
antagonists, then imaging Ca2+ oscillations before and after addition of ouabain or
K-gluconate. ImageJ software was used for basic image processing, including
drawing of regions of interest (ROI) around individual cells and calculating
average pixel intensity per cell per time slice. Ca2+ fluorescence over time was
obtained for each cell (normalized to minimum fluorescence values), and peak
analysis was performed to obtain parameters such as percentage of cells with Ca2+
spikes, frequency of Ca2+ spikes per cell, and peak duration.

Assessment of OS differentiation – OS differentiation after treatment with
blockers and antagonists was assessed as previously described (108). Briefly, OS
gene expression was evaluated by quantitative real-time RT-PCR. Total RNA
was isolated from hMSCs using Trizol reagent (Invitrogen) following the single
step acid-phenol guanidinium method, and purified using the Qiagen RNEasy kit
(Qiagen, Valencia, CA). Reverse transcription was performed on the purified
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RNA using the High Capacity cDNA Archive kit (Applied Biosystems, Foster
City, CA). Real time RT-PCR was performed to quantify relative expression of
osteoblast differentiation markers, including alkaline phosphatase (ALP) and bone
sialoprotein (BSP). Primers and probes for these bone-related genes were
obtained from TaqMan® Gene Expression Assay kits (Applied Biosystems).
Transcript expression levels were quantified a Stratagene Mx3000P QPCR
System (Stratagene, La Jolla, CA). Expression levels were normalized to the
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
reported relative to positive control reactions (untreated OS cells or
undifferentiated hMSCs) (244-246). We have previously reported PCR reaction
conditions and primers (247-249). Total calcium deposition was determined by a
colorimetric assay using the Calcium (CPC) Liquicolor Test (Stanbio Laboratory,
Boerne, TX). Calcium was dissociated with trichloroacetic acid and reacted with
o-cresolphthalein complexone. The colored reaction product was measured
spectrophotometrically at 575 nm using a microplate reader (VersaMax,
Molecular Devices, Sunnyvale, CA). ALP and mineral deposition were also
visualized by staining. Samples were fixed in 1% formaldehyde for 20 minutes,
washed in PBS, and stained sequentially using an ALP staining kit and Alizarin
Red (Sigma-Aldrich).

K+ flux measurements – PBFI, a K+-sensitive fluorescent dye, was prepared as a
10 mM stock solution in DMSO (Molecular Probes). For cell loading, PBFI stock
solution was mixed with an equal volume of 20% (w/v) Pluronic F-127 solution
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in DMSO before diluting to a working concentration of 10 μM in Hank’s
Buffered Saline Solution (Invitrogen). Cells were loaded with PBFI for 1 hr at
37°C before reading fluorescence on a fluorometer (VersaMax, Molecular
Devices, Sunnyvale, CA) with excitation wavelengths of 340 and 380 nm and an
emission wavelength of 500 nm. Readings were taken before and immediately
after addition of ouabain (10 nM), high K+ (40 mM), or LaCl3 (500 μM), or
combinations thereof. The ratio of fluorescence intensities (340/380 nm
excitation) was plotted.

Na+ flux measurements – Sodium Green, a Na+-sensitive fluorescent dye, was
prepared as a 5 mM stock solution in DMSO (Molecular Probes). For cell
loading, Sodium Green stock solution was mixed with an equal volume of 20%
(w/v) Pluronic F-127 solution in DMSO before diluting to a working
concentration of 5 μM in Hank’s Buffered Saline Solution (Invitrogen). Cells
were loaded with Sodium Green for 30 min at 37°C before reading fluorescence
on a fluorometer (VersaMax, Molecular Devices, Sunnyvale, CA) with an
excitation wavelength of 507 nm and an emission wavelength of 532 nm.
Readings were taken every 30 sec for 5 min before and after pharmacological
treatment with ouabain (10 nM), high K+ (40 mM), hexokinase (5U/mL),
bradykinin (1 μM), LaCl3 (500 μM), verapamil (10 μM), pinacidil (10 μM), and
diazoxide (10 μM).
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Statistics – Statistically significant differences between groups were determined
by performing a two-tailed Student’s t-test. Differences were considered
significant if p < 0.05, unless otherwise noted.

3.3 Results
3.3.1

Ca2+ block by lanthanum chloride reverses depolarization
effects on OS differentiation
During OS differentiation, Ca2+ blocker LaCl3 (500 uM) was administered

with depolarizers ouabain (10 nM) and high K+ (40 mM) to determine whether
Ca2+ flux is responsible for the effects of depolarization. The presence of LaCl3
significantly increased Day 21 calcium deposition by 1.4-fold in ouabaindepolarized cells and by 2.4-fold in K+-depolarized cells (p < 0.02, Figure 3.2A).
However, these levels were still 1.5- and 9.6-fold lower, respectively, than the
quantified calcium content of non-depolarized OS cells. Alizarin Red staining on
Day 21 revealed intense mineral deposition in LaCl3-treated ouabain-depolarized
cells (Figure 3.3B), but not in the LaCl3-treated K+-depolarized cells (Figure
3.3E). Interestingly, restoration of calcium deposition was not preceded by
rescued BSP expression at an earlier time point (Day 7); in fact, LaCl3 treatment
had either no effect or an inhibitory effect on BSP (p < 0.02, Figure 3.2B).
LaCl3 was also administered with depolarizers during AD differentiation
to determine whether Ca2+ flux is involved in suppression of AD differentiation as
it is in OS differentiation. Addition of LaCl3 did not rescue LPL expression on
Day 7 in either ouabain- or K+-depolarized cells; instead, LaCl3 with depolarizers
suppressed LPL further than depolarizers alone (p < 0.005, Figure 3.2E). When
cultured to Day 21, AD cells treated with LaCl3 appeared to be covered in a
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granular deposit which resembled mineral seen in OS cultures. Alizarin Red
staining confirmed that this deposit was indeed calcified mineral (Figure 3.3K, M,
O). As with the OS differentiation experiment, endogenous BSP expression
levels were not stimulated, but were in fact suppressed by LaCl3 in these ADcultured cells (p < 0.004, Figure 3.2F). Additionally, differentiation is not
exclusively OS in these cultures, as some cells are still able to form lipid droplets
(Figure 3.3K, arrows).

3.3.2

ATP depletion reverses depolarization effects on OS
differentiation
Undifferentiated hMSC are reported to undergo spontaneous Ca2+

oscillations in culture which may be stimulated by autocrine/paracrine ATP
signaling (292). We investigated whether ATP signaling in depolarized hMSCs
could be a mediator of the voltage signal during depolarization. Addition of
hexokinase, an enzyme that consumes extracellular ATP when phosphorylating
glucose, to cultures of depolarized hMSCs reversed the differentiation
suppression caused by ouabain or high K+. ATP depletion rescued BSP
expression on Day 7 in ouabain- and K+-depolarized cells (Figure 3.2D). In cells
treated with ouabain and ATP depletion, BSP expression was raised 23.9-fold
compared to ouabain alone, but expression was still 2.6-fold lower than untreated
OS cells (p < 0.03). K+-treated cells were significantly more sensitive to ATP
depletion. Cells treated with high K+ and ATP depletion exhibited an 8.4-fold
increase in BSP compared to K+ treatment alone, and a 5.6-fold increase
compared to untreated OS cells (p < 0.005). Calcium content on Day 21 was also
significantly elevated by ATP depletion (Figure 3.2C). Ouabain- and K+-treated
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cells exhibited 2.3-fold and 21.8-fold increases in calcium content with ATP
depletion compared to their respective non-depleted counterparts (p < 0.001),
raising calcium content levels to that of non-depolarized OS cells. Alizarin Red
staining revealed mineral deposition in both depolarized groups with ATP
depletion, with more extensive staining in the ouabain group (Figure 3.3C, F).
Extracellular ATP may be released from cells through pannexin
hemichannels. Once released, ATP may signal through purinergic receptors to
affect differentiation. We used pharmacological blockers of purinerigic P2
receptors and pannexin channels to determine the molecular species involved in
this signaling pathway. For this study, PPADS was used as a non-selective P2X
and P2Y receptor antagonist, TNP-ATP was used as a selective P2X receptor
antagonist, and carbenoxolone (CBX) was used as a pannexin-1 hemichannel
blocker. Calcium quantification on Day 21 revealed that treatment with TNPATP (0.1, 1 μM) and CBX (10 μM) did not significantly alter differentiation in
the presence or absence of depolarizers (Figure 3.4B, C). These results suggest
that P2X receptors and pannexin hemichannels may not play a large role in the
ATP signaling pathway. Only PPADS (10, 30 μM) significantly decreased
calcium content in the presence or absence of ouabain (p < 0.03, Figure 3.4A).
This suggests that blockade of all purinergic signaling might have a detrimental
effect on differentiation; thus it is difficult to speculate what the specific role of
P2 signaling is in the context of depolarization. Nonspecific blockade of P2
signaling likely affects intracellular Ca2+, a signaling molecule downstream of
both P2X and P2Y receptor pathways.
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3.3.3

Ca2+ flux dynamics are altered in depolarized cells
Ca2+ flux was visualized by staining hMSCs with Fluo4, a Ca2+-sensitive

fluorescent dye. In a non-depolarized cell population, 27% of cells exhibited
spontaneous Ca2+ oscillations and an average of 1.6 peaks per firing cell. The
oscillations occurred with a frequency of 0.44 peaks/min and an average peak
duration of 0.48 min at half maximum (Figure 3.5A, C). After stimulation with
10 nM ouabain, the number of oscillating cells increased 1.9-fold to 51%, and the
average number of peaks per firing cell increased 1.5-fold to 2.5 peaks. Ouabain
depolarization also increased the overall frequency of oscillations by 2.9-fold to
1.46 peaks/min, and increased the average peak duration at half maximum by 1.7fold to 0.92 min (Figure 3.5B, D).

3.3.4

Pharmacological modulation of ion channels expressed in
hMSCs
We sought to identify ion channels that might be participating in voltage

signaling. Human bone marrow-derived MSCs have been shown to express a
number of channels, including L-type Ca2+ channels, Ca2+-activated K+ (KCa)
channels, and inward rectifier K+ (Kir) channels. Nifedipine and verapamil, both
specific L-type Ca2+ channel blockers, were used to inhibit Ca2+ flux during
depolarization of hMSCs undergoing OS differentiation. BaCl2, a K+ channel
inhibitor that demonstrates some specificity for Kir channels, and bradykinin, an
agonist of KCa channels, were used to evaluate the role of these K+ channels
during depolarization.
Ouabain-depolarized cells treated with 100 μM BaCl2 and 1 μM
bradykinin expressed 2.3- and 1.9-fold more BSP on Day 7 than cells treated with
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ouabain alone, although only the BaCl2 increase was significant (p < 0.03, Figure
3.6A). This may indicate that K+ flux is involved during early differentiation
stages to transduce the effects of ouabain. On Day 21, ouabain-depolarized cells
treated with 10 μM nifedipine and 1 μM bradykinin showed slightly higher
calcium content (2.0-fold and 1.2-fold, respectively) than cell treated with
ouabain alone, although neither increases were statistically significant (Figure
3.6B). Staining for mineralization on Day 21 indicated that 10 μM nifedipine and
0.1 μM bradykinin could stimulate some mineral deposition by ouabain-treated
cells (Figure 3.6C, F). These results indicate that at later time points of OS
differentiation, L-type Ca2+ channels and KCa channels may be involved in
ouabain-stimulated signaling. However, pharmacological modulation of these ion
channels could not elicit the same degree of response as Ca2+ blockade with the
non-specific LaCl3 or ATP depletion. Additionally, none of these treatments
induced mineralization in K+-depolarized cells (Figure 3.6D, G).

3.3.5

Effects of depolarization and ion channel modulation on K+
flux and Na+ flux
We sought to determine how the distribution of Na+ and K+ ions across the

plasma membrane changes with ouabain- and K+-stimulated depolarization.
Undifferentiated hMSCs were stained with either PBFI for K+ or Sodium Green
for Na+, and fluorescence was measured before and after treatment with
depolarizers and other pharmacological reagents. Intracellular K+ fluorescence
increased following treatment with ouabain (1.10-fold increase, although not
statistically significant, p < 0.07) and high K+ (1.11-fold increase, p < 0.05), as
well as treatment with LaCl3 combined with ouabain or high K+ (1.16-fold
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increases for both, p < 0.006, Figure 3.7A). The presence of LaCl3 does not
change the directionality of K+ flux during the depolarization, but may slightly
increase the magnitude of K+ flux compared to depolarizers alone, although these
increases are not statistically significant. Intracellular Na+ fluorescence increased
following treatment with 10 nM ouabain (1.12-fold, p < 0.002), 1 μM bradykinin
(1.07-fold, p < 0.02), 500 μM LaCl3 (1.14-fold, p < 0.02), and 10 μM diazoxide
(1.14-fold, p < 0.004) (Figure 3.7B, C, D, E). Treatment with 10 μM verapamil
and 10 μM pinacidil increased Na+ fluorescence by 1.13-fold and 1.11-fold,
respectively; however, the change was not statistically significant (p < 0.09,
Figure 3.7H, I). No changes were detected following treatment with 40 mM K+
or 5U/mL hexokinase (Figure 3.7F, G).

3.4 Discussion
Since Ca2+ is a common mediator of depolarization in excitable cells such
as neurons and myocytes, we hypothesized that Ca2+ also participates in voltage
signaling in non-excitable hMSCs (296). Previous studies have shown that
intracellular levels of Ca2+ oscillate in hMSCs (291-293, 302). Time-lapse
imaging of Ca2+ transients confirmed that the hMSCs used in this study also
undergo baseline Ca2+ oscillations.
Ouabain depolarization altered the dynamics of the Ca2+ oscillations by
doubling the number of oscillating cells and increasing the spike frequency per
oscillating cell, thus tripling the overall frequency of Ca2+ oscillations in the
population. Ouabain treatment also increased the duration of the Ca2+ peaks.
Peak frequency and duration are important parameters that determine the kinetics
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of an oscillatory signal. These parameters allow oscillatory signals to encode
more fine-tuned temporal information than simple binary signals (294, 297). Ca2+
oscillations have been shown regulate important processes in the cell. Several
Ca2+-dependent molecules have been shown to respond in particular to oscillating
Ca2+ signals, including CAMKII, NFAT, and NF-κB (295, 299-301). Besides
these, other known Ca2+-responsive molecules that have been shown to play a role
in OS and AD differentiation, such as CaM, Cn, or ERK, may also be modulated
by the altered intracellular Ca2+ concentrations in a time-dependent way.
We also studied the functional role of Ca2+ flux during depolarization by
using several pharmacological blockers of Ca2+ channels. LaCl3, a non-specific
Ca2+ channel blocker, had a dramatic effect on late stage OS differentiation.
Ouabain-depolarized OS cells treated with LaCl3 demonstrated recovery of Day
21 matrix mineralization and calcium content compared to OS cells with ouabain
treatment alone. LaCl3 also increased calcium content in K+-depolarized OS
cells, but did not restore Alizarin Red staining of mineralization. Thus, although
the Ca2+ blocker reversed the suppression of differentiation caused by
depolarization, it did so to different extents for ouabain compared to high K+, with
the high K+ cells being unable to accumulate enough calcium for significant
staining of mineral deposition. These results suggest that although Ca2+ flux
plays a role in both forms of depolarization, it may have a more prominent role in
ouabain-stimulated depolarization, whereas there may be other mechanisms
involved in K+-stimulated depolarization. It is unclear how LaCl3 had a positive
effect on osteogenesis in depolarized cells at Day 21 without also having a
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positive effect on Day 7. Instead, LaCl3 suppressed BSP expression on Day 7 in
depolarized and non-depolarized cells. Yet these largely BSP-negative cells were
still able to undergo OS differentiation leading to high calcium content and
mineralization by Day 21. It is possible that changes in Ca2+ dynamics resulted in
a different temporal pattern of BSP expression, where BSP upregulation occurred
at an earlier or later time point. Alternatively, it is possible that LaCl3 enables
osteogenesis to proceed in the absence of BSP. LaCl3 has been shown to have a
positive effect on calvarial osteoblast differentiation through ERK
phosphorylation via pertussis-sensitive Gi protein signaling (304). It remains to
be investigated whether this pathway is also functioning in LaCl3 attenuation of
depolarization in our studies.
Since LaCl3 reversed some of the effects of depolarization in OS
differentiation, we also studied the role of Ca2+ channels in mediating
depolarization effects during AD differentiation. We found that, like in OS
differentiation, AD gene expression was not restored in depolarized cells
stimulated with LaCl3. LPL expression was suppressed in all LaCl3-treated AD
cells compared to depolarized AD cells. We also noted that AD cells treated with
LaCl3 had deposited a calcified layer that resembled mineral and stained positive
with Alizarin Red. This evidence of OS differentiation in cells cultured in AD
differentiation medium suggests that application of LaCl3, and the corresponding
decrease in Ca2+ flux, can stimulate a degree of OS differentiation despite the
presence of AD chemical stimulants. Some of these AD cultures with mineral
still exhibited lipid droplet formation. This heterogeneity suggests that there is
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some competition between the LaCl3-stimulated OS pathways and the ADstimulated pathways, and that some cells may be sensitive to one pathway over
the other. Taken together, these results indicate that LaCl3 can overcome
depolarization-induced suppression of differentiation, but favors restoration of OS
differentiation over AD differentiation. Further work is necessary to understand
the mechanisms of LaCl3-induced signaling, particularly its effect on gene
expression specific to OS and AD differentiation.
We also examined the role of extracellular ATP in mediating the effects of
depolarization. Depletion of ATP from the medium restored differentiation in OS
cells depolarized by ouabain or high K+, as measured by increased BSP
expression, increased calcium content, and Alizarin Red staining of mineral.
Thus, ATP may be acting as an autocrine or paracrine signal during
depolarization, and depletion of ATP from the extracellular medium can attenuate
the effects seen during depolarization.
Undifferentiated hMSCs are reported to secrete ATP and establish a
baseline extracellular concentration of 3-7 nM (292, 305). ATP is also a potential
stimulant of Ca2+ oscillations in hMSCs (292). A potential signaling pathway
during depolarization may thus involve increased extracellular ATP
accumulation, leading to increased Ca2+ oscillations that downregulate
differentiation. We therefore sought to identify the mechanisms through which
extracellular ATP concentrations are increased and through which ATP triggers
intracellular signaling. ATP may be released by cells into the extracellular
environment through pannexin hemichannels. Once released it may act upon cells
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by activating P2X or P2Y purinergic receptors. P2X receptors are non-selective
cation channels that transport Na+ and Ca2+, among other ions. P2Y receptors are
G-protein-coupled receptors that activate Ca2+ release from intracellular stores
through IP3 receptors, increasing the overall concentration of intracellular Ca2+.
Pharmacological screens were performed with antagonists of purinergic
receptors and pannexin hemichannels in an attempt to recapitulate the effects seen
with ATP depletion. At the concentrations tested, pannexin-1 antagonist
carbenoxolone (CBX) and P2X receptor antagonist TNP-ATP did not attenuate
the effects of depolarization. Further experiments are needed to verify that higher
concentrations of these antagonists are not required; however, the current results
indicate that (1) ATP release from hemichannels is not the source of extracellular
ATP, and (2) ATP signaling at P2X receptors is not responsible for the decreased
differentiation seen with depolarization. Nonspecific purinergic receptor
antagonist PPADS did have an effect on depolarization; however, it was found to
decrease, instead of increase, differentiation during depolarization. The
unexpected directionality of the PPADS effect may be due off-target effects
caused by blockade of both P2X and P2Y functions that are necessary for
differentiation. The fact that PPADS but not TNP-ATP elicited a different
response to depolarization suggests that P2Y receptors in particular may be
involved in the signaling pathway. However, further experiments are required
with both lower concentrations of PPADS and with P2Y-specific antagonists in
order to clarify the role of P2Y receptors in depolarization. Additional
experiments may also be done to quantify ATP release under different conditions
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(e.g., differentiated, undifferentiated, depolarized, Ca2+ block, PPADS block) and
to assess changes in Ca2+ oscillations or dynamics after various treatments, to
confirm that ATP and Ca2+ act together to transduce the voltage signal.
We also used a pharmacological screening strategy to identify other ion
channels (or families of ion channels) that participate in the depolarization
response. To determine whether the source of the increased Ca2+ was Ca2+ flux
through L-type Ca2+ channel, depolarized OS cells were treated with L-type Ca2+
channel blockers nifedipine and verapamil. To determine whether K+ channels
participate in signaling, depolarized OS cells were treated with Kir channel
inhibitor BaCl2 and KCa channel agonist bradykinin. At Day 7, BaCl2 and
bradykinin attenuated the effects of ouabain depolarization on BSP expression.
These results indicate that K+ channels may mediate ouabain signaling early
during differentiation. At Day 21, nifedipine and bradykinin attenuated ouabain
effects, indicating a role for KCa channels and L-type Ca2+ channels. This
temporal pattern of drug sensitivity suggests that different channels are active and
functional at different stages of differentiation, likely changing with the maturing
cell.
These results led to interest in ion flux besides Ca2+. Our depolarization
strategies (ouabain and high K+) both directly involve Na+ and K+, which are
major determinants of the cell’s membrane potential. We imaged Na+ and K+ flux
in hMSCs treated with depolarizers and various pharmacological modulators of
ion channels. Cells dyed with PBFI, a K+-sensitive fluorescent dye, exhibited
increases in intracellular fluorescence upon treatment with ouabain or high K+,
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although only the high K+ increase was statistically significant. When Ca2+
blocker LaCl3 was added with depolarizers, the magnitude of the increase in
intracellular K+ was greater than with depolarizers alone, indicating a greater
influx of K+. LaCl3, therefore, did not attenuate the K+ influx stimulated by
depolarization, suggesting that the mechanism through which depolarizers
suppress hMSC differentiation may not involve K+ flux.
Cells dyed with Sodium Green, a Na+-sensitive fluorescent dye, exhibited
different Na+ flux with various forms of stimulation. Ouabain treatment increased
intracellular Na+, which is consistent with its role as a blocker of the Na+/K+
ATPase pump. The pump typically extrudes Na+ from the cell while importing
K+ into the cell; thus, lower pump activity would cause a buildup of intracellular
Na+. Interestingly, high K+ depolarization did not result in an increase in
intracellular Na+. Thus, these two depolarization strategies differ in the handling
of Na+; it is unclear whether this difference in Na+ flux can explain some of the
observed differences in differentiation response to ouabain and high K+, e.g., the
ability of LaCl3 to restore significant mineralization in ouabain but not high K+treated cells. It is also unclear whether the increase in Na+ is functionally relevant
to the effects of ouabain on differentiation. These questions can be clarified with
future studies using Na+ channel blockers. Also of interest is the fact that all of
the other pharmacological modulators used in this experiment, LaCl3, bradykinin,
verapamil, pinacidil, and diazoxide, increased intracellular Na+ (although
verapamil and pinacidil effects were not significant), though they do not target
Na+ channels or pumps directly. Na+ flux changes may therefore be a secondary
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effect of these Ca2+ and K+ channel modulators. To clarify the role of these
channels in altering Na+ flux during depolarization, future studies will need to
track Na+ changes in the presence of both the depolarizers and the other channel
modulators.
In summary, we have investigated the mechanisms of depolarizationinduced suppression of differentiation. These studies implicated Ca2+ signaling
and ATP-stimulated signaling in mediating the effects of ouabain- and K+stimulated depolarization, as inhibition of these signaling pathways attenuated the
effects of depolarization and restored differentiation. L-type Ca2+ channels and
Ca2+-sensitive K+ channels may be involved the Ca2+ pathway, but other
mechanisms appear to be involved as well. Besides Ca2+, depolarization was
shown to alter K+ and Na+ movement across the plasma membrane; the role of
these ionic events in hMSC differentiation need to be further examined. Future
studies may also investigate other voltage-sensing pathways, including voltagesensitive transport of small molecules such as serotonin (196, 197); voltagesensitive enzymes such as the voltage sensitive phosphatase (10, 191, 201);
voltage-sensitive G-protein coupled receptors such as P2Y receptors (306, 307);
and integrin signaling activated by voltage-induced conformational changes (185,
186, 199).
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3.6 Figures

Figure 3.1

Ca2+ flux pathways and Ca2+-regulated pathways

Intracellular Ca2+ levels are regulated by influx, efflux, and store-release
mechanisms. Channels contributing to Ca2+ influx across the plasma membrane
include voltage-gated Ca2+ channels (VGCC), purinergic P2X receptors, and
store-operated Ca2+ channels (SOC). Ca2+ efflux is mediated by the plasma
membrane Ca2+-ATPase (PMCA) and the Na+/Ca2+ exchanger (NCX). Ca2+
release from intracellular stores in hMSCs is mediated by the inositol
triphosphate receptor (IP3R) and can be stimulated by ATP-activated P2Y
receptor signaling. Increased Ca2+ levels can regulate the activity of ion
channels such as the Ca2+-sensitive K+ channel (KCa). Ca2+ signaling mediates a
wide range of intracellular processes, many of which lead to transcriptional
changes important for differentiation.
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Figure 3.2

Effects of depolarization on OS differentiation are modulated by
Ca2+ block, ATP depletion, and K+ channel modulation

(A) Ca2+ channel blockade with 100 μM LaCl3 elevated Day 21 calcium content
in OS cells depolarized with 10 nM ouabain or 40 mM K+, but did not restore
calcium levels to that of non-depolarized OS cells. (B) LaCl3 did not restore Day
7 BSP expression in depolarized OS cells. (C) ATP depletion by hexokinase
(5U/mL) in depolarized OS cells restored Day 21 calcium content to levels
comparable to that of non-depolarized OS cells. (D) ATP depletion by
hexokinase elevated Day 7 BSP expression in depolarized OS cells. (E) LaCl3
did not rescue LPL expression in depolarized AD cells. (F) LaCl3 did not alter
BSP expression in depolarized AD cells, despite evidence for mineralization (see
Figure 3.3). Data points are mean mass or relative gene expression ± standard
error, n=3-6. * Significance is indicated relative to untreated OS or AD cells, p
< 0.05.
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Figure 3.3

ALP and Alizarin Red staining of depolarized OS cells undergoing
Ca2+ block and ATP depletion; and AD cells undergoing Ca2+
block

Day 21 matrix mineralization (shown by Alizarin Red staining) was restored in 10
nM ouabain-depolarized OS cells (A) treated with 100 μM LaCl3 (B) or 5U/mL
hexokinase (C). Mineralization was restored in 40 mM K+-depolarized OS cells
(D) treated with hexokinase (F), but not LaCl3 (E). Non-depolarized OS cells
treated with LaCl3 (H) or hexokinase (I) demonstrated similar mineralization as
untreated OS cells (G). A degree of calcium deposition was found in all AD cells
treated with LaCl3, whether non-depolarized (O) or depolarized with ouabain (K)
or K+ (M). AD cells cultured without LaCl3 did not exhibit any staining (J, L, N).
In some instances, fat droplets were also seen in mineral-containing LaCl3treated AD cultures (K, arrows). OS, osteogenic-differentiated hMSCs; AD,
adipogenic-differentiated hMSCs; depol, depolarization; ouab, ouabain; K, high
K; La, LaCl3; hex, hexokinase.
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Figure 3.4

Antagonists of ATP signaling pathway do not reverse the effects of
depolarization in OS cells

Day 21 calcium content was measured in OS cells stimulated with non-specific
purinergic receptor antagonist PPADS (30 μM, 10 μM) (A), P2X purinergic
receptor antagonist TNP-ATP (1 μM, 0.1 μM) (B), and pannexin-1 hemichannel
antagonist carbenoxolone (CBX, 10 μM) (C), in the presence or absence of
depolarizers ouabain (ouab, 10 nM) or K-gluconate (high K, 40 mM). PPADS
administered with either depolarizer caused a reduction in calcium content
compared to non-treated depolarized OS cells (A). TNP-ATP and CBX did not
alter cell response to either depolarizer (B, C). Ouab, ouabain; depol,
depolarization. Data points are mean mass ± standard deviation, n = 3.
* Significance is indicated relative to groups without PPADS, TNP-ATP, or CBX
treatment, p < 0.05.
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Figure 3.5

Ca2+ oscillations increase with ouabain treatment

hMSCs stained with Ca2+ dye Fluo4 were imaged over time to monitor Ca2+
oscillations. (A, B) Normalized fluorescence intensities were plotted over time
for individual cells before (A) and after (B) the addition of 10 nM ouabain. (C,
D) Raster plots of the Ca2+ peaks in (A) and (B).
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Figure 3.6

Effects of L-type Ca2+ channel blockade and K+ channel
modulation on depolarization-suppressed OS differentiation

(A) Day 7 BSP expression in ouabain-depolarized OS cells was slightly elevated
when 100 μM BaCl2 (Ba) or 1 μM bradykinin (BK) was administered with
ouabain (ouab); however only BaCl2 produced a statistically significant
difference. Data points are mean relative gene expression ± standard error, n=3.
*Significance is indicated relative to OS cells treated with ouabain alone.
(B) Day 21 calcium content in ouabain-depolarized OS cells was slightly
elevated when 10 μM nifedipine (nif) or 1 μM BK was administered with ouabain;
however neither treatments produced a statistically significant difference. Data
points are mean Ca concentration ± standard deviation, n=3. ALP and Alizarin
Red staining on Day 21 revealed that nif or BK stimulated some mineralization
when administered with ouabain (C, F), but not when administered with high K+
(D, G).
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Figure 3.7

Effects of depolarization and ion channel modulation on K+ flux
and Na+ flux in OS cells

(A) K+ dye PBFI fluorescence was measured in OS cells before and after
treatment with depolarizers ouabain (ouab, 10 nM) or K-gluconate (K, 40 mM )
with or without Ca2+ blocker LaCl3 (La, 100 μM). Intracellular K+ levels were
significantly elevated when stimulated by high K, high K with La, or ouab with
La. Data points are mean 340/380 nm fluorescence ± standard deviation, n=6.
*Significance is indicated relative to pre-treatment values, p < 0.05. (B-I) Timecourse fluorescence measurements of Na+ dye Sodium Green were obtained in
cells treated with 10 nM ouabain (B), 1 μM bradykinin (C), 500 μM LaCl3 (D), 10
μM diazoxide (E), 40 mM K-gluconate (F), 5U/mL hexokinase (G), 10 μM
verapamil (H) and 10 μM pinacidil (I) added at t=300sec. Ouabain, bradykinin,
LaCl3, and diazoxide treatments significantly increased intracellular Na+ levels.
Data points are mean 507nm fluorescence ± standard deviation. Significance
was evaluated by comparing readings 1.5 min before and after addition of
compounds, p < 0.05.
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Chapter 4
Whole genome analysis of
differential gene expression in human
mesenchymal stem cells responding to
depolarization and hyperpolarization
Modulation of the resting membrane potential (Vmem) of human
mesenchymal stem cells (hMSCs) has been shown to alter their capacity to
undergo osteogenic (OS) differentiation. In this study, gene expression analysis
was employed in depolarized (ouabain- or high-K+-treated, OB or HK) or
hyperpolarized (pinacidil-treated, PN) hMSCs to identify the Vmem-responsive
pathways that transduce the voltage signal into a differentiation-regulating signal.
Genome-wide analysis revealed that, despite altered differentiation activity, Vmemmodulated cells displayed gene transcription patterns that more closely resembled
that of OS-differentiated cells rather than undifferentiated cells. Several ion
channels and transporter genes were identified as highly differentially expressed
in undifferentiated cells compared to all other OS-differentiated groups (with or
without Vmem modulation). Comparison of gene expression in Vmem-modulated
groups compared to control OS groups could be facilitated by applying a Vmemresponse filter in which genes were selected based upon the directionality of their
response to both depolarization and hyperpolarization. A range of Vmemresponding genes were identified and were used to compile potential Vmemsensing pathways based on known molecular interactions. Several methods are
proposed for rational selection of targets for future functional studies, including
methods based on levels of differential expression, levels of significance, and
pathway interactions.

4.1 Introduction
Membrane potential (Vmem) changes accompany important events in tissue
development and regeneration. Recent studies have pointed to its function as a
potent regulator of cell proliferation, differentiation, migration, and tissue
regeneration. We have previously shown that human mesenchymal stem cell
(hMSC) differentiation toward osteogenic (OS) and adipogenic (AD) lineages is
regulated by Vmem. Depolarization of Vmem by pharmacological modulation or by
high concentrations of extracellular K+ suppressed differentiation, while
hyperpolarization by K+ channel modulation augmented OS differentiation. Cells
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therefore exhibit bi-directional sensitivity to Vmem changes. We have also
demonstrated that modulation of Ca2+ channel activity and ATP autocrine
signaling can reverse the effects of depolarization, indicating that Ca2+ channels
and purinergic receptor signaling may participate in voltage signaling. However,
voltage effects are likely mediated by a range of processes, including voltagesensitive transport of small molecules such as serotonin (196, 197); activity of
voltage-sensitive enzymes such as the voltage sensitive phosphatase (10, 191,
201); signaling of voltage-sensitive G-protein coupled receptors such as P2Y
receptors (306, 307); and integrin signaling activated by voltage-induced
conformational changes (185, 186, 199). These and other pathways have yet to be
investigated in hMSC differentiation. Additionally, due to the wide range of cell
pathways sensitive to voltage, the effects of Vmem modulation on cells are likely
wide-ranging as well. A number of pathways may be co-activated during voltage
signaling to produce a multi-component response, only one aspect of which may
be related to differentiation.
In order to interrogate the many signaling pathways that are likely
functioning during voltage signaling, we performed genome-wide expression
analysis of OS-differentiating hMSCs depolarized or hyperpolarized with
ouabain, high K+, or pinacidil. The purpose of this study was to identify Vmemresponsive genes whose differential gene expression could provide clues about the
pathways that are mediating voltage response and the cell functions that are
targeted by these pathways. The results of this study will inform future studies
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examining the functional role of these Vmem-responsive genes in depolarization,
differentiation, and other identified pathways of interest.

4.2 Materials and Methods
hMSC cultivation – Whole bone marrow aspirate from a 25-year old healthy male
was purchased from Lonza, and hMSCs were isolated as we have previously
reported (243). Cells were expanded in tissue culture flasks in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), penicillin (100 U/mL), streptomycin (100 μg/mL), 0.1 mM non-essential
amino acids, and basic fibroblast growth factor (bFGF, 1 ng/mL) (Invitrogen,
Carlsbad, CA). Cells were maintained in a humidified incubator at 37°C with 5%
CO2 and 5% O2 until initiation of differentiation. Medium was changed every 3-4
days until confluence, when cells were then trypsinized with 0.25% trypsin-1mM
EDTA (Invitrogen), and frozen in liquid nitrogen in FBS with 10% DMSO.

Osteogenic differentiation – hMSCs were plated on tissue culture polystyrene at a
density of 5000 cells/cm2. For the first 24 hr post-thaw, cells were cultured in
control medium, consisting of DMEM supplemented with 10% FBS, penicillin
(100 U/mL), streptomycin (100 μg/mL), and 0.1 mM non-essential amino acids.
Cells were then switched to OS differentiation medium, consisting of α-MEM,
10% FBS, penicillin (100 U/mL), and streptomycin (100 μg/mL), supplemented
with 10 mM β-glycerophosphate, 0.05 mM L-ascorbic acid-2-phosphate, and 100
nM dexamethasone (Sigma-Aldrich, St. Louis, MO).
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Vmem modulation – At initiation of OS differentiation, hMSCs were treated with
depolarizers ouabain (OB, 10 μM) and high K+ (HK, 40 mM), or hyperpolarizer
pinacidil (PN, 100 μM). OB, HK, and PN were added fresh with every medium
change, in the presence of the OS inducers. These treatments have been
previously reported to depolarize or hyperpolarize hMSCs.

RNA isolation –Total RNA was isolated from depolarized or hyperpolarized
hMSCs on Day 7 using Trizol reagent (Invitrogen) following the single step acidphenol guanidinium method. Following extraction, RNA was purified using the
Qiagen RNEasy kit (Qiagen, Valencia, CA) with on-column DNase digestion.

In vitro transcription, microarray hybridization – Single-stranded cDNA was
reverse-transcribed from total RNA, then converted to double-stranded cDNA and
purified (TotalPrep RNA Amplification Kit, Illumina). Biotin-labeled cRNA was
obtained by in vitro transcription using biotinylated UTP and CTP. cRNA was
hybridized to Illumina Human WG6 v3 microchips, stained with streptavidinCy3, and scanned with the Illumina BeadArray reader.

Microarray data analysis – Bioconductor software packages were used to perform
data analysis. Variance stabilizing transformation and quantile normalization
were performed using the lumi package (308, 309). A linear modeling approach
was used for differential expression analysis using the limma package (310).
Log-fold gene expression changes and associated statistics (F-statistics, adjusted
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p-values according to the Benjamini-Hochberg method) were extracted from this
analysis. Data were considered significant and utilized for further analysis if the
adjusted p-value < 0.01. The packages gplots and RColorBrewer were used to
plot heatmaps of log-fold changes for each contrast (pair-wise differences
between sample groups). Heatmap column labels indicate the specific contrast
(e.g., OB.7.OS.7 indicates the Day 7 log-fold change of the OB-treated group
compared to the control OS group). Heatmap row labels are the HUGO gene
symbols of the genes analyzed. Ingenuity Pathway Analysis software (IPA,
Ingenuity Systems, Inc.) was used to visualize pathways, build networks of
interacting molecules, apply thresholds to expression data to filter results, and
annotate genes based on documented gene functions.

4.3 Results
4.3.1

Gene profiles of Vmem-modulated groups display greatest
differences relative to the undifferentiated group
We compared gene expression profiles of hMSCs treated with ouabain

(OB), high-K+ (HK), and pinacidil, relative to either untreated osteogenicdifferentiated (OS) hMSCs (OB.7.OS.7, HK.7.OS.7, PN.7.OS.7, respectively) or
undifferentiated (UN) hMSCs (OB.7.UN.7, HK.7.UN.7, PN.7.UN.7,
respectively). As a control, untreated OS and UN expression were also compared
(OS.7.UN.7 or UN.7.OS.7). Of the 7915 differentially expressed genes, those
with the highest F-statistic were plotted in a heatmap, with the OS-based contrasts
on the left and the UN-contrasts on the right (Figure 4.1). The heatmap revealed
greatest differential expression in the UN contrasts, visualized by greater color
intensities (right side, Figure 4.1) in the heatmap. To better understand the
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expression changes directly involving ion channel and transporter proteins, the
entire gene set was filtered to display genes with documented ion channel and
transporter activity. This gene subset was additionally thresholded to include only
genes whose differential expression was greater than 0.75. All OS-based
contrasts and UN-based contrasts were plotted (Figure 4.2). The heatmap plot of
the resulting 44 genes revealed a number of highly differentially-expressed genes
in the UN group relative to all other groups (Figure 4.2 sidebars 4, 5), a subset of
which shows greater downregulation in the OB-treated group contrasted with the
OS group (Figure 4.2 sidebar 4). Additionally, the heatmap shows several
channels and transporters which are upregulated for both depolarized (OB, HK)
groups (Figure 4.2 sidebar 1), as well as several genes which display minimal
differential expression across all contrasts (Figure 4.2 sidebar 3).

4.3.2

Omitting contrasts against undifferentiated group provides
better resolution of differential gene expression in Vmemmodulated groups
Since gene expression in the Vmem-modulated groups showed greater

differences when contrasted to the UN group versus contrasted to the OS group,
the data imply that the Vmem-modulated groups were more similar to the OS group
than the UN group. To better visualize differences in the OS-based contrasts, the
data were reanalyzed with linear modeling to only contrast the Vmem-modulated
groups with the OS group. Re-analyzed data showed the same log-fold changes,
but different F-statistics and adjusted p-values due to the smaller data set. The
resulting 5741 genes were again ranked according to F-statistic, and the log-fold
changes of the top genes were plotted in a heatmap (Figure 4.3). The plot
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revealed greatest differential expression in the OB-treated group. To focus on ion
channels and transporters, this gene set was then filtered to include only genes
with documented ion channel and transporter functions. The resulting subset of
65 genes reflected ion channels and transporters whose expression was altered as
a result of Vmem treatments, and not as a result of OS differentiation. Heatmap
plotting revealed a number of transporters whose differential expression was
greatest in the OB group, as indicated by greater color intensities (Figure 4.4).

4.3.3

Filtering by Vmem-response directionality reveals genes of
greatest interest for understanding Vmem-signaling
mechanisms
We sought to filter the expression results further in a way that would

indicate genes most likely to be responsive to Vmem treatments. To do this, we
looked for genes which responded in a consistent manner to Vmem directionality.
Thus, we looked for log-fold changes where the directionality (up- or downregulation) was the same for both depolarization treatments (OB and HK).
Additionally, among these genes, we looked for log-fold changes where the
directionality for depolarization treatments was opposite that of hyperpolarization
treatment (PN). This filtered gene set would therefore have an expression profile
pattern similar to the differentiation response pattern we previously observed
(inhibition with depolarization; augmentation with hyperpolarization).
This Vmem-response filter was imposed on gene contrasts relative to the OS group.
Filtering yielded a set of 2273 genes whose expression pattern matched Vmem
treatments. The genes were ranked by F-statistic, and the top genes were plotted
(Figure 4.5). A subset of genes with ion channel and transporter activity was
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again extracted and plotted (Figure 4.6). The genes identified in these analyses
are the most likely candidates for Vmem signal responders; thus, these genes will
be referred to hereafter as “Vmem-responsive genes”.

4.3.4

Networks generated from Vmem-responsive genes
From the Vmem-responsive gene set, we built networks of interacting genes

to better understand how they might be connected in a pathway. To generate
networks, IPA software connects the genes in the uploaded gene set based on
documented interactions between them. It maximizes connectivity within a
network by importing other genes known to interact with those in the network.
The resulting networks thus contain a combination of genes originally in the data
set of interest, as well as additional genes that may be hypothesized to participate
in the identified pathways based on known interactions. Networks were built
based on thresholded differential gene expression (greater than 0.5) from any of
the three Vmem-modulated groups relative to the untreated OS group. When either
HK or PN groups were used for network analysis, 4 networks each were obtained.
When the OB group was used for network analysis, 17 networks were generated.
The greater number of networks obtained in from the OB group is consistent with
the OB group showing greater differential expression compared to the other
groups. Since many of these genes appearing in the HK- or PN-generated
networks also appeared in the OB-generated networks, we chose to continue
pathway analysis with the OB-generated networks.
Each network was built with 35 molecules, a subset of which contained
“network-eligible molecules,” i.e., genes which were drawn from the initial gene
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set (as opposed to being added to increase network connectivity). Networks were
scored and ranked based on the negative exponent of the right-tailed Fisher's
exact test result, a p-value calculation that reflects the likelihood that the networkeligible molecules would be found in the network by random chance alone. This
score is also a reflection of the fraction of the total 35 molecules which were
drawn from the initial gene set. From the OB-generated networks, we focused on
the first ten networks, which had scores ranging from 19 to 41.
Networks were drawn with genes or molecules as the nodes and
interactions as the edges. Differential expression data were represented in the
networks as node colors, with red indicating upregulation and green indicating
downregulation. Some nodes consisted of groups or complexes of molecules, and
the range of differential expression within those groups was represented as a
gradient of color. Molecules which were imported by the IPA software but whose
expression data was not in the original gene set were represented as gray nodes.
OB, HK, and PN treatment effects on gene expression were examined in
networks 1 and 2 (Figure 4.8), 3 and 4 (Figure 4.9), 5 and 6 (Figure 4.10), 7 and 8
(Figure 4.11), and 9 and 10 (Figure 4.12). A heatmap was generated to display a
summary of differential expression of the Vmem-responsive genes represented
within these networks (Figure 4.7). To identify potential genes for further study,
we compiled a list of network “hubs,” which we defined to be molecules in the
network which had five or more interactions with other network molecules (Table
4.1). Some of these hubs had associated gene expression values; others did not
because they were added to the network based on documented interactions.
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4.3.5

Function annotations for network genes indicate
candidates for Vmem-responsive cell pathways

Network node molecules were annotated by related functions and diseases (based
on documented reports in the literature compiled by IPA) to summarize the cell
functions that may be altered by these molecules. These functions were ranked
based on p-values calculated from right-tailed Fisher's exact tests, which indicate
the likelihood that the particular function would be associated with the networks
by random chance alone. The top three functions associated with each network
were noted (Table 4.1). In addition, for a broader overview of functions implied
by all networks, functions associated with all of the network genes were
compiled, and the top 20 ranked functions were tabulated (Table 4.2). The
function categories represented the most frequently in these networks include
Cellular Growth and Proliferation, Cancer, Cell Development, Cell Death,
Cardiovascular System Development and Function, and Cell Cycle (Table 4.3).

4.4 Discussion
Depolarization (OB, HK treatment) and hyperpolarization (PN treatment)
of OS-differentiating hMSCs has been reported to alter cell differentiation. We
performed genome-wide expression analysis to uncover mechanisms responsible
for transducing the Vmem signal.
We first compared differential expression in treated groups versus the
undifferentiated control group (UN) and treated groups versus the untreated OS
control group (OS). Previous work showed that OS differentiation was
suppressed by depolarization and augmented by hyperpolarization. From these
data, it was unclear whether differentiation suppression in depolarized cells
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indicated maintenance of a stem-like state despite the presence of OS inducers in
the medium. This issue was difficult to clarify because of the lack of consensus
about markers of the hMSC stem state, as well as the lack of markers specific to
hMSCs. Some efforts have been made to identify hMSC stem markers based on
de-differentiation and trans-differentiation studies, but these markers have yet to
be validated, especially in terms of functional significance to the stem state.
Alternatively, if depolarized cells did not maintain a stem-like state and yet did
not undergo OS differentiation, the identity of the depolarized cells required
further clarification.
To address these issues, we compared expression patterns of depolarized
and hyperpolarized OS-differentiating hMSCs to both UN and OS control groups.
Comparison of differential gene expression indicated that the expression pattern
in Vmem-altered OS-differentiating hMSCs resembled that of OS cells more than
UN cells. Both depolarized and hyperpolarized groups showed this trend. These
results indicated that although Vmem treatments altered the expression of
osteogenic genes, the global effect of these treatments was not as significant as
the global effect of OS stimulation (Figure 4.1).
We then asked whether expression of ion channel and transporter genes in
particular was also more responsive to OS stimulation than to Vmem modulation.
These data would clarify whether ion channel gene expression changes as a
function of OS differentiation, and whether that change is further affected by
Vmem modulation. We found that a number of channels and transporters were
more highly differentially expressed when contrasting all groups to the UN
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control group (Figure 4.2, sidebars 4 and 5). These genes therefore represent ion
channels and transporters whose expression is regulated during OS differentiation.
Future work could examine whether differential expression of these ion
transporter genes during OS differentiation has a functional role on the
differentiation process. If so, studies could also be performed to determine
whether modulation of the activity of these particular ion transporters is
responsible for mediating the effects seen in previous depolarization and
hyperpolarization experiments. Thus, these genes are of interest for future studies
as potential members of the Vmem-responsive pathway.
The heat map of differentially expressed ion channels and transporters in
Figure 4.2 also reveals several other gene groupings. In sidebar 3, differential
gene expression is fairly constant and low across all contrasts with the UN group,
as well as across all contrasts with the OS group, suggesting that OS
differentiation and Vmem modulation both have a minimal effect on expression of
these genes. These genes may therefore not be major contributors to either
process. Finally, sidebar 1 indicates a group of ion transporter genes whose
expression is elevated in both depolarized groups (OB, HK) when contrasted to
the control OS group, suggesting a possible role in mediating depolarization.
Because the effects of OS stimulation were dominant in the overall
expression analysis, we re-analyzed the expression data, limiting the analysis to
contrasts between Vmem-modulated groups (OB, HK, PN) and the control OS
group. Omission of the UN group contrasts allowed better visualization of the
changes produced by Vmem modulation. Results from this analysis maintained the
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same log-fold changes in expression data; however, significance values (Fstatistics, adjusted p-values) were altered due to the smaller data set.
The top 50 differentially expressed genes (Figure 4.3) and its subset of ion
channel and transporter genes (Figure 4.4) were plotted in heatmaps of log-fold
expression changes relative to the OS group. The genes presented in these
heatmaps are different than those in the previous analysis that included the UN
contrasts, demonstrating that the UN contrasts do indeed overpower the analysis.
To further identify genes that are relevant to Vmem-sensing pathways, we
next chose to filter genes based on their response to the directionality of Vmem
modulation. We therefore looked for genes downregulated by depolarization
(both OB and HK treatments) and upregulated by hyperpolarization (PN
treatment), or vice versa. The genes identified by this Vmem-response filter were
then considered Vmem-responsive genes. The heatmaps for the most differentially
expressed Vmem-responsive genes (Figure 4.5) as well as its subset of ion channel
and transporter genes (Figure 4.6) show that a wide range of these meet this
criterion. In future studies that seek to identify the depolarization signal
transduction mechanism, one approach would be to systematically investigate
these genes, with the highest priority given to those demonstrating greatest
differential expression and highest significance levels.
Another approach to choosing candidates for further investigation is to
examine networks of interacting genes and to choose a network with the greatest
number of interacting molecules or a network with the most interesting or relevant
associated functions. From the set of Vmem responsive genes, we applied a
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threshold filter to select the most differentially expressed genes and generated
networks based on these genes. For ten of these networks, we incorporated
expression data by overlaying the network nodes with colors indicating
differential expression levels for the OB, HK, and PN contrasts (Figure 4.8-Figure
4.12). Since networks bring together molecules and genes which are reported to
interact together, it is possible that the molecules identified in these networks do
indeed interact in connected pathways during Vmem modulation. Future work may
systematically investigate these pathways, perhaps starting with the highestranked networks.
In summary, we investigated gene expression in depolarized and
hyperpolarized OS-differentiating hMSCs in order to identify the mechanisms
underlying Vmem-induced signaling. Although depolarization suppresses OS
differentiation, global genome-wide analysis revealed that depolarized cells were
more similar to OS-differentiated cells than to undifferentiated cells, perhaps
indicating an intermediary maturation point. Further analysis may be done to
determine the identity or maturation stage of these cells based on their expression
signature. The data revealed several ion channels and transporters whose
expression changes significantly upon induction of OS; future work may clarify
their functional role in osteogenesis, and possibly in Vmem modulation.
Differential gene expression analysis between Vmem-modulated groups and control
OS groups identified a range of genes that are Vmem-responsive. A number of
approaches are suggested for selection of genes and pathways of interest for
further analysis (Figure 4.13), including selection based on level of differential
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expression and significance, or based on pathways built upon genetic and
moleculer interactions.
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4.6 Figures

Figure 4.1

Most significant differentially expressed genes in OB, HK, PNtreated groups compared to OS and UN control groups

Differential expression of genes was evaluated by log-fold changes of expression
when contrasting treatment groups OB, HK, and PN to control groups OS (left
side of heatmap) and UN (right side of heatmap). Genes were ranked according
to F-statistic, and the top 50 genes were plotted in a heatmap. Colors represent
log-fold change relative to OS (left side) or UN (right side) groups.
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Figure 4.2

Ion channel and transporter genes differentially expressed between
OB, HK, PN-treated groups compared to OS and UN control
groups

Differentially-expressed genes between treated groups (OB, HK, PN) and control
groups (OS, UN) were filtered for ion channel and transporter functions. Genes
in this subset having a log-fold change > 0.75 were plotted in a heatmap. Colors
represent log-fold change relative to OS (left side) or UN (right side).
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Figure 4.3

Most significant differentially expressed genes in OB, HK, PN
groups compared to OS group

OB, HK, and PN gene expression was contrasted with OS gene expression to
obtain differentially expressed genes. Genes were ranked according to F-statistic,
and the top 50 genes were plotted in a heatmap. Colors represent log-fold change
relative to OS.
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Figure 4.4

Ion channel and transporter genes differentially expressed between
OB, HK, PN-treated groups compared to OS group

Genes differentially expressed between OB, HK, PN-treated groups compared to
the OS group were filtered for ion channel and transporter functions and plotted in
a heatmap. Colors represent log-fold change relative to OS.
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Figure 4.5

Most significant differentially expressed genes in OB, HK, PNtreated groups, with Vmem-response filter

Differential expression of Vmem-responsive genes was evaluated by log-fold
changes of expression when contrasting treatment groups OB, HK, and PN to the
control OS group. Genes were ranked according to F-statistic, and the top 50
genes were plotted in a heatmap. Colors represent log-fold change relative to OS.
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Figure 4.6

Differentially expressed ion channels and transporters in OB, HK,
and PN groups, with Vmem-response filter

Vmem-responsive genes differentially expressed between treated groups (OB, HK,
PN) and the control OS group (OS) were filtered for those with ion channel and
transporter functions. Colors represent log-fold change relative to OS.
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Figure 4.7

Differential gene expression from ouabain-based networks
displaying consistent Vmem-responsive expression patterns

A gene list was compiled from ouabain-based networks, and differential gene
expression was calculated in OB, HK, PN-treated groups compared to the control
OS group. The data set was filted by Vmem response to generate a subset of genes
that shows similar behavior in depolarized groups (OB, HK) and opposite
regulation in the hyperpolarized group (PN). Colors represent log-fold change
relative to OS.
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Figure 4.8

Networks 1 and 2 color-coded with OS, HK, PN-treated
differential gene expression levels

Networks 1 (A-C) and 2 (D-F). Network nodes were labeled with gene HUGO
symbols and color-coded based on differential gene expression in OB, HK, and
PN contrasts (A and D, B and E, C and F, respectively) relative to the control OS
group. Red, upregulation; green, downregulation.
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Figure 4.9

Networks 3 and 4 color-coded with OS, HK, PN-treated
differential gene expression levels

Networks 3 (A-C) and 4 (D-F). Network nodes were labeled with gene HUGO
symbols and color-coded based on differential gene expression in OB, HK, and
PN contrasts (A and D, B and E, C and F, respectively) relative to the control OS
group. Red, upregulation; green, downregulation.
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Figure 4.10

Networks 5 and 6 color-coded with OS, HK, PN-treated
differential gene expression levels

Networks 5 (A-C) and 6 (D-F). Network nodes were labeled with gene HUGO
symbols and color-coded based on differential gene expression in OB, HK, and
PN contrasts (A and D, B and E, C and F, respectively) relative to the control OS
group. Red, upregulation; green, downregulation.
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Figure 4.11

Networks 7 and 8 color-coded with OS, HK, PN-treated
differential gene expression levels

Networks 7 (A-C) and 8 (D-F). Network nodes were labeled with gene HUGO
symbols and color-coded based on differential gene expression in OB, HK, and
PN contrasts (A and D, B and E, C and F, respectively) relative to the control OS
group. Red, upregulation; green, downregulation.
122

Figure 4.12

Networks 9 and 10 color-coded with OS, HK, PN-treated
differential gene expression levels

Networks 9 (A-C) and 10 (D-F). Network nodes were labeled with gene HUGO
symbols and color-coded based on differential gene expression in OB, HK, and
PN contrasts (A and D, B and E, C and F, respectively) relative to the control OS
group. Red, upregulation; green, downregulation.
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Figure 4.13 Flowchart illustrating potential approaches to identifying genes of
interest in microarray results
Differential expression (DE) data may be analyzed with various filters to choose
genes of interest for future studies investigating Vmem in differentiation.
Alternatively, a pathway analysis approach may be taken to build networks from
gene expression data, facilitating identification of highly-interactive genes (hubs)
and the functions implicated by these pathways.
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4.7 Tables
Table 4.1
Network

Network hubs extracted from networks 1-10
Vmem‐
responnding
hubs
VCAM‐1, SAA,
MMP13

Non‐Vmem‐responding
hubs

Top Functions

NF‐kB complex

Cellular Growth and Proliferation,
Connective Tissue Development and
Function, Skeletal and Muscular
Disorders

2

ITGA5,
Collagens,
CD44, ALP,
MMP7

PDGF, Mek, ERK1/2, TGF‐
B, Col I, Col IV, Laminin

Cell‐To‐Cell Signaling and Interaction,
Hematological System Development and
Function, Infection Mechanism

3

CDC20,
NCOA3

ubiqitin, Akt, Hsp90,
caspase, cdk, cyclin A,
histone h3, 26s
proteosome, Hsp70

Cancer, Cell‐To‐Cell Signaling and
Interaction, Cardiovascular Disease

4

XBP1, STAT1,
Vegf, IL6,
IFNb, PARP1

LDL, immunoglobulin,
IL12, MHC Class I, IFNa,
p39 MAPK, insulin, Ap1,
Jnk, IL1, IgG, histone

Gastrointestinal Disease, Hepatic
System Disease, Immunological Disease

5

myosin,
CALD1,
VEGFA,
integrin, Ras
homolog

calmodulin, Creg,
MAP2K1/2, PI3K, Pak,
CaMKII, F‐actin, actin,
CD3, Nfat family

Cellular Assembly and Organization,
Cancer, Dermatological Diseases and
Conditions

MYC, STAT4, BCL3, AGT,
histone h3, tretinoin,
butyric acid

Cellular Development, Cellular Growth
and Proliferation, Reproductive System
Development and Function

1

6

7

Gpcr, Mmp,
PRKAR1A

focal adhesion kinase,
Ras, Rac, PKC, ERK, PLC,
Mapk, Pka, Lh, hCG, FSH

Auditory Disease, Cellular Movement,
Dermatological Diseases and Conditions

8

COL7A1, RPS7

TGFB1, GLI1, PGRMC1,
CLIC5, ANXA4, ANXA13,
CES3

Carbohydrate Metabolism, Drug
Metabolism, Small Molecule
Biochemistry

b‐estradiol, PAX3, MMP9,
RNA polymerase II, Ck2

Drug Metabolism, Glutathione
Depletion In Liver, Cellular Compromise

TNF, HNF1A, GH1, RUVBL2

Lipid Metabolism, Molecular Transport,
Small Molecule Biochemistry

9

10

FBL
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Table 4.2

Top functions associated with network molecules

Category

Functions Annotation

p-Value

Molecules

# Molecules

Cancer

developmental process
of tumor

3.32E-06

ABCC1, AGT, AIMP1, ANGPTL4, beta-estradiol, butyric acid, CCL2,
CD44, COL4A1, GADD45A, GLI1, ID1, IL6, ITGA5, MME, MMP7,
MMP9, MYC, NCOA3, PTGES, RASSF1, SKP2, TGFB1, TNF,
TNFRSF10B, TNFRSF11B, tretinoin, TUBB3, VEGFA

29

Cellular
Movement

migration of endothelial
cells

3.68E-06

AGT, AIMP1, ANGPTL4, ARHGAP24, beta-estradiol, CCL2, CDH13,
COL4A1, HAS3, ID1, ITGA5, MMP9, MMP13, MYC, PTH1R, RECK,
TGFB1, TNF, VCAM1, VEGFA

20

Cancer

growth of tumor

4.28E-06

23

Hematological
System
Development
and Function

accumulation of
phagocytes

5.31E-06

ABCC1, AGT, AIMP1, ANGPTL4, beta-estradiol, butyric acid, CCL2,
CD44, COL4A1, GADD45A, IL6, ITGA5, MME, MMP7, MMP9,
PTGES, TGFB1, TNF, TNFRSF10B, TNFRSF11B, tretinoin, TUBB3,
VEGFA
AGT, beta-estradiol, C5AR1, CCL2, GH1, ITGA5, LTC4S, MMP9,
NPC1, PTGDS, TNF, VCAM1, VEGFA, XBP1

Immune Cell
Trafficking
Inflammatory
Response
Tissue
Development
Hematological
System
Development
and Function

accumulation of
phagocytes
accumulation of
phagocytes
accumulation of
phagocytes
quantity of antigen
presenting cells

5.31E-06

AGT, beta-estradiol, C5AR1, CCL2, GH1, ITGA5, LTC4S, MMP9,
NPC1, PTGDS, TNF, VCAM1, VEGFA, XBP1
AGT, beta-estradiol, C5AR1, CCL2, GH1, ITGA5, LTC4S, MMP9,
NPC1, PTGDS, TNF, VCAM1, VEGFA, XBP1
AGT, beta-estradiol, C5AR1, CCL2, GH1, ITGA5, LTC4S, MMP9,
NPC1, PTGDS, TNF, VCAM1, VEGFA, XBP1
AGT, C5AR1, CCL2, GH1, IL6, IL1F6, LTC4S, MMP9, NPC1, PLP1,
PTGES, STAT4, TGFB1, TNF, TNFRSF11B, tretinoin, VEGFA, XBP1

14

Tissue
Morphology

quantity of antigen
presenting cells

6.53E-06

AGT, C5AR1, CCL2, GH1, IL6, IL1F6, LTC4S, MMP9, NPC1, PLP1,
PTGES, STAT4, TGFB1, TNF, TNFRSF11B, tretinoin, VEGFA, XBP1

18

5.31E-06
5.31E-06
6.53E-06
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14

14
14
18

Cancer

metastasis

1.03E-05

CCL2, CD44, COL4A1, CPA4, EDNRB, FABP5, FST, FZD7, HMGN1,
HTATIP2, IL6, IMPDH2, MME, MMP7, MMP9, MYC, NQO1, NTN4,
PARP1, PLSCR4, RECK, S100A4, STMN2, TFPI, TGFB1, TM4SF1,
TNF, TNFRSF10B, TNFRSF11B, TUBB3, VCAM1, VEGFA, WLS

33

Cancer

developmental process
of malignant tumor
developmental process
of liver cells
formation of osteocytes

1.35E-05

AGT, AIMP1, beta-estradiol, CCL2, ID1, IL6, MME, MYC, NCOA3,
RASSF1, SKP2, TGFB1, TNF, tretinoin, VEGFA
AGT, FRZB, FST, IL6, MMP9, MMP13, SKP2, TGFB1, TNF, VEGFA,
XBP1
beta-estradiol, butyric acid, CCL2, CD44, FRZB, FST, IL6, PTH1R,
TGFB1, TNF, TNFRSF11B, tretinoin

15

binding of cAMP
response element
depletion of glutathione

1.62E-05

AGT, beta-estradiol, RASSF1, STAT1, TGFB1, TNF, tretinoin

7

2.07E-05

ABCC1, MYC, NPC1, TGFB1, TNF, tretinoin

6

depletion of glutathione

2.07E-05

ABCC1, MYC, NPC1, TGFB1, TNF, tretinoin

6

formation of connective
tissue cells

2.35E-05

beta-estradiol, butyric acid, CCL2, CD44, FRZB, FST, IL6, ITGA5,
PTH1R, TGFB1, TNF, TNFRSF11B, tretinoin

13

Dupuytren contracture

2.99E-05

COL14A1, COL15A1, COL16A1, COL3A1, COL4A1, COL7A1, MMP7,
MMP13

8

Dupuytren contracture

2.99E-05

8

cirrhosis

3.06E-05

COL14A1, COL15A1, COL16A1, COL3A1, COL4A1, COL7A1, MMP7,
MMP13
ABCC1, AGT, C5AR1, CCL2, COL3A1, EDNRB, FRZB, FST, IL6,
ITGA5, MMP9, NQO1, PTAFR, TGFB1, TNF, TUBB3

Cellular
Development
Cellular
Growth and
Proliferation
Gene
Expression
Drug
Metabolism
Molecular
Transport
Cellular
Growth and
Proliferation
Connective
Tissue
Disorders
Genetic
Disorder
Liver
Cirrhosis

1.41E-05
1.49E-05

127

11
12

16

Table 4.3

Top categories of functions represented in networks

Category
Cellular Growth and Proliferation
Cancer
Cellular Development
Cell Death
Cardiovascular System Development and Function
Cell Cycle
Gastrointestinal Disease
Cardiovascular Disease
Organismal Injury and Abnormalities
Hepatic System Disease
Connective Tissue Development and Function
Inflammatory Disease
Tissue Morphology
Hematological System Development and Function
Renal and Urological Disease
Skeletal and Muscular System Development and Function
Small Molecule Biochemistry
Cellular Movement
Tissue Development
Inflammatory Response
Cell-To-Cell Signaling and Interaction
Lipid Metabolism
Hepatic System Development and Function
Skeletal and Muscular Disorders
Cell Morphology
Developmental Disorder
Molecular Transport
Genetic Disorder
Immune Cell Trafficking
Organismal Development
Drug Metabolism
Organ Morphology
Renal and Urological System Development and Function
Hematopoiesis
Infectious Disease
Liver Hepatitis
Cardiac Hypertrophy
Immunological Disease
Renal Necrosis/Cell Death
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# of
appearances
64
59
57
49
48
47
46
43
42
41
40
40
40
37
37
31
31
30
30
27
24
23
21
20
19
18
18
16
15
15
13
13
13
12
12
12
10
10
10

Chapter 5
Stem cell- and scaffold-based tissue
engineering approaches to osteochondral
regenerative medicine
In osteochondral tissue engineering, cell recruitment, proliferation,
differentiation, and patterning are critical for forming biologically and structurally
viable constructs for repair of damaged or diseased tissue. However, since
constructs prepared ex vivo lack the multitude of cues present in the in vivo
microenvironment, cells often need to be supplied with external biological and
physical stimuli to coax them towards targeted tissue functions. To determine
which stimuli to present to cells, bioengineering strategies can benefit
significantly from endogenous examples of skeletogenesis. As an example of
developmental skeletogenesis, the developing limb bud serves as an excellent
model system in which to study how an osteochondral structures form from
undifferentiated precursor cells. Alongside skeletal formation during
embryogenesis, bone also possesses innate regenerative capacity, displaying
remarkable ability to heal after damage. Bone fracture healing shares many
features with bone development, driving the hypothesis that the regenerative
process generally recapitulates development. Similarities and differences
between the two modes of bone formation may offer insight into the special
requirements for healing damaged or diseased bone. Thus, endogenous fracture
healing, as an example of regenerative skeletogenesis, may also inform
bioengineering strategies. In this review, we summarize the key cellular events
involving stem and progenitor cells in developmental and regenerative
skeletogenesis, and discuss in parallel the corresponding cell- and scaffold-based
strategies that tissue engineers employ to recapitulate these events in vitro.

5.1 Introduction
The field of regenerative medicine seeks to repair, replace, or regenerate
tissues and organs damaged by injury or disease. Stem cells have emerged as a
promising cell source to address these challenges. However, because the field of
stem cells is fairly new there are many questions about how to best handle them
for therapeutic applications. One major issue is the need to determine how much
guidance or instruction stem cells require in order to regenerate tissues, and in
what form these instructions should be provided. Many clues can be drawn from
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developmental and regenerative biology, where endogenous stem and progenitor
cells are recruited to form new tissue in response to environmental stimuli. These
stimuli can be provided through various means, including secreted or matrixembedded signaling molecules, matrix chemistry and physical forces.
The extracellular matrix (ECM) is a particularly rich source of signals,
acting as a structural support, a reservoir of growth factors, a transducer of
mechanical signals, a source of spatial cues delivered via chemical epitopes, and
many related features. Classical tissue engineering strategies aim to recreate this
ECM environment to direct cell behavior on a scaffold of choice, with the
eventual goal of implantation at the site of injury or disease to restore tissue
function. Ideally, a microenvironment would be formed in which the ECM
induces certain cell behavior, and cells would respond in turn by remodeling the
substrate, establishing a dynamic feedback cycle that fashions the ECM according
to the changing needs of the cell, allowing the cells and ECM to dictate the repair
process.
Many combinations of cells and scaffolds have been utilized for tissue
engineering; this review will focus on our particular approach culturing human
mesenchymal stem cells on silk fibroin scaffolds as an example of a
bioengineering strategy to regenerate connective tissues such as bone and
cartilage. The aim of this review is to demonstrate how knowledge of
endogenous cell biology can be applied to scaffold design to develop effective
regenerative stem cell therapies.
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The ability to tailor and control tissue formation in vitro suggests that
tissue engineering can provide new options in the field of regenerative medicine.
This impact is via the formation of clinically relevant pregrown human tissue
replacements, as well as ex vivo human tissues serving as model systems. These
ex vivo systems can be used to study human disease formation and therapeutic
interventions, filling a niche between human cell screening and human clinical
trials where currently animal models are used. Further, tissue engineering can
provide a reciprocal benefit to the field of developmental biology and
regeneration in general. Thus, while insight from development can inform and
guide cell biology and tissue outcomes in vitro and in vivo, the availability of
novel scaffold-cell systems with tight environmental control can provide new
options to interrogate or control tissue formation processes both in vitro and in
vivo. This would lead to new insight into how tissues regenerate, offering to
impact approaches with which to promote tissue repair without scarring,
approaches that are currently dominated by uncontrolled inflammatory wound
healing pathways as opposed to true tissue regeneration pathways.

5.2 Endogenous skeletogenesis: progenitor and stem
cell sources and cell recruitment
The early limb bud consists of undifferentiated mesenchymal cells that
migrate into the limb field from the lateral plate and somatic mesoderm (311)
(Figure 5.1A). Skeleton formation occurs through a process called endochondral
ossification, in which the mesenchymal progenitor cells first aggregate into a
cartilage template that is subsequently replaced by bone (312) (Figure 5.2).
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Fracture healing of long bones may also occur via a cartilage intermediate in
endochondral ossification, but may also occur via direct bone formation in a
process called intramembranous ossification (313, 314) . Similar to development,
regenerative healing requires skeletogenic mesenchymal stem cells (MSCs).
Sources of these stem cells may include the periosteum, the membranous
connective tissue surrounding bone; the surrounding soft tissues, such as muscle;
the marrow spaces at the site of bone damage; granulation tissue; and the
endosteum (129, 314-323) (Figure 5.1).
Several signaling molecules are involved in progenitor/stem cell
recruitment and migration to the site of new bone formation. These molecules
include transforming growth factor-β (TGF-β), bone morphogenetic proteins
(BMPs), and insulin-like growth factor-1 (IGF-1), which all act as stimuli for
mesenchymal stem cell recruitment to the site of new bone growth (324-326).
Many of these molecules also promote mesenchymal cell proliferation and
differentiation. Both the matrix and the cells at the site of repair may be sources
of these molecules. For example, one of the initial responses to fracture injury is
BMP release from the matrix as well as BMP secretion by primary mesenchymal
cells recruited to the site of injury (327, 328).
One major difference between initiation of bone formation in
developmental skeletogenesis vs. in regenerative skeletogenesis is the significant
role of inflammation in the healing process (329, 330). During skeletal repair,
many important growth factors and cytokines that facilitate mesenchymal cell
recruitment are secreted by inflammatory cells. For example, tumor necrosis
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factor α (TNFα), platelet-derived growth factor (PDGF), and interleukin-1 and -6
(IL-1, IL-6) are secreted by inflammatory cells and platelets, inducing
mesenchymal cell migration and proliferation; chemotaxis of other inflammatory
cells; and aggregation of platelets (314, 328, 331, 332).

5.3 Tissue engineering cell sources: adult mesenchymal
stem cells
Since developmental and regenerative bone formation are both mediated
by stem and progenitor cells, stem cells are a natural choice for osteochondral
tissue engineering (333-335). In addition, stem cells have become the main cell
source of choice for tissue repair because they meet several major cell therapy
requirements that differentiated primary cells do not meet (333-335). For
example, differentiated cells are often difficult to expand in culture and therefore
yield insufficient numbers of cells for cell therapy. Furthermore, differentiated
cells such as chondrocytes often lose their tissue-forming capacity in vitro and are
therefore unable to support tissue repair or regeneration (336). Stem cells, on the
other hand, are defined by their self-renewal and differentiation capacity; they are
able to proliferate in culture without losing their potential to form tissues.
Embryonic stem cells (ESCs) and adult mesenchymal stem cells (MSCs)
are the main types of stem cells used for tissue engineering. ESCs have a broader
differentiation spectrum because they can generate cell types from all three germ
layers: endoderm, ectoderm, and mesoderm. However, many factors have limited
their application to human cell therapy, including ethical concerns,
immunological incompatibilities, potential for malignant tumor growth,
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heterogeneous differentiation, and an insufficient understanding of and control
over ESC differentiation (334). For these reasons, adult MSCs are currently the
cell type of choice for therapeutic applications; these cells will be the focus of this
review.
MSCs are characterized by several features. They were first obtained
from whole bone marrow and separated from suspended hematopoietic stem cells
by their ability to adhere to substrates and to form colony units (337-339). MSCs
are also often defined by their ability to differentiate into osteogenic, adipogenic,
and chondrogenic lineages, making them an attractive cell source for
osteochontral tissue engineering. Molecular characterization of MSCs, however,
is difficult and controversial, as MSCs do not appear to uniquely express any
molecule. Characteristic surface marker expression is somewhat inconsistent, but
some groups look for positive expression of CD73, CD90, CD105, and absence of
CD34, CD45 (334, 340, 341). Because of a lack of unique identifying markers, it
is difficult to study the activity of endogenous MSCs, especially in the context of
their contributions to wound healing. Consequently, most studies of in vivo MSC
activity examines the behavior of transplanted MSCs, which can be labeled ex
vivo, then injected and monitored in vivo (341).
There are two main cell transplantation strategies: site-directed or
systemic delivery of MSCs. Site-directed delivery of MSCs has shown that
MSCs can engraft in host tissues, especially in models of injury in myocardium,
spinal cord, and brain (342-346). Systemic administration of MSCs has further
demonstrated the ability of MSCs to home to injured tissues, including brain,
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lung, and heart, although the degree of homing is less than with site-specific
delivery (347-350). The mechanisms underlying MSC recruitment from the
circulatory system after injury are still unclear but are hypothesized to be similar
to leukocyte trafficking across the blood vessel endothelium (341, 351). MSCs
express a variety of chemokine receptors, adhesion molecules, and integrins that
may be responsible for adhesion and rolling along blood vessel walls, including
P-selectin and vascular cell adhesion molecule (VCAM) (341, 351). The ability
of MSCs to migrate to sites of injury supports their use in tissue-engineered
constructs, since it demonstrates that MSCs can sense and respond to factors and
cytokines secreted in an injury environment. While MSC delivery appears
promising for hematopoietic, myocardial, and neural repair, skeletal repair
generally also requires a scaffold for structural and mechanical support at the
injury site (340), while also serving the anchorage dependent function for the
cells. Therefore, the majority of tissue engineering efforts aim to develop a
suitable scaffold as a delivery vehicle for MSCs (Figure 5.1C).

5.4 Endogenous skeletogenesis: cell proliferation,
differentiation, and interaction with the ECM
Developmental and regenerative bone formation occurs as a result of
coordinated cell proliferation, differentiation, migration, and remodeling of the
ECM (Figure 5.2). Prior to endochondral ossification, pre-chondrocytic
mesenchymal cells that have been recruited into the bone-forming region secrete
ECM largely composed of hyaluronan and collagen type I (335). In the first
major step of endochondral ossification, mesenchymal cells commit to the
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chondrogenic lineage and undergo condensation (aggregation) to form compact
nodules (312). Condensation involves changes in cell-cell and cell-matrix
interactions, which are mediated by molecules including N-cadherin, fibronectin,
syndecans, tenascins, thrombospondins, neural cell adhesion molecule, focal
adhesion kinase and paxillin (335, 352-355). Condensation also is associated
with a decrease in extracellular space, due to an increase in hyaluronidase activity
and a denser distribution of collagens type I and III and fibronectin within the
mesenchymal tissue (335, 356-359). Pre-chondrocytic cells then proliferate and
differentiate to form a soft callus that provides mechanical support while acting as
a template or scaffold for future hard callus formation (360). Chondrocyte
differentiation is characterized by synthesis of cartilage-supporting matrix,
including collagens II, IX, and XI, and aggrecan and other proteoglycans (312,
361). Chondrocytes mature further and eventually undergo hypertrophy as they
mineralize the ECM by depositing hydroxyapatite (312, 362). During
hypertrophy, the proteinaceous composition of the ECM changes due to
chondrocyte secretion of collagen type X and matrix metalloprotease 13
(MMP13) (312, 362). ECM degradation allows for vascular invasion; recruitment
of chondroclasts, which remove apoptotic chondrocytes; and recruitment of new
MSCs, which differentiate into osteoblasts that secrete bone matrix (312, 363).
The soft cartilaginous callus is gradually replaced by a hard callus of woven bone.
During this stage of primary bone formation, active osteogenesis produces bone
matrix composed of proteinaceous and mineralized ECM. During the final stage
of bone formation, referred to as secondary bone formation, the irregular and
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under-remodeled ECM of the hard callus is further remodeled into load-bearing
cortical or trabecular bone (360).
In contrast to endochondral ossification, fracture healing by
intramembranous ossification occurs when recruited MSCs from the underlying
cortical bone and periosteum proliferate and differentiate directly into preosteoblasts and osteoblasts (314). Interestingly, whether wound healing occurs
via endochondral or intramembranous ossification depends upon the mechanical
forces to which the injury is subjected. Endochondral ossification is enhanced by
motion and mechanical stimulation and is inhibited by fixation (328, 364).
Bending and shear loading at the injury site thus favors chondrogenesis over
osteogenesis as a mode of repair. Conversely, intramembranous ossification is
favored when bone segments are stabilized during healing (329). MSCs must
therefore be sensitive to the mechanical environment provided by the ECM, in
addition to the biochemical stimuli presented by the ECM.

5.5 MSC differentiation and scaffold considerations
In a scaffold-based approach to delivering MSCs to sites of osteochondral
tissue defects, there are several design requirements to consider when choosing a
biomaterial for the scaffold (Figure 5.3, Table 5.1). Knowledge of endogenous
MSC activity in endogenous skeletogenesis, including the progression of cellular
events and the sensitivity of cells to biochemical and mechanical stimuli, can
inform many of these scaffold design choices. We will discuss these
considerations mostly in the context of a particular biomaterial that has shown
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promise in supporting osteochondral growth in vitro and in vivo: silk fibroin from
the silkworm Bombyx mori.
One basic requirement for a scaffold is that the material should support
necessary cell activity leading to bone regrowth, including cell attachment,
proliferation, and differentiation, as outlined in Section 3.1. Several studies have
demonstrated the ability of bone marrow-derived mesenchymal cells to adhere,
proliferate, and undergo osteogenic differentiation on two-dimensional silk
fibroin films (365-367). These films establish the suitability of silk fibroin as a
stem cell-supporting biomaterial; however, due to their two-dimensional (2D)
format, application of these films for wound healing is limited to use as coatings
for other three-dimensional (3D) scaffolds to alter surface properties (368).
Because silk fibroin is a flexible material that can be processed in several
different ways, it is not limited to 2D monolayer cell culture. Silk substrates can
also be formed three-dimensional (3D) materials suitable for in vivo implantation
into the site of bone or cartilage damage. For example, silk fibroin solution can
undergo a sol-gel transition to form 3D hydrogels, which can be used as tissue
culture substrates (369, 370). Hydrogels can also be further processed by
lyophilization to generate porous sponges. Silk fibroin sponges and hydrogels
have supported chondrocyte-based cartilage tissue engineering in vitro (371-373)
and guided repair of critical-sized cancellous bone defects in vivo (374),
respectively.
Another promising processing option is the formation of porous scaffolds
from silk fibroin solutions by salt leaching, gas foaming, and freeze drying (375-
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377). Scaffold topography and geometry play a critical role in tissue formation by
dictating cell adhesion, proliferation, and distribution, as well as nutrient and
oxygen availability. Thus, ideal scaffolds should be capable of forming various
geometries for tissue-specific needs. The architecture and morphology of silk
scaffolds can be controlled by processing options such as fibroin solution
concentration, salt particle size, and solvent (aqueous or organic) (375).
Adjustment of these properties can result in favorable conditions for cartilage and
bone engineering. For example, choice of solvent affects pore interconnectivity,
surface topography and hydrophilicity, mechanical strength, and degradation rate
(376) (Figure 5.4). Chondrogenesis of MSCs was supported on 3D porous
aqueous-derived silk scaffolds, forming cartilage-like tissue whose spatial
distribution of cells and ECM, chondrogenic gene expression, cell morphology,
and zonal architecture resembled native tissue (378, 379). Chondrogenesis was
also found to be improved on silk scaffolds compared to collagen scaffolds in
terms of cell attachment, metabolic activity, proliferation, ECM deposition, and
glycosaminoglycan (GAG) content (380, 381). Osteogenesis of MSCs resulting
in bone-like trabeculae and mineralization was also improved on silk scaffolds
compared to collagen scaffolds (248, 382, 383). Pore size and porosity have also
been shown to be important parameters for control over osteogenic and
chondrogenic proliferation and differentiation. In vitro, small pore sizes favored
osteoblast cell proliferation, while lower porosity supported osteogenic
differentiation, likely due to suppressed proliferation and increased cell
aggregation (384-386). In vivo, higher porosity allowed for cell recruitment and
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vascularization, leading to improved osteogenesis (385, 387). Interestingly,
scaffold pore size and geometry was shown to dictate the mode of bone
regeneration in an in vivo model of osteogenesis via BMP-2-loaded honey-combshaped hydroxyapatite (HA) scaffolds (388-390). Small diameter ‘tunnels’
favored chondrogenesis followed by osteogenesis, while large diameter ‘tunnels’
favored direct bone formation (388-390). Similarly, the geometry of HA
scaffolds (honey-comb, porous particles, or porous blocks) determined the mode
of bone formation (388). Porous HA particles and blocks allowed for
vascularization, providing sufficient oxygen and nutrient flow to permit direct
bone formation, while honey-comb HA structures provided a low oxygen
environment, stimulating initial chondrogenesis followed by osteogenesis (388).
These results suggest that scaffold architecture can be designed to favor one tissue
type over another (e.g., cartilage vs. bone), as well as to favor a particular
regeneration pathway (e.g., intramembranous vs. endochondral ossification).
Given the responsiveness of cells to scaffold properties, silk scaffold processing
was explored to determine whether scaffold features could be designed to achieve
not only desired cell proliferation and differentiation, but also complex tissue
architectures. The anatomical structure of newly formed bone was found to be
pre-determined by initial silk scaffold geometry (391). By changing pore
interconnectivity within silk scaffolds, bone structures ranging from trabecular,
plate-like bone to cortical-like bone networks were formed (391). Building upon
these results, silk scaffolds were engineered with two side-by-side domains of
large and small diameter ranges of pore sizes to recreate the heterogeneous
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structure of bone, which can range from spongy, porous morphologies to compact
morphologies (392). The structure of the newly formed bone correlated with
scaffold pore sizes, with the smaller pores supporting more trabeculae formation.
Thus, scaffold properties such as porosity, pore size, and pore geometry can be
tailored to dictate the mechanism of tissue regeneration and the structure of the
resulting tissue, an important design consideration for large-scale tissue
patterning.
An important consequence of altering the geometry of silk and other
biomaterial scaffolds is that the mechanical properties of the scaffolds are altered.
In an in vivo setting, such as healing of a bone defect, it is critical for the scaffold
to provide mechanical support in addition to biological stimuli until the new tissue
develops biomechanical properties that match the native tissue (340). Silk is an
attractive material for osteochondral tissue engineering because its mechanical
properties are favorable for engineering load-bearing tissues: silk displays a
higher elastic modulus and tensile strength compared to other natural biomaterials
as well as synthetic biomaterials (393, 394). These mechanical properties of silk
fibers translate to the 3D scaffold environment as well. The compressive strength
and modulus of porous silk sponges are significantly higher than the
corresponding properties of collagen, chitosan, hyaluronan, and polymeric porous
sponges (369, 377, 394). Thus, silk scaffolds are well-suited to address the
mechanical challenges that contribute to the failure of natural materials like
collagen, which are attractive materials because of their bioactivity and their
presence in the ECM but which cannot support mechanical loading (395). In
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addition to its role in reinforcing the injury site, the mechanical environment
supplied by the scaffold may be important for controlling the mechanism of bone
tissue regeneration. Endogenous examples of intramembranous and endochondral
ossification show that mesenchymal cells at a fracture site respond to differences
in mechanical stimulation (motion vs. fixation) by choosing one pathway over the
other (328, 329). Thus, it is possible that the differences in mechanical stability
provided by porous scaffolds of different geometries may also favor one healing
pathway over the other.
The biomechanical properties of an implanted scaffold may change as a
function of time due to scaffold degradation and tissue ingrowth. Endogenous
endochondral ossification involves several instances of ECM degradation and
remodeling, including the transition from chondrogenesis to osteogenesis and the
transition from irregular hard callus to cortical and/or trabecular bone formation.
Thus, to facilitate formation of mature bone in a tissue-engineered construct,
scaffolds need to allow for control of degradation kinetics, as they would need to
degrade in an appropriate timeframe to support new tissue growth and ECM
deposition. Silk degradation has been characterized both in vitro and in vivo (396,
397). Silk scaffold degradation rates in vivo can be tailored by controlling several
parameters, including processing solvent (aqueous vs. organic), silk solution
concentration, and pore size (397). Aqueous-processed scaffolds degrade within
two to six months, while organic solvent-processed scaffolds persist for over one
year when implanted in rats. Slower degradation is correlated to higher silk
solution concentrations and smaller pore sizes, likely due to less tissue ingrowth.

142

Importantly, these tunable properties allow the silk scaffold morphology to be
designed to match the dynamic needs of the growing tissue.

5.6 Role of signaling molecules in endogenous
skeletogenesis
Tailoring of the physical properties of biomaterials is necessary for
developing an environment that promotes bone healing. Equally important are the
biological signaling requirements of the healing tissue. The cellular events
underlying in vivo skeletogenesis are regulated by an array of signaling factors,
many of which have similar functions in both bone development and bone repair.
Three major categories of signals have been identified: pro-inflammatory
cytokines; growth and differentiation factors; and metalloproteinases and
angiogenic factors (328, 398, 399). Several of these factors will be highlighted
below as examples of major similarities and differences between bone
development and repair in terms of signaling factor activity and dynamics.
Overall, the two modes of bone formation exhibit significant differences during
initial stages, where inflammatory molecules play a role only in repair. The two
modes then show increasing similarities during cartilage and bone growth: growth
is mediated by similar signaling factors, sometimes operating under different
temporal regimes. In the final stages of endochondral bone formation,
development and repair show similar matrix- and angiogenesis-related activity.
Pro-inflammatory cytokine expression is a major feature of bone repair
that distinguishes it from skeletal development. The inflammatory response
observed early after injury plays a role in initiating the repair process. Elevated
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expression of cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6), and
tumor necrosis factor-α (TNFα) occurs within the first 24 hours after injury as
well as during bone remodeling (314, 328, 332). These cytokines are secreted by
inflammatory cells and mesenchymal cells; their release stimulates chemotaxis of
other inflammatory cells, ECM synthesis, angiogenesis, MSC recruitment,
chondrocytic apoptosis, and osteoclast activity during endochondral bone growth
(400).
Unlike inflammation-associated signals, many growth and differentiation
factors regulate similar cell functions in both bone development and repair. Of
the transforming growth factor-beta (TGFβ) superfamily of proteins, bone
morphogenetic proteins (BMPs) play diverse roles in skeletogenesis. BMP
expression is regulated during skeletal development and plays a large role in
osteochondral cell growth, differentiation, and apoptosis (326). In the developing
limb bud, the type of BMPs, their spatial distributions, and their temporal
regulation are all critical parameters for patterning of the tissue structure (311,
326, 335). BMP-2 and BMP-4 are expressed in the epithelium of the limb bud
and act as signals for proliferation and differentiation of the underlying
mesodermal progenitor cells (326). BMP-2-induced differentiation is implicated
in pattern formation along the anterior-posterior axis. Subsequent BMP-2, -4, -6,
and -7 expression in the mesenchyme of the later bud regulates cartilage growth,
differentiation, and apoptosis to form cartilaginous condensations during
endochondral ossification (326, 401). Precise regulation of these morphogens
allows for correct digit patterning: mesenchymal cells within the condensation are

144

assigned a digital or interdigital fate for the formation of the autopod (402).
BMP-6 contributes to cartilage hypertrophy, indicating a role in terminal
chondrocyte differentiation (403, 404).
While the same BMPs regulate fracture healing, they do so with different
temporal dynamics. During endochondral ossification, BMP-2 expression is
induced the earliest during mesenchymal cell recruitment and persists through
chondrogenic and osteogenic differentiation to the stage of woven bone formation
(328, 405). BMP-2 is hypothesized to trigger bone healing and induction of other
morphogens (405). In contrast, BMP-4 expression is more delayed and restricted
in endochondral bone formation, reaching maximal expression during stages of
active osteogenesis (326, 405, 406). During intramembranous ossification, BMP2/-4 expression is upregulated during early stages of repair, then downregulated
during later stages in more differentiated cells (327). In a rat model of bone
fracture, BMP-7 is similarly upregulated during early stages of intramembranous
and endochondral ossification, and subsequently downregulated in chondrocytes
and in endochondral bone (326).
During the late stages of endochondral ossification, ECM degradation and
blood vessel invasion are regulated similarly in both bone development and
repair. Cartilage invasion by osteoclasts, osteogenic cells, and blood vessels
requires the degradation of cartilage matrix elements such as collagen type II and
aggrecan (328). Matrix metalloproteinase 13 (MMP13), secreted by hypertrophic
chondrocytes and newly recruited osteoblasts, acts together with MMP9, secreted
by bone marrow-derived cells, osteoclasts, and endothelial cells, to degrade
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collagens and aggrecan to allow normal invasion of the ossification front (363).
Matrix degradation generates a permissive environment for vascular invasion,
stimulated by vascular endothelial growth factor (VEGF). VEGF is secreted by
chondrocytes and is upregulated during hypertrophy (363). It acts upon vascular
endothelial cells to promote angiogenesis and may also act upon osteoclasts to
stimulate bone resorption.

5.7 Delivery of signaling molecules within tissueengineered scaffolds
From the large pool of biochemical factors known to stimulate developmental and
regenerative bone formation, tissue engineers can select the most promising target
molecules for incorporation into scaffolds to stimulate tissue regeneration. In
addition to the strategic choice of signaling molecules, scaffold design is an
important component of efficient delivery of biochemical stimuli. There are
several strategies for incorporating biological stimuli in a bioengineered scaffold
in order to enhance tissue functionality when cultured in vitro and, more
importantly, when implanted in vivo. Many of these approaches have been taken
with silk fibroin materials to improve osteochondral tissue formation, taking into
account the growth factors, cytokines, and other factors that are known to play a
critical role in endogenous skeletogenesis. These strategies include coupling of
silk to various bioactive molecules and encapsulation of molecules for controlled
delivery (370, 394). In addition to materials modification, biomolecule delivery
via gene therapy in MSCs has drawn recent attention as an efficient means of
sustained biological stimulation (407).
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The scaffold can serve not only as a substrate of bound signaling factors,
but also as a reservoir that releases these factors in soluble form as a function of
protein desorption and diffusion, matrix degradation, and other variables (313).
Silk fibroin films and scaffolds have been modified to present bioactive molecules
to cells, thus functionalizing the silk materials for improved osteogenic and
chondrogenic differentiation. BMP-2 is one of the most common signaling
factors delivered to tissue-engineered bone. BMP-2 has been delivered via silk
substrates in several ways. Loading of BMP-2 into silk fibroin scaffolds by
physical adsorption resulted in significant release of BMP-2 in the first week of a
4-week in vitro osteogenesis study, and was sufficient to elevate osteogenic
activity and mineralization compared to unloaded scaffolds (408). When these
tissue-engineered scaffolds were subsequently implanted into mouse cranial
defects, bone healing was significantly improved, with evidence of new mature
bone formation and integration with the host tissue (408). BMP-2 was also
successfully incorporated into the fabrication process of silk electrospun scaffolds
(409). The high porosity of these scaffolds allowed sufficient BMP-2 delivery to
stimulate to upregulate osteogenesis of hMSCs. Nanolayered silk coatings are
currently being explored as a method to tailor the biomaterial surface to control
protein release kinetics (368).
Chemical coupling of bioactive molecules to the tissue-engineered
scaffold is another delivery option. Coupling of the cell adhesion peptide RGD to
silk fibroin films and fibers improved the attachment and proliferation of MSCs
(366, 410). RGD-coupled silk films and scaffolds also improved osteogenesis,
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stimulating increased osteogenic gene expression, calcification of the matrix, and
formation of bone-like trabeculae compared to unmodified silk materials (383).
Parathyroid hormone (PTH), which stimulates proliferation and differentiation of
osteoprogenitor cells in callus formation in vivo, was also found to stimulate
proliferation of osteoblasts cultured on PTH-coupled silk (366). Functionalization
of silk films by covalent conjugation of BMP-2 enhanced osteogenic
differentiation of MSCs compared to soluble delivery of BMP-2 (365). The
differences in bioactivity of immobilized vs. soluble growth factors is interesting
when considering the main sources of signaling molecules in the endogenous
bone environment: secretion from cells (soluble) vs. matrix component
(immobilized). Presentation of growth factors in a scaffold may therefore need to
take into account the way the growth factor is presented to cells in vivo.
For in vivo repair of skeletal defects, several limitations of direct protein
incorporation into scaffolds have led to the use of gene therapy to deliver growth
factors in a tissue-engineered scaffold. Because proteins have fast half-lives in
the body and because scaffolds can only serve as finite reservoirs of proteins,
direct loading of growth factors into scaffolds may not provide an adequate
supply of growth factors for support of long-term bone repair (407, 411).
Furthermore, recombinant proteins usually lack post-translational modifications
compared to proteins synthesized in vivo, and may therefore be less biologically
active (407). In one common gene therapy approach to growth factor delivery,
cells are transfected with DNA encoding a growth factor and subsequently
express the desired protein. Transfected cells are then seeded into a scaffold and
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implanted at the injury site, where they continuously express and secrete the
protein. The implanted cells can therefore not only participate in tissue repair
directly, but also produce the therapeutic factors that stimulate endogenous cells
to participate in the repair of the tissue defect (411). Most gene therapy
applications in bone engineering have focused on BMP transfection, and some
recent efforts have explored the synergistic effects of delivery of multiple genes,
including combinations of BMP-2, BMP-4, BMP-7, and VEGF (411).

5.8 Conclusions
The fields of developmental biology and tissue engineering both seek to
understand and control the cues needed to stimulate cells to construct or
reconstruct tissues and organs. To undertake such a problem, both approaches
must integrate knowledge of progenitor and stem cell behavior; the role of the
ECM or scaffold; and the role of signaling molecules. Drawing from
developmental biology’s knowledge of the cellular participants in tissue
formation, tissue engineers have identified adult mesenchymal stem cells as
promising cell sources that possess the necessary plasticity to perform similar cell
functions in vitro and in vivo. In addition, developmental biology has uncovered
a host of ECM-bound and soluble inductive factors that regulate developmental
patterning. Tissue engineers can use this knowledge to guide their choice of
biomolecules to incorporate in their systems, whether as a scaffold biomaterial or
as a released factor. At the same time, because tissue engineering is a bottom-up
approach to regenerative medicine, scaffold-based tissue formation raises up
several important considerations that may not be emphasized in developmental
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biology. These include the physical microenvironment of the regenerated tissue,
which is largely dictated by the materials properties of the scaffold and which
may regulate a wide range of parameters, including cell proliferation, cell
differentiation, mode of healing, scaffold persistence in vivo, and release or
presentation of delivered growth factors. By the mutual efforts of these two
fields, progress may be made toward discovering the appropriate balance between
biochemical and physical cues for tissue formation and toward fine-tuning the
spatiotemporal delivery of these cues for large-scale tissue patterning. Such
knowledge is critical for engineering complex tissues in vitro. Functional
engineered tissues have great potential to advance regenerative medicine efforts
both by addressing the current clinical need for tissue replacements and by
providing platforms to investigate treatment strategies for stimulating tissue
regeneration.
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5.10 Figures

Figure 5.1

Progenitor and stem cell sources for bone development, bone
healing, and bone tissue engineering

(A) During limb bud development, mesenchymal progenitor cells from the lateral
plate mesoderm (LPM) migrate into the presumptive limb bud (LB) region and
initiate endochondral ossification under the apical ectodermal ridge (AER).
(B) During bone fracture healing, mesenchymal cells migrate into the wound from
the periosteum (P), the surrounding soft tissues such as muscle (M), the bone
marrow (BM), and the neighboring cortical bone (CB).
(C) Many bone tissue engineering approaches utilize human mesenchymal stem
cells, which are commonly derived from bone marrow aspirates taken from the
iliac crest (IC) of the pelvic bone. These cells are seeded onto a porous scaffold
(PS) of choice and cultured under osteogenic stimulatory conditions.
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Figure 5.2

Matrix changes during endochondral ossification

Tissue engineers invest much effort into biomaterial design to provide cells with
the appropriate growth-inducing microenvironment. As an in vivo example of the
critical role of the extracellular matrix (ECM) during tissue development, Figure
2 illustrates ECM changes during endochondral ossification. The ECM evolves
in each stage of the ossification process: it is remodeled by the cells while also
providing physical and biochemical stimuli to the cells.
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Figure 5.3

Biologically-informed design specifications for biomaterials in
tissue engineering

Scaffold properties such as material biocompatibility, geometry, porosity,
mechanical strength, degradation rate, and incorporation of signaling molecules
can be optimized to address various physiological requirements of an engineered
tissue.

153

Figure 5.4

Silk fibroin-based porous scaffolds

Silk fibroin can be processed into porous sponges in organic (A) or aqueous (B)
solvents. Scaffolds were prepared by salt leaching using 500-600 μm-sized
porogens. Aqueous-based silk fibroin sponges have rougher pore surfaces and
demonstrate better cell attachment, greater mechanical strength, and faster
degradation rates compared to organic solvent-based sponges.
Scale bar = 500 μm.
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5.11 Tables
Table 5.1

Modulation of scaffold properties for osteochondral tissue engineering

Scaffold
property

Rationale for
modulation

Method of control

Biomaterials for which
scaffold property has
been investigated for
osteochondral TE

Examples of
osteochondral TE
outcomes, especially
as related to silk

References

Porosity

affects cell
recruitment and
attachment;
vascularization

choice of porogen;
size of porogen;
concentration of
starting solution;
processing method
(salt leaching, gas
foaming, freezedrying,
electrospinning);
crosslinking; polymer
molecular weight

polyethylene
terephthalate (PET),
poly(L-lactide-co-D,Llactide) (PLDL),
polylactic acid (PLA),
polyglycolic acid (PGA),
polylactide-co-glycolide
(PLGA), polyvinyl
alcohol, collagen,
hyaluronic acid,
hydroxyapatite (HA), βtri-calcium phosphate
(TCP), silk fibroin, and
combinations thereof

(248, 379,
381, 383,
385)

Pore size

affects cell
infiltration,
migration,
proliferation,
distribution; ECM
deposition and
distribution;
nutrient and
oxygen exchange

size of porogen;
concentration of
starting solution;
molecular weight of
biomaterial

same as for porosity

In vitro, higher porosity
increased proliferation
and oxygen/nutrient
transport; lower porosity
supported cell
aggregation and
osteogenic
differentiation. In vivo,
higher porosity supported
tissue ingrowth and bone
formation. Silk: Porous
silk scaffolds supported
osteogenic and
chondrogenic
differentiation of MSCs in
vitro and bone healing in
vivo.
Optimal pore radius for
bone ingrowth is thought
to be 50-150 μm.
Smaller pores favored
chondrogenesis followed
by osteogenesis; larger
pores favored direct
osteogenesis. Silk
scaffolds: Smaller pore
sizes favored osteoblast
cell proliferation in vitro.
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(385, 392,
413)

Pore
interconnectivity

determines
geometry of
resulting tissue

controlled porogen
melting; gas foaming

silk fibroin, HA, TCP,
various synthetic
polymers and
copolymers, polymerceramic composites

Degradation

allows for
deposition of
native matrix by
growing tissue;
provides structural
support until
native matrix is
deposited;
nontoxic
byproducts

material properties;
concentration of
starting solution;
processing solvent;
scaffold pore size;
crosslinking;
materials ratios (for
composites)

many natural and
synthetic polymers,
including collagen, silk,
PLGA,
polycaprolactone (PCL)

Mechanical
strength

match mechanical
properties of
native tissue;
retain 3D structure
and space for
growing tissue

form of scaffold
(hydrogel, sponge,
woven/non-woven
mats, fibers);
porosity; crosslinking

many natural and
synthetic polymers,
bioactive glasses, and
ceramic materials

Incorporation of
biochemical
signaling

provides stimuli
for cell adhesion,
proliferation,
differentiation,
vascularization,
etc.

method of
incorporation
(adsorption,
encapsulation,
covalent
crosslinking, delivery
via transfected cells)

PLGA, CaP, TCP,
chitosan, HA, collagen,
silk, and others
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Pore interconnection
sizes of 50 and 100 μm
are recommended for
bone ingrowth. Silk
scaffolds: Bone
architecture (trabecular
vs. cortical) was predetermined by pore
interconnectivity.
Silk degradation shows
some advantages over
other natural and
synthetic materials. E.g.,
silk degradation is slower
than collagen
degradation, which is too
fast to maintain structural
tissue support. Slower
silk degradation was
achieved with higher silk
solution concentrations
and smaller pore sizes.
Few porous
biodegradable polymers
have sufficient
mechanical strength to
match the mechanical
properties of bone. Silk
fibroin's elastic modulus
and ultimate tensile
strength, however, are
appropriate for trabecular
and cortical bone.
Factors such as RGD,
FGF-2, BMP-2, BMP-4,
BMP-7, TGFβ1, TGFβ2,
TGFβ3, VEGF, PDGF,
IGF have been used in
osteochondral tissue
engineering.

(391, 413415)

(370, 383,
391, 394,
397, 416)

(417-420)

(395, 411,
420, 421)

Chapter 6
Development of 2D and 3D wound
healing models to study biophysical regulation of
human mesenchymal stem cell participation in
bone wound healing
Electrophysiological events that occur during wound healing and
regeneration have been shown to regulate healing and regenerative processes (7,
130). In order to better understand the effect of membrane potential (Vmem) on
cell response during healing, two- and three- dimensional (2D, 3D) in vitro
models of bone wounds were developed to study human mesenchymal stem cell
(hMSC) participation in bone wound healing. BaCl2 and glibenclamide, two
Vmem modulators that depolarize osteogenic (OS)-differentiated hMSCs, were
applied to wounded tissue-engineered bone constructs in a 3D bone wound model.
BaCl2 increased cell infiltration into the wound, and both treatments increased
calcification within the wound, indicating that Vmem depolarization may improve
bone wound healing. BaCl2 effects on OS-differentiated hMSCs were
investigated further in 2D scratch wound models. BaCl2 suppressed gene
expression of integrins α5 and β1 and cadherins-2 and -11 at 12 hours postwounding, suggesting that at this time point, cells downregulated their ability to
adhere to extracellular matrix and to adjacent cells to facilitate migration.
Relative migration rates of cells migrating in the presence or absence of BaCl2,
however, varied between the time points measured. Long-term BaCl2 treatment
(three weeks post-wound) did not induce significant increases in OS
differentiation, suggesting that BaCl2 effects on differentiation in 2D may differ
from its effects in 3D. The 2D scratch wound model was also used to investigate
the bone-neuron paracrine signaling. OS-differentiated hMSCs were cultured
with p19 embryonal carcinoma-derived neurons in direct and indirect co-cultures
systems. Presence of p19 neurons improved extent and distribution of
mineralization within the wound, and indirect co-culture studies suggested that
cell-cell contact between osteoblasts and neurons was not required. Neuronconditioned medium and neuropeptides were then investigated for their ability to
stimulate OS activity within the scratch wound. Conditioned medium and various
soluble neuropeptides did improve mineral deposition within the wound, but with
some degree of variability. Altogether, these studies of bone wounding have
identified several compounds (both Vmem depolarizers and neuropeptides) that
improve cell infiltration and OS differentiation in wounds. These compounds are
potential candidates for further study in improved 2D and 3D models that can
incorporate both voltage signaling and biochemical signaling.

6.1 Introduction
Biophysical regulation of regeneration has been demonstrated in several
organisms and tissues (7, 130, 422, 423). These studies point to the importance of
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incorporating biophysical cues as well as biochemical cues when developing
strategies for tissue repair and regeneration. To better understand biophysical
regulation of regeneration and to capitalize upon this understanding for future
therapeutic applications, there is a need for in vitro tissue systems in which we
can study this novel form of control. Although some work has been done to
elucidate the effects of bioelectric signals such as membrane potential on cell
proliferation and differentiation, this has largely been studied in monolayer cell
cultures. The current need is to translate this into a three-dimensional (3D) tissue
model of wound healing to demonstrate its efficacy and relevance in a more
realistic environment. These needs can be addressed by drawing from the field of
tissue engineering, which seeks to construct 3D functional tissues that recapitulate
developmental events in vitro. The engineered tissue is not only useful as an
implantable replacement for diseased or damaged native tissue, but is also an ex
vivo platform in which developmental pathways can be studied and hypotheses
about these pathways can be tested with tight control. In this respect, it offers
much potential for the study of biophysical cues in tissue regeneration.
We and others have previously reported many strategies for bone tissue
engineering using a wide variety of polymeric and natural biomaterials (reviewed
in (195)). These tissue engineering efforts aim to stimulate important cellular
events in osteochondral development and regeneration by providing appropriate
biochemical cues, via delivery of growth factors, cytokines, and presentation of
extracellular matrix (ECM) molecules; as well as biophysical cues, by tailoring
scaffold mechanics, geometries, porosity, surface topography, and degradation.
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Of particular interest in this study are the bioelectrical cues that regulate bone
formation and healing (195). Clinically, electric and electromagnetic fields have
been applied to bone fractures to promote healing via direct current, capacitive
coupling, or inductive coupling methods (424-426). Electrical stimulation of
bone has been reported to affect cAMP levels, DNA synthesis, intracellular Ca2+
concentrations, cell proliferation, cell migration, and cell alignment (reviewed in
(425)). However, although there has been long-standing interest in exogenous
electrical stimulation for bone healing, the utility and efficacy of these treatments
is still not widely accepted due to inconsistent experimental designs and variable
dosages (424, 425). Because the majority of electrical studies in bone have
focused on exogenous stimulation, less is known about the effects of modulation
of endogenous electrical properties in bone tissue. Tissue-engineered bone,
therefore, offers a suitable model system for studying endogenous electrical
properties of bone tissue
Endogenous electrical properties affect cellular behaviors such as cell
proliferation, differentiation, and migration in cultured cells in vitro (195, 427).
All of these cell functions are important for wound healing; however, there has
not been much work towards the development of an in vitro wound model of
engineered bone that would allow ease of study of various electrophysiological
treatments on tissue repair. Currently, bone healing is commonly studied in vivo
by creating an artificial defect such as a nonunion fracture, then applying cells or
soluble factors or implanting engineered bone constructs into the defect (reviewed
by (195, 428)). Because of the complexity of the in vivo environment, however, it
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is difficult to isolate and study one particular effect. An alternative approach is to
create an artificial fracture in vivo, then harvest the wounded tissue and culture the
fracture explants in vitro (429, 430). These explants cultures have the advantage
over in vivo wounds of being isolated from systemic effects and allowing precise
control over soluble factors. The undefined mixture of cell types within the
harvested tissue, however, may make it difficult to study the effects of various
treatments on one particular cell type. Hence, there is a need for a model of bone
defect healing in a tissue-engineered system whose components can be
systematically controlled. Once a basic model has been established, a more
complex model can be developed by adding components, such as additional cell
types, thus building upon the system in a bottom-up approach.
One potential layer of complexity to add to the wound model is the
presence of neurons and neuron-secreted factors. Recent studies have presented
increasing evidence for neural regulation of bone formation (431, 432). Sensory
nerve fibers innervate bone in the periosteum, bone marrow, and vascular canals
(431). The presence of neurotransmitters and neuropeptides such as Substance P
(SP), calcitonin gene-related peptide (CGRP), and neuropeptide Y (NPY), has
been detected in bone (433, 434). Bone cells express receptors for and can be
stimulated by many of these peptides. The existence of substantial neuron-bone
signaling suggests the possibility of a paracrine signaling system involving
voltage. In a wound healing context, a wound that generates an electrical signal
could stimulate neural release of neuropeptides and neurotransmitters, which
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could then act on bone to accelerate healing. Below, the relevance of several
neuropeptides and neurotransmitters to bone biology is reviewed briefly.
Serotonin (5HT) is implicated in regulation of bone metabolism. The 5HT
receptor 5HT2BR is expressed in osteoblasts, and expression increases during
osteoblast differentiation. Inactivation of 5HT2BR in mice causes osteopenia and
reduces osteoblastic recruitment from bone marrow MSCs (435).
Neuropeptide Y (NPY) is a 36-amino acid neurotransmitter that signals
through Y receptors. Knockout of the Y1 or Y2 receptor in mice results in a high
bone mass phenotype, including increased bone volume, increased rate of bone
formation, increased osteoblastic activity. Stimulation of osteoblasts with NPY
enhances osteoblast markers (436).
Calcitonin gene-related peptide (CGRP) is a peptide of the calcitonin (CT)
superfamily. Osteoblastic cell lines and primary osteoblasts express functional
CGRP receptors, including calcitonin receptor (CTR), calcitonin receptor-like
receptor (CRLR), and receptor activity-modifying proteins (RAMPs) (437, 438).
CGRP stimulates growth and osteogenic differentiation of MSCs and osteoblastic
cells (438-440). CGRP-expressing nerve endings have also been reported in bone
development and fracture repair (437, 439). CGRP acts through mechanisms
involving L-type Ca2+ channels, KATP channels, Ca2+ influx, K+ efflux, Vmem
hyperpolarization, and cAMP (439, 440).
Substance P (SP) is a 11-amino acid peptide that is often co-expressed
with CGRP in sensory neurons and has been suggested to be involved in bone
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remodeling. There are conflicting reports concerning whether SP positively or
negatively regulates bone formation (437, 441).
Somatostatin (SS) is a peptide hormone that is present in nerve fibers in
the periosteum, bone marrow, and mature bone matrix (442). SS may be involved
in osteoblast differentiation during endochondral bone formation, as SS receptors
have been found near hypertrophic cartilage (443).
In this study, we developed two- and three-dimensional (2D, 3D) models
of osteoblast wound healing which can be utilized to examine the effects of
electrophysiological modulation. For a 2D model, osteoblasts were differentiated
from human mesenchymal stem cells (hMSCs) in monolayer culture. A scratch
wound model was used to study cell migration and differentiation in the wound.
For a 3D model, bone constructs were created by differentiating hMSCs into
osteoblasts on porous silk fibroin scaffolds. The engineered bone was cut in half
to simulate wounding, and cell migration and differentiation in the wound were
again studied. In both models, osteoblast electrophysiology was modulated by
adding various ion channel-targeting pharmacological agents.
To demonstrate the utility of wound healing models in studying cell-cell
signaling, we also used this wound healing model to study the effects of neurons
on bone healing. We cultured p19 embryonal carcinoma-derived neurons with
hMSC-derived osteoblasts in direct and indirect co-culture configurations in our
2D wound model. We also stimulated osteoblast healing with neuron-conditioned
medium. Finally, we examined the role of several neurotransmitters and
neuropeptides in osteoblast wound healing.
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6.2 Materials and Methods
hMSC cultivation – Whole bone marrow aspirate from a 25-year old healthy male
was purchased from Lonza, and hMSCs were isolated as we have previously
reported (243). Cells were expanded in tissue culture flasks in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), penicillin (100 U/mL), streptomycin (100 μg/mL), 0.1 mM non-essential
amino acids, and basic fibroblast growth factor (bFGF, 1 ng/mL) (Invitrogen,
Carlsbad, CA). Cells were maintained in a humidified incubator at 37°C with 5%
CO2 and 5% O2 until initiation of differentiation. Medium was changed every 3-4
days until confluence, when cells were then trypsinized with 0.25% trypsin-1mM
EDTA (Invitrogen), and frozen in liquid nitrogen in FBS with 10% DMSO.

Osteogenic differentiation – For monolayer culture, hMSCs were plated on tissue
culture polystyrene at a density of 5000 cells/cm2. For the first 24 hr post-thaw,
cells were cultured in control medium, consisting of DMEM supplemented with
10% FBS, penicillin (100 U/mL), streptomycin (100 μg/mL), and 0.1 mM nonessential amino acids. Cells were then switched to OS differentiation medium,
consisting of α-MEM, 10% FBS, penicillin (100 U/mL), and streptomycin (100
μg/mL), supplemented with 10 mM β-glycerophosphate, 0.05 mM L-ascorbic
acid-2-phosphate, and 100 nM dexamethasone (Sigma-Aldrich, St. Louis, MO).

Assessment of OS differentiation – OS differentiation after treatment with
blockers and antagonists was assessed as previously described. Briefly, OS gene
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expression was evaluated by quantitative real-time RT-PCR. Total RNA was
isolated from hMSCs using Trizol reagent (Invitrogen) following the single step
acid-phenol guanidinium method, and purified using the Qiagen RNEasy kit
(Qiagen, Valencia, CA). Reverse transcription was performed on the purified
RNA using the High Capacity cDNA Archive kit (Applied Biosystems, Foster
City, CA). Real time RT-PCR was performed to quantify relative gene
expression. Osteoblast differentiation markers included collagen I α1, alkaline
phosphatase (ALP), and bone sialoprotein (BSP). Adhesion- and migrationrelated markers included cadherin-2 (CDH2), cadherin-11 (CDH11), integrin α5
(ITGA5), integrin β1 (ITGB1), matrix metalloproteinase-2 (MMP2), and vascular
cell adhesion molecule-1 (VCAM1). Neuropeptide receptor markers included
calcitonin receptor (CALCR), receptor activity-modifying protein-1 (RAMP1),
serotonin receptor 2B (HTR2B), and neuropeptide Y receptor-2 (NPYR2).
Primers and probes for these bone-related genes were obtained from TaqMan®
Gene Expression Assay kits (Applied Biosystems). Transcript expression levels
were quantified a Stratagene Mx3000P QPCR System (Stratagene, La Jolla, CA).
Expression levels were normalized to the housekeeping gene glyceraldehyde 3phosphate dehydrogenase (GAPDH) and reported relative to control reactions
(untreated OS cells or undifferentiated hMSCs) (244-246). We have previously
reported PCR reaction conditions and primers (247-249). Total calcium
deposition was determined by a colorimetric assay using the Calcium (CPC)
Liquicolor Test (Stanbio Laboratory, Boerne, TX). Calcium was dissociated with
trichloroacetic acid and reacted with o-cresolphthalein complexone. The colored
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reaction product was measured spectrophotometrically at 575 nm using a
microplate reader (VersaMax, Molecular Devices, Sunnyvale, CA). ALP and
mineral deposition were also visualized by staining. Samples were fixed in 1%
formaldehyde for 20 minutes, washed in PBS, and stained sequentially using an
ALP staining kit and Alizarin Red (Sigma-Aldrich).

2D osteoblast wound model – hMSCs were differentiated toward osteoblasts for
three weeks in a monolayer on tissue culture plastic, then scratched with a scalpel
to generate a linear wound (444). Medium was changed to remove any cellular
debris from the wounding process, and fresh medium with Vmem-altering
compounds were added. Vmem-altering compounds were either added fresh at all
subsequent media changes, or washed out at Day 9 and replaced with OS medium
for subsequent media changes. After wounding, the de-cellularized area was
imaged over time to observe migration of the osteoblast-like cells over a 48-hour
period. The MATLAB-based image analysis program TScratch was used to
quantify percentage of de-cellularized area (wound) in time lapse images(445).
Gene expression was quantified by PCR for osteogenic markers and adhesionand migration-related proteins at 2, 4, 8, 12, 18, 24, 48, 72 hours, and 3 weeks
post-wounding. OS differentiation was also assessed by ALP and Alizarin Red
staining 3 weeks post-wounding (Sigma-Aldrich).

Vmem-altering compounds – A range of Vmem-altering compounds were used to
stimulate cellularization of the wound and differentiation within the wounded
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region. These include ouabain (10 nM), pinacidil (10 μM), glibenclamide (10
μM), and BaCl2 (100 μM) (Sigma-Aldrich) (446-452).

Confocal imaging using voltage-sensitive fluorescent dye – OS-differentiated
hMSCs were dyed with a fluorescent dye that is sensitive to membrane potential.
Bis-(1,3-diethylthiobarbituric acid)trimethine oxonol (DiSBAC2(3) or DiSBAC,
Invitrogen) is an anionic voltage-sensitive dye whose uptake into cells is voltagedependent: higher uptake is seen in more depolarized cells. A fresh solution of 10
mM DiSBAC in DMSO was prepared and diluted to 0.5 μM in Hank’s Buffered
Salt Solution (HBSS, Invitrogen). Cells grown in glass-bottom dishes (poly-dlysine coated, No. 1.5, MatTek Corp., Ashland, MA) were incubated in DiSBAC
for 30 minutes at 37°C, then imaged while submerged in dye at room temperature.
Images were acquired on a Leica TCS SP2 laser scanning confocal microscope
with an inverted DM IRE2 stand (Wetzlar, Germany) and a Leica PL APO 63x
(NA 1.2) water-immersion objective. DiSBAC was excited with a 543 nm HeNe
laser; images were collected at 570 ± 5 nm by a non-descanned PMT controlled
by Leica Confocal Software. A double dichroic filter was used to eliminate 543
nm excitation light. Confocal images for all samples in an experimental set were
taken on the same day to minimize instrumental and other variations. To
visualize Vmem changes, cells at resting potential were imaged as above, then
exposed to pharmacological agents and allowed to equilibrate for 5 min, then
imaged once more. MATLAB software (The MathWorks, Inc.) was used to assist
in the drawing of regions of interest (ROI) around cells and in calculating pixel
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intensities within the ROIs. ROIs were drawn on thresholded images by using the
function bwboundaries to trace cells and their nuclei. Fluorescence intensities
of cells encircled by ROIs were calculated by averaging corresponding pixel
intensities in the original image, excluding pixels within encircled nuclei, after
background correction using a blank (no cell) region of the image.

p19 embryonal carcinoma cell culture and neuronal differentiation – p19 cells
were cultured in α-MEM with 10% FBS, penicillin (10 U/mL), and streptomycin
(10 μg/mL). To differentiate p19 cells into neurons, p19 cells were cultured as
embryoid bodies in non-tissue-culture-treated petri dishes in the presence of 1 μM
retinoic acid (RA) for two days, trypsinized, cultured again as embryoid bodies
for two days, and finally trypsinized and plated in tissue-culture-treated dishes to
allow neurite growth. The plated neurons were treated with 5 μg/mL cytosine
arabinoside to eliminate dividing cells (453).

Neuron co-culture and neuron-secreted factors – The 2D osteoblast wound assay
described above was performed in co-culture with neurons or with neuronsecreted factors. Neurons were differentiated from p19 embryonic carcinoma
cells (453). On the day of wounding, p19-differentiated neurons were brought
into co-culture with osteoblast-differentiated hMSCs either directly by co-seeding
onto tissue culture well plates or indirectly by using transwell inserts (24-well
inserts, 3 μm pore size, BD Biosciences, San Jose, CA) to avoid cell-cell contact.
To determine osteoblast response to neuron-secreted factors, the scratch wound
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assay was also performed by stimulating osteoblasts with p19-conditioned
medium. Differentiated p19 neurons were maintained in culture either in p19
medium or in OS medium to simulate conditions of the co-culture study.
Conditioned medium was collected from p19-differentiated neurons seeded at
densities of 2, 4, 8, or 12 million cells per 60 cm2, and added to osteoblast scratch
wounds in a 1:1 ratio with OS differentiation medium. To identify specific
neuron factors acting on the osteoblasts, similar wounding experiments were
performed by stimulating OS-differentiated hMSCs with several
neurotransmitters and other neuron-produced peptides, including GABA,
neuropeptide Y, somatostatin, bradykinin, substance P, calcitonin gene-related
peptide (CGRP), and serotonin (435, 437, 439, 440, 453-458).

Silk scaffold preparation – Silk fibroin was isolated from Bombyx mori cocoons
as described previously (375, 376). Briefly, sericin was extracted from cocoons
by boiling in 0.2 M sodium carbonate and rinsing in distilled water. The
remaining silk fibroin was dissolved in 9.3 M LiBr for 4 hr at 60°C, then dialyzed
for 48 hours in dialysis cassettes with 3500MW cutoff (Pierce, Rockford, IL).
Dialyzed silk solution was centrifuged twice at 9000 rpm and 4°C for 20 minutes,
then diluted to a 6% solution with distilled water. Silk solution was cast into
cylindrical containers filled with NaCl granules of diameters of 500-600 μm and
allowed to solidify for 72 hours. Salt crystals were leached from scaffolds by
rinsing in distilled water for 48 hours to obtain porous scaffolds.
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3D bone wound model – Tissue-engineered bone was generated by differentiating
hMSCs on porous silk scaffolds. One million hMSCs were seeded onto each silk
scaffold (6mm diameter x 3-6mm height) and were differentiated toward
osteoblasts for six weeks (383). Silk scaffolds (6 mm diameter x 6 mm height)
were wounded by cutting the tissue in half cross-sectionally, and inserting a fresh
unseeded silk scaffold (6mm diameter x 3mm height) between the two cut halves
of the tissue, simulating implantation of a silk scaffold into a bone defect (248).
The triple-layered structure was held together by inserting a thin wire through the
center and by threading rubber stoppers onto the wire at both ends of the scaffolds
to keep them together. The constructs were cultured for an additional six weeks,
with or without Vmem altering compounds in the medium, before the center
scaffolds were harvested for analysis of cell ingrowth and osteogenic
differentiation. Vmem-altering compounds used included ouabain, pinacidil,
glibenclamide, and barium chloride. For the positive control group, center
scaffolds were newly-seeded with 0.5 million hMSCs just prior to wounding,
were inserted into the wounded scaffolds, and were cultured without Vmemaltering compounds. Scaffold analysis at Week 12 included DNA quantification
using the Quant-iT Picogreen dsDNA assay according to the manufacturer’s
instructions (Invitrogen), total calcium quantification, histological staining of
scaffold sections (hemotoxylin/eosin for nuclei/cytoplasm), and PCR for
osteogenic gene expression.
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6.3 Results
6.3.1

Depolarization affects wound cellularization and OS
differentiation
The 3D bone wound model developed in this study consisted of a tissue-

engineered construct with OS-differentiated hMSCs grown on a porous silk
fibroin scaffold. The bone construct was cut cross-sectionally to simulate a
fracture wound, and a fresh silk scaffold of equal dimensions as the wounded
scaffold halves was inserted in the wound. The layered scaffold structure was
cultured for an additional three weeks with Vmem modulators to allow for cell
ingrowth and continued differentiation in the center scaffold. Histological
staining of center scaffold sections revealed that only BaCl2 treatment
significantly increased cell infiltration into the center scaffold (Figure 6.1G).
Cell density in the BaCl2-treated group approached the densities of the positive
control scaffolds: center scaffolds seeded with fresh hMSCs at the time of
wounding (Figure 6.1A), and side scaffolds that were OS-differentiated when
initially wounded (Figure 6.1H). Ouabain-treated (Figure 6.1C), pinacidiltreated (Figure 6.1E), glibenclamide-treated (Figure 6.1F), and untreated center
scaffolds (Figure 6.1B) all had a very thin layer of cells coating the scaffold
pores. Quantification of total calcium content of the center scaffolds revealed that
glibenclamide and BaCl2 treatments elevated calcium content 2.3-fold and 1.9fold, respectively, compared to untreated scaffolds (p < 0.04, Figure 6.1I). To
determine the efficacy of these pharmacological agents in modulating Vmem, OSdifferentiated hMSCs were dyed with voltage-sensitive dye DiSBAC and imaged
before and after stimulation. BaCl2 treatment increased DiSBAC fluorescence by
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23.6%, which was a statistically significant 2.3-fold increase in DiSBAC change
relative to untreated cells (p < 0.03, Figure 6.1J).

6.3.2

Effect of BaCl2 on scratch wounds in OS-differentiated
hMSCs
The 3D wound model suggested that BaCl2 treatment might have a

positive effect on wound healing of OS-differentiated hMSCs. We investigated
the effect of BaCl2 on the behavior of OS-differentiated hMSCs in a 2D scratch
wound model, where cell migration could be tracked more easily. OS cells
treated with 100 μM BaCl2 (OS-Ba) stained positive for ALP and calcified
mineral (Figure 6.2A), as did untreated OS cells (OS, Figure 6.2B).
Quantification of calcium content (Figure 6.2E) and gene expression of OS
markers ALP (Figure 6.2F) and BSP (Figure 6.2G) did not indicate a significant
difference between OS-Ba and OS cells (p > 0.05). Cell proliferation was also
assessed in BaCl2-treated cells to determine whether the previously observed
effect of BaCl2 on cell infiltration into a wound might be partially due to
increased cell proliferation instead of migration alone. However, BaCl2 did not
increase cell numbers, as measured by DNA content, in a 2D scratch wound
compared to untreated OS cells (Figure 6.2D).
Next, we quantified expression of a number of cell adhesion- and
migration-associated genes, including integrins α5 and β1 (ITGA5, ITGB1),
cadherins 2 and 11 (CDH2, CDH11), and matrix metalloproteinase-2 (MMP2),
three weeks after wounding. Gene expression of ITGA5 and ITGB1 were 4.4and 3.2-fold greater, respectively, in BaCl2-treated OS cells compared to
untreated OS cells (p < 0.02, respectively, Figure 6.2H, I). Expression of CDH2
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and CDH11 were also 3.4- and 4.0-fold greater, respectively, in BaCl2-treated OS
cells compared to untreated OS cells (p < 0.05, respectively, Figure 6.2J, K).
MMP2 expression was also elevated 2.9-fold, but the difference was not
statistically significant (p = 0.06, Figure 6.2L).

6.3.3

Effect of BaCl2 during early time points of scratch wound
closure
To understand the dynamics of cell migration and gene expression at early

time points during wound closure, we monitored wound closure and gene
expression in the OS scratch wound model at 2, 4, 8, 12, 18, 24, 48, and 72 hours
post-wounding. We found that the morphology of the scratch wound varied
greatly between samples. The OS-differentiated cell monolayer was highly
contractile due to matrix deposition and often pulled back from the scratch; thus,
the area of the decellularized wound was difficult to control precisely. We
obtained time lapse images of individual wounds and plotted the decrease in
decellularized area (expressed as % area open or wounded) over 72 hours postwounding. These wound closure images were obtained and quantified for OS and
undifferentiated hMSCs in the presence (Figure 6.3A, B) or absence (Figure
6.3C, D) of 100 μM BaCl2 in the medium. As a representation of the relative
rates of wound closure, the slope of the wound closure traces was plotted for each
time interval between 2 and 24 hours (Figure 6.3E, F). OS wounds treated with
BaCl2 demonstrated varying differences in wound closure rates compared to
untreated OS cells. OS-Ba cells migrated at slower rates at early and late time
points (4 and 24 hrs), but showed slightly faster rates at intermediate time points
(8 and 18 hrs). Undifferentiated wounds were comparatively more uniform in
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their responses to BaCl2: Undiff-Ba cells generally migrated slightly faster than
untreated Undiff cells at all time points except the earliest.
We also quantified expression of cell adhesion- and migration-associated
genes at 2, 4, 8, 12, 18, 24, 48, and 72 hours post-wounding to determine if BaCl2
affected gene expression at these early time points. Expression of ITGA5,
ITGB1, CDH2, CDH11, and MMP2 was monitored for OS and undifferentiated
cells in the presence or absence of BaCl2. In OS wounds, expression of all five
genes was decreased in OS-Ba cells compared to untreated OS cells at the 12-hr
time point (p < 0.05, Figure 6.4A, C, E, G, I). Expression of CDH11 and ITGB1
in OS-Ba cells was also decreased at the 72-hr time point (p < 0.02, Figure 6.4C,
G). In contrast, Undiff-Ba cells showed differences in gene expression compared
to untreated Undiff cells at a range of time points (2, 8, 24, 72 hr) depending on
the gene. Additionally, in all but one of these statistically-significant pairs,
Undiff-Ba cells expressed higher gene levels than untreated Undiff cells. These
results indicate that OS and Undiff cells have different gene expression patterns
during migration into a wound, and that when BaCl2 treatment induces differential
gene expression, it does so in opposite directions in the two cell types (down- vs.
up-regulation for OS vs. Undiff cells, respectively).

6.3.4

Direct and indirect co-culture of OS cells and p19 neurons
influences differentiation in wounded regions of scratch
wounds
Bone formation and healing has been shown to be influenced by the

presence of neurons in vivo. We incorporated neurons into our scratch wound
system to determine whether the presence of neurons could improve wound
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healing. In the indirect co-culture system, OS cells and p19 cells were cultured
together in a transwell system that avoids direct cell-cell contact. Indirect coculture induced a 3.9-fold increase in Col I gene expression (p < 0.001, Figure
6.5A) and a 1.6-fold increase in total calcium content (p < 0.001, Figure 6.5D)
relative to OS cells alone, and also induced extensive mineralization within the
wounded region (Figure 6.5E). In the direct co-culture system, OS cells and p19
neurons were cultured together in direct contact. Direct co-culture induced a
14.4-fold increase in Col I gene expression (p < 0.007, Figure 6.5A), a 1.9-fold
decrease in ALP gene expression (p < 0.006, Figure 6.5B), a 31.5-fold increase in
BSP gene expression (p < 0.004, Figure 6.5C), and a 1.4-fold increase in total
calcium content (p < 0.03, Figure 6.5D) compared to OS cells alone.
Mineralization was also observed within the wounded region, as revealed by
Alizarin Red staining (Figure 6.5F), although to a lesser degree compared to the
indirect co-culture system. Without the presence of p19 cells, OS cells exhibited
little to no mineralization within the wound, although ALP-positive cells were
present in the wound (Figure 6.5G).
We quantified the expression of cell adhesion- and migration-associated
genes (ITGA5, ITGB1, CDH2, CDH11, MMP2, and VCAM1) at the conclusion
of the OS-p19 co-culture studies. Only expression of ITGA5 was significantly
different in co-cultures, exhibiting 1.6-fold and 1.3-fold increases in indirect and
direct co-cultures, respectively (p < 0.04, Figure 6.6D).
We also quantified the expression of neuropeptide receptors (calcitonin
receptor (CALCR), receptor activity-modifying protein-1 (RAMP1), serotonin
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receptor 2B (HTR2B), and neuropeptide Y receptor-2 (NPYR2)) to determine
whether co-culture with p19 neurons induced OS cells to upregulate receptors for
neuron-secreted factors. Only direct co-cultures induced upregulation of CALCR
by 2.7-fold and NPYR2 by 4.1-fold (p < 0.03, Figure 6.6G, I) compared to OS
only cultures.

6.3.5

Effect of p19-conditioned medium and soluble neuron
factors on OS scratch wounds
Results from the OS-p19 co-culture studies indicated that direct contact

between OS cells and p19 cells was not required to achieve an effect on OS
differentiation within scratch wounds. We therefore hypothesized that stimulation
of OS scratch wounds with p19-conditioned medium would improve wound
healing. We also attempted to identify the soluble factors responsible for this
stimulation by treating OS scratch wounds with soluble neuropeptides and
neurotransmitters, including somatostatin (SS), calcitonin gene-relate peptide
(CGRP), Substance P (SP), neuropeptide Y (NPY), serotonin (5HT), and
bradykinin (BK).
For the conditioned medium study, we collected conditioned medium from
p19 cultures of various neuron densities (2 to 12 million cells per 60 cm2),
cultured in either p19 medium or OS medium. Conditioned medium from p19
neurons cultured in p19 medium did not have a significant effect on OS
differentiation in scratch wounds (data not shown). However, conditioned
medium from p19 neurons cultured in OS cells stimulated increased calcium
deposition and mineralization (Figure 6.7A-E). Conditioned medium collected
from cultures with higher neuron densities produced higher increases in calcium
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deposition; however, due to some inter-sample variability, the increases were not
statistically significant. Several compounds were screened for their ability to
recapitulate the positive effects of p19 indirect co-culture on OS differentiation.
SS, CGRP, SP, NPY, 5HT, and BK increased average calcium deposition in OS
scratch wounds, but due to high inter-sample variability, these increases were not
statistically significant (Figure 6.7F). Upon visual scoring of the extent of
mineralization revealed by Alizarin Red staining, it was noted that treatment with
neuropeptides increased both the number of samples with detectable mineral
deposition, as well as the extent of mineral deposition within samples (Figure
6.7G).

6.4 Discussion
Since electrophysiological events play an important role in wound healing
and regeneration, we hypothesized that Vmem modulation would also play a role in
hMSC participation in wound healing in vitro. We developed both 2D and 3D
models of bone wound healing to facilitate the study of Vmem modulation on
hMSC wound healing.
We established a 3D model of bone wound healing in which a tissueengineered bone construct cultured on a silk scaffold was cut cross-sectionally
and a fresh silk scaffold was inserted between the wounded halves to allow for
cell ingrowth into the wound. Without stimulation, cell infiltration into the center
scaffold is low. However, treatment with BaCl2 significantly increased cell
ingrowth into the wound. BaCl2 and glibenclamide also increased calcium
content of the scaffolds, indicating more mineralization within the wound. To
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better understand how OS-differentiated cells responded to the various Vmem
modulators, we used the voltage-sensitive dye DiSBAC to visualize Vmem changes
upon stimulation. Of the four treatments (ouabain, pinacidil, glibenclamide, and
BaCl2), BaCl2 and glibenclamide showed the greatest depolarizing effect on Vmem,
with the BaCl2 effect being statistically significant. These results indicate that
Vmem depolarizers induced greater OS differentiation in the wounded region of the
scaffold. Interestingly, these results do not follow the trend we have previously
observed with differentiating hMSCs, where depolarization with ouabain
inhibited differentiation, while hyperpolarization with pinacidil increased
differentiation. In this study, ouabain and pinacidil had little effect on Vmem,
perhaps explaining their ineffectiveness in stimulating differentiation or cell
infiltration. There are several explanations for the differences seen between this
study and previous study. These results may indicate that mature OSdifferentiated cells have different sensitivities to Vmem-modulating drugs
compared to immature, undifferentiated cells. This could be due to different ion
channel and transporter activities, or due to the differential expression of ion
channels and transporters. Alternatively, this could be due to the fact that the 3D
system facilitates new cell-scaffold interactions and increased interactions with
neighboring cells, thus altering cell response to Vmem changes. This suggests that
performing 3D studies is critical in developing physiologically relevant wound
models, and that results from 2D studies may not necessarily be comparable.
Based upon the identification of BaCl2 as a potential stimulator of wound
healing in our 3D model, we continued to study the effects of BaCl2 in a more
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simplified 2D scratch wound model. BaCl2 did not affect cell proliferation, as
assessed by DNA content, or OS differentiation, as measured by gene expression
and calcium content. We also assessed gene expression of adhesion- and
migration-associated genes at the end of the wound study. BaCl2 increased
integrin and cadherin expression, which is indicative of increased interactions
with the extracellular matrix (collagen in particular) and with neighboring cells.
This was unexpected because BaCl2 was hypothesized to induce migratory cells
to adhere less to matrix and to neighboring cells. One explanation for the
unexpected results could be that migratory cells express more of these genes as
they form new contacts with the substrate on which they migrate. Another
explanation could be that the expected migratory behavior was stimulated by
BaCl2 at the initiation of the wound, but was no longer apparent at later stages.
Further studies could clarify this issue by immunostaining focal adhesions and
cell-cell contacts in a time-lapse experiment to see the dynamics of the migration
activities.
We performed another scratch wound experiment to study migratory
behavior at early time points. Migration was difficult to quantify because the
morphology of the wounds varied among samples. We believe this is due to the
OS monolayer being highly contractile because of high matrix deposition (e.g.,
collagen). When the scratch was made, the edges of the wound often contracted
back from the wound, and the extent of contraction could not be precisely
controlled. Thus, the size of the wound was variable. Nevertheless, we attempted
to quantify wound closure by taking time-lapse image series and quantifying the
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decrease in decellularized area (as a percentage of the entire image) over time. To
better sense the dynamics of wound closure, we plotted slope of the wound
closure traces for each time interval as a measure of relative rates of migration.
Wound closure rates for BaCl2-treated OS cells were slower than that of untreated
OS cells at earlier and later time points, but increased at several intermediate time
points, potentially indicating an increase in migratory activity between 8 and 18
hours. Undifferentiated hMSCs treated with BaCl2 displayed faster rates of
wound closure than untreated hMSCs at almost all time points. These results
suggest that the BaCl2 effect on undifferentiated hMSCs is an overall increased
rate of migration throughout the wound recellularization process. Still unclear is
the effect of BaCl2 on OS-differentiated hMSCs, as they appear to migrate faster
or slower than untreated cells depending on the time point measured. This issue
may be clarified by developing a more uniform wounding procedure that would
eliminate some variability in the wounding process. Also, live cell imaging
during wound closure would give a more accurate representation of cell velocities
at any given time point.
Gene expression in these OS scratch wounds was also quantified at early
time points. We looked again at cell adhesion- and migration-associated genes.
In OS wounds, the greatest degree of differential gene expression was found at the
12-hr time point. At this time, all of the integrin, cadherin, and MMP genes
assayed displayed a significant decrease in expression. These data point to
migration-related activity occurring at the 12-hour time point. Decreased integrin
and cadherin expression may be indicative of decreased cell attachment to the
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extracellular matrix through dissociation of focal adhesions, or decreased cell-cell
contacts through disassembly of cell junctions. These events would allow the cell
to move more freely toward the wound. However, it is unclear to what extent the
altered gene expression at one time point affected overall migration rates, as the
effect was not sustained for the entire migration period. Again, an improved
wounding method and live cell imaging would provide better time resolution of
the periods of increased migration, which could then be investigated in detail for
differential gene expression and cell-cell and cell-matrix attachments.
Co-culture of p19 neurons with OS scratch wounds revealed that the
presence of p19 neurons could improve OS differentiation, as assessed by
expression of OS-specific genes and total calcium levels. Besides affected the
extent of differentiation, the presence of p19s also affected the distribution of
mineral deposition: co-cultures displayed significant mineral within the wounded
region, while OS mono-cultures did not. The fact that OS mono-cultures did not
mineralize the wound suggests that the cells that migrated to the wound were
distinct from the cells at the edge of the wound. There are several possible
explanations for this. The migrating cells could have been a subpopulation of
less-differentiated or even undifferentiated cells, which continued to maintain
their undifferentiated phenotype once within the wound. hMSCs have been
previously shown to be a heterogeneous population of cells with varying
differentiation propensities. Alternatively, some OS-differentiated cells could
have de-differentiated in order to migrate into the wound, and once within the
wound, either maintained their de-differentiated state or proceeded to differentiate
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at a slower rate. OS-differentiated hMSCs have been previously shown to be
capable of de-differentiation. In future studies, these hypotheses can be tested by
labeling hMSCs with differentiation markers or stem markers during migration to
determine whether migration occurs only in particular cell subpopulations. Some
markers have been put forth as putative hMSC markers and markers of hMSC
stemness; however, there has not been a clear consensus on this issue, and neither
have there been reports of an hMSC-specific marker. Thus, results would need to
be interpreted cautiously.
The fact that the presence of neurons altered the mineralization pattern in
scratch wounds suggests that the identity and/or phenotype of the migrating cells
was altered. The neurons could have stimulated fully-differentiated cells to
migrate to the wound; alternatively, they could have influenced the differentiation
capacity of cells that migrated to the wound. This could again be clarified by
labeling hMSCs for stem markers and differentiation markers during migration.
Moreover, this neuron effect was achieved even in indirect co-cultures, indicating
that cell-cell contact between OS cells and neurons was not required. These
results suggest that p19 neurons secrete soluble factors that exert a paracrine
effect on hMSCs.
OS scratch wounds were stimulated with conditioned medium from p19
neurons. Although there was a degree of variability, conditioned medium
increased total calcium content and mineralization. These results confirm that the
presence of neuron-secreted factors is sufficient to increase OS differentiation in
scratch wounds. Our initial screen of neuropeptides and neurotransmitters
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suggest a possible role for somatostatin, calcitonin gene-relate peptide, Substance
P, neuropeptide Y, serotonin, and bradykinin. However, these studies need to be
repeated with a more consistent wound assay.
In conclusion, we have investigated the effects of Vmem modulation and
bone-neuron paracrine signaling in in vitro bone wound models. These models
have identified several pharmacological agents and neuropeptides that stimulate
improved cell infiltration and differentiation within the wound. Future work is
needed to improve the 2D model to allow for better quantification of wound
closure and to allow for measurement of dynamic migration rates and formation
of adhesion complexes with time-lapse imaging. Further work is also needed to
investigate the differences in cell responses in 2D and 3D. These studies may
also be combined in a more complex 3D wound model in which bone and neurons
are co-cultured and the effects of Vmem modulation on the co-cultured system may
be studied.
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6.6 Figures

Figure 6.1

3D bone wound model: Response to Vmem modulators

(A-H) Hematoxylin-eosin staining of wounded bone constructs. Center scaffold
with new hMSCs added at time of wounding (A), untreated center scaffold (B),
center scaffold treated with ouabain (C), center scaffold treated with ouabain +
wash (D), center scaffold treated with pinacidil (E), center scaffold treated with
glibenclamide (F), center scaffold treated with BaCl2 (G), side scaffold seeded
with hMSCs at start of experiment (H). (I) Total calcium quantification revealed
increased calcium in center scaffolds treated with glibenclamide (glib) and BaCl2
(Ba) relative to untreated scaffolds (OS only). Data points are mean μg Ca ±
standard deviation, normalized to DNA content, n=3. * Significance is indicated
relative to control (OS only), p < 0.05. (J) DiSBAC imaging indicated that BaCl2
treatment caused depolarization (increase in fluorescence intensity) relative to
untreated cells. Data points are mean % DiSBAC fluorescence increases over
baseline ± standard deviation, n=5-15 cell fields. * Significance is indicated
relative to untreated cells (no drug), p < 0.05.
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Figure 6.2

2D osteoblast scratch wound treated with BaCl2

Week 6 ALP and Alizarin Red staining of OS cells treated with BaCl2 (A) showed
similar mineralization as untreated OS cells (B). Quantification of DNA content
(B) and total calcium content (C) indicated that BaCl2-treated OS cells had
similar DNA and calcium content as untreated OS cells. Data points are mean
mass of DNA or Ca ± standard deviation, n = 7-10. * Significance is indicated
relative to untreated OS cells, p < 0.05. Quantitative PCR for ALP (F), BSP (G),
integrin α5 (H), integrin β1 (I), cadherin 2 (J), cadherin 11 (K), and matrix
metalloproteinase-2 (L) revealed that Ba-treated OS cells upregulated integrin
and cadherin expression relative to untreated OS cells. Data points are mean
relative expression ± standard error, n = 7-8. * Significance is indicated relative
to untreated OS cells, p < 0.05.
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Figure 6.3

Analysis of scratch wound closure of OS-differentiated and
undifferentiated hMSCs treated with BaCl2

OS-differentiated (OS) or undifferentiated (Undiff) hMSCs were imaged at 2, 4, 8,
12, 18, 24, 48, and 72 hours post-wounding with (A, B) or without (C, D) addition
of BaCl2. The de-cellularized area (wound) was quantified as a percentage of the
entire image and was plotted over time. Each trace represents a time-lapse series
for one wound. Data points are % area open or de-cellularized. (E, F) The
slopes of the decreasing wound area traces in (A-D) were calculated at each time
interval between 2 and 24 hrs to represent relative rates of wound closure. Data
points are mean slopes ± standard deviation, n = 6-7.
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Figure 6.4

Post-wounding expression of adhesion- and migration-related
genes in OS-differentiated and undifferentiated hMSCs treated
with BaCl2

Gene expression was quantified after creating scratch wounds in OSdifferentiated (OS) and undifferentiated (Undiff) hMSCs with or without BaCl2
treatment. Adhesion- and migration-related genes quantified were cadherin-2
(CDH2), cadherin-11 (CDH11), integrin α5 (ITGA5), integrin β1 (ITGB1), and
matrix metalloproteinase-2 (MMP2). Data points are mean relative expression ±
standard error, n=3. * Significance is indicated relative to untreated OS cells or
Undiff cells (without BaCl2 treatment), p < 0.05.
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Figure 6.5

OS markers in scratch wounds co-cultured with p19 neurons

Three -week OS-differentiated hMSCs were scratch-wounded, brought into coculture with p19-derived neurons in a direct and indirect co-culture system, and
subsequently cultured for three additional weeks. At Week 6, cells were assessed
for osteogenic markers including collagen I α1 (A), ALP (B), and BSP (C) gene
expression. Data points are mean relative expression ± standard error, n=4. *
Significance is indicated relative to OS cells without p19 co-culture, p < 0.05.
Cells assayed for total calcium content (D) displayed higher calcified mass in
both OS-p19 co-cultures compared to OS only cultures. Data points are mean
calcium mass ± standard deviation, n=4. * Significance is indicated relative to
OS cells without p19 co-culture, p < 0.05. ALP and Alizarin Red staining
revealed extensive mineralization in the wound region in both OS-p19 co-cultures
(E, F), but an absence of mineralization in the wound region in OS only cultures
(G).
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Figure 6.6

Expression of adhesion- and migration-related genes and
neuropeptide receptors in OS-p19 co-cultures

Gene expression was quantified in scratch wounds with OS-differentiated (OS)
cells co-cultured directly or indirectly with p19 neurons. Adhesion- and
migration-related genes quantified were cadherin-2 (CDH2), cadherin-11
(CDH11), integrin α5 (ITGA5), integrin β1 (ITGB1), matrix metalloproteinase-2
(MMP2), and vascular cell adhesion molecule-1 (VCAM1). Neuropeptide
receptor genes quantified were calcitonin receptor (CALCR), receptor activitymodifying protein-1 (RAMP1), serotonin receptor 2B (HTR2B), and neuropeptide
Y receptor-2 (NPYR2). Data points are mean relative expression ± standard
error, n=4. * Significance is indicated relative to OS cells cultured without p19
neurons, p < 0.05.
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Figure 6.7

OS markers in scratch wounds treated with neuron-conditioned
medium or neuron-secreted factors

Three -week OS-differentiated hMSCs were scratch-wounded and subsequently
cultured in p19 neuron-conditioned medium or in medium supplemented with
neuron-secreted factors. (A) Total calcium content was quantified in OS scratch
wounds treated with conditioned medium produced by p19 cultures of different
neuron densities. Calcium content shows an increasing trend with increased
neuron density; however, calcium increases were not statistically significant
relative to untreated OS cells (p = 0.07 for largest difference). Data points are
mean calcium concentration ± standard error, n=4. (B-E) ALPand Alizarin Red
staining of scratch wounds cultured in conditioned medium derived from neuron
cultures at densities of 2, 4, 8, and 12 million cells per 60 cm2(B, C, D, E,
respectively). (F) Scratch wounds were treated with various neuropeptides and
neurotransmitters, including somatostatin (SS), calcitonin gene-related peptide
(CGRP), Substance P (SP), neuropeptide Y (NPY), serotonin (5HT), and
bradykinin (BK). Total calcium quantification revealed that some neuropeptides
increased calcification of scratch wounds, but the results were not statistically
significant due to the high level of variability among replicates. This variability
can be seen by visual scoring of samples for level of mineral deposition (heavy,
medium, none) (G).
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Chapter 7

Conclusions and future directions

7.1 Summary of studies
Our studies of membrane potential (Vmem) modulation in human
mesenchymal stem cells (hMSCs) reveal a role for voltage in regulation of
differentiation. We have demonstrated that Vmem hyperpolarization accompanies
and is required for osteogenic (OS) and adipogenic (AD) differentiation. HMSCs
respond to Vmem modulation in the depolarized and hyperpolarized direction by
suppressing or augmenting OS differentiation, respectively. Vmem may therefore
be a novel control point for stem cell differentiation. These results support a
growing body of literature reporting a role for Vmem in cell proliferation,
differentiation, migration, wound healing and tissue regeneration.
Building upon these results, we have taken two approaches to further
investigate Vmem regulation of hMSCs: a mechanistic approach and an
applications approach. On the mechanistic side, we investigated the ionic,
molecular, and genetic activities underlying voltage signaling in differentiation.
Previous studies implicated calcium signaling in regulation of osteoblast and
adipocyte differentiation. Our studies indicated that Ca2+ and purinergic signaling
pathways may mediate voltage signaling during depolarization. L-type Ca2+
channels, inward rectifying K+ channels (Kir), and Ca2+-sensitive K+ channels
(KCa) may also participate in the regulatory pathway. Genome-wide expression
studies in depolarized and hyperpolarized hMSCs revealed a wide range of Vmemresponsive genes. These genes are currently under investigation to identify
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additional voltage-signaling mediators, as well as additional cell functions
affected by Vmem modulation.
On the applications side, we developed two-dimensional and threedimensional bone wound healing models in which to investigate the role of Vmem
in wound healing behavior of OS-differentiated hMSCs. Several depolarizing
pharmacological modulators were identified as stimulators of cell infiltration and
differentiation within a wound. The wound models also suggested that paracrine
signaling between osteoblasts and neurons has a positive effect on differentiation
within bone wounds. Future studies will improve upon these models and build up
model complexity to facilitate studies of the combined effects of biophysical and
biochemical stimulation of wound healing.

7.2 Future Directions
7.2.1

Ion channel gene transfection for tissue engineering efforts
Future studies will employ lentiviral gene transfection and transduction

techniques to overexpress or knock out particular ion channels and transporters in
order to achieve precise control of ion flux. The specificity of this strategy will
facilitate tight control of the downstream pathways that are activated by particular
ion channels, resulting in targeting of specific cell functions. Temporal regulation
of expression can be explored by utilizing inducible expression systems to
activate transcription of ion transporters during early and late stages of
differentiation and wound healing. Spatial regulation of expression can be
explored by exploiting light-activated ion channel constructs (459). These
strategies may be used to study the effects of altered electrophysiology in precise
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locations within the wound environment; for example, channel overexpression
can be targeted to only the cells infiltrating the wound or only the cells
surrounding the wound.

7.2.2

In vivo electrophysiological stimulation of wound healing
and tissue regeneration
In vitro studies of voltage-stimulated wound healing can inform in vivo

studies of electrophysiological regulation in a wound environment (460). Our
studies indicated that depolarization may augment bone healing. Further
improvements on these in vitro wound models may identify additional
electrophysiological parameters that can be rationally manipulated to improve
wound healing in vivo.

7.2.3

Regulation of stem cell behavior for therapeutic
applications
One challenge in the therapeutic use of stem cells is the ability to preserve

the pluripotency and self-renewal capacity of stem cells while expanding them in
vitro to obtain sufficient cells for implantation or transplantation. Current data
suggest that prolonged culture of mesenchymal stem cells leads to senescence and
reduced differentiation potential (461, 462). Future work could examine whether
voltage signaling can regulate stem cell behavior for therapeutic needs, e.g.,
increased proliferation and inhibited differentiation during ex vivo expansion.
An additional concern for both stem cell therapy and tissue engineering is
the issue of stem cell heterogeneity in terms of differentiation capacity and
lineage biases. Bone marrow-derived hMSC populations consist of a mixture of
undifferentiated stem/progenitor cells and lineage-restricted precursors which
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have different capacities for differentiation toward osteogenic, adipogenic, and
chondrogenic lineages (463-466). Electrophysiological characterization of stem
cell subpopulations may provide clues about how ion channels and currents
contribute to differences in differentiation capacity, as has been shown in
neuroblastoma cells (80). In future studies, hMSC subpopulations can be
characterized for differences in resting Vmem, ion channel expression and activity,
and other electrophysiological parameters. These parameters can be correlated
with the biochemical signatures and the differentiation capacities of each
subpopulation in order to generate a comprehensive biophysical and biochemical
profile of hMSC subpopulations as it relates to the differentiated state.
Furthermore, cell electrophysiology could be modulated to stimulate convergence
of the different subpopulations to a common state, providing a more
homogeneous cell population for tissue engineering. For example, in our Vmem
work, future studies will examine how modulation of Vmem to precise levels can
influence differentiation in hMSCs, and whether its effects are primarily related to
differentiation capacity or to lineage determination. Control of cell fate and
lineage decisions using electrophysiology would be a powerful addition to current
methods of stem cell regulation.

7.2.4

Voltage regulation of stemness properties
Recent work has suggested the possibility of voltage regulation of

processes that bestow stemness properties onto normally non-stem populations.
For example, recent work on induced pluripotent stem (iPS) cells showed that
expression of set of four pluripotency transcription factors can induce somatic
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cells to reactivate self-renewal and pluripotency programs (467-469). The
electrophysiological properties of iPS cells are beginning to be studied and are
reported to regulate iPS proliferation and viability (470). Future work could
investigate how the fibroblast-to iPS reprogramming process itself is affected by
changes in electrophysiology.
In another study that addresses the activation of stem-like properties, Vmem
depolarization activated latent stem and progenitor cells in the adult mouse
hippocampus. Depolarization of neurospheres generated from hippocampal cells
activated a subpopulation of stem and progenitor cells that had greater selfrenewal capacity than unactivated cells, that maintained multipotentiality, and that
had the capacity to generate neurons (471). These findings identify Vmem as a
regulatory control point that can activate the self-renewal and multipotentiality
properties of progenitor cells. The study raises the question of whether voltage
signaling is the endogenous mechanism whereby progenitor cells are activated
(e.g., in the hippocampus), and whether voltage modulation could be a means to
produce progenitor cells for tissue healing in response to injury or disease.

7.2.5

Voltage regulation of cancer stem cell (CSC) behavior
The cancer stem cell (CSC) hypothesis postulates that there exists a

subpopulation of tumor cells that possess stem cell-like properties, most notably
the ability to self-renew and differentiate (472). Enabled with these properties,
this small pool of CSCs is responsible for tumor initiation, propagation, and
recurrence. Although voltage signaling in CSCs has only begun to be studied, we
believe that it may be a regulatory pathway that is conserved between normal
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stem cells and CSCs. A better understanding of this form of biophysical signaling
may have the potential to uncover novel ways to identify, selectively target, and
eliminate CSCs. Several studies will be discussed below to highlight promising
results and the need for further study.
Electrophysiological characterization may be a valuable complement to
current techniques for CSC isolation. In SH-SY5Y neuroblastoma cells,
differential ion channel expression was studied in a CSC-enriched CD133+
population compared to a CD133- population. CD133+ cells exhibited higher
amplitudes of TEA-sensitive outward K+ currents (IKTEA), higher frequency of
voltage-gated inward Na+ currents (INa), and higher expression of BKCa and
Nav1.7 channels (473). Differential expression of these channels and currents
may be the electrophysiological signature of neuroblastoma CSCs. Another study
demonstrated that SH-SY5Y neuroblastoma subpopulations and their derivatives
can be characterized by their unique expression of groups of ionic currents (77,
79). Cell subtype and differentiated state could be identified based on expression
of ratios of human ether-à-go-go (hEAG) related gene encoded K+ current (IHERG);
IKDR; and INa (80). These studies demonstrate that electrophysiological
characterization is a powerful tool for profiling individual cells within a mixed
population and tracking their developmental progression within a tumor, allowing
better understanding of the heterogeneity and phenotypic complexity found in
cancers. It is possible that combining measures of bioelectric state with
traditional biochemical markers will yield improved purity in isolated cell
populations, which will aid in downstream characterization of CSCs. Even more
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useful would be an understanding of how these putative CSC markers contribute
to misregulated CSC functions.
CSC resistance to chemotherapy may be regulated by ion channel activity.
Thus, ion-channel-targeting agents can work synergistically with traditional
chemotherapy drugs to eliminate both bulk tumor and CSC populations. For
example, glioblastoma multiforme (GBM) chemotherapy often fails due to
resistant CSC subpopulations that eventually repopulate the tumor. Proteomic
analysis revealed that resistant cells overexpressed CLIC1, a Cl- transporter.
Treatment of cells with a pharmacological blocker of Cl- channels in combination
with chemotherapy decreased cell viability and increased apoptotic cell death of
resistant CSCs (474). Current chemotherapeutic strategies may therefore benefit
from combination therapy with ion channel-targeting pharmacological agents.
Additionally, differences in normal stem cell and CSC electrophysiology
may uncover molecular targets for therapeutic intervention that can selectively
target CSCs without harm to the endogenous stem cell population. Breast
epithelial cells can be enriched for a CSC population by inducing epithelialmesenchymal transition (EMT). A high-throughput chemical screen was
employed to identify agents that selectively target breast epithelial cells CSCs. Of
the ~16,000 compounds screened, only 32 selectively reduced viability of CSCenriched cell populations over control populations. Two of these compounds,
salinomycin and nigericin, are ionophores: salinomycin is a K+ ionophore and
nigericin is a H+/K+ ionophore. (475). The finding that Vmem-altering compounds
can selectively target the viability of CSCs in a cancer cell population implies that
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there is a difference in CSC electrophysiological state that may enhance their
ability to self-renew and metastasize. Furthermore, that difference can be
capitalized upon for therapeutic treatment, using pharmacological agents to
selectively target CSCs and decrease their malignant behavior.
Much remains to be understood about CSC proliferation and quiescence in
the context of membrane potential. CSCs often demonstrated quiescent and slowcycling characteristics (476). Studies are needed to track Vmem during the
quiescent state and throughout the cell cycle. The G1/S and G2/M transitions are
especially of interest: do CSCs require hyperpolarization and depolarization to
pass the G1/S and G2/M checkpoints, respectively, as many other cell types do
(427)? Is their resting Vmem level prohibitive for entrance into the cell cycle, and
if so, can we modulate the Vmem of quiescent CSCs to force them to proliferate?
Inducing proliferation may render chemotherapy-resistant CSCs more susceptible
to anti-cancer agents which target proliferating cells in the bulk tumor (477).
There are many unanswered questions about voltage signaling in CSC
differentiation. Do CSCs undergo changes in Vmem as they differentiate into the
various cell types found within the tumor? Do these Vmem changes act as triggers
for differentiation, as in some normal stem and progenitor cells? If so, perhaps
Vmem levels can be altered to force CSCs to differentiate and lose their selfrenewal potential, stemming the progression of the disease (478). Differentiation
therapy, an approach to deplete the stem cell pool in tumors by drug-induced
differentiation, has had some success with compounds such as retinoic acid, bone
morphogenetic proteins, and histone deacetylase inhibitors (479-481). Since
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Vmem-altering compounds have been shown to affect stem cell differentiation,
they may also be good candidates for differentiation therapy.
It is also unclear how CSCs arise. Are they derived from transformation
of normal stem and progenitor cells (482, 483)? Vmem contribution to a progenitor
cell’s acquisition of neoplastic-like properties has been demonstrated in Xenopus
embryos. Artificial induction of depolarization caused neural crest-derived
melanocytes to overproliferate, change in morphology, and aggressively invade
the liver, gut, neural tube, and blood vessels, a phenotype that is similar to cancer
cell behavior (69). These data suggest a role for biophysical factors like Vmem in
neoplastic transformation of embryonic stem and progenitor cells. Interestingly,
the instructive voltage signal was non-cell-autonomous (69, 484). Evidence for
voltage-dependent paracrine signaling points to the importance of the
microenvironment, or niche, in regulating CSC behavior.
Alternatively, CSCs may originate from the acquisition of self-renewal
potential by cancer cells, also referred to as reprogramming or de-differentiation
(483). Induction of EMT in tumorigenic epithelial cells has been shown to
generate a population with self-renewal capacity (485). During tumor metastasis,
the EMT process may confer self-renewal potential that enables cancer cell
overproliferation and dissemination (486). Stem-like properties may also be
acquired by activating the expression of pluripotency transcription factors, as in
iPS reprogramming. The role of these transcription factors in tumorigenesis and
CSCs is currently being studied (487). Effort is being made to generate induced
pluripotent cancer (iPC) cells, in a similar fashion to the production of iPS cells,
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as a model of oncogenesis and as a platform for drug screening (488, 489). The
extent to which iPCs mimic CSCs is still debatable. Electrophysiological
characterization can augment our understanding of the similarities and differences
between CSCs, iPC cells, and EMT-induced cancer cells. These characterization
studies can be paired with functional studies that address the voltage changes
underlying EMT of cancer cells or the cancer cell-to-iPC transition, as models for
studying the endogenous cancer-to-CSC transition. A better understanding of this
process may lead to novel ideas for therapeutic inhibition of CSC formation, with
the goal of limiting the malignant progression of the disease.
In summary, our studies on voltage regulation of stem cell behavior
suggest many interesting research directions to pursue in future studies, including
identification of pathways controlling and controlled by voltage signaling, ion
channel gene transduction to control stem cell behavior for tissue engineering,
control of stem cell expansion and differentiation for therapeutic implantation,
characterization and control of stem cell heterogeneity, activation of stem-like
properties for tissue healing and regeneration, biophysical stimulation of wound
healing in vivo, and control of CSC behavior for therapeutic applications.
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