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Lee J, Stagg MA, Fukushima S, Soppa GK, Siedlecka U,
Youssef SJ, Suzuki K, Yacoub MH, Terracciano CM. Adult
progenitor cell transplantation influences contractile performance and
calcium handling of recipient cardiomyocytes. Am J Physiol Heart
Circ Physiol 296: H927-H936, 2009. First published January 30,
2009; doi:10.1152/ajpheart.00931.2008.—Adult progenitor cell trans-
plantation has been proposed for the treatment of heart failure, but the
mechanisms effecting functional improvements remain unknown. The
aim of this study was to test the hypothesis that, in failing hearts
treated with cell transplantation, the mechanical properties and exci-
tation-contraction coupling of recipient cardiomyocytes are altered.
Adult rats underwent coronary artery ligation, leading to myocardial
infarction and chronic heart failure. After 3 wk, they received in-
tramyocardial injections of either 107 green fluorescence protein
(GFP)-positive bone marrow mononuclear cells or 5 X 10° GFP-
positive skeletal myoblasts. Four weeks after injection, both cell types
increased ejection fraction and reduced cardiomyocyte size. The
contractility of isolated GFP-negative cardiomyocytes was monitored
by sarcomere shortening assessment, Ca>* handling by indo-1 and
fluo-4 fluorescence, and electrophysiology by patch-clamping tech-
niques. Injection of either bone marrow cells or skeletal myoblasts
normalized the impaired contractile performance and the prolonged
time to peak of the Ca>™" transient observed in failing cardiomyocytes.
The smaller and slower L-type Ca?" current observed in heart failure
normalized after skeletal myoblast, but not bone marrow cell, trans-
plantation. Measurement of Ca®* sparks suggested a normalization of
sarcoplasmic reticulum Ca®" leak after skeletal myoblast transplan-
tation. The increased Ca®* wave frequency observed in failing myo-
cytes was reduced by either bone marrow cells or skeletal myoblasts.
In conclusion, the morphology, contractile performance, and excita-
tion-contraction coupling of individual recipient cardiomyocytes are
altered in failing hearts treated with adult progenitor cell transplanta-
tion.

heart failure; cell therapy; excitation-contraction coupling; cell elec-
trophysiology; paracrine mechanims

HEART FAILURE (HF) represents a major disease burden in
Western countries. The disease is progressive with limited
therapeutic options. Cell transplantation has been tested in a
number of preclinical (37) and clinical (1, 24) studies with
small but encouraging improvements in heart function.

To understand the basis for cell therapy, and possibly in-
crease its efficacy, it is essential to define the physiological
mechanisms of improvement. The original concept that the
transplanted cells would survive and transdifferentiate into
cardiomyocytes in significant numbers to provide extra con-
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tractile force is still a matter of considerable debate (24, 33). A
number of alternative hypotheses have been put forward to
account for the observed effects of cell transplantation (24).
One widely held hypothesis is for cell transplantation to affect
the surviving myocardium through paracrine secretions (17).
The targets of the putative paracrine mediators during cell
transplantation may include the surviving cardiomyocytes, the
extracellular matrix, or the microcirculation, all of which
undergo pathological changes in HF. While there is evidence
that the extracellular matrix and microcirculation can be af-
fected by cell transplantation (12, 28), the effects on cardio-
myocyte function are still poorly defined. Cardiomyocyte
structure and function are profoundly affected in HF. The
impairment of cardiomyocyte contractile performance, Ca**
handling, and electrophysiological parameters has been exten-
sively demonstrated in failing hearts (5, 18, 39, 41) . It has also
been shown that targeting cardiomyocyte excitation-contrac-
tion (E-C) coupling defects can lead to an improvement in
whole heart function (21).

The important question of whether cell transplantation af-
fects the functional properties of recipient cardiomyocytes in
failing hearts has not been previously addressed. Here, we
show, for the first time, that the morphology, contractile
performance, and E-C coupling of individual recipient cardio-
myocytes are altered in failing hearts treated with adult pro-
genitor cell transplantation.

METHODS

Induction of HF. All procedures conformed with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Pub. No. 85-23, Revised 1996). All animal procedures
were approved by the Harefield Heart Science ethical review process
and authorized by the UK Home Office according to the Animals
(Scientific Procedures) UK Act 1985. Adult female Sprague-Dawley
rats were anesthetised with 1-2% isoflurane and ventilated using an
18-gauge vascular cannula connected to a volume-controlled ventila-
tor (model 683 Rodent Ventilator, Harvard Apparatus). The tidal
volume was adjusted to ~8 ml/kg, and the ventilatory rate was
adjusted to ~60 breaths/min.

Animals underwent a left thoracotomy at the fourth intercostal
space followed by a pericardiectomy. The left anterior descending
coronary artery was ligated permanently at the level of the left atrial
appendage using a 6-0 suture to cause myocardial infarction. Sham-
operated animals were also subjected to a thoracotomy but underwent
no coronary artery ligation.

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

H927

6002 ‘s |udy uo Bio AbBojoisAyd-ueaydle wolj papeojumoq



http://ajpheart.physiology.org

H928

Preparation of bone marrow mononuclear cells. To determine the
origin of the myocytes studied, green fluorescent protein-positive
(GFP™) male Sprague-Dawley rats (Rat Resource and Research Cen-
tre) were used as donors. Although there was a concern that the use of
Sprague-Dawley rats for the donors/recipients of cell transplantation
might cause an immune response, previous results using athymic nude
rats as recipients (data not shown) were the same as described in this
study. More detail on this point are described in other publications
where identical animals/procedures were used (14).

GFP* rats were killed by cervical dislocation. Both tibia were
removed, and their marrow cavities were flushed using 10% FBS in
HBSS to obtain whole marrow aspirate. This was then spun through
a Percoll (Amersham) gradient at 1,600 g for 25 min to yield the bone
marrow mononuclear cell (BM) fraction, which was washed and
stored in HBSS containing 10% FBS. Cells were washed using PBS
and transplanted within 6 h.

Preparation of skeletal myoblasts. Skeletal myoblasts (SK) were
cultured using the single fiber method as previously described (32).
Extensor digitorum longus muscles were removed from GFP™ male
Sprague-Dawley rats and shaken for 60 min at 35°C in DMEM
containing 2 mg/ml collagenase (type I, Sigma). Partially digested
muscle tissue was triturated, and individual myofibers were plated in
Matrigel (Becton Dickinson) on culture dishes and bathed in DMEM
with 10% added horse serum, 0.5% chick embryo extract, and 1%
penicillin-streptomycin. Fibers were removed 24—48 h after myofi-
bers had been plated, and 20% FBS and 5 ng/ml basic fibroblast
growth factor were added to the bathing medium. Thereafter, SK were
passaged every 2 days and used before the fifth passage. At the time
of injection, myoblasts were washed with PBS.

Cell injection. Three weeks after coronary artery ligation, a thora-
cotomy via the fifth intercostal space was performed. Either 107 BM
or 5 X 10° SK were suspended in 150 I PBS. These numbers of cells
were chosen following a previous study performed within our re-
search group (14) as well as another study (30). To date, there has
been no report establishing the optimal injection numbers in any
animal model or in patients. Using a 25-gauge needle, half of this
volume was injected with into the viable peri-infarct myocardium at
the left ventricular (LV) apex above the scar and the other half into the
LV lateral wall. In control HF animals and in sham-operated animals,
PBS only was used.

Efficiency of cell grafting. The grafting properties could not be
directly assessed in the hearts used in the experiments reported in the
present study because of the enzymatic digestion for cardiomyocyte
isolation. However, we performed the assessment of grafting of BM
and SK in identical experiments for another study (14), and the results
have already been published. Briefly, we did not find substantial
differences in the numbers of surviving cells between the groups.
However, after 4 wk, more CD45-positive cells, possibly of inflam-
matory origin, were apparent after SK injections.

Echocardiography. Animals were anesthetized by the administra-
tion of 1~1.5% isoflurane in 100% oxygen via a nose cone and
allowed to self-ventilate while in a supine position. Attempts were
made to keep the level of anesthesia minimal and constant throughout
image acquisition to avoid the hemodynamic artifacts induced by the
myocardial depression and vasodilation effects of isoflurane. Animals
were shaved over the anterior chest wall, and ultrasound gel was
applied. Using a 15-MHz probe (model 15L8) on an Acuson Sequoia
256 system (Siemens Medical Systems), transthoracic echocardiogra-
phy was performed to obtain parasternal short-axis two-dimensional
views at the level of the midpapillary muscle.

Experiments were performed immediately before cell injection and
also 4 wk after cell injection. Heart rate (HR) measured during
echocardiography was similar in all groups before injection [HF:
373 = 20 beats/min (n = 10), SK: 374 £ 9 beats/min (n = 10), and
BM: 357 = 7 beats/min (n = 9)]. After 4 wk of treatment, HR was
significantly higher in the groups treated with saline only [HF: 406 *
12 beats/min (n = 10), SK: 354 *= 9 beats/min (n = 10), and BM:
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350 £ 10 beats/min (n = 9), P < 0.05], possibly indicating further
deterioration of heart function over the 4 wk after injection in this
group.

Cell isolation and cell area planimetry. Rats were killed 4 wk after
cell injection. Cardiomyocytes were isolated by standard enzymatic
digestion. The infarct scar was discarded, and cardiomyocytes were
isolated only from the remaining LV tissue. Overall cardiomyocyte
viability was 70—80%. Cardiomyocytes were used within 6 h, and
those for study were selected at random and only excluded if they did
not have a rod-shaped appearance. Given the limited amount of viable
ventricular tissue remaining after infarction, no further regional sub-
division was performed. This would be a desirable strategy for future
studies. Isolated cells were examined using an Olympus IX-71 in-
verted epifluorescence microscope with a X60 objective. Photographs
were taken, and the projected 2-dimensional area for each cell was
measured using Image] software (http:/rsb.info.nih.gov/ij/). GFP fluo-
rescence was assessed by exciting the cells at 488 nm.

Assessment of sarcomere shortening. Isolated cardiomyocytes were
field stimulated at 1-5 Hz while being superfused at 37°C with Tyrode
solution containing (in mM) 140 NaCl, 6 KCl, 10 glucose, 1 MgCl,,
1 CaCl,, and 10 HEPES (pH 7.4). Images were acquired at 240 Hz
through a X 60 microscope objective using a variable field rate camera
(IonOptix, Milton, MA). Using an IonOptix interface system, real-
time Fourier analyses of images of cardiomyocytes were performed to
measure their sarcomere lengths and contraction profiles. For offline
analysis, 10—20 contraction traces at steady state were averaged with
respect to the field stimulation signal. The baseline sarcomere length
and contraction amplitude of the resulting trace were measured using
this field stimulation signal as a reference point. The average diastolic
sarcomere lengths were 1.732 pm (normal), 1.702 pm (HF), 1.73 pum
(BM), and 1.726 pm (SK), and there were no statistically significant
differences between groups. Peak contraction and relaxation velocities
were determined by identifying the steepest tangents during contrac-
tion and relaxation, respectively. Only rod-shaped, clearly striated
cardiomyocytes that were Ca®>* tolerant were used in all the experi-
ments.

Indo-1 fluorescence. Isolated cells were loaded with indo-1 AM
(Molecular Probes) at a concentration of 10 wM for 20 min and
allowed to deesterify for at least 1 h. They were field stimulated at 1,
2, or 3 Hz while being superfused with normal Tyrode solution as
above. The excitation wavelength was 385 nm, and emissions at 405
and 485 nm were acquired during steady-state contraction. After
background levels had been subtracted, the indo-1 fluorescence ratio
was calculated (405-to-485-nm fluoresence ratio). For analysis, 1020
transients were averaged with reference to the field stimulation signal.
The transient peak amplitude and time to peak (Tpeax) Were calculated
from the field stimulation signal baseline, and decay times (time to
50% and 90% decay) were calculated from Tpeax.

To elicit caffeine-induced indo-1 transients, field stimulation was
stopped, and caffeine was rapidly applied using a solenoid switcher
device. Immediately before the application of caffeine, the superfusate
was switched to a Na™-free/Ca®"-free solution containing (in mM)
140 LiCl, 10 glucose, 10 HEPES, 0.75 EGTA, 1 MgCl,, and 6 KOH
(pH 7.40) for 100 ms to prevent Ca®>* extrusion by the Na*/Ca®*
exchanger (NCX). This was followed by a 1-s application of 20 mM
caffeine dissolved in the same Na*-free/Ca®"-free solution and then
20 mM caffeine in normal Tyrode solution for 5 s. The amplitude of
the caffeine-induced transient was taken as a measure of total sarco-
plasmic reticulum (SR) Ca®" content.

Measurement of intracellular pH and Na™/H" exchanger activity.
Cardiomyocytes were loaded with 10 wM 5 (and 6)-carboxy-
SNARF-1 AM (Molecular Probes) for 8 min and allowed to deesterify
for 1 h. They were then superfused with Tyrode solution as above.
Fluorescence excitation was at 480 nm, and the ratio of emissions at
580 and 640 nm (580-to-640-nm fluorescence ratio) was calculated.
NH4CI (15 mM) was applied for 5 min and then removed when acid
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extrusion was measured. Calibration of SNARF in situ was performed
as previously described (35).

Electrophysiological parameters. Cells were studied using an Axon
2B amplifier (Axon Instruments) in discontinuous (switch clamp)
mode. The pipette resistance was ~30 M(), and the pipette filling
solution contained (in mM) 2,000 KC1, 5 HEPES, and 0.1 EGTA (pH
7.2). Action potentials (APs) were measured in current-clamp mode
after stimulation at 1, 3, and 5 Hz using a 1-ms, 1.2- to 1.4-nA pulse.
Times to 20%, 50%, and 90% repolarization were measured from the
stimulation pulse. L-type Ca>" current (Ica1.) was measured in volt-
age-clamp mode. Current-voltage relationships for /c.. were built
using 450-ms depolarization steps from a holding potential of —40
mV (range: —45 to +50 mV). The measured current was nifedipine
sensitive and 4-aminopyridine insensitive and, thus, attributable to
Icar. The voltage-dependent steady-state activation profile was de-
rived from the same protocol. Steady-state inactivation of Ica . was
studied using a double-pulse protocol. Inactivating prepulses of 200
ms were applied from a holding potential of —50 mV (range: —55 to
+50 mV in 5-mV increments), after which the membrane potential
was held at —40 mV for 5 ms and the test pulse was applied at +5 mV
for 200 ms.

For the measurement of NCX current density, cells were super-
fused with K™ -free Tyrode solution containing (in mM) 140 NaCl, 10
HEPES, 10 glucose, 1 MgCl,, 1 CaCl,, 6 CsCl, 0.01 strophanthidin,
and 0.01 nifedipine (pH 7.4). Continuous voltage-clamp mode on a
Multiclamp 700A amplifier (Axon Instruments) was used. Pipette
resistances were 2.3-3.5 M{). The pipette filling solution contained
(in mM) 45 CsCl, 20 HEPES, 11 MgCl,, 10 Na,ATP, 100 CsOH, 50
EGTA, and 25 CaCOs; (pH 7.2). The intracellular Ca>* concentration
([Ca®™"];) was calculated to be ~200 nM, as previously described (31).
The access resistance was between 2 and 8 M(), and the calculated
junction potential at the pipette tip was —12 mV. From a holding
potential of —40 mV, a 3-s descending ramp was applied from +80
to —120 mV at 0.1 Hz until a steady state was reached. NCX current
(Incx) was taken as the 5 mM Ni?"-sensitive component of the active
current.

Ca?™ imaging of Ca®>™* sparks and waves. The Ca®"-sensitive,
single-excitation, single-emission fluorescent dye fluo-4 AM was used
to monitor localized changes in Ca®>" concentration. Aliquots of cells
were incubated with fluo-4 AM (10 wM) for 20 min, and cells were
allowed to deesterify for at least 30 min before being used. The
experimental chamber was mounted on the stage of a Zeiss Axiovert
microscope with the LSM 510 confocal attachment, and myocytes
were observed through a Zeiss EC Plan-NeoFluar X40 oil-immersion
lens (numerical aperture: 1.3). Fluo-4 was excited using the 488-nm
line of an argon laser, and the emitted fluorescence was collected
through a 505-nm long-pass filter. After a period of 30 s of quies-
cence, after 1-Hz stimulation, line scans were collected (up to 30,000
lines ranging from 50 to 173 wm were scanned at speeds between 546
and 964 ps, n = 384). Analysis was performed using custom-written
routines in Matlab R2006b (MathWorks) following the threshold-
based algorithm for automatic Ca>* spark detection of Cheng et al.
(6). Detection criteria for Ca®>* sparks were set at 3.8 times the SD
above the background noise. Ca®>* spark frequency was obtained from
the line scans, and Ca®* spark amplitude was defined as the peak
fluorescence over background fluorescence. Morphometric analysis of
Ca>* sparks elucidated the full width at half maximum (FWHM) and
full duration at half maximum (FDHM).

Statistical analyses. Results are expressed as means = SE of n
observations. Statistical comparisons between groups were performed
using ANOVA and post hoc testing using the Newman-Keuls multi-
ple-comparison test on Prism software (version 4, Graphpad Soft-
ware). P < 0.05 was considered statistically significant.

H929
RESULTS

HF was induced in adult rats by left anterior descending
coronary artery ligation. Three weeks after surgery, the ejec-
tion fraction (EF) measured by echocardiography was 35 =
0.8% (n = 57) for failing groups, whereas sham-operated
hearts had an EF of 76 * 1% (n = 17). Injection of 10" BM or
5 X 10° SK from transgenic rats constitutively expressing GFP
or PBS only was then performed. After 4 wk, echocardiogra-
phy demonstrated an increased EF in cell transplantation
groups, whereas no change was seen after the injection of PBS
(Fig. 1A). Ventricular end-diastolic areas were significantly
smaller in animals treated with either SK or BM compared with
animals treated with PBS only [PBS: 98.41 + 1.6 mm? (n =
17), BK: 66.4 = 5.4 mm? (n = 7), and SK: 74.1 = 2.6 mm?
(n = 9), P < 0.001]. These results confirm previous observa-
tions by others (23, 30) and us (7, 14). To characterize the
cellular mechanisms involved, LV cardiomyocytes were iso-
lated. Cardiomyocytes were studied for GFP fluorescence to
determine their origin. The levels of green fluorescence in the
isolated cardiomyocytes were low, similar to the level of
background autofluorescence emitted by cardiomyocytes iso-
lated from wild-type rat hearts. The lack of GFP* myocytes in
the studied cell population does not exclude the presence of
GFP* myocytes in the heart but suggests that, if present, their
number was small. This indicated that the cardiomyocytes
under study were of recipient origin. Cell area measurements
using planimetry revealed that cardiomyocytes isolated from
failing hearts were larger than those from normal hearts (Fig.
1D), as seen in ventricular remodeling. This hypertrophy was
reduced after transplantation of either BM or SK, suggesting
regression (Fig. 1B). Similar results were seen when whole cell
capacitance, obtained from the electrophysiological experi-
ments, was used to measure the cell surface area (Fig. 1C).

Sarcomere shortening profiles revealed that isolated failing
cardiomyocytes contracted less and slower compared with
normal (Fig. 2, A—C). Injection of either SK or BM restored the
contraction amplitude (Fig. 2B) as well as the peak contraction
(Fig. 2C) and relaxation (Fig. 2D) velocities.

The dynamics of intracellular Ca>* are a major determinant
of E-C coupling, and altered Ca®>* homeostasis is central to the
pathophysiology of HF (4, 20). To investigate the cellular
mechanisms of functional improvement, we monitored
changes in [Ca®"]; using indo-1. Failing cardiomyocytes
showed indo-1 transients with prolonged 7pcax and decay time
courses (Fig. 3A). There were no changes in diastolic baseline
levels or in transient peak amplitudes. Transplantation of either
cell type normalized the prolonged Tpeax (Fig. 3B). However,
the time to 50% (Fig. 3C) and 90% decay (not shown),
measures of Ca>" removal from the cytoplasm during diastole,
were not significantly affected by cell transplantation. Similar
results were observed at 2- and 3-Hz field stimulation (data not
shown). SR Ca** content measured during the rapid applica-
tion of 20 mM caffeine was similar in all groups (Fig. 3D).

Prolongation of the AP is a hallmark of HF, regardless of
etiology. APs were prolonged in failing cardiomyocytes by up
to 40%. The prolonged AP duration (APD) at 90% repolariza-
tion remained unaffected after cell transplantation. Similar
changes were seen when APD at 50% repolarization was
analyzed. At APD at 20% repolarization, there were no differ-
ences between groups (Fig. 4 and Table 1).
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