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Abstract
Background—Delivery of bone marrow derived stem and progenitor cells to the site of injury is
an effective strategy to enhance bone healing. An alternate approach is to mobilize endogenous,
heterogeneous stem cells that will home to the site of injury. AMD3100 is an antagonist of the
chemokine receptor 4 (CXCR4) that rapidly mobilizes stem cell populations into peripheral blood.
Our hypothesis was that increasing circulating numbers of stem and progenitor cells using
AMD3100 will improve bone fracture healing.

Methods—A transverse femoral fracture was induced in C57BL/6 mice, after which they were
subcutaneously injected for 3 days with AMD3100 or saline control. Mesenchymal stem cells
(MSCs), hematopoietic stem and progenitor cells (HSPCs), and endothelial progenitor cells
(EPCs) in the peripheral blood and bone marrow were evaluated via flow cytometry, automated
hematology analysis, and cell culture 24 hours after injection and/or fracture. Healing was
assessed up to 84 days after fracture by histomorphometry and µCT.

Results—AMD3100 injection resulted in higher numbers of circulating MSCs, HSCs, and EPCs.
µCT data demonstrated that the fracture callus was significantly larger compared to the saline
controls at day 21 and significantly smaller (remodeled) at day 84. AMD3100-treated mice have a
significantly higher bone mineral density than saline-treated counterparts at day 84.

Discussion—Our data demonstrate that early cell mobilization had significant positive effects
on healing throughout the regenerative process. Rapid mobilization of endogenous stem cells
could provide an effective alternative strategy to cell transplantation for enhancing tissue
regeneration.
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Introduction
Bone marrow contains a variety of stem and progenitor cells that participate in skeletal
repair, including mesenchymal stem cells (MSCs) [1], endothelial progenitor cells (EPCs)
[2], and hematopoietic stem and progenitor cells (HSPCs) [3]. Each of these cell types has
been independently proposed to enhance bone healing [4–6]. EPCs revascularize the injury
site and provide access for other types of stem cells to populate the callus [7]; MSCs give
rise to chondroblasts and osteoblasts for tissue repair and may have anti-inflammatory
properties [4,8,9]; and HSPCs, in addition to re-establishing the local bone marrow, provide
precursors to osteoclasts, which are essential for converting cartilage to bone, and ultimately
remodeling the callus [6].

In an effort to improve fracture healing, much energy has been directed towards cell-based
therapeutics that require the isolation of bone marrow and expansion or concentration of
specific stem and progenitor cells ex vivo for subsequent delivery in vivo. Indeed, studies
show that vascular infusion of such cells has significant positive effects on bone healing
[4,10]. Both transplanted MSCs [4] and endothelial/hematopoietic precursor cells [10] have
been shown to enhance bone healing. An alternative to cell transplantation is to rapidly
mobilize large numbers of endogenous progenitor cells directly into the peripheral blood
that will home to the site of injury and take part in tissue regeneration.

Under normal physiological conditions there are few circulating HSCs and EPCs in
peripheral blood [11–15]. While the existence of circulating MSCs in peripheral blood is
controversial, adherent fibroblast-like cells with adipogenic and osteogenic capacity have
been detected in very low numbers [16,17]. EPC numbers in peripheral blood are
significantly increased in association with vascular injury, burns and fracture [7,15,18–21].
Similar to EPCs, data suggests that in response to tissue trauma, bone marrow-derived
MSCs and osteogenic progenitors also enter the peripheral blood [22–26]. An emerging
strategy is to utilize molecules that interfere with molecular mechanisms that retain stem and
progenitor cells in the bone marrow niche, to significantly increase circulating numbers of
stem and progenitor cells in peripheral blood and enhance healing. One such molecule is
AMD3100, a selective antagonist of chemokine (CXC motif) receptor 4 (CXCR4) [27].
AMD3100 rapidly mobilizes CXCR4+ cells such as HSCs, EPCs, and possibly MSCs into
the peripheral blood [28]. Mobilization of these progenitor cells into the peripheral blood
occurs because of disruption to SDF-1/CXCR4 interaction, which anchors progenitor cells
to their niches [29]. AMD3100 has very few side effects in humans [30] and is already
FDA-approved and used in hospitals to mobilize HSCs for bone marrow transplantation
[31,32].

Previous studies demonstrate positive effects of mobilizing endogenous stem cells with
AMD3100 on bone. Wang et al. demonstrated that 15 daily injections of AMD3100
enhanced healing of critical-sized calvarial defects in mice in as soon as 4 weeks [33].
Another study by McNulty et al., asserts that a single dose of AMD3100, 3 hours after
murine bone marrow ablation surgery significantly enhances intramedullary trabecular bone
regeneration 21 days later [34]. Another study by Kumar et al. used a combination of
insulin-like growth factor-1 and AMD3100 to treat a murine tibial defect and found
improvement in bone healing after 8 weeks [35].

In this study, we examined the effect of a brief, 3-day AMD3100 treatment upon
mobilization of endogenous stem and progenitor cells into the peripheral blood and its
effects upon bone regeneration in a murine femoral fracture model. We expand upon
previous studies by simultaneously comparing HSC, MSC, and EPC populations in both the
blood and bone marrow from all combinations of non-fractured/fractured and saline/
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AMD3100 treated mice via flow cytometry. In addition, we evaluated bone healing via
callus formation up to 12 weeks after injury by examining both the soft and hard callus
during fracture healing with histomorphometry and µCT analysis.

We hypothesized that administration of AMD3100 would increase circulating numbers of
HSPCs, EPCs, and MSCs into the peripheral blood and enhance fracture healing.

Materials and Methods
Animals

The total number of animals used is detailed in Table 1. A total of 39 13–14 week old male
C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME, USA) were used for hematological
and flow cytometric analyses. Transverse fractures were created in the right femur of 19
animals, 8 of which were administered 2 subcutaneous doses of 5mg/kg AMD3100 (Sigma,
St. Louis, MO, USA), the first immediately post surgery and the second 23 hrs later (1hr
prior to euthanasia). 7 fractured animals were administered an equal volume of saline carrier
at these same timepoints and the remaining 4 fractured animals were not injected. An
additional 16 animals that were not fractured received 2 equivalent doses of AMD3100
(n=9) or saline (n=7). Blood and bone marrow were collected from an additional 4 mice
with neither injections nor fractures. 5mg/kg AMD3100 results in maximal hematopoietic
progenitor cell mobilization in mice [36]. Blood was collected via cardiac puncture in all
mice 1 hr after the second injection of saline or AMD3100 and prior to euthanasia.

For histological and µCT analysis, transverse fractures were created in the right femur of a
total of 43 13–14 week old male C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME,
USA). Half of the mice were injected subcutaneously with 5mg/kg AMD3100 once every 24
hours for 3 days, starting approximately 3–5 hours after fracture. The remaining mice were
injected with an equal volume of the saline carrier. Mice were euthanized via CO2
asphyxiation followed by cervical dislocation 7, 14, 21, 42, and 84 days after injection and/
or surgery.

For ex vivo culture of adherent cells, 11 mice were injected with either 5 mg/kg AMD3100
or saline. One hour later, mice were anesthetized with 1.5–2% isoflurane and 0.5–1 mL of
blood was collected via cardiac puncture for adherent cell culture and analysis. All
procedures were approved by the Institutional Animal Care and Use Committee of the
University of California, Davis.

Surgical Procedure
Consistent transverse femoral fractures were created as previously described [37] using the
method developed by Bonnarens and Einhorn [38–40] with a modified fracture apparatus
[41]. Briefly, mice were injected subcutaneously with 0.05 mg/kg buprenorphine (Hospira
Inc., Lake Forest, IL, USA) for analgesia and 1 mL saline subcutaneously 5–10 minutes
before surgery and anesthetized with 1.5–2% isoflurane (Minrad, Inc., Bethlehem, PA,
USA). A 0.01” diameter straight stainless steel wire pin (Small Parts, Miami Lakes, FL,
USA) was inserted into the femoral intramedullary cavity and closed transverse fractures
were created by dropping a blunt weight upon the middiaphysis. Mice were radiographed to
determine pin positioning and fracture pattern. Mice were injected with 0.05mg/kg
buprenorphine every 12 hours after surgery for 48 hours for analgesia. The animals were
allowed to bear their full weight and their activity was completely unrestricted post-
operatively.
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Peripheral Blood and Bone Marrow Cell Isolation—Blood and bone marrow from
40 mice were collected to evaluate subsets of circulating blood cell numbers using an
automated hematology analyzer to perform complete blood counts and flow cytometry. 500–
1000µl of peripheral blood was collected from anesthetized mice via cardiac puncture into
100 mL of 50mM EDTA (Life Technologies, Carlsbad, CA, USA) to prevent coagulation.
Bone marrow was collected immediately after death by isolating the left femur and tibia and
removing all soft tissue and all articular surfaces except that of the proximal femur. Bones
were then crushed with a mortar and pestle in a solution of 2% new calf serum and 2 mM
EDTA in HBSS (all from Life Technologies, Carlsbad, CA, USA) and supernatant from the
bone wash was collected, filtered through 70µm nylon mesh, and further processed as
described below.

Hematology Analysis and Flow Cytometry—Complete blood counts were performed
on 50µl aliquots of peripheral blood using an Advia 120 hematology analyzer (Siemens
Healthcare Diagnostics, Deerfield, IL, USA). The remaining peripheral blood was treated
with ammonium chloride (Life Technologies, Carlsbad, CA, USA) on ice for 15 minutes to
lyse red blood cells and prepare for flow cytometric analyses. For both peripheral blood and
bone marrow cells, Live/Dead Fixable Near Infrared Viability Kit (Life Technologies,
Carlsbad, CA, USA) was used for gating according to manufacturer instructions with the
following modifications. Up to 8×106 cells were resuspended in 100 µL phosphate-buffered
saline (PBS) and 0.5 µL of viability dye was added. Samples were incubated at room
temperature for 20 minutes, protected from light. After incubation, 5 µL of fetal bovine
serum (FBS; Life Technologies, Carlsbad, CA, USA) was added to bind any remaining dye.
The following anti-mouse immunophenotyping antibodies were added as a cocktail and
incubated at room temperature for 20 minutes in the dark: Ter119 (APC-Cy7), B220 (APC-
C7), CD3 (APC-Cy7), Gr-1 (APC-Cy7), c-kit (Brilliant Violet 421™), CD135 (PE-Cy5),
CD29 (Alexa Fluor 700®), CD44 (Brilliant Violet 570™) from Biolegend (San Diego, CA);
CD150 (PerCp-eFluor® 710) from eBioscience (San Diego, CA); Flk-1 (PE-Cy7) from BD
Pharmingen (San Jose, CA); CD105 (PE) from eBioscience (San Diego, CA, USA); CD34
(FITC) from BD Biosciences ( San Jose, CA, USA); sca-1 (APC) from eBioscience (San
Diego, CA, USA). Cells were washed once. A minimum of 106 events per sample was
acquired using a LSRII flow cytometer (Becton Dickinson, NJ) and analyzed using FlowJo
software (Treestar, Inc., Ashland, OR). A summary of flow cytometry markers for HSPC
[42], HSC [43], MSC, and EPC [44–46] types are described in Table 2. Four different
combinations of cell surface markers were derived from previous publications [47–50]. The
rationale for these choices are discussed in the results section. HSPCs are comprised of
hematopoietic progenitor cells as well as smaller numbers of hematopoietic stem cells and
are identified by positive staining for c-kit and sca-1 and negative staining for lineage
markers (B220, CD3, Ter119, Gr-1). HSCs are a subset of the HSPC population.

Adherent cell culture, staining and quantification
0.5–1 mL of blood was collected via cardiac puncture from 11 mice anesthetized with 1.5–
2% isoflurane and injected 1 hr prior with either 5mg/kg AMD3100, an equivalent volume
of saline, or not injected. An equal volume of HBSS was added to peripheral blood samples
and centrifuged at 300 × g for 15 minutes. The supernatant was removed and the pellet was
resuspended in HBSS and centrifuged at 1,000 × g for 5 min. The pelleted fraction was
plated in 12-well plates in alpha-MEM media (Invitrogen, Carlsbad, CA) with 20% FBS
(Invitrogen, Carlsbad, CA, USA) and 1% Penicillin/Streptomycin (Invitrogen, Carlsbad,
CA, USA). After 11 days of culture, adherent cells were rinsed twice with PBS, fixed with
ice cold methanol for 10 minutes on ice, stained with 0.5% Crystal Violet (Fisher Scientific,
Hampton, NH, USA) solution (25% methanol and 75% water) on a shaker for 10 minutes.
Plates were then submerged in water and dried overnight. A transparent 5 × 3 dot grid
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covering the entire surface of the well was created and placed on the bottom of the well.
Using an inverted brightfield microscope (Leica, Buffalo Grove, IN, USA), each dot was
placed in the middle of the field of view and all cells in the field were counted. The total
number of cells from all 15 fields of view were averaged to calculate the average number of
cells per field of view.

µCT Analysis
Femurs were scanned in 4% phosphate buffered formalin at 55 KVP, 145mA, with a voxel
size of 12mm, with a volume of interest of 316 mm3, and sampled 5 times (Scanco Medical
µCT 35, Brüttisellen, Switzerland). Only slices that contained callus were included in the
analysis, in which the outer and inner edges of the callus were contoured manually. As
previously described [51], this excludes the original cortical bone from the measurements
and the region of interest was only the newly formed callus itself. A fixed, global threshold
with the lower limit corresponding to a mineral density of 421 mg HA/cm3 and the upper
limit corresponding to 3,000 mg HA/cm3 was used to distinguish mineralized from non-
mineralized tissue. Femurs were then evaluated with a Gaussian filter (sigma=0.8,
support=1.0) for noise reduction. Calculated parameters included total callus volume (TV),
mineralized callus volume (BV), fraction of mineralized callus (BV/TV), bone mineral
density (BMD, average attenuation value of bone and non-bone tissue) and tissue mineral
density (TMD, average attenuation value of bone tissue only).[52]

Histology
For histology, pins were removed and femurs were extracted and placed into 4% phosphate
buffered formalin for 2–3 days at 4°C. During this time the fractured femurs were evaluated
by µCT. Then femurs were placed into a 2.3:1 decalcification solution of 10% EDTA and
4% phosphate buffered formalin solution for 10 days at 4°C [53]. Both proximal and distal
ends of each femur were cut approximately 2mm away from the edge of the callus with a
razor. Femurs were then processed, paraffin-embedded and serial sectioned transversely
through the entire fracture callus. Serial sections were taken at 500mm intervals [54]. Slides
were then deparaffinized, rehydrated, and stained with H&E and Alcian Blue.

Stereological Measurements of Callus Volume and Compartments
To calculate the percentage of each tissue type in the fracture callus, digital photographs
were taken of the whole H&E/Alcian Blue histological sections at 10x. Whole callus volume
and the compartment volumes of hyaline cartilage and newly formed/transforming bone
were estimated using an established point counting technique using a point grid overlay
[55].

Statistical analysis
Advia and flow cytometry (Figure 1, Figure 2, and Figure 3) data were analyzed by one-way
ANOVA with Sidak’s multiple comparisons post-test where we pre-selected which columns
to compare (Saline vs. AMD3100, Saline Fracture vs. AMD3100 Fracture, Saline vs. Saline
Fracture, AMD3100 vs. AMD3100 Fracture). Flow cytometry data (Figure 2 and Figure 3)
were normalized to saline injected controls. Outliers in flow cytometry experiments were
excluded using the Grubbs' test. Microscope cytometry data (Figure 4) was analyzed by one-
way ANOVA with Tukey’s multiple comparison post-test. Histomorphometry data (Figure
5) was analyzed by an unpaired one-tailed Student’s t-test. µCT data (Figure 6) was
analyzed by multiple t-tests and corrected for multiple-comparisons using the Holm-Sidak
method. Differences were considered significant at p < 0.05. Graphs were made and
statistical tests run using GraphPad Prism and Instat (GraphPad Software, Inc. La Jolla, CA,
USA).
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Results
Hematology Analysis

Injection of saline alone in both fractured and non-fractured animals had no effect on
circulating white blood cell numbers when compared to non-injected animals (data not
shown). For clarity we report saline injected controls only in the results. Mice treated with
AMD3100 had a significantly greater number of circulating white blood cells, lymphocytes,
and eosinophils than their saline-treated fractured or non-fractured controls (Figure 1).
AMD3100 treatment only significantly increased circulating neutrophil number in non-
fractured mice (Figure 1). AMD3100 administration did not affect circulating numbers of
platelets and basophils and no changes were observed in the hematocrit, red blood cell
number, and hemoglobin with the exception of a significant reduction in all three between
saline treated control mice and animals treated with AMD3100 who had sustained a fracture
(data not shown). Interestingly, fractured mice treated with AMD3100 had significantly
fewer total white blood cells, including lymphocytes, eosinophils, and neutrophils than the
non-fractured AMD3100-treated mice.

Flow Cytometry
Cell subsets were defined according to criteria outlined in Table 2. AMD3100 significantly
increased circulating numbers of HSCs and EPCs in peripheral blood in non-fractured mice
compared to saline injected controls (Figure 2). AMD3100 also significantly increased
circulating numbers of HSPCs and EPCs in fractured animals (Figure 2).

Although the International Society for Cellular Therapy published a list of markers to
minimally define MSCs [56], more recent studies have utilized alternate sets of MSC
antibody markers. For this reason we analyzed our MSC flow cytometry data according to
four different marker sets outlined in several different studies [47–50] (Table 2). AMD3100
significantly increased circulating numbers of MSCs as defined by criteria in Table 2, C and
D in non-fractured mice compared to saline injected controls (Figure 3 C, D). There was no
significant difference between any groups when MSCs were defined according to Table 2,A
(Figure 3A). One-way ANOVA revealed significant differences between groups with MSCs
defined according to Table 2,B, with the difference between saline and AMD3100 non-
fractured mice approaching significance (p=0.05, Figure 3B). The extent of AMD3100’s
mobilizing effect was similar in both fractured and non-fractured mice. In addition, the
administration of AMD3100 and/or fracture appeared to have no effect on bone marrow
stem cell populations (data not shown).

Adherent Cell Culture
A significantly greater number of plastic adherent cells were cultured from the peripheral
blood of animals one hour after AMD3100 injection, compared to saline injected animals
and control animals (no injection; Figure 4A). Plastic adherent cells formed colonies and
had similar morphology to bone marrow-derived MSCs (Figure 4B,C). In rats, these plastic
adherent cells have been shown to differentiate into adipocytes, chondrocytes, and
osteoblasts, indicating that they were MSCs [57].

Histomorphometric Analysis and mCT
AMD3100-treated mice had significantly less cartilage in the callus at day 14 compared to
saline-treated controls measured using histomorphometry (Figure 5).

At day 21, mice treated with AMD3100 had a significantly larger callus volume and an
increase in bone volume that approached significance (p=0.1) than the saline-treated mice
(Figure 6). By day 84, however, the effects of AMD3100 on callus size are reversed.
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AMD3100 treated mice have a significantly smaller callus volume and bone volume than
their saline-treated counterparts indicating faster remodeling of the fracture callus to the
original bone size. In addition, AMD3100-treated mice have a significantly higher BMD
than saline-treated counterparts at day 84.

Discussion
In this study we show that AMD3100 increased HSPC, EPC, and MSC numbers in the
peripheral blood and increased the number of adherent MSC-like cells in peripheral blood
cultures. It is well established that AMD3100 mobilizes HSPCs to the peripheral blood, and
is now being used clinically in combination with G-CSF to mobilize HSPCs in patients with
non-Hodgkin’s lymphoma and multiple myeloma [28,58]. There is evidence that other
CXCR4-positive cells, such as MSCs and EPCs, may also be mobilized by AMD3100
inhibition of CXCR4, though Levesque et al. theorizes that MSCs and EPCs may be more
difficult to mobilize than HSPCs simply because they are larger and adhere more strongly to
their niche [29].

AMD3100 injection has been shown to significantly increase the number of EPCs in murine
peripheral blood [28,59]. EPC mobilization is dose dependent with AMD3100’s effect
plateauing at the 5mg/kg dose with maximal EPC mobilization 1 hour after injection [59].
As MSCs are also CXCR4-positive, we hypothesized that they, too, would be mobilized by
AMD3100. The in vitro expansion of MSCs, primarily from bone marrow, has helped define
their characteristic surface makers. However, differences in isolation and culture have made
comparing studies difficult. Although a list of markers to minimally define human MSCs
was published in 2006 [56], there remains no consistent use of surface antigens to date. One
marker, CD44, that has been routinely used to define both human and mouse MSCs, was
found to be absent in freshly isolated bone marrow, but appears later during cultivation [50].
As such, we analyzed our flow cytometry data in multiple ways to examine the mouse MSC
population in freshly isolated peripheral blood. The data regarding the ability of AMD3100
to mobilize MSCs is contradictory. Pitchford et al. did not detect significant MSC-like cells
in blood mobilized with 5 mg/kg of AMD3100 after 1 hour using colony forming unit assays
as an end point [28]. However, in this study we detected an increase in circulating MSCs via
flow cytometry and cultured a significantly greater number of plastic adherent cells with
MSC morphology from the peripheral blood of AMD3100-treated mice than from control
mice. Our results are supported by McNulty et al, who observed a 40-fold increase in
peripheral blood MSCs 1 hour after a single injection of 5 mg/kg AMD3100 [34].

Data in the literature suggest that stem and progenitor cell populations in the peripheral
blood increase in response to injury. Eghbali-Fatourechi et al. noted that circulating
osteoprogenitor cell numbers increased at least 4-fold in a patient who had sustained a
severe fracture 20 days earlier [60]. Another study by Ma et al. demonstrated that peripheral
EPC numbers significantly increased in patients within 48 hours after fracture and peaked
around 3 days after injury [61]. In light of these and similar studies we had expected to see
increased numbers of circulating cells in fractured mice and that this response would be
enhanced in the presence of AMD3100 mobilization. Interestingly, we observed no increase
in peripheral blood cells following fracture. In addition, AMD3100-treated mice with
fractures had significantly fewer circulating white blood cells, lymphocytes, eosinophils, and
neutrophils than the non-fractured AMD3100-treated mice. It is possible that cells are
indeed mobilized in response to fracture and that this is enhanced by AMD3100
administration, but that the presence of a traumatic fracture in the body causes cells to
rapidly marginate and migrate to the site of injury, thus reducing circulating cell numbers in
the peripheral blood. In studies using labeled MSCs injected intravenously, cells have been
imaged in the lung and bone defects as early as 24 hours [4,8,62]. Further studies are
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required to understand the regulation of stem and progenitor cell proliferation following
mobilization and traumatic injury.

Though significant changes occurred in the soft portion of the callus by day 14, our µCT
data did not show any changes in TV, BV, BMD, or TMD. Newly formed and transforming
bone may not yet have mineralized to a degree that is above our set bone threshold for
detection by µCT. By µCT, AMD3100 treated mice had a significantly larger callus at day
21 compared to saline treated controls. In other studies intravenous infusion of cultured
MSCs resulted in improved fracture healing as evidenced by a significantly larger callus
volume, new bone volume and improved biomechanical properties.[4] Similarly, in another
model, intravenous transplantation of human circulating CD34+ cells (endothelial/
hematopoietic progenitor cells) cells contributed to fracture healing by enhancing
vasculogenesis and osteogenesis [10]. Local transplantation of EPCs has also improved bone
regeneration in non-healing fractures and segmental defects [63–65]. The number of MSCs
present at the fracture site may have a direct effect on the number of osteoblasts present to
form new bone. If osteoblast activity is already at its optimal rate, the only way to accelerate
healing is to guide more stem cells to the site of injury [66]. By day 84 AMD3100 treated
animals had a smaller callus with a significantly higher BMD than the saline-treated
controls. Our data demonstrate that early cell mobilization had significant and positive
effects on bone healing throughout the regenerative process.

In this study we used AMD3100, a selective antagonist of CXCR4, which disrupts the
anchorage of CXCR4+ cells in the SDF-1 rich bone marrow and promotes mobilization. In
addition to its role in retaining stem cells in their niches there are studies that indicate that
the CXCR4/SDF-1 pathway is a key stimulus for stem cells to home to sites of tissue
damage, including bone injury. For example the periosteum in healing bone grafts expresses
SDF-1 and new bone formation is inhibited by administration of anti-SDF-1 neutralizing
antibody, chemical inhibition of the CXCR4/SDF-1 axis, and in mice with genetically
reduced SDF-1 and CXCR4 expression [67]. In another study, only CXCR4+ MSCs
delivered intravenously were able to home to the site of fracture [4]. Osturu et al found that
osteoprogenitor cells were mobilized into the peripheral blood as a result of tissue injury,
and migrated to bone forming sites by chemo-attraction to SDF-1 and differentiated into
osteoblasts [68].

A possible limitation of our study is that while AMD3100 may effectively mobilize our cell
populations of interest, it may also disrupt cell homing to the site of damage. In our own
studies we found that administration of AMD3100 twice daily for the duration of the healing
process negatively altered bone healing in this same fracture model [37]. In this current
study, however, we administered AMD3100 only 3 times during the first 3 days after
healing. AMD3100 has a short half life of 0.9 hours (in rats) and it is likely that AMD3100
is cleared from the system relatively quickly [30]. The positive effects on bone healing
demonstrated herein suggest that the effects of AMD3100 on cell mobilization may have
overcome any potential negative effects of AMD3100 on cell homing to the fracture site.

In summary, we report that AMD3100 administration mobilized multiple populations of
stem and progenitor cells purported to play significant roles in bone healing. We also
demonstrate positive effects on callus size and bone mineral density during bone healing.
Our data support earlier literature that demonstrate positive effects of AMD3100 treatment
on healing cranial bone defects [33] and intramembranous bone formation following bone
marrow ablation [34]. Positive effects of AMD3100 on tissue healing are strong proof of
concept that cell mobilization is an appropriate therapeutic target. However, given the
pivotal role of SDF-1/CXCR4 axis in cell homing, using AMD3100 alone may not be the
optimal mobilizing agent for this purpose. Interestingly, AMD3100 administered in
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combination with insulin-like growth factor-1 was shown to effectively promote healing in a
segmental bone defect [35]. Further studies are required to understand the interaction of
AMD3100 with other cytokines and growth factors, refine the dosing of AMD3100 or
identify alternate molecular targets to promote cell mobilization.
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Figure 1.
Blood cell counts (Advia 120) from fractured and non-fractured mice, injected with
AMD3100 or saline, 23 and 1 hour prior to euthanasia. Fractures were induced 24 hours
before euthanasia. Bars represent mean ± SEM, n=4–9. Stars represent statistical
significance. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.
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Figure 2.
Flow cytometry counts of HSPCs, HSCs, and EPCs (as defined in Table 2), reported in fold
change versus the saline control. Blood was collected from fractured and non-fractured mice
injected with AMD3100 or saline 23 and 1 hour prior to euthanization. Fractures were
induced 24 hours before euthanasia. Mean ± SEM, n=4–8; *=p<0.05, **=p<0.01
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Figure 3.
Flow cytometry counts of MSCs defined using 4 different sets of surface markers (as
defined in Table 2), reported in fold change versus the saline control. Blood was collected
from fractured and non-fractured mice injected with AMD3100 or saline 23 and 1 hour prior
to euthanasia. Fractures were induced 24 hours before euthanasia. Mean ± SEM, n=4–8;
*=p<0.05.
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Figure 4.
Peripheral blood from AMD3100 and saline treated mice was cultured as described in the
methodology for 11 days. (A) Mean adherent cell number per field of view ± SEM, n=3–4 *
= p<0.05. Significantly more adherent cells were cultured from peripheral blood derived
from AMD3100 treated mice than saline and no-injection controls. The morphology of the
adherent cells cultured from mobilized peripheral blood (B) was similar to that of plastic
adherent cells cultured from bone marrow (C).
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Figure 5.
Transverse section with H&E/Alcian Blue staining through a 14-day-old fracture callus of a
mouse injected with saline vehicle (A) or 5mg/kg AMD3100 (B) once a day for the first
three days following fracture. (C) Bar indicate the mean percentage by volume ± SEM of
hyaline cartilage in the fracture callus determined via stereology from serial histological
sections (n=3), * = p<0.05.
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Figure 6.
µCT evaluation of total callus volume (TV), mineralized bone volume (BV), BV/TV, BMD,
and TMD of the whole and mineralized portions of the callus. Bars represent mean ± SEM,
n=3–7; * = p<0.05, **** = p<0.0001). At day 21, the AMD3100-treated mice had a
significantly larger TV and BV than the control group. However, by day 84, the AMD3100-
treated mice had a significantly smaller TV and BV, indicating a faster remodeling. In
addition, there was a significant increase in the bone mineral density of the whole callus in
the AMD3100-treated animals at day 84, indicating a stronger, more mineralized bone.
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Table 2

Flow Cytometry Stem Cell Markers

Cell Type Positive Markers Negative Markers Reference:

HSPC c-kit, sca-1 B220, CD3, Ter119, Gr-1 Okada et al., 1992[42]

HSC c-kit, sca-1, CD150 B220, CD3, Ter119, Gr-1, CD135 Kiel et al., 2005 [43]

MSC A CD44, CD29, CD105 B220, CD3, Ter119, Gr-1 Sung et al., 2008 [47]

B sca-1 CD31, B220, CD3, Ter119, Gr-1 Short et al., 2003 [48], 2009 [49]

C sca-1 CD31, CD44, B220, CD3, Ter119, Gr-1 Short et al., 2003[48], 2009[49],
Qian et al., 2012[50]

D sca-1, CD29, CD105 CD31, CD34, CD44, B220, CD3, Ter119,
Gr-1

Sung et al., 2008 [47],
Qian et al., 2012 [50]

EPC CD34, FLK-1, CD31 B220, CD3, Ter119, Gr-1, CD44, CD29,
CD150, CD135

Chakroborty et al., 2008 [44],
Kim et al., 2010 [45],
Jung et al., 2012 [46]
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