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Abstract
Mesenchymal stromal cells (MSCs) show promise for treatment of a variety of neurological and
other disorders. Cat has a high degree of linkage with the human genome and has been used as a
model for analysis of neurological disorders such as stroke, Alzheimer’s disease and motor
disorders. The present study was designed to characterize bone marrow-derived MSCs from cats
and to investigate the capacity to generate functional peptidergic neurons. MSCs were expanded
with cells from the femurs of cats and then characterized by phenotype and function.
Phenotypically, feline and human MSCs shared surface markers, and lacked hematopoietic
markers, with similar morphology. As compared to a subset of human MSCs, feline MSCs showed
no evidence of the major histocompatibility class II. Since the literature suggested Stro-1 as an
indicator of pluripotency, we compared early and late passages feline MSCs and found its
expression in >90% of the cells. However, the early passage cells showed two distinct populations
of Stro-1-expressing cells. At passage 5, the MSCs were more homogeneous with regards to
Stro-1 expression. The passage 5 MSCs differentiated to osteogenic and adipogenic cells, and
generated neurons with electrophysiological properties. This correlated with the expression of
mature neuronal markers with concomitant decrease in stem cell-associated genes. At day 12
induction, the cells were positive for MAP2, Neuronal Nuclei, tubulin βIII, Tau and
synaptophysin. This correlated with electrophysiological maturity as presented by excitatory
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postsynaptic potentials (EPSPs). The findings indicate that the cat may constitute a promising
biomedical model for evaluation of novel therapies such as stem cell therapy in such neurological
disorders as Alzheimer’s disease and stroke.
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marrow

INTRODUCTION
The recent discovery of the self-renewal properties of mesenchymal stromal cells (MSCs)
and their capacity to differentiate into multiple lineages such as osteocytes, adipocytes, and
chondrocytes (Baddoo et al., 2003) has rendered them a focus of study for cellular
replacement therapy and tissue engineering. The data provided by the application of MSCs
has been derived from either human or rodent models. The rodent model has allowed major
advances in our basic understanding of the biology of several diseases (Mashimo and
Serikawa, 2009). However, a near universal reliance on these models has revealed some
major deficiencies. For example, implanted or induced tumors in xenograft models do not
always behave in the same biological manner as the natural parent tumors in humans, which
is especially true of primary tumor growth and metastasis (Husemann and Klein, 2009,
Talmadge et al., 2007). In addition, treatments that demonstrate success in rodent models
rarely translate into successful therapies in human clinical trials, clearly indicating
fundamental differences that are difficult to resolve without utilizing alternative models
(Kamb et al., 2007). With respect to the development of highly targeted therapies for
specific disease conditions in humans, these problems would appear to become further
exaggerated, thus establishing the need to combine rodent studies with comparative studies
in other species to optimize the potential of developing the most effective therapies for
humans. Therefore, in recent years, efforts have been made to utilize non human primate
models to provide further insights into the possible mechanisms underlying these diseases
(Shively and Clarkson, 2009).

Of particular interest is the cat, which has revealed a high degree of linkage conservation
with human genomes, with the cat showing the least chromosomal changes as compared to
human (O’Brien et al., 1999, Murphy et al., 2000). The genome analyses have made the cat
an excellent model to study the molecular mechanisms for various disease states. Domestic
cats are subject to epidemics of two viruses, FeLV and FIV that cause immunodeficiencies
and neoplasias, thus providing a powerful animal model for leukemia and AIDS (Dias et al.,
2006). Another example is the occurrence of spontaneous tumors in cat that offer a unique
opportunity as models for human cancer biology and translational cancer therapeutics (Vail
and MacEwen, 2000). Because of factors such as incidence of some cancers, similar
physiological responses, large body size, comparable responses to cytotoxic agents and
shorter overall lifespan, the cat offers several advantages as an animal model for these
malignancies (Porrello et al., 2006). The tumor types that offer the best comparative interest
include lymphoma/leukemia, osteosarcoma, STS, melanoma, and mammary tumors (Vail
and MacEwen, 2000). In the study of these cancers, cats have also been used to investigate
the interaction of host immune response through studies of the major histocompatibility
complex, T-cell receptor loci, immunoglobulin genes and other loci that participate in
immune response (Bergman, 2003). Thus with the development of new therapeutic agents
(traditional chemotherapy, gene therapy, biologic agents, etc.), the feline model may provide
useful populations to test new therapeutic agents whose efficacy and toxicity can be
effectively examined.
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In addition to these diseases, the cat model has been extensively used for the study of
varieties of neurological disorders. Several examples include: aging cats with signs and
symptoms of human senility have been utilized for the study of Alzheimer’s disease (Head
et al., 2005) and stroke (Schaller et al., 2003) and recently, the cat has been identified as a
model of ataxia (Ilyas et al., 2008). In our laboratory, we have used feline model to study the
mechanisms of defensive rage and predatory attack, forms of aggressive behavior, expressed
both in animals and human (Siegel et al., 1999, Siegel et al., 2007). Because there is a strong
similarity between nervous tissue antigens of humans and cats, characterization of feline
mesenchymal stem cells may provide specific insights into directions that need to be taken
for the development of the therapeutic agents for treatment of various neurological
disorders. Accordingly, the aim of the present study was to characterize the markers of
feline MSCs, their potential to develop into neurons, and their ability to express neural stem
cell markers, GABA receptors and electrophysiological currents.

MATERIALS AND METHODS
Reagents and Antibodies

All tissue culture media, fibroblast growth factor, retinoic acid and Histopaque (Density
1.073 g/mL) were purchased from Sigma, (St. Louis, MO, USA). Premium fetal calf sera
were purchased from Atlanta Biologicals (Lawrenceville, GA). Antibodies to CD29 and
CD45 were purchased from Serotec (Raleigh, NC, USA), while antibodies against CD14,
CD34, CD44, CD105 and MHC-II were purchased from VMRD (Pullman, WA, USA). All
primary antibodies were used at 1/1000 final dilution and secondary antibodies at 1/500.

Antibodies to neuronal antigens used for immunohistochemistry were as follows: mouse
anti-βIII-tubulin, anti-synaptophysin, anti-Sox2, anti-MAP2, anti-Tau, anti-Neuronal Nuclei
(NeuN) and anti-nestin were purchased from EMD Millipore Corporation (Billerica,
Massachusetts). All neuronal primary antibodies were used at 1/1000 dilutions and
secondary antibodies at 1/500.

Anti-murine stro-1 was purchased from R&D Systems (Minneapolis, MN), APC-rabbit anti-
mouse IgG/IgM/IgA from Open Biosystems (Huntsville, AL), FITC-goat anti-mouse IgG
from Santa Cruz Biotechnology Inc (Santa Cruz, CA). Anti-stro-1 was used at 1/100 final
dilution and secondary antibody at 1/200.

Isolation of feline marrow/culture of feline mesenchymal stromal cells (MSCs)
All experimental procedures were approved by the Institutional Animal Care and Use
Committee of the University of Medicine and Dentistry of New Jersey-New Jersey Medical
School. The studies used female cats, weighing between 2 and 4 kg (Liberty laboratories,
Waverly, NY). Each animal was housed individually in its home cage and maintained on an
ad libitum feeding and drinking schedule.

Cats were perfused transcardially under deep anesthesia (pentobarbital 100 mg/kg body
weight) with 9.25% sucrose solution in PBS (w/v) (pH 7.2). Feline bone marrow was
harvested from the femur or humerus of the cat by flushing the shaft of a femur under sterile
conditions. The ends of each humerus and femur were clipped off to expose the marrow. A
syringe was inserted into the bone and complete Iscove’s modified Dulbecco’s medium
(IMDM) containing 200 units/mL heparin was pushed through the bone to collect the
marrow. Bone marrow was collected into 1–5 volumes. Ten ml of cell suspension was
loaded onto 3 ml of Histopaque solution and then centrifuged at 500 g for 30 minutes.
Mononuclear cells were collected at the interface of PBS and Histopaque. Cells were
washed 2x with phosphate-buffered saline (PBS) and seeded at 2 × 105/cm2 in Dulbecco’s
Modified Eagle’s Medium (DMEM) (1 g/L glucose) with 10% fetal bovine serum and
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incubated at 37°C, 5%CO2. Previously it was determined that selected fetal bovine serum
has been shown to have least toxicity for the cells. After 72 h incubation, non-adherent cells
were removed and 2/3 of media was replaced with fresh medium. After 7 to 12 days in
culture, the adherent cells reached 80% confluence and were then trypsinized and replated at
8000/cm2. At weekly intervals, 2/3 of medium was replaced with fresh medium. The
passages continued and at passage five, the cells were analyzed by flow cytometry for
CD45, CD105, CD44 and CD29. Each batch of cells were also studied for adipogenic and
osteogenic potential as described (Potian et al., 2003).

Culture of Human MSCs
The method to culture MSCs were previously described (Greco et al., 2007a). Briefly, MSCs
were grown from bone marrow aspirates of healthy individuals between 20–30 years. The
use of human bone marrow aspirates was approved by the Institutional Review Board of
University of Medicine and Dentistry of New Jersey (Newark, NJ) Aspirates were added to
vacuum-gas plasma treated, tissue culture Falcon 3003 petri dishes (BD biosciences) in
DMEM containing 10% FBS. After 3 days, RBCs and neutrophils were removed by
Histopaque density gradient. At passage 4, the MSCs were symmetric, CD29+, CD44+,
CD105+, CD14−, CD34−, CD45−, prolyl-4-hydroxylase (−) (Potian et al., 2003); generated
electrophysiologically active dopaminergic and peptidergic neurons (Greco et al., 2007b,
Trzaska et al., 2009); and differentiated into osteogenic and adipogenic cells (Potian et al.,
2003). All antibodies were used at 1/500 dilution.

Flow cytometry
Flow cytometry for membrane-bound proteins were performed for CD29, CD14, CD44,
CD45, CD34, CD105 and MHC II. MSCs were resuspended in 1% bovine serum albumin
with 0.2% sodium azide in PBS and then labeled on ice with the antibodies, at 1/500
dilution. Non-specific binding was determined in parallel with FITC-conjugated goat anti-
mouse IgG (Santa Cruz Biotechnology Inc, Santa Cruz, CA). The cells were analyzed on a
BD FACSCanto™ II fluorescence-activated cell sorter.

Intracellular flow cytometry for stro-1 was performed by the following consecutive
treatments: fixed in 4% formaldehyde for 15 min at 4°C, permeabilized in 0.1% Triton
X-100 for 30 min, incubated with anti-stro-1 for 30 min at 4°C, washed once with cold PBS
and then incubated with APC-goat anti-mouse Ig for 30 min in the dark at 4°C. After this,
cells were washed and immediately analyzed with the FACSCalibur (BD Biosciences).

Neuronal induction of feline MSCs
The neuronal induction protocol was conducted as described (Greco et al., 2008, Greco et
al., 2007b). Briefly, at 70–80% confluence, MSCs were trypsinized and subcultured in either
35 or 60 mm3 petri dishes (Falcon 3003) with neuronal induction medium (NIM). NIM
consisted of Ham’s DMEM/F12, 2% FBS, B27 supplement, 20 μM RA, and 12.5 ng/ml of
basic fibroblast growth factor (bFGF). The induced and uninduced cells were analyzed with
neuron-specific antibodies (see below for method) and co-labeling with phalloidin for
structure and DAPI to identify the nuclei, as described (Trzaska et al., 2009). In addition, the
cells were studied for Nestin and Sox-2 to identify neuronal stem cells and, βIII-tubulin,
Tau-3, and MAP-2 for mature neurons. Antibodies for synaptic vesicles anti-synaptophysin
were used to identify formation of synaptic vesicles in neurons and functional synaptic
junctions among them.
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Immunocytochemistry for neuronal markers
Uninduced and induced MSCs were labeled with antibodies to nestin, Sox-2, NeuN, βIII-
tubulin, Tau-3, Map-2, synaptic vesicles or synaptophysin at 4°C overnight. Positive cells
were visualized with a FITC- or Rhodamine-conjugated secondary antibody (Santa Cruz
Biotechnology Inc, Santa Cruz, CA) and counterstained with DAPI (Vector Laboratories,
Burlingame, CA, USA). The secondary antibodies were incubated for two hours at room
temperature. The uninduced MSCs served as controls for the stem cell markers and day 12
induction served as controls for the neuronal markers. The images were taken on at 100x
magnification with EVOS digital microscope (Advanced Microscopy Group, Bothell, WA).

Osteogenic Induction
Osteogenic induction of MSCs was performed using Poietics Human Mesenchymal Stem
Cells kit (Lonza, Switzerland). Briefly, MSCs were seeded in complete media at a density of
3 × 103 per cm2 on vacuum gas plasma-treated plates. Cells were allowed for adhere for 24
h, and media was replaced with osteogenic induction media (containing β-glycerophosphate,
ascorbic acid, and dexamethasone). Media was replaced every 72 h with fresh osteogenic
induction media for 21 days, and cells were stained in 2% alizarin red solution for 5 mins.
Detection of mineralization of bone was observed by brightfield microscopy.

Adipogenic Induction
Adipogenic induction of MSCs was performed using Poietics Human Mesenchymal Stem
Cells kit (Lonza). Briefly, MSCs were seeded in complete media at a density of 2 × 104 per
cm2 on vacuum gas plasma-treated plates. Cells were allowed for adhere for 24 h, and media
was replaced every 72 hours until cultures reached 100% confluence. Cells were incubated
in adipogenic induction media (containing indomethacin, isobutylmethylxanthene, insulin,
and dexamethasone) for 72 h then incubated in adipogenic maintenance media (containing
insulin) for 48 h. After three cycles of induction and maintenance, complete media was
added for 7 days. Cells were fixed in 10% formalin and incubated 0.18% Oil Red O (Sigma)
solution for 5 min and observed by bright field microscopy.

Whole-cell Patch Clamp Electrophysiology
Electrical signals were obtained in a conventional whole-cell configuration with a
Multiclamp 700A amplifier (Molecular Devices, Union City, CA), a Digidata 1440A
digitizer (Molecular Devices) and pCLAMP 10.2 software (Molecular Devices). Data were
filtered at 1 kHz and sampled at 5 kHz. The patch electrodes had a resistance of 4–6 MΩ
when filled with the pipette solution containing (in mM): 135 KCl, 12 NaCl, 0.5 EGTA, 10
HEPES, 2 Mg-ATP, and 0.3 Tris-GTP, pH7.3 with KOH. Stem cells in a cover slip were
placed into a 0.4 ml recording chamber filled with artificial cerebrospinal fluid containing
(in mM) 125 NaCl, 1.6 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.4 CaCl2, 25 NaHCO3, and 11
glucose, and saturated with 95%O2/5%CO2. Stem cells were identified under visual
guidance using infrared-differential interference contrast (IR-DIC) video microscopy with a
×40 water immersion objective. The image was detected with an IR-sensitive CCD camera
and displayed on a monitor. Membrane potentials were recorded from current clamped stem
cells. All recordings were made at 32°C, maintained by an automatic temperature controller
(Warner Instruments, Hamden, CT).

RESULTS
Growth and morphology of cultured MSCs

At each passage of the feline MSC culture, we examined the cells with an inverted
microscope. We expect mixed cultures of adherent cells after the first passage. Therefore,
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we begin to compare the morphology of feline MSCs with human MSCs, begi at week nning
1 of passage 2 cultures. Human MSCs are expected to be spindle shaped (Potian et al.,
2003). At the early time period, the feline MSCs were decidedly spindle shaped in their
morphology (Figure 1A), but with broader spindles (Figure 1A inset) as compared to human
MSCs (Figure 1C). At passage 4, the feline MSCs lose their spindle shaped morphology and
began to express various sizes and shapes, with cytoplasm appearing granular (Figure 1B).
In contrast, the equivalent human MSCs retained their symmetrical shape with long spindle
(Figure 1D).

Function and Phenotype of Feline MSCs
Due to the morphological differences between feline and human MSCs, we asked if passage
4 feline cells were multipotent. This was addressed by inducing the cells with adipogenic
and osteogenic induction media as described (Potian et al., 2003). Indeed, passage 4 cells
showed adipogenic as well as osteogeneic cells (Figure 2A). We next asked if the feline
MSCs show phenotype that was consistent for human MSCs by FACS analysis with passage
4 cells. The results revealed that >90% of cells were positive for CD29, CD44, and CD105
(Figure 2B), consistent with markers of MSCs (Potian et al., 2003). In contrast, all cells
were negative for the monocytes/macrophage marker CD14, hematopoietic cell marker
CD34 and CD45. A subset of human MSCs expressed MHC-II (Francois et al., 2009, Chan
et al., 2006). However, similar analyses with feline cells showed no evidence of MHC-II
expression.

Neuronal-like cells from feline MSCs
Although the fetal development of MSCs remains a question, it is believed that they could
be neuroectodermal in origin (da Silva Meirelles et al., 2008). However, MSCs also show
smooth muscle pattern, consistent with mesodermal origin (Caplan, 2009). Stro-1 has been
suggests as a marker that defines the function of MSCs (Bensidhoum et al., 2004, Psaltis et
al., 2010, Dennis et al., 2002). We therefore compared early (passage 1) and with passage 5
feline MSCs for stro-1 expression by immunofluorescence. The results showed stro-1
expression at each passage (Figure 3A). However at passage 1, there were two subsets,
based on stro-1 expression (Figure 3A). By passage 5, the cells show homogeneity with
regards to stro-1 expression (Figure 3A). We next determined whether passage 5 feline
MSCs can differentiate into neurons. Figure 3B showed the timeline change in morphology
by induced cells. This correlated with an increase in Nes (Figure tin 3C) and concomitant
loss of the stem cell associated genes, Oct4 (Figure 3D) and Sox2 (Figure 3E).

Phenotype and electrophysiology of induced MSCs
In this set of studies, we performed immunofluorescence for markers of mature neurons. The
expression of nestin at Day 12 induced feline MSCs (Figure 3C) led us to ask if these cells
also co-expressed mature neuronal markers. We examined the cells for Neuronal Nuclei
(NeuN), βIII-tubulin, and Tau-3. We also asked if the expression of mature markers
correlated with synaptic proteins, synaptic vesicles and synaptophysin. Synapic vesicle was
observed throughout the neuronal cell and synaptophysin was visualized as axonal bouton–
limited puctate, corresponding to mature neurotransmitter-secreting terminals. Although
there is faint evidence of their expressions at day 6 induction, there were marked expression
in >90% of the cells at day 12 (Figure 4).

The day 12 induced MSCs were also positive for the neurotransmitter receptor, GABAA.
The expression pattern for these neurotransmitter receptors indicated that the majority of
cells were positive for the receptor and that the receptors were uniformly distributed on the
cells (Fig 5A). Figure 5B is a representative voltage trace recorded from day 12 induced
MSCs, showing some post-synaptic potential like activities with rapid rising phase and slow
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decay phase; average amplitude of 4.7 mV (range between 4.5 an 10.4 d mV). This indicated
neuronal intrinsic functionality of feline MSC-derived neurons.

DISCUSSION
This study provides evidence of feline MSCs to differentiate into neuronal lineage. After the
fourth passage, the cell populations were more than 90% homogeneous with regards to the
expression of CD44, CD105 and CD29 and negative for hematopoietic markers, CD45,
CD34 and CD14. Unlike human MSCs, murine counterparts were negative for MHC class II
(not shown) (Potian et al., 2003).

The expansion potential of feline MSCs in the present study was measured only up to the 4th

passage after which they were induced for neuronal morphology. Previous in vitro
differentiation studies of MSCs to neuronal phenotype have been shown using cells
expanded beyond passage 20 (Woodbury et al., 2000) and MSCs expansion for at least 25
population doublings was suggested to be a prerequisite for neuronal differentiation (Wislet-
Gendebien et al., 2003). The present study utilized cells at passage 4 for neuronal
differentiation and demonstrated no difference of expression pattern for any of the stem cell
markers, suggesting that cell age may not be a crucial factor in affecting differentiation
ability.

Because of the lack of specific phenotypic markers, the identification of MSCs has been
reserved to cell populations fulfilling several identifying criteria, based on certain negative
and positive cell surface markers. The population of cells following culture of feline bone
marrow fully corresponded to the basic feature of adherent character and rapid growth at
low seeding densities, characteristics of MSCs obtained from rodent, human and other
species (Colter et al., 2001, Sekiya et al., 2002). The cell cultures from cats examined in this
study were negative for markers of hematopoietic progenitors (CD34), markers for the
monocytes /macrophage lineage (CD14) and markers for developmental stages of blood
cells (CD45, HLA-DR). The cell population further revealed high expression of other
generally accepted MSC markers (CD44, CD105 and CD29) (Arai et al., 2002, Docheva et
al., 2007, Kemp et al., 2005). In addition to the general morphogenic and phenotypic
characteristics, feline MSCs were negative for MHC class II markers (not shown), as
reported for feline MSCs by Martin et al. (Martin et al., 2002).

To assess the true proportion of progenitor cells within this heterogeneous culture we used
Stro-1, a stromal cell marker (Simmons and Torok-Storb, 1991, Stewart et al., 2003) that
recognizes non-hematopoietic bone marrow progenitor cells with stable undifferentiated
phenotype. These cells proliferate extensively while retaining the potential to differentiate
even when cultured long-term (Gronthos et al., 1999, Tuli et al., 2003). Our results
demonstrated that the expression of Stro-1 antigen on mesenchymal stem cells increased
from passage 1 to passage 4.

Feline MSCs showed the potential to differentiate into neurons with retinoic acid
stimulation. Morphological changes were evident within 24 h of culture in retinoic acid
containing medium, with some cells exhibiting classic bipolar morphology within 3 days.
By day 6, these changes were uniform and when grown to confluence, the differentiated
cells showed evidence of synapse-like formation. However, it was only day 12 induced cells
that showed labeling for synaptophysin and synaptic vesicles (Figure 4). Following neuronal
induction morphological changes were observed resembling the initial steps of neuronal
differentiation—especially neurite outgrowth. In brief, after formation of the original round
shape, the neuron was broken down to make a bud that was ultimately transformed into a
neurite and was further transformed into an axon or dendrite like structure (da Silva and
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Dotti, 2002). This finding is in accordance with observations made in the course of
neuritogenesis (da Silva and Dotti, 2002, Dehmelt and Halpain, 2004).

It has been shown that morphological changes alone may be stimulated only by the addition
of β-mercaptoethanol which can induce the formation of neurite-like processes in neuronal
and MSCs cultures (Ishii et al., 1993, Woodbury et al., 2000). However, our induction
protocol was different. Immunostaining for Sox-2 and Nestin, neuronal stem cell marker
indicated that differentiated cells had undergone a phenotypic change. Nestin is expressed
by neural stem cells (Dahlstrand et al., 1992) and identifies adult neuronal and glial
progenitor cells in culture (Dahlstrand et al., 1995, Mignone et al., 2004). Some studies have
reported that Nestin expression is an essential prerequisite for MSCs to progress toward a
neural lineage (Wislet-Gendebien et al., 2003) and is indicative of the potential of the cell to
develop into neuronal precursors (Mezey et al., 2000). Various other reports that found
Nestin expression in progenitor cells of diverse tissue types may suggest that this marker is
indicative of a general precursor cell rather than one specifically committed to a neural
lineage (About et al., 2000, Ha et al., 2003, Mokry and Nemecek, 1998, Niki et al., 1999,
Sejersen and Lendahl, 1993, Zulewski et al., 2001). Immunohistochemical data from our
study revealed that expression of Nestin on differentiated MSCs declined rapidly with the
maturation of neurons. Similar to Nestin, Sox-2 is also expressed by neural stem cells (Cai et
al., 2002, Zappone et al., 2000). Sox-2 followed an expression pattern similar to Nestin, with
small number of cells expressing Sox-2 within 72 hr of neuronal induction as compared to
24 h to its complete disappearance at day 6. These expression patterns for Nestin and Sox-2
suggest that MSCs following induction undergo neuronal differentiation. The expression of
markers for mature neurons further confirmed the terminal neural differentiation of MSCs
into mature neural cell populations. After a 12 day period, up to 80% of differentiated MSCs
demonstrated a mature neuronal phenotype expressing β Tubulin, Tau, MAP2 and Neuronal
Nuclei antigens.

Although robust studies were not conducted on signaling between neurons, the expression of
synaptophysin – that increases in parallel to the formation of synapses (Andressen et al.,
1996, Knaus et al., 1986), as well as electrophysiological studies, indicate mature neurons
(Jiang et al., 2002, Kohyama et al., 2001). A shift of immunostaining from the cell bodies to
the processes was observed as neurons matured because synaptic vesicle antigens are
synthesized in the cell bodies before they are transported down the processes and ultimately
become located in presynaptic terminals. Electrical currents are an intrinsic property of fully
functional neuronal cells. In an effort to confirm the neuronal maturity of MSC-derived
cells, we performed Whole-Cell Patch clamp electrophysiology. These cells not only formed
synaptic connections, but exhibited EPSPs at these junctions. In conclusion, our results show
that MSCs from feline bone marrow differentiated into cells expressing both morphologic
and phenotypic progression along a neuronal cell lineage. A high proliferation potential and
differentiation capacity make MSCs a promising tool for medical applications involving
reconstruction of damaged neurons as well as gene delivery for correction of inherited
diseases.
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HIGHLIGHTS

• Feline bone marrow-derived mesenchymal stem cells (MSCs) can be harvested
and expanded in vitro.

• The markers of MSCs were similar to those reported for human MSCs.

• Feline MSCs can differentiate into functional neurons as determined
electrophysiologically.

• The neurons express GABA receptors.

• Feline MSCs appear to show similar properties as human bone marrow-derived
MSCs.
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Fig 1. Morphology of Feline and Human MSCs at equivalent passages
A. Culture at day 7 of passage 2 feline MSCs. Inset shows the morphology of the early
passage MSCs. B. Passage of MSCs of the donor, shown in ‘A’, at day 28, which is
equivalent to Passage 4. C and D. Shown are human MSCs from bone marrow aspirates, at
comparable passages as feline MSCs.
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Fig 2. Flow cytometry analysis of feline MSCs and lineage differentiation
A. MSCs were induced with adipogenic and chondrogenic media. Images are shown for
three different experiments at 40x magnification. B. Representative of three analyses of
MSCs by flow cytometry. Uninduced MSCs were labeled for the following: hematopoietic
cell surface marker CD34, monocytes /macrophage cell surface marker CD14, and further
developmental stages of blood cells (CD45, MHC-II); MSC marker, CD105, CD29 and
CD44.
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Fig 3. Stem cell markers in uninduced and induced MSCs
A. Uninduced MSCs at passages 1 and 5 were labeled for Stro-1 by immunofluorescence. B.
Images of uninduced and induced MSCs, at 6 and 12 days. The images are shown at 100x
magnification. C. Representative of three experiments of immunofluorescence for nestin,
Oct4 and Sox2 (green). Cells were co-labeled for DAPI and phalloidin. The image is shown
at 100x magnification.
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Fig 4. Immunofluorescence labeling for neuronal markers
Shown are representative images (100x) of three different experiments for the following: β-
tubulin III (A); Tau (B); Synaptic vesicle (C); Synaptophysin (D) and NeuN (E). The
labelings were performed for uninduced MSCs and cells induced for 6 and 12 days. Co-
labelings were performed with DAPI (blue) and phalloidin (red).
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Fig 5. Expression of GABA receptor and electrophysiological properties in day 12 induced MSCs
A. Uninduced and induced (6 and 12 days) MSCs were labeled for the neurotransmitter
receptor GABAA by immunofluorescence. The image represents three experiments, each
with cells from a different cat. B. Representative voltage trace recorded from a stem cell,
showing some postsynaptic potential like activities, which have a rapid rising phase and a
slow decay phase and an average amplitude of 4.7 mV (range from 4.5 to 10.4 mV).
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