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BACKGROUND AND PURPOSE: Several studies suggest that various types of cellular therapies enhance
recovery after stroke in animal models. IA-based delivery of cells to the brain is under investigation for
stroke, but it is unknown whether cells are injured as a result of being injected through a catheter or
exposed to iodinated contrast medium or solutions containing heparin.

MATERIALS AND METHODS: We assessed the effect of catheterization with the Excelsior SL-10
catheter or exposure to heparin or iodine contrast on human bone marrow MNCs. Viability and cell
injury were assessed by trypan blue exclusion, caspase-3 activity, and lipid peroxidation. Cellular
function of MNCs was assessed by their production and release of VEGF, IL-10, and IGF-1.

RESULTS: Flow rates of 10 million cells from 0.5 to 2 mL/min did not alter MNC viability; however, 5
mL/min of MNCs did reduce viability by 19%. Iodine and low-dose heparin exposure did not affect cell
viability; however, high-dose heparin was cytotoxic. Catheter delivery at 2 mL/min did not affect levels
of VEGF, IL-10, or IGF-1.

CONCLUSIONS: MNCs do not appear to be damaged by heparin, iodine contrast, and the Excelsior
SL-10 catheter at flow rates up to 2 mL/min. However, higher flow rates did reduce viability, and
high-dose heparin did cause cell death.

ABBREVIATIONS: Cath-Hypo � hypoxia; DMEM � Dulbecco’s Modified Eagle’s Medium; ELISA �
enzyme-linked immunosorbent assay; FDA � US Food and Drug Administration; H.D. � high dose;
H-Hypox � MNCs not catheterized but conditioned; IA � intra-arterial; IGF-1 � insulin-like growth
factor 1; IL-10 � interleukin 10; L.D. � low dose; MNC � mononuclear cell; N-Cath � noncondi-
tioned MNCs; N-Cont � MNCs not catheterized; O.D. � optical density; PBS � phosphate-buffered
saline; VEGF � vascular endothelial growth factor

Increasing experimental evidence suggests that cell trans-
plantation can enhance recovery from stroke in animal

models of focal cerebral ischemia.1 Many different types of
cell-based therapies are under investigation, and clinical trials
have already commenced testing the safety and feasibility of
bone marrow cells in patients with ischemic stroke.2 The op-
timal delivery route for the administration of cells in patients
with neurologic disorders is under debate. Prior clinical stud-
ies attempted direct intracranial delivery of neural cells in pa-
tients with chronic strokes, but some patients had complica-
tions related to the surgery.3,4 Intravenous delivery is less
invasive, but the pulmonary circulation represents a signifi-
cant barrier that traps many types of intravenously adminis-
tered stem cells.5 Therefore, only a very small percentage of

transplanted cells administered intravenously migrate to the
injured area within the brain.5

An IA delivery into a cerebral artery such as the carotid or
middle cerebral artery has the advantage of selective deposi-
tion of cells to the infarcted region without first having to pass
through the venous system and peripheral organs.6 Such an
approach would deliver cells more efficiently to the injured
brain compared with an intravenous approach.6 One study
has already shown that IA delivery of cells leads to better out-
comes in a rodent model of stroke compared with an intra-
venous delivery.6 IA therapies in acute stroke require the use of
catheters; however, a key translational question is whether
cells are harmed by catheters and the associated chemicals,
such as heparin, and contrast agents used in IA procedures.

In fact, the FDA has recently provided guidelines for so-
matic cell therapy in cardiac diseases regarding cell-delivery
devices and cell viability.7 These guidelines recommend as-
sessing the viability of cells postinfusion in a setting that ac-
curately mimics a clinical protocol. We, therefore, tested
whether catheters, routinely used for IA therapies in acute
stroke, impact the viability and function of bone marrow
MNCs, a cellular product that has been shown to improve
recovery after stroke in animal models8,9 and is currently being
tested in trials involving patients with acute stroke and various
cardiac disorders.2,10,11 Proving that this method of delivery
does not alter the viability and function of cells is a crucial step
before its full-scale application in clinical safety and efficacy
studies involving patients with neurologic disorders such as
stroke.
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Materials and Methods

Preparation of MNCs
MNCs were prepared following an established protocol12 from the

bone marrow of a healthy volunteer in a good manufacturing process

facility. In brief, the bone marrow was harvested from the posterior

iliac crest of a healthy volunteer and purchased from Lonza (Walk-

ersville, Maryland). The MNCs were then isolated from the marrow

by using an attenuation gradient procedure on a SEPAX device

(Biosafe, Geneva, Switzerland).

Assessment of Cellular Injury after Passage of MNCs at
Different Flow Rates
Ten million cells per milliliter were passed at flow rates of 0.5, 1, 2,

and 5 mL per minute. These flow rates were chosen on the basis of a

planned phase I study involving IA administration of 100 million

cells for 5–10 minutes in patients with acute stroke. The cell suspen-

sion was aspirated in saline into a 5-mL syringe and then infused

through a 25-ga needle. The viability of MNCs through different

needle sizes has already been assessed in a different report.13 The

MNCs were passed through the Excelsior SL-10 catheter (Boston Sci-

entific, Natick, Massachusetts), which is routinely used for endo-

vascular treatments in acute stroke.14

Because a clinical study would involve cells traveling at body tem-

perature in a catheter, we placed the catheter for these experiments in

the incubator at 37°C for 30 minutes before cell-delivery experiments

were performed. After the sample had been infused through the cath-

eter, half was checked for postinfusion viability by trypan blue exclu-

sion or lipid peroxidation, and a portion of the remaining cells were

stored for 24 hours and then assessed for caspase-3 activation as a

marker of apoptosis. Caspase activation was used to assess any evi-

dence of delayed cellular injury. Lipid peroxidation and caspase-3

activation were estimated by using microtiter colorimetric methods.

The lipid peroxidation product, malondialdehyde, was measured as

described.15 Caspase activation and lipid peroxidation were com-

pared in cells before and after catheter passage.

Exposing Bone Marrow MNCs to Contrast Agent
Ten million MNCs were exposed to 10% iohexol contrast agent

(Omnipaque; Nycomed, Princeton, New Jersey) in PBS for 1 hour

and then were placed in PBS for 24 hours. Ten percent contrast is an

approximation to which MNCs might be exposed within the vascu-

lature in a clinical study involving IA delivery of these cells. The

cell suspension was centrifuged, and the cell pellet was dissolved in

caspase-3 lysis buffer. One hundred microliters of the cell lysate was

used for caspase-3 activation assay by using the caspase-3 substrate,

AC-DEVD-ANC (Invitrogen, Carlsbad, California).

Fig 1. Histograms illustrating caspase-3 activation (A ) and lipid peroxidation (B ) before and after catheter infusion. MNCs were infused at 2 mL/min through an Excelsior SL-10 catheter
and then assessed for lipid peroxidation at 3 hours and caspase-3 activity at 24 hours after catheterization. Data are mean � SD of 5 determinations in each experimental group.

Percentage viability of MNCs after passage through a catheter

Flow Rate
(mL/min)

Viability
(%)

0.5 99 � 2
1 99 � 2
2 99 � 2
5 80 � 5
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Effect of Heparin on Human MNCs
Two doses of heparin were examined. In the low-dose heparin group,

10 million MNCs were suspended in 2.5 U/mL of heparin for 1 hour

at an ambient temperature. This concentration of heparin is com-

monly used for IA procedures at our institution and is what we intend

to use for a planned phase I study on the safety of MNCs. In the

high-dose group, 10 million MNCs were exposed to 500 U/mL of

heparin for 1 hour. A third group of MNCs were exposed to 1� PBS

as a control. After 1 hour’s treatment, the cells were first assessed for

viability with trypan blue and then stored in PBS for 24 hours and

centrifuged. The supernatant was removed, and the pellet was dis-

solved in caspase-3 lysis buffer and assayed for caspase-3 activation.

Functional Assessment of MNCs after Passage Through a
Catheter
Ten million MNCs per milliliter were passed through the Excelsior

SL-10 catheter at a flow rate of 2 mL/min. After catheterization, the cells

were subjected to 3 hours of hypoxia, which is known to increase cytokine

secretion from these cells,16 followed by incubation in DMEM media

under normoxic conditions for 24 hours at 37°C. A separate group of

MNCs at the same concentration was passed through the catheter and

was placed under normoxic conditions for 3 hours and then cultured in

DMEM for 24 hours. A corresponding set of control cells that were from

the same vials did not undergo catheterization but were divided into

groups that underwent either hypoxia or normoxia for 3 hours and then

were cultured for 24 hours in DMEM. Supernatants from all the

groups described were collected at 24 hours and centrifuged at 4°C for

10 minutes at 3000 G to remove particulate material. One hundred

microliters of supernatant was used to estimate different cytokines

(IGF-1, IL-10, and VEGF) by using colorimetric microtiter sandwich

ELISA. These cytokines are known to be secreted by MNCs.16

Statistical Analysis
Means and SDs were calculated. A P value � .05 was considered

significant. Analysis of variance and t tests were used when

appropriate.

Fig 2. Caspase-3 activation after exposure to Omnipaque (iohexol) and heparin. MNCs were exposed to either Omnipaque, low-concentration heparin (2.5 U/mL) typically used for
endovascular procedures, high-concentration heparin (500 U/mL), or saline for 1 hour. MNCs were then assessed for caspase-3 activation at 24 hours. There were no significant differences
between saline-treated cells and Omnipaque-treated cells or low-dose-heparin–treated cells. However, high-dose heparin did significantly increase caspase-3 activation. The asterisk
indicates P � .05. Data are mean � SD of 5 determinations in each experimental group.
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Results

Cell Viability with Different Flow Rates
After passage through the Excelsior SL-10 catheter, there
was no change in cell viability in any of the infusion-rate
groups: 0.5, 1, and 2 mL/min. There was �99% viability after
passage through the catheters (Table) at �2 mL/min. How-
ever, when the cells were passed at 5 mL/min, there was a
significant decrease by 19% in viability in cells postinfusion
compared with cells preinfusion (Table). There was no differ-
ence in caspase-3 activation (Fig 1A) and lipid peroxidation
(Fig 1B) before and after the cell infusion by using a rate of
2 mL/min.

MNC Viability after Exposure to Iodine Contrast Agent
There were no significant differences in trypan blue exclusion
(99% viability) or caspase-3 activation between saline-treated
and Omnipaque-treated cells (Fig 2A).

Viability after Exposure to 2 Different Concentrations of
Heparin
In the low-dose heparin group, there was no significant differ-
ence in viability as determined by trypan blue exclusion (99%)
or caspase-3 activation (Fig 2B) between saline-treated and
low-dose heparin-treated MNCs. However, in the high-dose
heparin group, viability was reduced by 30% and caspase-3
activation (Fig 2C) was significantly increased compared with
saline controls.

Effect of Catheterization on Cytokine Release
There was no significant difference in cytokine release of
IGF-1, IL-10, and VEGF in nonconditioned MNCs between
catheterized and noncatheterized groups. Cells that were con-
ditioned with 3 hours of hypoxia released more cytokines than
nonconditioned cells, as expected.16 There were no differences
in cytokine release, however, in conditioned cells between the
catheterized and noncatheterized cell groups (Fig 3).

Fig 3. The effect of catheterization on cytokine release of MNCs. Human MNCs were passed through an Excelsior SL-10 catheter at a rate of 2 mL/min and then were cultured in media
for 24 hours. The media were assayed for cytokine levels (N-Cath). This group was compared with MNCs that were not catheterized (N-Cont). A second group of MNCs was catheterized
as described, then exposed to hypoxia for 3 hours, and cultured in media for 24 hours. Cytokines in the media were quantified (Cath-Hypo). A�C, This group was compared with control
MNCs not catheterized but exposed to hypoxia for 3 hours and cultured for 24 hours (N-Hypo). IL-10 (A ), IGF-1 (B ), and VEGF (C ) were quantified by ELISA. Cytokines were estimated from
100-�L MNC supernatants. There was a significant increase (P � .05) in cytokine release from cells exposed to hypoxia compared with cells exposed to normoxia. Catheterization did
not affect cytokine levels from normoxic- or hypoxic-treated cells. Data are mean � SD of 5 determinations in each experimental group. The asterisk indicates P � .05.

AJNR Am J Neuroradiol 31:1488 –92 � Sep 2010 � www.ajnr.org 1491



Discussion
MNCs have been found, in multiple laboratories, to reduce
neurologic deficits in animal models of stroke.6,8,17 An IA de-
livery of MNCs through the carotid artery confers more ben-
efit in rats compared with an intravenous approach.6 While
clinical studies outside the United States in patients with
stroke have already commenced delivering MNCs into the
cerebral arterial circulation,11 it is important to assess whether
MNCs can be damaged with the devices commonly used in the
endovascular suite. A recent study assessed the effects of cath-
eter passage of mesenchymal stem cells to the heart and found
that higher flow rates did impair gene expression of certain
growth factors, which are believed to underlie, in part, the
effects of these cells in promoting cardiac repair.18 Criteria
have already been recommended by the FDA to determine the
safety of endovascular delivery of stem cells in cardiac
patients.7

We, therefore, performed ex vivo experiments to simulate a
planned study involving an intracarotid infusion of MNCs in
patients with ischemic stroke. We found that catheterization
rates of 10 million cells/mL up to 2 mL/min did not affect
viability. However, we did observe an increase in cell death
(�19%) when cells were injected at 5 mL/min. We also per-
formed functional assays of the MNCs by quantifying secreted
cytokines before and after catheterization. IGF-1, IL-10, and
VEGF are 3 of the many cytokines that may underlie, in part,
the benefits of MNCs observed to improve recovery after myo-
cardial infarction.16 We found that catheterization did not af-
fect the output of any of these cytokines. More important, a
conditional stimulus, hypoxia, increased cytokine release
from MNCs, as previously described,16 and catheterization
did not affect the elevation in cytokines. This result suggests
that catheter passage does not interfere with cytokine elabora-
tion of MNCs. In addition, IA delivery might place MNCs
directly into contact with heparin and iodine contrast, which
are routinely used in endovascular procedures. However, in
this study, heparin and iodine contrast did not cause cellular
injury; they, therefore, appear safe and would not be expected
to interfere with the potential beneficial effects of MNCs as
demonstrated in animals.6,8 However, at concentrations that
are at least 100-fold higher, heparin did cause injury to MNCs.

This study has limitations, including the use of only 1 cath-
eter model and not assessing the effect of radiation exposure
on MNCs.

Conclusions
Flow rates �2 mL/min at concentrations of 10 million
cells/mL do not alter MNC viability or function. In addition,
heparin and iodine contrast appear not to harm bone marrow
MNCs. The results from this study suggest that assessing the

impact of flow rates on viability and function may be needed
before advancing any particular cellular product to clinical
trial involving an endovascular delivery in patients with stroke
or other neurologic disorders.
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