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Abstract

The present study was designed to investigate properties of ion channels in undifferentiated rabbit mesenchymal stem cells (MSCs)
from bone marrow using whole-cell patch-clamp and RT-PCR techniques. It was found that three types of outward currents were pres-
ent in rabbit MSCs, including an inward rectifier K+ current (IKir), a noise-like Ca2+-activated K+ current (IKCa) co-present with delayed
rectifier K+ current (IKDR). IKir was inhibited by Ba2+, while IKCa was inhibited by paxilline (a blocker of big conductance IKCa chan-
nels) and clotrimazole (an inhibitor of intermediate conductance IKCa channels). IKDR exhibited a slow inactivation, ‘‘U-shaped’’ volt-
age-dependent inactivation, and slow recovery from inactivation, and the current was inhibited by tetraethylammonium or 4-
aminopyridine. RT-PCR revealed the molecular identities for the functional ionic currents, including Kir1.1 (possibly responsible for
IKir), KCa1.1 and KCa3.1 (possibly responsible for IKCa), and Kv1.2, Kv2.1, and Kv2.2 (possibly responsible for IKDR). These results
demonstrate for the first time that three types of functional ion channel currents (i.e., IKir, IKCa, and IKDR) are present in rabbit MSCs
from bone marrow.
� 2006 Elsevier Inc. All rights reserved.

Keywords: Rabbit; Mesenchymal stem cells; Ion channels; Delayed rectifier potassium current; Calcium-activated potassium current; Inward rectifier
potassium current
Mesenchymal stem cells (MSCs) from bone marrow
have been recently cultured and expanded in vitro from
different species (e.g., mice, rats, and humans). MSCs
exhibited multilineage potential [1–4] to incorporate into
a variety of tissues, including bone, cartilage, muscle,
lung, and spleen, by in vivo transplantation [2,3,5,6].
MSCs were also found to form other kinds of cells in vi-

tro, e.g., hepatocytes, cardiomyocytes, and neuronal cells
[1,2,7]. In addition, transplantation of MSCs to the
infarcted myocardium significantly improved heart func-
tion in experimental studies [8–10]. Therefore, it is
believed that MSCs are an ideal cell source for myocar-
dioregeneration [1,7,11,12]. However, limited information
is available in the literature regarding cellular electro-
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physiology in MSCs. A few of recent reports from our
and other two laboratories demonstrated that multiple
ion channel currents were present in human [13–15]
and rat [16] MSCs, and the ion channel expression was
species-dependent. The present study was designed to
characterize ion channels in rabbit undifferentiated MSCs
from bone marrow. We found that the types of ion
channels in rabbit MSCs were different from those in
human MSCs and/or rat MSCs.

Materials and methods

Isolation and culture of rabbit MSCs. Rabbit MSCs were obtained
from bone marrow of New Zealand White rabbits (2–3 kg, either sex)
by the Guideline for Animal Care and Use Committee for Teaching
and Research of University of Hong Kong with a modified procedure
as previously described [17,18]. Briefly, after the animal was anesthe-
tized with ketamine hydrochloride and xylazine (60: 6 mg/kg, iv), bone
marrow was aspirated from the iliac crest of rabbit under sterile con-
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ditions. The aspirated marrow was mixed and dispersed with the
complete culture medium consisting of Iscove’s modified Dulbecco’s
medium (IMDM; Sigma–Aldrich Chemicals, St. Louis, MO), 10% fetal
bovine serum (FBS, Invitrogen, Hong Kong), and antibiotics (100 U/ml
penicillin G, 100 lg/ml streptomycin sulfate, and 0.25 lg/ml ampho-
tericin B; Invitrogen). The collected bone marrow was centrifuged at
1000 rpm for 10 min. After the suspension was removed, the pellet was
re-suspended in 2.5 ml of the complete culture medium, and carefully
layered over 10 ml of Percoll cushion, and centrifuged at 14,000 rpm for
12 min at 8 �C. Cells were collected at top 60% of the gradient and
washed twice with the complete culture medium. The cells were seeded
into a 25 cm2 tissue culture flask and incubated at 37 �C in a humidified
atmosphere with 5% CO2. Non-adherent cells were removed after 24 h,
and MSCs adhered to the flask bottom gradually proliferated to form
colonies between 5 and 7 days. Once the colonies reached 80–90%
confluence, they were detached with trypsin/EDTA, centrifuged at
1000 rpm for 8 min, and suspended in medium for continuous culture.
For ionic current study, cells (from 1 to 4 passages) were transferred to
a cell chamber mounted on the stage of the inverted microscope (Leica,
DM IL) for a 15–20 min and allowed to attach to the bottom of the
cell chamber. Subsequently, the cells were superfused with normal
Tyrode solution (1.5 ml/min).

Osteogenic and adipogenic differentiation were conducted in rabbit
MSCs (passages 3–4) as described previously [16]. Staining of alkaline
phosphatase aggregates and examination of alkaline phosphatase activity,
and the oil red O staining for the lipid accumulation indicated that rabbit
MSCs exhibited the potency to differentiate into bone cells or adipocytes
in vitro (data not shown).

Electrophysiology. The rabbit MSCs from passages 1 to 4 were used for
ionic current study with whole-cell patch-clamp technique as described
previously [14,16]. Borosilicate glass electrodes (1.2 mm OD) were pulled
with a Brown–Flaming puller (Model P-97, Sutter Instrument Co.,
Novato, CA), and had tip resistances of 2–3 MX, when filled with pipette
solution. The tip potentials were compensated before the pipette touched
the cell. After a gigaohm-seal was obtained by negative suction, the cell
membrane was ruptured by gentle suction to establish whole-cell config-
uration. Data were acquired with an EPC9 amplifier (Heka, Lambrecht,
Germany). Membrane currents were low-pass filtered at 5 kHz and stored
on the hard disk of an IBM compatible computer.

Tyrode solution contained (mM): 136 NaCl, 5.4 KCl, 1.0 MgCl2, 1.8
CaCl2, 0.33 NaH2PO4, 10 glucose, and 10 Hepes; pH adjusted to 7.4 with
NaOH. The pipette solution contained (mM): 20 KCl, 110 K-aspartate,
1.0 MgCl2, 10 Hepes, 0.05 EGTA, 0.1 GTP, 5.0 Na2-phosphocreatine, and
5.0 Mg2-ATP; pH adjusted to 7.2 with KOH. The experiments were
conducted at room temperature (21–22 �C).

Reverse transcript polymerase chain reaction. Total RNA of rabbit
MSCs (from passages 2 to 4) was isolated using TRIzol method (Invit-
rogen) and then treated with DNase I (Invitrogen). Reverse transcription
(RT) was performed with RT system (Promega, Madison, WI) protocol in
a 20 ll reaction mixture. RNA (1.5 lg) was used in the reaction, and
random hexamer primer was used for the initiation of cDNA synthesis.
After this RT procedure, the reaction mixture (cDNA) was used for
polymerase chain reaction (PCR).

The forward and reverse PCR oligonucleotide primers chosen to
amplify the cDNA are listed in Table 1. PCR was performed by a Promega
PCR system with Taq polymerase and accompanying buffers as previously
described [14,16]. The PCR products were electrophoresed through a 1%
agarose gel, and the amplified cDNA bands were visualized by ethidium
bromide staining. The bands imaged by Chemi-Genius Bio Imaging Sys-
tem (Syngene, Cambridge, UK) were analyzed via GeneTools software
(Syngene).

Data analysis. Non-linear curve-fitting programs (Pulsefit or Sigma-
plot, SPSS, Chicago, IL) were used to perform curve-fitting procedures.
Results are presented as means ± SEM. Paired and unpaired Student’s t

tests were used as appropriate to evaluate the statistical significance of
differences between two group means, and analysis of variance (ANOVA)
was used for multiple groups. Values of P < 0.05 were considered to
indicate statistical significance.
Results

Families of ion channel currents

Families of membrane currents recorded in undifferenti-
ated rabbit MSCs are illustrated in Fig. 1. Two compo-
nents of ionic currents were activated by voltage protocol
as shown in the inset in a representative rabbit MSC
(Fig. 1A). One component showed a gradual activating
current at potentials from �20 to +30 mV, typical of
delayed rectifier K+ current (IKDR). Another was a rapidly
activating current with noisy oscillation at +30 to +60 mV,
like Ca2+-activated K+ current (IKCa). IKCa was co-present
with IKDR in 29% of rabbit MSCs (65 out of 228 cells). The
typical IKDR was recorded in another rabbit MSC
(Fig. 1B), and similar recording was observed in 71% of
rabbit MSCs (163 of 228 cells). Fig. 1C demonstrates an
inward rectifier K+ current (IKir) activated by a hyperpolar-
ization voltage protocol (inset) in another rabbit MSC. IKir

was recorded in 28% of rabbit MSCs (64 out of 228 cells).
The rabbit MSCs investigated had membrane potentials
between �29 and �71 mV. Mean value of membrane
capacitance was 41.15 ± 1.9 pF (n = 228).

Blockade of IKir by Ba2+

It is generally believed that Kir channels are sensitive to
inhibition by Ba2+. We therefore determined the effect of
Ba2+ on IKir in rabbit MSCs. Fig. 2A shows original traces
recorded in a representative cell with the voltage protocol
as shown in the inset before and after application of
Ba2+. Ba2+ at 500 lM substantially reduced IKir, and the
effect recovered upon washout. Fig. 2B displays the I–V

relationships determined in the absence and presence of
500 lM Ba2+ in seven rabbit MSCs. Ba2+-sensitive IKir

exhibits an I–V relationship typical inwardly rectifying
current.

Ca2+-activated K+ currents

Three types of IKCa have been described in different
types of cells by the use of selective IKCa channel blockers
[19–21]. Fig. 3A shows membrane current traces recorded
in a representative rabbit MSC in the absence (control)
and presence of ion channel blockers. Total current was
partially inhibited and the noisy oscillation was reduced
by the application of 1 lM paxilline (a blocker of big con-
ductance Ca2+-activated K+ channels, Sigma–Aldrich).
Combination of paxilline with 1 lM clotrimazole (a block-
er of intermediate conductance Ca2+-activated K+ chan-
nels) produced an additional inhibition of the membrane
currents. The remaining current, most likely IKDR, was
suppressed by the co-application of paxilline and clotrima-
zole with 5 mM 4-aminopyridine (4-AP). Fig. 3B illustrates
the I–V relationships of membrane currents during control,
in the presence of 1 lM paxilline, paxilline plus 1 lM clo-
trimazole, and paxilline with clotrimazole plus 5 mM 4-



Table 1
Oligonucleotide sequences of primers used for RT-PCR

Name (Accession No.) Primer sequence (5 0–3 0) Fragment size (bp)

Kv1.1 (NM_173095) Sense: CATGACCACTGTGGGATACG 449
Antisense: ACAGAGTGGGACAGGAGTCG

Kv1.2 (NM_012970) Sense: GAGATGTTTCGGGAGGATGA 450
Antisense: CTCTGTCCCCAGGGTGATAA

Kv1.3 (NM_019270) Sense: ATTGTAGCCATCATCCCTTAT 183
Antisense: AGCCTTCAGTGTCTGTCCC

Kv1.4 (NM_012971) Sense: GCCATCGTATCTGTCCTGGT 460
Antisense: CCTTGGAGTGTCTGGAGAGC

Kv1.5 (D45025) Sense: TGCCCGAGTTCAAGGACG 224
Antisense: GGCGAAGAAACGCACAAGC

Kv2.1 (X16476) Sense: GCTGCAGAGCCTAGACGAGT 452
Antisense: TGCTTTTGAACTTGGTGTCG

Kv2.2 (M77482) Sense: TCGTCCTTTCCACCATTGC 429
Antisense: TTCCCATGGCCAGAAACAG

Kv3.1 (NM_012856) Sense: CCCTCCTTGTCAGTCTCTGC 489
Antisense: CAGACCCAGCTCTCAACCTC

Kv3.2 (NM_139217) Sense: TCCAAAGCGGCTAAAGATG 174
Antisense: CAAAACTCCCAGAGCCAGA

Kv4.2 (NM_031730) Sense: CATGGCCCTGGTGTTCTACT 473
Antisense: GCAAGAAGCCCAGTTCTGAC

Kv4.3 (NM_031739) Sense: GCTGGGTAGCACAGAGAAGG 498
Antisense: GTGTCCAGGCAGAAGAAAGC

Kir1.1 (NM017023) Sense: CAACTGTGCTGGACCTGAAA 386
Antisense: CGCATTCTTGCTGAACGTAA

Kir2.1 (NM008425) Sense: CTCTCCTGGCTGTTCTTTGG 502
Antisense: TGCGGTCAATTCCACTATCA

Kir2.2 (NM010603) Sense: GGGCCTAGACCGTATCTTCC 378
Antisense: AAGGCCAGCTCGTTCTCATA

CaV1.2 (M86621) Sense: GTCCAGATCCTTGCGACAT 462
Antisense: AGCGAACTCCCAAACCTC

CaV3.1 (AF086827) Sense: CTGGTCGGTCTACCTCTTCTC 264
Antisense: TACGCCTGCTCACCAAAG

NaV1.1 (U35238) Sense: CTCAGCATTCGTGGTTCATTG 253
Antisense: CACTGTGCATCTTCCCGTTC

KCa1.1 (AF135265) Sense: TGTGGGCTCCATCGAGTA 386
Antisense: GCTTAGCGAGTTCCGTGA

KCa3.1 (NM_023021) Sense: CACGCTGAGATGTTGTGGTT 415
Antisense: CGATGCTGCGGTAAGACG

KCa2.3 (AF292389) Sense: CCAACGCTACCCACAACC 457
Antisense: CGTGCCGTCCAGAAGAAC

GAPDH (NM_001001303) Sense: TCAACGGCACAGTCAAGG 470
Antisense: ACCAGTGGATGCAGGGAT

Kv, voltage-gated potassium channel; Kir, inward rectifier potassium channel; CaV1.2, L-type calcium channel a-2 subunit; CaV3.1, T-type calcium
channel a-1 subunit; NaV1.1, a-subunit of sodium channel; KCa1.1, big conductance calcium-activated potassium channel; KCa3.1, intermediate con-
ductance calcium-activated channel; KCa2.3, small conductance calcium-activated potassium channel SK3; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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AP. The membrane currents measured at +60 mV were
reduced by 29.0 ± 2.9, 52.8 ± 1.4, and 84.1 ± 4.0% with
paxilline, paxillline plus clotrimazole, and paxilline plus
clotrimazole and 4-AP, respectively (n = 6, P < 0.01 vs
control), suggesting that big and intermediate conductance
IKCa are co-expressed with IKDR in rabbit MSCs.

In addition, we found that the peptide toxins iberiotoxin
(an inhibitor of big conductance IKCa channels, 100 nM,
n = 6) and charybdotoxin (an inhibitor of big and interme-
diate conductance IKCa channels, 100 nM, n = 7) also sig-
nificantly inhibited the membrane currents (P < 0.01).
However, apamin (an inhibitor of small conductance IKCa,
100 nM) had no effect on membrane currents in rabbit
MSCs (n = 6, P = NS). These results indicate that big
and intermediate conductance IKCa channels, but not small
conductance IKCa channel, are present in rabbit MSCs.

Properties of IKDR

IKDR was studied in rabbit MSCs showing no noise-like
current. Fig. 4A shows IKDR traces recorded in a typical
experiment in the absence and presence of tetraethylammo-
nium (TEA). IKDR was reversibly suppressed by the appli-
cation of 10 mM TEA. Concentration–response
relationship of TEA effect on IKDR was assessed in nine
cells with 0.1, 0.3, 1, 3, and 10 mM TEA, and fitted to



Fig. 1. Families of membrane currents in cultured rabbit MSCs. (A)
Membrane currents recorded with 300-ms voltage steps from �80 to
between �50 and +60, and then back to �30 mV as shown in the inset
(0.2 Hz). Two components of outward currents are present in a represen-
tative rabbit MSC. One was gradually activating current like delayed
rectifier K+ current (IKDR) at potentials from �20 to +30 mV, and
another with noisy oscillation like Ca2+-activated K+ current (IKCa) at
potentials from +30 to +60 mV. (B) IKDR was recorded in another rabbit
MSC with the same voltage protocol as shown in the inset of (A). (C)
Inward rectifier K+ current (IKir) was recorded in a different rabbit MSC
with 300-ms voltage steps from �40 to between �120 and 0 mV (inset).

Fig. 2. IKir in rabbit MSCs. (A) IKir traces recorded from a representative
rabbit MSC during control, in the presence of 500 lM BaCl2, and after
washout. The current was elicited with 300-ms voltage steps from �40 to
between �120 and 0 mV as shown in the inset. IKir was reduced by 500 lM
BaCl2, and the effect fully recovered upon washout. (B) I–V relationships
of IKir during control (open circles), in the presence of 500 lM Ba2+ (filled
circles), and Ba2+-sensitive current (open triangles) obtained by digital
subtraction of current before and after Ba2+. Ba2+ significantly inhibited
IKir at �120 to �80 mV (n = 7, P < 0.05 or P < 0.01 vs control).
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the Hill equation: E = Emax/[1 + (IC50/C)b], where E is the
inhibitory effect of IKDR in percent at concentration C,
Emax is the maximum inhibition, IC50 is the concentration
for half-maximum action, and b is the Hill coefficient.
The IC50 of TEA for inhibiting IKDR was 2.8 ± 0.2 mM
with a Hill coefficient of 1.3 ± 0.1 on the basis of cell-by-
cell fits. In addition, 4-AP also suppressed IKDR (Fig. 3)
and showed a concentration-dependent manner (0.1–
10 mM, n = 8). The IC50 of 4-AP for inhibiting IKDR

was 3.2 ± 0.3 mM, and Hill coefficient was 1.4 ± 0.1.
To study properties of IKDR, we analyzed voltage and

time dependence of the current recorded in rabbit MSCs
without application of any intervention. Fig. 4B displays
the I–V relationships of IKDR tail current measured at
�30 mV and step current measured from the zero current
to the end of voltage steps. The current activated at poten-
tials positive to �20 mV and showed a linear I–V relation
of step current. The tail current reached a steady-state level
at +40 and +60 mV. The activation conductance g/gmax of
IKDR was obtained by normalizing tail current (Fig. 4C)
and fitted to Boltzmann distribution [16]. Midpoint (V0.5)
of IKDR activation was 3.1 ± 0.2 mV, and slope factor
was 12.1 ± 0.3 (n = 15).

Fig. 4D displays the inactivation process of the cur-
rent elicited by 4-s voltage steps from �80 to between
�10 and +60 mV. Raw data were fitted to mono-expo-
nential functions. The mean values for voltage depen-
dence of inactivation time constant are illustrated in
Fig. 4E, showing that inactivation time constant of IKDR

increases with the elevation of depolarization potentials
(n = 15, P < 0.01). Fig. 4F displays the voltage protocol
and representative recordings used to assess voltage-de-
pendent inactivation (availability) of IKDR. Prepulses of
1- or 4-s were applied to conditioning potentials to puls-
es of variable potentials followed by a 300-ms test step
to +60 mV after a 30-ms interval at �80 mV as shown
in the inset. The current was inactivated to maximal at
0 mV (but incompletely even with 4-s conditioning puls-
es), and rebounded at potentials positive to 0 mV, show-
ing a ‘‘U-shaped’’ inactivation curve with 1- or 4-s



Fig. 3. IKCa in rabbit MSCs. (A) Membrane currents were recorded with
the 300-ms voltage steps as shown in the inset under control condition (a),
in the presence of 1 lM paxilline (Pax, b), paxilline plus 1 lM clotrimazole
(CLT, c), and paxilline with clotrimazole plus 5 mM 4-aminopyridine (4-
AP, d). (B) I–V relationships during control (n = 6), in the presence of
1 lM paxilline (P < 0.05 or P < 0.01 vs control at �20 to +60 mV), co-
presence of paxilline and 1 lM clotrimazole (P < 0.05 or 0.01 vs after
paxilline), and paxilline plus clotrimazole and 5 mM 4-AP (P < 0.05 or
P < 0.01 vs after paxilline plus clotrimazole).
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condition potentials (Fig. 4G), similar to that observed
in cloned Kv2.1 channels [22].

Fig. 4H illustrates current traces and voltage protocol
used to determine recovery kinetics of IKDR from inactiva-
tion. The recovery of IKDR was determined by normalizing
the current with P2 by that with P1. Fig. 4I shows the mean
data of recovery of IKDR from inactivation fitted by a
mono-exponential function. On the basis of cell by cell fits,
the recovery time constant of IKDR was 1089.7 ± 41.2 ms
(n = 14).

Messenger RNA expression of functional ion channels

To study molecular identities of the functional ionic
channels observed, we examined gene expression of various
channels in rabbit MSCs with RT-PCR using the specific
primers as shown in Table 1. Fig. 5A displays mRNA
expression for a-subunits of ion channels related to func-
tional currents. KCa1.1 and KCa3.1 (possibly responsible
for IKCa), Kv1.2, Kv2.1, and Kv2.2 (possibly responsible
for IKDR), and Kir1.1 (possibly responsible for IKir) were
detected in rabbit MSCs. In addition, significant mRNA
for Kv4.3, NaV1.1, and CaV1.2 was detected, although
functional transient outward K+ current (Ito), Na+ current
(INa), and L-type Ca2+ current (ICa.L) was not observed.
The expression of these genes was not observed when
RNA was directly used for PCR without RT product
(Fig. 5B), suggesting that the genes detected were not from
false-positive signals from the contamination of genomic
DNA. Figs. 5C and D display relative levels of the specific
mRNA of ion channels to the housekeeping gene GAPDH.

Discussion

MSCs from bone marrow of different species have been
used for a number of years in the investigation of cell ther-
apy and differentiation [1,5,23,24]. However, cellular elec-
trophysiology or ion channel expression has not been
well documented. Kawano and colleagues [15,25] first dem-
onstrated ionic homogeneity in human MSCs, and found
that Ca2+ oscillations regulated by Na+–Ca2+ exchanger
and plasma membrane Ca2+ pump might induce fluctua-
tions of membrane current and potentials in human MSCs.
In addition, they found that IKCa was present in most of
the cells, and nifedipine-sensitive ICa.L was detected in a
small population of human MSCs [15]. The evidence for
the expression of big conductance of IKCa and ICa.L in
human MSCs was further supported by Heubach and col-
leagues [13]. Our study demonstrated that besides IKCa and
ICa.L, three more functional ionic channel currents (i.e., Ito,
INa.TTX, and IKDR) were present in undifferentiated human
MSCs [14]. Moreover, we recently studied ion channel
properties in rat MSCs, and found that ion channel expres-
sion was not identical to that in human MSCs. Although
INa.TTX, ICa.L, and Ito were detected in both human and
rat MSCs [14,16], IKDR in rat MSCs was different from
that in human MSCs. In addition, big conductance IKCa

was present in human MSCs, while intermediate conduc-
tance IKCa were heterogeneously present in some rat MSCs,
and a small portion of big conductance IKCa existed in a
small population of rat MSCs [16].

The present study provided additional information
regarding ion channels in rabbit MSCs. Using a hyperpo-
larization voltage protocol, the inward rectifier K+ current
IKir was detected in 28% of rabbit MSCs (Fig. 1C), and the
current was sensitive to inhibition by Ba2+ (Fig. 2). RT-
PCR demonstrated that IKir channel was likely encoded
by Kir1.1 in rabbit MSCs (Fig. 5). However, IKir was not
found in human [13,14] or rat [16] MSCs.

Noise-like IKCa was observed in 29% of rabbit MSCs,
the current was co-present with IKDR (Figs. 1 and 3). By
the use of selective IKCa channel blockers [19–21], we found
that IKCa was sensitive to inhibition by the specific big con-
ductance IKCa channel blocker paxilline (or iberiotoxin)
and the relatively selective intermediate conductance IKCa

inhibitor clotrimazole (Fig. 3), but not to the small conduc-
tance IKCa inhibitor apamin, suggesting that both big and
intermediate conductance IKCa are present in rabbit MSCs.



Fig. 4. IKDR in rabbit MSCs. (A) IKDR recorded in a typical experiment with the voltage protocol shown in the inset in the absence and presence of
10 mM TEA. (B) I–V relationships of IKDR tail current (IKDR.tail) and step current (IKDR.step). (C) Activation conductance (g/gmax) of IKDR was
determined by normalizing IKDR.tail and fitted to Boltzmann distribution: g/gmax = 1/{1 + exp[(Vm � V0.5)/S]}, where Vm is membrane potential, V0.5 is
the midpoint of IKDR activation, and S is slope factor. The V0.5 of IKDR activation was 3.1 ± 0.2 mV, while S was 12.1 ± 0.3 (n = 15). (D) IKDR traces
recorded from a typical experiment with 4-s depolarization steps to between �10 and +60 mV showing significant inactivation. Raw data were fitted to
mono-exponential function. (E) Mean values for voltage dependence of inactivation time constant (Inact. s) of IKDR (n = 15, P < 0.01 between test
potentials). (F) Protocol and superimposed IKDR traces were used for determining voltage-dependent inactivation (availability) of IKDR. After
conditioning potentials (CP, 1 or 4 s) to between �100 to +60 from �80 mV followed by a 30-ms interval potential to �80 mV, IKDR was then determined
by a 300-ms test potential from �80 to +60 mV. (G) ‘‘U-shaped’’ availability curves determined by I/Imax with 1-s (n = 15) or 4-s (n = 18) conditioning
pulses. (H) Superimposed recordings of IKDR recovery from inactivation obtained with the protocol illustrated in the inset: P1, a 300-ms pulse from �80
to +60 mV, and to 0 mV for 4-s, and then to �80 mV, and P2, a 300-ms pulse from �80 to +60 mV. P1–P2 pulses were delivered at varying P1 and P2
interval every 20 s. (I) Recovery curve was determined by normalizing P2 current by P1 current and plotted against P1–P2 interval. The curve was fitted by
mono-exponential functions (n = 14).
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This notion is supported by the data from RT-PCR. Signif-
icant expression levels of KCa1.1 mRNA (possibly respon-
sible for big conductance IKCa) and KCa3.1 mRNA (likely
responsible for intermediate conductance IKCa) are found
in rabbit MSCs (Fig. 5).

IKDR was activated upon depolarization voltage steps
with the activation V0.5 of +3.1 mV in rabbit MSCs, and
showed significant inactivation with longer depolarization
voltage steps, slow recovery from inactivation, and ‘‘U-
shaped’’ voltage-dependent inactivation (Fig. 4). These
properties were similar to those observed in rat MSC IKDR

[16] and cloned Kv2.1 [22]. In addition, RT-PCR revealed
significant expression of Kv1.2, Kv2.1, and Kv2.2 mRNA
(Fig. 5), suggesting that Kv1.2, Kv2.1, and Kv2.2 likely



Fig. 5. Messenger RNA (mRNA) of ion channel a-subunits related to the
functional ionic currents was amplified by RT-PCR. (A) Original gels
showing significant levels of NaV1.1, CaV1.2, KCa1.1, KCa3.1, Kv4.3,
Kv1.2, Kv2.1, Kv2.2, and Kir1.1. (B) The bands for the positive genes as
shown in (A) disappeared when RNA was directly amplified by PCR
without reverse transcription product. (C,D) Summary of amplification of
cDNA derived from mRNA with rabbit MSCs relative to the housekeep-
ing gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Signifi-
cant mRNA expression levels were found for KCa1.1 and KCa3.1 (likely
responsible for IKCa), Kv1.2, Kv2.1, and Kv2.2 (likely responsible for
IKDR), and Kir1.1 (likely responsible for IKir). In addition, NaV1.1,
CaV1.2, and Kv4.3 genes were also significant, although functional
currents (i.e., INa, ICa.L, and Ito) were not observed (n = 5, times of RT-
PCR experiments from different cells of 2 to 4 passages as used in ion
channel study).
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encode IKDR in rabbit MSCs, which is similar to, but not
identical to, that in rat MSCs, since IKDR in rat MSCs is
not contributed by Kv2.2 [16].

Collectively, multiple ion channels in rabbit MSCs, as in
human and rat MSCs, were found in undifferentiated cells.
However, types of ion channels and properties of ion chan-
nel currents differed in rabbit MSCs from those in human
MSCs and/or rat MSCs. First, INa.TTX, ICa.L, and Ito were
present in a small population of human [14] and rat [16]
MSCs, but not in rabbit MSCs, although significant gene
expression was detected for INa, ICa.L, and Ito (Fig. 5). Sec-
ond, both big and intermediate conductance IKCa were
found in rabbit MSCs, while only big conductance IKCa

was detected in human MSCs, and IKCa was dominantly
contributed by the intermediate conductance channel
(i.e., KCa3.1) in rat MSCs. Third, properties of IKDR in
rabbit MSCs, e.g., remarkable inactivation, ‘‘U-shaped’’
availability, and slow recovery from inactivation (Fig. 4),
were similar to those in rat MSCs [16], but were different
from those (lack of time- and voltage-dependent inactiva-
tion) in human MSCs [14]. The possible molecular base
of IKDR was Kv1.2, Kv2.1, and Kv2.2 for rabbit MSCs
(Fig. 5), and Kv1.2 and Kv2.1 for rat MSCs [16], whereas
heag1 for human MSCs [14]. In addition, IKir was present
in rabbit MSCs, but not in human [13] or rat [16] MSCs.
All the differences described above suggest that ion channel
expression is species-dependent.

Ion channels are believed to modulate cell cycling in
proliferative cells [26]. It was reported that K+ channel
expression changed with cell cycle progression [27], and
K+ channel blockers (e.g., 4-AP, TEA) were anti-prolifera-
tive in numerous types of cells such as cancer cells [26,27],
T-lymphocyte [28], and vascular smooth muscle cells [19].
Blockade of big conductance Ca2+-activated K+ channels
also inhibited cell proliferation in endothelial cells [29].
Moreover, IKir was found to participate in the proliferation
of astrocytes [27] and hematopoietic progenitor cells [30].
Whether and how ion channels regulate cell proliferation
remains to be studied in MSCs from human and animal
species.

Expression of the ion channel currents in individual rab-
bit MSCs, as observed in human [13,14] and rat [16] MSCs,
is inhomogeneous. Possible reasons of this heterogeneity
may be related to the fact that the cells investigated are
not from a homogeneous population of rabbit MSCs,
e.g., cells at different phases of the cell cycle [27,31]. Frac-
tions of more or less committed progenitor cells might also
affect the expression pattern of ion channels [13,32]. The
related mechanisms underlying heterogeneous expression
in rabbit MSCs remain to be studied in the future.

Cell transplantation is believed to be a promising treat-
ment strategy for myocardial regeneration. MSCs have
been currently used as a cell source for this purpose in
experiments with mice [33], rats [12,34], rabbits [35], pigs
[36,37], and humans [11,38,39]. However, studies that have
raised concern as to whether observed arrhythmic events
are a consequence of the intervention or the natural history
of underlying disease [40,41]. The present observation
focused on the study of ion channel expression, and dem-
onstrated that multiple ion channels were present in rabbit
MSCs. The results from the present study and previous
reports [13–16] provide a base for understanding of ion
channel expression in undifferentiated MSCs from rabbits,
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rats, and humans, which will be helpful in seeking possible
biological solutions for these concerns and medical
challenges.

In summary, the present study demonstrates for the first
time that three types of functional ion channels are present
in undifferentiated rabbit MSCs, including IKir, IKCa, and
IKDR. The information obtained from the present study
provides a basis for investigating how these functional
ion channels regulate biological and physiological activity
of MSCs in the future.
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