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Abstract
Background—Bone marrow stem cells (BMSCs) may be a novel treatment modality for organ
ischemia, possibly through beneficial paracrine mechanisms. However, stem cells from older hosts
exhibit decreased function during stress. We therefore hypothesized that: 1) BMSCs derived from
neonatal hosts would provide protection to ischemic myocardium; and 2) neonatal stem cells would
enhance post-ischemic myocardial recovery above that seen with adult stem cell therapy.

Materials and Methods—Female adult Sprague-Dawley rat hearts were subjected to an ischemia/
reperfusion protocol via Langendorff isolated heart preparation (15 minutes equilibration, 25 minutes
ischemia, and 60 minutes reperfusion). BMSCs were harvested from adult and neonatal mice and
cultured through several passages under normal conditions (37 C, 5% CO2/air). Immediately prior
to ischemia, one million adult or neonatal BMSCs were infused into the coronary circulation. Cardiac
functional parameters were continuously recorded.

Results—Pretreatment with adult BMSCs significantly increased post-ischemic myocardial
recovery as noted by improved left ventricular developed pressure, end diastolic pressure,
contractility, and rate of relaxation. Neonatal stem cells, however, did not cause any noticeable
improvement in myocardial functional parameters following ischemia.

Conclusion—Neonatal and adult BMSCs are distinctly different in the degree of beneficial tissue
protection that they can provide. The data herein suggests that a critical age exists as to when stem
cells become fully activated to provide their beneficial protective properties. Defining the genes that
initiate these protective properties may allow for genetic amplification of beneficial signals, and the
generation of “super stem cells” that provide maximum protection to ischemic tissues.
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INTRODUCTION
Coronary artery disease is a source of tremendous morbidity and mortality (1). Medical
management of the more severe cases of cardiac ischemia is often inadequate, thereby
warranting revascularization via percutaneous stenting or arterial bypass. The subsequent
reperfusion injury associated with the ischemic episode is also detrimental, and results in
significant aberrations to the inflammatory cascade. In this regard, bone marrow mesenchymal
stem cells (BMSCs) represent a novel treatment modality with increasing therapeutic potential
(2–6). In addition, stem cells have been shown to exhibit a variety of paracrine effects, including
the release of protective growth factors and antiapoptotic signals, which may afford protection
to injured cardiac tissue (7–9).

Indeed, we and others have previously demonstrated that BMSC differentiation is not required
for stem cell mediated cardioprotection. The infusion of BMSCs into myocardium subjected
to acute ischemia and reperfusion injury was noted to improve functional recovery, decrease
proinflammatory cytokine production, and decrease activation of proapoptotic caspases (9,
10). Thus, concomitant pro- and anti- inflammatory properties of BMSCs may be an important
aspect of their ability to heal injured tissue.

Although BMSCs from hosts of varying ages are able to show multipotent potential, increasing
age of stem cells and their hosts has been associated with decreased functional capacity under
conditions of stress (11,12). Specifically, increasing age has been associated with telomere
shortening and dysfunction, mesenchymal progenitor cell dysfunction, a reduced capacity of
bone marrow stromal cells to maintain functional hematopoeitic stem cells, and noted changes
in cytokine production (13). Furthermore, umbilical cord and adult derived dendritic cells were
noted to express different chemokines which subsequently correlated with unique migratory
responses (14). It therefore seems logical that stem cells from younger hosts may be better
adapted to stress during states of ischemia, and may provide better functional recovery after
injury. We therefore hypothesized that 1) intracoronary infusion of BMSCs derived from
neonatal hosts would increase post-ischemic myocardial functional recovery, and 2) neonatal
stem cell infusion would provide superior myocardial protection compared to stem cells
derived from adults.

METHODS
Animals

Normal adult female Sprague-Dawley rats (200–250g, Harlan, Indianapolis, IN) and adult
female C57/BL6J mice (The Jackson Laboratory, Bar Harbor, ME) were fed a standard diet
and acclimated in a quiet quarantine room for 1 week before the experiments. Female neonatal
C57/BL6J mice (2.5 weeks old, Jackson Laboratory, Bar Harbor, ME) were allowed to birth
naturally, and were kept with their mothers until the time of sacrifice. The animal protocol was
reviewed and approved by the Indiana Animal Care and Use Committee of the Indiana
University. All animals received humane care in compliance with the “Guide for the Care and
Use of Laboratory Animals” (NIH publication No. 85-23, revised 1985).
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Preparation of Mouse Bone Marrow Stromal Cells
A single-step stem cell purification method using adhesion to cell culture plastic was employed
as previously described (15). Briefly, neonatal and adult mouse bone marrow stromal cells
were collected from bilateral femurs and tibias after sacrifice by removing the epiphyses and
flushing the shaft with complete media (Iscove’s Modified Dulbecco’s Medium (GIBCO
Invitrogen, Carlsbad, CA) and 10% fetal bovine serum (GIBCO Invitrogen, Carlsbad, CA))
using a syringe with a 26G needle. Cells were disaggregated by vigorous pipetting several
times, and were passed through a 30-μm nylon mesh to remove remaining clumps of tissue.
Cells were washed by adding complete media, centrifuging for 5 min at 300 g @ 24°C, and
removing the supernatant. The cell pellet was then resuspended and cultured in 75 cm2 culture
flasks with complete media at 37°C in 5%CO2 in air. BMSCs preferentially attached to the
polystyrene surface; after 48 h, nonadherent cells in suspension were discarded. Fresh complete
media was added and replaced every three or four days thereafter. When the cultures reached
90% of confluence, the stem cell culture was passaged; cells were recovered by the addition
of a solution 0.25% trypsin-EDTA (GIBCO Invitrogen, Carlsbad, CA) and replated in flasks.
Adult and neonatal stem cells maintained similar mesenchymal stem cell markers. Both cell
lines were negative for the hematopoietic markers CD34, CD45, and CD117, and were positive
for the mesenchymal stem cell marker CD44 (16). Cells were utilized for experimentation
between passages 3–9.

Isolated heart preparation (Langendorff)
Rats were anesthetized (sodium pentobarbital, 60 mg/kg i.p.) and heparinized (500 U i.p.), and
hearts were rapidly excised via median sternotomy and placed in 4 °C Krebs–Henseleit solution
(119 mM NaCl, 20.8 mM NaHCO3, 11 mM Dextrose, 12 mM CaCl2(2H2O), 47 mM KCl, 11.7
mM MgSO4(7H2O), and 11.8 mM KH2PO4). The aorta was cannulated and the heart was
perfused under constant pressure (mean 75 mmHg) with oxygenated (95% O2/5% CO2)
Krebs–Henseleit solution (37 °C). A left atrial resection was performed prior to insertion of a
water-filled latex balloon through the atrium into the ventricle. The balloon was initially
adjusted to a desired mean end diastolic pressure (EDP) of 5 mmHg and hearts were allowed
to equilibrate for 15 minutes. Pacing wires were fixed to the atrium and hearts were paced at
approximately 6 Hz, 3V, 2 ms (350 bpm) during equilibration and reperfusion to ensure a
standard heart rate between groups. A three-way stopcock above the aortic root was used to
create warm global ischemia, during which time the heart was placed in a 37 °C degassed organ
bath. After 25 minutes of ischemia, hearts were reperfused for 60 minutes. Data were
continuously recorded using a PowerLab 8 preamplifier/digitizer (AD Instruments Inc.,
Milford, MA) and an Apple G4 PowerPC computer (Apple Computer Inc., Cupertino, CA).
The developed pressure, which can be considered a surrogate for cardiac output (17), as well
as +dp/dt (cardiac contractility), −dp/dt (rate of myocardial relaxation), and end diastolic
pressures were recorded.

Experimental isolated heart groups
Rat hearts were divided into the following groups (N=5 per group): 1) control, 2) adult stem
cell infusion, and 3) neonatal stem cell infusion. Stem cells were recovered by the addition of
a solution 0.25% trypsin-EDTA (GIBCO Invitrogen, Carlsbad, CA) to culture flasks. Cells
were counted with the aid of a hemocytometer, and one million cells were isolated. Cells were
centrifuged at 300g, media was removed, and cells were resuspended in 1 ml of Krebs–
Henseleit solution (37 C). Over the course of one minute prior to ischemia, the BMSC solution
was infused into the coronary circulation.
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Presentation of data and statistical analysis
All reported values are mean ± SEM at end reperfusion and p< 0.05 was considered statistically
significant. Developed pressure, contractility (+dp/dt), and rate of relaxation (−dp/dt) are
presented as a percentage of baseline during equilibration. Data were compared using Student’s
t test or two-way analysis of variance (ANOVA) with post-hoc Bonferroni when appropriate.

RESULTS
Adult Stem Cells increase myocardial functional recovery after ischemic injury

Pretreatment of myocardium with adult BMSCs prior to ischemia resulted in significantly
improved post-ischemic functional recovery as compared to controls. This was noted in
improved developed pressure (Control: 30.44 +/− 4.99 % of baseline vs. Adult BMSC: 54.81
+/− 3.65 % of baseline), +dp/dt (Control: 34.63 +/− 5.82 % of baseline vs. Adult BMSC: 60.64
+/− 2.57 % of baseline), −dp/dt (Control: 32.02 +/− 4.72 % of baseline vs. Adult BMSC: 58.31
+/− 4.05 % of baseline), and EDP (Control: 85.52 +/− 6.39 mmHg vs. Adult BMSC: 58.31 +/
− 4.05 mmHg) within the adult BMSC infused groups (Figure 1). Although EDP was
significantly higher throughout reperfusion in the adult BMSC group compared to controls,
there was no significant difference in EDP at end reperfusion.

Neonatal Stem Cells do not increase myocardial functional recovery after ischemic injury
Infusion of neonatal stem cells prior to ischemia did not improve post-ischemic protection of
injured myocardium. This was denoted by similar myocardial functional indices between
control hearts and those infused with neonatal BMSCs (Figure 2).

An Age Threshold Exists in Mesenchymal Stem Cell Ischemic Protection
Neonatal and adult BMSCs were distinctly different in the degree of beneficial tissue protection
that they provided. Adult BMSCs provided significantly better protection to ischemic
myocardium than did neonatal BMSCs. This was seen in developed pressure (Adult: 54.81 +/
− 3.65 % of baseline vs. Neonatal: 29.98 +/− 2.27% of baseline), EDP (Adult: 65.32 +/− 3.87
mmHg vs. Neonatal: 90.67 +/− 7.15 mmHg), +dp/dt (Adult: 60.64 +/− 2.57 % of baseline vs.
Neonatal: 34.05 +/− 3.01 % of baseline), −dp/dt (Adult: 58.31 +/− 3.05 % of baseline vs.
Neonatal: 33.26 +/− 3.67 % of baseline) (Figure 3).

DISCUSSION
Adult stem cells have previously been shown to improve myocardial functional recovery
following ischemic injury. However, emerging evidence suggests that younger stem cells may
improve post-ischemic recovery beyond that seen with adult stem cell therapy. Herein we
confirmed that adult BMSC infusion increased post-ischemic myocardial functional recovery.
In addition, we showed that: 1) neonatal BMSCs did not increase post-ischemic myocardial
function beyond that seen in controls; and 2) a critical age threshold likely exists as to when
stem cells are able confer post-ischemic myocardial protection.

The potential for BMSCs to serve as a beneficial treatment modality for multiple types of
ischemic diseases continues to rise (3). However, an apparent criticism of stem cell therapy is
that the beneficial effects of stem cells may not persist into the chronic period of disease (18,
19). As such, it becomes important to understand and determine the optimum stem cell source
for providing maximum protection during therapy. An ideal situation for therapy would entail
autologous BMSC harvest, rapid ex vivo manipulation and expansion, and therapeutic
application to ischemic boarder zones surrounding areas of central infarction. However, adult
stem cells may not be the best cell source for this therapy. Multiple studies suggest that younger
patients are relatively protected from injury and the multi-organ failure associated with trauma
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(20). In this regard, stem cells from younger hosts or even embryos may be more apt to provide
maximum post-ischemic recovery of native tissues.

Previous studies examining the utility of embryonic stem cells (ESCs) in tissue protection have
suggested that ESCs possess the ability to protect ischemic myocardium (21,22). Because
neonatal stem cells fall between ESCs and adult BMSCs in terms of “maturity”, it stood to
reason that neonatal stem cells might also provide protection to ischemic tissues. However, in
this study we saw that neonatal BMSCs did not confer acute protection to ischemic
myocardium. This was indeed perplexing as both ESCs and adult BMSCs have facilitated
cardioprotection following injury. ESCs though, have a higher degree of pluripotency, and as
such, likely possess different intracellular mechanisms that are capable of providing protection.
However, it is highly plausible that ESCs lose some of the beneficial signaling cascades that
provide ischemic protection as they develop and mature into more differentiated cells.

Stem cell studies focusing on the mechanisms of tissue protection have shown that greater than
95% of cells infused into the coronary circulation do not become engrafted into the
myocardium. This has led to the important recognition that stem cells may produce a number
of paracrine factors during their transit through the heart that mediate post-ischemic tissue
protection (23). Our group has shown that adult and neonatal stem cells exhibit distinct
differences in the amount of protective growth factors that they produce in vitro. Specifically,
neonatal stem cells produced lower levels of IL-6 and VEGF compared to adult BMSCs (16).
IL-6 has potent anti-inflammatory properties, including the ability to prevent apoptosis and
tissue damage via the inhibition of metalloproteinases, which work to degrade the extracellular
matrix. IL-6 may also serve to increase production of the IL-1 receptor antagonist, thereby
limiting the degree of inflammation (24–26). Other work has suggested that VEGF is critical
to the post-ischemic recovery of myocardial tissue (27–29), and that adult BMSCs facilitate
enhanced cardioprotection via the upregulation of VEGF expression during ischemia (30–
32). In light of these previous studies, it is quite possible that the lower IL-6 and VEGF levels
produced by neonatal stem cells could have limited the protective capacities of these cells
during therapy.

Furthermore, the presence of estrogen has also been shown to increase tissue protection in a
number of acute injury models (33–35). This protection is thought to be due to the down-
regulation of proinflammatory cytokines by endogenous estrogen (36). In this regard, sex
hormones play a role in stem cell function, intracellular signaling, and cardioprotection (8,
37). Because the adult stem cell hosts had achieved sexual maturity, their level of endogenous
estrogen was higher than the neonatal hosts prior to stem cell harvest. Therefore, chronic in
vivo exposure to estrogen in the adult stem cell population may have enhanced protective
signaling cascades within these cells, thereby providing them with a greater potential for
therapeutic protection. It is therefore highly likely that the activation of intracellular signaling
cascades associated with adolescence has a positive effect on stem cells, and may work to
increase the protective properties of stem cells during therapeutic intervention.

In conclusion, the results of this study confirm that neonatal and adult BMSCs are distinctly
different, and suggest that a critical age exists as to when stem cells may become fully activated
to provide their beneficial protective properties. Further studies are certainly necessary to
understand the mechanisms associated with the increased degree of myocardial protection seen
with the application of adult stem cell therapy. Defining the genes that initiate protective
signaling mechanisms within neonatal stem cells may allow for the genetic amplification of
vital genes, as well as the generation of “super stem cells” that provide maximum protection
to ischemic tissues.
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Figure 1. Adult stem cells protect ischemic myocardium
Pretreatment of myocardium with adult BMSCs prior to ischemia significantly improved post-
ischemic myocardial recovery. This was noted by increased developed pressure (A), decreased
end diastolic pressure, increased contractility (C), and increased rate of relaxation (D) during
reperfusion in the adult stem cell infusion groups. * = p<0.05 vs. control.

Markel et al. Page 9

J Surg Res. Author manuscript; available in PMC 2010 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Neonatal stem cells do not protect ischemic myocardium
Pretreatment of myocardium with BMSCs derived from 2.5 week old neonates did not improve
post-ischemic myocardial recovery. This was noted by similar developed pressures (A), end
diastolic pressures (B), contractilities (C), and rates of relaxation (D) within neonatal stem cell
infusion groups and controls.
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Figure 3. Neonatal stem cells are distinctly different from adult stem cells
Pretreatment of myocardium with adult BMSCs facilitated significantly higher developed
pressure (A), decreased end diastolic pressure, increased contractility (C), and increased rate
of relaxation (D) during reperfusion as compared to neonatal BMSCs. A difference in the
degree of myocardial protection provided by these cell lines confirms that neonatal and adult
BMSCs are distinctly different from one another. # = p<0.05 vs. neonates.
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