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ABSTRACT.	 We examined the paracrine action of canine mesenchymal stromal cells (MSCs) 
derived from bone marrow on the survival and differentiation of neural stem cells (NSCs) in vitro. 
MSCs were collected from the proximal end of the diaphysis of femur of healthy beagle dogs. The 
70–80% confluent MSCs were re-fed with serum-free DMEM. The MSCs were incubated for 48 hr 
and the supernatant was collected as the conditioned medium (MSC-CM). The survival rate of 
NSCs in MSC-CM was significantly greater than in the medium without MSC-CM. The percentage 
of differentiated neurons and neurite length in MSC-CM was also significantly higher than in 
the medium without MSC-CM. These results suggested that canine MSC-CM promotes stem cell 
survival and neural differentiation of NSCs.
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Mesenchymal stromal cells (MSCs) are plastic-adherent, spindle-shaped cells that express CD44, CD73, and CD90 and 
lack expression of the CD34 and CD45 [4, 16]. They secrete various trophic factors that support the healing process including 
suppressing inflammation and promoting tissue regeneration [2, 19]. Several studies [6, 11, 17] in rodent models have shown that 
intravenous or intrathecal injection of MSCs promotes functional recovery from traumatic brain injury (TBI) and spinal cord injury 
(SCI). MSCs are expected to be useful for clinical application in regenerative medicine in dogs. There have been several clinical 
trials of MSCs for SCI in dogs [14, 15, 20]. Injection of autologous MSCs caused no complication [14, 15], and some dogs with 
severe SCI improved their motor function after intrathecal or intramedullary MSC injection [14, 15].

Some transplanted MSCs attached themselves to the spinal cord near the surface, with a few invading the lesion in rodent SCI 
model. They promoted tissue repair and functional recovery in rats with SCI [17, 26]. MSC transplantation could be a promising 
treatment for tissue repair. However, the cells take long time to proliferate and alternative technique which can use immediately 
is required [14, 15]. The MSC-conditioned medium (MSC-CM), which is easily preserved by freezing, is convenient for 
immediate application. The MSC-CM promote functional recovery after rat-SCI [12]. The cell-free therapies resolve several safety 
considerations potentially associated with the transplantation of living cells including tumorigenesis, emboli formation, immune 
compatibility, and transmission of infections [25].

Human and rodent MSCs secrete various types of growth factors and promote neuronal survival and neurite outgrowth of neural 
stem cells (NSCs) in vitro [7, 10]. Recently, it was reported that endogenous NSCs exist in the central canal of mammalian spinal 
cord [9]. These cells play key roles on regeneration of damaged neurons. There was no data describing paracrine action of canine 
MSCs for the promotion of survival and neural differentiation of NSCs. The aim of the present study was to investigate whether 
canine MSC-CM suppressed the cell death and promotes neural differentiation of NSCs derived from monkey-derived embryonic 
stem cells (ESCs).

Samples of bone marrow were collected from 5 Beagles aged between 4 and 8 years under sterile conditions. All procedures, 
and the postoperative care of animals, were in accordance with the guidelines of Osaka Prefecture University (No. 21–65). Bone 
marrow fluid was collected under anesthesia using of 13-gauge Jamshidi needles (Allegiance Healthcare, McGaw Park, IL, USA) 
from the proximal end of the diaphysis of the femur, into sterilized 10-ml syringes containing 2,000 U heparin (Novo Heparin 
1000, Hoechst Marion Roussel, Tokyo, Japan).
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The bone marrow perfusate were suspended in 15 ml Dulbecco’s phosphate buffered saline (D-PBS, Nakalai Tesque, Kyoto, 
Japan). The mononuclear cells were isolated by density centrifugation with a lymphocyte separation solution (Nakarai Tesque) at 
400 × g for 30 min at room temperature (approximately 20°C). The buffy coat at the interface was collected, mixed with 20 ml 
D-PBS, and centrifuged at 400 × g for 5 min. The precipitated cells were washed twice with D-PBS. The number of cells was 
determined with a hemacytometer. Enriched mononuclear cells were plated in 25-cm2 tissue culture flasks (AGC Technoglass, 
Shizuoka, Japan) at a density of 1.5 × 105 cells/cm2 in DMEM (Nakalai Tesque) containing 10% fetal bovine serum (FBS, PAA 
Laboratories, Pasching, Austria) and 1% antibiotic-antimycotic solution (Nakalai Tesque), with incubation at 37°C in a humidified 
5% carbon dioxide environment. Nonadherent cells were removed by replacing the medium 48 hr after plating. The culture 
medium was changed 3 times per week. After 14 days, the adherent MSCs were transferred to another culture at a concentration of 
8.0 × 103 cells/cm2(passage 1). The 70–80% confluent MSCs were re-fed with serum-free DMEM. The MSCs were incubated for 
48 hr and the supernatant was collected and centrifuged at 2,000 g × 10 min. The supernatant was viewed as MSC-CM. 10 ml of 
MSC-CM were frozen at −80°C for 1–3 months.

Flow cytometric analysis was performed to evaluate MSC surface markers. Cells (passage 1) were detached from the flasks 
with 0.05% trypsin and 0.53 mM EDTA and were collected by centrifugation. Aliquots containing 1.5 × 105 cells were washed in 
fluorescence-activated cell sorting buffer (D-PBS containing 0.5% FBS and 0.1% sodium azide), and were incubated for 30 min 
on ice in 100 µl of fluorescence-activated cell sorting buffer with fluorescent isothiocyanate and fluorescent-labeled antibodies for 
CD34 (1/25, PE Mouse Anti-Dog CD34, Becton Dickinson Bioscience, Franklin Lakes, NJ, USA), CD44 (1/50, PE Rat Anti-Mouse 
CD44, Becton Dickinson Bioscience), CD45 (1/10, Fluorescent isothiocyanate Rat Anti-Dog CD45, Becton Dickinson Bioscience), 
and CD90 (1/50, Rat Anti-Dog Thy-1, AbD Serotec, Oxford, UK). Isotype control was used in a negative control sample. Data were 
analyzed by recording 10,000 events on a flow cytometer (FACSCalibur with Cell Quest software, Becton Dickinson Bioscience).

The cynomolgus monkey-derived ESCs, named CMK6, [23] were obtained from Dr. Tsuyoshi Okuno (Tanabe Mitsubishi 
Pharma Corp.). CMK6 were differentiated into NSCs, as described by Okuno et al. [18]. In summary, CMK6 colonies were 
transferred into non-adhesive bacteriological dishes in the conditioned medium collected from rat primary-cultured astrocytes 
supplemented with 20 ng/ml of fibroblast growth factor (FGF)-2 (R&D Systems, Minneapolis, MN, USA). These colonies were 
cultured for 10 days, giving rise to spheres, which were then plated onto dishes coated with poly-L- Lysine/Laminin (Sigma-
Aldrich, St. Louis, MO, USA), and were cultivated for 7 days in Neurobasal medium (Invitrogen, Carlsbad, CA, USA) supplied 
with B27 supplement (Invitrogen), 20 ng/ml FGF-2, and 20 ng/ml recombinant epidermal growth factor (EGF, R&D systems, 
NSCM). The spheres attached onto the dishes and formed circular cluster of cells. These cells migrated from the clusters to 
surrounding areas. The centers of the clusters containing undifferentiated ES cells were removed with a glass capillary, and the rest 
of the cells covered the growth surface of the dish in circular monolayer. These differentiated cells were used as CMK6 NSCs.

CMK6 NSCs (1.1 × 105 cells) were plated onto poly-D-Lysine/Laminin (Sigma-Aldrich) coated 24-well plate (AGC 
Technoglass), and were cultured in MSC-CM or DMEM without FBS (non-CM). Apoptosis, neuronal differentiation, and 
neurite elongation of NSCs were investigated. Apoptosis was assessed after Hoechst 33342 (Sigma-Aldrich) staining in order to 
characterize nuclear morphology. In summary, after undergoing in MSC-CM or non-CM for 48 hr, the cells were stained with 5 µl/
ml of Hoechst 33342 for 30 min. Live cells have a smooth, round nucleus characterized by faint staining. The number of apoptotic 
cells was assessed by counting Hoechst 33342 stained cells with condensed and fragmented nuclei in 500 cells per well at a 
magnification of × 200 under a fluorescent microscope (C1Si, Nikon, Tokyo, Japan).

After culturing in MSC-CM or non-CM for 10 days, the differentiation of NSCs to neurons and neurite length were assessed 
using Image J (U. S. National Institutes of Health, Bethesda, MD, USA). The medium was discarded and the cells were rinsed 
twice with D-PBS. The cells were fixed with 4% paraformaldehyde for 10 min and then immersed in PBS containing 0.1% bovine 
serum albumin and 0.1% Triton X-100. Non-specific binding was blocked by incubation for 30 min at room temperature with PBS 
containing 10% bovine serum albumin. The slides were incubated further in the presence of the following antibodies separately: 
tubulin β3 isoform (Tuj1) (1:1,000, Millipore) as immature neuron marker; glial fibrillary acidic protein (GFAP) (1:1,000, Millipore) 
as astrocyte marker. The cells were washed and then incubated in Alexa Fluor 488- and Alexa Fluor 546-labeled secondary 
antibodies (1:1,000, Invitrogen). Cells were mounted in Vecta-shield containing 4,6-diamidino-2-phenylindole (DAPI; Vector 
Laboratories, Burlingame, CA, USA) and analyzed under a fluorescence microscope equipped with phase-contrast optics. For 
quantification, a percentage of Tuj1 positive cells were counted in 8 randomly selected fields per well at a magnification of × 100. 
The length of axons was measured in 8 randomly selected fields per well at a magnification of × 100 and averaged using Image J.

Data were presented as mean ± SEM. Values were compared using the un-paired t-test between 2 groups. The apoptosis rate 
of NSCs was analyzed via a Fisher exact test. All analyses were performed with statistical analysis software (Graphpad Prism 
software, La Jolla, CA, USA). Values of P<0.05 were considered significant.

The cells were adherent to the plastic dishes after seeding the mononuclear cells from the bone marrow. The cells were cultured 
14 days after seeding of the mononuclear cells and were passaged. More than 95% of cells were CD44 and CD90 positive and 
negative for CD34 and CD45, as described previously [17]. After the cells were 70–80% confluent, they were cultured with 
DMEM without FBS for 48 hr, and MSC-CM was collected.

Next, the CMK6 were differentiated into NSCs. The NSCs were cultured in MSC-CM and non-CM for 48 hr, and the percentage 
of apoptotic cells among all cells cultured in MSC-CM and non-CM was assessed (Fig. 1A and 1B). The percentage of apoptotic 
cells cultured in MSC-CM (33.1%) was significantly lower than for cells cultured in non-CM (54.5%; Fig. 1C, P<0.01). NSCs 
were cultured in non-CM, more than 95% of NSCs differentiated into astrocytes (Fig. 2A). In MSC-CM, NSCs were differentiated 
into Tuj-1 positive neural cells and astrocytes (Fig. 2B). The percentage of Tuj1 positive cells cultured in MSC-CM (16.0%) was 
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Fig. 1.	 Nuclear staining of neural stem cells (NSCs) with Hoechst 33342. Photomicrographs of NSCs after culturing in non-conditioned 
medium (non-CM) (A) or mesenchymal stromal cell-conditioned medium (MSC-CM) (B) for 48 hr. Arrow marks indicate apoptotic cells 
(Scale bar=10 µm). Bar graph showing the percentages of apoptotic NSCs cultured in MSC-CM or non-CM (C). The percentage of apoptotic 
cells cultured in MSC-CM was significantly lower than for cells cultured in non-CM (*P<0.01).

Fig. 2.	 Immunohistochemical detection of neurons and astrocytes during neural stem cells (NSC) differentiation. Photomicrographs of immu-
nocytochemical staining for glial fibrillary acidic protein (GFAP) (red) and tubulin β3 isoform (Tuj1) (green)-visualized neurite outgrowth 
cultured in the non-CM (A) or MSC-CM (B) for 10 days. Bar graphs showing the percentage of Tuj1 positive cells (C). The percentage of 
Tuj1 positive cells cultured in MSC-CM was significantly higher than with non-CM (*P<0.01). Bar graphs showing quantitative analysis of 
neurite outgrowth of NSCs (D). The neurite length in MSC-CM was significantly greater than non-CM (*P<0.01).
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significantly higher than in non-CM (2.0%; Fig. 2C, P<0.01). The neurite length of cells cultured in MSC-CM (53.8 µm) was 
significantly longer than in non-CM (31.9 µm; Fig. 2D, P<0.01).

Several studies have found that human and rodent MSCs promote survival and neurite elongation of neural cells in vitro [3, 13, 
24, 28]. A high percentage of mouse ES cells were differentiated into dopaminergic neurons by coculturing with MSCs [5]. Our 
finding is that MSC-CM enhanced survival of NSCs and promoted neural differentiation of NSCs into neuronal phenotype. These 
findings are similar to those found in studies using rat or human MSCs [10, 22]. Previous report showed that canine MSC-CM 
increased human neuroblastoma differentiation and neurite outgrowth in vitro [1]. MSC-secreted growth factors, including nerve 
growth factor, brain-derived neurotrophic factor, hepatocyte growth factor, transforming growth factor β-1, insulin-like growth 
factor, and vascular endothelial growth factor, promoted the survival and neural differentiation of NSCs [2, 19]. A further report 
has found that human MSCs facilitated survival of neurons through the transfer of mitochondria [8]. Extracellular vesicles (EVs) 
contain a diverse cargo, including proteins, mRNA, micro RNA, and mitochondria. MSC-derived EVs contributed to neurite 
outgrowth [27]. MSCs are therefore able to support neural tissue through multiple functions.

MSC-derived products would effectively mimic the therapeutic effects of MSCs. In addition, large-scale production of cell-free 
products is possible by repeated harvesting of MSC-CM. Another advantage is that MSC-CM can easily preserved by freezing 
without the need for cryopreservatives for a long term period without loss of product potency [25]. The off-the-shelf secretome 
therapies could be immediately available for treatment of acute condition [25]. Use of MSC-CM potentially resolve safety 
consideration associated with transplantation of cells including immune compatibility and tumorigenicity.

There was no establishment of canine ESCs or induced pluripotent stem cells at this time [21], and monkey ESCs were therefore 
used for in vitro assay. A limitation of the present study is that any species-specific response was not considered. Further studies 
are needed to assess the effect of MSCs with the use of NSCs derived from dogs. We do not have evidence that canine MSC-CM 
improve locomotor function in SCI model. Further studies are needed to determine which neurotrophic factors from canine MSC 
promote the survival and neurite elongation of neural cells.
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