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O B J E C T I V E S This study aims to provide insight into cellular kinetics using molecular imaging after

different transplantation methods of bone marrow– derived mononuclear cells (MNCs) in a mouse model
of peripheral artery disease (PAD).
B A C K G R O U N D MNC therapy is a promising treatment for PAD. Although clinical translation has

already been established, there is a lack of knowledge about cell behavior after transplantation and
about the mechanism whereby MNC therapy might ameliorate complaints of PAD.
M E T H O D S MNCs were isolated from F6 transgenic mice (FVB background) that express ﬁreﬂy luciferase

(Fluc) and green ﬂuorescence protein (GFP). Male FVB and C57Bl6 mice (n ⫽ 50) underwent femoral artery
ligation and were randomized into 4 groups receiving the following: 1) single intramuscular (IM) injection of
2 ⫻ 106 MNCs; 2) 4 weekly IM injections of 5 ⫻ 105 MNCs; 3) 2 ⫻ 106 MNCs intravenously; and
4) phosphate-buffered saline as control. Cells were characterized by ﬂow cytometry and in vitro bioluminescence imaging (BLI). Cell survival, proliferation, and migration were monitored by in vivo BLI, which was
validated by ex vivo BLI, post-mortem immunohistochemistry, and ﬂow cytometry. Paw perfusion and
neovascularization was measured with laser Doppler perfusion imaging (LDPI) and histology, respectively.
R E S U L T S In vivo BLI revealed near-complete donor cell death 4 weeks after IM transplantation. After

intravenous transplantation, BLI revealed that cells migrated to the injured area in the limb, as well as to the
liver, spleen, and bone marrow. Ex vivo BLI showed presence of MNCs in the scar tissue and adductor muscle.
However, no signiﬁcant effects on neovascularization were observed, as monitored by LDPI and histology.
C O N C L U S I O N S This is one of the ﬁrst studies to assess kinetics of transplanted MNCs in PAD
using in vivo molecular imaging. MNC survival is short-lived, MNCs do not preferentially home to injured
areas, and MNCs do not signiﬁcantly stimulate perfusion in this particular model. (J Am Coll Cardiol
Img 2012;5:46 –55) © 2012 by the American College of Cardiology Foundation
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midazolam (5 mg/kg, Roche, Woerden, the Netherlands) and medetomidine (0.5 mg/kg, Orion
Corp., Espoo, Finland).
Surgical model for hind limb ischemia and cell injections. Before surgery, mice were anesthetized with

either isoflurane (2%) or an intraperitoneal injection
of a combination of midazolam (5 mg/kg), medetomidine (0.5 mg/kg), and fentanyl (0.05 mg/kg,
Janssen, Tilburg, the Netherlands). The effect of
MNC injections was tested in 2 models of hind
limb ischemia: a single electrocoagulation model
and a double electrocoagulation model (8). For
unilateral single electrocoagulation of the femoral
artery, ischemia was created by an electrocoagulation of the femoral artery just proximally to the
superficial epigastric artery. Moreover, a double
electrocoagulation was performed to create a larger
therapeutic window for assessment of possible arteriogenesis (8). For this model, first an electrocoagulation of the common iliac artery was performed, followed by an electrocoagulation of the
femoral artery. Subsequently, the skin was closed
using 6-0 silk sutures. One day after operation, 40
l cell/PBS injections were given into the adductor
muscle, or 100 l cell/PBS solution was injected
into the tail vein. To compare the efficacy of a single
versus repeated injection with cells, FVB mice were
randomized into 3 groups: 1) single intramuscular
(IM) injection of 2 ⫻ 106 MNCs; 2) 4 repeated IM
injections of 5 ⫻ 105 MNCs; and 3) IM injection of
PBS injection as control (n ⫽ 10 per group). The
reason for using FVB mice in the first experiment
was to establish a clinically resembling model of
autologous cell transplantation as our F6 transgenic
donor mice, used for in vivo BLI, were bred on
FVB background. In addition, to investigate the
functional effects of intravenous (IV) MNC injection, C57Bl6 mice were randomized into 2 groups:
1) single IV injection of 2 ⫻ 106 MNCs; and 2) IV
injection of PBS (n ⫽ 10 per group). Additionally,
in order to investigate the impact of the surgical
model, 8 FVB mice were randomized to undergo
either electrocoagulation or suture ligation of the
femoral artery just proximally to the superficial
epigastric artery. Both groups received IM injections of 2 ⫻ 106 MNCs into the adductor muscle.
Subsequently, cell survival was monitored by BLI,
and paw perfusion was followed by LDPI for 4
weeks or until full restoration was achieved in either
group.
Ex vivo enzyme-linked immunosorbent assay for apoptosis on digested muscle. Please refer to the Online

Appendix.
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Ex vivo assays of reporter gene expression. To vali-

date in vivo BLI findings, the bone marrow was
collected as described earlier and assayed for GFP
expression by flow cytometry, as described
previously.
Post-mortem immunohistochemistry. Please refer to
the Online Appendix.
Statistical analysis. Please refer to the Online
Appendix.

RESULTS
Cell characterization. After isolation and Ficoll selection, the MNC population showed subpopulations of CD31⫹, CD34⫹, CD45⫹, and Sca-1⫹, but
minimal Flk-1⫺ cells, representing hematopoietic
but not early endothelial progenitors cells. Moreover, the strong expression of CD11b, Gr-1, and
NK 1.1, representative of macrophages, granulocytes, and natural killer cells, respectively, indicated
the largely inflammatory character of this donor cell
population (Fig. 1A).
Reporter gene characterization. For tracing the cells
in an in vivo fashion by BLI, we first set out to
characterize the expression of the reporter gene Fluc
in vitro. As suggested in Figure 1B, luciferase
expression intensity increased concordantly with
increasing cell number. When maximal expression
per well was plotted versus the amount of cells, a
robust correlation was observed with an r2 value
equaling 0.97 (Fig. 1C). Thus BLI signal intensity
is closely representative of the amount of living cells
carrying the luciferase reporter gene. Moreover,
the activity of GFP in the donor-specific FlucGFP double-fusion reporter gene construct was
confirmed by in vitro fluorescence microscopy
(Fig. 1D).
Monitoring kinetics of transplanted MNCs by in vivo
BLI. After single transplantation of 2 ⫻ 106 MNCs,

a short-term post-transplant increase in BLI signal
from 6.6 ⫾ 1.5⫻104 at day 1 to 8.9 ⫾ 2.5⫻104
p/s/cm2/sr at day 3 (p ⫽ NS) indicated an increase
in cells in the adductor muscle region during the
first days. Thereafter, however, cell death resulted
in a rapid decrease in signal intensity down to
background level after 4 weeks (Fig. 2). A similar
cumulative dose of MNCs, divided in 4 weekly
doses of 5 ⫻ 105 MNCs, led to a relatively stable
presence of donor cells. No statistically significant
differences after 4 weeks (5.1 ⫾ 0.8 ⫻ 103 in single
vs. 5.7 ⫾ 0.3⫻103 in multiple dose group; p ⫽ NS)
were detected.
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Figure 1. Bone Marrow MNC Characterization
(A) Flow cytometric analysis after Ficoll-selection of bone marrow– derived mononuclear cells (MNCs) indicates low numbers of stem/endothelial progenitor cells (Sca-1, Flk-1) and high numbers of adult hematopoietic cells of a predominantly inﬂammatory phenotype
(CD45, CD11-b, Gr-1, NK-1.1) (axes present counts). (B) In vitro bioluminescence imaging (BLI) signals from various numbers of ﬁreﬂy
luciferase– expressing MNCs show (C) robust correlation with cell numbers (r2 ⫽ 0.97). Scale bars represent BLI signal in photons/s/cm2/
sr. (D) In vitro ﬂuorescence microscopy conﬁrms the expression of green ﬂuorescent protein (GFP) by the donor cells.

Ex vivo postmortem localization of GFPⴙ -MNCs in the
ischemic adductor muscles. Skeletal muscles of mice

treated with a single injection of 2 ⫻ 106 MNCs
and weekly injections of 5 ⫻ 105 MNCs were
harvested 28 days after hind limb ischemia induction. Dismal numbers of GFP⫹ MNCs were only
observed in the adductor muscle of mice that
received weekly injections of MNCs (Fig. 3). These
GFP⫹-MNCs surrounded vessels within the muscle tissue, suggesting a role for these cells in
neovascularization. By contrast, GFP⫹-MNCs
were not observed in the adductor muscles of mice
receiving a single injection of MNCs.
LDPI of blood ﬂow restoration after MNC transplantation in FVB mice. Single femoral artery electrocoag-

ulation resulted in a significant decrease in paw
perfusion when compared with the healthy right
hind limb (p ⬍ 0.001 for all groups) (Fig. 4). Three
days after MNC transplantation, a trend toward
better flow recovery with increased MNC number
was observed, as the ischemic/nonischemic paw
perfusion ratios in the single 2 ⫻ 106 MNC and
4-weekly 5 ⫻ 105 MNC injection groups were 0.75 ⫾
0.07 and 0.67 ⫾ 0.07, respectively, as compared
with 0.62 ⫾ 0.07 in the PBS group (p ⫽ NS).

However, no significant differences were observed,
as robust recovery of paw perfusion was seen in all
groups by week 4.
Histological analyses of collateral formation. Figure 5
shows no significant differences in collateral density
and collateral size in the post-ischemic adductor
muscle after a single 2 ⫻ 106 MNC injection, 4
repeated 5 ⫻ 105 MNC injections, and PBS control, further confirming the lack of functional improvement in LDPI results. As shown in Online
Figure 1, treatment with both single 2 ⫻ 106
MNCs and 4 weekly 5 ⫻ 105 MNCs led to
significantly (p ⫽ 0.03 and p ⫽ 0.02, respectively)
decreased amounts of fragmented DNA (mirroring
apoptosis) as compared with the PBS group, which
had an almost 3-fold higher expression than its
healthy contralateral counterparts.
Monitoring cell homing in vivo after systemic MNC
injection. The initial BLI signals on day 0 (1 h after

IV transplantation of MNCs) equaled background,
confirming that the cells were spread throughout
the circulatory system (Fig. 6). No signs of retention in the pulmonary capillaries were observed, in
contrast to previous studies using larger size cell
types such as mesenchymal stem cells (9). Over

49

50

van der Bogt et al.
Imaging Cell Therapy in Peripheral Artery Disease

JACC: CARDIOVASCULAR IMAGING, VOL. 5, NO. 1, 2012
JANUARY 2012:46 –55

Figure 2. MNC Survival After Intramuscular Injection Into the Adductor Muscles of FVB Mice After Femoral Artery Ligation
(A) In vivo BLI pictures of mice that received either a total of 2 ⫻ 106 MNCs by single injection (top panel) or by weekly injections (bottom panel) show that MNC survival is short-lived, as most of the signal intensity died off at 4 weeks after transplant. (B) Quantiﬁcation
of signals showed a somewhat more stable level of MNC presence after repeated injections, although the difference did not reach statistical signiﬁcance. Scale bars represent BLI signal in photons/s/cm2/sr. Abbreviations as in Figure 1.

time, however, signal intensity increased due to
homing and migration to the injured area. In
addition, signals arose from the bone marrow,
spleen, and liver, suggesting homing patterns that
mimic endogenous myelomonocytic pathways (10).
Ex vivo conﬁrmation of in vivo patterns of cellular
kinetics. To validate and further specify the ob-

served in vivo findings after systemic MNC injection, organs were procured immediately after mice
were euthanized. As shown in Online Figure 2A,
BLI after dissection of the skin showed in situ
signals from liver, spleen, and the long bones
similar to in vivo results. However, the signals

that were previously observed from the injured
area in vivo were now largely concentrated in the
subcutaneous fat pad as well as in the femoral
bone. Indeed, when the different tissues were
explanted, low signal was seen from the adductor
muscle, whereas equally strong signals were observed from the scarred skin, the subcutaneous fat
pad, and the bone marrow in the femoral bone.
Thus the ex vivo imaging results confirmed the
robust in vivo signals from liver and spleen.
Moreover, the presence of donor GFP⫹-MNCs
in the bone marrow was validated with flow
cytometry (Online Fig. 2B). Taken together,

Figure 3. Immunohistochemistry of GFPⴙ-MNCs Within the Post-Ischemic Adductor Muscle
Representative pictures of anti– green ﬂuorescent protein (GFP) muscle staining of (A) positive control slide (magniﬁcation ⫻20), and (B)
adductor muscle of mouse receiving weekly 5 ⫻ 105 MNC injections, showing 2 GFP⫹ cells near a blood vessel (magniﬁcation ⫻40).
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Figure 4. LDPI of Ischemic Hind Limbs After Intramuscular MNC Therapy
(A) Graphic representation and (B) quantiﬁcation of paw perfusion by laser Doppler perfusion imaging (LDPI) show a signiﬁcantly
decreased perfusion in the affected left hind limbs as compared with the healthy paw. Although a dose-dependent trend toward faster
recovery can be observed 3 days after ligation, no signiﬁcant differences were measured over a total time period of 28 days (*p ⬍ 0.05).
MNC ⫽ bone marrow– derived mononuclear cell; PBS ⫽ phosphate-buffered saline.

these experiments showed that BLI is a reliable
method to monitor MNC trafficking in an in vivo
environment and that homing to the injured area
was not limited to the adductor muscle, but also
occurred in more natural biological niches such as
marrow, liver, and spleen.
Monitoring effects of intravenously injected MNC
therapy. For the previous experiments, FVB mice

were used in order to establish a clinically resembling model of autologous cell transplantation in
which the donor group consisted of transgenic FVB
mice expressing GFP-Fluc. However, we observed
a robust endogenous restoration of paw perfusion in
these FVB mice. Therefore, to investigate the
functional effects of IV MNC injection, another
strain of mice (C57Bl6) was used in combination
with a double electrocoagulation to ensure a larger
therapeutic window (8). After double electrocoagulation of both the femoral and iliac arteries, the
ischemic/nonischemic paw perfusion ratio decreased dramatically from an overall mean of 1.04
pre-operatively to 0.04 post-operatively (p ⬍
0.0001). IV injection of MNCs was incapable of
restoring paw perfusion significantly, with a ratio of

0.60 in the MNC group compared with 0.57 in the
PBS group (p ⫽ NS) at 4 weeks post-operatively
(Fig. 7).
Effect of electrocoagulation on paw perfusion and MNC
survival. Considerable differences exist between dif-

ferent murine models of hind limb ischemia (8).
We next sought to determine whether the electrocoagulation or suture ligation method would better
fit the purposes of investigating the therapeutic
effect of cell therapy. As outlined in Online Figure
3, the suture ligation method did not result in a
prolongation of the therapeutic window, as there
were no significant differences in LDPI, with fast
recovery of paw perfusion within 1 week (0.97 ⫾
0.10 vs. 0.62 ⫾ 0.08; p ⫽ NS) (Online Figs. 3A and
3B). Moreover, cell survival was not significantly
different in both groups, with a trend toward an
increased early cell survival in the suture ligation
group (p ⫽ NS) (Online Fig. 3C).
DISCUSSION

This is one of the first studies to evaluate posttransplant MNC behavior in a murine model of
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Figure 5. Immunohistochemistry Analysis of Arteriogenesis Within the Post-Ischemic Adductor Muscle
Representative pictures of anti-␣ smooth muscle staining in mice treated with (A) single 2 ⫻ 106 MNC injection, (B) weekly 5 ⫻ 105 MNC
injection, and (C) PBS injections as a control. Quantiﬁcation of (D) mean number of collaterals and (E) mean collateral size showed no
signiﬁcant differences between study groups (p ⫽ NS). Abbreviations as in Figure 4.

PAD using in vivo molecular imaging techniques.
The main findings can be summarized as follows:
1) MNC survival after a single IM injection is
short-lived; 2) repeated MNC injections do not
provide a significantly prolonged cell survival;
3) homing of MNCs after IV injection is not
limited to the area of injury but other natural
niches; and 4) neither IM nor IV injection of
MNCs results in an improved blood flow recovery
after hind limb ischemia induction.
The clinical relevance of these findings is significant. Since the pioneering work of TateishiYuyama et al. (11), more than 25 clinical trials have
been registered on www.clinicaltrials.gov, using either IM or systemic injections into the ischemic leg.
Although the findings from this first study raised
early hopes, the initial positive outcomes have not
since been confirmed by large randomized clinical
trials. The original hope for using progenitor cells
in regenerative medicine was to regenerate the
damaged tissue by forming new blood vessels (12),
skeletal muscle (13), or even myocardium (14).
However, as the true regenerative capacity has been
questioned (15), and considering the dismal survival
capacity of MNCs and other progenitor cells in this
and other studies (5), a more plausible explanation
for a possible beneficial effect would be the secretion

of protective cytokines, as suggested before (16).
Indeed, it has recently been shown that a more
profound angiogenic response can be achieved in
ischemic muscle by transplanting progenitor cells
overexpressing both vascular endothelial growth
factor and stromal-derived factor-1 (17). Alternatively, and in order to achieve true regeneration, one
could switch to more specialized cell types rather
than whole MNCs. To this end, it has recently been
shown that embryonic stem cell– derived endothelial cells can improve perfusion due to the favorable
effect of engraftment and biological activity (18).
Thus, in the future, it might be a feasible approach
to use a set of growth factors or specialized cells for
gene therapy or to use a combination of these 2
approaches.
Previous studies have assessed MNC function
and mechanism after transplantation into the
ischemic leg largely by using post-mortem histological techniques (19). However, this approach
requires that animals be euthanized, which increases inter-animal variance and hampers longitudinal studies of the same subject. Moreover, the
search for scant donor cells on histological slides
from all organs is extremely difficult and timeconsuming. As a consequence, these techniques
are less suitable for studying the kinetics of cells
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Figure 6. In Vivo Visualization of Systemically Injected MNC by BLI
(A,B) One day after left femoral artery ligation, 2 ⫻ 106 MNCs were injected via tail vein injection and monitored for 10 days. In vivo BLI
pictures and signal quantiﬁcation on multiple time points show that after an initial low signal period due to scattered MNCs throughout
the body, cells then traveled to the injured area but also showed preference for the liver, bone marrow, and spleen. Scale bars represent
BLI signal in photons/s/cm2/sr (p ⫽ NS). Abbreviations as in Figure 1.

through the body over time. To overcome these
limitations, here we were able to take advantage
of the double-fusion reporter construct carrying
Fluc and GFP to yield valuable insight into
longitudinal cell fate. By doing so, we were able
to track the spatiotemporal kinetics of MNC
homing, retention, and survival in a murine
model of PAD.
Interestingly, we observed a relatively limited
cell survival after IM injection in the adductor
muscle that was independent upon the vascular
occlusion method. After a short-term increase in
BLI signal up to day 3, a rapid decrease in BLI
signal intensity relative to background after 4
weeks was observed. The limited cell survival was
confirmed by the immunohistochemical staining,
against GFP⫹ cells. No MNCs were detected 28
days after a single 2 ⫻ 106 MNC injection with
an anti-GFP immunohistochemical staining,
whereas 1 week after the fourth transplantation of
5 ⫻ 105 MNCs, a small proportion of these cells
could be found. These GFP⫹-MNCs were present near blood vessels, suggesting either a role in
neovascularization or that these cells preferred
being adjacent to oxygenated blood. The dismal
survival in the adductor muscle is interesting
because femoral artery ligation results in less profound ischemia in the adductor muscle as compared

with the gastrocnemius muscle. This suggests that
even in a normoxic niche, MNCs require more
biologically attractive environments to be capable
of robust survival. This once again stresses the
need for development of cell survival–augmenting
approaches such as scaffolds or transduction of
cells with pro-survival factors.
Results from this study show that, after systemic injection, MNCs migrated extensively to
the bone marrow, spleen, and liver. This pattern
indicates that MNCs traveled to their natural
biological niches, as all of these organs play a role
in intramedullary and extramedullary hematopoiesis. Confirming this observation, our BLI findings are concordant with previous leukocyte scans
showing retention in the liver and spleen (20).
For future experiments, it will be important to
improve homing to the ischemic muscles, which
may increase angiogenic response as measured by
LDPI. This could be realized in 2 ways: 1) improving the attractiveness of the target environment
with stem cell mobilizer such as short hairpin
knockdown of prolyl hydroxylase and factorinhibiting hypoxia inducible factor (21); or 2) manipulating the cells to be more specifically guided.
In this respect, it might be a better approach to
isolate a subset of the mononuclear fraction such as
the CD14⫹ expressing cells that are expected to
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