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Abstract

In this study we evaluated the influence of passage number on the phenotypic characteristics of
feline adipose-derived stem cells (ASCs) in order to develop a broader understanding of their dy-
namics. Feline ASCs were individually isolated from five domestic cats and subjected to proliferative
culture at passage (P) 2, 6 and 10. The cells at each sub-passage were examined in regard to their
phenotypic properties associated with multipotent mesenchymal stem cells (MSCs), such as morphol-
ogy, proliferation kinetics, self-renewal, and expression of MSCs-specific surface markers. The differ-
entiation capacity into adipocytes and osteoblasts was also identified. Feline ASCs appeared with
a fibroblast-like morphology with minimal alteration through P10. The rate of cell proliferation
gradually decreased, while cell doubling time gradually increased with each passage. A significant
decrease in CFU-F efficiency was observed with increasing cell passage number. The ASC population
uniformly expressed their characteristic markers CD44 and CD90, but did not express the hema-
topoietic marker CD45. However, MSC markers gradually decreased in the later passage stages.
Feline ASCs were capable of undergoing both adipogenesis and osteogenesis at P2. These findings
suggested that the phenotypic characteristics of feline ASCs could be affected by long-term passages,
which is potentially very important in regard to their therapeutic application.
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Introduction

Mesenchymal stem cells (MSCs) have widely been
used in clinical applications for treating degenerative
diseases in both human and animal patients (Fortier
and Travis 2011, Stoltz et al. 2011), as they have the
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unique property of self-renewal and are capable of
differentiating into various types of cells or tissues
(Keating 2012). Mesenchymal stem cells isolated from
adipose tissue (ASCs) now are receiving more atten-
tion in pre-clinical and clinical studies of veterinary
medicine, since these cells are more easily isolated,
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with a higher yield from donor animals (Bassi et al.
2012, Cawthorn et al. 2012). Moreover, ASCs appar-
ently have no significant differences in relation to
their morphology and immunosuppressive properties
when compared to MSCs derived from other sources
(Carrade and Borjesson 2013).

Although ASCs have been isolated and character-
ized in several species (Zuk et al. 2001, Wan et al.
2007, De Mattos et al. 2009, Guercio et al. 2013) very
few studies have investigated feline ASCs. Webb et al.
(Webb et al. 2012) demonstrated that feline MSCs
isolated from adipose tissue had a proliferation rate
higher than those isolated from bone marrow, and
expressed a high level of CD44, CD90, and CD105,
but did not express CD4 and MHC class II. These
findings were confirmed by a later study of Kono et al.
(2014), showing that ASCs isolated from domestic
cats were positive for CD44, CD90, CD105, and alpha
smooth muscle actin, and negative for CD14, CD34,
and CD45. Moreover, the application of ASCs in
therapeutic purposes has recently been reported in
spontaneously occurring diseases in feline patients.
Quimby et al. (2013) demonstrated the succession of
autologous transplantation using feline ASCs into the
renal cortex of cats with chronic kidney disease. An-
other study using autologous ASCs resulted in modest
improvement of inflammation and promotion of tis-
sue regeneration in feline patients suffering from
chronic gingivostomatitis (Arzi et al. 2016).

These clinical applications require many cells that
can be cultured in vitro while maintaining their stem
cell capacity during serial passages. However, previ-
ous studies have suggested that long-term passage
could affect the potential of ASCs. Requicha et al.
(2012) demonstrated that canine ASCs showed a con-
tinuous decrease of MSC marker expressionfrom pas-
sage (P) P1 to P4, and also reduced osteogenic differ-
entiation capacity. Similarly, in equine ASCs, a nega-
tive CD13 and positive CD44 and CD90 were ex-
pressed differently after the first three passages (Car-
valho et al. 2009). Moreover, human ASCs exhibited
a dramatic increase of doubling time from 45 hours to
90 hours after P6 (Wall et al. 2007). On the other
hand, the variations in the pattern of ASCs prolifer-
ation were observed in equine ASCs until P4, and
then the propagation of cells ceased after P8 (Braun
et al. 2010). Although these studies have been carried
out in diverse species, data concerning the long-term
effects of cell culture have not been reported in fe-
lines.

In the present study we therefore aimed to isolate
feline ASCs and evaluate the influence of serial pas-
sage on their phenotypic characteristics, including
morphology, growth kinetics, colony-forming effi-
ciency, and the expression pattern of MSCs (CD44,

CD90) and hematopoeitic-specific surface markers
(CD45). Furthermore, the lineage differentiation ca-
pacity into adipocytes and osteoblasts of feline ASCs
was also analyzed. This should be valuable informa-
tion in regard to responsive treatment in feline animal
models.

Materials and Methods

This study was conducted according to the experi-
mental practices and standards approved by the Ethi-
cal Committee for Animal Use, Faculty of Veterinary
Medicine, Chiang Mai University, Thailand (Acces-
sion No. S10/ 2557). Subcutaneous adipose tissue
samples were collected from 5 healthy cats (aged 1-3
years, 2-5 kg) under the informed consent of the
owners. All chemicals were purchased from Sigma-Al-
drich, St Louis, USA, unless otherwise specified.

Harvesting of subcutaneous adipose tissue

Cats were generally anesthetized intramuscularly
with 0.5 mg/kg xylazine HCl (Troy Laboratories, Aus-
tralia) and 7 mg/kg zoletil (Virbac Laboratories,
France). Anesthesia was then maintained intra-
venously with the same dose of zoletil. A small surgi-
cal incision was made in the flank and abdominal re-
gion, and approximately 2 g of inguinal subcutaneous
adipose tissue was harvested. The specimens were
placed in sterile 100 ml bottles with sterile phosphate
buffered saline (PBS) containing 1% antibiotics/ anti-
mycotics (AA) (Invitrogen, Carlsbad, CA, USA)
(washing solution), and then transported to the lab-
oratory within 2 hours at room temperature. During
surgery, the animals were monitored by anesthesia
protocols until recovery.

Isolation of adipose-derived stem cells

The ASCs were isolated by mechanical and enzy-
matic methods as described previously (Kono et al.
2014) with minor modifications. Briefly, after weigh-
ing the harvested adipose tissue, it was minced and
digested with 10 ml of pre-warmed PBS containing
0.075% collagenase type I (Worthington, Lakewood,
NJ, USA), and then incubated in a water bath at 37oC
for 60 min. The tubes were vigorously shaken every
5 min to ensure uniform digestion. Upon digestion,
collagenase was inactivated by adding an equal vol-
ume of low glucose Dulbecco’s Modified Eagle Me-
dium (DMEM) supplemented with 10% heat-inac-
tivated fetal bovine serum (FBS) and 1% AA,
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followed by centrifugation at 1200 rpm for 5 min to
remove the supernatant. The cell pellet was re-sus-
pended in the same volume of erythrocytes lysis buffer
(160 mM NH4Cl in PBS), incubated at room tempera-
ture for 10 min, and then centrifuged. The super-
natant was discarded and the cell pellet was re-sus-
pended in DMEM containing 0.375% Herpes and 1%
AA. The cell suspension was filtered through a sterile
cell strainer 70-μm nylon mesh and centrifuged for
5 min. The obtained cells were then re-suspended in
fresh culture medium [DMEM supplemented with
15% FBS, 1% AA, 0.5% non-essential amino acid
(NEAA) and 0.5% L-glutamine (Invitrogen)]. The
cells were seeded in 75 cm2 cell culture flasks at
1 x 104 cells/ cm2 and cultured at 37oC under 5% CO2

with medium changed every 3 days. At 80-90% con-
fluence, cells were trypsinized and then sub-cultured
until P10 or cryopreserved for further processing.

The cells were thawed in a 37oC water bath until
the last ice crystals disappeared; the cells were then
rinsed with 9 ml of stop solution, centrifuged at 1200
rpm for 5 min and the supernatant carefully removed.
The cells were re-suspended in culture medium and
cultured at a concentration of 1 x 104 cells/ cm2 under
the same conditions.

Phenotypic characteristics of feline ASCs

All phenotypic characteristics of feline ASCs, in-
cluding morphology, growth kinetics, population
doubling time (PDT), colony-forming unit fibroblast
(CFU-F) assay and immunophenotypic properties,
were examined at passages 2, 6, and 10.

Cell morphology

Initially, the cells were plated onto a 35 mm cul-
ture plate at a density of 3,000 cells/ cm2. The cells
were fixed with 4% paraformaldehyde (PF) and then
stained with Giemsa solution for 20 min. Excess stain
was washed with distilled water and the plates were
dried in air. Images of staining were examined and
captured under a phase-contrast microscope with
a digital sight camera (Nikon Eclipse TE 2000-U, To-
kyo, Japan) for their morphology.

Growth kinetics and population doubling time

Growth rate and population doubling time (PDT)
of feline ASCs were examined at different passages.
The cells were seeded at a density of 3,000 cells/ cm2

into 12-well plates and cultured for 10 days. The cells

were trypsinized and counted at days 3, 5, 7 and 10
using a hemocytometer with trypan blue viability
staining. The growth curves were plotted and the
population doubling times (PDT) were calculated at
day 10 as follows: PDT=CT/CD; CD = ln(Nf/Ni)
× ln2, where CD is the cell number, CT is the cell
culture time, Nf is the initial cell number at day 0 and
Ni is the final cell number at day 10 (Vidal et al.
2006).

Colony-forming unit fibroblast assay

The cells from the same samples were cultured in
6-well plates at a density of 200 cells/ well in culture
medium. After plating, the cells were incubated at
37oC and 5% CO2 for 14 days and the medium was
changed every 3 days. After 14 days of culture, colo-
nies were fixed with 4% PF in PBS for 20 min. The
fixed cells were washed three times with PBS for
5 min each, exposed to 0.5% crystal violet in methanol
for 5 min, and washed twice in distilled water. ASCs
colonies were then counted using a stereo microscope
(ATL10, American Scientific, USA). Cell clusters
consisting of more than 20 nucleated cells were con-
sidered as a colony. Data were reported as CFU-F
efficiency (%), calculated as the number of colo-
nies/number of seeded cells x 100.

Flow cytometry analysis

Feline ASCs were immunologically examined by
flow cytometry to analyse the expression of specific
stem cell surface markers. To perform the flow
cytometry, the cells from P2, P6 and P10 were tryp-
sinized with 0.25% trypsin plus 0.04% EDTA (Invit-
rogen) and blocked with PBS containing 0.2% bovine
serum albumin (BSA). These cell aliquots (1 x 105

cells/ sample) were then incubated with primary anti-
bodies in the dark for 30 min on ice. The following
monoclonal antibodies were used: fluorescent iso-
thiocyanate (FITC)-conjugated anti-human CD44
(1:200, clone: IM7, eBioscience, USA), al-
lophycocyanin (APC)-conjugated anti-human CD90
(1:40, clone: 5E10, eBioscience, USA) and
phycoerythrin (PE)-conjugated CD45 (1:100, clone:
RA3-6B2, Biolegend, USA), in staining solution (PBS
containing 0.2% BSA and 0.1% sodium azide (NaN3).
After incubation, the cells were washed twice with
staining solution for 5 min each, and the cells were
then fixed in 0.5 ml of cold 2% paraformaldehyde in
PBS and stored at 4oC prior to analysis. The cells were
analyzed using a CyAn ADP flow cytometer
(Beckman Coulter, California, USA) using the
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Fig. 1. Representative images showing morphology of feline ASCs obtained from subcutaneous fat tissue of domestic cats at
passage 2. The cells were stained with Giemsa and observed under phase contrast. These cells exhibited a spindle-shaped
fibroblastic morphology with a flat polygonal shape. Scale bars = 50 μm. ASCs, adipose-derived stem cells.

FlowJo Vx 10.0 software package to examine the ex-
pression of specific MSCs surface markers. A mini-
mum of 10,000 events were counted for each analysis.

ASC Differentiation assays

In this study, the differentiation potentials into
adipocytes and osteoblasts of feline ASCs at the 2nd

passage were also identified in order to confirm their
MSC properties. Adipogenic and osteogenic differen-
tiation were induced as previously described (Kyl-
lönen et al. 2013, Wang et al. 2015) with minor modi-
fication. Briefly, before induction, the cells from P2
were seeded in twelve-well plates at 4 x 104 cells/ cm2

and allowed to reach confluence (90%-100%) for 3-7
days in basal medium (10% FBS in mixer of 25%
low-glucose DMEM and 75% high-glucose DMEM
supplemented with 1% NEAA, 1% L-glutamine and
1% AA). For adipogenic differentiation, confluent
cells were cultured in adipogenic medium consisting
of basal medium supplemented with 1 μM dex-
amethasone, 0.5 mM 3-isobutyl-L-methylxanthine
(IBMX), 200 μM indomethacin and 2% insulin-trans-
ferrin-selenium-X for 3 days; the cells were then cul-
tured in maintenance medium consisting of basal me-
dium supplemented with 1% insulin-transferrin-sele-
nium-X for 24 hours. This sequence was repeated
3 times. The cells in the control group were cultured
in basal medium without any inducers. To evaluate
intracellular lipid accumulation, then the cells were
fixed and stained with 0.5% (v/v) oil red O in isop-
ropanol for 30 min and were examined under

a phase-contrast microscope. For osteogenic differen-
tiation, confluent cells were cultured in osteogenic
medium consisting of basal medium supplemented
with 10 nM dexamethasone, 10 mM β-glycerophos-
phate and 250 μM L-ascorbic acid, and the medium
was changed every 3 days. The cells in the control
group were cultured in basal medium without in-
ducers. After 3 weeks of differentiation, the cells were
fixed and stained with 1% alizarin red S for 30 min at
room temperature to detect calcium node formation
and then were examined under a phase-contrast
microscope.

Statistical analysis

The results are shown as means ± standard error
of mean (SE). Statistical analyses were performed
with SPSS version 21.0 (IBM, Armonk, NY, USA).
The results of growth rates, PDT, CFU-F, and the
expression of MSC surface markers were compared
using One-way analysis of variance (ANOVA), with
Tukey post-hoc test to analyse the specific sample
pairs for significant differences. Differences were con-
sidered significant at p<0.05. Technical triplicates of
each sample were used in all the assays.

Results

Isolation, Culture and Morphology of ASCs

Under our culture conditions, adipose-derived
stem cells (ASCs) were successfully isolated from
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Fig. 2. Growth kinetics of feline ASCs at passages 2, 6 and 10. (A) Representative images showing the density of feline ASCs at
different periods of culture time. (B) Growth curves of feline ASCs. Cell population growth rates increased after 3 days of
culture, and then slowed after day 7. Results are expressed as mean ± SE. Superscripts a, b, c show significant differences
(p<0.01) Scale bars = 100 μm.

subcutaneous adipose tissue of all domestic cats. The
yield of stromal vascular fraction cells after isolation
with enzymatic digestion was 1.5±0.02 x 105 cells/ g.
These obtained stromal vascular fraction cells com-
pletely adhered to the plastic culture flask, and re-
vealed an elongated to a spindle or shuttle shape with
a large nucleus in the cytoplasm by day 3 of the cell

culture (Fig. 1). Afterwards, the cells reached 80 to
90% confluence with fibroblast-like morphology,
forming a highly homogenous monolayer of the cul-
ture by day 8~10 of the culture. After primary culture,
feline ASCs reached confluence in 6 to7 days until P5,
and then the culture period gradually increased. Cell
morphology (size and shape) of all feline ASCs persis-
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Fig. 4. Cloning efficiency of feline ASCs at passages 2, 6, and 10. The colony-forming rates were significantly decreased when the
cells were cultured along all studied passages. Results are expressed as mean ± SE. Superscripts a, b, c reflect significant
differences (p<0.001).

ted with only minimal alterations and showed a high
degree of cell viability (more than 80%, data not
shown) up to P10.

Growth kinetics and population doubling time
(PDT)

Growth kinetic studies were conducted at the se-
lected passages (P2, P6 and P10) as representative of
early, middle and late periods, respectively (Fig. 2A).
During the culture, feline ASCs displayed a growth
pattern as a multi-logarithmic phase until P10 (Fig.
2B). The ASCs began growing more rapidly after
3 days of culture, and then their population growth
started to slow down after day 7 of culture. Feline
ASCs had sufficient proliferation rates at each pas-

sage, particularly at P2 and P6. By comparing the
growth curves, the proliferation rate of feline ASCs
was significantly decreased from P2 to P10 (p<0.01).
The doubling time of feline ASCs cultured at the
same time point was determined after 10 days of cul-
ture. Figure 3 shows the time required for population
doubling, which significantly increased when the pas-
sage number exceeded P2 (43.5±0.5 hours) to P10
(55.5±1.7 hours) and P6 (47.8±1.5 hours) to P10
(p<0.01).

Colony forming unit-fibroblast (CFU-F) assay

The presence of colony forming units was ob-
served at P2, P6 and P10 under a stereo microscope at
day 14 (Fig. 4A). Feline ASCs revealed a significant
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Fig. 5. Representative flow cytometry analyses of feline ASCs. (A) Dot plots represent flow cytometer analysis of stained cells
with CD44, CD90, and CD45 at P2. Feline ASCs were negative for hematopoietic markers CD45 but were strongly positive for
CD44 and CD90. (B) The percentages of expression levels of CD44, CD90, and CD 45 among P2, P6, and P10 are shown.
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Fig. 6. The differentiation potential of feline ASCs at passage 2. Oil Red O staining for the adipogenic differentiation (A) and
Alizarin Red S staining for osteogenic differentiation (B) were performed after feline ASCs were cultured in either basal
medium (Induction –) or differentiation medium (Induction +) for 12 and 21 days, respectively. Scale bars = 100 μm.

decrease of CFU-F efficiency when the cells were cul-
tured along all studied passages, from P2 (57.9±2.1%)
to P6 (34.3.4±0.8%) and P10 (15.6±1.4%) (p<0.001;
Fig. 4B).

Immunophenotyping of ASCs by flow cytometry
analysis

The ASCs surface markers, including CD44,
CD45 and CD90, were examined by flow cytometry
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(Fig. 5A). The feline ASCs were uniformly positive
for the MSCs markers CD44 and CD90, and were
negative for the hematopoietic markers CD45 at all
passages. Although each feline ASC cell line was
strongly positive for CD44 and CD90 (more than
80%) through passage 10, a significant decrease in the
expression levels of both CD markers was observed
during sequential sub-passages (Fig. 5B). The
down-regulation of CD44 was found to be statistically
significant from P2 (98.9±0.4%) to P10 (82.9±1.6%)
(p0.001) and P6 (92.4±3.1%) to P10 (p<0.05) while
CD90 was only statistically significant from P2
(98.6±0.5%) to P10 (81.4±4.3%) (p<0.005).

ASCs differentiation assays

We demonstrated that the cells at P2 were able to
differentiate into mesodermal lineages include
adipocytes and osteoblasts, based on histological
examination. After 12 days of adipogenic differenti-
ation, Spindle-shaped ASCs changed to oval-shaped
cells contained a number of intracellular lipid droplets
which stained positive for oil red O, while after 21
days of osteogenic differentiation, the cells became
aggregate and created mineralized nodules that
stained positive for alizarin red S. Negative staining
was observed under control conditions of both induc-
tions. (Fig. 6).

Discussion

Stem cells harvested from adipose tissue have
been applied clinically due to the ease of isolation and
relative abundance of stem cells in adipose tissue.
Similarly to other species, feline adipose-derived stem
cells (ASCs) have therapeutic potential for tissue re-
generation and repair, but only if the cells can be cul-
tured and are capable of sequential long-term pas-
sage. To address these concerns, the present study
was conducted to investigate the effects of sequential
passage on the phenotypic properties of the cells, in-
cluding growth kinetics, population doubling time
(PDT), colony forming unit-fibroblast (CFU-F), and
expression of MSC-specific surface markers. The dif-
ferentiation potential of feline ASCs was further as-
sessed. Cells isolated from adipose tissues of all do-
mestic cats displayed a spindle-shaped morphology as
described by Webb et al. (2012) and Kono et al.
(2014), relevant to the criteria for stem cells as deter-
mined by The International Society for Cell Therapy
(Dominici et al. 2006). During culture, we also found
that these cells formed nodular aggregates followed
by detachment when approaching 100% confluence

which is similar to a current report concerning feline
ASCs (Kono et al. 2014). In contrast, this phenom-
enon has not been observed in ASCs harvested from
humans, rabbits, rats, and mice (Zuk et al. 2001, 2002,
Arrigoni et al. 2009), suggesting that species-specific
properties influence the cell adhesion.

The growth kinetics of feline ASCs from P2 to P10
were examined. The proliferation rate of feline ASCs
decreased gradually with passage number from P2 to
P10. Similar patterns have been observed in guinea
pig ASCs from P2 to P8 (Aliborzi et al. 2016) as well
as canine ASCs from P1 to P6 (Lee et al. 2014), where
the proliferation rate and the number of cultured cells
were decreased after P5. Feline ASCs displayed sig-
nificantly longer doubling times with increasing pas-
sage number, particularly at P10 (55.5 hours). Recent-
ly, similar results were reported in canine ASCs with
increasing doubling times of 1.73 days at P4 to 4.99
days at P6 (Lee et al. 2014). Moreover, Wall et al.
(2007) described PDTs of 45 h up to P5 in human
ASCs and then a dramatic increase to 90 h for the
cells at P6 and later. Interestingly, the PDTs in our
study at P6 and P10 were less (47.8 h and 55.5 h)
compared to those in the latter reports. It is possible
that species-specific differences exist, as well as dif-
ferences in culture conditions (e.g., supplementing
with L-glutamine and NEAA as in our study) that
could affect the proliferation ability of the cells
(Schwarz et al. 2012, Roxburgh et al. 2016). The simi-
larity of CFU-F efficiency was also indicated in feline
ASCs with a dramatic reduction of colony formation
with increasing passage number. Our results are simi-
lar to those reported in cattle, where CFU-F effi-
ciency was significantly higher in P3 than P7, and also
higher in P7 than P11 (Lu et al. 2014). These findings
indicated that the self-renewal capacity of ASCs was
gradually reduced with increasing culture time.

To further characterize these cells, cell surface
markers were examined using flow cytometry. Feline
ASCs displayed typical features of MSCs, bearing
CD44 and CD90 and lacking the hematopoietic
marker CD45, in agreement with the other reports on
felines (Webb et al. 2012, Kono et al. 2014), guinea
pigs (Aliborzi et al. 2016), humans (Russo et al. 2014),
and equines (Alipour et al. 2015). While there was no
significant difference in the expression of CD44 and
CD90 from P2 (98.9% and 98.6%) to P6 (92.4% and
87.8%), fewer P10 cells expressed CD44 and CD90
(82.9% and 81.4%), respectively. Similarly, Requicha
et al. (2012) reported that the expression of MSCs
markers (CD90, CD73, and CD105) decreased with
increasing number of sub-passages in canine ASCs.
Noticeably, the declines in CD expression in this study
seem to be related to the results of PDT and CFU
efficiency, which was significantly increased after P6,
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suggesting that the decreasing expression of one or
several MSCs markers after continuous sub-passages
may compromise the proliferation capacity as well as
the self-renewal of feline ASCs, thus limiting their in
vitro expansion (Requicha et al. 2012).

Cell differentiation capacity has been considered
as an important characteristic of MSCs, and is repre-
sented by distinct changes in cell appearance, includ-
ing size and shape, membrane potential and metabolic
activity (De Schauwer et al. 2011). Adipogenic and
osteogenic differentiation were thus identified by
staining with Oil Red O and Alizarin Red S, respect-
ively at P2. All feline ASCs differentiated into
adipogenic and ostogenic lineages, similar to previous
reports from other species (Arrigoni et al. 2009,
Vieira et al. 2010, Kono et al. 2014, Lee et al. 2014, Lu
et al. 2014).

Our present study clearly demonstrated that feline
ASCs could be isolated from inguinal subcutaneous
fat tissue of domestic cats, and that the cells exhibit
the phenotypic properties of MSCs, able to differenti-
ate into adipogenic and osteogenic lineages, making
them promising candidates for clinical regenerative
approaches. Nevertheless, the obtained results re-
vealed that these feline ASCs exhibit a progressive
decrease in proliferation and self-renewal capabilities,
as well as the expression of MSC markers under
long-term passages. These aspects thereby should be
taken into consideration in future applications. Our
data will be a useful tool for further research in feline
species not only in the domestic cat, but also in wild
cats and their relatives.
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