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Abstract The current study was designed to study

the persistence and distribution of caprine bone

marrow derived mesenchymal stem cells (cBM-

MSCs) when administered intra-dermally in experi-

mentally induced cutaneous wounds in rabbits. MSC’s

from goat bone marrow were isolated and their

differentiation potential towards adipogenic and

osteogenic lineages were assayed in vitro. The isolated

cells were phenotypically analysed using flow cytom-

etry for the expression of MSC specific matrix

receptors (CD73, CD105 and Stro-1) and absence of

hematopoietic lineage markers. Further, these in vitro

expanded MSCs were stained with PKH26 lipophilic

cell membrane red fluorescent dye and prepared for

transplantation into cutaneous wounds created on

rabbits. Five, 2 cm linear full thickness skin incisions

were created on either side of dorsal midline of New

Zealand white rabbits (n = 4). Four wounds in each

animal were implanted intra-dermally with PKH26

labelled cBM-MSCs suspended in 500 ll of Phos-

phate Buffer Saline (PBS). Fifth wound was injected

with PBS alone and treated as negative control. The

skin samples were collected from respective wounds

on 3, 7, 10 and 14 days after the wound creation, and

cryosections of 6 lM were made from it. Fluorescent

microscopy of these cryosections showed that the

PKH26 labelled transplanted cells and their daughter

cells demonstrated a diffuse pattern of distribution

initially and were later concentrated towards the
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wound edges and finally appeared to be engrafted

with the newly developed skin tissues. The labelled

cells were found retained in the wound bed

throughout the period of 14 days of experimental

study with a gradual decline in their intensity of red

fluorescence probably due to the dye dilution as a

result of multiple cell division. The retention of

transplanted MSCs within the wound bed even after

the complete wound healing suggests that in addi-

tion to their paracrine actions as already been

reported, they may have direct involvement in

various stages of intricate wound healing process

which needs to be explored further.

Keywords Bone marrow derived mesenchymal

stem cells � Caprine � Cutaneous wound healing �
PKH26 � In vivo tracking � Hair regeneration

Introduction

Friedenstein et al. (1974), first defined mesenchymal

stem cells (MSCs) as a population of cells derived

from bone marrow that had the fibroblastic phenotype

and could differentiate into osteocytes, adipocytes,

and chondrocytes. In addition to their multi-lineage

differentiation potential to multiple cell types in vitro

and in vivo, MSCs and MSC-like stem cells have been

proven to exhibit immune-modulatory and immuno-

logical tolerance inducing characteristics (Ramasamy

et al. 2008). MSCs as a major source of cells for

cytotherapy, have been used in the human and

veterinary medicine for more than a decade. From

animal models to clinical trials, MSCs have offered

commitment in the treatment of various diseases,

especially immune disorders and tissue injury (Lee

et al. 2009; Inoue et al. 2007; Chen et al. 2008).

For cell based therapy, one of the essential step

before cells can be applied in clinics is finding a non-

invasive technique to track stem cells recruited inside

the body. The lipophilic fluorescent dye PKH26,

which primarily binds to the cell membrane, has been

used as the cell tracer to locate the grafted cells in host

tissues (Li et al. 2013). Since the red fluorescence of

PKH26 labelled cells persist for long time both in vivo

and in vitro, it has been successfully utilised in tracing

metastasis of carcinoma cells (Yamagata and Kuma-

gai 2000), migration of stem cells (Tang et al. 2009),

proliferation and migration of neuronal stem cells

(Bantubungi et al. 2008) etc.

There are reports of successful cross species

administration of mesenchymal stem cells using

human, pig, rat and guinea pig with maximum

information on human MSCs which are reportedly

functional in multiple recipient species including

mouse (Zhao et al. 2008), sheep (Mackenzie and

Flake 2001), dog (Plotnikov et al. 2007) and pig

(Henriksson et al. 2009). This was later differed by

Lyngbaek et al. (2010) who found that transplantation

of human bone marrow-derived MSC into a pig heart

resulted in a rapid inflammatory response and cell

degradation.

The beneficial effect of MSCs on the intricate

process of cutaneous wound healing has been well

established (Rodriguez-Menocal et al. 2015; Khong

et al. 2015). It has been reported that through paracrine

communications, MSCs increase rate of wound clo-

sure, decrease wound inflammation, encourage angio-

genesis, regulate extracellular matrix healing events,

and promote regeneration of proper skin structure and

function (Schlosser et al. 2012). However, there is no

detailed report regarding the persistence/fate and

migration pattern of these transplanted cells at the

site of injury when administered intra-dermally.

Hence in the current study, we have made an attempt

to demonstrate how long these transplanted stem cells

and their daughter cells are retained at the wound site

when administered intra-dermally. This study proba-

bly would shed light on the involvement of MSCs in

various stages of the wound healing mechanism. To

demonstrate that, goat bone marrow derived MSCs

have been isolated, and characterised as per the criteria

given by International society of cell therapy (Do-

minici et al. 2006). Further, the MSCs have been

labelled using PKH26 dye to track them in vivo in full

thickness incisional wound healing model induced on

rabbits.

Materials and methods

All the necessary chemicals used in present study were

purchased from Sigma (St Louis, MO, USA), unless

otherwise indicated. The primary and secondary

antibodies used for flow cytometry were procured

from Santa Cruz, Biotechnology (Cruz, Santa Cruz,

CA, USA).
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Isolation and in vitro culture of caprine bone

marrow cells

Adult healthy goats of either sex were used for bone

marrow collection. Collection procedure was done

under epidural anesthesia using 2% lignocaine. All

procedures were in compliance with the guidelines of

ICAR-IVRI Institutional Animal Ethics Committee

(IAEC). Bone marrow was aspirated with 16G bone

marrow biopsy needle from the aseptically prepared

iliac crest area. 5 ml of bone marrow aspirate was

collected in a 10 ml heparinised syringe. The bone

marrow samples were diluted with equal amount of

sterile PBS and the mononuclear cells were isolated by

density gradient centrifugation method using histopa-

que 1077 as per manufacturer’s instruction (Gade et al.

2013). The isolated cells from caprine bone marrow

aspirates were seeded at a density of approximately

103 cells/cm2 in a 6 well culture plate (Nunc, Thermo

Fisher Scientific, Inc., Roskilde, Denmark) containing

DMEM supplemented with 10% FBS and 1% Peni-

cillin/Streptomycin. Culture plates were incubated in

humidified CO2 incubator at 37 �C in presence of 5%

CO2 in humidified air. Nonadherent cells were washed

off, and the adherent cells were expanded. When

adherent cells became confluent, they were continu-

ously sub cultured until 4th passage. For all experi-

ments cells were taken from the forth passage.

Phenotypic characterization of MSCs

Caprine bone marrow derived MSCs (cBM-MSCs) at

4th passage were demonstrated for the expression of

their specific MSC markers by flow cytometry.

Briefly, a single cell suspension of 1.0 9 106 cells/

ml was placed in 100 lL of PBS supplemented with

2% FBS and was incubated with primary antibodies

against CD-73, CD-105, Stro-1 and CD-34 (goat

polyclonal, Santa Cruz Biotechnology) for 45 min.

Thereafter the cells were washed with PBS, and were

further incubated with FITC conjugated secondary

antibodies (donkey anti-goat, Santa Cruz Biotechnol-

ogy) for 40 min in dark chamber. Finally stained cells

were washed and re-suspended in PBS containing 2%

FBS. Cell fluorescence was assayed immediately in a

FACS Calibur flow cytometer (Becton–Dickinson,

San Jose, CA, USA), and the data were analysed using

Cell Quest software (Becton– Dickinson). Isotype-

identical antibodies served as controls.

Differentiation assay

Osteogenic differentiation of MSCs from goat was tested

following the protocol of Pratheesh et al. (2013). In short,

MSCs were expanded in complete medium containing

10% FBS until subconfluence after the forth passage.

The complete medium then was replaced by specific

osteogenesis differentiation medium (Stem-Pro-Invitro-

gen). After 21 days, cells were fixed in 10% buffered

formalin for 1 h followed by von Kossa staining to

visualize the calcium deposits in the adherent monolayer.

Adipogenic differentiation of cBM-MSCs was

evaluated following the protocol of Pratheesh et al.

(2014). Subconfluent MSC after the forth passage

were incubated in specific adipogenic differentiation

medium (Stem-Pro-Invitrogen). After 21 days of co-

incubation, Oil Red O staining was performed to

demonstrate the presence of fat droplets.

Labelling of cells with PKH26 dye

Caprine BM-MSCs at passage 4 were labelled with the

red fluorescent dye PKH26 (Sigma-Aldrich, St. Louis,

USA) according to the manufacturer’s protocol.

Briefly, the 80–90% confluent cBMMSCs were

detached by Accutase (Invitrogen; Thermo Fisher

Scientific, Inc.), washed using serum-free DMEM and

resuspended in 1 ml of ‘Diluent C’ from the PKH26

Red Fluorescent Cell Linker kit (cat. no. PKH26-GL;

Sigma-Aldrich). The cell suspension was mixed with

an equal volume of the labelling solution (containing

4 nM PKH26) and incubated at 25 �C for 5 min. The

staining process was stopped by the addition of 2 ml

fetal bovine serum, cells were washed twice with

DMEM and observed under fluorescent microscope.

In vitro counting of labelled MSCs

PKH26-positive cBMMSCs were observed by fluo-

rescence microscopy at 24 h after seeding in a 24 well

culture plate (Nunc, Thermo Fisher Scientific, Inc.). A

total of 200 cells each were counted in 5 selected wells

of the culture plate. Cells were counted in each field of

view under both bright light and fluorescence filter,

and the labelling efficiency was calculated as: (The

number of PKH26-positive cells/200) 9 100. Upon

attaining confluence, labelled cells were subcultured

up to three passages to check the persistence of

fluorescence in the cells.
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Animal experiment

Four adult male New Zealand white rabbits with an

average weight of 1–1.5 k g were used in this study.

The animals were housed at room temperature and had

access to food and water ad libitum. The animals were

given 1 week acclimatization period before starting

the experiment. They were treated in accordance with

the international guidelines for the care and use of

laboratory animals and the experiment protocol was

permitted by the Ethics Committee, ICAR-Indian

Veterinary Research Institute. Possible efforts were

taken to ensure minimal animal sufferings.

Induction of incisional wounds in rabbits

and transplantation of labelled cells

Each rabbit was anesthetized by an intramuscular

injection of ketamine and xylazine, at dose of 60 and

6 mg/kg body weight, respectively. The surgical area

was shaved with an electric razor, minute hairs were

removed by hair remover cream and disinfected using

70% ethanol. After a deep surgical plane of general

anaesthesia had been reached, 2 cm long incisional

wounds were created in the dorsal skin of the animals.

A grid line was made using a permanent marker,

leaving a 3 cm margin between wounds, to avoid the

risk of cell migration to adjacent wounds. Each animal

received 5 wounds, with 3 wounds on one side and 2

wounds on opposite side of dorsal line (Fig. 2A). Both

the epidermal and dermal layers were incised down to

the subcutaneous connective tissue, creating a full-

skin thickness wound. The wounds were then sutured

(interrupted) using nylon threads (Fig. 2B). A 5 ml

syringe with a 22 gauge needle was then used to

administer PKH26 labelled caprine BM-MSCs sus-

pended in approximately 500 ll of the sterile PBS to

each wound (four wounds per animal) intra-dermally

along the suture line. Sterile PBS alone was injected to

the fifth wound which was maintained as a negative

control. The wounds were left untouched for 5–10 min

and allowed to dry.

Collection of skin biopsy

The animals were re-anaesthetized using xylazine–

ketamine cocktail at the aforementioned dosage. Full

thickness skin specimens from the healing wound (one

out of five wounds created on each animals) with a

safety margin of 0.5 cm of healthy skin around the

wound were excised, respectively, at the 3rd, 7th, 10th

and 14th days post transplantation from each exper-

imental animals (n = 4). The samples were then

rapidly embedded in frozen section embedding

medium (Fisher Scientific, Springfield, NJ, USA).

Thin 6 lm sections were cut on a cryostat at -20 �C,

mounted on glass microscope slides and protected

from light until evaluation by fluorescence and light

microscopy. The third day skin cryo-sections were

maintained as positive control.

Result and discussion

A density gradient technique was used to isolate

caprine bone marrow derived mesenchymal stem cells

(cBMMSCs) as established in humans (Juopperi et al.

2007) and in other animal species (Gade et al. 2013).

After 24 h the cells were found attached to the plastic

wall of cell culture dishes. These cells were fibroblas-

toid with spindle shaped or polymorphic morphology

(Fig. 1A). Replacing the medium and subculturing,

cBMMSCs were purified. The subcultured cells had

identical morphology. Passaging was performed once

in every 5 days and more than 4 times. Flow cytometry

demonstrated that cBMMSCs did not express

hematopoietic marker CD34, but had high expression

of MSCs specific markers CD73, CD105 and Stro-1

(Fig. 1D). MSC identity of in vitro cultured caprine

bone marrow derived cells was further proven by

differentiation into adipogenic (Fig. 1B) and osteo-

genic cells (Fig. 1C) as demonstrated by Oil Red O

and von Kossa staining respectively.

One classical method to label cells is using viral

vectors to express fluorescent proteins, which has been

a costly and complicated procedure and is associated

with the toxicity problems (Tucker 2001). We have

used red fluorescent lipophilic dye PKH26 that

reportedly integrates into the cell membrane stably,

without disturbing its surface marker expression

(Parish 1999). In the present study, the labelling

efficiency of PKH26 with cBMMSCs was analysed for

pooled samples (n = 5) at 24 h post seeding and was

found to be 98.5 ± 0.5% in adherent cells (Fig. 2C).

Similarly high labelling efficiency has been reported

by Shao-Fang et al. (2011) where they had used

PKH26 to label human umbilical cord MSCs. The red

fluorescence of PKH26 labelled cBMMSCs was
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observed even in 3rd passage adherent cells, but with

reduced intensity than initial passages probably due to

dye dilution with multiple cell divisions (Fig. 2D).

Furthermore, the digital photographs of PKH26

labelled cells reveals that the dye probably stains the

cell organelles and membranes excluding the nucleus

and cytosol (Askenasy and Farkas 2002; Fig. 2C).

It has been reported that, following the systemic

administration of MSCs, homing of MSCs at the site of

injury is stated to be inefficient and many MSCs are

trapped in the lungs thereby making it difficult to trace

the fate of the injected cells (Hu et al. 2013). Most

studies have used the technique of injecting MSCs

intra-dermally into or around the wound area.

Although this method has been shown to improve

wound healing, there was always an apprehension

about the engraftment efficiency and cell retention at

the wound site (Wagner et al. 2009). Hence in the

present study, authors attempted to exhibit the persis-

tence/fate and migration pattern of transplanted cells

in the site of injury when administered intra-dermally.

To demonstrate that, incisional wounds created upon

rabbits were treated with PKH26 labelled cBMMSCs

and were imaged at day 3, 7, 10 and 14 post

transplantation. The 3rd day skin cryosection which

has been maintained as the positive control exhibited a

diffuse dispersion pattern for the cBM-MSCs, which

specifically found trapped within the hair follicles and

injured tissues in the immediate wound area (Fig. 3A).

At day 7, the labelled caprine stem cells were found to

be concentrated at newly formed skin areas probably

due to the high vascularity and angiogenesis (Fig. 3B).

However, by day 10, the recruited caprine MSCs were

observed primarily located around the edge of wound

(Fig. 3C). It was hypothesised that the chemotaxis

signals (SDF-1a) expressed by wound were mainly

dispersed around the edge of incision, which promote

the enrichment of cBM-MSCs in the region of the

wound edge and the lack of cBM-MSCs in the centre

of wound (Chen et al. 2015). Grossly the incisional

Fig. 1 In vitro culture and characterization of caprine BM-

MSCs. A Morphology of caprine bone marrow derived

mesenchymal stem cells exhibiting typical fibroblastoid pheno-

type in primary culture (Scale bar 30 lm). B Adipogenesis

induced lipid droplets observed in red colour after specific Oil

Red O staining in in vitro expanded MSCs (Scale bar 50 lm).

C Osteogenic differentiation of MSCs, brownish black coloured

mineral deposition as demonstrated by von Kossa staining

(Scale bar 50 lm). D Flowcytometric analysis of surface

antigens in in vitro expanded caprine Bone marrow derived

MSCs. Cells were stained with primary antibodies directed

against CD-73, STRO-1, CD-105, CD-34 and counter stained by

FITC conjugated secondary antibodies. Calibrated histogram

represents the number of events on the Y-axis and FITC-

fluorescent intensity (FLH-1) on X-axis. The shadowed his-

togram indicate negative controls. (Color figure online)
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wounds created on rabbits were healed up completely

leaving a scar by 12–13 days post-surgery. Even then

the skin sections collected at day 14 exhibited the red

fluorescence at low intensity in the regenerated skin

area (Fig. 3D). The presence of red fluorescence at the

wound area even after the complete healing of wounds

apparently shows that the stem cells have got an

undeniable role in remodelling phase, which is the last

stage of the wound healing process (Martin 1997). The

progressive reduction in the intensity of the red

fluorescence must be due to dilution of the membrane

dye by multiple cell divisions. Similarly has been

reported by Parish (1999) that, the fluorescent inten-

sity of the PKH26 dye will decrease gradually after it

is being distributed to their daughter cells. Although in

the present study, MSCs have been shown to demon-

strate long-term integration into healing wounds, a

high number of research suggests that their therapeutic

Fig. 2 A Induction of incisional wounds upon rabbits. (1) Five

incisional wounds created on either side of the dorsal midline.

(2) Wounds created were sutured (interrupted) by nylon threads.

B PKH26 labeling of caprine BMMSCs in vitro. (1) Adherent

labeled cells at first passage showing typical cell membrane

distribution of the dye excluding the nucleus (Scale bar 50 lm).

(2) Adherent labeled cells at third passage with comparatively

less intense fluorescence due to dye dilution (Scale bar 50 lm).

(Color figure online)

Fig. 3 Persistence of

PKH26 labelled caprine

BMMSCs at different time

points post transplantation

when observed under bright

field and fluorescent

microscopy. Dotted line

represents the site of injury.

White arrows points the

distribution of PKH26

labelled cells segregated

along the wound margin and

within wound bed. (Color

figure online)
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advantage is credited to their release of trophic

mediators like stromal cell-derived factor-1, epider-

mal growth factor, vascular endothelial growth factor

(VEGF), keratinocyte growth factor, insulin-like

growth factor, and matrix metalloproteinase-9, rather

than a direct structural contribution (Kirana et al.

2012). Although PKH26 has been proven to be a safe

fluorescent marker with good biocompatibility, a

recent study by Li et al. (2013) has indicated that

PKH labeling was not limited to the transplanted cells.

Later it has been contradicted by Nagyova et al. (2014)

who has demonstrated that direct co-cultures of PKH

labeled rat MSCs with unlabeled rat MSCs did not

transfer dye from donor to unlabeled recipient cells

apparently due to the lack of ‘Diluent C(R)’ which is an

iso-osmotic, salt and solvent free staining vehicle

which facilitates the instantaneous segregation of the

dye into the lipid bilayer of cell membranes (Wallace

et al. 2008). Furthermore, gradual reduction in the

intensity of the red fluorescence as the day progresses

authenticate our results in the present study.

In addition to this, the current experiment demon-

strated that the transplanted stem cells have a tendency

to get localized in and around the hair follicle region

(Fig. 4A) and which were retained there throughout

the experimental period of fourteen days (Fig. 4B).

This may be attributed to the involvement and

contribution of exogenous stem cells in hair follicle

development as described by Toyoshima et al. (2012).

This observation certainly will provide a significant

contribution to the further advancement of tissue

engineering techniques that will facilitate future

regenerative treatment for hair loss caused by trauma

or by diseases such as alopecia and baldness.

Conclusion

Herein we demonstrated that the transplanted stem

cells and their daughter cells can persist at the wound

site even after the completion of healing process

suggesting their inevitable roles in all phases of wound

healing mechanism. Also it was validated that,

labelling cells with PKH26 may suggest a potential

prospect for longitudinal tracking of MSC or other cell

types without negotiating its cell migration ability.

Additionally our observations significantly improve

the technological progress of bioengineered hair

follicles in regenerative therapy.
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