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Abstract

Background—CXC-chemokine receptor 4 (CXCRA4) regulates the retention of stem/progenitor
cells in the bone marrow (BM), and the CXCR4 antagonist AMD3100 improves recovery from
coronary-ligation injury by mobilizing stem/progenitor cells from the BM to the peripheral blood.
Thus, we investigated whether AMD3100 also improves recovery from ischemia-reperfusion (IR)
injury, which more closely mimics myocardial infarction in patients, because blood flow is only
temporarily obstructed.

Methods and Results—Mice were treated with single subcutaneous injections of AMD3100 (5
mg/kg) or saline after IR injury. Three days later, histological measurements of the infarct-area/
area-at-risk ratio were smaller in AMD3100-treated mice than in mice administered saline, and
echocardiographic measurements of left-ventricular function were greater in the AMD3100-
treated mice at week 4. CXCR4+ cells were mobilized for just 1 day in both groups, but the
mobilization of scal+/flk1+ cells endured for 7days in AMD3100-treated mice compared to just 1
day in the saline-treated mice. AMD3100 upregulated BM levels of endothelial nitric oxide
synthase (eNOS) and two targets of eNOS signaling, matrix-metalloproteinase 9 and soluble Kit
ligand. Furthermore, the loss of BM eNOS expression abolished the benefit of AMD3100 on
scal+/flk1+ cell mobilization without altering the mobilization of CXCRA4+ cells, and the
cardioprotective effects of AMD3100 were retained in eNOS-knockout mice that had been
transplanted with BM from wild-type mice, but not in wild-type mice with eNOS-knockout BM.
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Conclusions—AMD3100 prolongs BM progenitor mobilization and improves recovery from IR
injury, and these benefits appear to occur through a previously unidentified link between
AMD3100 and BM eNOS expression.

Keywords

Drugs; Myocardium; Ischemia; Reperfusion; Nitric oxide synthase

In response to ischemic myocardial injury, stem/progenitor cells are mobilized from the
bone marrow (BM) to the peripheral blood (PB) and become incorporated into the injured
tissue, where a subset of the mobilized cells including endothelial progenitor cells (EPCs),
contribute to cardiac recovery by enhancing vessel growth.1~3 Before mobilization,
progenitor cells are sequestered in the BM by interactions between CXC chemokine receptor
4 (CXCR4) and stromal-cell-derived factor 1 (SDF-1).% ® Mobilization is triggered when
this interaction is disrupted, and SDF-1 expression in the ischemic tissue contributes to the
recruitment and incorporation of mobilized EPCs.% SDF-1 also induces the migration of
EPCs in vitro,” and SDF-1-CXCR4 signaling appears to influence EPC proliferation and
survival.8: 2 Thus, the SDF-1/CXCR4 axis is a key regulator of the activity of stem/
progenitor including EPCs, particularly the release from BM and the retention/recruitment
of progenitors in/to ischemic tissue.

CXCR4 also facilitates cellular entry of the human immunodeficiency virus, which
prompted the development of AMD3100, a pharmacological CXCR4 antagonist.19-12 |n
early pharmacokinetic studies, a single intravenous dose of AMD3100 unexpectedly
increased circulating white-blood-cell counts in healthy volunteers,3 and subsequent reports
indicate that AMD3100 rapidly mobilizes hematopoietic progenitor cells in both humans
and mice by reversibly blocking the SDF-1-CXCR4 interaction.13-16 Previously, we have
shown that a single dose of AMD3100 after surgical ligation of the coronary arteryl’
increases the mobilization of BM progenitor cells (BMPCs), which leads to a greater
number of BMPC accumulation in infarcted tissue and to improvements in vascularity and
myocardial performance; furthermore, the effect of AMD3100 on BMPC mobilization
endured for more than a week, which is somewhat surprising, because the half-life of
AMD3100 in serum is just 2—3 hours and, consequently, the acute activity of AMD3100 as a
CXCR4 antagonist should dissipate within a day of administration. Here, we investigated
whether AMD3100 also improves myocardial recovery after ischemia-reperfusion (IR)
injury, which more closely resembles the clinical presentation of acute myocardial
infarction, because blood flow is obstructed temporarily, rather than permanently. We also
compared the time course and signaling pathways involved in BMPC mobilization to those
associated with mobilization of CXCR4+ MNCs.

METHODS

Injury model and treatment

All mice were obtained from The Jackson Laboratories. BM transplantation surgery and IR
injury were performed as described previously'8-20 and as summarized in the
Supplementary Methods. Mice received a single subcutaneous injection of AMD3100 (5
mg/kg, 125 ug in 100 uL; Sigma-Aldrich Co) or an equal volume of saline immediately after
surgery was complete. AAR and infarct area were measured as described in the
Supplementary Methods; AAR was presented as a percentage of the area of the entire LV,
and the infarct area was presented as a percentage of the AAR.
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Physiological assessments of LV function

Echocardiographic measurements were performed with a commercially available high-
resolution echocardiographic system (VEVO 770™, VisualSonics Inc.). End-systolic and
end-diastolic LV areas on the short-axis view were traced at the mid-papillary muscle level
according to the instruction of the echocardiographic program, and the calculation of
(diastolic LV area - systolic LV area)/diastolic LV area was used for area-fractional
shortening (FS%).

PB cell counts

The detailed information is provided in the Supplementary Methods.

Histological and immunofluorescent assessments

The detailed information is provided in the Supplementary Methods.

In vitro assessments with cultured, bone marrow-derived EPCs

The detailed information is provided in the Supplementary Methods.

Luciferase reporter assay

The detailed information is provided in the Supplementary Methods.

Quantitative real-time RT-PCR

The detailed information including primer and probe sequences (Supplementary Table 1) is
provided in the Supplementary Methods.

Statistical analysis

RESULTS

All values were expressed as mean=SEM. Comparisons among samples from different mice
at single or multiple time points were evaluated by unpaired t-test (bar graph). Comparisons
among consecutive samples from identified mouse in a single group were evaluated by one-
way ANOVA with Bonferroni post hoc-test (line graph). Comparisons among consecutive
samples from identified mouse in multiple groups were evaluated by two-way ANOVA with
Bonferroni post hoc-test (line graph, the factors are the groups and time). We applied the
Bonferroni-adjustment to both comparisons of the groups within each time point and
comparisons of each time point versus baseline within each group only when the data were
collected from identical mouse at multiple time points. A two-sided p value of less than 0.05
was considered statistically significant.

The in vivo experiments for histological and echocardiographic analyses were performed
separately, and the difference in sample sizes for each group is therefore due to different
series of experiments.

AMD3100 treatment reduces infarct size and improves cardiac performance after IR injury

IR injury was induced by surgically occluding the LAD for 60 minutes, and AMD3100 (125
ug in 100 uL) or an equal volume of saline was injected subcutaneously immediately after
surgery was complete. Infarct size and the area at risk (AAR) for infarction were evaluated 3
days after IR injury by briefly re-occluding the LAD, perfusing the hearts with
microspheres, and then staining sections of heart tissue with TTC (Figure 1A); viable tissue
was stained deep red, the infarcted region remained colorless, and the AAR was identified
by the absence of microspheres. The size of the AAR was similar in both treatment groups
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(Figure 1B), but the infarcted regions were significantly smaller in AMD3100-treated mice

than in mice administered saline (Figure 1C). AMD3100 treatment was also associated with
significantly less apoptosis on day 3 (Figure 1D) and with significantly less fibrosis on day

28 (Figure 1E) after IR injury.

Cardiac function was measured before IR injury and 7, 14, and 28 days afterward via
echocardiographic assessments of left-ventricular (LV) fractional shortening (FS), left-
ventricular systolic area (LVAs), and left-ventricular diastolic area (LVAd). FS was
significantly greater, and LVVAs was significantly smaller, in mice administered AMD3100
than in saline-treated mice on day 14 and day 28 after IR injury, while LVAd did not differ
significantly between groups at any time point (Figures 1F-H, Supplementary Tables 2 and
3). Collectively, the results from these histological and echocardiographic assessments
suggest that a single injection of AMD3100 after IR injury improves cardiac performance by
enhancing the preservation and/or recovery of functional myocardial tissue.

AMD3100 preferentially enhances the mobilization of BM cells after IR injury

Because AMD3100 is a CXCR4 antagonist and has been shown to enhance the mobilization
of stem/progenitors from BM to PB after permanent ligation of the coronary artery,1” we
investigated whether AMD3100 treatment enhanced the mobilization of MNCs, CXCR4+
MNCs, and scal+/flk1+ MNCs in both uninjured mice and in mice with IR injury. PB levels
of the three-types of cells were measured via fluorescence-activated cell sorting (FACS),
and FACS measurements of scal+/flkl1+ MNC levels were corroborated via the EPC culture
assay. Tie2+ BM progenitor mobilization was also evaluated by monitoring GFP expression
in the BM of WT mice transplanted with BM from Tie2-GFP transgenic mice, which
express GFP from the endothelial-specific Tie2 promoter.

In the absence of injury, FACS analyses indicated that PB levels of MNCs including scal+/
flk1+ subpopulation tended to increase (Figures 2A and 2C) and CXCR4+ MNCs
significantly increased after AMD3100 treatment. (Figures 2B) The time course of
mobilization in the three cell types was almost similar: cell counts tended to peak within 3
hours after AMD3100 administration and returned to near-pretreatment levels by hour 24.
(Figures 2A—-C) After IR injury, AMD3100 treatment did not alter PB MNC levels (Figure
2D), but PB CXCR4+ MNC counts (Figure 2E) and scal+/flk1+ MNC counts (Figure 2F)
were significantly higher 1 and 3 days, respectively, after injury in AMD3100-treated mice
than in mice administered saline. The enhanced mobilization of CXCR4+ MNCs diminished
by day 3, whereas PB scal+/flk1+ MNC counts remained significantly higher in the
AMD3100-treated mice than in the saline-treatment group through day 7. When evaluated
via culture assay, PB EPC levels (i.e., the number of cells stained positively for both lectin
and acetylated low-density lipoprotein [acLDL]) were significantly higher in the AMD3100-
treated mice than in the saline-treated mice on day 3 and day 7 after IR injury
(Supplementary Figure 1), and in mice with Tie2-GFP BM, GFP-expressing cells were
significantly less common in BM from the AMD3100-treatment group than in BM from
saline-treated animals on day 5 after IR injury (Figure 2G). Thus, AMD3100 appears to
rapidly, but briefly, enhance the mobilization of CXCR4+ MNCs after IR injury, which is
consistent with the role of AMD3100 as a CXCR4 antagonist. However, the effect of
AMD3100 on scal+/flk1+ MNC mobilization is delayed, more durable, and, consequently,
likely mediated by a different mechanism.

AMD3100 increases the contribution of BM-derived progenitors to vascular growth after IR

injury

To determine whether the enhanced BMPC mobilization observed in mice treated with
AMD3100 after IR injury was accompanied by improved vascularity in the AAR, the

Circulation. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jujo et al.

Page 5

functional vasculature of injured mice was stained via in-vivo perfusion with BS-1 lectin
before sacrifice. Experiments were performed in WT mice transplanted with BM from
eGFP-expressing mice to enable identification of BM-derived cells in the vasculature.
Compared to observations in saline-treated mice, the AAR of AMD3100-treated mice
contained significantly more GFP+ cells on day 3 after injury (Figures 3A and 3B) and
significantly more GFP+ cells, GFP-lectin double-positive cells (Figures 3C and 3D), and
lectin+ vessel density (Figures 3C and 3E) on day 28. AMD3100 treatment also kept
elevated SDF-1 expression levels in AAR through day 3 to day 7 after IR injury in mice
with WT BM (Supplementary Figure 2), which likely contributed to the enhanced
incorporation of BM-derived cells, perhaps, including EPCs.

AMD3100 increases BM eNOS expression and the number of eNOS-expressing BM-derived
cells in the AAR after IR injury

Endothelial nitric oxide synthase (eNOS) is a key regulator of endothelial-cell growth and
migration, vascular remodeling, and angiogenesis?1-22 and has recently been shown to have
an important role in the activity of stem and progenitor cells. We investigated whether the
enhanced functional recovery and BMPC mobilization associated with AMD3100
administration after IR injury is accompanied by increases in eNOS activity.

From day 1 through day 7 after IR injury, eNOS-expressing cells were significantly more
common in the BM of AMD3100-treated mice than in the BM of mice administered saline
(Figure 4A). AMD3100 treatment was also associated with higher BM protein levels of
matrix metalloproteinase 9 (MMP-9) and soluble Kit ligand (sKitL),24 two downstream
components of the eNOS pathway, from day 1 and day 3, respectively, through day 7
(Figures 4B and 3C) and with higher PB levels of nitrate and nitrite (i.e., the final
metabolites of nitric oxide) on day 3 (Figure 4D). In mice transplanted with BM from
transgenic GFP-expressing mice, the number of cells in the AAR that expressed eNOS,
GFP, or both eNOS and GFP was significantly higher in AMD3100-treated mice than in
saline-treated mice on day 3 after injury (Figures 4E—H). Thus, AMD3100 administration
after IR injury appears to increase eNOS activity in both the BM and the ischemic region.

The direct influence of AMD3100 on eNOS activity was investigated by determining
whether AMD3100 treatment altered eNOS mRNA expression and nitrate/nitrite production
in cultured BMPCs or luciferase activity in murine endothelial cells transfected with a gene
coding for luciferase expression from the eNOS promoter. AMD3100 treatment was
associated with higher levels of both eNOS expression and nitrate/nitrite production in
BMPCs (Supplementary Figures 3A and 3B), and AMD3100 dose-dependently increased
luciferase activity in transfected endothelial cells (Supplementary Figure 3C). Collectively,
these observations suggest that the benefits associated with AMD3100 administration are
accompanied by increases in eNOS activity.

The benefit of AMD3100 treatment after IR injury is dependent on eNOS expression in the
BM but not in the ischemic region

To determine whether eNOS expression contributes to the benefits associated with
AMD3100 administration after IR injury, and if so, whether that contribution comes from
BM cells or from cells already present in the ischemic tissue, the influence of AMD3100 on
myocardial recovery was evaluated in eNOS-knockout mice that had been transplanted with
BM from WT mice (eNOS-KO/WTgypy) and in WT mice transplanted with BM from eNOS-
KO mice (WT/eNOS-KOgpy). An identical set of assessments was performed in WT mice
transplanted with WT BM (WT/WTg).
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In eNOS-KO/WTgy mice, left-ventricular FS on day 14 and day 28 after IR injury was
significantly greater with AMD3100 treatment than with saline treatment, but the functional
benefit of AMD3100 treatment was not observed in WT/eNOS-KOgp mice at any time
point (Figures 5A and 5B, Supplementary Table 2). Similarly, AMD3100 treatment in
eNOS-KO/WTgp mice, but not in WT/eNOS-KOgy mice, was associated with greater
numbers of eNOS+ BM cells, elevated BM MMP-9 and sKitL protein expression, higher PB
scal+/flk1+ MNC counts, less cardiac apoptosis, and smaller infarcts on day 3 after injury
(Figures 5D-1), and with less cardiac fibrosis and greater capillary density on day 28
(Figures 5J and 5K). The results associated with AMD3100 treatment in WT/WTgy, mice
matched those observed in eNOS-KO/WTgy, mice (Figures 5C-K), and the only treatment-
related effect observed in all three chimeric mouse lines was the enhanced mobilization of
CXCR4+ MNCs, which occurred on day 1 after injury and diminished by day 3 (Figure 5L).
Thus, the benefits associated with AMD3100 administration after IR injury require eNOS
expression in the BM, but not in the ischemic region, and eNOS appears to have a role in the
mobilization of scal+/flk1+ MNCs, but not CXCR4+ MNCs.

The expression of eNOS by PB EPCs contributes to myocardial recovery but is not
required for EPC incorporation

Because BM eNOS expression is required for both the beneficial effects of AMD3100
treatment after IR injury and for the mobilization of progenitors from BM to PB, we
investigated whether eNOS expression in circulating BMPCs contributes to myocardial
recovery. BMPCs were isolated from WT mice and eNOS-KO mice, cultured for 4 days,
and then intravenously injected into WT mice 24 hours after IR injury; a third group of mice
was injected with saline. Fourteen and 28 days after IR injury, LV FS was significantly
greater in mice administered WT BMPCs than in mice administered saline, but the
difference between treatment with eNOS-KO BMPCs and saline administration did not
reach statistical significance (Figure 6A, Supplementary Table 2).

To determine whether the expression of eNOS by circulating BMPCs contributes to
myocardial recovery by increasing the incorporation, and whether AMD3100 enhances the
incorporation of circulating BMPCs, WT and eNOS-KO EPCs were Dil-labeled and
intravenously injected into WT mice 24 hours after IR injury and treatment with AMD3100
or saline; mice were sacrificed 3 days after IR injury for histological analyses. Neither the
type of cell injected (i.e., eNOS-KO or WT) nor the treatment administered (i.e., AMD3100
or saline) significantly influenced the incorporation of injected cells (Figure 6B).
Nevertheless, apoptotic cells were significantly less common, and infarct sizes were
significantly smaller, in mice administered WT BMPCs than in mice administered eNOS-
KO BMPCs, regardless of treatment group, and measurements in mice administered eNOS-
KO BMPCs did not differ significantly from those in saline-treated mice (Figures 6C and
6D).

Collectively, these observations suggest that the expression of eNOS by circulating BMPCs
does not have a role in their recruitment and incorporation, but does contribute to cardiac
protection. Therefore, the greater number of BM-derived endothelial cells observed in the
AAR of AMD3100-treated mice (Figure 3C) appears to evolve primarily through enhanced
BMPC mobilization, which subsequently increases the number of the progenitors available
in the circulation, rather than by directly influencing the recruitment and incorporation of
circulating cells.

DISCUSSION

In the present study, we have shown that AMD3100, a CXCR4 antagonist, had a beneficial
effect on cardiac IR injury that closely mimics coronary intervention in AMI patients.
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AMD3100 enhanced the mobilization of BM-derived progenitor cells, including EPCs,
which were incorporated into AAR and exerted cardioprotective effects by anti-apoptosis
and anti-inflammation in acute phase and also revascularizing effects in remote phase,
resulting in minimization of scar size and preservation of cardiac functions.

AMD3100 has been approved by the US Food and Drug Administration for use as a stem
cell mobilizing agent?®; however, few reports have evaluated the time course and
subpopulations of cells mobilized by AMD3100 administration after IR injury. Our results
indicate that rapid accumulation of circulating MNCs specifically inflammatory cells into
AAR account for the decreased number of MNCs in PB on day 1 after IR injury. On the
other hand, IR injury could be a trigger to mobilize progenitors (i.e. CXCR4+ or sca-1/flk1+
MNCs including EPCs) from BM resulting in the increased number of progenitors in PB.
AMD3100 increased the mobilization of CXCRA4+ cells on day 1 after IR injury by
disrupting SDF-1-CXCR4 binding in BM, but this enhancement dissipated before the
expression of SDF-1, a ligand of CXCR4, was upregulated in ischemic myocardium on day
3 following IR injury. The delay in SDF-1 upregulation may explain why the rapid
mobilization of CXCR4+ cells did not result in dramatic increase of BM-derived cell
recruitment to the AAR on day 1 after IR injury. The AMD3100-induced delayed
enhancement of scal/flk1+ MNC mobilization coincided with elevated BM levels of eNOS
and two eNOS-targeted proteins, MMP-9 and sKitL that have been linked to progenitor-cell
mobilization26,27 and the enhanced mobilization of progenitors required BM eNOS
expression.

eNOS is known to protect cardiomyocytes against apoptosis,28: 29 and AMD3100 treatment
led to increases in the number of eNOS-expressing cells, to declines in the number of
apoptotic cells, and to reduction of infarct sizes in AAR on day 3 after IR injury. Similarly,
systemically injected eNOS expressing WT BMPCs, but not eNOS-KO BMPCs, were
associated with less apoptosis and smaller infarct sizes in both AMD3100-treated and saline-
treated mice on day 3 after injury, even though the number of recruited cell in both cell
types in AAR was similar. Additionally, in IR injured mice without AMD3100 treatment,
eNOS expression in BM was upregulated by myocardial transient ischemia alone from day 1
through day 7, therefore, AMD3100 was assumed to give an extra elevation of eNOS
production in BM cells over ischemic insult.

In the mechanistic aspect, it was reported that eNOS expressing cells enhanced VEGF
protein production,39 and also, as known broadly, VEGF upregulates eNOS expression,
suggesting that initial upregulation of eNOS expression sustained up to day 7 after IR injury
with AMD3100 treatment via an autocrine mechanism involving VEGF-eNOS signaling
pathway. We previously showed that VEGF played a crucial role to mobilize progenitors
from BM into PB in a mouse coronary-ligation model. However, in the present study, we
confirmed a direct effect of AMD3100 on eNOS upregulation by reporter assay
(Supplemental Figure 3C). Also, eNOS mRNA expression was upregulated more than 2-fold
in the AMD3100-treated BMPCs compared to control BM PCs, while VEGF mRNA
expression limited to less than 2-fold increase in the AMD3100-treated group
(Supplementary Figure 4). Thus, AMD3100 could directly enhance eNOS production in the
recruited cultured BMPCs in ischemic myocardium, suggesting that AMD3100 might
exhibit cardioprotective effect via the recruited “BM PC”-derived eNOS production, at least
in part, in the WT and eNOS-KO BMPC injection experiment. In addition, based on the
evidences that eNOS promoted angiogenesis and reduced apoptosis by inhibition of TGF-1
signaling,3! imported BMPC-derived eNOS may also contribute to enhance capillary
density after IR injury via a similar mechanism. Thus, the cardioprotective effects of
AMD3100-induced eNOS activity are a crucial component of the response to IR injury, but
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these effects appear to evolve primarily from BM-derived progenitors, rather than from cells
already present in AAR.

In terms of contribution of the mobilized BM-derived progenitors by AMD3100 to ischemic
myocardium, though there is no direct evidence that circulating CXCR4+ cells incorporated
into AAR in acute phase after IR, the peak number of mobilized CXCR4+ cells was striking
(10 times more than that of mobilized scal/flk1+ cells) and CXCRA4+ cells may therefore
play a role in AAR. Referring to the reports in which CXCR4 expressing cells were shown
to enhance incorporation into ischemic area and improve cardiac function after myocardial
infarction32 33 and the fact that a plasma half-life of AMD3100 is very short (3.5 hours) in
circulation, mobilized CXCRA4+ cells might not be interfered with its recruitment to SDF-1
releasing sites of ischemia at day 1-3 after IR injury. Even though eNOS KO- or WT-
cultured BMPC infusion study did not show significant difference of “cultured BMPC”
recruitment to sites of ischemia, endogenous progenitors namely CXCR4+ cells and scal/
flk1+ cells mobilized by AMD3100 might recruit to ischemic myocardium exhibiting
cardioprotective effects, because SDF-1 and VEGF are released from ischemic myocardium
and recruit circulating progenitors expressing receptors of CXCR432 and flk1.34

In conclusion, the findings presented here indicate that AMD3100 improves the recovery of
cardiac function after IR injury, and that the beneficial effect of AMD3100 on ischemic
heart with IR injury requires eNOS expression in BM but not in myocardium. AMD3100
sustains the mobilization of scal/flk1+ MNCs rather than CXCR4+ MNCs resulting in the
increased number of recruited BM-derived eNOS-expressing cells, and contributes to limit
infarct size reducing cardiac apoptosis and increasing vascularity in ischemic myocardium.
Collectively, single treatment with AMD3100 may give rise to a novel supportive therapy in
PTCA and stenting for acute coronary syndrome via a cardioprotection-/pro-angiogenesis-
dependent mechanism.

Study limitation

In this study, we have not definitively identified the mobilized BM-derived cells by
AMD3100 including scal+/flk1+ MNCs and CXCRA4+ cells providing direct evidences for
the incorporation into vascular structure, however, we and others have previously
demonstrated that not the majority but a certain extent of these BM-derived cells were
exactly incorporated into neovasculature in ischemic tissue.32: 33.35-37 Also, since we have
focused on the therapeutic effect of AMD3100 with its eNOS-dependent BMPC
mobilization in peripheral blood and the recruitment to sites of IR injury, we have not tried
to identify what type of cells, so-called EPCs, defined by multiple cell surface markers are
incorporated into neovasculature. The precise definition of human/mouse EPCs still remains
unclear, but it would be substantially difficult.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

AMD3100 treatment improves cardiac function and reduces infarct size after IR injury.

Mice were treated with saline alone or with 100 uL saline containing 125 ug AMD3100 after
surgically induced IR injury. (A—C) AAR and infarct size were evaluated 3 days after IR
injury via in-vivo microsphere perfusion and TTC-staining. (A) Viable tissue was stained
deep red, and the infarcted region is colorless; scale=1 mm increments. (B) The AAR was
identified by the absence of microspheres and presented as a percentage of the total left-
ventricular (LV) area. (C) Infarct size was normalized to the size of the AAR and presented
as a percentage. (D) Apoptosis was evaluated in TUNEL-stained sections of heart tissue
from mice sacrificed 1 and 3 days after IR injury; scale bar=100 um. (E) Fibrosis was
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evaluated in Masson-trichrome-stained heart sections from mice sacrificed 28 days after IR
injury, quantified as the ratio of the length of fibrosis (blue) to the LV circumference, and
presented as a percentage. (F-H) Echocardiographic assessments of (F) LV fractional
shortening (G) (FS), LV systolic area (LVASs), and (H) LV diastolic area (LVVAd) were
performed before IR injury and 7-28 days afterward; heart rates were maintained at 400—
500 beats/minute via isoflurane inhalation. #P<0.05 and ##P<0.01 versus before injection;
*P<0.05, **P<0.01, $Bonferroni-adjusted P<0.05 and 38Bonferroni-adjusted P<0.01 versus
saline; NS, not significant. Panels B, C: n=3 per treatment group; Panel D: n=3-5 per
treatment group; Panel E: n=6-9 per treatment group; Panels F-H: n=10 per treatment group
at each time point.
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Figure 2.

AMD3100 enhances the mobilization of circulating CXCR4+ MNCs and Scal/Flk1 positive

cells after IR injury. (A-C) Peripheral-blood (PB) levels of (A) MNCs, (B) CXCR4+
MNCs, and (C) scal+/flk1+ cells were determined in uninjured mice before injection of

AMD3100 (125 ug in100 uL saline) and from 1-24 hours afterward. (D-F) PB levels of (D)

MNCs, (E) CXCR4+ MNCs, and (F) scal+/flk1+ cells were determined in mice before IR
injury and treatment with AMD3100 or saline and from 1-28 days afterward. MNC levels
were measured with a HemaVet hematology system, and the levels of CXCR4+ MNCs and
scal+/flk1+ cells were measured via FACS analyses of MNCs labeled with fluorescent
CXCR4 antibodies (CXCR4+ MNCs) or double-labeled with fluorescent Scal antibodies
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and FIK1 antibodies. (G) IR injury was surgically induced in WT mice that had been
transplanted with BM from mice with Tie2-regulated GFP expression. Mice were treated
with AMD3100 or saline after injury, and the number of GFP+ BM cells was determined 5
days later; scale bar=100 um. *Bonferroni-adjusted P<0.05 and **Bonferroni-adjusted
P<0.01 versus before injection/IR; SBonferroni-adjusted P<0.05, $8Bonferroni-adjusted
P<0.01 and **P<0.01 versus saline. Panels A-C: n=3, Panels D-F: n=3-5 per treatment
group at each time point, Panel G: n=8 per treatment group. SEM are too small to be visible
graphically for Panel A, Hour 1; Panel B, Hour 1 and Hour 24; Panel E, Before IR, Day 7
(saline), and Day 28; and Panel F, Day 7 (saline) and Day 28.
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Figure 3.

AMD3100 increases capillary density and the number of BM-derived endothelial cells in the
myocardium after IR injury. AMD3100 or saline was subcutaneously injected after IR injury
in WT mice that had been transplanted with BM from GFP-expressing mice. (A, B) BM-
derived (i.e., GFP-expressing) cells (green) were identified in the AAR and quantified on
day 1, day 3, and day 28 after injury; scale bar=100 um. (C-E) On day 28 after IR injury,
mice were perfused with BS1-lectin before sacrifice, and sections from the AAR were
stained with fluorescent anti-lectin antibodies. (C) BM-derived endothelial cells were
quantified as the number of cells positive for both GFP expression and lectin staining; scale
bar=100 um. (D) BM-derived cells (green, GFP fluorescence) and functional vascular
structures (red, lectin fluorescence) were identified in the AAR, and (E) capillary density
was quantified as the number of lectin+ vascular structures. *P<0.05 and **P<0.01 versus
saline. Panel B: n=3-6 per treatment group at each time point; Panels D, E: n=3-4 per
treatment group.
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AMD3100 increases BM eNOS expression and the number of eNOS-expressing BM-
derived cells in the AAR after IR injury. AMD3100 or saline was subcutaneously injected
after IR injury in (A-D) WT mice and (E-H) WT mice that had been transplanted with BM
from GFP-expressing mice. (A—C) BM was harvested from mice sacrificed before IR injury
and from 1-14 days afterward. (A) BM cells were labeled with fluorescent anti-eNOS
antibodies (red), and eNOS+ cells were quantified; scale bar=100 um. (B, C) BM plasma
levels of (B) MMP-9 and (C) sKitL protein were determined via ELISA. (D) PB levels of
nitrate and nitrite were determined via colorimetric assay before IR injury and 1-14 days
afterward. (E) eNOS (red) and GFP (green) expression was evaluated in sections from the
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AAR of mice sacrificed 3 days after IR injury; scale bar=20 um. Cells positive for the
expression of (F) eNOS, (G) GFP, or (H) both eNOS and GFP were quantified. #P<0.05
and #P<0.01 versus before injection; *P<0.05 and **P<0.01 versus saline. Panels A-D:
n=4-8 per treatment group at each time point; Panels F—=H: n=3-5 per treatment group.
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The benefit of AMD3100 treatment after IR injury is dependent on eNOS expression in the
bone marrow but not in the ischemic tissue. AMD3100 or saline was subcutaneously
injected after IR injury in eNOS-knockout mice that had been transplanted with BM from
WT mice (eNOS-KO/WTgy), in WT mice transplanted with BM from eNOS-KO mice
(WT/eNOS-KOgypy), and in WT mice transplanted with WT BM (WT/WTgyp). (A-C)
Echocardiographic assessments of LV fractional shortening (FS) were performed before IR
injury and 7-28 days afterward. (D-F) BM was harvested 3 days after IR injury. (D) BM
cells were labeled with fluorescent anti-eNOS antibodies, and positively stained cells were
quantified. (E, F) BM plasma levels of (E) MMP-9 and (F) sKitL protein were determined
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via ELISA. (G) Three days after IR injury, MNCs were isolated from the PB, labeled with
fluorescent anti-Scal and anti-FIk1 antibodies, and the number of MNCs positive for both
Scal and FIk1 expression were determined via FACS. (H) Sections from the AAR of mice
sacrificed on day 3 after IR injury were TUNEL stained, and apoptosis was quantified as the
number of positively stained cells. (1) Infarct size and AAR were assessed via in-vivo
microsphere perfusion and TTC staining in mice sacrificed on day 3 after IR injury; the ratio
of the area of the infarct to the AAR was presented as a percentage. (J) Fibrosis on day 28
after IR injury was assessed in Masson-trichrome—stained heart sections, quantified as the
ratio of the length of fibrosis to the LV circumference, and presented as a percentage. (K)
Capillary density was assessed in mice that had been perfused with BS1-lectin before
sacrifice on day 28 after IR injury and quantified as the number of lectin+ vascular
structures. (L) MNCs were harvested from the PB on day 1 (d1) and day 3 (d3) after IR
injury, labeled with fluorescent anti-CXCR4 antibodies, and the number of CXCR4+ MNCs
was determined via FACS. # Bonferroni-adjusted P<0.01 versus before

injection; SBonferroni-adjusted P<0.05, *P<0.05 and **P<0.01 versus saline; NS, not
significant. Panels A—C: n=4-8 per treatment group at each time point; Panel D: n=3-4 per
treatment group; Panel E: n=4-8 per treatment group; Panel F: n=5-9 per treatment group;
Panels G-J: n=3-6 per treatment group; Panel K: n=3 per treatment group; Panel L: n=3-6
per treatment group at each time point. SEM is too small to be visible graphically for Panel
C, Day 7 (saline)
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Figure6.

The expression of eNOS by circulating bone marrow progenitor cells (BMPCs) contributes
to myocardial recovery. (A) BMPCs from WT mice, BMPCs from eNOS-KO mice, or
saline were intravenously injected into WT mice 24 hours after IR injury. Echocardiographic
assessments of LV fractional shortening (FS) were performed before IR injury and 7-28
days afterward. (B-D) Dil-labeled WT BMPCs, Dil-labeled eNOS-KO BMPCs, or saline
was intravenously injected into WT mice 24 hours after IR injury and treatment with
subcutaneous injections of AMD3100 or saline; mice were sacrificed 2 days later (i.e., 3
days after IR injury). 3Bonferroni-adjusted P<0.05 versus saline; *P<0.05 and ##P<0.01
versus before injection. (B) Incorporation of the injected cells was evaluated by quantifying
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the number of Dil-positive cells in the AAR; scale bar=100 um. (C) Sections from the AAR
were TUNEL-stained (green), stained with fluorescent anti-alpha-sarcomeric actin
antibodies (red), and counterstained with DAPI (blue); scale bar=100 um. Apoptosis was
quantified as the number of TUNEL+ cells. (D) Infarct size and AAR were assessed via in-
vivo microsphere perfusion and TTC staining; viable tissue appears deep red and the
infarcted region is colorless. The ratio of the area of the infarct to the AAR was presented as
a percentage. *P<0.05 and **P<0.01; #P<0.05 and *P<0.01 versus the same intravenous
injection (i.e., saline, WT BMPCs, or eNOS-KO BMPCs) in animals treated with
subcutaneous injections of saline; NS, not significant. Panel A: n=4-5 per treatment group at
each time point; Panel B: n=3-5 per group; Panel C: n=3-7 per group; Panel D: n=4-7 per
group.
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