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ABSTRACT. Aplastic anemia is an abnormal immune reaction disease
in which T lymphocytes destroy hematopoietic stem and progenitor
cells because of immune hyperactivity. Bone marrow mesenchymal
stem cells (BMSCs) have hematopoietic supporting and immune
regulation functions. This study investigated BMSCs homing in mice
transplantation models after bone marrow failure. BALB/c mice were
randomly divided into three groups: normal control, bone marrow failure
model, and BMSC transplantation group. Chloromethyl benzamido-
labeled BMSCs of BALB/c mice were transplanted through tail vein
injection in mouse models with bone marrow failure. Flow cytometry
and histological fluorescence microscopy were used to observe the
dynamic distribution of labeled cells in different tissues. Average
survival time, peripheral blood, and bone marrow morphological
features were observed in mice from each group. Twenty-four hours
after tail vein infusion of BMSCs, positively labeled cells were observed
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in the bone marrows of recipient mice, and the number of positive cells
increased significantly at 72 h (P < 0.05). In dead or dying mice, white
blood cells, hemoglobin, platelets, and bone marrow mononuclear cells
were all significantly higher in the BMSC transplantation group than
in the BMSCs of the model group (P < 0.01). Mean survival time was
significantly shorter in the bone marrow failure model group than in the
transplantation group (P < 0.05). These results confirmed that the major
of BMSCs injected via tail vein could migrate to injured bone marrow
tissues within 24-72 h in a mouse model of bone marrow failure.
Furthermore, BMSCs can promote hematopoietic recovery, reduce the
degree of bone marrow failure, and significantly prolong survival time.
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Mesenchymal bone marrow stem cells; Aplastic anemia

INTRODUCTION

Aplastic anemia (AA) is characterized by peripheral blood pancytopenia and bone
marrow hematopoietic failure. Its pathogenesis involves immune dysfunction, an abnormal
hematopoietic microenvironment, and destruction of hematopoietic stem and progenitor cells.
Recent studies have revealed that bone marrow-derived mesenchymal stem cells (BMSCs) not
only express a variety of hematopoietic cytokines, but also have hematopoietic supporting and
immunomodulatory functions. The existing literature suggests that BMSCs have the potential
to treat AA. Although some cases of clinical BMSC transplantations were shown to alleviate
symptoms of AA patients (Fang et al., 2009; Gao et al., 2010; Xiao et al., 2013), the specific
mechanisms of the effects of transplanted BMSCs remain unclear.

Homing migration and differentiation phenomena after BMSC transplantation are the
keys to fully understanding these mechanisms. However, no studies on migration and homing
of BMSCs in AA patients’ bodies have yet been conducted. Therefore, the present study
established protocols using a mouse model of immune-mediated bone marrow failure. The
operationis simple, non-toxic to cells, and stable. Chloromethyl-benzamidodialkylcarbocyanine
(CM-Dil), a tracer with a long enduring time, was used to label BMSCs. The distribution and
homing dynamics of labeled BMSCs in the bone marrow failure mouse model were observed
in vivo in order to evaluate therapeutic effects of BMSCs for AA.

MATERIAL AND METHODS
Materials

A randomized controlled animal experiment was performed using eight 10-week-old
healthy specific pathogen-free (SPF)-grade female DBA/2 mice with an average body weight of
21.5 + 0.5 g. The mice were purchased from the Shanghai Silaike Animal Experimental Center
[certificate SCXK (Shanghai) 2007-0005]. These mice served as cell donors of the AA model.
Eight-week-old SPF-grade inbred BALB/c male mice with an average body mass of 15.0+0.5 g
were used for BMSC culture. Forty-five 8-9 week-old (half male, half female) SPF-grade inbred
BALB/c mice with an average body mass of 20.0 + 0.3 g were purchased from the Animal Experi-
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mental Center of Guangdong Province [certificate SCXK (Guangdong) 2008-0002]. Disposal of
animals during experimental procedures conformed to standard guidelines for laboratory animals
published by the Ministry of Science and Technology of the People’s Republic of China in 2006.

Grouping and intervention

Forty-five BALB/c mice were individually identified and divided into three randomly
controlled groups. There was no intervention in the blank control group (N = 15). The model
group (N = 15) was injected with phosphate-buffered saline (PBS) after completion of bone
marrow failure modeling. The transplantation group (N = 15) was infused with CM-Dil-la-
beled BMSCs after modeling. All mice were housed in the same SPF-grade animal room.

Modeling of mice with bone marrow failure

The model was established according to previously published methods (Yao and Li
1991; Tang et al., 2010; Ma et al., 2011). DBA/2 mice were killed by the cervical dislocation
method and were soaked in 7% ethanol for 5 min. The neck, armpit, groin, popliteal, and mes-
enteric lymph nodes were removed using the aseptic method. RPMI-1640 culture medium was
added to the tissues, which were repeatedly sheared into a paste, gently grinded, and filtered
through a 200-pum nylon mesh. Next, the paste was made into a single-cell suspension with a
concentration of 1 x 10! cells/L. Trypan blue staining showed that lymphocytes comprised
more than 95% of the living cells in the suspension. BALB/c mice were treated with gamma-
ray irradiation (5.0 Gy) all over the body, and 0.5 mL DBA/2 mouse lymphocyte suspension,
containing 5 x 10° lymphocytes, was injected in the mouse tail vein within 4 h of the radiation
procedure. Mice were placed in the SPF-grade animal room after the modeling procedure in
order to monitor survival time after lymphocyte injection.

Model success criteria

Models were determined to be established successfully according to the following
criteria: 1) pancytopenia, 2) bone marrow biopsy showed dysplasia or hypoplasia in multiple
bone marrow sites, and 3) increase in the proportion of non-hematopoietic cells.

BMSC isolation and culture

Eight male BALB/c mice were anesthetized and killed and placed in 75% ethanol for
5 min. The femur and tibia were removed under sterile conditions, and both ends were cut
to expose the marrow cavity. Dulbecco’s modified Eagle medium/Ham’s F12 (DMEM/F12)
medium was used to wash out the bone marrow with a 5-mL syringe. The cell suspension was
prepared, cells were counted, and then resuspended in 10% fetal bovine serum and DMEM/F12
completed medium. The cells were inoculated in 25-cm? plastic flasks at a density of 2 x 10°
cells/cm” and then placed in a 37°C humidified incubator with 5% CO, for culture. The medium
was changed after 48 h, and then every 3 days thereafter. Passaging was performed when the
confluence of cells reached 90%, at which point the medium was aspirated, and the cells were
washed twice with PBS and trypsinized for 5 min. Cells were then inoculated in 25-cm? plastic
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flasks (1:2) for culture. Third generation cells were used in subsequent BMSC experiments.
Identification of BMSCs

Four samples of 2 x 10° 3rd generation BMSCs were prepared with PBS. Fluorescent-
ly-labeled monoclonal antibodies of CD34, CD45, CD29, and CD44 were added to the cell
samples. Flow cytometry detection was performed to evaluate antigen expression on the cell
surface, and results were analyzed using the CellQuest software.

CM-Dil-labeled BMSCs

BMSCs were labeled according to manufacturer instructions, with slight modifica-
tions. Fifty microliters dimethyl sulfoxide was dissolved in 50 ug CM-Dil crystalline particles,
and poured into 1 g/L storage solution. Third generation BMSCs (1 x 10°) were resuspended
in 1 mL of D-Hank’s solution, to which 5 ng/L CM-Dil stock solution was added (Ma et al.,
2011). Cells were incubated at 37°C for 5 min and at 4°C for 15 min in the dark. Next, cells
were washed twice with PBS and centrifuged to remove any unbound CM-Dil dye (Kruyt et
al., 2003). Labeled cells (5 x 10°) were resuspended in 200 pL of PBS. Meanwhile, similarly
treated but unlabeled CM-Dil BMSC suspensions were set up as the negative control, and flow
cytometry was used to detect the marked rate. The remainder of CM-Dil-labeled BMSCs was
cultured for 24 h, and five different horizons (x100) were randomly selected to calculate the
labeling efficiency using an inverted fluorescence microscope. Cells were cultured for 14 days
after observations, and an inverted fluorescence microscope was used to observe fluorescence
intensity and labeling efficiency.

BMSC proliferation ability

Well-growing 3rd generation CM-Dil-labeled BMSCs and the single suspension of
unlabeled BMSCs of the same generation (CM-Dil-labeled and unlabeled group, respectively)
were evaluated for their proliferative capacity using the 3-(4,5-dimethylthiazol-2-yl)-5-
diphenyltetrazolium bromide (MTT) colorimetric method. The growth curve was later
constructed.

Infusion of BMSCs

At the 6th day after modeling, 2 x 10° cells/L CM-Dil-labeled BMSCs were stored at
4°C in PBS in the dark. Cells (1 x 10° per mouse) were injected via the tail veins of transplan-
tation mice group using the aseptic method with 0.5 mL of PBS. The model group received
injections of only 0.5 mL of PBS.

Flow cytometry detection of BMSCs homing to the bone marrow

At 24 h and 72 h after infusion of cells, mice in each group (N = 3 at each time point)
were killed by cervical dislocation, femurs were removed under sterile procedures, and both
ends were cut to expose the marrow cavity in order to wash out the bone marrow. Red blood
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cells in the cell suspension were removed using the hypotonic lysis method. PBS was added
to adjust the concentration of nucleated cells to 2 x 10° cells/L. Two-hundred microliters of
bone marrow mononuclear cell suspension was used to detect the distribution ratio with flow
cytometry. The least analysis mode of 10° events per time period was used to detect the pro-
portion of CM-Dil-labeled cells in the bone marrow. Data were processed with Cell Quest
analysis software.

Fluorescence microscopy of in vitro distribution of BMSCs

Bone marrow cells were smeared, and lung, liver, and spleen tissues were immedi-
ately frozen and sliced into 8-um-thick sections. Overall, 10 slices were obtained, which were
fixed in ice acetone for 20 min, washed 3 times with PBS for 3 min, dyed with 1:200 DAPI
for 1 min in the dark at room temperature, and then washed another 3 times with PBS for 3
min. The anti-quenching sealing medium was used to fix cells. Fluorescence intensity and the
distribution of BMSCs in various tissues were observed, photographed, and recorded under
the fluorescence microscope.

Blood cell counts and peripheral blood smears

The model group was in a moribund state. At the 14th day after modeling of the trans-
plantation group, 20 pL blood was taken from the tail vein for the cell count, and 10 pL blood
was collected for the peripheral blood smear, staining, and oil microscope observation.

Bone marrow mononuclear cell count and bone marrow biopsy

At the 14th day after modeling, remaining mice in each group were killed by cervical
dislocation after blood extraction. Bone marrow cells were removed from the right femur with
RPMI 1640 culture liquid. The hypotonic lysis method was used to remove red blood cells and
the remaining cells were counted. The left femurs of mice were fixed, decalcified, paraffin-
embedded, semi-thin sliced, and hematoxylin-eosin stained. The degree of myeloproliferation,
the hematopoietic tissue capacity, the fat cell content, and the sinusoid structure of the bone
marrow, were all observed under the microscope.

Main outcome measurements

The general condition, changes in peripheral blood and the bone marrow, and the
BMSC distribution in the body were observed and recorded for each group of mice.

Statistical analysis

Continuous variables are reported as means + SD. All statistical analyses were performed
by the same individual (Y. Xiao) using the SPSS 13.0 software. Differences between groups were
assessed with the Student #-test of independent samples, and one-way analysis of variance was
used for comparisons of multiple means. Kaplan-Meier generating curves were constructed, which
were compared using the log rank test. Differences at P < 0.05 were considered to be statistically
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significant. Data from all 45 BALB/c mice were included in the final analysis of the experiment.
RESULTS
BMSC morphology

At 48 h after incubation, observations under the inverted phase contrast microscope
revealed that adherent BMSCs were single with round morphologies. After 4-5 days, the typi-
cal BMSC clone hyperplasia shape was formed, and as the number of cells gradually increased,
the morphology became more fusiform, triangular, or star-shaped. By the 7th day of primary
cell culture, cells rapidly proliferated, and the swirling colony was formed. On the 10th day,
each small colony formed large colonies containing hundreds of cells, with clear overlap and
fusion at the junction of colonies. The cells were purified after passage, and spindle cells com-
prised more than 98% of total cells.

BMSC immune phenotyping

Flow cytometry was used to detect phenotypes of 3rd generation BMSCs. Results
showed high expression level of the BMSC-specific antigens (95.45% CD29 and 99.99%
CD44) and low hematopoietic antigen expression (1.06% CD34 and 1.20% CD45).

CM-Dil-labeled BMSC observation in vitro
Twenty-four hours after labeling BMSCs with CM-Dil, 95% of the cells showed sig-

nificant red fluorescence with the green light excitations under the inverted fluorescence mi-
croscope (Figure 1).

A B
Figure 1. Bone marrow mesenchymal stem cells at 24 h after chloromethy-benzamidodialkylcarbocyanine
labeling under inverted fluorescence microscope (100X). A. Under the light field of vision; B. under the dark
field vision.

Adherent cells were mainly observed in fusiform and fibroblast-like shapes. In order
to maintain good shape, early cell morphology displayed annular fluorescence with many
fluorescent particles and high fluorescence intensity in the cells, but the nucleus was not fluo-
rescently stained. After the subculture, the fluorescence faded slightly, but the red fluorescence
remained clearly visible after 14 days of the marking. Flow determination of CM-Dil-labeled
BMSCs revealed that the fluorescent labeling rate was 95.55% (Figure 2).
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Figure 2. Flow cytometric analysis of the positive chloromethyl-benzamidodialkylcarbocyanine-labeled cell
proportion in bone marrow mesenchymal stem cells.

Cell proliferation changes in the BMSC labeled and unlabeled groups

The growth curves of the two cell groups (labeled and unlabeled) were essentially similar.
The first and second days were characterized by relatively slow growth, which corresponds to the
latent growth period. The period from 3-7 days was characterized by a faster growth rate, corre-
sponding to the logarithmic growth phase, and cells entered the growth platform period thereafter.
At each time period after inoculation, proliferation of the CM-Dil-labeled cells was slightly lower
than that of the unlabeled group, but the difference was not statistically significant (P = 0.95).

General changes in mice

As of the second day, model mice showed symptoms of malaise, anorexia, body
weight loss, significant activity decrease, arched shape, and piloerection. All model mice (N
= 9) were dead within the first 2 weeks. Anatomical investigation revealed that various or-
gans were pale, thymus, spleen, and lymph node atrophy, and small intestine bleeding points
were observed in some mice. Four of the 9 mice died after transplantation, and the survivors
stabilized and showed increased activity up to the 10th day. The average survival time of the
model group (11.00 + 0.33 days) was lower than that of the transplantation group (13.22 +0.31
days), and comparison of Kaplan-Meier survival function curves showed that the difference
was statistically significant (log rank statistic = 11.726; P = 0.001).

Peripheral blood changes in mice

As shown in Figure 3, the peripheral blood smear in the blank control group showed
hyperplasia and a normal number of nucleated cells. The peripheral blood smear in the model-
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ing group showed a significant reduction in the number of nucleated cells. Compared with the
model group, the transplant group showed relatively higher hyperplasia activity and visible
nucleated cells. Peripheral blood white blood cells, hemoglobin, and platelets were all sig-
nificantly reduced in dying mice of the model group compared with the transplant and blank
control groups (P < 0.01) (Table 1).

B
Figure 3. Peripheral blood smears. A. Normal control mice; B. bone marrow failure mice; C. transplantation mice.

Table 1. Comparison of blood routine indices of dying or executed mice between groups (£ s, N =9).

Group White blood cells (10°/L) Hemoglobin (g/L) Platelets (10°/L)
Normal control 8.40 + 0.88° 153 +8° 897 + 33
Bone marrow failure 0.21 +0.18° 63 +7° 15+6°
BMSC transplantation 1.77+£0.57 94+ 12 98+ 18

*Comparison between bone marrow failure group and BMSCs transplantation group (P < 0.01). *Comparison
between normal control group and BMSCs transplantation group (P < 0.01).

Effects of BMSCs on bone marrow function

Before dying or being killed, the number of mononuclear cells in unilateral bone mar-
rows of transplanted mice (0.17 x 107 = 0.01 x 107) was significantly higher (P < 0.01) than that
of the model group (0.03 x 107 £ 0.02 x 107). Several histopathological changes were observed
in the bone marrow. The structure of the hematopoietic tissue in the blank control group was
integrated, the hematopoietic cells were evenly distributed, and the hematopoietic cell prolif-
eration was good. In dying model mice, myeloproliferation was extremely low, the number of
nucleated cells was significantly reduced, and the number of non-hematopoietic cells increased.
Furthermore, a large number of fat cells replaced the hematopoietic cells, and megakaryocytes
were almost absent. In the transplant group, the myeloid, erythroid, and megakaryocytic cells
were more visible and fat cells were reduced relative to the model group (Figure 4).

Figure 4. Pathological section of bone marrow in mouse femur (Wrigth-Giemsa’s staining, 400X). A. Normal
control mice; B. bone marrow failure mice; C. transplantation mice.
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Dynamic distribution of CM-Dil-labeled BMSCs in bone marrow by flow cytometry

At 24 h after BMSC transplantation, the ratio of CM-Dil positively labeled cells in
the bone marrow was 0.26 + 0.02%. At 72 h after BMSC transplantation, the ratio of CM-Dil
positively-labeled cells in the bone marrow was 0.42 + 0.03%, which was significantly higher
than that of the 24-h group (P = 0.01) (Figure 5).
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Figure 5. Flow cytometric analysis of chloromethyl-benzamidodialkylcarbocyanine-labeled cell proportion in
bone marrow of transplantation mice. A. At 24 h after transplantation; B. at 72 h after transplatation.

Homing and distribution of BMSCs in vivo under the fluorescence microscope

Twenty-four hours after CM-Dil-labeled BMSC transplantation, a small amount of
red CM-Dil fluorescently labeled cells was seen in bone marrow mononuclear cells, suggest-
ing that BMSCs were homing to the bone marrow. At 72 h after transplantation, the red fluo-
rescence of the bone marrow increased, but the fluorescence intensity remained unchanged,
indicating that the mononucelar cells could migrate to injured bone marrow tissues.

DISCUSSION

AA is associated with hematopoietic stem cell proliferation or differentiation defects,
an abnormal hematopoietic microenvironment, and immune dysfunction (Brodsky and Jones,
2005). Furthermore, the number of BMSCs of AA patients is reduced relative to those of nor-
mal humans. The hematopoietic supporting role has also been shown to be significantly re-
duced compared with normal BMSCs, its proliferative capacity was defected, and inhibition of
activated T cells was lacking. BMSCs can adhere and secrete a variety of hematopoietic growth
factors by inducing hematopoietic stem cells to play the hematopoietic supporting role (Jiang
et al., 2005; Klyushnenkova et al., 2005). BMSCs also have immunoregulatory activity, which
can reversibly inhibit the proliferation of T cells in mixed lymphocyte reactions. BMSCs inher-
ently have low immunogenicity portability, which could be exploited for transplantations and
play an important role in AA cell therapy (Ball et al., 2007; Weber-Mzell et al., 2007).
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Most researchers have adopted irradiation and lymphocyte infusion methods to es-
tablish AA animal models; however, the specific steps employed in these procedures are not
standardized. The procedures described in the present study combine several approaches
from the literature (Chen et al., 2004, 2005; Omokaro et al., 2009). After several preliminary
experiments, we first exposed the BALB/c mice to 5.0 Gy y-ray irradiation and then inject-
ed 5 x 10 lymph node cells of DBA/2 mice to establish the animal model of bone marrow
failure. This model had characteristics of high success rate and good stability.

The living cell tracer, CM-Dil, is a novel lipophilic carbocyanine dye with mem-
brane permeability, which can remain in the cytoplasm during cell division, and emits red
fluorescence at an excitation wavelength of 570 nm. Compared with similar dyes, Dil and
water-soluble PKH26, CM-Dil has good solubility in water, is a clear and simple mark with an
intracellular residence time of up to 2 months, is resistant to embedded and fixed factors, and
is suitable for long-term cell tracer studies (Hemmrich et al., 2006).

Previous experiments have simply spliced solid frozen tissues into slices to qualita-
tively observe the fluorescence distribution under a fluorescence microscope. In contrast, our
experiment used flow cytometry with a fluorescence microscope to decompose the bone mar-
row into a single cell suspension sample, which could be added to tubes, thus reflecting the
distribution of all positive cells in the bone marrow. Compared with the method of preparing
and observing a large number of tissue slices, the method described herein is less labor inten-
sive, detection is fast, efficiency is high, and it enables quantitative comparisons with sensitive
and accurate identification.

Several studies have shown that when tissues are damaged, BMSCs from bone mar-
row or from the exogenous infusion are generally the first to localize to the inflammation area
and damaged tissues with limited efficiency (Park et al., 2011; Cruz et al., 2012). In the model
of bone marrow failure, ray irradiation can severely damage the bone marrow hematopoietic
cells and the hematopoietic microenvironment. Therefore, the infusion of exogenous lympho-
cytes can cause even more severe bone marrow damage.

The experimental results showed that the BMSC infusion could localize to the bone
marrow within 24 h in the bone marrow failure model. The BMSC content increased at 72 h
in the bone marrow, suggesting that BMSCs were homing to the damaged bone marrow after
infusion via blood circulation, and performed the repair function of the bone marrow microen-
vironment. Our experiment revealed that in the bone marrow failure model, untreated mice all
died due to a decrease in blood cells and bone marrow failure. Most of the mice that survived
after infusion of BMSCs showed restoration of blood cells and bone marrows, and improve-
ment in overall condition.

Collectively, the results of the present study indicated that BMSCs may perform the
roles of hematopoietic support, tissue repair, and local immune regulation (Huang et al., 2011)
by homing to the bone marrow through direct contact between cells or indirectly, through the
secretion of hematopoietic growth factors. These processes will ultimately promote bone mar-
row recovery, reduce the degree of bone marrow failure, significantly prolong survival time,
and finally, show beneficial effects in bone marrow failure mouse models.
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