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Is the intravascular administration of mesenchymal stem cells safe?
Mesenchymal stem cells and intravital microscopy
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s of human mesenchymal stem cells (MSCs) after intravascular administration
into SCID mouse cremaster vasculature by intravital microscopy. MSCs were injected into abdominal aorta
through left femoral artery at two different concentrations (1×106 or 0.2×106 cell). Arterial blood velocity
decrease by 60 and 18% 1 min after high/low dose MSCs injection respectively. The blood microcirculation
was interrupted after 174±71 and 485±81 s. Intravital microscopy observation and histopathologic analysis
of cremaster muscles indicated MSCs were entrapped in capillaries in both groups. 40 and 25% animals died
of pulmonary embolism respectively in both high and low MSCs dose groups, which was detected by
histopathologic analysis of the lungs. Intraarterial MSCs administration may lead to occlusion in the distal
vasculature due to their relatively large cell size. Pulmonary sequestration may cause death in small
laboratory animals. MSCs should be used cautiously for intravascular transplantation.

© 2009 Elsevier Inc. All rights reserved.
Introduction
Tissue regeneration procedures are largely executed in the current
era using different stem cell sources. One of themost commonly applied
cell population is MSCs, which can be easily isolated from bonemarrow,
adipose tissue and umbilical cord (Dazzi and Horwood, 2007). MSCs
have the capacity to differentiate into osteocytes, adipocytes and
chondrocytes (Dazzi and Horwood, 2007; Wollert and Drexler, 2005).
In addition, it has been shown that they may give rise to other lineages
such as endothelial cells (Silva et al., 2005), neuronal cells (Woodbury
et al., 2000), and epithelial cells (Wang et al., 2005; Anjos-Afonso et al.,
2004). Therefore, a large body of evidence demonstrates MSCs are good
candidates for cardiovascular regeneration.

Numerous delivery approaches exist for cell-based therapy. In
order to achieve the optimal regeneration potential, the desired routes
of stem cells delivery should be chosen to be tailed to the character of
individual stem cell population, its targeted tissues and its therapeutic
purpose. Intraarterial injection of stem cells as one of the commonly
executed routes has been used in several preclinical settings (Behr
et al., 2007; Walczak et al., 2008; Bartsch et al., 2007). As being one of
the most attractive fields for stem cell-based therapies, different types
).
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of cells as well as MSCs were also used for myocardial regeneration
including intracoronary transplantation route (Freyman et al., 2006;
Vulliet et al., 2004). However, only few studies underlined the kinetics
ofMSCs after intaartery administration (Walczak et al., 2008; Freyman
et al., 2006; Vulliet et al., 2004).

Considering that MSCs size might be much larger than the
capillaries size, we aimed to investigate the immediate term behaviors
of human adipose derived MSCs when are injected intraarterially in a
SCID mouse model. We hypothesized that cultured MSCs might be
relatively large cells which may not be suitable for intravascular
transplantation.

Study design

Mesenchymal stem cell preparation and characterization

Cells from adipose tissue were isolated from different patients and
frozen (Bieback et al., 2008). Surface markers were examined by flow
cytometer (FACS, Calibur; Becton Dickinson, San Jose, USA) after
incubation with anti-CD29-allophycocyanin (BD Pharmigen) or anti-
CD44-phycoerythrin (Abcam) conjugated antibodies. After fixation,
following protein block (DAKO) cells were incubated with primary
antibodies (CD44-PE, CD73, CD90-PE and CD105-FITC). For CD73
staining, ALEXA 488 conjugated secondary antibody was added on the
next day. Nucleus was stained with DRAQ-5 for 10 min.
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Cell size measurement

Diameters of MSCs cytoplasm were measured both in suspensions
and in adhesion by Leica SP2 Confocal Microscope (Leica, Hamburg,
Germany) and LCS Lite software (Leica).
Fig. 1. MSCs size. (A) Size patterning of MSCs in suspension detected by confocal microscope
confocal microscopy. (D) Adherent cell diameter. (E) Intravital microscopy analysis of MSCs
Immunohistochemistry

Frozen transverse tissue sections of cremaster muscles and lungs
were cut at 5 μm thickness. Haematoxylin–eosin stainingwas employed
andMSCswere labeledwith carboxy-fluorescein diacetate, succinimidyl
. (B) Cell diameter in suspension MSCs. (C) Adherent MSCs dimensions examined with
size and arterioles' diameters.



Fig. 1 (continued).

Fig. 2. MSCs impede the microcirculation. (A, B) Blood velocity variations during the
first minute after MSCs injection in arterioles (upper panel) and venules (lower panel).
(C) Interval of blood flow stop. (D) Injected MSCs slow down and stack in arterioles (E)
Thrombus formation in arteriole. (F) Arterial constriction due to sudden absence of
blood flowing. (G, H) Representative Hematoxilin/Eosin staining images of cremaster
muscle. MSCs were detected by fluorescence microscopy (light blue color). (I, J)
Representative confocal microscopy images of lungs. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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ester (CFDA SE, Molecular Probes) as previous described (Kaminski et
al., 2008). H–E stained tissue images and fluorescent signal of the cells
were acquired by fluorescence microscope (Leica DMLB, Leica) and
Confocal Leica application suite 2.7.1 R1 (Leica DMLB, Leica).

Intravital microscopy

Mice were anesthetized with intraperitoneal injection of ketamine
(75 mg/kg) and xylazine (25 mg/kg) combination. An arterial
catheter was retrograde inserted into the infrarenal abdominal aorta
through the left femoral artery. The right cremaster muscle was
dissected and prepared for intravital fluorescence microscopy (mod-
ified Zeiss Axiotech® fluorescence microscope connected to a CCD
video camera) as described previously (Kaminski et al., 2008; Baez,
1973; Lindenblatt et al., 2007). Five randomly chosen arteries and
veins were defined for analysis of blood flow and cell behaviors.

Adipose tissue derived MSCs were fluorescently labeled with the
CFDA SE as previously described (Kaminski et al., 2008) and prepared
in PBS for intravital microscopy at a concentration of 1×106 (Anjos-
Afonso et al., 2004) (group 1, n=10) or 0.2×106 (Anjos-Afonso et al.,
2004) (group 2, n=8) cells in 200 μl phosphate buffer saline (PBS).
Control group (n=4) received five consecutive injections of 40 μl PBS.

Animal care

The study was conducted following approval of the local animal
care and use committee. All procedures in the study were performed
in accordance to the Guide for the Care and Use of Laboratory Animals.
Results and discussion

Expanded hMSCs population exhibited typical markers, positive for
CD29, CD44, CD73, CD90, and CD105 (Data supplement 1). The average
cell size is ranged between 16 μm and 53 μm in suspension
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(median=30.5±8.6, n=117, Figs. 1A, B) and between 20.1 μm and
95.9 μminadhesion (median=47.2±16.7,n=108, Figs.1C,D),which is
in agreementwith aprevious report of Vulliet et al. (2004).However, the
diameterof humanpost-capillary venules range approximately between
10 and 50 μm and is even smaller in arterioles (8–30 μm) (Schmidt GT,
1989). Moreover, it is proposed that capillaries size average 8 μm in
diameter (Schmidt GT,1989; Chien,1975; John Ross,1991; Herbert et al.,
1989; Arthur and Guyton, 1997; Renkin, 1989; Gaehtgens, 1980; Row,
1979), a dimension definitely smaller thanMSCs regular diameter. MSCs
have shown to be in general larger in dimension than capillaries and
precapillary vessels of themouse cremasterwhencompared invivowith
precapillary vessel (both arterial and vein) diameter (Fig. 1E).

Our intravital microscopy study revealed the relative large size of
MSCs might influence the intravascular activity in SCID mouse. After
MSCs injection blood velocity reduced significantly in a cell density
dependent manner until the microcirculation stopped. 1 min after
the first MSCs injection (V=40 μl) blood velocity decreased to
547±435 μm/s in group 1 and 1103±586 μm/s in group 2 in
arterioles and to 202±164 μm/s in group 1 and 594±238 μm/s in
group 2 in venules (Figs. 2A, B). In Group 1, 12 injections in total could
be performed. In eight animals the blood flow was stopped and it was
not possible to perform more than one injection due to vascular
occlusion and subsequent animal death. In Group 2, 21 injections in
total were performed. The actual interruption time of blood flow
among the groups is shown in Fig. 2C. Velocity change did not occur in
the control group confirming the safety of the injected volume and
speed (5 injections within 10 min).

45 min after injection, the capillaries were examined periodically.
Capillaries with MSCs arrest were found in both groups (Fig. 2D and
video in data supplement 2). Thrombus formation was detected in



Fig. 2 (continued).

374 D. Furlani et al. / Microvascular Research 77 (2009) 370–376
arterioles and venules of the living animals due to MSCs obstructing
the circulation (Fig. 2E). In some animals arterial radius (luminal
dimension) was changed followed thrombosis events (Fig. 2F). It was
found by immunostaining that capillaries in cremaster were occluded
by MSCs (Figs. 2G, H). Entrapments were also detectable in the lungs
(Figs. 2I, J).

Our findings are consistent with results of other groups that
demonstrated systemic delivery of bone marrow derived MSCs was
limited by entrapment of cells mainly in the lungs (Barbash et al.,
2003) as well as liver and spleen (Ruster et al., 2006). Barbash et al.
explained the high pulmonary entrapment of systemically infused
cells due to their large size (Barbash et al., 2003). In the study of
Walczak et al., the measured MSCs size ranged between 20 and 50 μm
and although cells were able to bypass the endovascular barrier,
entrapment in vasculaturewere found in 17% of the animals indicating
clear risk of vascular occlusion (Walczak et al., 2008). In the study of
Vulliet et al., 0.5×106 cells per body kg were enough to cause
myocardial infarction, even in healthy vasculature (Vulliet et al.,
2004). Briefly, evidence suggests that intracoronary delivery of MSCs
might cause microvascular plugging and consequent no-reflow
phenomena with high probability (Freyman et al., 2006). In our
study, delivery of amount of injected cells were in limits in
concordance with the doses used in the literature (Freyman et al.,
2006; Vulliet et al., 2004; Ruster et al., 2006). To our knowledge, the
present study is the first kinetic investigation of the potential adverse
behavior of MSCs in the vasculature with the intravital microscopy.

The findings of reduced blood flow by angiography as well as
evidence of microvascular plugging should alert clinicians to a potential
limitation of systemic or intraarterial delivery of MSCs. Following
intraarterial transplantation, cells causing embolism in mouse might
with a high probability lead to the same sequence of events in clinical
setting. Smaller cells are able to return through muscular venules;
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however some of them may be entrapped in the lungs and lead to
pulmonary embolism, and other undesirable consequences.
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