
Potential Treatment of Cerebral Global Ischemia with Oct-4�

Umbilical Cord Matrix Cells

SACHIKO JOMURA,a MARC UY,a KATHY MITCHELL,c RENEE DALLASEN,a CLAUDIA J. BODE,c YAN XUa,b

aDepartment of Anesthesiology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania, USA;
bDepartment of Pharmacology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania, USA;
cDepartment of Pharmacology and Toxicology, University of Kansas, Lawrence, Kansas, USA

Key Words. Cerebral global ischemia • Rat umbilical cord matrix cell • Oct-4 • Extracellular signaling • Neurogenesis • Reperfusion
Stem cell therapy

ABSTRACT

Potential therapeutic effects of Oct-4-positive rat umbili-
cal cord matrix (RUCM) cells in treating cerebral global
ischemia were evaluated using a reproducible model of
cardiac arrest (CA) and resuscitation in rats. Animals
were randomly assigned to four groups: A, sham-oper-
ated; B, 8-minute CA without pretreatment; C, 8-minute
CA pretreated with defined media; and D, 8-minute CA
pretreated with Oct-4� RUCM cells. Pretreatment was
done 3 days before CA by 2.5-�l microinjection of defined
media or approximately 104 Oct-4� RUCM cells in left
thalamic nucleus, hippocampus, corpus callosum, and
cortex. Damage was assessed histologically 7 days after
CA and was quantified by the percentage of injured
neurons in hippocampal CA1 regions. Little damage

(approximately 3%– 4%) was found in the sham group,
whereas 50%– 68% CA1 pyramidal neurons were injured
in groups B and C. Pretreatment with Oct-4� RUCM cells
significantly (p < .001) reduced neuronal loss to 25%–
32%. Although the transplanted cells were found to have
survived in the brain with significant migration, few were
found directly in CA1. Therefore, transdifferentiation
and fusion with host cells cannot be the predominant
mechanisms for the observed protection. The Oct-4�

RUCM cells might repair nonfocal tissue damage by an
extracellular signaling mechanism. Treating cerebral
global ischemia with umbilical cord matrix cells seems
promising and worthy of further investigation. STEM
CELLS 2007;25:98 –106

INTRODUCTION

Unless resuscitation is given immediately, cardiac arrest
(CA) invariably leads to debilitating brain damage and death
due to cessation of oxygen and glucose supply to the brain
tissue. Injury patterns after cerebral global ischemia are char-
acterized by the disseminated neuronal loss of the selectively
vulnerable pyramidal neurons in the CA1 and CA3 regions of
the hippocampus, medium-sized neurons in the striatum, and
Purkinje cells in cerebellum [1– 4]. Even with a brief primary
insult, the selectively vulnerable neurons die hours to days
after the ischemia. For a long time, the secondary derange-
ments were thought to be the direct consequence of excito-
toxicity and energy failure. More recent investigations [1–3,
5– 8], however, suggest that treatment strategies aimed sim-
ply at energy metabolism or excitotoxicity would inevitably
fail. Finding alternative strategies to rescue injured neurons
from dying and to help uninjured neurons to survive has been
the subject of intense investigations in recent years [9 –11].
One of the possibilities is to promote neurogenesis from
neural stem cells and progenitor cells in the adult brain [12].
It has been suggested that neurogenesis is enhanced by tran-
sient brain ischemia [13–17]. Moreover, neurotrophic factors
are believed to play an important role in this mechanism.
Levels of neurotrophic factors such as brain-derived neuro-
trophic factor [18 –20], fibroblast growth factor-2 [21], and

erythropoietin [22] in the brain have been shown to increase
after ischemic injury. These neurotrophic factors have also
been used for experimental treatment of brain ischemia.

Another way to promote neurogenesis and neuronal protec-
tion is stem cell transplantation. Several attempts have been
made to use stem cells from different origins [23], including
bone marrow stem cells [24–26], neuroepithelical stem cells
[27], fetal neural stem cells [28], and umbilical cord blood cells
[29, 30], for treatment of focal ischemia. These studies showed
the migration and differentiation of stem cells in relation to the
functional recovery. Some recent studies even suggest that stem
cell contributions to organ repair can arise from a circulating
pool of the adult bone marrow stromal stem cells because cells
from the donor marrow can be found in the brain, liver, kidney,
or lung [31–34]. The potential therapeutic application of stem
cell factor to focal ischemia was also investigated [35]. Very
few studies to date, however, have focused on the use of stem
cells for the treatment of global cerebral ischemia due to the
dispersed nature of the damage. The possibility of treating
cerebral global ischemia with exogenous stem cells has not yet
been fully explored.

In the present study, we combined the use of rat umbilical
cord matrix (RUCM) cells and a clinically relevant outcome
model of CA and resuscitation in rats [1, 2] to investigate the
potential therapeutic effects of Oct-4� RUCM cells in mitigat-
ing cerebral global ischemic damage after 8-minute normother-
mic CA.
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MATERIALS AND METHODS

Isolation and Culture of RUCM Cells
RUCM cells were isolated from the umbilical cords of female Sprague-
Dawley rats at 16-day gestation in accordance with a protocol approved
by the Institutional Animal Care and Use Committee (IACUC) at
University of Kansas (Lawrence, KS). The procedure is similar to that
used for isolating porcine and human UCM cells [36]. Briefly, cords
were washed in betadine, rinsed in sterile phosphate-buffered saline
(PBS), incubated in hyaluronidase (40 U/ml) (MP Biomedicals, Solon,
OH, http://www.mpbio.com) and collagenase type I (0.4 mg/ml) (Sig-
ma-Aldrich, St. Louis, http://www.sigmaaldrich.com) for 30 minutes at
37°C, and rinsed with sterile PBS. Cords were finely minced, plated in
six-well plates, and maintained in defined media (DM), which are
composed of Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA, http://www.invitrogen.com) and MCDB-201
medium (Sigma-Aldrich) supplemented with 1� insulin-trans-
ferrin-selenium (Invitrogen), 0.15% lipid-rich bovine serum albu-
min (Albumax; Invitrogen), 0.1 nM dexamethasone (Sigma-Al-
drich), 10 �M ascorbic acid-2-phosphate (Sigma-Aldrich), 1�
penicillin/streptomycin (Thermo-Fisher, Suwanee, GA, http://new.
fishersci.com), 2% fetal bovine serum (BD Biosciences, San Jose,
CA, http://www.bdbiosciences.com), 10 ng/ml recombinant human
epidermal growth factor, and 10 ng/ml rat platelet-derived growth
factor BB (R&D Systems, Inc., Minneapolis, http://www.rndsys-
tems.com). On day 5, cord remnants were removed, and the at-
tached cells were washed three times with PBS, followed by addi-
tion of fresh DM. Cells were passaged by lifting with 0.05% trypsin
EDTA. Viable cells were counted with a hemocytometer and trypan
blue exclusion and usually replated at an initial density of 30%.
Cells were passaged when they reached 80% confluency.

Flow Cytometry
RUCM cells at 1 � 106 cells per milliliter were fixed with methanol
at 4°C for 5 minutes and blocked with PBS and 5% bovine serum
albumin at 4°C for 1 hour. Cells were incubated with mouse primary
antibodies (1 �g/ml) against Oct-4, smooth muscle actin (SMA), or
vimentin (Chemicon International, Temecula, CA, http://www.
chemicon.com) at 4°C for 1 hour. Cells were then washed three
times with PBS and incubated with goat anti-mouse secondary
FITC conjugate (1:100; Invitrogen) for 30 minutes at 4°C. There-
after, cells were washed twice in PBS and analyzed using a FAC-
SCalibur flow cytometer (Beckman Coulter, Fullerton, CA, http://
www.beckmancoulter.com). Ten-thousand cells (no gating) were
collected and analyzed in the FL1 channel. Control cells were
incubated with mouse isotype-specific immunoglobulin G to estab-
lish the background signal.

Reverse Transcription-Polymerase Chain
Reaction Analyses
RNA was isolated from cultured RUCM cells with RNeasy Quick
spin columns (Qiagen Inc., Valencia, CA, http://www1.qiagen.com)
and converted to cDNA using random hexamers and SuperScript II
reverse transcriptase (Invitrogen). Polymerase chain reaction (PCR)
amplification was performed using a Bio-Rad I-Cycler (Bio-Rad,
Hercules, CA, http://www.bio-rad.com) for 35 cycles with the fol-
lowing primer pairs: Oct-4, forward 5�-GAAGGATGTGGTC-
CGAGTGT-3�, reverse 5�-GTGAAGTGAGGGCTCCCATA-3�
(expected product size of 183 base pair [bp]); vimentin, forward
5�-ATGTCCACCAGGTCCGTG-3�, reverse 5�-TTATTCAAGGT-
CATCGTG-3� (expected product size of 1.4 kbp); and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH, as a positive control),
forward 5�-ATCTTCCAGGAGCGAGAT-3� and reverse 5�-TG-
GTCATGAGTCCTTCCACGATA-3� (expected product size of
300 bp). For negative control, PCR was performed in the presence
of cDNA but without primers. Products were resolved by 2%
agarose gel electrophoresis and visualized by ethidium bromide
staining.

Immunofluorescence
RUCM cells from passage 10 were grown to 80% confluency in
chamber slides. Cells were fixed with 4% paraformaldehyde for 10
minutes at room temperature, quenched in 100 mM glycine for 5
minutes, permeabilized with 0.2% Triton X-100 for 5 minutes, and
blocked in blocking buffer (0.2% Triton X-100, 2% normal goat
serum, 0.4% bovine serum albumin in PBS) for 1 hour. Cells were
incubated with primary antibody for 1 hour (mouse monoclonal
antibodies to Oct-4 and SMA, 1:100; Chemicon). Cells were
washed three times with PBS and incubated with secondary anti-
body (Alexa Fluor 546 donkey anti-mouse, 1:200; Invitrogen) for 1
hour. Nuclear DNA was stained with SYTOX Blue nucleic acid
stain (Invitrogen). For negative controls, cells were incubated with
the labeled secondary antibodies and SYTOX Blue only. Images
were obtained with a 510 Zeiss laser scanning microscope (Carl
Zeiss, Jena, Germany, http://www.zeiss.com) under �63 oil-immer-
sion lens.

In Vivo Experimental Groups
The CA and resuscitation procedures were approved by the IACUC
at the University of Pittsburgh. Thirty-three male Sprague-Dawley
rats (Harlan Sprague Dawley, Inc., Indianapolis, http://www.harlan-
.com), weighing 234 � 27 g, were used. Rats were randomized into
four groups. In group A (sham-operated, n � 7), rats were subjected
to the same surgical and CA and resuscitation procedures as detailed
below but were resuscitated immediately after the induction of CA
without asphyxia. In groups B (n � 9), C (n � 9), and D (n � 8),
rats underwent 8 minutes of CA, followed by rapid resuscitation.
Rats in group C and group D were pretreated 3 days prior to CA
with an intracranial microinjection of sterilized defined cell culture
medium and RUCM cells, respectively. In all groups, the rat body
temperature was measured by a rectal temperature probe and con-
trolled to 36.5°C � 0.5°C throughout the experiment using a heat-
ing pad and warm light source.

CA and Resuscitation
Rats were prepared as described previously [1, 2] with a few minor
modifications. Under approximately 3% isoflurane anesthesia, rats
were quickly intubated orotracheally. After intubation, rats were
mechanically ventilated with a 50:50 mixture of air and O2. Anes-
thesia was maintained with 1.5%–2% isoflurane, and paralysis was
produced by pancuronium bromide (2 mg/kg). The arterial blood pH
and gases were measured using a Ciba-Corning blood gas analyzer
(model 278; Bayer HealthCare, Tarrytown, NY, http://www.bayer-
diag.com) or an i-STAT portable clinical analyzer (Abbott Labora-
tories, Abbott Park, IL, http://www.abbott.com). Ventilation rate (1
ml/100 g of body weight, 40–45 strokes per minute) and positive
end-expiratory pressure were carefully adjusted to control the arte-
rial blood gas values in the normal range before CA [1, 3, 8]. Both
femoral arteries and the left femoral vein were catheterized. One of
the arterial catheters was used for continuous monitoring and re-
cording of arterial blood pressure and heart rate. The other was used
for arterial blood sampling and later for retrograde infusion of
oxygenated blood during resuscitation. Approximately 15 minutes
before CA, ventilation was switched to 100% oxygen and approx-
imately 5 minutes later, oxygenated blood was withdrawn from the
same rat. To prevent spontaneous breathing during the asphyxial
CA, a booster dose of short-acting muscle relaxant (vecuronium
bromide, 1 mg/kg) was injected intravenously 3 minutes before CA.
CA was induced by asphyxia (stoppage of mechanical ventilation)
combined with an i.v. bolus injection of an ultra-short-acting �1-
blocker, esmolol (6.25 mg). The latter ensures a very tight control
of the time from the onset of asphyxia to the electromechanical
dissociation leading to circulatory arrest. Isoflurane anesthesia was
discontinued during CA. Resuscitation was started 8 minutes after
the induction of CA by 100% O2 ventilation along with retrograde
infusion of oxygenated blood mixed with the resuscitation mixture
containing heparin (5 U/ml), sodium bicarbonate (0.05 mEq/ml),
and epinephrine (8 �g/ml) through one of the catheterized femoral
arteries into the abdominal and thoracic aorta. Infusion was per-
formed manually to maintain the mean arterial blood pressure
approximately 40 mmHg and was stopped at the first sign of
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restoration of spontaneous circulation (ROSC). The rats were con-
tinually ventilated for at least 2 hours with anesthesia reinstated as
required. Thereafter, arterial and venous catheters were surgically
removed, and the wound was closed. Mechanical ventilation with
air was continued until the effects of muscle relaxant subsided and
sustained spontaneous breathing was observed. Animals were then
extubated and returned to individual cages for postresuscitation
evaluation for 7 days.

Stem Cell Transplantation
RUCM cells were obtained and cultured in the same way as de-
scribed above. To ensure that a clonal population of cells was
transplanted, RUCM cells at passage 53 were plated in 96-well
plates with cell densities approximately 1 cell per well. After several
days of culturing, cells from a single well were slowly expanded and
harvested at passages 67, 69, 96, or 97 for transplantation. Chro-
mosome analysis was done at passage 61 and 78 to confirm that
cells from these passages have the same composite karyotype.
Immunohistostaining and reverse transcription (RT)-PCR were re-
peated to confirm that these cells remained Oct-4-positive. Sixteen
hours before transplantation, cells were labeled with 5 �M green
fluorescent carboxyfluorescein diacetate (CFDA) (Invitrogen) for
later histology tracking. Once inside the cells, the CFDA dye is
converted to anionic CFDA succinimidyl ester (CFDA-SE) by
intracellular esterases and couples to amine groups on proteins to
achieve long-term intracellular labeling. Thus, after the acetate
groups are cleaved off, CFDA-SE dye can be transferred to other (or
daughter) cells only through cell division or cell fusion.

Rats were anesthetized with isoflurane and placed on a stereo-
tactic apparatus for precise intracranial microinjection. Using pre-
determined coordinates based on the Paxinos atlas [37], the CFDA-
labeled RUCM cells were injected into the following four sites in
the left hemisphere: dorsal thalamic nucleus (DTN), dorsal hip-
pocampus (H), corpus callosum (CC), and dorsal cortex (Fig. 1A).
Because injuries after global ischemia are disseminated, these sites
are selected based either on their vulnerability to ischemia or on
their ability to allow cell migration. Approximately 4 � 104 cells in
10 �l (2.5 �l at each site) were transplanted at an infusion rate of
0.1 �l/minute using a programmable infusion pump (model UMC4;
World Precision Instruments, Inc., Sarasota, FL, http://www.
wpiinc.com) and a Mity Flexfil-microsyringe (model 500,818;
World precision Instruments, Inc.) with a 200-�m outer diameter
flexi-tip titanium needle. After transplantation, the needle was left
in the brain for an additional 15 minutes before removal. As a
negative control of the transplantation procedure, rats in group C
received microinjections of the same volume of DM at exactly the
same four coordinates. Three days after the cell transplantation or
DM injection, the CA procedure was performed.

Outcome Evaluation
Rats were observed for 7 days after CA and resuscitation. The
functional recovery was evaluated using the neurological deficit
scores (NDS), which have a value ranging from 0 for brain death to
500 for neurologically normal, as detailed previously [1, 38]. After
final NDS evaluation, rats were anesthetized with isoflurane and

perfused with buffered 10% formalin phosphate. The brain was
extracted from the skull and stored in buffered 10% formalin for 48
hours. The brain section containing the dorsal hippocampal region
was embedded in paraffin and sliced into 6-�m-thick coronal sec-
tions. Alternating sections were stained with cresyl violet to visu-
alize neuronal damages and deparaffinized to evaluate the survival,
engraftment, and migration of the transplanted RUCM cells by the
fluorescence microscopy of CFDA. The dorsal hippocampus of
coronal sections was photographed. To quantify the histology dam-
ages, normal and damaged neurons were counted using Adobe
Photoshop software (Adobe Systems Incorporated, San Jose, CA,
http://www.
adobe.com) in four predetermined regions (two in each hemisphere)
in the CA1 of the coronal hippocampal sections between 3.3 and 3.6
mm posterior to the bregma (Fig. 1B). Each circled region in the
hippocampus had, on average, 89 � 21 neurons. Every region was
counted by at least two investigators who were blinded of the
treatment groups to minimize bias in judgment. The histology
damage was quantified as the percentage of damaged neurons
against the total neuronal counts in the same region.

Three-Dimensional Rendering of Cell Migration
To better visualize the fate of transplanted RUCM cells, three-
dimensional (3D) reconstruction of cell migration was rendered
using a total of 114 consecutive coronal sections (thickness 6 �m)
from the brain of a typical cell-transplanted rat, killed 7 days after
CA and 10 days after transplantation. The sections were serially
prepared using a microtome and were digitally imaged using a Leica
DMR fluorescence microscope (Leica, Heerbrugg, Switzerland,
http://www.leica.com) to visualize the CFDA dye in the RUCM
stem cells. The images were imported into the Reconstruct software
[39] (http://www.synapses.bu.edu) and aligned using the ventricles
and other physical structures as reference points. The height and
width scale of the sections was determined by the Measure program
in Leica software module and was used as a parameter to scale the
images in Reconstruct. Each fluorescent stem cell in the brain
sections was contoured using Reconstruct. The Paxinos rat brain
atlas [37] was used as a reference for creating anatomical structural
groups, including the lateral and third ventricles, the hippocampus,
and the corpus callosum, to show the locations of the transplanted
cells and their migration. The 3D surface reconstructions generated
by Reconstruct were exported to 3D Studio MAX (Autodesk, Inc.,
San Rafael, CA, http://usa.autodesk.com) for final rendering.

Data Analysis
Statistical analysis was performed using the Origin software (Orig-
inLab Corporation, Northampton, MA, http://www.originlab.com)
and GraphPad PRISM (GraphPad Software, Inc., San Diego, http://
www.graphpad.com). One-way analysis of variance was used to
compare the physiological parameters (Table 1), and the Bonferroni
multiple-comparison test was used to determine the differences
among groups. A p value of �.05 was considered statistically
significant. All data are reported as mean � SD except for neuronal
counting, which is presented as mean � SE.

Figure 1. Anatomic references. (A): The microinjection sites, as marked by the gray dots, for rat umbilical cord matrix cell transplantations. The
stereotactic coordinates are 1 mm left and 2.1 mm posterior to the bregma and 1.5 mm (cortex), 2.6 mm (corpus callosum), 3.5 mm (dorsal
hippocampal region), and 5.0 mm (dorsal thalamic nucleus) from the top of the brain. (B): Cresyl violet staining of a rat brain section at the dorsal
hippocampus level showing the predetermined areas (circles) in the CA1 regions where neuronal counting was performed. Abbreviations: CC, corpus
callosum; DG, dentate gyrus; DV3, dorsal third ventricle; LV, lateral ventricle.
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