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Abstract

Objective: Controversy about hematopoietic stem cells reprogramming into cardiac myocytes is currently supported by positive and
negative findings. In fact, some reports have shown the ability of stem cells from the bone marrow (BM) to differentiate into cardiac
myocytes and to contribute to myocardium repair, while others have reported the opposite.

Methods: C-kit" cells from mouse bone marrow were co-cultured onto neonatal cardiac myocytes. Hematopoietic stem cell-derived cells
were analyzed by investigating the expression of cardiac markers and ion channels and by single-cell electrophysiological recordings.
Results: Groups of undifferentiated c-kit" cells displayed only outward currents. Co-cultured c-kit" stem cells on neonatal cardiac myocytes
expressed cardiac markers and Na“ and Ca®" voltage-gated ion channels. However, Na" and Ca®" currents were not detected by
electrophysiological patch-clamp recordings even if caffeine and cyclopiazonic acid treatment showed the presence of intracellular calcium
stores. This suggests that these channels, although expressed, were not functional and thus do not allow the coupling between excitation and
contraction that is typical of cardiac myocytes. Nevertheless, co-cultured cells had a more hyperpolarized resting membrane potential and, at
least in a subset of cells, displayed voltage-gated inward rectifier currents and outward currents. Co-cultured c-kit"-derived cells were not
connected to surrounding cardiac myocytes through gap junctions. To induce a more pronounced differentiation, co-cultured cells were
treated with BMP-4 and TGF-p, two factors that were shown to trigger a cardiac myocyte differentiation pathway in embryonic stem (ES)
cells. Even under these conditions, c-kit" cells did not differentiate into functionally active cardiac myocytes. However, TGF-3/BMP-4-
treated cells were hyperpolarized and showed and increased inward rectifier current density.

Conclusions: Our study shows that mouse BM hematopoietic stem cells exhibit a limited plasticity to transdifferentiate into cardiac
myocytes in culture.

© 2005 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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adult-derived stem cells (particularly HSCs) has been
provided, except for results obtained by culturing human
peripheral blood (PB) endothelial progenitor cells (EPCs)
onto neonatal cardiac myocytes.

In the present study, we used co-culture onto neonatal
cardiac myocytes to assess whether c-kit™ cells acquire a
cardiac phenotype. Our results demonstrated the expression
of GATA-4, «-sarcomeric actin and MEF-2C cardiac
markers and Na' and Ca®" voltage-gated subunits in co-
cultured stem cells, but no electromechanical coupling,
action potentials and Ca®" transients.

Recent reports have shown that ES cells can be induced
to differentiate into cardiac myocytes by embryonic
activation pathways like those elicited by BMP-4 and
TGF-B molecules [3] or visceral endoderm tissue [2].
Additionally, HSCs are affected in differentiation and
proliferation/self-renewal pathways by treatment with
TGF-p and BMP-4 in culture [4,5]. In the presence of
TGF-p and BMP-4, c-kit" cells had a more negative
membrane potential and the amplitude of inward rectifier
currents was increased compared to untreated co-cultured
cells. However they still exhibited little differentiation
ability.

2. Methods
2.1. Isolation of neonatal cardiac myocytes

We performed animal experimentation in compliance
with NIH ethical rules. Neonatal cardiac myocytes were
obtained as described in [6]. Cardiac myocytes were plated
in 35 mm TC dishes coated with fibronectin (FN) (20 pg/ml).

2.2. Isolation of c-kit™ cells

C-kit" cells were separated from adult mice bone marrow
by magnetic cell sorting (MACS) (Miltenyi Biotech)
according to a protocol established by us previously [7].

2.3. Co-culture experiments

C-kit" cells were co-cultured for 7 days onto cardiac
myocytes in DMEM containing 10% FBS in the presence or
the absence of 100 ng/ml of BMP-4 and 10 ng/ml of TGF-p
(both from R&D systems) [6]. After this period, co-cultured
cells were fixed for immunohistochemistry or analyzed for
physiological parameters.

2.4. Immunofluorescence staining

Fixed cells were stained for a-sarcomeric actin (5C5,
Sigma), myocyte enhancer factor 2C (MEF-2C, C-21, Santa
Cruz Technologies), GATA-4 (H-112, Santa Cruz Technol-
ogies), anti CX-43 antibody (Sigma), anti Ca,1.2a (cardiac
L-type voltage gated Ca®" channel Ca,1.2a, Alomone) and

anti-pan-Na, (all isoforms of voltage-gated Na" channels o
subunits, Alomone), followed a Rhodamine/Texas red or
Cy5-conjugated secondary antibodies staining. Nuclei were
stained with Hoechst 33258 and PI. Cells were analyzed
with a Zeiss Axioplan2 Fluorescence microscope or a Zeiss
LSM510 META confocal microscope.

2.5. RT-PCR

RNA was extracted from c-kit" cells using Trizol reagent
(Invitrogen). Primers sequence for GATA-4 mRNA ampli-
fication were: sense 5’GCCTGTATGTAATGCCTGCG 3/,
antisense 5 CCGAGCAGGGAATTTGAAGAGG 3'. Pri-
mers for mouse P-actin amplification were: sense 5
CACCTTCTACAATGAGCT 3’ and antisense 5 GAAGG-
TAGTCTGTGAGGTCCC 3'. Primers for mouse MEF-2C
amplification were: sense 5 GATTACGAGGATAATG-
GATGAG 3’ antisense 5 GTACACCAAACTGT-
TATGGCTG 3'.

2.6. Electrophysiological recordings

Undifferentiated or co-cultured cells (c-kit"-GFP labeled
cells and mouse neonatal cardiomyocytes) were bathed in
NES (NES, mM: 140 NaCl, 2.8 KCl, 2 CaCl,, 2 MgCl,, 10
HEPES, 10 glucose at pH=7.4) for recordings and observed
under an inverted microscope (Zeiss Germany) with a 32X
objective. Only healthy cells, showing clear cytoplasm and
smooth membrane, were chosen for investigation. Whole-
cell patch-clamp recordings were performed at room
temperature (22-25 °C) using the Axopatch 200A amplifier
(Axon Instruments, CA, USA). Patch pipettes were made
using borosilicate capillaries (Hilgenberg, Germany), pulled
using a vertical pipette puller (List Medical, Germany) and
filled with a solution containing (mM): 135 KCI, 1 MgCl,, 1
EGTA, 20 HEPES, 4 ATP, buffered with KOH at pH=7.3.
Final pipette resistance was 3—5 M(). For investigations on
Na* and Ca®" currents, intracellular KCI was substituted by
the same amount of CsCl. Data processing was performed
using pClamp9.0 (Axon Instruments, CA, USA). Whole-
cell currents were low-pass filtered at 5 kHz and digitized at
10 kHz by the analog-to-digital interface DigiData 1200
(Axon Instruments). Series resistance was compensated for
by 50-60%. Cell capacitance and membrane resistance were
measured, using the Membrane Test option of pClamp 9.0,
by applying brief voltage pulses around the holding
potential. The total charge (Qt) displaced by the step was
estimated from the fit of the transient portion of the current
response and the area under the curve. Membrane capaci-
tance was calculated as the ratio between Ot and the
amplitude of the voltage step. Current magnitudes were
normalized to cell capacitance (pA/pF). Where indicated
extracellular solutions were modified by equimolar sub-
stitution of 20 mM NaCl by TEACI, KCl or 4-AP. Data are
given as meanzstandard error. Significance (p<0.05) was
determined by one-way ANOVA test.
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2.7. Dye transfer and Ca’" imaging recordings

In these experiments, the fluorescent tracer Alexa Fluor
594 hydrazide (Molecular Probes, Eugene OR, USA), was
added to the intracellular solution to monitor gap junction
permeability.

Intracellular free Ca®" concentration ([Ca®'];) was
measured using a microscopy system driven by Axon
Imaging Workbench software (Axon Instruments), as
described in [8]. Cells were loaded for 45 min with the
Ca”" indicator X-rhod-1 (Lexcit560 NM; Aemissions 602 nm, 4
uM; Molecular Probes, USA) to avoid overlapping with
GFP fluorescence. The changes of [Ca>"]; were estimated
from the ratio AF/F,. For ratiometric [Ca*']; measurements,
cells were incubated with the cell membrane permeant fura-
2 AM (4 pM) for 45 min. Variation of [Ca®']; was expressed
as time-resolved ratio, R, between fluorescence images
obtained at 340 nm and 380 nm Ay The reported
amplitude of [Ca*']; transients (AR) was measured as the
difference between peak and basal R values, and averaged
from all the cells included in a single optical field [8].

3. Results

3.1. Marker and functional analysis of c-kit" cells before
and after co-culturing onto neonatal cardiac myocytes with
or without BMP-4 and TGF-f

To detect whether c-kit™ cells express early cardiac
markers prior to being co-cultured, we performed RT-PCR
for MEF-2C and GATA-4 transcription factors. Although
we did not detect GATA-4 expression, we noticed MEF-2C
early cardiac transcription factor signal in c-kit" cells (Fig.
1A). The expression of MEF-2C mRNA was specific, as we
did not observe its expression in peripheral blood mono-
nuclear cells. C-kit" cells were then seeded onto layers of
neonatal beating cardiac myocytes isolated from 1 day
newborn mice. Three different labeling approaches were
used to recognize seeded cells: (1) infection with a
retrovirus carrying green fluorescent protein (GFP) [9], (2)
sorting c-kit" cells from mice expressing GFP [10] and (3)
labeling cells using Dil [6].

Co-culture of skeletal myogenic cells [11], endothelial
cells [12] and human PB [6] or cord blood (CB) [13] EPCs
onto beating cardiac myocytes enhanced the expression of
cardiac markers. We investigated the expression of the
cardiac markers MEF-2C, GATA-4 and o-sarcomeric actin
by immunohistochemistry. All these markers were
expressed in both Dil- and GFP-labeled cultured cells
(Fig. 1B-K).

Undifferentiated c-kit™ cells were relatively small and
spherical, similar to cardiac stem cells [14], muscle-derived
stem cells [15], and neuronal stem cells [16]. Under current-
clamp conditions, the resting membrane potential (V) of
undifferentiated c-kit" cells was —21.0+3.8 mV (n=28). No

Fig. 1. Expression of cardiac markers in c-kit" cells before and after co-
culture onto cardiac myocytes. (A) RT-PCR on RNA extracted from
neonatal cardiac myocytes (lane 1), c-kit" (lane 2) and PB mononuclear
cells (line 3). (B and C) Expression of GATA-4 (C, nuclear green
fluorescence) in Dil" c-kit" derived cells (B, cytoplasmic red fluorescence)
co-cultured onto cardiac myocytes (arrows). (D-E) Expression of o-
sarcomeric actin (E, green fluorescence) in Dil" c-kit" derived cells (D) co-
cultured onto cardiac myocytes (arrows). (F~H) Confocal analysis of MEF-
2C expression (G, red nuclear fluorescence) in GFP"* (F) c-kit" derived cells
onto cardiac myocytes. Panel H is the merger of panels F and G. Arrows
indicate GFP*/MEF-2C" cells. Arrowheads indicate GFP*/MEF2C ™ cells.
(I-K) Confocal analysis of a-sarcomeric actin (J, red fluorescence) in GEP*
(T) c-kit" derived cells onto cardiac myocytes. Panel K shows the merger of
panels 1 and J. Arrows indicate GFP"/a-sarc” cells. Arrowheads indicate
GFP"'/a-sarc™ cells.

spontaneous electrical activity could be detected. To further
characterize electrophysiologically undifferentiated HSCs,
we performed voltage-clamp experiments. Membrane
capacitance (Cy,) was 3.6%£0.3 pF (n=28), while membrane
resistance was 4.5+0.7 GQ (n=28). To assess whether
undifferentiated HSCs express functional voltage-gated
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channels, potential steps (50 ms duration) were applied to
the patched cells held at —50 mV, testing potentials from
—70 to +50 mV (Fig. 2A, top). In a fraction of the tested
cells (11 out of 28, 11/28, 39%) an outward current like that
shown in Fig. 2A (bottom) was observed. The mean density
of the evoked current, measured at +50 mV, was 20.8+4.5

A

pA/pF. The current was activated at potentials higher than
—30 mV and increased linearly in the tested voltage range
(Fig. 2B), with no inactivation, even when stimulated by
voltage steps lasting up to 1 s. Bath application of TEA (20
mM), a blocker of several types of K channels, reduced
current amplitude by 73£6% (n=5, see representative
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Fig. 2. Whole-cells recordings from c-kit" cells. (A) Current recordings evoked in undifferentiated c-kit" cells by the voltage protocol shown (upper traces).
Dotted lines indicate 0 current level. Inset, extracellular application of TEA (20 mM, bottom) markedly reduces voltage-gated outward current (control). (B)
Current/voltage (I/V) relationship for currents measured at the end of voltage steps. Each value is shown as mean+S.E. obtained from 6 different cells. (C)
Representative voltage-gated currents from GFP" c-kit"-derived cell co-cultured onto neonatal cardiac myocytes. Inset: effect of extracellular 4-AP and TEA on
voltage-gated currents in a single cell. (D) /) relationship as a mean of 8 different cells. Note the significant reduction of current density in comparison to
undifferentiated c-kit" cells (panel C) and linearity above —30 mV. (E) Currents from GFP" c-kit"-derived cell co-cultured onto cardiac myocytes in the
presence of TGF-f3 and BMP-4. The current amplitude is not statistically different from co-cultured cells. Inset: effect of 4-AP and TEA on currents evoked in a
treated cell. (F) I/V curve (mean from 5 recordings): note linear dependence on voltage. (G) Voltage-gated current of a GFP" c-kit -derived cell co-cultured
onto cardiac myocytes in the presence of TGF- and BMP-4. Note the increased current amplitude in comparison with untreated cells. Inset: inward and
outward currents evoked in a neonatal cardiac myocytes. (H) /-V relationship of trace currents in panel G. Note the non-linear development of the voltage-

dependence of the current.
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example in Fig. 2A, inset), indicating that the outward
current was mainly due to the activation of K* channels. No
inward currents was observed using the KCl-standard
intracellular solution, even when cells were held at more
negative potentials (up to —90 mV), to rescue any
functional channel from a possible steady-state inactivation.
By contrast, inward currents (likely Na'-currents) were
observed in cardiomyocytes under identical experimental
conditions (see Fig. 2G, inset). As outward currents could
mask the presence of inward currents, in particular Na* and
Ca”*" currents, intracellular K" was substituted by Cs”,
which generally has a limited permeability through K"
channels. Under these conditions, neither inward nor out-
ward currents were elicited by voltage steps to potentials
ranging between —70 and +50 mV from a holding potential
(V) of —90 mV (data not shown, n=11), indicating that
undifferentiated c-kit™ stem cells are not endowed with
functional Ca®" and Na" channels, while their K™ channels
are impermeable to Cs'.

To investigate possible in vitro transdifferentiation, we
seeded GFP-labeled c-kit" cells onto neonatal cardiac
myocytes. When co-cultured, a number of GFP" cells lost
their spherical shape and became larger and elongated (Fig.
1E,I). Since these morphological changes may be caused by
a “response” of the stem cells to the host environment,
electrophysiological investigations were performed on
GFP" elongated cells. Indeed, passive membrane properties
were affected, as co-cultured cells exhibited a larger C,,
compared to undifferentiated c-kit" cells (1241.5 pF, n=26,
p<0.0001) and a more negative V, (—55.242.6, n=24,
p<0.0001), while membrane resistance was 7.4+1.4 GQ
(n=23). An outward current, similar to that observed in
undifferentiated kit" cells, was found in 15/32 cells (47%,
Fig. 2C), with an activation threshold of —30 mV and a
linear increase at more positive potentials (Fig. 2D). The
current amplitude at +50 mV was 8.7+1.2 pA/pF, signifi-
cantly lower (<0.00012) than in undifferentiated cells. No
significant difference in the passive membrane properties of
excitable and non-excitable cells was observed (P=0.5),
consistent with the idea that outward rectifying K" currents
control cell excitability rather than its resting properties
[17]. Application of 4-AP (2 mM), a potent blocker of
several types of voltage-dependent K" channels or TEA (20
mM) blocked these currents by about 50% in all tested cells
(3 for each blocker, Fig. 2C, inset). When a CsCl-based
intracellular solution was used, no voltage-gated currents
were detected, confirming that outward currents were indeed
due to the activation of K channels rather than to a specific
outward conductances. Moreover, these experiments
showed that co-cultured c-kit" cells lacked Na* and Ca®"
currents, even when ¥}, was hyperpolarized to —90 mV, to
rescue Na“ channels from possible inactivation (data not
shown, n=19). In some preparations (3/5), hyperpolarizing
voltage steps up to —120 mV (from V};, =—70 mV) evoked
inwardly rectifying currents in 6 out of the 17 GFP" cells
tested (35%, Fig. 3A) with an average current density of

—6.2+£2.4 pA/pF (n=6) at —120 mV. In these cells,
membrane resting potential was markedly more negative
than in the others, being —65.0£5.6 mV (n=6), not far from
the estimated reversal potential for K. This, together with
the prompt activation of the inward current suggests that
these cells were endowed with inwardly rectifying K"
currents (/;), which are physiologically designed to set
membrane resting potential [17]. The relationship between
current density and test potentials (Fig. 3B) shows that
rectification was incomplete, with a small current evoked at
0 mV, even in cells lacking an outward K" current. Cs" is a
well known open-channel blocker of Iy, in several cell
types, including cardiomyocytes [18,19]. As expected, in all
tested cells (5/5, Fig. 3A) extracellular application of | mM
Cs" resulted in a voltage-dependent block, with complete
suppression of the responses evoked at negative potentials,
but not at more positive potentials. This block was fully
reversible upon Cs” wash-out (Fig. 3A). No depolarizing
inward currents (Na* and Ca®" currents) were detected
(n=19), even when ¥}, was hyperpolarized to —90 mV, to
rescue Na' channels from possible inactivation.

Addition to the culture medium of a mixture of BMP-4
and TGF-P enhanced the functional differentiation degree of
c-kit" cells co-cultured onto cardiac myocytes (in 3/9
preparations). In fact, c-kit" derived cells were further
hyperpolarized, with a V. of —62.2+2.4 mV (n=36) that
was significantly higher than in untreated co-cultured cells
(p=0.029). However, neither C,, (13.5+1.3 pF, n=39), nor
membrane resistance (5.6 + 0.8 G(), n=36) were affected
as compared to untreated co-cultured cells (P>0.45). As in
untreated co-cultures, outward voltage-activated K currents
were observed in a subset of GFP'-cells (14/41, 34%) (Fig.
2E), and resting membrane potential was similar to that of
the non-excitable cells (P=0.8). These currents had a mean
current density of 10.4%£1.3 pA/pF at +50 mV, no
inactivation and a linear voltage-dependence (Fig. 2F).
Extracellular application of either TEA (20 mM) or 4-AP (2
mM) reduced current amplitude by about 50% (3 cells tested
for each substance, Fig. 2E, inset). When 4-AP was
increased to 20 mM, the block was total (not shown).
Interestingly, K,1.4 channels, present in cardiac cells, are
blocked by high concentrations of 4-AP.

Hyperpolarizing voltage steps evoked inward currents in
7/15 cells (47%, Fig. 3C, control). The inward currents were
reversibly blocked by extracellular Cs* (Fig. 3C, 1 mM Cs"),
and reduced by extracellular TEA (20 mM) by about 20%
(n=3, not shown), indicating that they were I; [18,20].
Mean current density at —120 mV was —11.8£1.1 pA/pF
(n=4), significantly larger than the value observed in
untreated co-cultured cells (P=0.037). In good agreement
with the increased inward K permeability of these cells,
their resting potential was —76.3+3.1 mV, hyperpolarized
both as compared to untreated co-cultured cells showing Iy,
(P=0.042) and to treated cells lacking this current ( P=0.03).
Na' and Ca®" inward currents were invariably absent (n=23),
even when cells were hyperpolarized to —90 mV, using Cs"
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Fig. 3. Inward rectifier currents in c-kit"-derived cells onto cardiac myocytes in the absence or the presence of TGF-f and BMP-4. (A) Control: Inward rectifier
currents were evoked by voltage steps ranging from —120 mV to +10 mV from —70 mV ¥}, (top). 1 mM Cs': inward currents were blocked by extracellular
perfusion of Cs". The effect of Cs" on inward currents was reversible (wash-out). All the recordings were obtained in the same cell. (B) //V relationship of
currents from 5 co-cultured cells (mean=+S.E.), showing inward rectification. (C) Control: Representative inward rectifier currents in TGF-p and BMP-4 treated
GFP" c-kit"-derived cells. 1 mM Cs': block by extracellular Cs*. Wash-out: reversibility of Cs’-block of inward currents in the same cell. (D) I/V curve of

inward rectifier currents from 4 treated cells.

in the patch pipette. The absence of depolarizing excitatory
currents in c-kit -derived cells was confirmed by the absence
of spontaneous or evoked action potentials, while neonatal
myocytes showed a spontaneous electrical activity, and
action potentials were detected in both beating (Fig. 4F) and
non-beating cells (Fig. 4E).

Finally, in 2/9 preparations, 40% (6/15) of BMP-4/TGF-
P treated cells showed inactivating outward currents (Fig.
2G), that were never observed using intracellular Cs'.
Current density at +50 mV was 28+2.6 pA/pF, much
greater than that measured in untreated cells (P<0.0002).

The current density—potential curve (Fig. 2H) revealed that
the current was activated at potentials more positive than
—30 mV, and showed an /-V relation typical of an outward
rectifier K currents [21].

The development of voltage-dependent ionic currents is
linked to the expression of functional voltage-gated chan-
nels. Thus, we investigated by confocal microscopy whether
c-kit" cells co-cultured onto neonatal cardiac myocytes
expressed voltage-gated Na“ and Ca”>" channels (Fig. 5).
Immunoreactivity for Na, channels was undetectable in
progenitor-derived cells co-cultured onto cardiomyocytes
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Fig. 4. Assessment of purity and function of neonatal cardiac myocytes. (A) Immunohistochemistry for Hoechst (blue staining) and a-sarcomeric actin (green
staining) in beating neonatal cardiac myocytes. (B-D) Confocal analysis of GATA-4 (B, nuclear green fluorescence) and PI (C, nuclear red fluorescence)
staining in beating cardiac myocytes. Panel D shows a merge of the green (GATA-4) and red (PI) channels. (E) Spontaneous electrical activity in a non-beating
neonatal cardiomyocyte. Note the irregularity of amplitude and frequency of transients. Dotted lines indicate the 0 mV level. (F) Action potentials recorded in a
beating neonatal cardiomyocyte. Representative consecutive recordings from the same cells (top and middle traces); bottom: action potentials showed on an

expanded time scale. Dotted lines indicate the 0 mV level.

alone (Fig. 5A—C), while in a scant subpopulation of these
cells, expression of little levels of these channels was
observed (Fig. SD-E) in the presence of BMP-4 and TGF-p.
Voltage-gated Ca®" channels were, instead, expressed in
most of the c-kit-derived cells in co-culture, independent of
BMP-4 and TGF-p treatment (Fig. 5). It is important to note
that, although specific, as confirmed by negative controls
(not shown), most of the Na, and Ca, channel immunor-
eactivity was cytoplasmic, while the channels are mostly
clustered at the cell membrane in mature cardiac myocytes
[22]. It is likely that these channels are not mature and/or not
functional (see Discussion).

3.2. Absence of gap junctions and RyR-receptors in c-kit"
cells

The presence of gap junctions between human peripheral
blood-derived EPCs and the surrounding cardiac myocytes
has been already shown [6]. We thus injected GFP" cells
with the red-fluorescent tracer Alexa Fluor 594, a gap
junction permeable dye. In none of the 5 patched cells a dye
transfer was observed (Fig. 6A), indicating that functional
gap junctions between stem cells and the neighboring cells
were absent. As a positive control, we injected the dye into
neonatal cardiac myocytes, whence dye diffusion was



L. Lagostena et al. / Cardiovascular Research 66 (2005) 482—492 489

Fig. 5. Confocal analysis of voltage-gated Na" o subunits and Ca>* channel
expression in cardiomyocytes and GFP"/c-kit"-derived cells in culture. (A)
o subunits of Na, channels were expressed at the junctions between
adjacent cardiomyocytes (arrows) but not in GFP" cells. For example, b and
c areas indicate cells that are shown at higher magnification in panels B and
C, respectively, and which do not express Na, channels. (B—C) Higher
magnification of GFP" cells indicated in insets in panel A. Note that no
expression of Na, channels was observed in these cells. (D-E) Expression
of « subunits of Na, channels in GFP*/c-kit'-derived cells upon treatment
by TGF-p and BMP-4. The expression of few dots (arrows) suggests
relatively little expression levels, while cytoplasmic localization indicates
non correct membrane clustering. (F-G) Confocal analysis of Ca,l.2a L-
type Ca”* channel subunit expression in GFP'/c-kit -derived cells onto
cardiomyocytes. Panel F shows nuclear (PI, blue fluorescence) and GFP
staining (green fluorescence) in two adjacent cells, while panel G shows
relatively high expression of Ca,l.2a channel subunits (red dots) in co-
cultured cells. Most of the fluorescence was confined in the cytoplasm
(arrowheads), except for few membrane clusters (arrows on the left cell).

Fig. 6. Coupling between cardiac myocytes in culture by gap-junctions.
Cardiomyocytes or GFP'/c-kit'-derived cells were injected with Alexa
Fluor 594. Diffusion of this gap junction permeable dye was followed up to
13 min after injection. (A) No diffusion was observed when the dye was
injected into GFP/c-kit" cells (arrow) co-cultured onto cardiomyocytes
(arrowhead). (B) The presence of gap junctions in cultured cardiomyocytes
is confirmed by diffusion of the dye from the injected cell (arrow) into its
neighbors (arrowheads).

invariably observed (n=3, see example in Fig. 7B). The
absence of gap-junctions in GFP'/c-kit" co-cultured cells
was further confirmed by immunohistochemistry, revealing
no expression of Connexin-43 protein (not shown).

Since stimulated Ca”" transients are reported in human
EPCs co-cultured onto cardiac myocytes [6], we performed
Ca”" imaging recordings by loading co-cultured c-kit" cells
with the Ca®" sensitive dye X-rhod-1 AM. Following
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A

depolarization of cells by a KCl-enriched extracellular
solution, no variations of intracellular free Ca*" concen-
tration were observed in GFP™ cells. A possible explanation
for the absence of Ca®" transients may be that c-kit -derived
cells do not have intracellular Ca®" stores or that they do not
express endoplasmic reticulum (ER) receptors that are able
to trigger Ca’’-induced Ca®" release. Therefore, we
stimulated GFP" co-cultured cells with caffeine, an agonist
of ryanodine (RyR) receptor. Only a subset of c-kit" cells
became loaded with X-Rhodl, possibly because of active
dye extrusion by stem cells. However, when GFP" cells
were exposed to 5 mM caffeine for 10 s, Ca®" release was
never observed (n=6/6) while neonatal cardiomyocytes were
responsive (n=13/15), as expected (not shown). Finally, to
assess whether the lack of intracellular Ca*" release depends
on the absence of intracellular Ca®" stores, we stimulated
undifferentiated c-kit" cells using cyclopiazonic acid (CPA,
Fig. 7A), known to induce Ca*" release from intracellular
stores by blocking Ca**-ATPase [23]. A high percentage of
c-kit" cells (37/39, Fig. 7B) was responsive to CPA,
showing CPA-dependent fluorescence increase (0.3410.04
AR, Fig. 7B), suggesting the presence of intracellular Ca**
stores. We also stimulated undifferentiated c-kit" cells using
SDF-1, a chemokine which has been shown to be important
for release of intracellular Ca®" stores in HSCs [24] and
differentiation of these cells into endothelial progenitor cells
[7]. When stimulated by SDF-1, at a concentration of 0.1
pg/ml (Fig. 8A), about 26% (31/120, Fig. 7B) of the c-kit"
cells showed intracellular Ca®" increase (AR=0.46+0.07,
Fig. 7B, bottom). Taken together, these data demonstrate
that c-kit" cells possess caffeine-insensitive intracellular
Ca”" stores, indicating the absence of cardiac-like Ca*"

A

(9 9)

100+
€
w
CPA (50 pM) 3
2 504
w
Q
(14
Tooe CPA SDF-1
= 1.07
SDF-1 (0.1 pg/ml) &
b2
@
o
— 2
Vd 'S 0.5 I
&
) §
0.5 4R 2
50s ]
[

CPA SDF-1

Fig. 7. Lack of elicited Ca”" transients was not due to absence of Ca®"
intracellular stores. In fact, stimulation with CPA and chemokine SDF-1
induced Ca®" release from c-kit™ cells intracellular stores as shown by
increase in fluorescence (AR). (A) Time course of fluorescence increase in
c-kit" cells during application of CPA (50 uM, top) and SDF-1 (0.1 pg/ml,
bottom). (B) Top: percentage of both CPA- and SDF-1-responsive cells;
bottom: response amplitudes in CPA-SDF-1-stimulated c-kit" cells.
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U
2s

Fig. 8. Ca®" transient in UCB, GFP labeled, CD34" cells [9] co-cultured
onto cardiomyocytes. (A) GFP fluorescence of CD34" cells. (B) Ca*"
imaging recording (AF/F as a function of time) of one GFP" UCB CD34"-
derived cell onto cardiac myocytes and loaded with X-rhod-1 showing
spontaneous Ca”" transient.

transients. As these results are in contradiction with those
reported by [6], we asked if this discrepancy was due to our
experimental and/or co-culturing conditions. To resolve this
issue, we co-cultured CD34" stem cells extracted from
human cord blood onto neonatal cardiomyocytes. CD34"
stem cells, stained with GFP, showed spontancous Ca*"
cyclic variations typical of cardiomyocytes [6] (Fig. 8) that
were synchronous with beating neonatal cardiac myocytes.

4. Discussion

In this report, we investigated the plasticity of BM c-kit"
cells to become cardiac myocytes from a functional point of
view. To this aim, we cultured c-kit" cells onto layers of
beating cardiac myocytes that were shown to promote
cardiac myocyte differentiation of human peripheral blood
stem cells [6]. C-kit" hematopoietic stem cells in co-culture
were investigated by expression of cardiac markers and
voltage-gated depolarizing Ca®" and Na' channels, dye-
transfer trough gap-junction, whole-cell recordings and
intracellular Ca*" imaging.

Immunofluorescence studies revealed the expression of
markers typical of cardiac myocytes. However, physiolog-
ical experiments demonstrated preliminary signs of differ-
entiation. In fact, we observed that co-cultured cells were
larger and hyperpolarized as compared to c-kit" cells before
culturing. The hyperpolarization was enhanced in co-
cultures exposed to BMP-4 and TGF-R. Co-culture of c-
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kit'-derived cells with cardiomyocytes also induced the
appearance, in a subset of cells which were particularly
hyperpolarized, of an inward rectifying current, known to be
involved in setting up the resting potential in cardiomyocytes
[17,25]. In a different subset of cells, outward rectifying
currents were also observed. Our data show that the resting
potential changes are not related to voltage-gated currents,
except for the contribution of /i;. They might be caused by
modifications in the expression of ion pumps, or other
voltage-independent conductances. For instance, the Na/
Ca”" exchanger, which affects membrane potential, is
developmentally regulated in the mouse heart [26]. Given
the high membrane resistance of the co-cultured c-kit" cells,
even minor changes in current fluxes would yield large
potential changes. The contribution of /;, is proportional to
its weight relative to these other conductances, and increases
in BMP-4/TGF-p-treated cells, as its density is larger. A
progressive hyperpolarization of differentiating stem cells
has been reported for mesoangioblasts differentiating into
skeletal muscle cells [27] and in muscle-resident stem cells,
the satellite cells [28]. The beginning of differentiation is
marked by the appearance of an outward K current, together
with a mild hyperpolarization of the cells. At the final stages
of differentiation, the expression of an inward rectifying K"
current shifts membrane resting potential towards K*
equilibrium potential. It is remarkable that a comparable
sequence of events takes place in our c-kit" cells.

Experiments performed by Badorff and colleagues [6]
suggested that human circulating progenitor cells acquired
physiological features of cardiomyocytes, when co-cultured
onto cells isolated from neonatal heart. In line with these
and other evidences [13], we found that human cord blood
CD34" stem cells have the ability to physiologically
differentiate into cardiac-like cells showing Ca®" transients
and electro-mechanical coupling to surrounding cardiomyo-
cytes (Fig. 8). Differences in source of stem cells (BM vs.
PB), in the species of stem cell (mouse vs. human) and
labeling techniques (GFP vs. Ac-LDL-Dil) to recognize co-
cultured cells may explain the discrepancy of results
obtained using mouse BM c-kit" cells. However, these
results are in line with recent findings by Balsam and
colleagues [29] and Murry and colleagues [30] showing no
differentiation of mouse BM c-kit" cells in infarcted hearts.
Thus, at least under these experimental settings, mouse BM
hematopoietic stem cells exhibited a limited plasticity to
transdifferentiate into cardiac myocytes.

In the mammalian, chick and Xenopus embryo, pre-
cardiac mesoderm differentiation is subject to inductive
signals by pathways involving TGF-p [31], Wnt and BMP
[32,33] molecules. Additionally, HSCs are affected in
differentiation and proliferation/self-renewal pathways by
treatment with TGF-3 and BMP-4 in culture [4,5]. Adding
TGF-R and BMP-4 to culture medium, c-kit™ cells were
hyperpolarized compared to co-cultured untreated cells,
showed markedly increased inward rectifier current density,
acquired immunoreactivity for voltage-dependent Na"

channels (Fig. 5), although they did not acquire an
excitable/contractile phenotype like cardiac cells. Expres-
sion of Na' and Ca®" channels was quite surprising, because
in none of the tested co-cultured cells alone or in the
presence of BMP-4 and TGF- depolarizing inward currents
could be recorded. One possibility to explain this finding is
that, although being expressed, assembly of Na, and Ca,
channels protein complex is not optimal or is immature in c-
kit*-derived cells. This interpretation is sustained by
findings reporting that interactions of Na, channels with
ankyrin are likely involved in their correct exposure at the
cell membrane of cardiomyocytes [34], or that interaction of
different subunits is necessary for tethering the functional
channel to the cell membrane [35,36]. Interestingly, our
confocal microscope observations showed that most of the
immunoreactivity for Na, or Ca, was localized in the
cytoplasm rather than at the cell membrane (Fig. 5),
suggesting that most of the « subunits of Na, and Ca,
channels were not correctly exposed at the cell surface either
due to the lack of functional interaction with cytoskeleton or
the expression of other channel subunits.

In this study, we observed for the first time that
expression of cardiac lineage markers do not correspond
to functional differentiation of c-kit'-derived cells, thus
calling for caution about possible therapeutic use of these
cells for reconstructing infarcted hearts. Future studies
performed by prolonging culture period, genetically manip-
ulating these cells or embedding them in a three dimen-
sional, in vitro reconstituted, heart tissue will allow to assess
whether what we report here consists in an initial maturation
of BM HSCs toward a fully functional cardiomyocyte
phenotype, or whether it reflects indeed lack of cardiac
plasticity of blood borne stem cells.
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