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After the onset of stroke, a series of progressive and degenerative reactions, including inflammation, are activated,
which leads to cell death. We recently reported that human placenta-derived multipotent stem cells (hPDMCs)
process potent anti-inflammatory effects. In this study, we examined the protective effect of hPDMC transplants
in a rodent model of stroke. Adult male Sprague–Dawley rats were anesthetized. hPDMCs labeled with a vital
dye of fluorescing microparticles, DiI, or vehicle were transplanted into three cortical areas adjacent to the right
middle cerebral artery (MCA). Five minutes after grafting, the right MCA was transiently occluded for 60 min.
Stroke animals receiving hPDMCs showed a significant behavioral improvement and reduction in lesion volume
examined by T2-weighted images 4 days poststroke. Brain tissues were collected 1 day later. Human-specific
marker HuNu immunoreactivity and DiI fluorescence were found at the hPDMC graft sites suggesting the survival
of hPDMCs in host brain. Grafting of hPDMCs suppressed IBA-1 immunoreactivity and deramification of IBA-1+

cells in the perilesioned area, suggesting activation of microglia was attenuated by the transplants. Taken together,
our data indicate that hPDMC transplantation reduced cortical lesions and behavioral deficits in adult stroke rats,
and these cells could serve as a unique anti-inflammatory reservoir for the treatment of ischemic brain injury.
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INTRODUCTION

Stroke is the third leading cause of death and the most
common cause of adult disability worldwide. Tissue plas-
minogen activator is the only FDA-approved pharmaco-
logical treatment for acute ischemic stroke. However, this
treatment has to be initiated within 3 to 4 h after onset of
stroke. Seeking other effective treatments with much wider
therapeutic time windows is critically important.

After the onset of stroke, a series of progressive and
degenerative reactions, including inflammation, are acti-
vated, which lead to cell death and affect neurorepair (32).
Stroke-induced inflammation can extend for days after
injury (25). It is thus likely that treatment aiming at inflam-
matory therapy may have relatively long-lasting therapeu-
tic effects. Stroke-mediated inflammation involves two
sources: (a) innate inflammation, which involves activation
of microglia, overproduction and release of cytokines and
chemokines in brain, and disruption of the blood–brain
barrier (BBB) in brain. Stroke also exacerbates (b) adaptive

inflammation including infiltration of peripheral immune
cells through the ruptured BBB [see review by Lee et al.
(18)]. The release of proinflammatory molecules from
these immune cells contributes to neurodegeneration (11).
A number of anti-inflammatory chemical or cell therapies
have been examined in acute stroke animals and patients.
For example, daily treatment with minocycline reduced
morphological activation of microglia in areas adjacent to
the infarction in stroke animals (38). Similarly, intrave-
nous transplantation of human embryonic neural stem
cells (H1 clone) during the acute stage attenuated periph-
eral inflammatory responses and inflammatory infiltration
into the brain after hemorrhagic stroke (17). These anti-
inflammatory therapies have been shown toreduce cere-
bral infarction and neurological deficits.

Placental cells are easily isolated with less ethical con-
cern. We previously isolated multipotent stem cells from
human term placenta (36). These human placenta-derived
multipotent stem cells (hPDMCs) exhibit embryonic stem
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cell surface markers of stage-specific embryonic antigen 4,
TRA-1-61, and TRA-1-80. After culturing under the appro-
priate conditions, hPDMCs can differentiate to adipogenic,
osteogenic, chondrogenic, and neurogenic cells (35,36).
In addition to their multilineage differentiation capacity,
hPDMCs have been shown to possess strong and unique
immunomodulatory effects (8). Similar to bone marrow
mesenchymal stromal cells (BMMSCs), hPDMCs suppress
allogeneic effector T-lymphocyte functions, while increas-
ing the number of regulatory T-lymphocytes, a population
of immunomodulatory lymphocytes. Moreover, the pre-
sence of interferon-g (IFN-g), a proinflammatory cytokine,
enhances the immunosuppressive properties of hPDMCs
(8). hPDMCs enhance immunomodulatory leukocytes
of the innate immune system, increasing the number of
myeloid-derived suppressor cells and modulating monocytes
into an immunosuppressive phenotype (10,33). Furthermore,
hPDMCs, but not BMMSCs, upregulated the immuno-
modulatory molecule human leukocyte antigen (HLA)-G
upon exposure to IFN-g and reduced natural killer lym-
phocyte (NK)/interleukin (IL)-2-mediated apoptosis (21).
Moreover, we have recently demonstrated the therapeutic
utility of hPDMCs in ischemic heart disease, using both a
small animal (mouse) model as well as a large animal
(pig) model of acute myocardial infarction (unpublished
observation). With these anti-highly immunomodulatory
and multipotent properties, hPDMCs may be useful for
protection and regeneration in an ischemic brain disease
such as stroke.

The present study is aimed to investigate the influence
of hPDMCs on functional outcome, infarct volume, and
inflammation in stroke rats. Our data support that hPDMC
transplantation reduced cortical lesions and behavioral
deficits in adult stroke rats, and these cells could serve as
a unique anti-inflammatory reservoir for the treatment of
ischemic brain injury.

MATERIALS AND METHODS

Isolation, Expansion, and Labeling of hPDMCs

Term (38–40 weeks’ gestation) placentas (two males
and one female) from healthy donor mothers were obtained
with informed consent and approved by the Institutional
Review Board of the National Health Research Institutes,
Taiwan. The hPDMCs were isolated as previously reported
(36). Cell cultures were maintained at 37°C with a water-
saturated atmosphere and 5% CO2. Medium was replaced
one to two times every week. hPDMCs were labeled with
the fluorescent dye chloromethylbenzamido 1,1¢-dioctadecyl-
3,3,3¢3¢-tetramethylindocarbocyanine perchlorate (CM-DiI;
Gibco-Invitrogen, Grand Island, NY, USA) prior to injec-
tion into rats as described previously (31). In brief, cells
(4 × 105) were labeled with 2.5 ml/ml of CM-DiI for 10 min,
washed with PBS and centrifuged. Cells were resuspended
in culture medium at 5 × 104 cells/ml.

Animals and Surgery

Twenty-eight adult male Sprague–Dawley rats
(BioLASCO, Taipei, Taiwan), weighing 250–300 g, were
used in this study. Seventeen animals were given a stroke
as described, while 11 acted as control (nonstroke) animals.
The use of animals was approved by the Animal Care
and Use Committee, National Health Research Institutes.
Animals were anesthetized with chloral hydrate (0.4 g/kg,
IP, Sigma-Aldrich). A craniotomy was performed to expose
the right middle cerebral artery (MCA). PDMCs were pre-
pared immediately prior to transplantation as described
above and then loaded into a 25-ml Hamilton syringe (Reno,
NV, USA). hPDMCs were transplanted into three cortical
areas adjacent to the bifurcation of right MCA. The approxi-
mate coordinates for these sites were 1.0–2.0 mm anterior
to the bregma and 3.5–4.0 mm lateral to the midline;
0.5–1.5 mm posterior to the bregma and 4.0–4.5 mm lateral
to the midline; and 4.0–4.5 mm posterior to the bregma
and 5.5–6.0 mm lateral to the midline. Five microliters of
hPDMCs (5 × 104 viable cells/ml; n = 7) or vehicle (culture
media; n = 10) was injected at 1 ml/min into each site
using an Ultra MicroPumpII (World Precision Instruments,
Sarasota, FL, USA). The needle was retained in place for
5 min after each transplantation.

Approximately 10 min after the last injection of cells,
animals were subjected to cerebral ischemia. The right dis-
tal MCA was occluded by 10-0 suture (N-2540, Monosof™
Covidien, Minneapolis, MN, USA) for 60 min as previously
described (23,24). Core body temperature wasmonitored
and maintained at 37°C with a heating pad during sur-
gery. After surgery, the animals were kept in a temperature-
controlled incubator to maintain body temperature at 37°C.
After recovery from the anesthesia, the animals were
returned to their home cages.

Behavioral Measurement

Two behavioral tests were used to analyze stroke
behavior as previously described. (a) Body asymmetry
was analyzed using an elevated body swing test (6,7).
(b) Neurological deficits were evaluated by the Bederson’s
test (5).

Magnetic Resonance Imaging (MRI)

MRI experiment was performed on a 7T animal scan-
ner (Biospec 70/30 AS, Bruker Biospin MRI, Ettlingen,
Germany) with an actively shielded gradient (BGA-12-S,
670 mT/m, 175-ms rise time). A linear volume resonator was
used for RF pulse transmission, and an actively decoupled
surface coil was used for RF signal reception. The rats were
anesthetized with isoflurane (Baxter, Taipei, Taiwan; 3%
induction and 1% maintenance in 30% O2/70% N2) and
secured in a custom-made animal holder with a dedicated
water heated rat bed, maintaining the rat body temperature
at 37°C. To assure the same placement within the magnet
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from scan to scan, each rat was fixed in the same position
by using inbuilt earplugs, tooth bar, and nose mask. A
pressure sensor (SA Instruments, Inc., Stony Brook, NY,
USA) was positioned under the abdomen of the rat to
monitor respiration (maintained at 45~55 breaths/min).

T2-weighted images (T2WI) and diffusion tensor
imaging (DTI) data were acquired on each rat on day 4
poststroke. A fast spin-echo sequence, rapid acquisition with
refocused echoes, was employed to acquire the T2WI and
localize the desired slice positions. The sequence parameters
of T2WI were repetition time (TR) of 2,742 ms, echo time
(TE) of 33 ms, slice thickness of 1 mm, 25 slices, matrix
size of 256 × 256, number of excitations (NEX) of 4, and
field of view (FOV) of 25 × 25 mm2. The DTI data was
acquired with a four-shot spin-echo diffusion-weighted
echo planar imaging (DWI) sequence incorporating with
12 diffusion-encoding gradient directions. The diffusion sen-
sitivity (b-value) was 1,000 s/mm2 and one unweighted
DWI (b-value = 0 s/mm2) was acquired. The sequence
parameters of DWI are TR of 6,250 ms, TE of 21 ms, dif-
fusion time (D) of 13 ms, diffusion gradient pulse dura-
tion (d) of 3 ms, FOV of 25 × 25 mm2, slice thickness of
1 mm, 25 slices (identical slice positions as T2WI), matrix
size of 128 × 128, and NEX of 2. The total scan time was
approximately 30 min.

MRI Data Analysis

For T2WI analysis, the regions of interest (ROIs) defin-
ing the infarction areas were identified on a high-resolution
T2WI with in-plane resolution of 100 × 100 mm2. ROIs
were manually determined by two of the authors (CWC and
LWK) to enclose the hyperintensity regions in T2WI after
contrast adjustment. Lesion volume (LV) was calculated by
the summation of total volume within ROIs from all lesion-
contaminating T2-weighted image slices.

For DTI analysis, diffusion tensors were reconstructed
by using an in-house program written in Matlab (The
Mathworks, Natick, MA, USA). Two indices, fractional
anisotropy (FA) and apparent diffusion coefficient (ADC),
were computed from the diffusion tensor by conventional
DTI model (3). For each voxel, the diffusion tensor is
diagonalized to derive three eigenvalues (l1, l2, and l3)
corresponding to three eigenvectors (n1, n2, and n3) (3,4).
Mean ADC value of each voxel is defined as the average
of those three eigenvalues, reflecting the water molecular
displacement in a given diffusion time. To quantify the
tissue directional integrity, FA of each voxel is defined as

FA ¼
ffiffiffi
3
2

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðl1−lMÞ2 þ ðl2−lMÞ2 þ ðl3−lMÞ2

q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2

1 þ l2
2 þ l2

3

q

Where lM = (l1 + l2 + l3)/3.

The ROIs used for DTI analysis were identified on FA
and ADC with in-plane resolution of 200 × 200 mm2. For
FA analysis, the ROIs were applied on white matter
(external capsules) of both lesioned and the corresponding
contralateral sides around the slice located at bregma.
Besides, mean ADC was assessed by selecting ROIs on the
infarction (lesioned cortex) region using the same slice.
An additional ROI was placed in the mirror region in the
contralateral side for comparison. All ROIs were manu-
ally determined by two of the authors (CWC and LWK)
for DTI analysis.

Hematoxylin and Eosin (H&E) and IBA1 Immunostaining

Stroke rats receiving hPDMCs or vehicle transplanta-
tion were perfused intracardially with 4% paraformalde-
hyde (Sigma-Aldrich; 100 ml/min) in 0.1 M phosphate
buffer (PB;Sigma-Aldrich), pH 7.3. Brains were removed
from the skull, postfixed for 18–20 h at 4°C, rinsed with
PB and sequentially transferred to 10%, 20%, and 30%
sucrose solutions. Brains were then frozen on dry ice and
sectioned on a cryostat to obtain coronal sections 30 µm
in thickness.

H&E staining: Brain sections were mounted on gelatin-
coated slides and dried. Hematoxylin QS (H-3404; Vector
Laboratories, Burlingame, CA, USA) was applied to each
slide for 1 min at room temperature. After washing of
slides, slides were incubated with 1% eosin Y solution
(Vector Laboratories) for 1 min. Slides were washed again
and then covered using cytoseal™ 60 (Thermo Scientific,
Waltham, MA, USA). The area of infarction was quanti-
fied and averaged in three consecutive brain sections with
a visualized anterior commissure per each animal.

Immunostaining: Brain sections were rinsed in PB and
were blocked with 4% bovine serum albumin (Sigma-
Aldrich) with 0.3% Triton X-100 (Sigma-Aldrich) in
0.1 mol/L PB. Sections were then incubated with mono-
clonal anti-ionized calcium-binding adapter molecule 1
(IBA1; 1:100, Chemicon, Billerica, MA, USA) or human
antinuclear antibody (HuNu, 1:100, Millipore, Billerica, MA,
USA) at 4°C overnight. Sections were rinsed in 0.1 mol/L
PB and incubated in Alexa Fluor 488 secondary anti-
body solution (1:500; Molecular Probes, Eugene, OR,
USA); nuclei were stained with 1 mg/ml 4¢,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich). Control sections were
incubated without primary antibody. Brain sections were
mounted on slides and coverslipped. Confocal analysis was
performed using a Nikon D-ECLIPSE 80i microscope
(Melville, NY, USA) and EZ-C1 3.90 software as previ-
ously described (40).The optical density of IBA1 immu-
noreactivity and DiI fluorescence was quantified in three
consecutive brain sections with a visualized anterior com-
missure in each animal. Ten photomicrograms were taken
along the perilesioned region per brain slices; IBA1 optical
density was analyzed by NIS Elements AR 3.2 Software
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(Nikon) and was averaged in each brain for statistical
analysis. All immunohistochemical measurements were done
by blinded observers.

Statistics

Values are means ± SEM. Unpaired t-test, two-way
ANOVA, and post hoc Newman–Keuls test were used for
statistical analysis (Sigmaplot software ver. 12.5, San Jose,
USA). A statistically significant difference was defined
as p < 0.05.

RESULTS

Behavioral Improvement

A total of 17 rats were used for behavioral analysis.
Animals were pretreated with vehicle (n = 10) or hPDMCs
(n = 7) prior to stroke. Previous studies have shown that
MCA ligation and reperfusion induce body asymmetry in
experimental animals. In the elevated body asymmetry test
taken on days 3 and 5 poststroke, we found that the fre-
quency of swinging the body or head contralateral to the
ischemic side was significantly higher in the stroke rats
injected with vehicle than in those grafted with hPDMCs
(F1,30 = 9,887, p = 0.004 two-way ANOVA) (Fig. 1A). Post
hoc Newman–Keuls test indicated grafting of PDMCs
significantly attenuated body asymmetry in the stroke at
day 5 poststroke (p = 0.004).

Bederson’s neurological test was carried out on days 3
and 5 after MCAo and sham surgery. In all nonstroke rats
(n = 11), no neurological deficit was found, and Bederson’s
score was zero. In stroke animals (n = 17), transplanta-
tion of hPDMCs, compared to the vehicle, significantly
reduced Bederson’s score (F1,30 = 4.515, p = 0.042 two-way
ANOVA) (Fig. 1B).

Localization of PDMC Transplant in the Lesioned Cortex

Fifteen rats (seven receiving hPDMCs and eight receiv-
ing vehicle) were used for immunohistological exam.
hPDMCs were labeled with CM-DiI fluorescence prior to
transplantation (Fig. 2A). Animals were perfused on day
5 after transplantation and stroke surgery. As seen in the
representative photomicrograph in Figure 2B, CM-DiI (red)
fluorescence in the PDMCs was confined to the graft sites
in the cerebral cortex. No migration of grafted cells into
adjacent cortical areas was seen. No red fluorescence was
found in animals receiving vehicle (Fig. 2C).

The graft cells were also examined by immunohisto-
chemistry. Human-specific marker HuNu (Fig. 2D) was
identified in the grafted site only in animals receiving
PDMCs. No HuNu immunoreactivity was found in the ani-
mals receiving vehicle. Most of CM-DiI+ cells (Fig. 2E)
colabeled with HuNu (Fig. 2F). However, some HuNu+

cells did not contain CM-DiI fluorescence (Fig. 2F).

Figure 1. Transplantation of hPDMCs reduced behavioral deficits in stroke rats. (A) Animals receiving vehicle demonstrated close
to 90% body asymmetry in 20 trials at 3 and 5 days after MCAo. Transplantation of hPDMCs significantly reduced body asymme-
try on day 5 post-MCAo (p < 0.001). (B) Bederson’s neurological tests were carried out on days 3 and 5 after treatment.
Intracortical transplantation of hPDMCs significantly reduced Bederson’s score (p < 0.001, two-way ANOVA).
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Brain Infarction

MRI experiments were performed on 16 stroke rats
(seven receiving hPDMCs and nine receiving vehicle).
The size of the lesion (infarction) was examined using
T2WI acquired on day 4 after MCAo (Fig. 3). An increase
in signal intensity of T2WI was found in the cortex of the
lesioned side. LV was significantly reduced in hPDMC rats

(91.6 ± 18.2 mm3), compared to those receiving vehicle
(141.7 ± 14.2 mm3, p = 0.04, t-test) (Fig. 3C). Typical
T2WIs from one animal treated with hPDMCs and
vehicle are shown in Figure 3A1 and A2, respectively.

The size of brain infarction was also examined by
H&E staining on day 5 poststroke in 15 stroke rats (seven
receiving hPDMCs and eight receiving vehicle). MCA

Figure 2. Localization of hPDMCs in host brain. (A) hPDMCs were prelabeled with fluorescent dye CM-DiI prior to grafting to
stroke rats. Animals receiving PDMCs or vehicle were perfused on day 5 after transplantation and stroke surgery. (B) Red CM-DiI
fluorescence+ cells were confined to the graft sites in cerebral cortex. (C) No red fluorescence was found in an animal receiving
vehicle. (D) HuNu immunoreactivity (green) was found in the hPDMC-grafted site in another animal. (E) CM-DiI red fluorescence
was also found in the same hPDMC graft site. (F) Merged photomicrograph (from D and E + DAPI) indicates that most of the
CM-DiI+ cells colabeled with HuNu. Some HuNu+ cells did not contain CM-DiI fluorescence. (C, E, F) DAPI in blue color. Calibration:
A: 200 mm, B, C: 50 mm, D, E, F: 10 mm
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ligation and reperfusion resulted in clear-cut infarction of
the lesioned side cortex in all the vehicle control animals
studied, as seen in the representative H&E photomicro-
graph taken at the level of anterior commissure (Fig. 3B2).
Transplantation of hPDMCs greatly reduced brain infarction
(Fig. 3B1). The averaged largest infarction area per brain
slice in each rat was significantly reduced by PDMC graft
(p = 0.0186, t-test) (Fig. 3D).

DTI

A total of 16 stroke rats (seven receiving hPDMCs
and nine receiving vehicle) were examined by DTI. Using
a two-way ANOVA, we found a significant reduction in
FA in the external capsule of the lesioned side compared
to that of the contralateral side on day 4 after stroke in
both hPDMCs and vehicle-treated groups (p < 0.001,
F1,28 = 16.891). No difference in FA was seen between
hPDMCs and vehicle-treated groups in the external capsule
of the contralateral side (p = 0.970, post hoc Newman–
Keuls test). FA ratio (rFA) was calculated by normalizing
the FA values in the external capsule of the lesioned side to
the corresponding value of the contralateral side. As shown

in Figure 4A3, no difference in rFA was seen between
hPDMCs and vehicle-treated groups (p = 0.986, t-test).
Typical FA maps from animals receiving hPDMC graft and
vehicle are shown in Figure 4A1 and A2, respectively.

DTI-derived mean ADC values of lesion significantly
increased in both hPDMCs and vehicle-treated rats com-
pared with that of respective contralateral region (p <
0.001, F1,28 = 146.214, two-way ANOVA) (Fig. 4B1:
hPDMCs, Fig. 4B2: vehicle). ADC values (rADC) in the
cortex of the lesioned side were normalized to the corre-
sponding value in the contralateral cortex. hPDMCs signif-
icantly increased rADC in the cortex of the lesioned side
(p < 0.001; t-test) (Fig. 4B3).

PDMC Grafting Reduced Microglial Activation

Activation of microglia and inflammation in stroke brain
has been well documented. Using the selective microglia
marker IBA1, we found that the density of IBA1 immu-
noreactivity was greatly increased in the core (Fig. 5A)
and perilesioned area (Fig. 6B) in the ischemic cortex,
compared to the corresponding sites in the nonlesioned
side cortex (Figs. 5D and 6C). High-magnification images

Figure 3. Transplantation of hPDMCs reduced cerebral infarction in stroke rats. (A) Representing T2WI taken at day 4 after
MCAo indicates that the size of the lesion was reduced in animal-grafted hPDMCs (A1), compared to the other animal treated with
vehicle (A2). Averaged infarct volume was significantly reduced by hPDMC graft (C, *p < 0.05). (B) Representative H&E images
indicate that transplantation of PDMCs reduced brain infarction at 5 days after stroke (B1: hPDMCs vs. B2: vehicle). The largest
infarction area per brain slice was significantly reduced by hPDMC graft (D, *p = 0.0186).
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indicated that resting microglia exhibited ramified mor-
phology in the nonlesioned side cortex (Figs. 5D and 6C,
insert), while deramified or ameboid microglial cells were
found in the lesion core (Fig. 5A, insert) or perilesioned
area (Fig. 6B, insert) in animals receiving vehicle. Trans-
plantation of hPDMCs did not alter IBA1 immunoreac-
tivity in regions away from the transplant in the lesioned
core (Fig. 5B, insert); however, it partially reduced IBA1
activation inthe area adjacent (<300 mm) to the graft

(Fig. 5C, insert). In contrast, PDMCs greatly reduced
microglia activation in the perilesioned area (Fig. 6A vs.
B). PDMC transplantation reduced the IBA1 immuno-
reactivity as well as morphological activation of microglia
in the perilesioned area. Ramified microglia were found
in the perilesioned area in animals receiving PDMCs
(Fig. 6, inserts). Averaged IBA1 optical density in the
perilesioned zone was significantly reduced by PDMC
transplantation (Fig. 6D).

Figure 4. Stroke and hPDMC transplantation-mediated changes in FA and ADC. (A) FA was taken on day 4 after stroke in rats
grafted with (A1) PDMCs or (A2) vehicle. (A3) FA values in the lesioned cortex were normalized (rFA) to the corresponding value
in the contralateral white matter. Ischemic lesion significantly reduced rFA (A1, A2, arrows) in animals receiving hPDMCs or vehi-
cle. No difference in rFA was seen between these two groups. (B) Representative ADC images in rats receiving (B1) hPDMCs and
(B2) vehicle. (B3) hPDMCs significantly increased relative ADC (rADC) in the lesioned cortex (*p < 0.001).
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DISCUSSION

In this study, we transplanted hPDMCs into the brains
of experimental stroke animals. Stroke rats receiving
intracortical hPDMC grafts showed a significant reduction
in body asymmetry and neurological symptoms. Using
H&E staining and T2WI, we found that transplantation of

hPDMCs significantly reduced infarction in stroke rats.
Our data support a neuroprotective role of hPDMCs in an
animal model of stroke.

hPDMCs were prelabeled with CM-DiI prior to trans-
plantation. We demonstrated that the graft cells survived
up to 5 days after transplantation in stroke brain as both

Figure 5. Activation of microglia in the ischemic core area. Enhanced IBA1 immunoreactivity was found in the core of the ischemic
cortex (A), compared to the nonlesioned side cortex (D) in an animal receiving vehicle (calibration = 50 mm).High-magnification images
demonstrate resting microglia exhibiting ramified morphology in the nonlesioned side cortex (D, insert, calibration = 10 mm) and
deramified or ameboid microglial cells in the lesion core (A, insert), suggesting an activation of microglia. (B) Transplantation of
hPDMCs did not alter IBA1 immunoreactivity in regions away from the transplant in core (B vs. A). (C) Partial reduction of IBA1 acti-
vation was found near (<300 mm) the graft. (C, right panel) hPDMCs were labeled by red CM-DiI fluorescence in the lesioned cortex.
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CM-DiI fluorescence and human-specific marker HuNu
were found at the graft sites. Although most of the
CM-DiI fluorescent cells were colabeled with HuNu, not
all HuNu+ cells contained CM-DiI fluorescence. These
data suggest that CM-DiI may leak out from hPDMCs
during a 5-day period after grafting.

Both peripheral and innate immune responses contribute
to the neurodegeneration after stroke. Regulation of periph-
eral inflammation can modulate brain inflammation after
stroke. For example, splenectomy prior to MCAo reduced
activated microglia and brain infarction (1). Systemic admin-
istration of minocycline reduced morphological activation
of microglia in areas adjacent to the infarction in stroke
animals (38). Intravenous transplantation of human embry-
onic neural stem cells (H1 clone) attenuated systemic
inflammatory responses and reduced neurological deficits
(17). Similar to peripheral inflammation, inflammation of

the brain is also a critical risk factor leading to stroke-
mediated damage (12). In this study, we grafted hPDMCs
directly into the ischemic brain. A much lower dose of
cells were used for intracerebral transplantation, compared
to peripheral transplantation reported previously (17). The
graft cells were found mainly in the lesioned brain paren-
chyma after intracerebral transplantation, whereas most
cells were found in the spleen with limited numbers in
the brain after intravenous grafting (17). We demonstrated
that hPDMC grafts reduced IBA1 immunoreactivity and
morphological activation of microglia adjacent to the graft
and in the perilesioned area. Our data support that hPDMCs
induced protection in part, through the suppression of
inflammation in stroke brain.

In the nonlesioned brain, naive T-cells are not capable of
entering the brain. After injury, activated cluster of differ-
entiation 4-positive (CD4+) and CD8+ T-cells pass through

Figure 6. Transplantation of hPDMCs reduced activation of microglia in the perilesioned area. Enhanced IBA-1 immunoreactivity
in the perilesioned area (A and B) in the ischemic cortex, compared to the nonlesioned side cortex (C). High-magnification images
(inserts) demonstrate deramified or ameboid microglial cells in the perilesioned cortex in animals receiving vehicle (B). Transplan-
tation of hPDMCs reduced the IBA1 immunoreactivity (A vs. B). Ramified microglia were found in the perilesioned area in
animals receiving PDMCs (A, insert). Averaged IBA1 optical density in the perilesioned zone was significantly reduced by PDMC
transplantation (D). Resting microglia exhibiting ramified morphology were present in the nonlesioned side cortex (C, insert). Cali-
bration, inserts: 10 mm.
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the damaged BBB and populate the lesioned brain area.
Both CD4+ and CD8+ T-cells release the inflammatory
mediator IFN-g, a key regulator of immune and inflamma-
tory responses. IFN-g induces inflammatory chemokines
(27) and causes neurodegeneration in the stroke brain (37).
These cascade responses are further augmented by ische-
mic brain injury, which enhances IFN-g expression (28)
and in turn overexpression of IFN-g increases infarcts
after MCAo (16). We previously reported that hPDMCs
possess strong immunosuppressive properties (8). hPDMCs
suppressed CD4+ and CD8+ T-lymphocytes by increasing
regulatory T-lymphocytes (8). Furthermore, PDMCs reduced
IL-2-mediated secretion of IFN-g when cocultured with
NKs. PDMCs also attenuated IL-2/NK-mediated apopto-
sis by upregulating surface HLA-G, an immunomodulatory
molecule, upon exposure to IFN-g (21). Taken together,
these data suggest that PDMCs may suppress inflamma-
tion through modulation of T-cells and the IFN-g pathway
in the stroke brain.

Similar to the PDMCs, other placental cells also pos-
sess protective activity against ischemic brain injury. Intra-
venously infused placental-derived adherent PDA001 cells
reduced lesion volume and terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling (TUNEL), while improving
functional outcome in stroke rats (9). Transplantation of dog
placental cells produced behavioral recovery and reduced
histological deficits in ischemic stroke rats (39). These
protective responses have been attributed to the trophic
response of placental cells via activation of vascular endo-
thelial growth factor, hepatocyte growth factor (HGF), and
brain-derived neurotrophic factor (9), or heat shock protein
27 (HSP27) (39). We recently reported that HGF derived
from human mesenchymal stem cells, including hPDMCs,
has potent immunomodulatory effects through expansion
of diverse populations of immunomodulatory leukocytes,
such as myeloid-derived suppressor cells and production of
IL-10-producing monocytes (10,33). Similarly, intravenous
administration hHSP27 significantly reduced IBA1 expres-
sion in the stroke brain (30). It is possible that hPDMCs
may also reduce inflammation through these protective
factors in stroke animals.

hPDMCs are multilineage stem cells and can be differ-
entiated into neurons, astrocytes, and oligodendrocytes in
selective induction media in vitro. Upon induction, PDMCs
exhibited outgrowth of processes and the expression of
neuron-specific molecules, such as neuron-specific enolase
(35). Cytoskeletal rearrangement can also lead to a neural-like
phenotype in hPDMCs (33). These neuron-like cells may be
useful for regenerating neuronal connections in the lesioned
brain. Future studies will determine if hPDMCs can be dif-
ferentiated into functional neurons in chronic stroke animals.

FA has been used to monitor maturation of white mat-
ter (26), myelination in brain development (22), white
matter damage (15,34), as well as reorganization of white

matter during brain repair (20). We and other laboratories
have shown that axonal projections were reorganized, and
overall orientation of the axonal projections using DTI was
parallel to the lesion boundary with a significant increase in
FA values in stroke animals after selective neural reparative
treatments (13,15,19,20). In this study, we found a signifi-
cant reduction in FA ratio in the external capsule of lesioned
brains receiving hPDMCs or vehicle on day 4 after MCAo.
No difference in FA was seen between these two groups.
Our data may suggest that axonal projections to the white
matter of the lesioned side is greatly impaired by ische-
mic brain injury and is not protected by hPDMC grafts.

Acute ischemic brain injury induces cytotoxic edema
(cell swelling), inflammation, and cell infiltration lasting
from hours to days (25,32). Cytotoxic edema causes a
decrease in extracellular volume and results in restriction
of microscopic water molecular diffusion (29). An in vitro
study demonstrated water ADC decreased both when cells
swelled and when cell density increased (2). A similar
reduction of the ADC has been reported during inflam-
mation in kidneys (14). In contrast, increasing tissue or
extracellular water contributes to an elevation of ADC as
seen in the vasogenic edema (29). In the current study,
we reported that the rADC was increased in the lesioned
cortex receiving hPDMCs, compared to vehicle. Together
with the reduction of microglia activation by hPDMCs,
our ADC data may imply that hPDMCs reduce inflam-
mation or cytotoxic edema in the stroke brain.

In conclusion, we characterized the immunomodula-
tory and neuroprotective effects of hPDMCs in an animal
model of stroke. The prophylactic use of hPDMCs against
stroke has clinical utility to patients prone to ischemic
events or with repeated episodes. A comprehensive study
is required to examine the poststroke outcomes when
hPDMCs are transplanted after brain ischemia. The utility
of hPDMCs can extend to other brain diseases. The strong
immunomodulatory properties of hPDMCs may encom-
pass other neuroinflammation-related diseases, such as
autoimmune encephalitis, traumatic brain injury, and hem-
orrhagic stroke. Furthermore, as PDMCs are multipotent,
grafting of hPDMCs may provide additional neurorepair
in the chronic stroke brain.
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