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Abstract

Currently, adult mesenchymal stem cells (MSCs) are being evaluated for a wide variety of therapeutic ap-
proaches. It has been suggested that MSCs possess regenerative properties when implanted or injected into dam-
aged tissue. However, the efficacy of MSCs in several of the proposed treatments is still controversial. To further
explore the therapeutic potential of these cells, it is necessary to trace the fate of individual donor or manipulated
cells in the host organism. Recent studies from our lab showed that human placental alkaline phosphatase
(hPLAP) is a marker with great potential for cell tracking. However, a potential concern related to this marker
is its enzymatic activity, which might alter cell behavior and differentiation by hydrolyzing substrates in the ex-
tracellular space and thereby changing the cellular microenvironment. Therefore, the aim of this study was to
characterize bone marrow MSCs (BMSCs) derived from hPLAP-transgenic inbred F344 rats (hPLAP-tg) in com-
parison to wild type (wt) BMSCs. Here, we show that BMSCs from wt and hPLAP-tg donors are indistinguishable
in terms of cell morphology, viability, adhesion, immune phenotype, and proliferation as well as in their
differentiation capacity over six passages. The expression of the hPLAP marker enzyme was not impaired by
extensive in vitro cultivation, osteogenic, adipogenic, or chondrogenic differentiation, or seeding onto two- or
three-dimensional biomaterials. Thus, our study underscores the utility of genetically labeled BMSCs isolated
from hPLAP-tg donors for long-term tracking of the fate of transplanted MSCs in regenerative therapies.
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Introduction

In the past decade, adult pluripotent mesenchymal stem
cells (MSC) have increasingly been applied in the field of

regenerative medicine and tissue engineering. The known po-
tential of MSCs to differentiate into several distinct cell types1

makes them an attractive source for regeneration of tissues
such as bone, cartilage, tendon, or myocardium.2 Although
recent studies have clearly demonstrated the potential for
MSC-based therapies to ameliorate or cure diseases of various
tissues or even organs,3–5 basic aspects of the underlying
mechanisms are still unclear. At present, we know little
about the fate and function of applied cells. The percentage
of MSCs that survive after systemic or local application, either

in solution or in a supportive biomatrix, is an often unknown
factor in many of the earlier studies. In addition, disease path-
ophysiology could be altered through many factors. The plu-
ripotent differentiation capacity, cytokine secretion, immune
modulation, or direct cell–cell interactions with damaged tis-
sues are some of the most relevant factors to be considered.
The success of future clinical applications of MSCs clearly de-
pends on a thorough understanding of the fate and function
of applied cells. Therefore, robust methods for cell tracking
are required.

Currently, a variety of cell labeling methodologies are avail-
able for tracking purposes. The transfection of MSCs with a
marker is one possibility—a challenging method when pri-
mary cells are used. Fluorescent markers like CM-Dil and
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CFSE have lethality levels reaching from 45% to 90%. Other
tracking dyes like Hoechst 33342 are not suitable for long-
term studies. 4¢,6-Diamidino-2-phenylindole as a marker can
lead to false-positive interpretations of results after the dye is
released from dead cells.6 Even markers with excellent detec-
tion properties like PKH26 lose fluorescence intensity with
subsequent cell divisions, limiting their use in long-term stud-
ies.6 Thus, the permanent integration of a marker gene into the
genome of transgenic animals is a more convenient option for
long-term cell tracking because a steady expression of the
marker in the progeny of a specific cell type is obtained.
Thereby, the main requirement for efficient long-term tracking
of stem cells in the course of the application in tissue engineer-
ing and regenerative medicine (TERM) could be achieved.

Recent studies from our lab showed that human placental
alkaline phosphatase (hPLAP) is a marker with great poten-
tial for cell tracking.7–9 Since the hPLAP enzyme is heat-
stabile, labeled cells or tissues consisting of labeled cells can
be processed by paraffin and plastic embedding procedures
for histological analysis without interfering with the labeling
of these cells. Endogenous alkaline phosphatases can be com-
pletely inactivated by heat exposure, allowing background-
free detection of labeled cells in histological sections with
excellent morphological preservation and circumventing the
problems associated with autofluorescence of specific tissues
when fluorescent cell tracking markers are used.10

A potential concern associated with hPLAP as a genetic
marker is its enzymatic activity as an alkaline phosphatase.
hPLAP is mainly expressed in the cell membrane,7,9 and by hy-
drolyzing substrates in the extracellular space, hPLAP could
change the cellular microenvironment. Transgenic inbred
Fischer 344 rats (hPLAP-tg) ubiquitously expressing the
hPLAP enzyme under the control of the ROSA bgeo 26 pro-
moter are indistinguishable from wild type (wt) F344 rats.9,11

Therefore, it is unlikely that the transgene has any major cellu-
lar effects. However, it is currently unknown whether the cel-
lular presence of the genetic marker hPLAP may influence the
behavior and differentiation of hPLAP-labeled MSCs.

In the present study, we sought to characterize further
bone marrow MSCs (BMSCs) derived from hPLAP-tg F344
rats. We hypothesized that BMSCs isolated from hPLAP-tg
rats provide answers to many open questions in regenerative
medicine due to their excellent cell tracking properties. In
order to provide a complete characterization of these cells,
their cell viability and proliferation, pluripotent differentia-
tion capacity, and behavior in two-dimensional as well as in
three-dimensional culture models were assessed in compari-
son with BMSCs isolated from wt F344 rats.

Materials and Methods

Animals

Hemizygous R26-hPLAP-tg F344 rats were mated with wt
F344 rats, and the resulting offspring was genotyped for
hPLAP expression by histochemical staining using tail
blood drops as previously described.11 Female 4- to 5-week-
old wt and hPLAP-tg rats were used for all BMSC isolations.

Isolation and culture of BMSCs

BMSCs were isolated by adapting a protocol described by
Farrell et al.12 A combination of collagenase digestion and

Ficoll gradient centrifugation was introduced to the latter
protocol. The animals were killed by carbon dioxide as-
phyxia immediately before tissue collection. After deflesh-
ing, femurs and tibias were cut at both epiphyses and
incubated in sterile modified Eagle’s medium with Earle’s
Salts and L-glutamine (MEM; PAA Laboratories GmbH,
Pasching, Austria) containing 2.5 mg/mL collagenase type
II (GibcoTM, Invitrogen, Carlsbad, CA) for 2 h at 37�C, 5%
CO2, and 3% O2. Subsequently, the bone marrow was flushed
out with 10 mL of complete MEM supplemented with 10%
heat-inactivated fetal calf serum (FCS; PAA Laboratories
GmbH) and 1% penicillin/streptomycin (PAA Laboratories
GmbH). Cells were sedimented and resuspended in fresh
complete culture medium. Afterwards, the mononuclear
cell fraction was collected by density gradient centrifugation
using Ficoll-PaqueTM (500 g, 30 min; GE Healthcare Ltd.,
Little Chalfont, United Kingdom), washed and finally resus-
pended in complete MEM. Subsequently, the cell suspension
was plated in T75 cell culture flasks (PAA Laboratories
GmbH). After 24 h in culture, the culture medium was
replaced to remove nonadherent cells. Upon reaching 80%
confluency, cells were passaged and replated. BMSCs were
subcultured up to passage (P)6. During culture, the medium
was changed every third day and the cells were maintained at
37�C, 5% CO2, and 3% O2 (hereafter referred to as standard
culture conditions).

BMSC characterization

Colony-forming unit assay. The colony-forming unit
(CFU-f) assay was performed on hPLAP-tg and wt BMSCs
in all obtained passages (P1 to P6) according to established
protocols.13 In brief, cultures of 1000 cells/60 cm2 were
seeded in triplicates for each genotype and maintained
under standard culture conditions for 10 and 14 days. Subse-
quently, the cells were washed two times with Dulbecco’s
phosphate-buffered saline (DPBS; pH 7.4; PAA Laboratories
GmbH) and stained with 0.5% crystal violet solution in meth-
anol for 10 min at room temperature (RT). Stained cultures
were washed with DPBS and subsequently photographed.
Colonies were counted using the ImageJ image analysis soft-
ware (National Institutes of Health, Bethesda, MD).

Flow cytometry analysis. BMSCs harvested from wt and
hPLAP-tg animals were cultured for up to six passages.
After every passage (P2 to P6), the cells were enzymatically de-
tached using trypsin/EDTA (PAA Laboratories GmbH) and
examined by flow cytometry (FCM). In brief, cells were resus-
pended in DPBS, supplemented with 2% FCS, and counted.
Cells (1 · 106) were used for staining with the following com-
bination of monoclonal antibodies: antimouse/rat CD90.1-
eFluor� 450 (clone HIS51; eBioscience, Santa Clara, CA),
antimouse/rat CD29-APC (clone eBioHMb1-1, eBioscience),
antihuman/rat CD34-PE (clone ICO115; Santa Cruz Biotech-
nology, Santa Cruz, CA), and antirat CD45-PE (clone OX-1;
BioLegend, San Diego, CA). Appropriate isotype controls
were included. In addition, live and dead cells were distin-
guished by using a Live/Dead Near-IR kit (Invitrogen) accord-
ing to the manufacturer’s recommendations. Only viable cells
were included in the analyses. FCM analyses were performed
on a FACSCanto II (BD Biosciences, Franklin Lakes, NJ) collect-
ing at least 10,000 events.
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Cell viability and proliferation. For assessment of viability
and proliferation capability, wt and hPLAP-tg BMSCs from
P2 to P6 were seeded at a density of 1 · 104 cells/well in
24-well tissue culture plates (TPP; Techno Plastic Products
AG, Trasadingen, Switzerland). The cells were cultured
under standard culture conditions for up to 7 days. Latex
rubber (Velos-Perforex, Sevenoaks, United Kingdom) was
used as a positive control for induction of cell death. Cell
viability was determined by means of a standard MTS
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium] assay according to the manu-
facturer’s instructions (CellTiter 96; Promega, Fitchburg,
WI) and modified using previously described protocols.14,15

Briefly, the cell monolayer was treated with 200 lL/well of
MTS reagent solution (5:1 ratio in serum-free MEM without
phenol red) and incubated for 3 h at 37�C in a humidified en-
vironment containing 5% CO2 and 3% O2. One hundred
microliters of medium from each well was transferred
into a 96-well plate, and the absorbance at 490 nm was deter-
mined in a plate reader (EnSpire; Perkin Elmer, Waltham,
MA). All samples were tested in triplicate in three indepen-
dent assays.

Cell proliferation was evaluated by DNA quantification
using the PicoGreen assay (Molecular Probes, Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.
Before performing the assay, the cell monolayer was carefully
washed with DPBS and then lysed by osmotic and thermal
shock. The obtained supernatant was used for DNA analysis.
Fluorescence was measured (485 nm excitation and 528 nm
emission) in a microplate reader (EnSpire; Perkin Elmer) and
the DNA amounts were calculated according to a standard
curve. The samples were tested in triplicate in three indepen-
dent assays.

In addition, the cell viability was assessed by live-dead
staining using calcein-AM (Sigma-Aldrich, St. Louis, MO)
and propidium iodide (Sigma-Aldrich). After 1, 3, and 7
days, monolayer cultures were carefully washed with DPBS
and subsequently stained using a DPBS solution containing
2 lM calcein-AM and 1.5 lM propidium iodide. After
30 min of incubation at 37�C, cultures were observed under
a fluorescence microscope (Axioskop 2 plus; Zeiss, Oberko-
chen, Germany).

Differentiation capacity of BMSCs

BMSCs at P2 to P6 were evaluated in vitro for adipogenic,
osteogenic, and chondrogenic differentiation according to
standard procedures16,17 described in detail in the Supple-
mentary Data. All experiments were performed in triplicate,
and the results were reported in comparison to untreated
control cells.

Seeding of hPLAP-tg cells onto different biomaterials

PCL membranes. For the production of PCL membranes,
a solvent casting methodology was used.18,19 In brief, 20%
(w/v) solution from PCL (ToneTM PCL-787; Union Carbide
Chemicals and Plastics Division, Piscataway, NJ) in chloro-
form was prepared and 2 mL was poured into 100-mm
glass petri dishes, resulting in 105 – 30-lm thick films as de-
termined by scanning electron microscopy. The polymeric
membranes were allowed to air-dry overnight at RT and

were incubated in a vacuum at 35�C until a constant weight
was reached. Each membrane was cut into 3 by 3 cm pieces
and subsequently fitted into an empty insert (CellCrownTM

24; Scaffdex, Tampere, Finland). The inserts containing the
membranes were sterilized by ethylene oxide for further cell
culture use.

Fibrin hydrogels. The fibrin hydrogels were prepared at
RT by mixing the same volumes of fibrinogen 67–106 mg/
mL, dissolved in 3000 kIU/mL aprotinine, and thrombin
(500 IU/mL), dissolved in 40 lmol/mL CaCl2 (all compo-
nents obtained from Tisseel, Baxter, Vienna, Austria).20–22

The clots were formed inside a sterile plastic mold of 1 cm
in diameter and allowed to polymerize at 37�C for 30 min.22

All steps were performed under sterile conditions and imme-
diately before the cell seeding experiments.

PCL scaffolds. Individual scaffolds were cut out of a
commercially available 50 mm · 50 mm · 1.25 mm PCL mesh
with 70% porosity (OsteoporeTM, The Alpha, Singapore),
using an 8-mm punch biopsy device. Thus, the final scaffolds
had a spherical shape with a diameter of 8 mm. They were
subsequently sterilized by ethylene oxide for further cell cul-
ture experiments.

For cell seeding experiments, 1 · 104 wt or hPLAP-tg
BMSCs in 1 mL of culture medium were seeded onto each
PCL membrane, PCL scaffold, and fibrin hydrogel using 24-
well plates.22,23 After 1, 3, and 7 days the seeded biomaterials
were collected and subsequently analyzed for hPLAP expres-
sion of the cells and SEM observations.

hPLAP expression

For the evaluation of hPLAP expression, histochemical
staining was performed. In brief, the cells were fixed in
ice-cold acetone–methanol mixture (30:70) for 5 min. Subse-
quently, the cells were washed two times with PBS and
endogenous heat-labile alkaline phosphatases were inacti-
vated by incubation in TMN substrate buffer (0.1 M Tris-
HCl, pH 9.5 containing 0.1 M NaCl and 5 mM MgCl2) at
60�C for 30 min. Substrate buffer was discarded and staining
for heat-stable PLAP was performed by using fresh TMN buf-
fer containing 0.175 mg/mL of 5-bromo-4-chloro-3-indolyl
phosphate (BCIP; Sigma-Aldrich) and 0.45 mg/mL of nitrote-
trazolium blue chloride (NBT; Sigma-Aldrich).8 The staining
was performed at RT for at least 3 h. Samples were washed
two times with PBS and observed under an inverted light mi-
croscope (Axiovert 25; Zeiss) or stereomicroscope (Stemi SV6;
Zeiss). Each sample was stained at least in triplicate. Wt
BMSCs served as negative control in all cases.

Scanning electron microscopy

Scanning electron microscopy (SEM) was performed to
evaluate the morphology of cells growing on the mem-
branes, gels, and scaffolds. The samples were fixed with
2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4,
2% sucrose) for 30 min and subsequently dehydrated by in-
creasing concentrations of ethanol. Incubation in hexame-
thyldisilazane was performed three times for 10 min each.
Finally, the specimens were allowed to air-dry and sput-
ter-coated with gold before SEM observation (Philips
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XL20, Eindhoven, The Netherlands), using operating condi-
tions of 15 kV and SE detection.

Statistical analysis

All obtained values are reported as mean – standard devi-
ation. The statistical analysis was performed with OriginPro 8.0
(Microcal1 software; OriginLab Corp, Northampton, MA).
Normal distribution of the data was analyzed by Shapiro-
Wilk test. Differences between wt and hPLAP-tg BMSCs were

determined using Student’s t test for two independent samples
and one-way ANOVA when more than two groups were com-
pared; p values < 0.05 were considered significant.

Results and Discussion

The main intention behind the cellular system developed in
this work was the possibility of cell tracking after therapeutic
application of MSC. TERM strategies are mainly based on the
combination of stem cells, growth factors, and biomaterials to

FIG. 1. Morphological character-
istics and colony-forming capacity
of hPLAP-tg BMSCs in comparison
with identically isolated and ex-
panded wt BMSCs. Light microsco-
py: (A, B) crystal violet staining, (C,
D) phase contrast. (E, F) Scanning
electron microscopy. (G, H) Colony-
forming capacity of in vitro ex-
panded wt and hPLAP-tg BMSCs.
(G) Crystal violet stained plate of
CFU-f assay performed for tg cells
in passage (P)2. Inset shows mor-
phological details of the colonies at
higher magnification. (H) Effect of
subsequent passaging of wt and
hPLAP-tg cells on the CFU-f capac-
ity. Values are mean – standard de-
viation (n = 3 each). hPLAP, human
placental alkaline phosphatase;
BMSCs, bone marrow mesenchymal
stem cells, tg, transgenic; wt, wild
type; CFU-f, colony-forming unit.
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create a bioconstruct to be injectable or implantable into the
body with the final aim to regenerate injured tissues or organs.
Thus, the hPLAP-tg cells need to fulfill two important features
to be a suitable cell tracking system for TERM applications: to
maintain continuous and stable expression of the hPLAP en-
zyme and to have the capability of normal growth and prolif-
eration after seeding onto commonly used biomaterials.

Cell growth, morphology, and colony formation

hPLAP-tg BMSCs were successfully isolated from tg do-
nors by adapting previously described standard protocols.12

Isolated hPLAP-tg cells were expanded up to P6. hPLAP-tg
cells had the same morphology as wt cells exemplarily
shown for P2 (Fig. 1A–D). In addition, scanning electron mi-
crographs of the cells after 7 days of culture showed good ad-
herence to the culture plastic surface for both tg and wt cells
(Fig. 1E, F). Very close cell–cell contacts and a high number of
filopodia could be observed in both cases. No morphological
differences were observed from P0 to P6 between hPLAP-tg
and wt BMSCs.

The capability of hPLAP-tg BMSCs to generate colonies
after plating at low densities was evaluated by means
of CFU-f assay (Fig. 1G). In fact, no significant differences in
the colony number could be observed when comparing tg
and wt BMCSs at each of the six passages evaluated
( p > 0.05 for all passages; Fig. 1H). Wt and hPLAP-tg cells
retained their ability to generate single cell–derived colonies
up to P6. However, from P4 on, the colony-forming ability de-
creased in both groups with increasing passages, a finding
which is in accordance with earlier reports.24–26

Cell viability and proliferation upon in vitro cultivation

The viability and proliferative capacity of hPLAP-tg and
wt BMSCs was evaluated after each passage and for up to 7

days of culture. Viability and proliferation rate of hPLAP-tg
BMSCs were similar to wt controls after each passage of
in vitro cultivation (exemplarily shown for P3 in Fig. 2A, B).
The proliferation rate increased with increasing passage num-
ber for all cells (tg and wt). In addition, the viability of the
hPLAP-tg cells was also confirmed by calcein AM-PI staining
(Fig. 2C, D).

Immunophenotypic characterization of hPLAP-tg BMSCs

To determine whether isolated BMSCs from hPLAP-tg rats
expressed typical stem cell surface markers but not hemato-
poietic markers, flow cytometric analysis was performed for
CD34, CD45, CD29, and CD90 (Fig. 3). hPLAP-tg BMSCs
from three different donors and at P2 to P6 were positive
for the adhesion marker CD29 ( > 99.8% positive) and the
rat stem cell antigen CD90 ( > 94.3% positive) exemplarily
shown for P4 (Fig. 3C and data not shown). In addition,
these cells were negative for typical hematopoietic lineage
markers like CD34 ( < 1% positive) and CD45 ( < 1.2% posi-
tive). No differences were observed when comparing tg
with wt cells related to the expression of the analyzed surface
markers. Hence, isolated hPLAP-tg and wt cells expressed
characteristic MSC cell surface markers.

Osteogenic, chondrogenic, and adipogenic differentiation
capacity of hPLAP-tg BMSCs

To examine the differentiation capacities of the isolated
MSCs, hPLAP-tg and wt BMSCs from all passages (P2 to
P6) were induced to differentiate into osteogenic, adipogenic,
and chondrogenic lineages. Osteogenesis was induced by cul-
turing the cells in dexamethasone containing culture medium
up to 21 days.16 Alizarin red staining showed no significant
differences ( p > 0.05) in osteogenic differentiation when com-
paring hPLAP-tg with wt BMSCs (Fig. 4A). Mineralization

FIG. 2. Cell viability and prolifer-
ation of hPLAP-tg BMSCs in culture
for up to 7 days compared to wt
BMSCs. (A) Cell viability assessed
by MTS assay. For positive control,
BMSCs were treated with latex
rubber to induce cell death. (B) Cell
proliferation assessed by DNA
quantification. (C, D) Calcein-AM/
propidium iodide live/dead stain-
ing of wt and hPLAP-tg BMSCs
after 7 days of culture, P3. MTS,
3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium; Abs,
absorbance.
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increased profoundly between 14 and 21 days of osteo-
genic stimulation for wt ( p = 0.003) and hPLAP-tg cells
( p = 0.0016; Fig. 4A). Moreover, their osteogenic differentia-
tion potential was not impaired by cell passaging up to P6
and independent of the donor (middle and lower panels
in Fig. 4A).

Adipogenic differentiation was induced by insulin, dexa-
methasone, and isobutyl-methylxanthine.16 After 3 days of
stimulation the first lipid droplet accumulations could be ob-
served microscopically. The upper panel in Figure 4B shows
oil red O staining of tg BMSCs after 7 days of stimulation
where abundant oil red O-stained lipid droplets are visible.
Lipid accumulation increased from 3 to 14 days of adipogenic
differentiation and was equal in tg and wt cells regardless of
passage number or donor (Fig. 4B), indicating a robust adipo-
genic differentiation potential of wt and tg BMSCs during
culturing.

To assess the chondrogenic capacity of the hPLAP-tg BMSCs,
a pellet culture system was used.27 The cell pellets were stimu-

lated with standard chondrogenic medium in presence of
transforming growth factor-b1 up to 35 days.27,28 Figure 4C
shows the toluidine blue staining of the hPLAP-tg cell pellet
after 35 days of chondrogenic differentiation. A homogenously
distributed matrix throughout the pellet can be observed where
embedded cells appeared spherical and morphologically simi-
lar to chondrocytes. Glycosaminoglycan (GAG) measurements
in papain-digested pellets showed increased production of pro-
teoglycans in both tg and wt cells after 35 days of culture
(Fig. 4C, upper graph). However, the GAG production de-
creased significantly with increasing cell passages ( p = 0.0011
for wt and p = 0.00004 for tg cells; Fig. 4C, middle graph), indicat-
ing a diminished capability of the cells towards chondrogenic
differentiation after prolonged in vitro culture. Interestingly,
this effect was much more pronounced during chondrogenic
differentiation than in adipogenesis or osteogenesis. In analogy
to our findings, it was reported before by other authors that
BMSCs lose their multidifferentiation capacity after exten-
sive in vitro passaging.25,26,29,30 Nevertheless, there was no

FIG. 3. Flow cytometric analysis of isolated and expanded wt and hPLAP-tg BMSCs. The cells were cultured for up to six
passages and stained after every passage (from P2 to P6) for stem cell (CD29 and CD90) and hematopoietic markers (CD34
and CD45). (A) Density plot for FSC versus SSC and (B) percentage of cell viability of hPLAP-tg BMSCs at P4. (C) Expression
of stem cell surface markers on hPLAP-tg and wt BMSCs at P4. Cells stained with the corresponding antibody are indicated by
filled red histograms, negative isotype controls are indicated by open gray histograms.
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significant difference in the differentiation potential of wt and
hPLAP-tg BMSC ( p > 0.05).

Maintenance of the hPLAP expression

hPLAP-tg BMSCs ought to carry on their marker expres-
sion during in vitro expansion, differentiation, and after

their seeding onto diverse biomaterials. Therefore, the main-
tenance of hPLAP expression was carefully evaluated. The re-
sults of the histochemical staining for hPLAP after in vitro
culture of tg and wt BMSCs up to 7 days is shown in Figure
5. All adherent hPLAP-tg BMSCs showed clear hPLAP stain-
ing at all time points (Fig. 5A, C), whereas staining was absent
in wt cells (Fig. 5B). In addition, osteogenic, chondrogenic,

FIG. 4. Multiple lineage differentiation of wt and hPLAP-Tg BMSCs. (A) Osteogenic differentiation of wt and hPLAP-tg
BMSCs (P2) cultured in osteogenic media for up to 21 days as indicated by alizarin red staining. (B) Adipogenic differentiation
of wt and hPLAP-Tg BMSCs (P2) cultured in adipogenic media for up to 21 days as indicated by oil red O staining. (C) Chon-
drogenic differentiation of wt and hPLAP-tg BMSCs (P2) pellets cultured in chondrogenic media for up to 35 days as indicated
by toluidine blue staining. Bar graphs show quantification of alizarin red–positive cultures (A), oil red O–positive cultures (B),
and GAGs quantification (C) depending on culture time, passage (14 days of culture) and donor (cells in P2 after 14 days of
culture).
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FIG. 6. Stable expression of the hPLAP enzyme by hPLAP-tg BMSCs after 21 days of induced multidifferentiation in vitro. (A)
Osteogenic differentiated hPLAP-tg cells, (B) adipogenic differentiated hPLAP-tg cells, and (C) chondrogenic differentiated
hPLAP-tg cell pellet. Histochemical hPLAP staining was carried out using NBT/BCIP after heat inactivation.

FIG. 5. hPLAP expression of BMSCs isolated from wt and hPLAP-tg rats. (A) Histochemical hPLAP staining using NBT/
BCIP after heat inactivation of hPLAP-tg BMSCs cultured for 24 h, 3 days, and 7 days after seeding. (B) Negative expression
of the enzyme in wt BMSCs isolated and culture under identical conditions. (C) Higher magnification of hPLAP-tg BMSCs
after 7 days of culture. NBT, nitrotetrazolium blue chloride; BCIP, 5-bromo-4-chloro-3-indolyl phosphate.
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and adipogenic differentiation procedures did not impair
hPLAP expression in hPLAP-tg cells (Fig. 6).

Cell seeding on two- and three-dimensional scaffolds
for tissue engineering applications

For TERM applications, hPLAP-tg BMSCs should be able
to adhere and proliferate onto different biomaterials’ sur-
faces in the same manner as wt BMSCs, and should main-
tain hPLAP expression. Polymeric-based membranes and
scaffolds as well as fibrin gels seeded with hPLAP-tg cells
were stained for hPLAP at 1, 3, and 7 days after seeding
(Fig. 7A–C, left and middle). The hPLAP expression was
very robust and reproducible in all cases, and a good cell ad-
hesion to the material surface could be observed. In addition,
SEM micrographs (Fig. 7, right) revealed good adhesion of
the hPLAP-tg cells to the different biomaterials. No differ-
ences in morphology, adhesion, or proliferation were ob-
served between tg and wt control cells (data not shown).

Conclusions

The successful development of TERM applications using
MSCs is highly dependent on our capability to accurately

track the applied cells. We need to have a full understanding
of the cells’ fate and function after they are injected or
implanted into a patient. Therefore, improvements in our
ability to reliably and reproducibly track labeled MSCs in a
long-term fashion will certainly facilitate the successful appli-
cation of MSCs in tomorrow’s clinical practice. In the current
study we successfully isolated and characterized genetically
labeled BMSCs from hPLAP-tg donor rats and demonstrated
their multidifferentiation capacity. hPLAP-tg BMSCs stably
expressed the hPLAP marker enzyme after in vitro culture
for up to six passages and after seeding on different biomate-
rials of interest. The behavior, viability, and differentiation ca-
pacity of BMSCs isolated from wt and hPLAP-tg F344 rats
were indistinguishable, suggesting that hPLAP is a neutral
genetic marker for BMSCs. In combination with our recently
introduced concept of marker tolerance,7 hPLAP labeling of
MSCs allows the long-term in vivo study of labeled cells in
the complete absence of immune-mediated rejection in immu-
nocompetent hosts. A limitation of hPLAP as a cell tracking
marker in vivo is that it is a histological marker for end-
point analyses and thus not suitable for longitudinal follow-
up studies in individual organisms. However, histology is
still considered the gold standard for cell tracking.

FIG. 7. Maintenance of the expression of the hPLAP enzyme by hPLAP-tg BMSCs after seeding on different biomaterials. (A)
PCL membrane, (B) PCL scaffold, and (C) fibrin hydrogel. Left and middle panels show histochemical staining for hPLAP en-
zymatic activity of hPLAP-tg BMSCs. Right panels show morphological details of the seeded cells as observed by SEM (after 3
days of culture).
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