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ABSTRACT
In order for bloodborne stem cells to be effective in tissue
regeneration, cells must cross vessel walls and enter the parenchyma. Although such transmigration does occur, the
mechanism remains elusive. Leukocytes invade tissue by
diapedesis; stem cells are commonly assumed to do likewise,
but evidence is lacking. Cardiac-derived regenerative cells
and multicellular cardiospheres (CSPs) were infused into
the coronary vessels of rat hearts. Serial histology revealed
a novel mechanism of cell transmigration, ‘‘active vascular
expulsion,’’ which underlies the extravasation of infused
cells and cell aggregates. In this mechanism, the vascular

barrier undergoes extensive remodeling, while the cells
themselves are relatively passive. The mechanism was confirmed in vivo by serial intravital microscopy of CSP extravasation in a dorsal skin flap model. Integrins and matrix
metalloproteinases play critical roles in active vascular
expulsion. In vitro models revealed that active vascular
expulsion is generalizable to other stem cell types and to
breast cancer cells. Recognition of active vascular expulsion
as a mechanism for transvascular cell migration opens new
opportunities to enhance the efficacy of vascularly delivered
cell therapy. STEM CELLS 2012;30:2835–2842

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION
In clinical attempts at regeneration, stem cells are often
infused into blood vessels feeding the target organ, with the
hope that the cells will migrate into the surrounding tissue to
initiate repair [1, 2]. Although such extravasation does indeed
occur [3, 4] and results in therapeutic regeneration in humans
[5], the mechanisms remain obscure; leukocyte-like diapedesis
has been postulated [6–9], but with little supporting evidence.
Here, we report a novel cell transmigration mechanism, which
we call as ‘‘active vascular expulsion.’’ Transplanted heartderived stem cells cross capillary walls by three steps: (a) adhesion of infused cells to the microvessel lining; (b) pocketing
of infused cells by endothelial projections; and (c) breakdown
of the adjacent vascular wall, releasing cells into the interstitium. The first two steps require integrin-dependent interactions between transplanted cells and host endothelium, while
matrix metalloproteinases (MMPs) mediate the subsequent
breakdown of the microvessel wall. Endothelial pocketing can
be modeled in vitro, not only with heart-derived cells but also
with mesenchymal stem cells (MSCs) and breast cancer cells.
Active expulsion represents an alternative to diapedesis as a
mechanism of transvascular cell migration. Recognition of the
active vascular expulsion cascade opens new opportunities to

enhance the efficacy of stem cell therapy and, conversely, to
mitigate bloodborne metastasis.

MATERIALS

AND

METHODS

Cell Culture
Human and rat cardiosphere-derived cells (CDCs; single cells
with a size of 20 lm in diameter) and cardiospheres (CSPs;
multicellular spheres with a size of 50 lm in diameter) were
derived from human endomyocardial biopsies or Wistar-Kyoto rat
hearts, respectively, as described [10]. Human bone marrowderived MSCs were obtained from Lonza. Human umbilical
vein endothelial cells (HUVEC; ATCC, Manassas, VA http://www.
atcc.org/ATCCAdvancedCatalogSearch/ProductDetails/tabid/452/
Default.aspx?ATCCNum=PCS-100-013&Template=primaryCells)
and MCF-7 breast cancer cells were from ATCC. When applicable, vendors’ original cell culture protocols were followed.
Human MSCs and MCF-7 breast cancer cells were grown on
Corning’s Ultralow surface to allow formation of multicellular
spheres.

In Vitro Pocketing Experiment
CSPs and multicellular spheres formed by MSCs or MCF-7 cells
were labeled with DiO (Invitrogen, Carlsbad, CA, http://
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products.invitrogen.com/ivgn/product/V22886) and plated on
HUVEC monolayers on fibronectin-coated surface or HUVEC
networks on Matrigel (BD Biosciences, San Jose, CA http://
www.bdbiosciences.com/nvCategory.jsp?action=SELECT&form=
formTree_catBean&item=775674) for observation of in vitro endothelial pocketing. HUVECs were labeled with CM-DiI (Invitrogen Carlsbad, CA http://products.invitrogen.com/ivgn/product/
C7001). To study the role of integrins in endothelial pocketing,
integrin inhibitor Arg-Gly-Asp-Ser (RGDS) peptide (100 lM;
Sigma, St. Louis, MO http://www.sigmaaldrich.com/catalog/
product/sigma/a9041?lang=en&region=US) was added to the culture media or scrambled peptide as a control. Images were taken
by an Eclipse TE2000-U fluorescent microscope (Nikon). Polymer spheres (PSPs; 50 lm; Polysciences Inc., Warrington, PA
http://www.polysciences.com/Core/Display.aspx?pageId=98&categoryId=338&productId=955) with FITC fluorescence were
used as nonbiological control particles when indicated. To study
the role of extracellular matrix coating on endothelial pocketing,
a subgroup of PSPs was coated with human fibronectin (1 mg/
ml; BD Biosciences, San Jose, CA http://www.bdbiosciences.
com/ptProduct.jsp?prodId=362402) before interaction with
HUVECs. Experiments were carried out in triplicate and eight
randomly selected microscopic fields were used for quantification. Pocketing efficiency was calculated by the particle (CSP or
PSP) boundary that aligned with endothelial cell projections divided by the total particle perimeter. CSP penetration efficiency
in Matrigel was calculated by the number of CSPs that intruded
into the underlying Matrigel divided by the total number of
CSPs on the HUVEC network.

Animal Studies
Animal care was in accordance with the Institutional Animal
Care and Use Committee guidelines at Cedars-Sinai Medical
Center. Female Wistar-Kyoto rats (Charles River Laboratories,
Wilmington, MA) underwent left thoracotomy in the 4th intercostal space under general anesthesia. The heart was exposed, and
500,000 rat CDCs or 35,000 CSPs were infused into the coronary
arteries via injection into the left ventricular (LV) cavity during
25 seconds of aortic clamping [11]. Thirty-five thousand fluorescent PSPs were infused as control. CSPs and CDCs were loaded
with FITC-conjugated fluorescent particles or genetically labeled
with green fluorescent protein for histological detection [12]. To
reveal the mediators in the active vascular expulsion process,
a subset of animals were intraperitoneally injected daily with
integrin inhibitor RGDS peptide (2 mg/kg b.wt.; Sigma, St. Louis,
MO) or broad-spectrum MMP inhibitor GM6001 (2 mg/kg; EMD
Chemicals, Billerica, MA, http://www.emdmillipore.com/life-science-research/gm-6001/EMD_BIO-364205/p_tCSb.s1L7sgAAAEW
0mEfVhTm), or the scrambled versions of the two.
A mouse dorsal skin flap model [13] and intravital confocal
microscopy were used to study active vascular expulsion in live
animals. Male nude mice (Charles River Laboratories) underwent
similar thoracotomy as described above. The heart was exposed,
and 1,000,000 DiO-labeled human CDCs or 70,000 CSPs were
injected into the LV cavity (without aortic clamping). The thoracotomy was closed and a dorsal skin flap was created for baseline
confocal imaging (approximately 10 minutes after cell injection).
After that, the skin flap was sutured back and the animal was
allowed to recover. Confocal imaging of the skin flap was performed at 10 minutes, 24-hour, and 72-hour post-infusion. Prior
to imaging, rhodamine-B dextran (1% in PBS; Sigma, St. Louis,
MO, http://www.sigmaaldrich.com/catalog/product/sigma/r9379?lang=
en&region=US) was injected intravenously (retro-orbital) to label the
blood vessels.
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heart sections with vessels labeled by anti-vWF antibodies
(Abcam, Cambridge, MA http://www.abcam.com/Von-Wille
brand-Factor-antibody-ab6994.html). Perivascular hypoxia was
detected by the administration and immunohistochemical detection of hypoxyprobe (Hypoxyprobe Inc., Raleigh, NC, http://www.
hypoxyprobe.com/60 mg/kg; intraperitoneally injected 2 hours
before euthanasia). Images were taken by a Leica TCS SP5 X confocal microscopy system. Eight randomly selected microscopic
fields in three representative slices from each heart were used for
histological quantification as described [14]. The extravasation rate
was calculated as the number of extravasation events divided by
the total number of particles in all slices. Vessel patency was calculated by the area of patency (without clotting by the infused particles) divided by the total cross-sectional area of the lumen. Hypoxyprobe and MMP fluorescence were quantified from confocal
images of heart slices. A region of interest (ROI) with fixed size
was centered on the infused particles. The mean gray intensity
within this ROI was calculated with NIH Image J software and normalized to fluorescence intensity in control areas measured in adjacent microvessels without clotted particles.

Echocardiography
Cardiac function was assessed by echocardiography [10] using
Vevo 770 Imaging System (VISUALSONICSTM, Toronto, Canada). After the induction of light general anesthesia, the hearts
were imaged two-dimensionally in long-axis views at the level of
the greatest LV diameter. LV end diastolic volume, LV end systolic volume, and LV ejection fraction were measured with VisualSonics V1.3.8 software from two-dimensional long-axis views
taken through the infarcted area.

Injury Assessment
We assessed microembolic injury in the animals that were infused
with CSPs, PSPs, or normal saline. Infarct size was measured
from Masson trichrome-stained heart sections [12]. Masson’s trichrome staining was performed as described by the manufacturer’s instructions (HT15 Trichrome Staining [Masson] Kit; Sigma,
St. Louis, MO, http://www.sigmaaldrich.com/catalog/product/sigma/
ht15?lang=en&region=US). Images were acquired with a PathScan
Enabler IV slide scanner (Advanced Imaging Concepts, Princeton,
NJ). From the Masson’s trichrome-stained images, infarct size was
determined in each section with NIH ImageJ software. Microembolic injury was also assessed by measuring the concentrations of
troponin I in the serum [15]. All assays were run according to manufacturer’s protocol (Rat Cardiac Troponin-I ELISA, Life Diagnostics, West Chester, PA, http://www.lifediagnostics.com/cardiac-biomarker-elisa-kits.php cat no 2010-2-HS). Serum samples were
assayed undiluted for the cTnI ELISA. The absorbance was measured at 450 nm at the assay endpoint and the values of all analytes
were expressed in nanogram per milliliter.

Statistical Analysis
All statistical parameters were calculated with GraphPad Prism
5.03 (GraphPad Software Inc.). Student’s t test was used for most
data analysis. For comparisons among more than two groups,
one-way Analysis of variance (ANOVA) followed by Bonferroni
post-test was performed. p < .05 was considered to be statistically different.

RESULTS

Histology

Endothelial Pocketing and Vascular Expulsion Lead
to Extravasation of Infused Cells

The animals were euthanized and the hearts were harvested and
frozen in OCT compound. One hundred micrometer-thick heart
sections (every 500 lm) were prepared and quantification of extravasation efficiency was performed on confocal images of fixed

Polymorphonuclear leukocytes, which are specialized for tissue invasion, cross capillary barriers by diapedesis, that is, by
pseudopodial intercalation. Although infused stem cells are
commonly assumed also to extravasate by diapedesis, we
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Figure 1. Endothelial pocketing and vascular expulsion leading to extravasation of CDCs and CSPs. (A, B): Confocal imaging shows the membrane projections from adjacent endothelium (white arrowheads) surrounding a CDC (A; green) and CSP (B; green) 24 hours after infusion. The
original vascular wall undergoes breakdown to create a path for CDC and CSP extravasation (white arrows; A and B). Restoration of vessel patency was evident from circulating blood cell nuclei in the newly recanalized lumen (B; yellow arrows). (C): Beginning of endothelial pockets
via endothelial cell projection (white arrowheads). (D): Single-time-point confocal imaging of heart sections shows the extravasation time courses
of CSP and CDC and the lack of extravasation with PSP. (E): Occlusion of a microvessel by a CSP or a PSP (green) induced focal hypoxia as
detected by Hypoxyprobe (magenta). (F): CSP and CDC extravasate within 72 hours of infusion (mean 6 SD; n ¼ 3 rats per time point). PSP
did not undergo extravasation. *, p < .05 when compared with PSP. (G): Vessel patency was re-established in the CSP and CDC groups but not
in the PSP group. *, p < .05 when compared with PSP. (H): Quantification of hypoxyprobe fluorescence in CSP- and PSP-injected rats (mean 6
SD; n ¼ 3 rats per time point; *, p < .05, two-tailed Student’s t test). Scar bars ¼ 20 lm in (A)--(D) and 100 lm in (E). Abbreviations: CDC,
cardiosphere-derived cell; CSP, cardiosphere; DAPI, 40 ,6-diamidino-2-phenylindole; PSP, polymer sphere.

questioned that assumption using heart-derived stem cells,
which have been shown to enter the cardiac parenchyma after
infusion into coronary arteries [16, 17] and clinically proven
to be effective in cardiac regeneration [5]. We found that endothelial projections develop around CDCs or CSPs (Fig.
1A--1C; small arrowheads) to create endothelial pockets. Restoration of vessel patency was evident from circulating blood
cell nuclei in the newly recanalized lumen (Fig. 1B; yellow
arrows). Finally, breakdown of the opposing vascular wall
releases cells into the interstitium (Fig. 1A, 1B; white arrow).
Histology at various time points revealed that infused CDCs
or CSPs lodged within the microvasculature shortly after infusion (T ¼ 10 minutes, Fig. 1D, CDC and CSP panels), occupying the full luminal diameter. By 24 hours, CDCs and
CSPs remain within the blood vessels, but they are now sidelined and surrounded by endothelial projections (red coating
around green cells; T ¼ 24 hours, Fig. 1D, CDC and CSP
panels), with vessel patency restored in some cases. By 72
hours, the infused cells have been expelled into the extravascular space (T ¼ 72 hours, Fig. 1D, CDC and CSP panels).
www.StemCells.com

Endothelial pocketing and extravasation require biorecognition: inert polystyrene microspheres infused into coronary
arteries embolize and occlude capillaries, but they do not
undergo encapsulation or cross the vascular barrier (Fig. 1D,
PSP panel). Pooled data reveal that extravasation (Fig. 1F) and
vessel patency (Fig. 1G) progress inexorably (over 72 hours)
with CDC or CSP; meanwhile, PSP simply remain lodged
within vessels. As a consequence of PSP vessel microembolization, the myocardial tissue becomes hypoxic and remains so
over the 72-hour period of observation. In contrast, CSPinfused tissue is modestly hypoxic at 24 hours but recovers
completely by 72 hours (Fig. 1E, 1H), consistent with the
observed time course of vessel recanalization (Fig. 1G).
To confirm the data obtained by heart histology, we performed intravital imaging of active vascular expulsion. The
processes of creating a dorsal skin flap model and intravital confocal microscopy are depicted in Figure 2A. Infused CDCs first
lodged within the microvasculature shortly after infusion (T ¼
10 minutes, Fig. 2B) occupying the full lumen. At 24-hours,
CDCs were surrounded by endothelial projections (white arrows;
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Figure 2. Live imaging of active vascular expulsion in a mouse skin flap model. (A): Steps to create dorsal skin flap and perform intravital
confocal imaging. (B): Extravasation of a CDC by sequential active vascular expulsion process. New vascular walls were formed by endothelial
projections (white arrows) and the lumen was patent. The opposing wall of the endothelial pocket was broken down (white arrow head) to allow
the CDC to be expelled into the extravascular space. Bars ¼ 5 lm. (C): An intact CSP (yellow arrow) was found in the extravascular space 72
hours after injection. The CDCs (white arrows) could be originated from CSP dissociation after extravasation. Bar ¼ 50 lm. Abbreviations:
CDC, cardiosphere-derived cell; CSP, cardiosphere.

T ¼ 24 hours, Fig. 2B), with vessel patency restored. The opposing wall of the endothelial pockets had already broken down to
expel the CDCs into the parenchyma (white arrow head; T ¼ 24
hours, Fig. 2B). By 72 hours, the infused cells had been fully
expelled into the extravascular space (T ¼ 72 hours, Fig. 2B).
Large CSPs (50 lm) were found in the extravascular space 72
hours post-delivery (yellow arrow; Fig. 2C). The single cells
(white arrows; Fig. 2C) which can be seen nearby had presumably dissociated from the extravasated CSP, consistent with previous observations of CSP dissociation in the tissue parenchyma
[18].

Integrins Are Required for Endothelial Pocketing
The process of endothelial pocketing was first described in
1986 [19], but its role in cell transmigration has not been recognized. Our observations indicate that CDCs and CSPs cross
capillary walls via the creation and breakdown of endothelial
pockets in multiple steps: initial adhesion of infused cells and
microvessel occlusion, then pocketing of infused cells by endothelial projections, and finally breakdown of the opposing
vascular wall to release the cells into the parenchyma. The
entire process, which we call active vascular expulsion, is
unlike diapedesis but resembles a mode of fibrin clot extravasation described in cerebral microvessels [14].
We sought to understand the biological determinants of
endothelial pocketing with in vitro coculture systems (Fig.
3A). Integrins mediate attachment between a cell and surrounding tissues by binding to ligands with an exposed arginine-glycine-aspartate (RGD) sequence [20, 21]. Endothelial
pocketing could be recreated in vitro when CSPs were plated
upon monolayers of HUVEC (Fig. 3B). PSP did not elicit
responses from the HUVEC, a null phenotype that could be
mimicked by coapplying RGDS peptide, a potent integrin inhibitor, with CSP (Fig. 3C). Conversely, coating PSP with fi-

bronectin enhanced endothelial pocketing (Fig. 3C). Fibronectin is an important component of the extracellular matrix and
is frequently used to coat plasticware when growing adherent
cell types. HUVEC cells formed a uniform monolayer on a fibronectin-coated surface. Based on these facts, we reasoned
that coating PSP with fibronectin may increase the adhesion
of HUVEC cells on PSPs and thereby promote cell membrane
projections to form endothelial pockets in vitro. These results
indicate that cell adhesion molecules (e.g., integrins) are crucial in the initiation of endothelial pocketing. The same process occurred in vitro with spheres created from other cell
types (Fig. 3D: MSCs; Fig. 3E: MCF-7 breast cancer cells).
The generalizability of endothelial pocketing suggests that
active vascular expulsion may not be limited to extravasation
of transplanted cells and may in fact underlie processes as
remote as tissue invasion by endogenous bloodborne cancer
cells. In vivo administration of RGDS peptide decreased acute
CSP retention within infused tissue (Fig. 3F), indicating that
initial cell adhesion is at least partially integrin-dependent;
the RGDS-insensitive component of cell retention presumably
reflects physical microembolization, as CSPs are larger in diameter (30–50 lm) than the typical capillary (8–10 lm).
Consistent with the effects of integrin inhibitors in vitro,
RGDS also prevented endothelial pocketing of CSP in vivo
(Fig. 3G), leading to suppression of extravasation (Fig. 3H)
and potentiation of tissue hypoxia (Fig. 3I).

MMPs Underlie Vascular Wall Breakdown and
Active Expulsion
We next tested the idea that MMPs are involved in the process of vascular breakdown to eventually extrude the cells to
the parenchyma. Accordingly, we examined MMPs histologically and found that they indeed concentrate in the adjacent
vascular wall during active vascular expulsion (Fig. 4A).

Figure 3. Integrins are required for the initiation of endothelial pocketing. (A, B): Endothelial pocketing was recreated in vitro when CSPs (green)
were plated upon monolayers of HUVEC (red). White asterisks show endothelial pockets formed by HUVEC surrounding CSPs. Blue marks cell nuclei
(DAPI). (C): Plain PSP did not elicit responses from the HUVEC but fibronectin-coated PSP induced HUVEC projections; CSPs were surrounded by
HUVEC projections but not when incubated with RGDS peptide. *, p < .001 when compared with PSP. **, p < .05 when compared with all other
groups. (D, E): Similar HUVEC projections occurred in vitro with cellular spheres created from other cell types: MSCs (D) and MCF-7 breast cancer
cells (E). (F): Quantification of CSP retention within tissue 10 minutes after infusion in rats treated with integrin-blocking peptide (RGDS) or the
scrambled version (Control). RGDS reduced initial adhesion of CSP to the blood vessels. Blocking integrins prevented the formation of endothelial pockets 24 hours after infusion (G), leading to suppression of extravasation (H) and potentiation of tissue hypoxia (I) (n ¼ 5 rats per group;*, p < .05 when
compared with Control). Scar bars ¼ 50 lm. Abbreviations: CDC, cardiosphere-derived cell; CSP, cardiosphere; DAPI, 40 ,6-diamidino-2-phenylindole;
FN, fibronectin; HUVEC, human umbilical vein endothelial cell; MSC, mesenchymal stem cell; PSP, polymer sphere; RGDS, Arg-Gly-Asp-Ser peptid.

Figure 4. MMPs are required for pocket breakdown and active expulsion. (A): Confocal imaging shows MMPs (magenta) concentrate in the vascular
wall around a CSP (green). Scale bar ¼ 50 lm. (B): Quantification of MMP2 fluorescence in CSP- and PSP-injected rats. MMPs increase markedly at 24
hours, then decline, in response to CSP infusion; in contrast, MMPs are activated by PSP weakly and slowly (*, p < .01; n ¼ 3 rats per time point). (C):
The extravasation of CSP 72 hours after infusion is largely blocked by the broad-spectrum MMP inhibitor GM6001 but not by a negative control compound (GM6001-NC) (*, p < .01; n ¼ 5 rats per group). (D): Blocking of MMPs does not affect endothelial pocketing 24 hours after infusion (p ¼ .77; n
¼ 5 rats per group). Abbreviations: CSP, cardiosphere; DAPI, 40 ,6-diamidino-2-phenylindole; MMP, matrix metalloproteinase; PSP, polymer sphere.
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Figure 5. Simulation of CSP extravasation in vitro. (A): Confocal imaging shows a CSP that landed far from the endothelial tubes and remains
isolated. (B): CSPs that happened to fall upon a tubular nexus were quickly surrounded by HUVEC projections. (C): Three-dimensional-reconstructed confocal imaging of the CSP and HUVEC in (B). The cartoon indicates the process whereby the CSP is pocketed by HUVEC projections
and then penetrates into the underlying Matrigel. Scale bars ¼ 50 lm. (D): Time course of endothelial pocketing and CSP penetration in vitro.
(E): CSP penetration 48 hours after plating was blocked by the broad-spectrum matrix metalloproteinase (MMP) inhibitor GM6001 but not by
the negative control compound (GM6001-NC) (*, p < .001). (F): Blocking of MMPs does not affect formation of endothelial pockets in vitro (p
¼ .69). Experiments were performed in triplicate. Abbreviations: CSP, cardiosphere; HUVEC, human umbilical vein endothelial cell.

MMP levels increase markedly at 24 hours, then decline, in
response to CSP infusion; in contrast, MMPs are activated by
PSP weakly and monotonically (Fig. 4B). Functionally, the
extravasation of CSP (Fig. 4C) is largely blocked by the
broad-spectrum MMP inhibitor GM6001 but not by a negative
control compound (GM6001-NC). Interestingly, GM6001
does not affect the formation of endothelial pocketing (Fig.
4D). To model pocketing and extravasation in vitro, we plated
CSP upon HUVEC networks formed on Matrigel. Some CSP
landed far from the endothelial tubes (Fig. 5A), but those that
happened to fall upon a tubular nexus were quickly surrounded by HUVEC projections (Fig. 5B) and eventually
penetrated into the underlying Matrigel (Fig. 5C), simulating
the extravasation process seen in vivo. Time course analysis
revealed that endothelial pocketing precedes CSP penetration
(Fig. 5D). Consistent with the in vivo data on vascular wall
breakdown, the MMP inhibitor GM6001 blocked CSP penetration into the underlying Matrigel (Fig. 5E) but did not
prevent the formation of HUVEC pockets around the CSP
(Fig. 5F). These findings support a sequential model of active
expulsion in which pocketing is an obligatory precursor to
vascular wall breakdown; inhibition of either blocks extravasation, but suppression of vascular wall breakdown leaves
endothelial pocketing unaffected.

Integrative Implications of Active Vascular
Expulsion
What is the physiological purpose of active vascular expulsion? After all, iatrogenic cell infusion is a recent phenomenon which has exerted no evolutionary pressure on mammalian development. One possible survival advantage of active
vascular expulsion might arise from the recognition that tissues are constantly challenged by microemboli arising endogenously, for example, from cellular immune complexes, tissue sloughing, and circulating blood elements. If active

expulsion enables dynamic vessel remodeling in response to
such challenges, then one might predict that bioparticles susceptible to active expulsion (e.g., CSP) will produce less ischemic injury than similarly sized inert microspheres at the
same particle dosage. This conjecture was verified experimentally: myocardial scarring, ischemic biomarker elevation, and
global heart dysfunction did not occur with CSP, whereas
PSP infusion at comparable particle numbers produced gross
tissue injury (Fig. 6A--6D). Inhibiting active vascular expulsion of CSP with the integrin-blocking RGDS peptide recreated various detrimental effects similar to those of PSP
infusions (Fig. 6A--6D; green bars), but scrambled peptide
had no harmful effects (Fig. 6A--6D; blue bars). The findings
give good reason to hypothesize that active vascular expulsion
serves as an effective repair mechanism against damage due
to endogenous cellular microemboli.

DISCUSSION
The active expulsion process differs fundamentally from diapedesis, which involves rolling, tethering, tight binding, and
transmigration through the caps between endothelial cells
[22]. There, the transmigrating cell is the active component
while the vascular barrier is relatively passive. In contrast,
active vascular expulsion requires extensive plasticity of endothelial cells as well as vascular wall breakdown. Instead of
just ‘‘yielding’’ to invasive transmigrating cells, as in diapedesis, endothelial cells initiate active expulsion by extending
their membrane projections to embrace the infused cells (Fig.
6E). Diapedesis is well-suited for tissue invasion by small,
specialized highly motile cells. In contrast, active vascular
expulsion is likely to dominate in the extravasation of larger
single cells that are not specialized for diapedesis and of
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Figure 6. Integrative implications of active vascular expulsion. (A): Masson trichrome staining of heart sections at 3 weeks shows myocardial infarction (blue) in PSP-infused rats but not in CSP- or saline-infused rats. Scale bar ¼ 5 mm. (B): Quantification of infarct size in CSP-, PSP-, and salineinfused rats (n ¼ 5 rats per group; *, p < .01 compared to saline). (C): Serum troponin I indicates microembolic injury in PSP-infused animals but not
in CSP-infused ones (n ¼ 3 rats per group; *, p < .01 compared to saline). (D): Echocardiography revealed normal cardiac function (LVEF) in salineand CSP-infused animals at 3 weeks. LVEF deteriorated in the PSP-infused animals over the 3-week time course, consistent with the induction of myocardial infarction by PSP infusion in that group only (n ¼ 5–6 rats per group; *, p < .05 compared to saline). (E): Schematic depiction of steps in active
vascular expulsion. Abbreviations: CSP, cardiosphere; LVEF, left ventricle ejection fraction; PSP, polymer sphere; RGDS, Arg-Gly-Asp-Ser peptid.

multicellular aggregates. It has also been reported that cells
may migrate through single endothelial cells, a process called
transmigration [7]. This ‘‘trans-’’ cellular pathway shares similar molecular features with diapedesis, although the latter is
typically viewed as a ‘‘para-’’ cellular pathway. Transmigration of neural stem cells [23] and MSCs [24] may occur by
such conventional pathways. Active vascular expulsion differs
significantly from transmigration as CDC and CSP are much
larger than single endothelial cells, rendering implausible the
idea that they might migrate through the endothelial
cytoplasm.
CSP infusion induced transient and recoverable tissue hypoxia (Fig. 1H) while PSP infusion caused prolonged hypoxia
(Fig. 1H) that leads to cell death (Fig. 6A--C). It is unknown
whether transient hypoxia is beneficial to active vascular
expulsion. Previous reports indicated that hypoxia leads to
elevated endothelial adherence [25–27] and MMP secretion
[28], the two determinants of active vascular expulsion.
Active vascular expulsion does share some key similarities with the process of vessel recanalization described for
fibrin clots [12]. Nevertheless, there are important differences.
The fibrin clots were extravasated very slowly (over 8 days),
while extravasation of infused cells by active expulsion is
complete within 72 hours (Fig. 1). The rapid time course of
active expulsion is consistent with the identification of intravascularly delivered stem cells in tissue parenchyma after 72
hours, although the mechanism was not investigated [29]. We
have dissected the initial steps in active expulsion in some
www.StemCells.com

detail; in contrast, it remains unknown whether fibrin clot extravasation involves initial biorecognition, and, if so, what the
underlying mechanisms might be.
The recognition of active expulsion provides a key mechanistic rationale for intravascular stem cell delivery. Such
infused cells need to cross vessel walls to reach their parenchymal sites of action. However, intravascular routes suffer
from extremely low cell engraftment in the target tissue [30].
Our findings pinpoint several manipulable steps whereby the
efficacy of transvascular stem cell migration might be
enhanced. We also speculate that active vascular expulsion
might play a role in cancer cell and immune cell invasion,
where MMPs and integrins have also been found to be positive mediators [31–36].

CONCLUSION
We report a previously unrecognized mechanism of transvascular cell migration: active vascular expulsion. This process
occurs in three steps: adhesion/occlusion of cells within vessels, endothelial pocketing, and vascular wall breakdown (Fig.
6E). These steps culminate in cell extravasation and restoration of blood flow. We find that integrins are crucial for adhesion and pocket formation, while MMPs mediate the step of
vascular wall breakdown.

Cell Extravasation Via Active Vascular Expulsion
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