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Abstract
Cell transplantation improves cardiac function after myocardial infarction; however, the underlying
mechanisms are not well-understood. Therefore, the goals of this study were to determine if neonatal
rat cardiomyocytes transplanted into adult rat hearts one-week after infarction would, after 8-10
weeks: 1) improve global myocardial function, 2) contract in a Ca2+ dependent manner, 3) influence
mechanical properties of remote uninjured myocardium and 4) alter passive mechanical properties
of infarct regions. The cardiomyocytes formed small grafts of ultrastructurally maturing myocardium
that enhanced fractional shortening compared to non-treated infarcted hearts. Chemically
demembranated tissue strips of cardiomyocyte grafts produced force when activated by Ca2+,
whereas scar tissue did not. Furthermore, the Ca2+ sensitivity of force was greater in cardiomyocyte
grafts compared to control myocardium. Surprisingly, cardiomyocytes grafts isolated in the infarct
zone increased Ca2+ sensitivity of remote uninjured myocardium to levels greater than either remote
myocardium from non-treated infarcted hearts or sham-operated controls. Enhanced calcium
sensitivity was associated with decreased phosphorylation of cTnT, tropomyosin and MLC2, but not
changes in myosin or troponin isoforms. Passive compliance of grafts resembled normal
myocardium, while infarct tissue distant from grafts had compliance typical of scar. Thus,
cardiomyocyte grafts are contractile, improve local tissue compliance and enhance calcium
sensitivity of remote myocardium. Because the volume of remote myocardium greatly exceeds that
of the grafts, this enhanced calcium sensitivity may be a major contributor to global improvements
in ventricular function after cell transplantation.
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Introduction
Cell-based therapies for cardiac repair hold great promise for the treatment of myocardial
infarction. It has been demonstrated that transplantation of many cell types (including
cardiomyocytes) into experimentally induced myocardial infarctions improves myocardial
performance as assessed by decreased cavity dilation, increased ejection fraction, decreased
infarct expansion, and increased developed systolic pressure [1-6]. These encouraging results
have led to the initiation of several clinical trials (reviewed in reference [7]). Very little is
known, however, about the mechanism by which cell transplantation improves heart function.
In fact, at least seven general mechanisms have been hypothesized in the literature: re-
muscularization, attenuated post-infarct ventricular remodeling, paracrine effects leading to
increased angiogenesis or to increased survival of cardiomyocytes near the infarct border zone,
immunomodulation of the infarct environment, improvements in the extracellular matrix, and
recruitment of resident cardiac progenitors[7]. Thus, the underlying mechanisms by which cell-
based therapies can contribute to the improvement of myocardial performance clearly warrant
investigation.

The overall design of this study was to investigate the active and passive mechanical properties
of transplanted cells and host myocardium as a means to determine the cellular-tissue basis of
improved whole-heart function following cell transplantation. Neonatal rat cardiomyocytes
(NRCs) were grafted into the infarct region of adult rat hearts one week following permanent
occlusion of the left anterior descending coronary artery to address four main questions: (1)
can transplanted cells contract in a Ca2+ dependent manner similar to normal myocardium,
thus having the potential to re-muscularize the damaged region? (2) can transplanted cells
reduce the stiffness of damaged myocardium, thus improving diastolic behavior? (3) do
transplanted cells influence the mechanical properties of myocardium remote from the injury
site? and (4) are there potential myofibrillar mechanisms that may explain the mechanical
differences observed?

Materials and Methods
More extensive details of Methods are provided in the online data supplement.

Cell Preparation and Animal Model
These studies were approved by the University of Washington (UW) Animal Care Committee
and were conducted in accordance with federal guidelines. Animals were housed in the
Department of Comparative Medicine at the UW and were cared for in accordance with the
US NIH Policy on Humane Care and Use of Laboratory Animals. Neonatal rat cardiomyocytes
(NRCs) were isolated from 1-3-day old newborn syngeneic Fischer 344 rats and Di-I labeled
as described in the data supplement. The surgical procedure for coronary occlusion of adult rat
hearts and graft injection was as previously described [8-10].

Echocardiography
Echocardiography was performed as described by Laflamme et al [11]. Rats were lightly
sedated with isoflurane and monitored by continuous electrocardiography (ECG) via three limb
leads. Echocardiographic measurements were taken using a GE Vivid7 echocardiography
system with an 11 MHz convex transducer of parasternal long axis and short-axis images at
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the mid-papillary muscle level to ensure evaluation of the infarcted region of the hearts. M-
mode measurements on the short-axis view were taken to obtain left ventricular end-diastolic
(LVEDD) and systolic dimensions (LVESD). Fractional shortening (FS) was calculated as
(LVEDD-LVEDS)/LVEDD × 100%. Measurements were made on at least three cardiac cycles
by two blinded echocardiographers and averaged for each data value.

Strip Dissection and Mechanical Measurements
Dissected hearts were Vibratome-sliced and demembranated (by Triton) overnight at -20°C to
remove the sarcolemmal and sarcoplasmic reticulum membranes [12]. Graft regions were
identified by visualization of the CM-DiI label under a fluorescent microscope. Strips were
dissected manually and connected via aluminum T-clips to pin hooks on a force transducer and
linear motor in a mechanical setup similar to one previously described [13] for active and
passive force measurements. Following mechanical measurements the samples were processed
for histology and western blotting as detailed in the online supplement.

SDS-PAGE, Western Blotting, Histology, and Transmission Electron Microscopy
Primary antibodies used were against α-myosin heavy chain (α-MHC) (ATCC, clone BA-G5,
Manassas, VA), β-MHC (ATCC, clone A4.591, Manassas, VA), cardiac troponin I (cTnI)
(HyTest, Turku, Finland), slow skeletal TnI (ssTnI) (Santa Cruz Biotechnology, Santa Cruz,
CA), TnT (Sigma, St. Louis, MO), and sarcomeric actin as a loading control (Sigma, St. Louis,
MO). Secondary antibodies were conjugated to peroxidase for chemiluminescence and were:
sheep anti-mouse-IgG (GE Healthcare, Buckinghamshire, UK) for α-MHC, β-MHC, cardiac
troponin T (cTnT), and cTnI; bovine anti-goat-IgG (Santa Cruz Biotechnology, Santa Cruz,
CA) for ssTnI; goat anti-mouse-IgM (Sigma, St. Louis, MO) for sarcomeric actin. Pro-Q
Diamond staining (Invitrogen, Eugene, OR) was performed as previously described [14]. UV
transillumination was used to visualize and digitally record phosphoprotein bands, and then
the gel was washed overnight (25% methanol/10% acetic acid), restained with for total protein
content with Coomassie blue, and scanned for digital recording. The Pro-Q Diamond
phosphoprotein band areas were densitometrically determined using ImageJ (NIH) and
normalized to actin density. Strips were prepared for immunostaining after mechanical
measurements and stained with picrosirius red and fast green cytoplasmic stain. Percent
collagen area was quantified from images taken under linearly polarized light by number of
picrosirius red-positive pixels divided by total number of tissue strip pixels. Transmission
electron microscopy (TEM) was performed following overnight fixation in half-strength
Karnovsky's fixative (2.0% paraformaldehyde, 2.5% glutaraldehyde, 0.1M cacodylate buffer,
3mM CaCl2, pH 7.3).

Statistical Analysis
Values are shown as mean ± S.E.M., unless indicated otherwise. ANOVA test was used on
each measurement among all groups to determine significant differences, with followed by
Student-Neuman-Keuls t-tests post-hoc. (SigmaStat). Differences at the p-value < 0.05 were
considered statistically significant.

Results
In vivo functional assessment

Example echocardiography recordings are shown in Figure 1A-C and measurements for all
hearts are summarized in Figure 1D-E. Fractional shortening (FS) was significantly increased
in grafted hearts (MI+NRCs) (24.5 ± 2.6 %, n = 10) compared to non-treated (MI+vehicle)
infarcted hearts (15.7 ± 1.0 %, n = 9) (p < 0.05, Figure 1D) at 8-10 weeks post-treatment, in
agreement with previous studies [4, 15-17]. However, both groups had depressed function
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compared to sham operated (non-infarcted) hearts (FS = 44.6 ± 2.0 %, n = 6). Grafted hearts
had reduced left-ventricular (LV) end-systolic dimension (LVSD; 5.5 ± 0.3 mm) compared to
non-treated infarcted hearts (6.4 ± 0.2 mm, p < 0.05), but this was still larger than for non-
infarcted hearts (3.3 ± 0.2 mm) (Figure 1E). LV diastolic dimension (LVDD) was significantly
larger in all infarcted hearts compared to non-infarcted (p < 0.05), irrespective of treatment.
We noted no arrhythmia in infarcted hearts via limb-lead ECG irrespective of treatment.
Overall, these results demonstrate that NRC grafts, while not large enough to restore normal
function, significantly improved the function of infarcted hearts.

Transmission electron microscopy
Transmission electron microscopy of the grafted tissue 8 weeks after transplantation showed
capillaries containing red blood cells, indicating vascularization of the graft. Grafted
cardiomyocytes were, in general, differentiated, but with some important differences from host
myocardium (Figure 2). Grafted cells contained abundant mitochondria densely packed
amongst the myofibrils (Figure 2B). The myocytes were rod-shaped and aligned uniaxially,
with clearly evident intercalated discs between grafted cells, containing desmosomes, adherens
junctions and gap junctions. T-tubules associated with sarcoplasmic reticulum were observed
in the grafts, indicating development of mature cardiomyocytes. The principal difference from
host cardiomyocytes (Figure 2A, C) was some misalignment of the Z-discs in grafted cells,
which may influence active mechanical properties. Additionally, while grafted cell myofibrils
were organized into sarcomeres with defined M-lines, A- and I-bands (Figure 2D), there
appeared to be an expanded A band, a reduced I band width, and a minimal H band. This
indicates that these cells are somewhat less mature than sham, but more mature than neonatal
cardiomyocytes. Overall, this provides evidence that injected cardiomyocytes can integrate
and mature even when isolated within the context of scar tissue.

Ca2+ Activated Force
To examine the contractile properties of graft tissue and its effect on uninjured (remote)
myocardium we measured the Ca2+ dependence of steady-state force and the maximal rate of
force redevelopment (ktr) in demembranated tissue strips. Successful engraftment of pre-
labeled (CM-DiI positive) NRCs was confirmed by gross morphology during tissue dissection
for mechanical measurements (Figure 3A-E) and by immunostaining heart tissue sections
(Figure 3F-I). Figure 3F-I shows a typical graft eight weeks after cell transplantation as
identified by CM-DiI (red). Sarcomeric actin (green) identified grafted cells as primarily
cardiomyocytes (Figure 3G). Importantly, and by design, transplanted cells did not have
significant zones of direct physical contact with uninjured host myocardium and were
surrounded by a distinct area of hypo-cellular, CM-DiI negative scar tissue. This allowed the
assessment of whether grafted cells could survive in isolation and develop towards the adult
cardiomyocyte phenotype, independent of direct contact with host myocardium. Although
occasional instances of graft cells in contact with border zone non-infarcted myocardium were
observed, this tissue was not used for mechanical measurements.

Values for all tissue dimension and contractile properties are summarized in Table 1 and
selected data are shown graphically in Figure 4. All cardiomyocyte grafts demonstrated clear
force development in the presence of activating levels of Ca2+, whereas no force developed in
infarct strips from media-injected hearts. Normalized maximal force (Fmax) and maximal ktr
for NRC grafts were ∼11% and 55% of control strips, respectively, but were similar to values
from neonatal tissue (Figure 4B-C). Grafts had no influence on Fmax or maximal ktr of remote
tissue. Graft and neonatal strips had a similar Ca2+ sensitivity of force (pCa50 = 5.69 ± 0.07,
n=6 and 5.70 ± 0.06, n=7, respectively), while both showed greater Ca2+ sensitivity than sham
strips (5.41 ± 0.03, n=14) or trabeculae (5.39 ± 0.04, n=7) (Figure 4D-E). The greater Ca2+

sensitivity of neonatal vs. adult rat myocardium (+0.29 pCa units) is similar to previously
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reported values [18,19]. Interestingly, we found that the Ca2+ sensitivity of force for remote
myocardium from grafted hearts (pCa50 = 5.64 ± 0.10, n=7) was much greater than for remote
myocardium from non-treated infarcted hearts (pCa50 = 5.45 ± 0.04, n=12) or tissue strips from
sham-operated hearts (Figure 4E). Importantly, this suggests that transplanted cells can
enhance the active mechanical properties of myocardium remote from the grafted area of
infarcted hearts.

Myofilament Protein Characterization
Myofilament protein isoform content and phosphorylation profiles were characterized to
correlate with tissue mechanical properties (Figure 5). Myosin heavy chain (MHC) isoform is
a principal determinant of the rate of force redevelopment and power output in striated muscle
[20,21], and the higher β-MHC in neonatal rat myocardium [18] is suggested to result in a
slower rate of force development than for adult tissue (which contains predominantly α-MHC
[22]). Western blot analysis showed that NRC graft tissue contained high levels of β-MHC
with no detectable levels of α-MHC (Figure 5A). This likely explains the slower ktr in the grafts
compared with control tissue and remote tissue from infarcted hearts (Figure 4C, Table 1).
Tissue from sham-operated hearts and remote tissue from infarcted heart had mostly α-MHC
and only small amounts of β-MHC, which correlates with their faster ktr values (Figure 4C,
Table 1). Thus, both ktr and western blot analysis suggest grafts did not greatly influence MHC
isoform expression in remote tissue of infarcted hearts.

Slow skeletal TnI (ssTnI) is expressed in neonatal rat myocardium and transitions to cardiac
TnI (cTnI) in adult myocardium[19] in association with decreased Ca2+ sensitivity in adult
myocardium. To determine if the increase in Ca2+ sensitivity observed in both NRC grafts and
remote myocardium from grafted hearts was due to a greater level of ssTnI expression in
myofilaments, we assessed the content of cTnI and ssTnI by western blotting (Figure 5B). We
found that cTnI was the predominant isoform in all of the samples from adult hearts (including
graft tissue), with ssTnI detectable only in neonatal myocardium (from 1-2 or 3-4 day old
animals). Thus, it appears that NRC grafts completely converted to cTnI expression by 8 weeks
after transplantation, even though myosin isoform remained unchanged. Thus, myofilament
TnI isoform composition cannot explain the greater Ca2+ sensitivity of force for grafts and
remote myocardium from grafted hearts.

Myofilament protein phosphorylation is a key regulator of cardiac function and is known to
change dramatically following myocardial infarct and during the progression to heart failure
[14,23-25]. To determine if altered myofilaments protein phosphorylation could account for
differences in Ca2+ sensitivity of force, SDS-PAGE was performed and gels were stained for
phosphoproteins using Pro-Q-diamond. There was an overall decrease in myofilament
phosphorylation in all infarcted groups as compared to sham (Figure 5E). Interestingly,
however, remote tissue from grafted hearts had significantly less phosphorylation of troponin
T (TnT), tropomyosin (Tm), and myosin light chain 2 (MLC-2) as compared to remote tissue
from non-treated, infarcted hearts (Figure 5C-E). There was no difference in myosin binding
protein C (MyBP-C) between groups or in TnI phosphorylation (the two major myofilament
targets for cAMP-dependent protein kinase (PKA)) between remote tissue from infarcted hearts
receiving NRC grafts vs. non-treated infarcted hearts. There was also no difference between
groups in an unidentified phospho-band located above TnT (∼60 kDa). On the other hand, TnT
and MLC-2 are phosphorylated by protein kinase C (PKC), and this phosphorylation is thought
to reduce and enhance the Ca2+ sensitivity of contractile force, respectively, with TnT
phosphorylation exerting the dominant affect [26]. Thus, reduced phosphorylation of TnT and/
or MLC-2 could explain the increased Ca2+ sensitivity of force observed in remote tissue from
grafted hearts. Tm phosphorylation has only recently come under investigation, but could have
significant effects due to the key role it plays in steric regulation of myosin binding.
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Phosphorylation of TnT, Tm, and MLC-2 was also significantly lower in NRC grafts compared
with tissue from sham-operated hearts and remote tissue from infarcted hearts, and were similar
to remote tissue from grafted hearts (Figure 5E). This suggests that the phosphorylation level
of these myofilament proteins may account, at least in part, for a greater Ca2+ sensitivity of
force in NRC grafts as well.

Passive Mechanical Properties
To determine tissue stiffness, passive force (stress) of myocardial strips was measured during
a series of stretches between 0% and 20% of initial strip length (Figure 6A,B). This range likely
assesses the contribution of collagen (as opposed to titin) to the stiffness of the tissue (see
Discussion). Scar tissue from animals that received either NRC grafts (K = 4676 ± 1380 mN/
mm2, n=5) or vehicle (K = 3730 ± 1340 mN/mm2, n=9) was an order of magnitude stiffer than
any of the other groups (p < 0.05 vs. control). Strikingly, graft strips (K = 453 ± 156 mN/
mm2, n=8) exhibited approximately the same stiffness as sham myocardium (K = 273 ± 100
mN/mm2, n=4) (Figure 6C). This suggests that cell grafts reduced wall stiffness, but only in
the regions of the infarct containing the graft itself. Neonatal myocardium was considerably
less stiff (K = 39 ± 9 mN/mm2, n=17) (p < 0.05 vs. sham control), correlating with a previous
study reporting porcine neonatal myocardium was less stiff than adult myocardium [27]. The
stiffness of remote myocardium from animals that received either NRC grafts (K = 596 ± 213
mN/mm2, n=12) or vehicle (K = 469 ± 76 mN/mm2, n=11) was not significantly different from
sham strips or trabeculae (K = 586 ± 217 mN/mm2, n=7), suggesting that transplanted cells do
not affect the passive mechanical properties of remote myocardium.

Stress relaxation of passive tension was investigated to determine if the viscoelastic properties
of graft strips were also similar to normal myocardium. The time constant of force decay
following stretch to 1.2 Lo (t50d = time to reach 50% decay force) was used as a measure of
the visco-elastic component of myocardial tissue (arrow in Figure 6A). Interestingly, passive
force in grafts decayed faster (t50d = 1.3 ± 0.3 s, n=8) than in any other type of strip (p < 0.05
vs. sham) Decay constants ranged from 1.9-4.1 seconds in other strip types, none of which
differed significantly from one another (Figure 6D). This indicates that, although stiffness per
se is similar in grafts compared to normal myocardium, the viscoelastic properties of the graft
are clearly altered. More rapid elastic recoil in grafts compared to neonatal or adult myocardium
or scar tissue suggests a distinction in the cellular/molecular mechanism responsible for
establishing and maintaining their passive stiffness.

Collagen Content
To determine if the passive properties were correlated with differences in collagen Type I
content, we quantified the histological area of tissue strips that stained positive for collagen
with picrosirius red (Figure 7) [28]. Most noteworthy, graft strips contained significantly lower
percent collagen content (43.5 ± 4.4, n=11) as compared to scar strips (62.9 ± 4.1, n=5) (p <
0.01). However, this 31% reduction in collagen seems unlikely to explain the 10-fold difference
in passive stiffness. Moreover, graft strips still contained significantly more collagen than any
other group except scar, yet had statistically similar passive force and stiffness values than
myocardial strips. These data, along with t50d results (see above and Figure 6), suggests that
graft strips have a unique stress-strain phenotype. Neonatal strips contained the lowest percent
collagen content of all the groups (0.8 ± 0.2, n=5), in agreement with reported values [29,30].
The percent collagen area in remote myocardium from grafted (6.0 ± 3.0, n=4) or non-treated
infarcted hearts (2.1 ± 1.2, n=4) did not differ from each other or from that found in sham strips
(3.1 ± 0.3, n=4) (p < 0.05), suggesting NRC grafts do not affect the collagen content of remote
myocardium.
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Discussion
In the present study, we characterized the active and passive mechanical properties of neonatal
rat cardiomyocyte (NRC) grafts and their influence on uninjured remote myocardium 8-10
weeks after transplantation into adult rat hearts (one week after infarction). We report the novel
findings that NRC grafts appear to mature by morphological characteristics and produce force
in a Ca2+-dependent manner, but have specific force and rate of force development similar to
neonatal myocardium, with passive stiffness similar to adult myocardium. Perhaps most
significantly, this is the first report that NRC grafts can influence the calcium sensitivity of
force development in uninjured myocardium far from the infarct region (Figure 4). Since the
remote non-infarcted myocardium is orders of magnitude larger than the grafts, enhanced
Ca2+ sensitivity in this region may be a major contributor to the improvement in global heart
function.

Ca2+ Activated Force
Because contractile assessments were made on demembranated tissue (lacking the sarcolemma
and sarcoplasmic reticulum), the increased Ca2+ sensitivity of remote myocardium from
grafted hearts was independent of changes in intracellular Ca2+ transients. Additionally, we
found that grafts induced no differences in myofilament protein isoforms in remote non-
infarcted myocardium. Instead, enhanced Ca2+ sensitivity of remote myocardium from grafted
hearts correlated with post-translational modification of myofilament proteins. Overall
phosphorylation of myofilaments proteins was decreased in all infarcted groups, but we found
that phosphorylation of TnT, Tm and MLC-2 was lower in myocardium from grafted hearts
(remote and graft), as compared to non-treated infarcted hearts (Figure 5E). This reduced
phosphorylation pattern is a likely candidate to at least partially account for the improvements
in Ca2+ responsiveness, as it is known that phosphorylation of TnI, TnT, MLC or MyBP-C can
affect the Ca2+ sensitivity of force in cardiac muscle (reviewed in [31]). Lower phosphorylation
could result from reduced kinase activity and/or increased phosphatase activity. It is interesting
to note that the three myofibrillar proteins TnT, Tm, and MLC with observed altered
phosphorylation levels in myocardium from grafted hearts are targets for PKC. This is
especially important in light of studies that have shown increased PKC activity to be associated
with heart failure [32-34]. Alternatively, increased phosphatase activity could result in the
reduced protein phosphorylation (as compared to sham), since all infarcted groups showed
reduced overall protein phosphorylation, with cell-treated groups exhibiting even greater
reductions. As such, it may be that the functional changes arise from the overall extent of
dephosphorylation rather than the specific proteins. Overall, decreased phosphorylation of
these three myofilament proteins seems a possible explanation, at least in part, for increased
Ca2+ sensitivity observed in grafts and in remote myocardium from grafted infarcted hearts.
Several studies have reported a decrease in Fmax of skinned cardiomyocytes following an
infarct [35-37], while others have shown no change [38, 39], or a slight increase [40, 41],
similar to our results. Similarly, reports of changes in Ca2+ sensitivity of force are variable,
with some reporting increases [35, 37], decreases [36, 39], or no change [40]. Between these
studies there is no clear correlative pattern of phosphorylation changes with mechanical
properties following infarction. Characterization of kinase and phosphatase levels to determine
the signaling pathways for the observed altered phosphorylation levels certainly merits further
study, as the differences in phosphorylation patterns are likely differentially affected by the
type and severity of heart failure, as well as the type of treatment. It is also possible that
Ca2+ sensitivity is being affected by other post-translational modifications not measured in this
study. These may include protein acetylation, which has also been associated with increased
Ca2+ sensitivity [42], and myofilament associated histone proteins [43], as well as others. It
seems likely that identification of responsible signaling pathways could lead to new therapeutic
targets. For example, it might be possible to develop treatments that similarly enhance Ca2+
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sensitivity of surviving myocardium without the need for cell transplantation. Analysis of these
pathways may be helpful in elucidating signals resulting in, or halting, progression to heart
failure.

Passive Mechanical Properties
The two dominant contributors to passive tension in cardiac muscle are titin and collagen, with
titin dominating at sarcomere lengths ∼1.85 to 2.15 μm and collagen dominating above ∼2.2
μm [44]. Initial sarcomere length in our myocardial preparations was set at ∼2.2 μm (see online
Methods) prior to the stretching protocol. Thus, our stress-strain studies primarily assessed the
contributions of the collagen network. A major finding was that cardiomyocyte grafts had
passive stiffness properties similar to adult myocardium, while scar tissue was an order of
magnitude stiffer. Qualitatively similar improvements in local infarct compliance have been
reported following transplantation of human mesenchymal stem cells into rat infarcts [45]. The
high degree of compliance in the graft region was surprising, given that graft samples contained
only 30% less collagen than did scar tissue. Qualitative differences in collagen architecture
may contribute to these differences. Whittaker et al. [46] showed that collagen fibers
surrounding cardiomyocyte grafts form a disorganized woven network, whereas those in scar
tissue form highly organized linear cables. A woven network can stretch due to deformation
without stretching individual fibers, whereas tension on aligned cables places the load directly
on the fibers themselves. Alternatively, there may be lower collagen cross-linking in the grafts,
making them more compliant. It is interesting that grafts showed greater elastic recoil after
stretch than either normal myocardium or scar (Figure 6D). This might contribute to ejection
after diastolic stretch, or to diastolic recoil if the region exhibited systolic dyskenesis.

Physiological Implications of Enhanced Ca2+ Sensitivity
The physiological consequences of increased Ca2+ sensitivity in the remote myocardium will
clearly depend on what happens to Ca2+ cycling in this region. It is important to highlight that
the heart works at [Ca2+] levels around pCa50, thus the increased Ca2+ sensitivity observed in
remote myocardium from grafted hearts could have profound physiological implications. If
Ca2+ transients in remote myocardium from grafted hearts are unchanged compared to non-
treated infarcted hearts, we would predict greater systolic force generation. This would
contribute to the enhanced global cardiac performance seen after NRC transplantation.
Additionally, enhanced Ca2+ sensitivity of remote myocardium from grafted infarcted hearts
would allow for comparatively greater force generation with smaller Ca2+ transients, thereby
increasing ventricular efficiency. On the other hand, increased Ca2+ sensitivity may be a double
edged sword that could impair relaxation. This impairment may in turn be ameliorated by the
improvement in compliance in the graft area. The question also remains as to whether a chronic
increase in Ca2+ sensitivity would eventually affect Ca2+ transients or lead to alterations in
Ca2+ dependent signaling, such as through calcineurin, calcium/calmodulin dependent kinase,
or PKC.

Potential Mechanisms
A key question is how do cardiomyocyte grafts in the infarct influence myofilament
phosphorylation patterns in the non-infarcted region? We propose that the grafts initially exert
a beneficial effect on the local infarct environment, which then reduces global mechanical and/
or neurohumoral stress, leading to downstream alterations in myofilament kinase or
phosphatase activity. Possible mechanisms through which local benefits could occur include
direct graft systolic force generation, mechanical buttressing through wall thickening [47] and
paracrine effects that promote vascularization and survival of cells in the border zone [6]. The
isolation of NRC grafts by infarct fibrosis and the relative distant location from the remote
myocardium suggest paracrine effects are unlikely to be solely responsible for the improved
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cardiac function observed in cell-transplanted animals. Wall et al.[47] used a finite element
model of an anterioapical infarcted LV to examine the short-term effect of injecting material
into the LV wall. From their simulations, these investigators concluded that addition of non-
contractile material to a damaged LV wall had important effects on cardiac mechanics. It is
possible that cardiomyocyte transplantation indirectly increases the Ca2+ sensitivity of remote
myocardium by altering the geometry and load of the heart, which could attenuate the
remodeling process and perhaps induce myofilament protein isoform switches (not seen in this
study) or changes in protein phosphorylation levels. The fact that several studies have shown
enhanced function of injured hearts following transplantion of non-myogenic cell types (such
as fibroblast, smooth muscle cells and mesenchymal stem cells)[48-50] clearly suggest that
non-contractile effects may play a significant role in cell-based repair.

Summary
A number of groups have shown that transplantation of many cell types, including fetal and
neonatal cardiomyocytes, improves function of the infarcted heart ([4,51] and reviewed in
[2,3,7]). In agreement with those studies, here we found systolic fractional shortening was
significantly increased in cell-treated infarcted hearts as compared to non-treated infarcted
hearts (Figure 1). In most studies, however, cardiomyocyte grafts have been small, averaging
<10% of the infarct region [11]. When one then considers that grafts can generate only ∼10%
of the maximal force of normal myocardium (Figure 4), this suggests that grafts should only
contribute ∼1% of the active force as compared to tissue lost to infarction. This alone is not
sufficient to explain increased global contractile function. Our results with NRC grafts are the
first to implicate their capacity to contribute both directly to systolic function in the infarct
region and indirectly by influencing the contractile properties of remote myocardium. Because
the remote myocardium typically accounts for >70% of the infarcted left ventricular mass,
contractile changes in this region can readily translate to changes in global heart function.
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Figure 1. Assessment of myocardial function after cell transplantation by echocardiography
Representative left-ventricular M-mode images from control animals (A, sham, n = 6), and
infarcted animals that received either vehicle (B, non-treated infarcted, n = 9) or cells (C,
grafted, n =10). Arrows indicate chamber dimension at end-diastole (LVDD) and end-systole
(LVSD). Fractional shortening (D) was greatly reduced with MI, but the functional decline
was attenuated by cell transplantation. Both diastolic and systolic LV dimensions increased
after MI (E). No difference was found in LV diastolic dimension (E, LVDD) between non-
treated infarct or grafted hearts, but LV systolic dimension (E, LVSD) was reduced in grafted
hearts. Values are means ± S.E.M.; * p < 0.05 versus sham; # p < 0.05 versus MI + vehicle.
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Figure 2. Transmission Electron Microscopy
Images of sham (A, C) and graft (B, D) myocardial tissue at equivalent magnification (scale
bar in A = 2 μm; in B = 200 nm). Arrows in A and B indicate intercalated discs (ID). Images
of tissue in C and D show M-lines (M), I bands (I), A bands (A), Z discs (Z), H zone (H),
mitochondria (Mi), sarcoplasmic reticulum (SR), and T-tubules (TT). The graft cells show
mature cardiac structure except for Z-disk misalignment.
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Figure 3. Tissue strip dissection and graft identification
(A) Example of myocardial slice containing grafted CM-DiI-labeled cells eight weeks after
transplantation. Higher magnification of the boxed region of interest (in A) under white light
(B) and fluorescent light (rhodamine filter) (C) shows CM-DiI positive tissue. D) Example of
muscle strip dissected from an infarcted heart eight weeks after CM-DiI-labeled NRC
transplantation (0.7 mm × 166 μm × 200 μm). CM-DiI-positive tissue can be observed in the
tissue strip under fluorescent light (E). CM-DiI (red, F) identifies transplanted cardiomyocytes
(sarcomeric actin, green, G) in infarcted hearts up to eight weeks after cell transplantation.
H) Merge of F and G. Nuclei were counterstained with Hoechst 33342. I) H&E stain of
consecutive slide shows morphology of transplanted cells. Magnification 20×.
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Figure 4. Ca2+ activated force
(A). Example record of force-pCa protocol. [Ca2+] was varied as indicated and isometric force
was measured at steady-st, ate. For this example sham strip Fmax = 48.4 mN/mm2, pCa50 =
5.41 ± 0.01, nH = 3.2 ± 0.1 and the muscle dimensions were 1.5 mm (length) and 256 μm
(width/thickness). Scale bar: 48 mN/mm2 (y-axis) and 150 s (x-axis). Summary bar plots of
Fmax (B) and ktr (C) for all groups. Summary force-pCa data of controls (D) and grafted and
non-treated infarcted (E) groups. Sham data are shown in D and E for comparison with
experimental strips. Values are means ± S.E.M. (see Table 1 for all values)
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Figure 5. Protein Profiling
Representative western blot for α-MHC and β-MHC (A) and cTnI and ssTnI (B). C) Gray-
scaled coomassie blue total protein stain and D). Pro-Q-diamond stain against phosphoproteins
from sham hearts, remote tissue from grafted hearts (+) and remote tissue from non-treated
infarcted hearts (-). Gel contains molecular weight markers (MW), and purified proteins actin,
troponin complex (Tn), tropomyosin (Tm), and MLC1 for orientation. D) Quantification of
phosphoprotein staining for all groups normalized for protein load (actin density) and to sham-
operated myocardium. * p < 0.05 versus sham and † p < 0.05 versus remote (vehicle).
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Figure 6. Passive mechanics
A) Example length and passive force trace of a strip to determine the stress-strain relation.
Arrow indicates force after 50% decay. The strip is stretched from L0 in 4% increments up to
1.20 L0. Each length is held for 4 min, followed by 1 min rest. The stiffness constant is then
calculated as the slope of the maximal passive force vs. differential strain (DS) relation (B).
Stiffness constant (C) and time after 50% force decay (t50d) (D) of strips from all study groups
(see Table 1 for values). Values are means ± S.E.M. In C,* p < 0.05 versus sham or graft. In
D, * p < 0.05 versus sham and # p < 0.05 versus graft.
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Figure 7. Quantification of collagen content
A) Example images of sham, neonatal, scar, and graft strips stained with picrosirius red/fast
green and viewed under linear polarized light. Note the clear differences in the percent area
positive for collagen (pink) are observed. Magnification 10×. B) Quantification of the % area
in the strips positive for collagen (see Table 1 for values). Values are means ± S.E.M; * p <
0.05 versus sham.
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