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	 Background:	 Intracerebral hemorrhage (ICH) is one severe subtype of stroke, with a very complex pathology. Stem cell-based 
therapy holds promising potential in the treatment of neurological disorders. Human umbilical cord-derived 
mesenchymal stem cells (UC-MSCs) have a therapeutic effect in recovery from brain damage following ICH. 
The aim of this study was to identify an effective and convenient way of using UC-MSCs in the ICH rat model.

	 Material/Methods:	 CM-DiI-labeled human UC-MSCs were transplanted intracerebrally or intravenously into collagenase VII-induced 
ICH rat models. Neurological function was evaluated before ICH and at 0, 7, 14, 21, and 28 days after treat-
ment. ICH rats were sacrificed to evaluate the injury volume. Neurogenesis and angiogenesis and vascular ar-
eas were investigated using microtubule-associated protein 2 (MAP2), glial fibrillary acidic protein (GFAP), and 
4’,6-diamidino-2-phenylindole (DAPI) immunohistochemistry at two weeks after transplantation.

	 Results:	 The intracerebral and intravenous administration of UC-MSCs both resulted in significant improvement in neu-
rological function and decrease in injury volume of ICH rats. Transplanted UC-MSCs were chemotactic in vivo 
and showed a predominant distribution around the ICH region. In addition, UC-MSCs could integrate into the 
cerebral vasculature in both groups.

	 Conclusions:	 Both intracerebral and intravenous administration of UC-MSCs could have a favorable effect on recovery of 
neurological function in ICH rats, although the fundamental mechanisms may be different between the two 
groups. Our data suggest that intravenous implantation of UC-MSCs could serve as a favorable approach for 
cell-based therapy in central nervous system (CNS) diseases according to clinical needs.
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Background

Mesenchymal stromal cells (MSCs, also known as mesenchy-
mal stem cells) are very promising candidates for cell-based 
therapy, based on their multiple differentiation capacity [1], 
low immunogenicity [2,3], and the potential to produce vari-
ous bioactive factors that are beneficial in the repair of tissue 
injury [4], while other therapies such as autologous chondro-
cyte implantation have those limitations, more or less. MSC 
transplantation has been widely reported to be effective in im-
proving functional outcome in a variety of diseases including 
central nervous system (CNS) disease [5] such as cerebral isch-
emia [6], spinal cord injury [7], and experimental autoimmune 
encephalomyelitis (EAE) [8]. These data suggest that MSCs pro-
vide potential utility in the treatment of CNS diseases [9,10].

MSCs have been successfully isolated from multiple tissues 
since they were originally obtained from adult bone mar-
row [11]. Studies revealed that MSCs reside in almost all or-
gans and tissues [12], suggesting the extensive distribution of 
these cells. Human umbilical cord tissue, which is traditional-
ly regarded as medical waste, is gaining large attention as it 
seems to be a rich source of MSCs and has advantages in many 
ways over MSCs derived from bone marrow, cord blood, and 
other tissues [13–15]. In this regard, we suggest that human 
umbilical cord tissue-derived MSCs (UC-MSCs) could serve as 
an ideal cell candidate in regard to MSC-based therapy.

Intracerebral hemorrhage (ICH) is a subtype of stroke known 
as sudden death of brain cells in a localized area due to inade-
quate blood flow, which frequently leads to severe and persis-
tent neurological defects because of the loss of parenchymal 
neural cells [16]. It has been reported that bone marrow mes-
enchymal stem cells can ameliorate neurological deficits and 
blood-brain barrier dysfunction after ICH in spontaneously hy-
pertensive rats [9]. As a consequence, MSC-based therapy is as 
a good candidate for ICH treatment. However, until today, there 
have been no effective strategies available to repair the func-
tional defects after ICH [17]. Since stem cell–based therapy is 
a possible treatment strategy for neurological diseases, we hy-
pothesized that UC-MSC transplantation could be beneficial to 
neurological function recovery after ICH. Using intracerebral or 
intravenous delivery as a measure of functional recovery in a 
IHC rat model, we showed that UC-MSCs may be an effective 
and convenient way to improve functional recovery after IHC.

Material and Methods

Isolation and identification of UC-MSCs

From full-term deliveries with the consent of the mother after ce-
sarian section, human umbilical cords were collected and then 

stored in phosphate-buffered saline (PBS) with penicillin-strepto-
mycin at 4°C aseptically. The process was approved by the insti-
tutional review board of the Chinese Academy of Medical Science 
and Peking Union Medical College. The isolation of MSCs was as 
described previously [14]. The cords were promptly cut into small 
pieces (about 1 mm3) with scissors, followed with digestion for 
30 minutes with 0.075% collagenase II (Sigma, St Louis, Missouri, 
USA) and gentle agitation for another 30 minutes with 0.125% 
trypsin (Gibco, Grand Island, New York, USA) at 37°C in a wa-
ter bath. The mixture was diluted with PBS and filtered through 
strainer mesh, and the supernatant was centrifuged at the speed 
of 250 g for 15 minutes. After rinsing with PBS, the cells were 
suspended in fresh growth media for plating onto non-coated 
plastic flasks. Through changing the media after 3 days, nonad-
herent cells were removed. The growth media was DMEM/F12 
(1:1) (Gibco) supplemented with 10% fetal bovine serum (FBS; 
Hyclone, Logan, Utah, USA), penicillin-streptomycin 100 U/mL 
(Sigma), 1% glutamine (Sigma), and epidermal growth factor 10 
ng/mL (Sigma) used as the maintenance and expansion system. 
Cells were cultured at 37°C in humidified 5% CO2 and formed col-
onies of spindle-shaped cells. At 60%-80% confluence, cells were 
harvested after treatment with 0.25% trypsin-EDTA (Gibco) and 
were reseeded for expansion. Passage 3 to passage 6 cells were 
used in this study. Flow cytometry to analyze phenotype and os-
teogenic and adipogenic differentiation were used to character-
ize UC-MSCs by previously described protocols [14,18].

ICH model construction

In this study, male Sprague-Dawley rats [19] (230 to 260 g) were 
chosen as experimental animals. All experimental procedures 
were approved by the Care of Experimental Animals Committee 
of Alliancells Key Institute of Stem Cells and Translational 
Regenerative Medicine and by the institutional review board for 
the use of human cells. Intrastriatal administration of bacterial 
collagenase used to induce ICH was as described in previous 
reports with minor modification [19]. Briefly, the anesthetized 
rats were injected intraperitoneally with 10% chloral hydrate 
(30 mg/kg) and placed in a stereotaxic frame. Collagenase type 
VII solution (0.5 U in 2 μL of sterilized PBS, Sigma) was inject-
ed into the striatum over a period of 5 minutes (0.4 μL/min) 
through a drilled burr hole based on the coordinates: 0.5 mm 
posterior, 6.0 mm ventral, and 3.0 mm lateral to the bregma. 
After injection, the syringe was retained in place for 5 minutes. 
Bone wax was used to seal the hole, and then the wound was 
sutured. In the meantime, 2 μL of PBS was injected at the same 
site in the sham group. The body temperature was maintained at 
37±0.5°C, monitored with a thermistor-controlled heat blanket.

UC-MSC labeling and transplantation procedure

We used CM-DiI 3 μg/mL (Molecular Probes, Eugene, Oregon, 
USA) to label UC-MSCs at 37°C for 10 minutes and then at 4°C 
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for another 15 minutes. After washing with PBS three times, 
UC-MSCs diluted at the certain concentration were ready for 
following procedures. Animals were divided into four groups. 
(1) In the MSC-IC group (n=20), 2×105 cells (10 µL) were trans-
planted into rats intracerebrally at a speed of 1 μL/minute and 
placed for another 5 minutes (coordinates: 0.5 mm posterior, 
3.5 mm ventral, and 3.0 mm lateral to the bregma). (2) In the 
MSC-IV group (n=16), rats received 2×106 cells (1 mL) intrave-
nously through the tail vein in one minute. (3) In the control 
group (n=16), rats received no treatment after ICH. (4) Group 
4 was a sham group (n=10). In all groups, rats had no immu-
nosuppressive medications.

Neurological evaluation

To assess the neurological function, the modified neurological 
severity score (mNSS) scale was adopted for use before ICH 
and at 0, 7, 14, 21, and 28 days after treatment by 2 individ-
uals blinded to the experimental groups. The mNSS scale [20] 
is a composite of motor, sensory, reflex, and balance tests. A 
scale of 0 to 18 (normal score, 0; maximal deficit score, 18) 
was used to grade for neurological function, wherein 1 score 
point was awarded for the inability to perform the test or for 
the lack of a tested reflex; the higher the score, the more se-
vere the injury.

Injury volume assay

Fourteen days after treatment was selected as the time point 
for quantitative analysis of injury volume. Rat brains were 
equally cut into consecutive 2-mm thick sections with brain 
matrix, and total injury volume was calculated with Image-Pro 
Plus software (Media Cybernetics, Carlsbad, California, USA) 
by summation of the lesioned areas of all slices. Two observ-
ers blinded to the experimental treatment carried out volume 
quantitation.

Immunohistochemical staining

Transcardial perfusion with saline was used to fix anesthe-
tized animals and rat brains, followed by perfusion and im-
mersion in 4% paraformaldehyde, and dehydration with 20% 
sucrose in 0.1 M PBS overnight. Corresponding to the coronal 
coordinates bregma 0.5 mm to –1.5 mm, the brain tissue was 
cut into a series of adjacent 10 μm thick coronal cryostat sec-
tions. Immunofluorescence of sections was done for visualiza-
tion of the CM-DiI-labeled UC-MSC expression of neuron/glia-
specific markers, which employed primary antibodies against 
microtubule-associated protein 2 (MAP2, 1:200; Chemicon), 
glial fibrillary acidic protein (GFAP, 1:1000; Dako, Carpinteria, 
California, USA), and von Willebrand factor (vWF, 1:400; Dako). 
Immunofluorescence identification was conducted with fluo-
rescein isothiocyanate conjugated antibody (FITC; Chemicon). 

Negative control sections from each animal received identical 
preparations for immunohistochemical staining, except that pri-
mary antibodies were omitted. 4’,6-Diamidino-2-phenylindole 
(DAPI; Invitrogen) was for nucleus identification.

Vascular density quantitation

At 14 days post-transplantation, visualization of vascular re-
gions was accomplished with vWF immunostaining. Five equi-
distant slices (from 0.5 mm anterior to 1.5 mm posterior to 
the bregma) from three animals per group were prepared for 
analysis. At a magnification of 200×, five random areas of the 
peri-ICH region per slice were photographed for measurement. 
The Image-Pro Plus software package was employed to cal-
culate vascular areas, and vascular density was expressed by 
the percentage of vascular areas.

Statistical analysis

All data are presented as mean ±SD. Continuous variables be-
tween the two groups were compared by two-way analysis of 
variance (ANOVA). Results were considered statistically sig-
nificant if P was less than 0.05. The statistical tests were con-
ducted with the GraphPad Prism 5 software (GraphPad Prism, 
San Diego, California, USA).

Results

Characterization of UC-MSCs

MSCs were isolated from human umbilical cord with a suc-
cess rate of 100%, and they could be culture-expanded up 
to 30 passages without morphological change. Flow cytome-
try analysis showed that they were positive for CD90, CD29, 
CD13, CD73, CD44, and CD105; and negative for hematopoiet-
ic markers CD34 and CD45 and endothelial cell markers CD31 
and CD133. In addition, UC-MSCs can express moderate HLA-
ABC but no HLA-DR (Figure 1A). As shown by Van Kossa and Oil 
red staining, under specific culture condition, UC-MSCs were 
able to differentiate into both osteocytes and adipocytes, re-
spectively, in vitro (Figure 1B).

In vivo distribution of UC-MSCs after transplantation

At 28 days after transplantation, UC-MSCs, as labeled by red 
fluorescent CM-DiI, could be found in both the MSC-IC and 
MSC-IV groups. In the MSC-IC group, we found a cluster of 
cells that stayed where they were injected, with the majori-
ty of them distributed around the ICH region in the ipsilater-
al hemisphere; we also found that a small amount of donor 
cells had migrated to the contralateral hemisphere (data not 
shown). Interestingly, UC-MSCs injected via the tail vein also 
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could be found in the ICH rat brain at 28 days after treatment, 
though in a limited amount. The preferred location of these 
cells also was around the ICH zone (data not shown).

Neurological improvement after UC-MSC treatment

One day after ICH, rats displayed severe neurological deficits 
as indicated by the high scores on the mNSS scale (Figure 2). 
The rats in the control group showed a gradual reduction of 
the score throughout the evaluation period, suggesting that 
they could to some extent recover from the ICH-induced inju-
ry, which may be attributed to endogenous restorative mech-
anisms. In rats that received UC-MSC treatment, both intra-
cerebrally (t=6.462, P=0.000; t=4.393, P=0.000; in 7 and 21 
days) and intravenously (t=6.343, P=0.000; t=2.746, P=0.013; 

t=4.501, P=0.000; t=2.317, P=0.028; in 7, 14, 21, and 28 days), 
we found accelerated improvement of neurological function as 
compared to the control group. There was no difference be-
tween the MSC-IC and MSC-IV groups (t=1.352, P=0.185) as 
to the improvement (Figure 2).

Hematoma, the primary consequence of ICH, can contribute 
to secondary brain injury, which leads to severe neurological 
deficits and sometimes delayed fatality [21]. At 14 days af-
ter UC-MSC treatment, the injury volume was found signifi-
cantly reduced in both the MSC-IC (37.23±5.45 mm3, t=2.814, 
P=0.012) and MSC-IV (35.87±7.26 mm3, t=2.314, P=0.030) 
groups as compared with the control group (52.12±6.78 mm3). 
There also was no difference between the two cell-treated 
groups (t=1.293, P=0.142) (Figure 3). These data suggest the 
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Figure 1. �Characterization of UC-MSCs. (A) Flow cytometry analysis shows that UC-MSCs are positive for CD90, CD29, CD13, CD73, 
CD44, CD105, and HLA-ABC, while they are negative for CD34, CD45, CD31, and CD133. (B) UC-MSCs display fibroblastic 
morphology in plastic culture (B1). Von kossa (B2) and Oil red (B3) stainings reveal osteogenic and adipogenic potential of 
UC-MSCs in vitro. Scale bar=50 µm.
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neuroprotective effect of UC-MSCs in ICH could be obtained 
with an alternative pathway of injection.

In vivo neural-specific protein expression of UC-MSCs

UC-MSCs have been reported to be able to differentiate into 
neural cells by several studies including our previous in vitro 
induction [14]. UC-MSCs could be found in rat brain in both 
the MSC-IC and MSC-IV groups at 4 weeks after injection. We 
detected whether these cells could express neural cell marker 
MAP2 or astrocyte marker GFAP in rat brain. By immunostain-
ing, we observed that a subset of UC-MSCs colocalized with 
neural or glial markers in vivo in both the MSC-IC and MSC-IV 
groups (Figure 4). However, the frequency of the colocaliza-
tion was very slow (<5%).

Increased vascular density after intracerebral 
administration of UC-MSCs

We have demonstrated that UC-MSCs could be beneficial in 
several ischemic animal models and that the mechanism may 
be associated with the ability to promote angiogenesis under 
injured condition [18,22]. Here, we also found that UC-MSC 
treatment was able to increase the vascular density in peri-ICH 
regions of the ipsilateral hemisphere. Of note is that this obser-
vation was only made in the MSC-IC group (11.02±1.33%) as 
compared to the control group (7.56±1.31%, t=3.721, P=0.002); 
we did not find a significant difference in vascular density be-
tween the MSC-IV group (8.58±1.27%, t=1.453, P=0.102) and 
the control group (Figure 5A).

In addition, in the MSC-IV group, we observed that donor cells la-
beled by CM-DiI showed a proximity to blood vessels. They either 
incorporated into the cerebral endothelium (Figure 5B-B1,B2) 
or located in blood vessel walls (Figure 5B-B3,B4), and a por-
tion of the incorporated cells colocalized with endothelial cell–
specific protein vWF (Figure 5B-B1,B2). This proximity of UC-
MSCs to cerebral vasculature was also observed in the MSC-IV 
group (data not shown).

Discussion

There are several stem cell candidates for cell-based therapy 
in CNS diseases, including embryonic stem cells (ESCs), neu-
ral stem cells (NSCs)/olfactory ensheathing cells (OECs), and 
MSCs. ESCs are pluripotent cells that can give rise to all cell 
and tissue types, while obstacles such as ethical problems and 
immune rejection hinder their utilization. The newly reported 
induced pluripotent stem (iPS) cells are an intriguing substi-
tute for ESCs in regard to the direct reprogramming from so-
matic cells without destruction of the embryo [23]. There are, 
however, still many concerns including low efficiency of re-
programming and risk of tumorigenesis. As to NSCs or OECs, 
drawbacks like limited cell sources and expansion capacity also 
handicap their application in neural diseases. MSCs can self-
renew and differentiate into multiple tissue cells such as os-
teocytes, cardiocytes, and neural cells [1,6]. In addition, MSCs 
are capable of releasing a variety of cytokines and growth fac-
tors that have both paracrine and autocrine activities [4,24]. In 
addition, MSCs are immune tolerant, which enables them to 
cross HLA-mismatched barriers; also, they have immunosup-
pressive functions to limit the inflammation after tissue in-
jury, which may be good for the tissue injury repair [3,25,26]. 
These data imply that MSCs might be promising candidates 
for cell-based therapy.

In this study, we demonstrated that UC-MSCs could bring about 
neurological benefits in ICH rats via intracerebral or intrave-
nous delivery. The transplanted UC-MSCs could survive up to 
4 weeks in rat brain, which on one hand may be attributed to 
the relatively immunoprivileged environment of the brain [27] 
and on another may correlate with the immune-tolerant fea-
ture of MSCs, due to their low or no expression of HLA-DR 
(Figure 1) and costimulatory factors [2]. Therefore, CNS may 
be regarded as a promising tissue target for cell therapy, es-
pecially using MSCs. Accordingly, others have demonstrated 
that porcine or human UC-MSCs were immunotolerant in rat 
brain or spinal cord [28–30].

It is important to optimize the delivery pathway by which stem 
cells are injected with respect to feasibility and efficiency in fu-
ture clinical applications. In terms of cell-based therapy in CNS 
diseases, the potential pathways include intracerebral (focal 

Figure 2. �Neurological function improvement after UC-MSC 
treatment. Neurological evaluation with the mNSS 
scale shows that both intracerebral (MSC-IC) and 
intravenous (MSC-IV) injection of UC-MSCs significantly 
reduced neurological defects as compared with the 
control group; the sham group was used as the 
baseline (n=6 in each group).
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site or around), intravenous, intracarotid, intracerebroventric-
ular, and subarachnoid injection. Here, we showed that both 
intracerebral and intravenous administration of UC-MSCs was 
effective to promote neurological recovery of ICH rats, suggest-
ing that UC-MSCs may be delivered via alternative methods 
with therapeutic effects. Consistently, previous reports also 
demonstrated that focal or systemic delivery of MSCs equal-
ly improved the neurological functions of animals after cere-
bral ischemia [20,31]. Interestingly, we observed that UC-MSCs 
had a tendency to migrate from the injection site to the inju-
ry site in both the intracerebral and intravenous groups, sug-
gesting that injured tissues may provide chemotactic cues 
for UC-MSCs’ migration, even crossing the blood-brain barri-
er. Indeed, MSCs could express a broad array of chemokines 
receptors [32], and a couple of studies have reported the in-
jured tissue-oriented migration of MSCs in cerebral ischemia; 
the underlying mechanism may be associated with the effect 
of the SDF-1/CXCR4 axis [33–35]. With respect to convenience, 
the intravenous implantation of UC-MSCs could serve as a fa-
vorable approach for cell-based therapy in CNS diseases ac-
cording to clinical needs.

We found that a subset of UC-MSCs could express neural-
specific protein in rat brain in both the intracerebral and in-
travenous injection groups; it is, however, hard to ascribe the 
benefit to the cell replacement since the phenomenon was un-
common, which is parallel to the observation of others [20,36]. 
Also, it should be cautioned that it may have resulted from 
cell fusion under in vivo condition [37], though several studies 
have shown that MSCs could differentiate into neural cells in 
vitro [38,39]. What’s more, whether they communicated with 
host tissue functionally remains unknown even if those cells 
really differentiated into neural cells.

The mechanism underlying the benefits of UC-MSC injection 
in ICH may relate to UC-MSCs’ paracrine activities, which are 
neuroprotective to injured brain tissue. It is well document-
ed that MSCs are able to secrete a variety of factors such as 
NGF, BDNF, HGF, G-CSF, and VEGF [13,17,40,41], upregulation 
of which seems to be involved in the repair of neural inju-
ry by MSC treatment [42,43]. Therefore, in the present study 
the enhanced angiogenesis after UC-MSC treatment may have 
been associated with the pro-angiogenic factors’ upregulation. 
Supporting evidence could also be derived from the fact that 
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Figure 3. �Reduced injury volume in ICH brain after UC-MSC treatment. (A) Representative images show that injury regions (arrows) 
in both the MSC-IV and MSC-IC groups were obviously smaller compared to that in the control group at 14 days after 
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angiogenesis plays a crucial role in brain development and 
repair [44], and endogenous cerebral angiogenesis is induced 
and seems to be a restorative pathway after ICH [19]. In ad-
dition to the ability to produce angiogenic factors, MSCs can 
differentiate into endothelial cells [45] or function as vascular 
supporting cells as observed in our previous and present stud-
ies [18,22]. This may implicate another mechanism of MSCs 
through remodeling or stabilizing vasculature to promote the 

angiogenic process after ICH. Vedat et al. also reported that 
“Sodium nitrite provides angiogenic and proliferative effects 
in vivo and in vitro” [46]. In line with this, recent advances re-
veal that the perivascular region very likely represents the in 
vivo niche of MSCs [47], suggesting the close relationship be-
tween MSCs and the vascular system.

A

B

Figure 4. �Expression of neural-specific proteins of UC-MSCs in vivo. At 4 weeks post- transplantation, CM-DiI (red) labeled UC-MSCs 
could be found in rat brain in both the MSC-IC (A) and MSC-IV (B) groups. Immunostaining assay shows that a few donor 
cells colocalized with neural cell marker MAP2 or astrocyte marker GFAP in two groups (arrows). DAPI (blue) was used to 
identify the nucleus. Scale bar=50 µm.
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Figure 5. �Pro-angiogenic effect of UC-MSCs. (A) Blood vessels are recognized by vWF immunostaining (green); representative images 
show that the vascular density in the MSC-IC group is significantly higher than that in the MSC-IV and control groups. 
The vascular density is not different between the MSC-IV group and the control group. n=3 per group. (B) At 14 days after 
treatment, in the MSC-IV group, a population of CM-DiI-labeled UC-MSC cells (red) either located in the endothelium and 
expressed endothelial-specific marker vWF (B1, B2) or located in blood vessel walls (B3, B4). DAPI (blue) was used to identify 
the nucleus. Scale bars=50 µm.
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Of note is that the enhanced vascular density was only found 
in rats that received UC-MSCs intracerebrally but not intrave-
nously, although we observed that donor cells migrated into 
rat brain and integrated into blood vessels in the peri-ICH zone 
through systemic injection. This may be attributed to the lim-
ited numbers of cells that migrated. Given the comparabili-
ty of the functional benefit in the two groups, the underlying 
mechanisms that mediate the benefits may be different be-
tween them. Therefore, it is speculated that a combination of 
these two means of delivering MSCs may have synergetic ef-
fects and result in more significant neurological improvement. 
Further studies are required to test this hypothesis and clari-
fy the detailed mechanisms.

Conclusions

We demonstrated that UC-MSC treatment, via the intracerebral 
or the intravenous pathway, was able to promote neurological 

recovery in rats after ICH, and these effects may be associat-
ed with augmentation of angiogenesis in the intracerebral in-
jection group. Apart from angiogenesis [31], previous experi-
ence from MSC transplantation in cerebral ischemia has implied 
that MSCs also had effects in reducing scar formation, inhib-
iting apoptosis, remodeling astrocyte axons, and stimulating 
endogenous NSC activity [48,49]. Whether these effects oc-
cur in ICH after MSC transplantation warrants further investi-
gation. Nevertheless, our results suggest that UC-MSC trans-
plantation provides a promising approach in the treatment of 
CNS diseases in future clinics and that intravenous implanta-
tion of UC-MSCs could serve as a favorable approach for cell-
based therapy in CNS diseases according to clinical needs.
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