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Abstract

Bone marrow derived endothelial progenitor cells (EPCs) are known to play an important role in
neovascularization and wound healing. We investigated the temporal effects of cutaneous
wounding on EPC surface markers within the peripheral blood (PB) and bone marrow (BM), and
better understand the role of the SDF-1a/CXCR4 axis on EPC mobilization after wounding. FVB/
NJ mice were administered bilateral 8mm circular full thickness skin wounds. PB and BM were
isolated at daily intervals post wounding through day 7 for EPC mobilization characteristics and
levels of SDF-1a. Cutaneous wounding was found to cause a transient increase in EPC
mobilization that peaked on day 3. In contrast, SDF-1a protein within blood plasma was observed
to significantly decrease on days 3, 4, and 7 following cutaneous wounding. BM levels of SDF-1a
protein decreased to a nadir on day 3, the same day as peak mobilization was observed to occur.
The decrease in BM SDF-1a. protein levels was also associated with a decrease in SDF-1a MRNA
suggesting transcriptional down regulation as a contributing factor. This study for the first time
characterizes EPC mobilization following cutaneous wounding in mice and supports a major role
for the SDF-10/CXCR4 axis in regulating mobilization within the BM, without evidence for
systemic increases in SDF-1a.
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Introduction

Optimal wound healing is dependent on neovascularization, or the formation of new blood
vessels, at the site of injury. New blood vessels supply the ischemic tissue with adequate
amounts of oxygen and nutrients to allow for cell proliferation and eventual wound closure.
It is now well described that the bone marrow (BM) plays an important role in this
process1™5. Following injury, locally ischemic tissue is known to produce a plethora of
growth factors and cytokines that will recruit bone marrow derived stem cells to assist in
neovascularization and tissue repair4:6. A subset of these bone marrow derived stem cells
known as endothelial progenitor cells (EPCs) retain an increased degree of tissue plasticity,
which allows for de novo contribution to the neovasculature by differentiating into
endothelial cells, a process termed vasculogenesis7. EPCs have been shown to improve
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neovascularization in multiple injury models including woundhealing2:3:779 and may also
facilitate neovascularization through secretion of various growth factors and cytokines2:10.

Before being recruited to sites of ischemia, EPCs within the bone marrow must first
transition from a state of quiescence into an activated state where they migrate out of the
stem cell niche and into peripheral blood (PB), a process called mobilization. Much effort
has been focused on understanding this complex process, with multiple interactions and
signaling pathways being identified11. One critical interaction in mobilization and homing
of EPCs is between the G-protein-coupled receptor CXCR4 and its ligand, stromal cell-
derived factor-1 alpha (SDF-1a, also known as CXCL12a)12. The CXCR4 receptor is
highly expressed by endothelial cells and hematopoietic progenitor cells considered to
include EPCs13:14, while SDF-1a. is expressed within the BM, largely by stromal cells15. It
is thought that SDF-1a secreted by the BM stromal cells has a retentive action on EPCs.
This idea is supported by data in which administration of AMD3100, a bicyclam CXCR4
antagonist results in a rapid mobilization of stem cells from the BM16. Additionally, stem
cell mobilizing agents such as granulocyte colony-stimulating factor (GCSF) cause an up-
regulation of cell surface CXCR4 expression while decreasing BM SDF-1a levelsl7.

The contribution of EPCs to the neovasculature and wound healing has been well
documented; however, the characteristics of EPC mobilization in these models have not
been investigated. Additionally, studies focused on the SDF-10/CXCR4 signaling in EPC
mobilization have been largely performed using pharmacologic mobilizing agents with
limited investigation in wounding models. The purpose of this study was to investigate the
temporal effects of cutaneous wounding on EPC mobilization and better understand the role
of the SDF-10/CXCR4 interaction in this process.

Because no single cell-surface marker has been identified to accurately label EPCs, a
combination of commonly used markers are used to enrich for EPC cell populations. Here
we utilized two established marker combinations, CD133+/FIk-1+18-19 and Sca-1+/c-Kit
+20722, to identify populations enriched for EPCs. Additionally, we followed cells
expressing the CXCR4 receptor, which is known to be expressed by EPCs, to help clarify
the role of the CXCR4/SDF-1a axis during EPC mobilization.

Materials and Methods

Animal model

All experiments were approved by the Cincinnati Children’s Hospital Institutional Animal
Care and Use Committee (IACUC). 8-10 week-old female F\VB/NJ mice (Jackson
Laboratory, Bar Harbor, ME; Stock Number, 001800) were anesthetized using isoflurane
and then shaved with an electric shaver so as to avoid injury (Oster, McMinnville, TN).
Shaved mice were cleaned with both betadine® surgical scrub (Purdue Products L.P.,
Stamford, CT) and isopropyl alcohol (Vedco, Inc., Saint Joseph, MO) prior to creating 8mm
diameter, full thickness, circular wounds on bilateral flanks of each mouse. The skin wounds
were then covered with a sterile transparent dressing (Tegaderm; 3M Healthcare, St. Paul,
MN) before the mice were housed individually for recovery. Non-wounded but anesthetized,
shaved, and bandaged mice were also utilized for comparison.

Tissue harvest

At the conclusion of the time course, mice were anesthetized using isofluorane and PB was
collected from the retro-orbital space into EDTA coated tubes (BD, San Jose, CA).
Following sacrifice by cervical dislocation, bilateral femurs were harvested into ice cold
PBS. One femur was flushed with 3mL ice-cold PBS using a 21-gauge needle for flow
cytometric analysis and RNA isolation, while the other was flushed with 40uL of ice-cold
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PBS containing 1% lgepal, 8L protease inhibitor cocktail, 20mM NaF, and 1mM NazVOy,
(all from Sigma-Aldrich Co., St Louis, MO) for protein isolation. Femurs from one mouse
per group were harvested into 10% neutral buffered formalin at room temperature (RT) for
24 hours for immunohistochemistry. Whole blood was centrifuged to collect plasma for
SDF-1a quantitation. All samples were then stored at —80°C until use.

Flow cytometry

Immunostaining and flow cytometry analyses were performed according to standard
procedures, and all cells were analyzed on a FACSCanto Il flow cytometer (BD
Biosciences). To label EPCs in PB and BM, cells were stained using anti-CXCR4
(biotinylated, clone 2B11, BD Bioscienes), anti-Sca-1 (PE-Cy7 conjugated, clone D7), anti-
c-Kit (APC-AF750 conjugated, clone 2B8), anti-CD133 (PE conjugated, clone 13A4), and
anti-FIk-1 (APC conjugated, clone Avas12A1) monoclonal antibodies followed by
streptavidin FITC (all from eBioscience, San Diego, CA). For live/dead discrimination, cells
were resuspended in medium containing 7-AAD (eBioscience) prior to analysis. Each data
point included at least 100,000 events. Flow data were then analyzed using FlowJo software
(Tree Star Inc., Ashland, OR)

Real time reverse transcription-PCR

Total RNA was isolated from bone marrow using the RNeasy mini kit (Qiagen
Inc.,Valencia, CA) per manufacturer’s recommendations. Following cDNA conversion,
SDF-1a expression was analyzed using an Applied Biosystems 7300 Real-Time PCR
System (Applied Biosystems, Foster City, CA) with forward primer 5’-GGT TCT TCG
AGA GCC ACA TCG-3’ and reverse primer 5’-ACG GAT GTC AGC CTT CCT CG-3'.
SDF-1a expression was normalized to beta-2-microglobulin using the forward primer 5’-
GGCCTGTATGCTATCCAGAA-3’ and reverse primer 5’-
GAAAGACCAGTCCTTGCTGA-3’. Real time PCR data were analyzed using the 27AAC;
method23.

Enzyme-linked immunosorbent assay (ELISA)

SDF-1a protein levels were determined within BM and plasma samples using the mouse
SDF-1 alpha Quantikine ELISA Kit (R&D Systems, Minneapolis, MN) per manufacturer’s
instructions. BM samples were then normalized to total protein, calculated using the Bio-
Rad Protein Assay (Bio-Rad laboratories, Hercules, CA).

Immunohistochemistry (IHC)

Femurs were removed from 10% formalin after 24 hours, washed briefly in deionized (DI)
water and decalcified in immunocal™ solution (Decal Chemical Corporation, Tallman, NY)
for 3 days at RT. Femurs were rinsed in DI water, dehydrated through a series of alcohols
and cleared with 3 changes of xylenes. Femurs were soaked in three changes of infiltrating
paraffin wax, allowed to cool and embedded in paraffin blocks for sectioning. Five micron
sections were placed onto SuperFrost Plus slides (Fisher, Pittsburgh, PA) and allowed to dry
overnight. Sections were deparaffinized, and rehydrated in graded alcohols. Sections were
blocked with 3% hydrogen peroxide in water for 10 minutes followed by a 10 minute Avidin
and Biotin block (Dako Inc, Carpinteria, CA). A Protein Block solution (Dako Inc,
Carpinteria, CA) was then placed on the sections for 15 minutes at RT. Sections were
incubated with rabbit anti-mouse SDF-1a. (1:500) (Abcam Inc., Cambridge, MA) for 30
minutes at RT, rinsed in 1X Wash Buffer (Dako Inc, Carpinteria, CA) and incubated with
biotinylated goat anti-rabbit (1:200) (Vector Labs, Burlingame, CA) for 30 minutes at RT.
After rinsing, tissues were incubated with Elite ABC reagent (\VVector Labs, Burlingame,
CA) for 30 min at RT. Slides were rinsed and incubated in DAB reagent (Dako Inc.,
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Carpinteria, CA) for 5 min at RT. Sections were counterstained using hematoxylin,
dehydrated, cleared, mounted using permount (Fisher, Pittsburgh, PA) and coverslipped.

Statistical analysis

Results

The flow data were analyzed using the nonparametric Kruskal-Wallis test followed by
Wilcoxon rank sum tests for pairwise comparisons. The remaining comparisons were
performed using one-way ANOVA followed by Tukey post hoc means comparison test. All
of the statistical analyses were carried out using SPSS for Windows (SPSS Inc., Chicago,
IL). The data are expressed as the mean + S.E.M. Differences at p < 0.05 were considered
significant.

Cutaneous wounding results in a transient increase in EPC mobilization, which peaks on

day 3

To determine the temporal effects of cutaneous wounding on EPC mobilization, flow
cytometry was used to quantitate the number of cells in PB staining positive for known EPC
markers. As shown in Figure 1a, cells expressing EPC surface markers within the blood
were observed to transiently increase and peak on day 3 following wounding, with a return
to baseline by day 4. Cells staining positive for both CD133 and Flk-1 were elevated by 2.7-
fold on day 3 post wounding compared to non-wounded controls. Additionally, cells
staining positive for both c-Kit and Sca-1 also increased by an average of 3.3-fold at day 3
compared to non-wounded mice. However, due to higher variability this difference was not
statistically significant.

To determine if the SDF-1a/CXCR4 axis was playing a role in EPC mobilization following
cutaneous wounding, mobilization of CXCR4+ cells in PB was investigated using flow
cytometry. As noted in the previous two EPC enriched populations, a rapid 3.7-fold increase
in CXCR4+ cells within the PB was similarly observed on day 3 following wounding
compared to non-wounded mice (Figure 1b).

A rapid increase and peak in EPC surface markers are found within the bone marrow on
day 2 following cutaneous wounding

Because EPCs were found to rapidly mobilize into PB on day 3 following wounding, we
hypothesized that cells expressing EPC surface markers within the BM must also increase
prior to day 3 to allow for the observed increase in mobilization. To test this hypothesis, the
number of cells expressing EPC surface markers within the BM was quantified using flow
cytometry. As shown in Figure 2a, EPCs were observed to rapidly increase and peak on day
2 following wounding, with a subsequent decrease to levels below baseline on days 4-7.
CD133+/FIk-1+ BM cells were found to be significantly increased by 3.9-fold on day 2
following wounding compared to non-wounded controls. Similarly, c-Kit+/Sca-1+ BM cells
were significantly increased by 1.8-fold on day 2 following wounding compared to non-
wounded controls. Additionally, BM cells expressing CXCR4 were significantly increased
by 2.0-fold on day 2 and 1.5-fold on day 3 post wounding compared to non-wounded
controls (Figure 2b).

Animal and wound preparation does not significantly contribute to EPC mobilization

To be certain that the animal and wound preparation did not contribute significantly to EPC
mobilization, we compared anesthetized, shaved and bandaged mice at 2 and 3 days post
preparation to non-prepped mice and to the wounded and prepped test mice. Day 2 was used
for comparing EPC markers found within the BM and day 3 for comparing EPC markers
within the blood as those were the time points found to be statistically significant from non-
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wounded control mice. As shown in figure 3a and b, EPC markers found within the blood
and BM were found to be statistically no different from mice within the prepped group and
the non-prepped group. Additionally, with the exception of the CD133+/Flk-1+ blood and
BM groups, the wounded test group had the same statistical outcome when compared to the
prepped vs non-prepped control mice.

Cutaneous wounding results in decreased bone marrow SDF-1a protein expression

Accumulating evidence supports a major role for the SDF-1a/CXCR4 axis in EPC
mobilization. To determine if this axis is important following cutaneous wounding, we
analyzed the expression profile of SDF-1a protein within the bone marrow using an ELISA
assay. As seen in Figure 4a, SDF-1a protein was observed to significantly decrease by 1.5-
fold on day 2 and 1.7-fold on day 3 following wounding compared to non-wounded
controls. SDF-1a protein was then found to increase approaching baseline levels by day 7
post wounding.

This observation was also made qualitatively from the BM within sectioned femurs
following IHC. As shown in Figure 4b, decreased staining intensity was observed in the BM
of a sectioned femur from a mouse 3 days following wounding compared to a non-wounded
mouse when probed with anti-SDF-1a antibodies. Consistent with the quantitative ELISA
results, the degree of staining intensity appeared to recover by day 7 following wounding.

We next wanted to determine if the decrease in protein observed within the BM was due to a
decrease in mRNA expression. As shown in Figure 4c, relative expression of SDF-1a
mRNA was found to be significantly decreased by 2.7-fold on day 2 compared to non-
wounded controls. This result suggests that the decrease in protein expression within the
bone marrow is at least in part due to a decrease in SDF-1o. mMRNA expression.

Plasma levels of SDF-1a protein are decreased on days 3, 4 and 7 following cutaneous

wounding
To determine if an increase in systemic SDF-1a protein initiates EPC mobilization as
previous reports have suggested24, we measured the amount of SDF-1a protein within the
plasma following wounding. Surprisingly, we observed a significant decrease in plasma
levels of SDF-1a protein on days 3, 4 and 7 after wounding compared to non-wounded
controls (Figure 5).

Discussion

Injury induced EPC mobilization has been documented in humans after coronary artery
ischemia25:26 and burns27, as well as in mice following hind-limb ischemia28:29 and
laparotomy30. However, no previously published reports exist that characterize mobilization
of EPCs following cutaneous wounding. This study demonstrates that a significant increase
in EPC mobilization occurs 3 days following cutaneous wounding in mice, which cannot be
reproduced in the prepped only mouse group. This increase in EPC mobilization was
observed to be transient as the number of cells expressing EPC surface markers within the
PB rapidly returned to baseline the following day (day 4). Similar results were found by De
Falco et al., who observed a peak in c-kit+ cells 3 days following hind-limb ischemia in
mice, although they observed a longer mobilization period that occurred through day 7. In
humans, Gill et al. reported a transient increase in FIk-1*AC133* cells following coronary
bypass grafting and burns that began at 6 to 12 hours and returned to baseline by 48 to 72
hours. These variations in peak mobilization and duration are likely attributable to the
differences in the type, species and severity of injury models being described. This timeline
of EPC mobilization also coincides with findings by Asahara et al., who reported finding
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EPCs incorporated into foci of neovascularization at high frequency at days 4 and 7
following cutaneous wounding in mice3.

In our study, we observed a rapid increase in the number of cells expressing EPC surface
markers within the BM on day 2 following cutaneous wounding, one day prior to
mobilization, which was also not reproducible in the prepped only mouse group. This
phenomenon was also described by Condon et al., using a laparotomy induced injury model
in mice. The authors found a significant increase in Sca-1*c-Kit* cells within the BM at 24
hours with peak EPC mobilization noted at 48 hours following laparotomy. These
observations reveal a preparation by the BM to expand the population of EPCs in order to
allow for mobilization.

The experiments presented here also support a major role for the SDF-1a/CXCR4 axis in
EPC mobilization following cutaneous wounding. The CXCR4 receptor, highly expressed
by hematopoietic progenitor cells13, was found to be present on rapidly mobilized cells on
day 3 following wounding. The mobilization of these cells from the BM correlated with a
significant decrease in BM SDF-1a protein that also reached a nadir on day 3. Although this
difference was only a modest 1.7-fold change in BM SDF-1a protein levels on day 3, it is
unknown to what magnitude an effect this may create on any downstream cellular processes.

This pattern of SDF-1a protein expression is consistent with current theories, which
postulate that SDF-1a produced by BM stromal cells has a retentive action on stem cells
within the BM niche preventing their egress into circulation. However, it is well known that
mobilization of stem cells is a complex event requiring the interaction of multiple cell
surface receptors, ligands and signaling molecules and the SDF-1a/CXCR4 axis is only one
of many relationships important for mobilization to occur.

This phenomenon has also been described by Petit et al. using a pharmacologic model for
stem cell mobilization. Following administration of G-CSF, a known stem cell mobilizing
agent, Petit et al. observed a similar decrease in BM SDF-1a protein during stem cell
mobilization17. However, with respect to mMRNA expression, the same authors observed an
increase in BM SDF-1a mRNA at 24 hours after administration of G-CSF compared to no
difference at 24 hours in our model of stem cell mobilization. The same authors provide
additional data showing that the observed decrease in BM SDF-1a protein may be due to
proteolytic degradation by neutrophil elastase. This difference at 24 hours may likely be
multifactorial in that the two models are significantly different in the stimulus provoking
stem cell mobilization. However, since Petit et al. only published a 24 hour in vivo time
point, they may in fact have also observed a similar down regulation of BM SDF-1a mRNA
at 48 hours following G-CSF administration. Similarly, in our injury model, we cannot rule
out any additional down regulation of BM SDF-1a protein due to proteolytic degradation, as
this was not a mechanism under study.

It has also been suggested that secretion of SDF-1a by ischemic tissue following injury may
induce EPC mobilization through reversal of the BM SDF-1a gradient. In the current model,
we were unable to demonstrate this occurrence as the concentration of SDF-1a was actually
observed to decrease on days 3, 4 and 7. EPC mobilization following cutaneous wounding
may in fact be initiated through alternate cytokines or growth factors produced from the
injury, as proteins such as angiopoietin-1 and VEGF24 have also been implicated in
mobilization.

This study for the first time characterizes EPC mobilization following cutaneous wounding
in mice. These data also support a major role for the SDF-1a/CXCR4 axis in regulating
mobilization within the BM, without evidence of systemic increases in SDF-1a. Gaining
further knowledge of normal EPC mobilization during cutaneous wounding will help to

Wound Repair Regen. Author manuscript; available in PMC 2011 July 1.



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

1duasnuey Joyiny vd-HIN

Morris et al.

Page 7

understand states of impaired wound healing that may in part be due to impaired EPC
mobilization such as diabetes31. With this increased knowledge and mechanistic insight we
may eventually discover optimal methods at restoring or enhancing EPC mobilization to
help in healing wounds or other injuries.
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EPC mobilization in response to cutaneous wounding in mice. (A) Flow cytometry was
performed using peripheral blood (PB) from non-wounded mice (day 0) and mice wounded
at 1-day intervals ending at day 7. EPCs were quantitated as the percentage of cells staining
positive for EPC surface markers per total live events (7-AAD™). Cutaneous wounding was
found to rapidly mobilize 3 populations of cells enriched for EPCs (CD133*Flk-1*, Sca-1*c-
Kit*, and CXCR4") on day 3 following wounding. Values are means + SEM with 3-5 mice
per group. *P < 0.05, vs. control by Wilcoxen rank sum test. (B) Representative dot plot
distributions and histograms from flow cytometric analyses of wounded and non-wounded

mice. PB was stained with antibodies

against EPC cell surface markers CD133, FIk-1,
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Sca-1, c-Kit and CXCR4 and analyzed using flow cytometry. Representative dot plots for
both CD133*/Flk-1* and Sca-1*/c-Kit* cells and histograms for CXCR4* cells show the
gating strategy used for cell quantitation at days 0, 3 and 7 after wounding with unstained
controls (top) for comparison. Unstained controls are shown as stippled lines within
histogram plots. All panels shown are gated on live cells as determined by 7-AAD dye
exclusion.
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Figure 2.

EPC surface markers found within the BM in response to cutaneous wounding in mice. (A)
Flow cytometry was performed on BM cells flushed from femurs of non-wounded mice (day
0) and mice wounded at 1-day intervals ending at day 7. EPCs were quantitated as the
percentage of cells staining positive for EPC surface markers per total live events (7-
AAD™). Cutaneous wounding was found to cause a significant increase in EPC enriched
populations (CD133*FIk-1*, Sca-1*c-Kit*, and CXCR4*) within the BM on day 2 following
wounding. Values are means + SEM with 3-5 mice per group. *P < 0.05, **P < 0.01 vs.
control by Wilcoxen rank sum test. (B) Representative dot plot distributions and histograms
from flow cytometric analyses of wounded and non-wounded mice. BM was flushed and
stained with antibodies against EPC cell surface markers CD133, Flk-1, Sca-1, c-Kit and
CXCR4 and analyzed using flow cytometry. Representative dot plots for both CD133*/
Flk-1* and Sca-1*/c-Kit* cells and histograms for CXCR4* cells show the gating strategy
used for cell quantitation at days 0, 2 and 7 after wounding with unstained controls (top) for
comparison. Unstained controls are shown as stippled lines within histogram plots. All
panels shown are gated on live cells as determined by 7-AAD dye exclusion.
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Figure 3.

Comparison of wounded mice to prepped and non-prepped control mice. To be certain that
the animal and wound preparation did not significantly contribute to EPC mobilization, the
number of EPCs within (A) the blood on day 3 and (B) the BM on day 2 following
wounding or animal preparation were compared with the non-prepped control mice. Values
are means + SEM with 3-5 mice per group. *P < 0.05, vs. control by ANOVA.
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Figure 4.

The effect of cutaneous wounding on bone marrow (BM) levels of SDF-1a. (A) Following
total protein isolation from femurs of non-wounded mice (day 0) and mice post-wounding
days 1-4 and 7, SDF-1a was quantitated using ELISA and normalized to total protein.
Concentration expressed as nanograms (ng) of SDF-1a protein per milligram (mg) of total
protein. Values are means + SEM with 3-5 mice per group. *P < 0.05, vs. control by
ANOVA. (B) Representative images of femurs from non-wounded mice and mice post
wounding days 3 and 7 following immunohistochemistry for SDF-1a. Notice less detection
of SDF-1a (brown) at day 3 compared to day 0. By day 7, the amount of SDF-1a appears to
recover to non-wounded levels. Scale bars = 70 microns. (C) Relative expression of SDF-1a
mRNA from BM of non-wounded mice and mice post wounding days 1-7. Messenger RNA
was isolated from total femoral BM and quantitated for the relative expression of SDF-1a
using real-time RT-PCR and normalized to beta-2-microglobulin. VValues are means + SEM
with 3-5 mice per group. *P < 0.05 vs. control by ANOVA.
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Figure 5.

Plasma levels of SDF-1a in response to cutaneous wounding. PB was collected from non-
wounded mice and mice post wound days 1-4 and 7. Following plasma isoloation, levels of
SDF-1a protein were assayed using ELISA. Data were expressed as nanogram (ng) of
SDF-1a protein per milliliter (mL) of plasma. Values are means + SEM with 3-5 mice per
group. *P < 0.05 vs. control by ANOVA.
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