
Chronic AMD3100 Antagonism of SDF-1α-CXCR4 Exacerbates
Cardiac Dysfunction and Remodeling after Myocardial Infarction

Shujing Dai, PhD*, Fangping Yuan, MD*, Jingyao Mu, MD, Chengxin Li, MS, Ning Chen, MD,
Shangzhi Guo, MD, Justin Kingery, MS, Sumanth D. Prabhu, MD, Roberto Bolli, MD, and
Gregg Rokosh, PhD
Institute of Molecular Cardiology, University of Louisville, Louisville, Kentucky

Abstract
The role of the SDF-1α-CXCR4 axis in response to myocardial infarction is unknown. We
addressed it using the CXCR4 antagonist, AMD3100, to block SDF-1α interaction with CXCR4
after chronic coronary artery ligation. Chronic AMD3100 treatment decreased ejection fraction
and fractional shortening in mice 20 days after myocardial infarction compared with vehicle-
treated mice (echocardiography). Morphometric analysis showed hearts of AMD3100-treated
infarcted mice to have expanded scar, to be hypertrophic (confirmed by myocyte cross-section
area) and dilated, with increased LV end systolic and end diastolic dimensions, and to have
decreased scar collagen content; p-AKT levels were attenuated and this was accompanied by
increased apoptosis. Despite increased injury, c-kitpos cardiac progenitor cells (CPCs) were
increased in the risk region of AMD3100-treated infarcted mice; CPCs were CD34neg/CD45neg

with the majority undergoing symmetric cell division. c-kitpos/MHCpos CPCs also increased in the
risk region of the AMD3100-treated infarcted group. In this group, GSK-3β signaling was
attenuated compared to vehicle-treated, possibly accounting for increased proliferation and
increased cardiac committed MHCpos CPCs. Increased proliferation following AMD3100
treatment was supported by increased levels of cyclin D1, a consequence of increased prolyl
isomerase, Pin1, and decreased cyclin D1 phosphorylation. In summary, pharmacologic
antagonism of CXCR4 demonstrates that SDF-1α-CXCR4 signaling plays an important role
during and after myocardial infarction and that it exerts pleiotropic salubrious effects, protecting
the myocardium from apoptotic cell death, facilitating scar formation, restricting CPC
proliferation, and directing CPCs toward a cardiac fate.
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Introduction
The chemokine, stromal cell derived factor-1α (SDF-1α) and its receptor, CXCR4, play a
significant role in hematopoiesis, HIV infection, and the regulation of hematopoietic stem
and progenitor cells (HSPCs). SDF-1α levels are regulated by factors that include induction
with hypoxia[1] and inactivation by extracellular proteases such as CD26/
dipeptididylpeptdidase[2]. SDF-1α binding to CXCR4, a G-protein coupled receptor,
regulates downstream effectors through signaling via MAPKs, AKT, STAT3, lipid rafts, and
caveolin dependent mechanisms[3].

Few studies have focused on delineation of SDF-1α-CXCR4 signaling in the heart. We have
recently found both SDF-1α and CXCR4 to be expressed in the heart, both in myocytes and
non-myocyte cell populations, and to provide a protective effect from ischemia-reperfusion
injury through the activation of ERK and AKT with a concomitant decrease in apoptosis[4].
SDF-1α has also been shown to exert a negative inotropic response via its coupling to Gi[5].

A well established action of SDF-1α-CXCR4 signaling is to maintain HSPCs in the bone
marrow[6]. Maintenance of HSPCs in the bone marrow relies on the chemoattractant
properties of the SDF-1α-CXCR4 signaling axis. This action of SDF-1α has been a target for
therapeutic intervention after cardiac injury [7-10]. The rationale for the therapeutic use of
SDF-1α is focused on the potential to increase angiogenesis as well as the potential to
increase the recruitment of circulating stem cells and progenitors to the site of increased
SDF-1α, or the site of injury. These early studies demonstrated that overexpression or
preservation of SDF-1α was capable of improving LV function, decreasing the extent of
injury and increasing vascular density as well as the number hematopoietic
progenitors[7-11]. While it is clear that increased SDF-1α-CXCR4 signaling is beneficial,
the physiological role of SDF-1α-CXCR4 in the heart and in the response to injury is
unclear.

Clinically, SDF-1α-CXCR4 has been targeted for both the mobilization of HSPCs and the
prevention of HIV infection. Mobilization of HSPCs with GCSF for transplant has led to
benefits such as improved engraftment, decreased hospital stay, and improved survival.
GCSF-induced mobilization relies on inactivation of SDF-1α-CXCR4 decreasing the
homing signal originating in the bone marrow stroma [12]. However, these benefits come at
the cost of patient comfort[13] and with variation in effect due to genetic factors [14]. In
recent trials, the CXCR4 competitive antagonist, AMD3100 (Plerixafor), has been shown to
be effective in mobilizing HSPCs with and without GCSF in a shorter period of time with
less toxicity to the patient and cells[15]. AMD3100 has also been found to be effective in
blocking HIV entry via CXCR4[16].

Although SDF-1α-CXCR4 signaling has been extensively studied in many tissues, limited
information exists concerning its role in the heart. Targeted deletion of SDF-1α and CXCR4
results in embryonic lethality[6,17]. To determine the role that SDF-1α-CXCR4 plays in
response to chronic cardiac injury, we used AMD3100 to block SDF-1α-CXCR4 signaling
after coronary artery ligation. We present findings that demonstrate that SDF-1α-CXCR4
signaling is important in the response to myocardial infarction to limit the extent of injury
and preserve function. In addition we also find that blockade of SDF-1α-CXCR4 signaling
leads to expansion and arrested maturation of committed cardiac progenitors, demonstrating
a role for cardiac CXCR4 in regulating CPC proliferation and cardiac commitment.

Methods
Detailed methods are available online.
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Results
CXCR4 Blockade with AMD3100 exacerbates myocardial dysfunction after coronary artery
ligation

We have shown that SDF-1α-CXCR4 signaling in the heart promotes protection against
acute ischemia/reperfusion injury[4], but the role of SDF-1α-CXCR4 in the myocardial
response to chronic infarction is unknown. To elucidate this issue, the competitive
antagonist, AMD3100, was used to block SDF-1α-CXCR4 interaction and CXCR4
activation. AMD3100 was infused via subcutaneous osmotic minipumps. In the vehicle
infusion group, coronary occlusion did not affect body weight, EF, FS, or LV chamber
diameter or volume compared with sham surgery (Figure 1). The preservation of LV
function and morphology in the vehicle infusion group is consistent with the small infarct
sizes (Figure 2). Administration of AMD3100 did, however, lead to a significant decline in
LV function with decreases in both EF and FS (Figure 1A and B). The decline in LV
function was accompanied by a significant increase in LV chamber diameter and volumes
(Figures 1C-F and Supplemental Figures 3 and 4).

AMD3100 increases myocardial infarction and remodeling
The effect of AMD3100 on the extent of injury was assessed in Masson's trichrome stained
sections from vehicle- and AMD3100-treated hearts after sham surgery or ligation.
Morphometric analysis at sacrifice 20 days after coronary ligation demonstrated that
AMD3100 increased myocardial scar significantly after ligation (Figure 2A and 2B). The
risk region was similar in AMD3100- and vehicle-treated groups with infarction
(Supplemental Figure 3). The increase in injury was accompanied by a decrease in viable
myocardium within the risk region (Figure 2B). The LV chamber was significantly dilated,
confirming the increased chamber dimensions observed with echocardiography
(Supplemental 4 and 5). The LV dilation, LV hypertrophy and LV dysfunction in infarcted
hearts treated with AMD3100 are indicative of a progression towards heart failure,
demonstrating a protective role of the SDF-1α–CXCR4 axis in response to infarction. Hearts
from AMD3100-treated mice after ligation were also hypertrophic compared to vehicle-
treated infarcted mice (Figure 2C and Supplemental Figures 3 and 4). Increased LV mass
could be attributed to myocyte hypertrophy, because myocyte cross-sectional area was
significantly increased in AMD3100-treated infarcted mice in both the risk and remote areas
(Fig 2D and 2E). AMD3100 treatment had no effect on myocyte cross-sectional area in the
sham group (Figure 2D).

To examine the mechanisms by which AMD3100 blockade of CXCR4 signaling could
impair the response to injury leading to LV dilatation and dysfunction, capillary density,
apoptosis and collagen content were assessed. Compensated hypertrophy requires an
increase in capillary density to provide adequate blood supply for increased myocardial
demands. Uncompensated hypertrophy and dysfunction have been attributed to failure of
capillary density to increase with myocardial hypertrophy through angiogenesis[18]. Cardiac
sections were stained with the endothelial marker isolectin B4 (FITC-conjugated) and
capillary density determined in risk and remote regions (Figure 3A and B). In the sham
surgery group, AMD3100 treatment led to a small decrease in capillary density compared to
vehicle-treated. In the coronary ligation group, AMD3100 treatment resulted in a significant
decline in capillary density in the risk area and a small decline in the remote area. Capillary
density in the vehicle-treated ligation group was unchanged compared with vehicle-treated/
sham mice. Picrosirius red staining showed that AMD-treated infarcted hearts had less
collagen in the scar than Veh-treated hearts (Supplemental Figure 6). This decrease in
collagen content may contribute to dilation of AMD3100-treated hearts after infarction.

Dai et al. Page 3

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Heart failure is associated with an increase in apoptotic cell death that contributes to
myocyte loss and decreased functional capacity[19]. AMD3100 treatment slightly increased
the prevalence of apoptosis (assessed by TUNEL staining) in the sham surgery group.
Although coronary ligation increased apoptosis in the LV of both vehicle- and AMD3100-
treated groups, apoptosis in AMD3100-treated infarcted hearts was significantly more
prevalent than in vehicle-treated infarcted hearts (Figure 4A,B, and C).

Activation of tissue committed c-kitpos CPCs
SDF-1α-CXCR4 signaling plays an important role in stem cell homing and maintenance in
the hematopoietic system[6] and has been exploited to increase homing of stem and
progenitor cells to the heart after injury[7-8]. To determine whether antagonism of the
SDF-1α-CXCR4 interaction after infarction would antagonize the homing and engraftment
of stem and progenitor cells to the site of injury and their contribution to repair, and thus
account for the observed functional decline, the number of c-kitpos CPCs was counted in risk
and remote regions. In vehicle-treated hearts, low numbers of c-kit pos CPCs were identified
in the LV and this number increased significantly after coronary ligation (Figure 5A).
Surprisingly, in AMD3100-treated hearts, c-kit pos CPCs in the risk region were
significantly higher than in the vehicle-treated ligation group (Figure 5A). Although CPC
numbers were increased in the remote area, they were not significantly different between
AMD3100-treated and vehicle-treated infarcted mice.

To ascertain whether the increased number of c-kit pos CPCs in the risk region of
AMD3100-treated hearts were derived from the periphery as a consequence of increased
mobilization and were of hematopoietic or endothelial progenitor cell (EPC) origin, c-kitpos

CPCs were also stained for myeloid, lymphoid, endothelial, and hematopoietic markers,
CD34 and CD45. Very few of the c-kitpos CPCs in the risk region expressed either CD34 or
CD45 (Figure 5B and C). After coronary ligation and AMD3100 treatment CD34pos cells in
the LV were not elevated and CD45pos cells were only slightly, nonsignificantly increased
(Figure 5B and C). Levels of CD34pos or CD45pos cells were not affected in the remote
region (Supplemental Figure 7). These results suggest that the increase in c-kitpos CPCs in
hearts of AMD3100-treated mice after ligation originated from resident cardiac progenitors
(c-kitpos CPCs).

If this is the case, increased proliferation would be a mechanism that could account for this
increase in CPC number. The proliferative state of c-kitpos CPCs was assessed by
immunofluorescent staining forKi67 and phosphohistone H3 as well as c-kit. c-kitpos CPCs
expressing the cell cycle/mitosis marker, Ki67, were increased in the risk region of
AMD3100-treated hearts after ligation compared with vehicle-treated hearts (Figure 6A and
C). The increase in proliferating c-kitpos CPCs was verified with the mitosis marker,
phosphohistone H3. CPCs co-expressing phosphohistone H3 and c-kitpos were also
increased in AMD3100-treated hearts after ligation (Figure 6B and D). In all groups, levels
of proliferating c-kitpos CPCs in remote regions were similarly low. Thus the increase in c-
kitpos CPCs was due, in part, to increased proliferation of tissue resident c-kitpos CPCs in the
risk region after ligation.

AMD3100 attenuates AKT and GSK-3β signaling after infarction
Previously we had shown that SDF-1α-CXCR4 interact to activate the pro-survival signaling
pathways, AKT and ERK, in myocytes[4]. To assess this, mice were treated with AMD3100
or vehicle 24 h prior to ligation or sham surgery and hearts harvested 48 h after sham or
coronary ligation surgery for analysis of activated signaling kinases. In the vehicle-treated
group, ligation had little effect on AKT or GSK-3β 9Ser phosphorylation (Figure 7A, 7B
and 7C). However, p-AKT levels were significantly decreased as a consequence of
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AMD3100 treatment (Figure 7A and B). The decline in p-AKT was a consequence of
decreased AKT levels that were evident in both sham and infarcted groups with AMD3100
treatment (Supplemental Fig 8). AKT has multiple downstream targets that affect cell
survival and proliferation. To validate the finding that AMD3100 decreased total and
activated AKT and to determine the downstream consequences of decreased levels of p-
AKT, we evaluated activation of the downstream target of AKT, GSK-3β. GSK-3 β activity
is reciprocally regulated by phosphorylation at serine9 (S9, inhibited) and tyrosine216
(Y216, activated) residues[20-21]. GSK-3β S9 phosphorylation was unchanged with ligation
or AMD3100 treatment although there was a slight increase in levels in sham and infarcted
AMD3100-treated groups (Figure 7A and D). Conversely, GSK-3β Y216 phosphorylation
levels decreased with AMD3100 treatment in sham and significantly decreased in the
infarcted group (Figure 7A and C). The decrease in Y216 phosphorylation and the slight
increase in S9 phosphorylation would result in a net decrease in GSK-3 β activity.

AMD3100 increases cyclin D1 levels
The finding that c-kitpos CPCs have increased mitotic activity with AMD3100 treatment
after ligation suggests that AMD3100 antagonism of CXCR4 would affect regulation of cell
cycle. Cyclin D1 is a key regulator of G1/S phase transition and is a downstream target of
GSK-3β[22-23]. Cyclin D1 phosphorylation increases association with CRM1 resulting in
export of the complex from the nucleus, effectively attenuating cell division[23]. Because
decreased levels of GSK-3β Y216 and increased levels of GSK-3β S9 in the infarcted
AMD3100-treated group would be expected to decrease overall GSK-3β activity, phospho-
cyclin D1 levels would be expected to be decreased; thus, we assessed cyclin D1
phosphorylation at Thr286. Coronary ligation increased levels of cyclin D1, with levels in
AMD3100-treated hearts increased significantly compared with sham AMD3100-treated
hearts (Figure 7A and E). In contrast, levels of p-cyclin D1 were significantly decreased in
AMD3100-treated hearts after ligation compared with vehicle-treated infarcted hearts
(Figure 7A and F). This is consistent with decreased GSK-3β activity. Increased cyclin D1
and decreased cyclin D1 phosphorylation contribute to increasing cell proliferation by
advancing cells through the G1/S transition. Regulation of cyclin D1 may also occur via
increased stabilization by the prolyl isomerase, Pin1[24]. Pin1 levels were significantly
attenuated in infarcted vehicle-treated mice (Figure 7A and G). In contrast, AMD3100
treatment increased Pin1 expression in both sham and infarcted hearts. These observations
provide a basis for the increase in cyclin D1 dependent proliferation of c-kitpos/CD34neg/
CD45neg CPCs in the risk region of AMD3100-treated hearts after ligation and demonstrate
that CXCR4 exerts its antiproliferative effect on cell cycle via multiple mechanisms.

AMD3100 increases cardiac committed c-kitpos CPCs
The increase in c-kitpos CPCs in AMD3100-treated hearts after ligation in the context of
increased cardiac dysfunction and injury suggests that these progenitors are unable, or have
limited capacity, to contribute any beneficial response to injury. Stem and progenitor cells
have been shown to contribute to the myocardial response to injury,[25-26] specifically
regenerating new myocytes in areas bordering myocardial infarction. Recent studies
describing the role of GSK-3β in cardiomyocyte differentiation in the heart and in
mesenchymal stem cells would suggest that attenuated GSK-3β signaling during AMD3100
treatment may also lead to an attenuated capacity of CPCs to commit to relevant
cardiovascular lineages that contribute to repair of the injured myocardium[27-28]. In
response to injury the CPC population would be expected to rapidly expand to maintain
myocardial function. Such expansion would be expected to occur via asymmetric division,
generating one committed daughter cell while the other maintains the capacity for self-
renewal[29-30], as opposed to symmetric division, where both progeny would maintain the
capacity for self renewal. To assess whether the proportion of symmetric vs asymmetric
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division played a role in this expansion, we determined the expression of the segregating
determinants Numb and α-adaptin and their localization in c-kitpos CPCs (Figure 8).
Although a relative paucity of these cells was observed, two observations were clear. First,
the number of c-kitpos CPCs expressing either Numb or α-adaptin in the risk region of
AMD3100-treated hearts was significantly increased compared with vehicle-treated hearts
after ligation (Figure 8A-D), corresponding with increased proliferation. c-kitpos/Numbpos

and c-kitpos/α-adaptin pos CPCs were not increased in remote areas in vehicle- or
AMD3100-treated groups after ligation. Second, assessment of symmetric and asymmetric
localization of Numb and α-adaptin in c-kitpos CPCs demonstrated that an increased number
of c-kitpos cells in the risk region in AMD3100-treated mice with ligation underwent
predominantly symmetric division (66% c-kitpos/Numbpos, 82% c-kitpos/α-adaptin pos). The
fact that the preponderance of c-kitpos CPCs undergo symmetric division suggests that these
CPCs maintain their capacity to self-renew, thereby limiting the production of cells
committed to lineages that will participate in repair of injured myocardium.

To investigate whether c-kitpos CPCs maintained pluripotency or committed to a myogenic
lineage, these cells were counterstained for MHC, and c-kitpos/MHCpos CPCs counted
(Figure 8E and 8F). Low levels of c-kitpos/MHCpos CPCs were identified in the remote areas
of vehicle- and AMD3100-treated hearts with sham surgery. In the risk region of
AMD3100-treated hearts after infarction, c-kitpos/MHCpos CPCs were strikingly increased
compared with vehicle-treated hearts (Figure 8E). CPCs expressing MHC appeared
phenotypically similar to the progenitors that did not. When expressed as a fraction of total
c-kitpos CPCs, CPCs expressing MHC were much higher in AMD3100-treated infarcted
hearts (34% vs. 7% in vehicle-treated infarcted). Within the AMD3100-treated group, the
uncommitted c-kitpos/MHCneg fraction was predominant (66%) and is consistent with the
number of uncommitted CPCs predicted by Numb and α-adaptin symmetric localization
(66-82%).

Discussion
SDF-1α-CXCR4 signaling is important for survival and protection from acute ischemia-
reperfusion injury in the myocardium[4] and for stem and progenitor cell homing and
survival[31].However, the role of SDF-1α-CXCR4 signaling in the response to chronic
myocardial infarction is unknown. Using the CXCR4 antagonist, AMD3100, to block
SDF-1α binding and activation of CXCR4 before and after coronary artery ligation, we
found that myocardial injury was exacerbated, leading to LV dysfunction and dilatation,
implying progression to heart failure. Dysfunction and dilatation were accompanied by LV
hypertrophy, increased myocyte cross-sectional area, decreased collagen content, decreased
capillary density, increased apoptosis and attenuated AKT and GSK-3β signaling, all of
which indicate that SDF-1α-CXCR4 signaling is important in the myocardial response to
infarction. However, contrary to our initial hypothesis that blockade of SDF-1α-CXCR4
signaling would prevent homing of peripheral or resident stem/progenitor cells to the injured
myocardium and limit stem/progenitor based regeneration after injury, we found,
surprisingly, increased numbers of c-kitpos CPCs in the risk region. This c-kitpos CPC
population was CD34neg/CD45neg and likely derived from resident progenitors. The
expansion of this c-kitpos CPC population can be attributed to increased proliferation, as
suggested by increased cyclin D1 levels. Increased numbers of c-kitpos/MHCpos CPCs may
suggest that myocardial commitment or differentiation is impaired. Taken together, these
observations indicate that SDF-1α-CXCR4 signaling is important for the myocardial
response to infarction and that it participates in this response by increasing survival and
commitment or differentiation of CPCs.
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We and others have previously reported that SDF-1α interaction with and activation of
CXCR4 is important for survival signaling of the myocardium to prevent acute injury during
ischemia reperfusion[4,32]. The results of this investigation support these previous studies
and extend them to a chronic infarction model. The attenuated pro-survival response to
injury is supported by increased apoptosis, attenuated AKT and GSK-3β levels and
activation, decreased capillary density, and increased hypertrophy in the AMD3100-treated
mice 20 days after ligation. These changes in response to injury in the presence of
AMD3100 are hallmarks of cardiac dysfunction and are indicative of progression to heart
failure. Although attenuated GSK-3β activity is typically associated with myocardial
protection in acute injury[33], attenuation of GSK-3β activity has been associated with LV
dysfunction and increased apoptosis in response to chronic stress with pressure
overload[34]. Further, the relevance of GSK-3β in cardioprotection may be limited to
rodents as recent studies have demonstrated a role for GSK-3β regulation is absent in large
animals[35]. Thus chronic attenuation of GSK-3β is consistent with dysfunction and
increased apoptosis observed with AMD3100 treatment after infarction. The decrease in
cardiac function associated with greater hypertrophy, LV chamber dilation and decreased
wall thickness further support the progression of AMD3100-treated infarcted hearts towards
failure.

The worsened function and remodeling observed here with chronic AMD3100 infusion prior
to and during the injury and recovery phase contrast with the beneficial effect of daily
AMD3100 administration initiated after MI. Daily administration of AMD3100 after MI in
the study by Proulx et al. resulted in decreased infarct size and improved function [36]
Although data are lacking to define the mechanism of such action, one might speculate the
intermittent dosing facilitates increased mobilization of progenitors from the periphery.
Mobilization is then followed by a permissive phase as levels of AMD31100 decline. This
would include increased homing and engraftment of mobilized cells to the site of injury and
the benefits of survival signaling.

Although mobilization protocols that use GCSF, Flt-3 ligand, and SCF to increase levels of
circulating progenitors have been found to increase viable myocardium and vascular density
and decrease remodeling while improving function[37], our results suggest that intrinsic
cardiac SDF-1α-CXCR4 signaling is necessary for CPC function to repair myocardium in
addition to limiting myocardial apoptotic cell death and remodeling. As AMD3100 was able
to mobilize from the periphery, demonstrated by increased peripheral WBCs 20 days after
ligation, the increase in c-kitpos CPCs that were CD34neg and CD45neg was somewhat
surprising in view of the role that SDF-1α has been shown to play in homing. The increase
in c-kitpos CPCs in the AMD3100-treated hearts after ligation thus appears to be a
consequence of an increase in proliferation of CPCs, a decrease in their commitment or
differentiation, or both. Others have also found that c-kitpos CPCs are predominantly
negative for CD34 and CD45 [10,25,38]. Targeted deletion of CXCR4 in adult primitive
hematopoietic cells resulted in increased proliferation and expansion of bone marrow
hematopoietic progenitors[39]. CXCR4 has also been shown to drive expression of cardiac–
specific genes in adherent bone marrow derived cells[40]. This may be a direct consequence
of CXCR4 dependent GSK-3β modulation, since GSK-3β directly regulates cardiac
commitment via a Wnt/β-catenin dependent pathway[27]. Another possibility that cannot be
excluded is that circulating c-kitpos progenitors may lose CD34 and CD45 expression after
engraftment within the 20 day period post-ligation.

Our data demonstrating the predominance of symmetric division of Numbpos and α-
adaptin pos c-kitpos CPCs suggest that the proliferation of c-kitpos CPCs favors the
maintenance of the self-renewal and uncommitted properties of these cells. This preference
towards self-renewal occurs at the expense of limiting the number of CPCs that commit and
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contribute to regeneration/repair of the injured myocardium, and thus effectively contributes
to the observed increase in the numbers of progenitors. This finding resembles the action of
attenuated GSK-3β, which is known to bias cell fate toward self renewal in the heart[28] and
in MSCs[27]. The predominance of c-kitpos/MHCneg CPCs supports the observed
predominance of symmetric division. The increased numbers of c-kitpos CPCs in the
AMD3100-treated group after ligation supports a paradigm in which CXCR4 plays a dual
role in the regulation of CPCs in response to injury, restricting proliferation and facilitating
commitment.

The changes in signaling that occur with AMD3100 blockade of CXCR4 signaling during
and after myocardial infarction converge to establish an environment that favors
proliferation as demonstrated by the increased numbers of c-kitpos CPCs that were still
proliferating 20 days after ligation (Ki67pos and phosphohistone H3pos). The attenuation in
AKT combined with that of GSK-3β Y216 initiates events that establish convergent actions
on cell cycle. AKT is known to regulate GSK-3β and other regulators of cell cycle such as
p27Kip[41], Myt1[42], Wee1[43] and p21Cip[44]. The decrease in GSK-3β Y216
phosphorylation with slightly elevated S9 phosphorylation would result in decreased
GSK-3β activity. With cyclin D1 being a downstream target, the decrease in GSK-3β
activity results in decreased phospho-cyclin D1 (Figure 7D). Cyclin D1 phosphorylation
triggers its export from the nucleus, ubiquitinization, and proteosomal degradation[22-23].
Thus decreased GSK-3β-dependent phosphorylation of cyclin D1 will facilitate increased
nuclear cyclin D1 levels and cell cycle progression which was observed in the AMD3100
treated infarcted hearts. Increased levels of Pin1 also supports increased levels of cyclin D1
through its stabilization[24]. Although cyclin D1 was markedly increased in vehicle-treated
infarcted mice, the actions of decreased GSK-3β activity and increased Pin1 in AMD3100-
treated mice would serve to facilitate increased proliferation by increasing nuclear cyclin
D1.

Conclusions
These studies present novel findings that demonstrate SDF-1α-CXCR4 signaling is a
necessary component of the natural myocardial response to injury; we show that blockade of
this axis leads to a marked increase in extent of myocardial damage after coronary
occlusion. The role that CXCR4 plays in response to injury can be attributed to pleiotropic
actions, which include effects on survival, remodeling, proliferation and differentiation/
commitment. These results suggest that SDF-1α-CXCR4 elicits effects that serve to preserve
existing myocardium and facilitate replacement of lost myocardium through cardiac
commitment of resident c-kitpos CPCs. These findings provide a strong rationale for further
studies aimed at delineating the mechanisms that underlie the role of SDF-1α-CXCR4 in
myocardial injury.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
AMD3100 attenuates cardiac function and accentuates myocardial injury after coronary
artery occlusion. Mice were treated chronically with AMD3100 by osmotic minipump
(ALZA). Minipumps implanted 24 h prior to coronary occlusion delivered AMD3100 or
vehicle for 21 days. Mice underwent coronary artery ligation or sham surgery 24 h after
implantation of minipumps. LV function, ejection fraction (EF, A) and fractional shortening
(FS, B), and LV morphometry, left ventricular inner dimension systolic (LVIDS, C) and
diastolic (LVIDD, D),end systolic volume (ESV, E),end diastolic volume (EDV, F) were
assessed 20 days after surgery in vivo by echocardiography in Sham Vehicle (n=8), Sham
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AMD (n=8), Ligated vehicle (n=8), and Ligated AMD (n=10) treated mice. Values are mean
± SEM *P<0.05 vs Vehicle Ligation.
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Figure 2.
AMD3100 treatment increases myocardial injury and accentuates LV hypertrophy after
infarction. Scar and viable myocardium in the risk region were determined in Masson's
trichrome stained LV sections 20 days after surgery. Myocyte cross-sectional area was
determined in sections stained with FITC-conjugated wheat germ agglutinin (WGA). (A)
Representative Masson's trichrome stained heart short axis sections. (B) Scar as percent of
LV was increased in AMD3100- treated hearts after ligation as viable myocardium in the
risk region was decreased(n=8-13). (C) Heart weight (HW/BW) was significantly increased
in AMD3100-treated mice after ligation (final body weights: Veh Sham, 31.6± 0.8 g; AMD
Sham, 30.8± 0.6g: Veh Lig, 30.6±0.8g; AMD Lig, 31.5±0.7g.) (D) Myocyte cross-sectional
area in FITC-labeled WGA stained sections was significantly increased in both risk and
remote regions in AMD3100-treated hearts after ligation (n=6-8). (E) Representative FITC-
labeled WGA stained cross-sections. Values are mean ± SEM. *P<0.05, **P<0.005 vs
Vehicle Ligation; † P<0.05 vs Vehicle Sham.
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Figure 3.
AMD3100 treatment decreases capillary density in infarcted mice. Capillaries in risk and
remote regions of the LV were labeled with FITC-conjugated isolectin B4 and counted. (A)
Representative fluorescent confocal images of FITC-isolectin stained cross sections from
vehicle- and AMD3100-treated mice after ligation or sham surgery. All images have the
same scale. (B) Quantitative analysis of capillary density demonstrating a decrease in
capillary density in AMD3100-treated mice after coronary ligation. Values are mean ± SEM
(n=6). **P<0.001 vs Vehicle Ligation; †P<0.01 vs AMD Sham
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Figure 4.
Apoptotic cell death is increased in AMD3100-treated mice after infarction. Apoptotic cell
death was assessed in Vehicle- and AMD3100- treated hearts after ligation and sham
surgery by TUNEL staining. (A) Representative fluorescent confocal images of TUNEL
stained apoptotic nuclei from vehicle- and AMD3100-treated mice after ligation or sham
surgery. (B) TUNEL staining and apoptotic cell death is increased in the LV of AMD3100-
treated hearts after ligation. (C) Apoptotic cell death was predominant in the risk region of
AMD treated hearts after ligation. Arrows denote apoptotic nuclei. Values are mean ± SEM
(n=6-8). *P<0.05 vs Vehicle Ligation.
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Figure 5.
c-kitpos/CD34neg/CD45neg CPC numbers are increased in AMD3100-treated mice after
ligation. CPCs were identified by staining for c-kit. Lineage of c-kitpos CPCs was
determined by counterstaining and colocalization with lymphoid, endothelial, and myeloid
markers CD34 or CD45. (A) AMD3100-treatment increased c-kitpos CPCs in the risk area of
the LV after ligation.(B) CD34pos and CD45pos cells were present in the risk area but did not
colocalize with c-kitpos CPCs. (C) Representative confocal images of c-kitpos, CD34pos and
CD45pos cells in the risk area of AMD3100-treated ligated mice. Values are mean ± SEM
(n=6). *P<0.05 vs Vehicle Ligation.
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Figure 6.
AMD3100 treatment increases proliferating c-kitpos CPCs in the risk area after ligation. To
determine whether the increased number of c-kitpos CPCs in the LV of mice treated with
AMD3100 after ligation was a consequence of increased proliferation, the number of c-
kitpos CPCs that had entered the cell cycle 20 days after ligation was determined by
immunofluorescent detection of the proliferation marker, Ki67, and the mitosis marker,
phosphohistone H3. (A) c-kitpos/Ki67pos CPCs are increased in the risk area in AMD treated
mice after ligation. (B) c-kitpos/phosphohistone H3pos CPCs are increased in the risk area of
AMD treated mice after ligation. (C and D) Representative confocal images of proliferating
c-kitpos CPCs expressing Ki67 or phosphohistone H3. Values are mean ± SEM (n=6).
*P<0.05 vs Vehicle Ligation; § P<0.05 vs Vehicle Sham; †P<0.05 vs AMD Sham.
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Figure 7.
AMD3100 blockade of SDF-1α-CXCR4 signaling attenuates survival signaling while
increasing proliferative signaling. (A) The effect of AMD blockade on CXCR4 signaling
was assessed by Western analysis in mice treated with Vehicle or AMD with ligation or
sham surgery 48 hr after surgery. Summarized data of normalized Western analysis is as
follows: (B) p-AKT levels are attenuated in AMD3100-treated infarcted hearts. (C) GSK-3β
pY216 is attenuated in AMD3100-treated infarcted hearts. (D) GSK-3β pS9 is
insignificantly increased in AMD3100-treated hearts. (E) Cyclin D1 is significantly
increased in AMD3100-treated infarcted hearts. (F) p-Cyclin D1 levels are decreased in
AMD3100-treated infarcted mice. (G) Pin1 levels are increased in AMD3100-treated
infarcted mice. Values are mean ± SEM (n = 4). *P<0.05 vs Vehicle Ligation; †P<0.05 vs
AMD Sham.
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Figure 8.
c-kitpos CPCs divide predominantly by symmetric mitotic division in AMD3100-treated
hearts after ligation. The balance between self-renewal and commitment during cell division
of the c-kitpos CPC pool was assessed by determining whether cell division was symmetric,
indicative of self-renewal, or non-symmetric, indicative of the generation of a committed
cell based on the polarized expression of Numb and α-adaptin. Myocardial commitment was
assessed in c-kitpos CPCs by counterstaining for sarcomeric MHC and CPCs expressing both
counted in risk and remote areas. Symmetric localization of Numb (A) and α-adaptin (B) in
c-kitpos CPCs in AMD3100-treated hearts after ligation is increased in the risk area. (C and
D) Representative confocal images of c-kitpos CPCs displaying symmetric (arrows) and
asymmetric (arrow head) localization of Numb and α-adaptin. (E) Myocardial committed
CPCs, c-kitpos/MHCpos are significantly elevated in AMD3100-treated infarcted hearts. (F)
Representative confocal images of c-kitpos/MHCpos CPC (arrow). Values are mean ± SEM
(n =6). *P<0.05 vs Vehicle; †P<0.05 vs Asymmetric.
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