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Abstract
Background. Kanamycin, mainly used in the treatment of drug-resistant-tuberculosis, is known to cause irreversible hearing 
loss. Using the xeno-transplant model, we compared both in vitro and in vivo characteristics of human mesenchymal stromal 
cells (MSCs) derived from adult tissues, bone marrow (BM-MSCs) and adipose tissue (ADSCs). These tissues were se-
lected for their availability, in vitro multipotency and regenerative potential in vivo in kanamycin-deafened nod-scid mice. 
Methods. MSCs were isolated from informed donors and expanded ex vivo.We evaluated their proliferation capacity in vitro 
using the hexosaminidase assay, the phenotypic profile using flow-cytometry of a panel of surface antigens, the osteogenic 
potential using alkaline phosphatase activity and the adipogenic potential using oil-red-O staining. MSCs were intrave-
nously injected in deafened mice and cochleae, liver, spleen and kidney were sampled 7 and 30 days after transplantation. 
The dissected organs were analyzed using lectin histochemistry, immunohistochemistry, polymerase chain reaction (PCR) 
and dual color fluorescence in situ hybridization (DC-FISH). Results. MSCs showed similar in vitro characteristics, but ADSCs 
appeared to be more efficient after prolonged expansion. Both cell types engrafted in the cochlea of damaged mice, induc-ing 
regeneration of the damaged sensory structures. Several hybrid cells were detected in engrafted tissues. Discussion. BM-
MSCs and ADSCs showed in vitro characteristics suitable for tissue regeneration and fused with resident cells in engrafted 
tissues. The data suggest that paracrine effect is the prevalent mechanism inducing tissue recovery. Overall, BM-MSCs and 
ADSCs appear to be valuable tools in regenerative medicine for hearing loss recovery.

KeyWords: adipose-derived stem cells, bone marrow mesenchymal stromal cells, cochlea, hybrid cells, kanamycin, multipotency, paracrine 
effect, proliferative capacity, tissue regeneration, xenotransplantation

Introduction

Deafness is a sensory disability that affects millions 
of people worldwide. In mammals, deafness is fre-
quently a consequence of various traumas, ototoxic 
drugs, loud noise or ageing. Deafness in adults is per-
manent because hair cells and auditory neurons of the 
organ of Corti (OC) cannot be regenerated after birth. 
However, recent improvements in stem cell technol-
ogy have increased studies aimed to prevent or replace 
lost sensorineural cells, developing regenerative thera-
pies for hearing loss [1–5].

The replacement of sensorineural cells with an ex-
ogenous cell source has been recently obtained [2] but 
further investigations are required [6]. Preliminary 
studies on cochlear inner ear cell regeneration have 
been performed in vivo by direct injection of embry-
onic [7,8], neural [9] or mesenchymal stromal cells 
(MSCs) [10,11] in cochlear compartments. However, 
the methods of stem cell administration directly into 
the cochlea are invasive and unsuitable for clinical 
applications.

Pluripotent endogenous stem cells were found in 
thevestibular organ of adult mice, although limited
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and 1% antibiotics in solution (penicillin 100 U/
mL, streptomycin 0.25 mg/mL). Flasks were incubated 
at 37°C in a humidified atmosphere containing 95%
air and 5% CO2 (Passage P 0). The MSC expansion 
was carried out according to published methods 
[20,21]. Briefly, expansion of the cells was obtained 
with successive cycles of trypsinization and reseed-ing; 
the expansion was maintained until P12.

Human ADSCs were isolated from subcutane-ous 
(SC) adipose tissue of eight female donors (aged 28–
42 years) who gave their informed consent. Fresh 
lipoaspirates were washed in phosphate-buffered 
saline (PBS), pH 7.3, then minced in DMEM (Gibco 
BRL) supplemented with 2 mmol/L L-glutamine, 
penicillin (50 µg/mL) and streptomy-cin (50 µg/mL) 
and digested adding collagenase (1.5 mg/mL, Sigma) 
at 37°C for 30 min. Fragments were centrifuged (300 
g for 3 min), washed in the same medium containing 
10% FCS, further minced, incubated at 37°C and 
filtered through a 250 µm nylon mesh. Erythrocytes 
were removed using eryth-rocyte lysis buffer (Sigma) 
and the centrifugation was repeated three times to 
enrich the ADSC-abundant pellet; approximately 1 × 
106 TNCs were usually generated from 2 mL of 
lipoaspirate. At P0, adherent cells developed into 
visible colonies 2–3 days after the initial plating. After 
5–7 days in culture, the medium was changed for fresh 
culture medium fetal calf serum (CM-FCS); the cells 
were then maintained under conditions identical to 
those used for BM-MSCs.

When required, cryopreservation was performed 
after P2: human MSCs from both tissue sources were 
washed and the pellet suspended in 
cryopreservation medium containing 20% FCS and 
10% dimethyl-sulfoxide (DMSO; Sigma). Aliquots 
were stored at −80°C for the first 24 h and then in 
liquid nitrogen.

Proliferation assay
The BM-MSCs and ADSCs (4 U each) were cul-
tured in CGM up to 60 days. Cells at P2 were used for 
experiments. Conventional hexosaminidase colo-
rimetric assay was performed to evaluate cell 
proliferation [20]. Briefly, cells were washed with PBS 
and soaked in 200 µL hexosaminidase substrate, 
3.75 mmol/L p-nitrophenyl-N-acetyl-β-D-
glucosaminide (Sigma), 0.25% Triton-X 100 (Sigma) 
and 0.05 mol/L citrate buffer, pH 5.0 (Sigma), and 
seeded in a 48-well plate. After 1 h of incubation in a 
humidified atmosphere containing 5% CO2 at 37°C, the 
reaction was terminated by adding 75 µL of  5 
mmol/L ethylenediaminetetraacetic acid (EDTA) and 50 
mmol/L glycine, pH 10.4 (Sigma) in each well.The 
optical density of the supernatant was read in a 96-well 
plate reader Sirio (SeacSrl),at 405 nm.

to the utricular sensorial epithelium [12]. Among early 
studies on inner ear cell regeneration, bone marrow 
and hematopoietic stem cells (HSCs) have been shown 
to engraft in the inner ear and produce MSCs and 
fibrocytes [13].Transplantation of MSCs in the cochlea 
of a rat model with acute sensorineural hearing loss 
due to fibrocyte dysfunction favored hearing recov-
ery through regeneration of cochlear fibrocytes [14]. 
Bone marrow-derived HSCs showed the ability to 
engraft in the cochlea of mice deafened after oto-
toxic treatment, but they were not able to spontaneously 
transdifferentiate into any cochlear cell type and pre-
served their hematopoietic identity [15]. Recently, 
CD133+ stem cells isolated from human umbilical cord 
blood and intravenously (IV) injected into irradiated 
adult nod-scid mice, deafened by treatment with ka-
namycin (an ototoxic aminoglycoside) and/or intense 
acoustic noise, caused a significant cochlear repair, in-
ducing regeneration of endogenous sensory hair cells 
and neurons [2].

Other studies indicated that the heterogeneous cell 
population of mesenchymal stroma contained plu-
ripotent MSCs, among which were bone marrow stem 
cells and adipose-derived stem cells [16]. Trans-
planted MSC or undifferentiated 
mesenchymal progenitor cells have been shown able 
to in vivo engraft in areas of recent physical 
traumas or chemically induced injuries [17].

The potential of MSCs as repair system for tissues 
and cells [18] suggested an extension of investiga-
tions on the therapeutic ability of MSCs for inner ear 
repair after acoustic injury. We tested the regenera-
tive ability of human adult mesenchymal cells isolated 
from bone marrow (BM-MSCs) and adipose-derived 
stem cells (ADSCs) on a xenotransplanted mouse 
model, verifying their pluripotent ability in vitro and 
their ability in vivo to home into the cochlea of acous-
tically deafened mice and recover the induced tissue 
damage.

Materials and methods

Human MSCs

Isolation and expansion ex vivo BM-MSCs were 
isolated from bone marrow aspi-rates of three adult 
donors, who gave their informed consent. The 
nucleated cell fraction from each BM-MSC sample 
was obtained using an automated procedure using 
a SEPAX S-100 machine (Biosafe) as previously 
described [19]. Briefly, total nucleated cells (TNCs) 
were seeded in 75 cm3 flasks (1.6 × 105/cm2) in 
complete growth medium (CGM), Dulbecco’s 
Modified Eagle’s Medium (DMEM)-low glucose 
(Gibco BRL), supplemented with 2 mmol/L L-
glutamine, 20% fetal calf serum (FCS; EuroClone)



Phenotypic characterization 

The phenotypic profile of MSCs was routinely analysed 
at P0 and P2 using flow cytometry for expression of a 
panel of surface antigen markers: CD45 FITC, CD14 
PE, CD44 FITC, CD166 PE, CD90 PE, CD73 PE, 
HLA-DP -DQ -DR FITC, HLA-ABC FITC (BD 
Pharmingen), CD105 PE (Ancell) and CD271 APC 
(Miltenyi Biotec S.r.l.). Nonspecific fluorescence and 
morphological cell parameters were determined by in-
cubation of the same cell aliquot with isotype-matched 
unrelated mouse immunoglobulin (IgGs) (BD 
Pharmingen). Flow cytometry was performed by col-
lecting 104 events on a FACS Calibur system equipped 
with a 488 nm argon laser (Becton Dickinson). Data 
were analysed using DOT-PLOT bi-parametric dia-
grams, using CELL QUEST Pro software (Becton 
Dickinson).

Differentiation potential
Osteogenic differentiation was induced in human 
MSCs as previously described [20]. Briefly, 5 × 104 

MSCs were incubated in 35-mm diameter dishes in 
an osteogenic-inducing medium: 10 µmol/L dexa-
methasone, 50 or 100 µmol/L ascorbate-2-phosphate 
and 10 µmol/L β-glycerophosphate (Sigma) supple-
mented with 2 µmol/L L-glutamine and 10% FCS with 
1% antibiotics (OM-FCS). Cultures were main-
tained in this medium for at least 21 days, at 37°C, in 
a humidified atmosphere of 5% CO2 in air. The 
medium was replaced twice a week. Osteogenic dif-
ferentiation was detected by activity of alkaline 
phosphatase [22] in triplicate samples of MSCs, cul-
tured up to 6 weeks. Cells were washed with PBS and 
harvested: alkaline phosphatase activity was assayed 
using the Alkaline Phosphatase Detection Kit (Sigma) 
and expressed as unit of enzyme per microgram of 
protein (U/µg). Noninduced cells were assayed as a 
negative control. Calcium deposition was evaluated 
using extracellular matrix (ECM) mineral-bound stain-
ing, as previously described [23]. Cells were fixed with 
70% ethanol or 10% formalin solution (Sigma) and 
stained with 40 mmol/L alizarin red (Sigma) at pH 
4.1, for 10 min at room temperature.

For adipogenic differentiation, human MSCs 
(5 × 104 cells) were cultured up to 80–90% conflu-
ence in 1.5 mL CGM in a 35 mm diameter plastic 
dish. Adipogenic differentiation was induced by adding 
to CGM 0.5 mmol/L 3-isobutyl-1-methylxanthine 
(Sigma), 50 mmol/L indomethacin, 1 µm insulin and 
0.5 µmol/L dexamethasone (Adipogenic Differentia-
tion Medium [ADM]) The ADM was changed every 
3 days for 2–3 weeks. Cells were periodically collect-
ed, washed and fixed in 10% formalin solution for 30 
min. The accumulation of neutral lipids was de-
tected by incubating cells in 0.5% oil-red-O (Sigma) 
at room temperature for 1 h and placing them in 100%

isopropanol (Sigma) for 15 min. The amount of oil-
red-O staining was quantified by reading the optical 
density (OD) at 500 nm in a 96-well plate reader Sirio 
(Seac Srl).

Transplantation of human MSCs in an animal model

Animal model andt reatments

Two-month-old inbred nod-scid mice (Charles Rivers, 
Laboratories Clinical) were used. Animals were housed 
in microisolators and fed sterile food and acidified water 
to prevent bacterial growth. All animal experiments 
were performed in compliance with institutional guide-
lines, according to protocol n.181 (1/9/2006) approved 
by the Institutional Review Board and the Ethics Com-
mittees of the IST of Genoa (IRCCS Azienda 
Ospedaliera Universitaria San Martino IST-Istituto 
Nazionale per la Ricerca sul Cancro) and National Re-
search Council (CNR) in Pisa, Italy.We transplanted 
the human MSCs in nod-scid mice, adapting a xeno-
transplantation human-mouse model, previously 
described [24], deafening mice by a treatment with 
kanamycin (Figure 1). Kanamycin sulphate (Azienda 
Farmacologica Italiana S.r.l.) was administered sub-
cutaneously at 800 mg/kg body weight, twice a day for 
2 weeks, to induce progressive damage to hearing cells. 
After the ototoxic treatment, all mice underwent total 
body irradiation (350 rads, Caesium source) and 24 h 
later transplantation was performed IV by injecting in 
the caudal vein <1.5 × 105 human MSCs, a dose 
calculated to avoid the risk of embolism and/or throm-
bosis. The experimental groups were as follows: BM-
MSCs (group A, 12 mice) and ADSCs (group B, 12 
mice). Controls included mice untreated with kana-
mycin and transplanted with BM-MSCs or ADSCs 
(groups C and D, respectively; 10 mice each), mice 
treated with kanamycin but not transplanted (group 
E; 6 mice) and mice untreated and not transplanted 
(group F; 6 mice). From each group, half of the mice 
were humanely killed 7 days after transplantation and 
the others 30 days after transplantation. All mice were 
humanely killed by CO2 inhalation and decapitated. 
Bullas were opened under a stereomicroscope and the 
cochlea was exposed. One cochlea was immediately 
frozen in liquid nitrogen and kept at −20°C for mo-
lecular analyses; the second one was opened at the apex 
and fixed with 5 mL of Glyofixx (Shandon Lipshaw) 
overnight at 4°C in the dark. Liver, spleen and kidney 
were also removed from each mouse. Each organ was 
divided in two parts and prepared according to the 
same protocols used for the cochleae.

Histology and immunohistochemistry
Fixed cochleae were washed for 1 h in 0.1 mol/L PBS, 
pH 7.4, then decalcified in 10% EDTA solution, pH 
7.4, for 15 days at 37°C, daily replacing the EDTA.



and anti Proliferating Cell Nuclear Antigen (PCNA; 
1:500; P 8825; Sigma). Sections were then incubated 
for 90 min in the secondary antibody, horseradish 
peroxidase (HRP)-conjugated anti-rabbit IgG (1:100; 
Vector Laboratories) and HRP-conjugated anti-
mouse IgG (1:100;Vector Laboratories), respectively. 
After treatment with 3,3′-diaminobenzidine (DAB; 
Sigma), sections were slightly counterstained with Gill’s 
Hematoxylin (Sigma). The slides were rinsed, dehy-
drated and mounted in Permount (Thermo Fisher 
Scientific). Negative controls were obtained by re-
placing the primary antibody by 3% NGS.

Lectin staining was performed as previously re-
ported [2]. Briefly, for histochemical lectin staining a 
biotinylated lectin, the Lycopersicon esculentum ag-
glutinin (LEA) (10 µg/mL,Vector Laboratories), and 
a HRP-conjugated lectin, the Triticum vulgaris agglu-
tinin (WGA) (10 µg/mL; Sigma), were used to detect 
cochlear tissues. For FISH, to identify transplanted 
cells the human probe LSI LPL 8p22 SpectrumOrange 
and LSI C-MYC 8q24.12–24.13 SpectrumGreen 
human probes (ProVysion, Vysis, ABBOTT Labora-
tories) were used. Sections from cochleae, liver and 
kidney were stained with hematoxylin-eosin (HE)
(Sigma) for morphological evaluation.

Polymerase chain reaction analysis
Genomic DNA was extracted from frozen tissues ac-
cording to the manufacturer’s protocol (QIAamp DNA 
Mini KitH) and analyzed using polymerase chain re-
action (PCR) for the presence of human HLA-
DQα1 as marker for human MSCs, using previously 
described primers [2,26]. Taq Platinum (Invitrogen) 
was used in all PCR reactions, as recommended by 
the manufacturer. Single positive PCR bands of the 
predicted length for HLA-DQα1 (242 bp) were then 
cut out of the gel and sequenced using an automatic 
capillary sequencer (GeneAmp 3110, Big Dye Ter-
minator V 2.0 Cycle Sequencing Ready Reaction Kit, 
Applied Biosystems). Standard curves were run on 
murine samples to establish the sensitivity of PCR 
assays. Dilutions were prepared containing decreas-
ing amounts of human DNA (BM-MSC and ADSC 
DNA, from 1000 to 1 pg) in normal mouse DNA, up 
to 1.0 mg of the total DNA sample. This amplifica-
tion method using Taq Platinum could detect 1 ng of 
human DNA in 1 µg of mouse DNA, after 40 cycles; 
this value was assumed as the limit for HLA-DQα1 
DNA detection. To confirm the positive results for 
human MSC DNA, the presence of two human 
microsatellite DNA, the short tandem repeats (STR) 
D8S1179 and D18S51, selected from the Com-
bined DNA Index System (CODIS) commonly used 
for forensic applications, was tested in organs of two 
mice, randomly selected from each experimental group, 
and in those of one mouse from each control group

Figure 1. Experimental design.

Afterward, all samples were embedded in Paraplast Plus 
(Sherwood Medical) at melting point 55–57°C. Sag-
ittal serial sections of 5 µm were collected on silane-
coated slides. Sections underwent histological, 
immunohistochemical and fluorescent in situ hybrid-
ization (FISH) analyses.

For histochemistry, sections were deparaffinized, 
rehydrated, immersed in 1% H2O2 (Sigma) to satu-
rate endogenous peroxidase and pretreated in citrate 
buffer at pH 6.0 for antigen retrieval in microwave for 
10 min at 750 W. Nonspecific binding sites were 
blocked with 10% normal goat serum (NGS; Vector 
Laboratories) before primary antibody incubation over-
night at 4°C with anti-calretinin (1:1000; AB5054; 
Chemicon International), a marker for hair cells and 
spiral ganglion [25], anti HLA-A/B/C (LY5.1) (1:100; 
sc-52810; Santa Cruz Biotechnology), anti-Caspase 
3 (1:300; ab13847; Abcam), for apoptotic cell detection



(E and F) [27]. STR amplification was performed by 
single or nested PCR runs, in duplicate, as previ-
ously described [14]. The two STRs demonstrated 
different PCR sensitivity, from 0.1 ng (D8S1179) to 
10 ng (D18S51) of human DNA in 1 mg of mouse 
liver DNA. To improve sensitivity, nested PCR was 
performed as previously described [28].

Dual color fluoresence in situ hybridization (DC-FISH) 
Adiacent OC sections from HLA-DQα1–positive mice 
were hybridized with human probes to identify trans-
planted cells, and with human (labeled with FITC) 
and mouse (labeled with Cy3) pan-centromeric probes 
(Cambio Ltd) to detect hybrids. After deparaffinization 
and dehydration, the sections were incubated with Pro-
teinase K/SSC 2X (0.25 mg/mL; Roche Diagnostics) 
at 45°C for 5 min, postfixed in 4% buffered forma-
lin, co-denatured with probes at 80°C for 10 min and 
incubated overnight at 37°C. After a stringent wash 
in 0.3% NP40/SSC 2× at 75°C for 2 min, the samples 
were stained with DAPI (Kreatech Diagnostics, Leica 
Biosystems) and mounted. An Olympus BX61 
epifluorescence microscope system with a JAI CV-
M4+ CL digital camera was used for observation, while 
micrograph analyses were performed with CytoVision 
3.7 software (Applied Imaging, Leica Microsystems). 
Sections from control mice from groups E and F were 
taken as negative controls, and human biopsy speci-
mens as positive controls.The cells positive to human 
pan-centromeric sequences were counted in the same 
organ of each mouse, in 4–6 successive tissue sec-
tions, at about 20 µm of distance. The percentage of 
positive cells was calculated over the number of all cells 
counterstained using DAPI.

Image analysis
Quantification of PCNA- or Caspase 3–positive cells 
was performed on 10 semi-serial sections for each 
organ at an interval of 250 µm. The ImageJ software 
(v. 1.41o) was used to measure areas and count cells 
(Cell Counter plug-in).

Statistical analysis
Each assay was repeated at least four times and all data 
were expressed as average ± standard deviation (SD). 
One-way analysis of variance (ANOVA) was used to 
assess the differences among multiple groups. Values 
of P < 0.05 were considered to be statistically signif-
icant (Bonferroni test). The engraftment rates were 
reported as percentage of positive mice and ana-
lyzed with chi-square test.

Results

At these high doses, kanamycin induces side effects 
including degeneration of sensitive cells in different

tissues, such as liver, spleen, kidney, brain, as well as 
inner ear cells in the cochlea [2].

For uniformity all mice were total body irradi-
ated, as described above; previous studies showed no 
histological alterations induced by irradiation [2].

Primary culture of human stem cells

The BM-MSCs and ADSCs at P2 were both capable 
of proliferating exponentially without significant dif-
ferences (Figure 2A). The doubling time for the two 
cell cultures were analysed up to P12 (Figure 2B): up 
to P3–P6 was similar, then gradually and signifi-
cantly increased, with generally uniform fibroblast-
like morphology (data not shown).The two cell cultures 
showed the same doubling time trend. The flow 
cytometry analyses showed that at P0 and P2 the cell 
cultures were both negative for the hematopoietic an-
tigens CD45 and CD14, while they were moderately 
positive for HLA-DQ-DP-DR and CD271 at P0. Both 
cell cultures were positive for the following panel of 
MSC-specific surface antigen markers: CD44, CD166, 
CD90, CD73, HLA-ABC and CD166 (Figure 2C). 
Thus, BM-MSCs and ADSCs displayed a high degree 
of homogeneity for cell surface markers at initial pas-
sages P0 and P2.

Osteogenic and adipogenic differentiation

To verify the multilineage capacity of both cell cul-
tures, the fibroblast-like cells were induced to 
differentiate toward osteogenic and adipogenic lin-
eages, using lineage-specific inducing factors. For 
example, the differentiation of BM-MSCs at P2, grown 
in OM-FCS, was induced rapidly.Within the first week 
of culture, the cells began to undergo morphological 
changes from an initial spindle-shape (Figure 3A)  to 
a more large-polygonal appearance. Cells tended to 
form tightly packed colonies, having dense, granular 
areas within individual colonies, forming multiple layers 
of cells after 2–3 weeks in culture. Dense nodules 
tended to originate from these colonies, and these re-
leased elongated cells with larger nuclei. Differentiated 
cells were identified by staining with alizarin red 
(Figure 3B). Changes in cellular morphology were ac-
companied by a progressive, significant increase in 
alkaline phosphatase activity (Figure 3D). The activ-
ity of this enzyme was generally negligible in 
noninduced MSC controls, indicating a low level of 
endogenous activation. In the first week, both cell cul-
tures showed an induced osteogenic differentiation, 
but only that of BM-MSCs was significant. After 2 
weeks, the number of BM-MSC colonies undergo-ing 
osteogenic differentiation decreased, whereas the 
number of ADSC ones significantly increased in com-
parison with both BM-MSCs and control. Finally, after



Figure 2. Growth kinetics and phenotypic characterization of human 
MSCs. (A) Proliferation rate of BM-MSCs and ADSCs up to 14 
days of culture. OD, optical density. (B) Doubling time (DT) of 
BM-MSCs and ADSCs up to P12. (C) Phenotypic characteriza-
tion using flow cytometry of surface markers of BM-MSCs and 
ADSCs. Asterisks indicate significant differences (*P < 0.05; 
**P < 0.01; ***P < 0.001).

3 weeks only ADSCs appeared to maintain osteo-
genic capability.
The adipogenic differentiation capability was similar
for both cell types at P2 (Figure 3E), but was signifi-
cantly higher for ADSCs at the 4th day. For example,
multiple intracellular droplets filled with lipids were

Figure 3. Differentiation potential of human MSCs at P2. (A) Mor-
phology of undifferentiated BM-MSCs. (B) BM-MSCs stained with
alizarin red S, showing osteogenic differentiation. (C) BM-MSCs
stained with oil red O, showing adipogenic differentiation. (D) Al-
kaline phosphatase (AP) activity showing osteogenic differentiation
in both human MSCs; values are expressed as nanomoles of
p-nitrophenol produced for minute per microgram of protein (U/
µg). (E) Amount of oil-red-O staining showing adipogenic
differentiation, measured using OD at 500 nm in both human MSCs.
Controls were grown in noninducing medium. Scale bars: 100 µm
(A) and (C); 200 µm (B). Asterisks indicate significant differ-
ences as in Figure 2.

visible in 30–50% of the cells maintained in ADM 
(Figure 3C).The lipid droplets were detected after 6–8 
days of induced differentiation and very few small lipid 
droplets were observed in controls of both cell cul-
tures (data not shown).

In vivo regeneration

In nod-scid mice of control group F the OC showed 
normal morphology and cytoarchitecture (OC): the 
hair cells, supporting cells, auditory neurons and spiral 
ganglion cells all had a normal shape (Figure 4A). In 
contrast, mice from group E, pretreated with kanamycin



Figure 4. Cochlear damage induced by kanamycin in nod-scid mice.
(A) Section of OC from a control untreated mouse (group F), stained 
with hematoxylin-eosin. (B) Section of OC from a group E mouse, 
stained with LEA. (C) Section of OC from a group E mouse, stained 
with Triticum vulgaris agglutinin (WGA). Scale bars: 20 µm.

but not transplanted with MSCs, showed a severely 
damaged OC with marked loss of cochlear fibrocytes, 
hair cells, supporting cells and neurons at 7 days from 
the ototoxic treatment (Figure 4B and 4C). All 
kanamycin-treated and transplanted mice (groups A–B) 
showed tissue regeneration and cochlear repair 30 days 
after MSC transplantation. The OC from a group B 
mouse, transplanted with ADSCs, is shown in Figure 5; 
staining using wheat germ agglutinin (WGA), 
Lycopersicon esculentum agglutinin (LEA) and calretinin 
revealed that the basilar membrane and the sensory 
and supporting cells were regenerated and their mor-
phology was similar to control mice of group F. The 
tectorial membrane, the modiolus cells and the ves-
tibular membrane of Reissner recovered their 
morphology (data not shown). Cochleae from all mice 
were qualitatively evaluated and the repair scores are 
summarized in Table I; about 50% of kanamycin 
treated-ADSC/BM-MSC transplanted mice appeared

Figure 5. Repair of cochlear damage by ADSCs in mice from group 
B. (A) Section of OC stained with WGA. (B) Section of OC stained 
with LEA. (C) Section of OC immunostained with calretinin. Scale 
bars: 20 µm.

completely regenerated, and all other mice showed at 
least a partial recovery.

Detection of human stem cells in transplanted mice

All mice transplanted with MSCs (groups A–D) re-
vealed human DNA in vivo using PCR analysis of the 
HLA-DQα1 DNA marker in kidney, liver, spleen and 
cochlea (Figure 6A and 6B). Table II summarizes the 
amount of HLA-DQα1 DNA for each animal in the 
different tissues; at 7 days post-transplantation, the 
presence of the marker appeared more easily detect-
able than at 30 days.

The success of transplantation of MSCs was con-
firmed also using electropherograms for two specific 
human STRs (STR D21S11 and STR D18S51; 
Figure 6C) in transplanted mice, whereas human DNA 
was never detected in nontransplanted controls. The 
percentage of mice positive to human DNA detec-
tion was significantly higher in mice pretreated with 
kanamycin than in non-pretreated ones for both cell 
lines (Figure 6D).



Group Treatment Mouse Score

A Kanamycin + BM-MSCs 1 (7 d) 2
2 (7 d) 1
3 (7 d) 1
4 (7 d) 2
5 (7 d) 2
6 (7 d) 2
7 (30 d) 1
8 (30 d) 2
9 (30 d) 1

10 (30 d) 2
11 (30 d) 1
12 (30 d) 1

B Kanamycin + ADSCs 1 (7 d) 2
2 (7 d) 2
3 (7 d) 1
4 (7 d) 1
5 (7 d) 2
6 (7 d) 2
7 (30 d) 1
8 (30 d) 1
9 (30 d) 2

10 (30 d) 1
11 (30 d) 2
12 (30 d) 2

C No Kanamycin + BM-MSCs 1 (7 d) 2
2 (7 d) 2
3 (7 d) 2
4 (7 d) 2
5 (7 d) 2
6 (30 d) 2
7 (30 d) 2
8 (30 d) 2
9 (30 d) 2

10 (30 d) 2
D No Kanamycin + ADSCs 1 (7 d) 2

2 (7 d) 2
3 (7 d) 2
4 (7 d) 2
5 (7 d) 2
6 (30 d) 2
7 (30 d) 2
8 (30 d) 2
9 (30 d) 2

10 (30 d) 2

Score: 0, no recovery; 1, partial recovery (lack of one or more rows 
of hair cells, abnormalities in the tunnel of Corti, absence of 
calretinin-positivity); 2, complete recovery (normal structure com-
pared with control untreated mice). Group E mice showed no 
recovery (0), whereas group F mice showed no morphological 
alteration (2).

After 7 days from transplantation, HLA-ABC was
detected using immunohistochemical analyses in kidney
(Figure 7A and 7B), liver (Figure 7C), 
spleen (Figure 7D) and cochlea (Figure 7E and 7F) 
of mice from groups A and B, and no expression in 
control nontransplanted mice (groups E and F). 
Positive immunostaining was mostly detected in 
pericytes surrounding endothelial cells of small 
capillaries. Con-

Figure 6. Detection of human MSCs in transplanted mice. (A) De-
tection of HLA-DQα1 using PCR in different organs of group A
mice, 30 days after transplantation. (B) Detection of HLA-DQα1
using PCR in different organs of group B mice, 30 days after trans-
plantation. NC, negative control (spleen from group F mice); PC,
positive control (human cord blood); Ki, kidney; Li, liver; Spl, spleen;
Co, cochlea. (C) Detection of human microsatellites STR D21S11
and STR D18S51 in livers of mice from groups A and F. BM-
MSCs, positive control cells. Arrows indicate the length of human
microsatellites (bp). (D) Percentage of mice from the different groups
positive to engraftment in the cochlea. Asterisks indicate signifi-
cant differences (P < 0.05).

Table I. Visual scoring and interpretation of morphological repair 
in the OC.



cerning the inner ear, faint positive staining for HLA-
ABC was detected in the modiolus (Figure 7E), in the 
lateral wall (including stria vascularis and spiral lig-
ament) and in proximity of small capillaries 
(Figure 7F), but never among hair cells and spiral gan-
glion neurons in OC (data not shown).

The immunohistochemical results support those 
obtained using DNA and morphological analyses, 
showing that in the cochlea only kanamycin pre-
treated groups (A and B) were positive to human cell 
markers. After 30 days from transplantation, no posi-
tivity to HLA-ABC was observed.

Thirty days after MSC transplantation, DC-
FISH analysis was performed to detect evidence of 
chimerism, scoring pan-centromeric DNA sequences 
specific for human and mice in mononuclear cells in 
different mouse tissues. Less than 1.5% of mono-
nuclear cells were positive to human DNA staining in 
the cochlea (Figure 8A). These cells reacted with 
both human and mouse pan-centromeric DNA 
probes in the nucleus, suggesting that human MSCs 
fused with resident cells. Engrafted hybrid BM-
MSCs appeared more numerous than ADSCs 
(Table III); the number of human cells was higher in

Table II. Visual scoring and interpretation of band intensity of HLA.DQα1 PCR signal.

Group Treatment Mouse Liver Cochlea Spleen Kidney

A Kanamycin + BM.MSC 1 (7 days) ++ ++ + −
2 (7 days) + + − +
3 (7 days) ++ ++ + +
4 (7 days) ++ + + +
5 (7 days) + ++ − +
6 (7 days) + + − +
7 (30 days) + + − +
8 (30 days) + − − −
9 (30 days) ++ + + +

10 (30 days) + + + +
11 (30 days) + + − +
12 (30 days) + + − −

B Kanamycin + ADSC 1 (7 days) ++ ++ + ++
2 (7 days) ++ + − +
3 (7 days) + ++ + ++
4 (7 days) + + − +
5 (7 days) ++ − + +
6 ((7 days) ++ + − +
7 (30 days) + + − +
8 (30 days) + + + +
9 (30 days) + + − −

10 (30 days) + + − −
11 (30 days) + + + +
12 (30 days) + − − +

C No Kanamycin + BM.MSC 1 (7 days) + + − +
2 (7 days) + − + −
3 (7 days) − − − −
4 (7 days) + − − +
5 (7 days) + + − −
6 (30 days) − − − +
7 (30 days) − − − −
8 (30 days) + + + +
9 (30 days) − − − −

10 (30 days) + − − +
D No Kanamycin + ADSC 1 (7 days) + + + −

2 (7 days) + − + +
3 (7 days) + + − +
4 (7 days) + − − +
5 (7 days) − − + −
6 (30 days) + + − +
7 (30 days) + − − −
8 (30 days) + − − −
9 (30 days) − − + +

10 (30 days) + − − −

Group E and F mice showed no engraftment. Score: (−), no signal; (+), positive signal; (++), strong positive signal.



kanamycin-treated mice, confirming data obtained from 
PCR analysis. In kanamycin pretreated mice, chime-
rism was also found in spleen, liver and kidney 
(Figure 8B), revealing clusters of positive cells in some 
areas. Positivity for human DNA was never found in 
nontransplanted mice.

Valuation of possible stem cell effects in other organs

Histological analyses revealed no damage or altered 
structures in liver and kidney of transplanted mice 
(Figure 9). PCNA-positive proliferating cells were rare 
and randomly diffused in both liver (Figure 9B) and 
kidney (Figure 9D), with the same amounts in trans-
planted mice and controls. Apoptotic cells were almost

Figure 7. Immunohistochemical detection of human MSCs using anti-human HLA-ABC antibody staining in different tissues of mice
from group A, 7 days after transplantation. (A) Kidney glomerulus. (B) Kidney tubule. (C) Liver. (D) Spleen. (E–F) Cochlear modiolus.
Scale bars: 20 µm.

Table III. DC-FISH analysis in the OC of nod-scid mice at 30 days
after human stem cells IV transplantation.

No. of ears Total cells counteda Hybrid cells (%)

Group A 6 1840 21 (1.14%)
Group B 6 2200 12 (0.55%)
Group C 5 2036 3 (0.15%)
Group D 4 1840 4 (0.22%)
Group E 6 1400 0
Group F 6 1520 0

aCell counts were made on 4–6 sections, at about 20 µm dis-
tance, for each cochlea; total cells counterstained using DAPI were
counted. Significant differences (P < 0.05): Group A–Group B;
Groups C/D–Groups E/F; Group B–Groups C/D; Group A–Groups
C/D. Groups C and D were not significantly different, as Groups
E and F.



Figure 8. Dual color FISH staining of human (green) and mouse 
(red) pan-centromeric sequences. (A) Cochlear tissue of a group 
A mouse. (B) Liver of a group A mouse. Arrows indicate hybrid 
nuclei. Blue, nuclei stained by DAPI. Scale bar: 10 µm.

absent, also in group E mice, and no significant dif-
ferences were observed in their density (Figure 9B and 
9D).

Discussion

Adult MSCs have been isolated from various tissues 
and investigated as a potential tool in cell-based 
regenerative medicine. Among them, BM-MSCs and 
ADSCs have been extensively studied because of 
their regenerative capacity and high accessibility, but 
a direct comparison of their characteristics has not 
been sufficiently performed and the observed differ-
ences are still debated [29–33], thus it is still difficult 
to evaluate advantages and disadvantages of their 
clinical use.

Our data show that in vitro cultures of BM-
MSCs and ADSCs, despite their different origin, were

very similar in proliferation rate and doubling time, 
and were homogeneous for expression of cell surface 
antigen markers for MSCs [34,35]. Even if the anti-
genic profiles generally satisfied the criteria for MSC 
identification [36], the expression of CD271 and HLA-
DP-DQ-DR should be discussed in detail.

CD271 is described as a specific marker for iden-
tification of a clonogenic subpopulation of BM-
MSCs [37] and ADSCs [38] with high adipogenic and 
osteogenic differentiation capacity. Our cell cultures 
showed low levels of CD271 expression only at P0, 
similar to what was reported for freshly isolated bone 
marrow, amnion and chorion MSCs [39,40].The ex-
pression of CD271 is known to be lost in further 
passages of in vitro MSC expansion [39,40].

Also a low percentage of HLA-DP-DQ-DR–
positive cells was exclusively detected at P0, even if 
HLA class II antigens are known to be expressed on 
the surface of adult MSCs only after stimulation, for 
example by interferon (IFN)-γ [41].Vishnubalaji et al.
[35] compared the surface protein expression of BM-
MSCs and ADSCs, reporting a negative staining for 
HLA-DR in both types, but there are reports of cul-
tured BM-MSCs expressing HLA-DR [42,43].

Overall, the prolonged maintenance in culture prob-
ably affects MSC phenotypic characteristics, 
progressively reducing the expression of CD271 and 
HLA-DR [40,42,43].

In our study, both cell populations maintained 
multipotency, being able to differentiate in both 
adipogenic and osteogenic lineages, when main-
tained in the appropriate culture medium. Similar to 
previously described data [35], at day 7 BM-MSCs 
showed higher ALP activity compared with ADSCs. 
However, stem cells derived from umbilical cord blood 
showed an even faster osteogenesis than BM-MSCs 
[44]. Contrary to BM-MSCs, ADSCs showed higher 
ALP activity after 2 weeks. ADSCs were reported to 
maintain their multipotency at P25, after subcultur-
ing every 14 days [45]. They, therefore, appear more 
efficient than BM-MSCs at prolonged ex vivo expan-
sion and times of osteogenic differentiation.

The adipogenic differentiation ability was gener-
ally comparable in BM-MSCs and ADSCs, but ADSCs 
showed a higher ability at day 4, similar to what was 
previously reported [35].

Concerning the cochlea, this is the first study re-
porting the active role of human BM-MSCs in cochlear 
regeneration, whereas ADSCs have been recently in-
vestigated as a possible tool for therapy of acoustic 
lesions. Guinea pigs, injured by noise exposure fol-
lowed by homologous ADSC implantation via the 
round window, partially recovered the auditory func-
tion after 7 days; however, in this study, the integrity 
of the cochlea after noise damage was preserved and 
no cochlear tissue regeneration was reported [46].



In our study, all mice treated with kanamycin were
deafened through severe and permanent damage, with
structural alterations and loss of sensory auditory cells
in the cochlea. These kanamycin-treated mice, when
transplanted with BM-MSCs or ADSCs, showed fast
cochlea repair due to regeneration and reconstruc-
tion of all damaged structures, including inner/outer
support and hair cells, and auditory ganglion neurons.

An OC degeneration with significant hair cell loss,
similar to kanamycin-induced damage, was ob-
served in a mouse model with autoimmune hearing
loss. After peritoneal ADSC transplantation for 6 weeks,
regeneration of the cochlea was histologically observed,

suggesting that ADSCs protected OC through a 
paracrine effect [47,48].

Our findings suggest that BM-MSCs and ADSCs 
survived after transplantation and migrated to differ-
ent organs. Our biomolecular results by HLA-DQα1 
PCR and human microsatellite detection correlated 
with those obtained by immunohistochemistry of HLA 
antigens, showing that acute tissue damage appar-
ently enhanced recruitment.

The recruitment of some human BM-MSCs to rat 
cochleae injured with noise or ototoxic drugs has been 
previously documented [49]. Other reports demon-
strated higher recruitment of MSCs in acutely damaged

Figure 9. Micrographs of histological and immunohistochemical analyses of livers and kidneys from groups C, D, E and F. (A) Repre-
sentative micrographs of liver. (B) Quantitative analysis of positive cells in the liver. (C) Representative micrographs of kidney. (D) Quantitative
analysis of positive cells in the kidney. Arrows indicate positive cells. Scale bars: EE 100 µm, PCNA and Caspase-3 50 µm.



tissues [50–54], supporting the fact that stem cell en-
graftment depends on local micro-environmental cues. 
Interestingly, we observed numerous HLA-positive 
pericytes surrounding endothelial cells in capillaries 
and microvessels of transplanted mice. Similar results 
were reported in BM-MSCs derived from green flu-
orescent protein transgenic mice and IV injection into 
normal mice with cutaneous wounds; the stem cells 
migrated in the wound and expressed pericyte markers 
[55]. Our data agree with the hypothesis that the 
normal MSC location is the perivascular space and 
that pericytes correspond to the in vivo source of MSCs 
[56,57]. In injured tissues, pericytes are actually 
induced by systemic signals to become active MSCs, 
which secrete trophic, immunomodulatory or anti-
microbial factors to re-establish the microenvironment 
and promote regeneration, then return to their native 
pericyte state [58].

Aminoglycosides are a class of antibiotics known 
to cause several adverse effects [59]. Among them ka-
namycin is known to damage the auditory, vestibular 
and renal systems [60]. However, mice showed resis-
tance to kanamycin nephrotoxicity after a subcutaneous 
injection of 400–800 mg/kg 6 days/week for 8 weeks 
[60].To verify kanamycin adverse effects, in the present 
study we histologically examined two organs highly 
involved in xenobiotic metabolism, liver and kidney. 
No sign of morphological alteration was observed and 
apoptotic events were rare and similar in all groups 
analysed. Thus, we concluded that the drug did not 
affect the liver and kidney in our 
experimental conditions.

Stem cells are also known to have potential adverse 
effects, among which is tumor development [61]. 
However, clinical experience indicates that the ad-
ministration of adult stem cells is not associated with 
tumor formation [62]. In our experimental condi-
tions we evaluated the stem cell proliferative activity 
in liver and kidney; no increment was detected.

The DC-FISH data confirmed the detection of 
human MSCs in transplanted mice, with higher 
amounts in kanamycin-treated animals.

Moreover, the presence of hybrids between MSCs 
and endogenous mouse cells suggests that cell fusion 
is the principal fate of transplanted cells. It is possi-
ble that hybrids undergo unpredictable loss of genetic 
material after repeated cell divisions or as a function 
of time, because we did not observed multinucle-
ated cells. However, the number of hybrid cells 
was difficult to ascertain because of the different 
phenotypes probably resulting from genetic 
rearrangements. Cell fusion was observed in other 
transplantation studies [53,63,64], and, together with 
transdifferentiation, it was originally proposed as the 
principal mechanism by which transplanted stem cells 
promote tissue repair [65]. However, the number of
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of cochlear implantation with induced pluripotent stem cell 
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Cytotherapy 2017;19(8):9–15.
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the advancement of neural stem cell biology and 
transplantation research. Stem Cell Rev 2012;8(1):262–78. 

hybrid cells detected in the cochlea was apparently low 
and absent in OC, where regeneration was docu-
mented, similar to what was previously described [47]. 
These data suggest that human MSCs do not direct-ly 
replace lost cells but exert their regenerative potential 
mainly through paracrine effects [66], probably by se-
creting trophic and antiapoptotic factors inducing the 
recipient cells to recover damage. This hypothesis is 
supported by previous data on a myocardial infarct 
model, in which injection of conditioned medium col-
lected from hypoxic Akt–MSCs significantly limited 
infarct size, improving the cardiac performance [67].

In conclusion, we reported evidence that human 
BM-MSCs and ADSCs transplanted in kanamycin-
deafened mice equally contributed to morphological 
regeneration of cochlear tissues, probably inducing re-
sponses from resident cells by modulating the molecular 
micro-environments. The in vitro analyses confirmed 
the homogeneous characteristics of both cell types, but 
ADSC multipotency appeared to be more stable after 
prolonged expansion.The recruitment of both human 
MSCs was apparently proportional to the extent of 
damage, as previously reported in other models. Both 
cell types, therefore, could be used in developing in-
novative therapies for deafness based on regenerative 
medicine, but further investigations are required about 
their paracrine activity and their effects on resident 
cells.
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