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Ear mesenchymal stem cells (EMSCs) represent a readily accessible population of stem-like cells that are adher-
ent, clonogenic, and have the ability to self-renew. Previously, we have demonstrated that they can be induced
to differentiate into adipocyte, osteocyte, chondrocyte, and myocyte lineages. The purpose of the current study
was to characterize the growth kinetics of the cells and to determine their ability to form colonies of fibroblasts,
adipocytes, osteocytes, and chondrocytes. In addition, the immunophenotypes of freshly isolated and culture-
expanded cells were evaluated. From 1 g of tissue, we were able to isolate an average of 7.8 X 10° cells exhibiting
a cell cycle length of ~2-3 days. Colony-forming unit (CFU) assays indicated high proliferation potential, and
confirmed previously observed multipotentiality of the cells. Fluorescence-activated cell sorting (FACS) showed
that EMSCs were negative for hematopoietic markers (CD4, CD45), proving that they did not derive from cir-
culating hematopoietic cells. The FACS analyses also showed high expression of stem cell antigen-1 (Sca-1) with
only a minor population of cells expressing CD117, thus identifying Sca-1 as the more robust stem cell biomarker.
Additionally, flow cytometry data revealed that the expression patterns of hematopoietic, stromal, and stem cell
markers were maintained in the passaged EMSCs, consistent with the persistence of an undifferentiated state.
This study indicates that EMSCs provide an alternative model for in vitro analyses of adult mesenchymal stem
cells (MSCs). Further studies will be necessary to determine their utility for tissue engineering and regenerative
medical applications.

Introduction . .
from both inner [8,9] and outer ears [10,11]. Moreover, it has

ADULT MESENCHYMAL STEM CELLS (MSCs) are postnatal
stem cells possessing abilities to self-renew and dif-
ferentiate into multiple tissue phenotypes. The multipoten-
tial of these cells, their easy isolation and culture, as well as
their high ex vivo expansive potential make them a promis-
ing source of cells in the field of regenerative medicine. The
growing body of information regarding sources of primary
MSCs indicates that MSC-like cells have been identified in a
number of different tissues. MSCs have been isolated from
adult peripheral blood [1], adipose tissue [2], skin tissue [3],
fetal blood, liver and bone marrow [4], lung [5], intestinal
tract [6], and kidney [7]. Cells that display morphology and
characteristic features of stem cells have also been harvested

been shown that human auricular cartilage may be a good
source of chondrocytes for in vitro production of cartilage
implants [11], and has also been used in the clinical treat-
ment of cartilage defects [10].

Previous studies in our laboratory showed that both the
external murine ears [12] and ear punches obtained during
standard procedure used for marking live animals [13] are a
source of MSCs. Termed ear mesenchymal stem cells (EMSCs),
these cells have the characteristics of stem cells including
the ability to self-renew and to commit into adipocyte, osteo-
cyte, chondrocyte, and myocyte lineages at the clonal level
[12-14]. Moreover, cells isolated from the ears of regenerative
(FOXN1-deficient—nude) and non-regenerative (wild-type)
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mice showed similar in vitro differentiation potentials, sug-
gesting that EMSCs are necessary but not sufficient for the
regeneration in ear punched model [12]. Immunophenotype
analysis of the cells [13] revealed that EMSCs are positive
for stem cell (stem cell antigen-1; Sca-1) and stromal markers
(CD90, CD73, CD44), but negative for hematopoietic mark-
ers (CD45, CD4); however, the study was limited only to
cells cultured at passage 0. The present study was under-
taken to extend the characteristics of EMSCs. Growth kinet-
ics, including doubling time and plating density, has been
determined. Colony-forming unit (CFU) assays have been
used to describe the frequency of cells with the capacity to
differentiate along specific lineage pathways. Furthermore,
analyses of cell surface protein expression have been done
on both freshly isolated and cultured cells from passages 0
through 5.

Materials and Methods
Animals

The animal experimental protocols were approved by
the Pennington Biomedical Research Center Institutional
Animal Care and Use Committee in accordance with NIH
guidelines. All procedures were designed to minimize the
suffering of the experimental animals. C57BL/6] mice were
housed in a temperature- and humidity-controlled room
(22 = 2°C and 30%-70%, respectively) with a 12-h light/12-h
dark cycle (lights on at 6.00 am), and food and water were
provided ad libitum. Mice were sacrificed by CO, asphyxia-
tion followed by cervical dislocation.

Isolation of EMSCs and cell cultures

Primary cultures were prepared from outer ears of 3-
to 6-week-old mice and subjected to both mechanical and
enzymatic dissociation as described previously [12]. In brief,
excised ears were minced and digested with collagenase
type I (Worthington Biochemical, Freehold, NJ) for 1 h at
37°C with gentle agitation. The cell suspension was filtered
through a 70-um cell strainer (Becton Dickinson Labware,
Franklin Lakes, NJ), centrifuged (360g, 5 min, room tem-
perature), and resuspended for 1 min in 1 mL red blood
lysis buffer (Sigma Co., St. Louis, MO). After washing by
centrifugation as described earlier, Trypan blue exclusion
and Cellometer Auto T4 system (Nexcelom Bioscience LLC,
Lawrence, MA) were used to determine the vitality, size, and
the total number of nucleated cells. The isolated cells were
plated in 100-mm Petri dishes (passage 0; P0) in Dulbecco’s
modified Eagle medium (DMEM/F12; Invitrogen, Carlsbad,
CA) supplemented with 1% antibiotic solution and 15% fetal
bovine serum (FBS; Invitrogen). The culture was kept in a
humidified 5% CO, incubator at 37°C, and next day non-
adherent cells were removed by changing medium. The
growth medium was changed every 2-3 days.

Cell-doubling method

Cell-doubling time was performed on EMSCs from cul-
tured cells from passages 0 through 6. The cells were plated
in 24-well plates at a density of 10° nucleated cells/well using
the expansion medium described earlier. Fresh medium was
supplied every 2-3 days. At 70%-90% confluence, cells were
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passaged by digestion with 0.05% trypsin/0.53 nM EDTA
(Life Technologies, New York), counted with a hemocytom-
eter, and reseeded as passage 1 (P1). Subsequent passages
(P1-P6) were allowed to multiply until 70%-90% conflu-
ence was reached. Cell-doubling times (DT) were calculated
according to the following formula [15]:

Dr—_ T
In(N, /N,)/In(2)

where DT is the cell-doubling time, CT the cell culture time,
N; the final number of cells, and N; the initial number of
cells.

Isolation of bone marrow-derived mesenchymal
stem cells (BMSCs)

Bone marrow-derived mesenchymal stem cells (BMSCs)
were freshly isolated from femurs and tibias by capping the
bones. The bone marrow was flushed out using the syringe
filled with PBS, filtered through a 70-um nylon mesh, cen-
trifuged, and resuspended in growth medium (DMEM
supplemented with 20% FBS and penicillin/streptomycin).
The cells were plated in 75-cm? flasks, and kept at 37°C in
a humidified atmosphere containing 95% air and 5% CO,.
About 24 h after plating, supernatant containing nonadher-
ent cells was removed, and fresh medium was added. When
primary cultures became ~70%-80% confluent, BMSCs were
harvested for the migration assay.

Plating density

EMSCs at passage 1 were plated in 6-well plates at den-
sities of 0.5 X 10%, 1 X 103, 5 X 10%, 10 X 10% and 50 X 10°
The expansion medium was replaced every 2-3 days until
cells reached 80%-90% confluency. The cells were counted
in duplicate using a hemocytometer, and a doubling time for
each cell density was computed as described earlier.

Colony-forming unit (CFU) assays

EMSCs at passage 1 were used to quantify CFU for fibro-
blasts (CFU-F), and cells capable of differentiating into adi-
pocytes, osteoblasts, and chodrocytes (CFU-Ad, CFU-Ob,
CFU-Ch, respectively). Cells were seeded in T25 flasks at the
densities of 105, 10% 10?5, 10%, and 10°° per flask. The flasks
were incubated at 37°C in a 5% CO, humidified incubator.
The cells were fed the expansion medium for a total of 11
days to establish colonies. Medium was changed every 2-3
days. After colonies were established, 5-6 flasks at each
cell density were fixed as outlined below for CFU-F assay,
while remaining cells were maintained in culture with adi-
pocyte, osteogenic, or chondogenic differentiation medium
for CFU-Ad, CFU-Ob, or CFU-Ch assay, respectively, as
described below. At the conclusion of the studies, the number
of positive colonies under each cell density was determined.
Positive staining was defined as a colony that contained at
least 20 positive cells (CFU-F, CFU-Ad) or 1 bone or cartilage
nodule (CFU-Ob, CFU-Ch, respectively). These values were
used to compute the percentage of CFU progenitors among
the originally seeded cells. Images of formed colonies were
taken using Nikon CoolSnap camera (Nikon Instruments
Inc., New York), and stored with Metamorph imaging soft-
ware (Molecular Devices Corp, Sunnyvale, CA).



CHARACTERIZATION OF EAR MESENCHYMAL STEM CELLS 85

For CFU-F assay, the cells were rinsed twice with pre-
warmed phosphate-buffered saline (PBS), fixed in 10%
formalin for 20 min at room temperature, followed by 1 h
staining with 0.1% Toluidine blue in 1% paraformaldehyde
in PBS. Cells were gently rinsed with tap water. Aggregates
of >20 Toluidine blue staining cells were counted as a posi-
tive CFU-F using a phase contrast microscope.

For CFU-Ad assay, formation of mature adipocytes
occurred following treatment of EMSCs with adipogenic
induction medium containing DMEM/F12, 5% FBS, 1%
antibiotic solution, 0.5 mM isobutylmethylxanthine, 1.7
pM insulin, and 1 pM dexamethasone for 2 days, followed
by 7-day exposure to DMEM/F12 medium supplemented
with 5% FBS, 1% antibiotic solution, 17 nM insulin, and 2
pM thiazolidinedione. Differentiated cells were fixed for 1
h in 10% formalin at room temperature and later stained
for lipid accumulation for 20 min with Oil red O. Cells were
washed 3 times with water; colonies containing >20 Oil red
O-positive cells were observed and counted under a phase
contrast microscope.

For CFU-ODb assay, established colonies were stimulated
for 20 days by osteogenic induction medium—DMEM-F12
supplemented with 10% FBS, 200 uM ascorbic acid 2-phos-
phate, 10nM dexamethasone, and 7 mM B-glycerophosphate.
At the end of mineralization period, flasks were rinsed 3
times with 150 nM NaCl. Cells were fixed in 70% ethanol
for 1 h at +4°C, and stained with 2% Alizarin red solution
in distilled water for 10 min at room temperature. After
washing, aggregates of >20 Alizarin red-positive cells were
counted and imaged.

For CFU-Ch assay, EMSCs were induced in vitro by treat-
ing a monolayer culture with pro-chondrogenic cocktail as
published previously [12]. In brief, cells were exposed to
DMEM-F12 medium supplemented with 10% FBS, 200 uM
ascorbic acid 2-phosphate, 100 nM dexamethasone, and
transforming growth factor B, (I ng/mL). Differentiated
cells were washed with PBS and stained with aqueous 0.1%
Safranin O to identify glycosaminoglycans in the extracellu-
lar matrix of differentiated chondrocytes, followed by wash-
ing in 95% ethanol. Aggregates of >20 Safranin O-positive
cells were counted and imaged.

Flow cytometry

Phenotypic characterization of freshly isolated and cul-
tured EMSCs from passages 0 through 5 was performed by
flow cytometry, as previously described [13]. In brief, cells
were cryopreserved at concentration of 1-2 X 10° per mL
in 20% FBS, 10% dimethylsulfoxide, and 70% DMEM/F-12
medium for period of ~1 to4 months before analysis. Two days
before flow cytometry analysis, individual vials of cells were
thawed in 37°C water bath, resuspended in 10 mL expansion
medium, centrifuged, and plated in 100-mm Petri dishes. On
the day of analysis, unattached cells in cultures were washed
out with PBS, and adherent cells were trypsinized. After
washing, cells were suspended in 0.5% BSA in PBS at a con-
centration of 4 X 10* per mL and incubated in blocking buf-
fer (containing 25 pg/mL IgG) for 10 min followed by 40-min
incubation with 10 pL (1 ug/10 uL) of phycoerythrin-conju-
gated anti-CD4, -CD44, -CD45, -CD90, -CD73, -CD117, and
-Sca-1 antibodies (BD Pharmingen, San Diego, CA) on ice.
Labeled cells were washed in PBS with 0.5% BSA and fixed
in cold Cytofix™ buffer (BD Pharmingen, San Diego, CA).

The assay was performed using a flow cytometer (Becton
Dickinson, San Jose, CA), and data were analyzed with a
Macintosh G5 workstation (Apple Computer, Cupertino,
CA), which contains Cellquest graphics software (Becton
Dickinson). The total number of cells counted for each sam-
ple was ~10,000. Positive cells were identified by comparison
with PE-conjugated mouse immunoglobulin (IgG,) and rat
immunoglobulin (IgG,,, IgG,;) as isotype controls.

Migration assay

To investigate migration activity, a modified Boyden
chamber assay was performed using a 24-transwell migra-
tion system (8 um pores Falcon HTS 24-Multiwell inserts; BD
Biosciences, San Jose, CA). In brief, the EMSCs and BMSCs
were resuspended separately at 5 X 10° cells/mL in 300 pL
of DMEM/F-12 or DMEM, respectively, supplemented with
0.1% BSA and penicillin/streptomycin, and seeded in the
upper chamber. The 700 uL of the final dilution of the recom-
binant Stromal-Derived Factor-la (SDF-la)) or Hepatocyte
Growth Factor (HGF) (both obtained from Peprotech, Rocky
Hill, NJ) were used as a chemoattractant in the lower cham-
ber at concentrations of 1, 25, and 500 ng/mL. The transwells
were incubated at 37°C for 3 h or 8 h. Control migration
was performed without R-SDF-la in the lower chamber.
Following incubation, the filter was removed, and the cells
on the filter were counted manually in random high-power
fields (200X) in each well. The migration filters were then
solubilized and analyzed using a FLUOstar OPTIMA (BMG
Labtechnologies, Offenburg, Germany). The same proce-
dure was repeated using HGF dilutions as the chemoattrac-
tant. All groups were studied in triplicate.

Statistical analysis

Values are expressed as mean = SD. To determine sig-
nificance among analyzed groups, one-way analysis of var-
iance followed by Tukey’s multiple comparison test was
employed using GraphPad Prism 5 (GraphPad Software,
Inc.,, La Jolla, CA). A value of P < 0.05 was considered statis-
tically significant.

Results
Cell yield and growth characteristics of EMSCs

Outer ears obtained from mice were processed by col-
lagenase digestion and differential centrifugation resulted
in the harvest of 7.8 = 0.8 X 10° nucleated cells/g of tissue
(n = 3). The size of the cells (analyzed at passage 1) ranged
from 8.1 to 26.6 pm in diameter (Fig. 1) with the major popula-
tion (~72%) between 12 um and 20 pm. For the assessment of
growth characteristics of EMSCs, the doubling time in cul-
ture and the plating density methods were used. For primary
cells and subsequent passages up to passage 4, DT ranged be-
tween 2.7 = 0.6 and 3.3 * 1.0 days; no significant differences
were observed (Fig. 2A). However, the DT decreased signifi-
cantly, as the cells reached passages 5 and 6 (2.1 = 0.3 and 2.1
*+ 0.2, respectively). The growth kinetics was not influenced
by plating density (Fig. 2B). A constant expansion rate was
observed between densities with regard to time required for
population doubling. The mean doubling time for all ana-
lyzed cell densities was 3.2 = 0.2 days.
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FIG. 1. Size characterization of undifferentiated ear mes-
enchymal stem cells (EMSCs) analyzed at passage 1. All val-
ues reflect the mean =+ standard deviation of cell diameters.

CFU assays

For CFU assays cells were seeded at increasing den-
sities in T25 flasks. An exemplary image representing
stained colonies is shown in Figure 3. CFU frequency for
specific lineage phenotypes was determined based on his-
tochemical staining characteristics. CFU-F assays (Table 1;
Fig. 4A) determined that an adherent fibroblastic phenotype
occurred in 11.8% * 5.2% cells plated at the density of 10'°.
With the increasing densities, the frequency of cells that
form colonies decreased reaching a significant drop at den-
sities ranged from 10?° to 10*°. CFU-Ad (Table 1; Fig. 4B) and
CFU-O (Table 1; Fig. 4C) colonies were formed only at densi-
ties ranged between 10*° and 1035. The mean lipid droplets
accumulation did not change between analyzed densities,
whereas in osteogenic cultures the highest number of nod-
ule-like structures was observed at the density of 10*5. A
similar pattern of frequency was determined for CFU-Ch
(Table 1; Fig. 4D). In addition, EMSCs were able to form these
colonies at the density of 102
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Surface protein expression by EMSCs

Flow cytometric analysis was performed on freshly iso-
lated and cryopreserved cells after each stage of purifica-
tion and passage (Fig. 5). All analyzed cells were positive for
hematopoietic (Fig. 5A), stromal (Fig. 5B), and stem cell pheno-
typic markers (Fig. 5C). The EMSCs contained a small popula-
tion of cells positive for hematopoietic markers (CD4, CD45).
The greatest percentage of CD45-positive cells was observed
in the freshly isolated fraction, whereas CD4 and CD45 were
nearly undetectable in culture-expanded cells. The stromal
cell-associated marker—CD90 and CD44—were expressed at
low levels in freshly isolated cells (13.4% * 3.8% and 12.0%
*+ 4.8%, respectively). However, with successive passages,
the percentage of cells staining positive for CD90 decreased,
whereas the percentage of CD44-positive cells increased sig-
nificantly. The presence of CD73-positive cells—other stromal
cell markers—did not change significantly through passage
5. Stem cell markers were represented in the study by CD117
and Sca-1. Only 74% = 2.7% of freshly isolated cells expressed
CD117 and the number of the positive cells declined with
successive passages. In contrast, a large population of initial
EMSCs expressed Sca-1 (60.0% = 4.7%) and the number of
Sca-1* cells significantly increased with the culture.

Migration assay

To further explore the characteristics of the EMSCs,
their chemotaxis in response to growth factors was evalu-
ated using a modified Boyden chamber migration assay
in comparison to primary cultured BMSCs. Cells were
seeded in the upper chamber of transwells and migration
was monitored in response to increasing concentrations of
the chemoattractants HGF or SDF-la over periods of 3 h
and 8 h under serum-free conditions (Fig. 6). After 3 h, the
chemoattractants did not stimulate either BMSC or EMSC
migration significantly (data not shown). Following an 8-h
incubation, only the highest concentration of SDF-la sig-
nificantly increased the migration of BMSCs but not EMSCs
across the transwell membrane; in contrast, HGF had no
significant effect on either BMSC or EMSC migration at any
concentration.
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FIG. 2. Growth kinetics of undifferentiated ear mesenchymal stem cells. (A) Cell-doubling time of cultured primary and
passaged cells. (B) Influence of plating density on proliferative characteristics of the cells. All values reflect the mean * stan-
dard deviation. Passages with different lower case letters are significantly different (P < 0.05).
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FIG.3. Colony-forming unit assay. The panel displays rep-
resentative photomicrograph of cells seeded, expanded, and
stained in T25 flasks.

Discussion

Since MSCs can be purified and expanded while retaining
multipotent properties, they have been considered tobe a suit-
able source of stem cells for therapy, regenerative medicine,
and transplantation. Previously, we isolated fibroblast-like
stromal/stem cells from mouse outer ears and documented
their characteristics based on immunophenotype and mul-
tilineage differentiation potentials [12-14]. We showed that
EMSCs can be isolated from regenerative FOXN1-deficient
(nude) and non-regenerative (wild-type) strain of mouse.
Morphological, histochemical, and molecular analysis after
the induction of EMSC differentiation revealed multiple dif-
ferentiation potentials in all studied murine strains indepen-
dent of their ability for regeneration. We concluded that the
absence of regeneration in wounded ears of wild-type mice
is not related to the absence of MSC differentiation in tissue
culture [12]. Like the FOXN1-deficient (nude) murine strain,

the MRL/Mp] mice have been found to exhibit a comparable
regenerative capacity [16]. Following a surgical wounding,
the ears of these mice are able to spontaneously repair holes
with a high degree of efficiency, consistent with a regenera-
tive process [16]. Nevertheless, the characteristics of EMSCs
in the MRL/Mp] mice have not been investigated to date.

The present study has extended the characterization of
EMSCs by documenting their morphology, growth kinetics,
and colony-forming unit frequency. Moreover, we have eval-
uated the expression patterns of hematopoietic, stromal, and
stem cell markers in freshly isolated and cultured EMSCs as
a function of progressive passage in vitro.

Bone marrow is considered the main source of both
hematopoietic and MSCs. Protocols that have been devel-
oped for isolation of bone marrow MSCs yield 6.4 = 3.4
X 10° nucleated cells/mL of aspirate from adult horses [17]
and 2.33 £ 0.5 X 10® mononuclear cells per 20 mL aspirate
from young adult pigs [18]. In our study, we were able to
isolate an average of 7.8 X 10° nucleated cells from 1 g of
ear tissue. Thus, the number of isolated cells obtained per
unit weight of ear tissue is similar to that obtained from
bone marrow; however, it is high in comparison to the yield
from other soft tissue. Published data show 10-fold lower
number of cells isolated from fat tissue samples of primates
and pig [19-21].

Kinetic analyses revealed a stable doubling time in cul-
ture through passage 4 (~3 days) with a significant drop re-
duction in doubling time at passages 4 and 5 (~2 days). This
time course is consistent with the other studies. Mouse bone
marrow and lung mesenchymal progenitor cell populations
demonstrate a cell cycle length of ~2-3 days [22,23], whereas
a complete cell cycle for adipose-derived stromal/stem cells
takes ~1.5-2.8 days in humans [2,19] and 3.3 in pigs [20]. Since
cell seeding density is also considered as a factor that plays
a role in the expansion capacity of MSCs, we determined
doubling times of EMSCs in relation to cell plating density.
Colter et al. observed that human adult stem cells from bone
marrow stroma proliferate most rapidly if plated at low den-
sity [24,25]. In contrast to these data, our experiment did not
indicate any dependency between seeding density and the
length of the cell cycle.

FIG.4. Colony-formingunit(CFU)assaysand staining.
The panels display representative photomicrographs for
CFU-fibroblast detected by Toluidine blue staining (A),
CFU-adipocyte detected by Oil red O staining (B), CFU-
osteoblast detected by Alizarin red staining (C), and
CFU-chondrocyte detected by Safranin O (D).
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TaBLE 1. THE SUMMARY OF FREQUENCIES OF COoLONY-FORMING UNITS WITH
FiBroBLASTIC PHENOTYPE (CFU-F), AptroGgeNic (CFU-Ad), OsteoGeNic (CFU-Ob), AND
CHONDROGENIC (CFU-Ch) CaraciTy

No. of cells 10%° 107 10%5 10° 1035

CFU-F 11.82 = 5.20° 8.63 =390 6.12 £ 2.80° 594 = 240> 494 + 040°
CFU-Ad n/d n/d 0.15 £ 0.252 0.23 = 0.122 0.20 = 0.06°
CFU-O n/d n/d 079 =029  0.59 +0.13*» 0.37 £ 0.13
CFU-Ch n/d 0.39 = 041° 149 * 0.44° 0.86 +£0.34> 048 = 0.16"

All values reflect the mean of percent = standard deviation. Values with different superscript
letters are significantly different (P < 0.05).
Abbreviation: n/d, non-detectable.
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FIG. 5. Immunophenotype of freshly isolated (FI) and passaged (P0-P5) EMSCs. (A) Hematopoietic markers CD4 and

CD45. (B) Stromal markers CD90, CD73, and CD44. (C) Stem cell markers CD117 and Sca-1. All values reflect the mean
+ standard deviation. Asterisks indicate significant differences between freshly isolated and passaged cells (*P < 0.05;
**#*P < 0.001). Abbreviation: N/A, non-analyzed.
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FIG. 6. Migration assays. The chemotaxis of bone marrow derived mesenchymal stem cells (BMSCs; open) and ear mesen-
chymal stem cell (EMSCs; checkered) in response to increasing concentrations of hepatocyte growth factor (HGF) and stromal-
derived factor-la (SDF-1a) were determined after an 8-h incubation. Values are the mean * standard deviation of triplicate
assays. Asterisks indicate significant differences relative to control (0 ng/mL) concentrations of the growth factor (*P < 0.05).

In the present study, we report that ~5%-12% of EMSCs
form colonies of fibroblasts. We observed a reduction in
frequency as a function of plating density; an increased den-
sity of seeded cells resulted in a reduced number of colonies.
Nevertheless, a comparison of frequency between our report
and data previously published is striking. The frequency
of bone marrow-derived MSCs has been reported to be
between 1 per 10° and 1 per 10° nucleated cells [17,26-29].
Similar frequency was also found in adult human liver stem
cells [30]. Higher frequency (~3%), which is similar to that
obtained in our study, was found in cells obtained from
human subcutaneous adipose tissue aspirates [31]. These
variations for primary cell frequencies can result from bi-
ological features unique to a particular species and differ-
ences in the quantitative methods. Magnitude discrepancy
can also be observed between individual subjects [17,28], and
influenced by an age of donor [32,33]. Nevertheless, results
obtained from CFU-F assay indicate the abundance and
high proliferation potential of EMSCs. CFU-adipogenesis,
-osteogenesis, and -chondrogenesis assays showed lower,
compared to CFU-F frequency, density-related ability of
EMSCs to form colonies. In contradiction to studies done on
human bone marrow-derived adult stem cells showing that
cells plated at lower density yield greater number of adipo-
cytes [34], low density seeding in our study was not associ-
ated with improved differentiation potential. Instead, only
cultures seeded at higher density were able to form the colo-
nies of differentiated cells.

Flow cytometric analysis revealed changes in surface pro-
tein expression between freshly isolated and cultured cells.
Previous study from our laboratory had defined the immu-
nophenotype of plastic adherent EMSCs only at passage 0. In
the present study, we analyzed cell surface protein expres-
sion of stromal, stem, and hematopoietic markers in freshly
isolated and cultured cells expanded through passage 5. Our
results showed that freshly isolated EMSCs were positive for
hemapoietic marker (CD45), whereas passaged cells can be
considered as CD45-negative. The higher expression of CD45
in primary cells might result from hematopoietic cell con-
tamination; this finding has been previously observed dur-
ing the culture and expansion of bone marrow-derived MSCs
[35,36]. The lack of hematopoietic stem markers suggests that
EMSCs did not derive from circulating hematopoietic cells.

The fluorescence-activated cell sorting (FACS) analyses of
stem cell markers carried out here demonstrate that EMSCs
contain a major population of cells expressing Sca-1 in both
freshly isolated and cultured cells, and a minor population
of cells expressing CD117. The percentage of CD117-positive
cells declined with passage expansion of the cells. Based
on this observation, we consider EMSCs as CD117-negative
cells, and conclude that Sca-1 will serve as a better “stem
cell”-associated antigen in this tissue. A body of earlier stud-
ies shows that Sca-1 is expressed in a wide variety of tissues
and organs [37-42]. Its expression varies from tissue to tissue
and the population of cells expressing Sca-1 is considerably
lower comparing to EMSCs. FACS analysis of stem cells in
different tissues revealed that only 4.2% Sca-1 positivity was
observed in bone marrow-derived cells [38], 15% in prostate
[40], and 20% in mammary epithelial cells [37]. Among pan-
creatic cells only 9% of islet and 15% of ductal cells expressed
Sca-1 [3941]. A higher frequency of Sca-1-expressed cells
(~31%) was observed in murine adipose-derived adult stem
cells [42]; however, even this remains lower than that cur-
rently identified among EMSCs. Summarizing our flow cy-
tometry analyses, the present data revealed that expressions
of hematopoietic, stromal, and stem cell markers remain un-
changed in culture; thus taken together, immunophenotype
characteristics of EMSCs suggest that passaged cells persist
in an undifferentiated state.

Modified Boyden chamber assays revealed that the pres-
ence of either HGF or SDF-la at concentrations of 500 ng/
mL failed to stimulate the chemotaxis and migration of the
EMSCs. In contrast, the maximal concentration of SDF-1a in-
duced the migration of BMSCs in parallel experiments. These
findings are consistent with published reports documenting
the ability of SDF-1 to stimulate migration of human BMSCs
by up to 2-fold [43] and of SDF-1 and HGF to stimulate the
migration of C2C12 myoblasts by 1.5- to 2-fold [44] relative to
baseline levels. The passage of the EMSCs in culture could
account for the current observations. Studies of human adi-
pose-derived stromal cells (hADSC) have revealed that the
SDF-1 receptor, CXCR4, was down-regulated as a function
of successive passage [45]. Subsequent overexpression of
CXCR4 increased the migratory response of the human
ADSC by 2.5-fold when exposed to 500 ng/mL SDF-1 [45].
Further studies will be necessary to determine if the relative
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expression levels of the HGF receptor, c-met, and the SDF-1
receptor, CXCR4, on the murine BMSC and EMSC popula-
tions exhibit similar changes as a function of passage in
vitro.

In conclusion, the current work documents the growth
characteristics, lineage-specific frequency, and cell surface
protein expression profile of multipotent MSCs isolated from
mouse outer ears. Their features, along with availability and
relative simple, noninvasive harvesting technique from liv-
ing animals, make EMSCs an interesting model for studying
adult MSC activity and differentiation. Further studies and
greater effort must be made to determine whether these cells
can be considered as an alternative and potential source of
stem cells in regenerative medicine for repairing, replacing,
or regenerating diseased tissues or organs.
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