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Abstract
Purpose: Longitudinal imaging studies are important in the translational process of stem cell–
based therapies. Small animal imaging models are widely available and practical but
insufficiently depict important morphologic detail. In contrary, large animal models are logistically
challenging and costly but offer greater imaging quality. In order to combine the advantages of
both, we developed an intermediate-sized rabbit animal model for cartilage imaging studies.
Procedures: Rabbit mesenchymal stem cells (rMSC) were isolated as primary cultures from the
bone marrow of New Zealand white rabbits. rMSC were subsequentially transduced lentivirally
with eGFP and magnetically labeled with the iron oxide ferucarbotran. eGFP expression was
evaluated by flow cytometry and iron uptake was analyzed by isotope dilution mass
spectrometry and Prussian blue staining. Fluorescence microscopy of eGFP-transduced rMSC
was performed. Viability and induction of apoptosis were assessed by XTT and caspase-3/-7
measurements. The chondrogenic potential of labeled cells was quantified by glycosaminogly-
can contents in TGF-β3 induced pellet cultures. Labeled and unlabeled cells underwent
magnetic resonance imaging (MRI) at 1.5 T before and after differentiation using T1-, T2-, and
T2*-weighted pulse sequences. Relaxation rates were calculated. rMSCs were implanted in
fibrin clots in osteochondral defects of cadaveric rabbit knees and imaged by 7 T MRI. T2* maps
were calculated. Statistical analyses were performed using multiple regression models.
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Results: Efficiency of lentiviral transduction was greater than 90 %. Fluorescence signal was
dose dependent. Cellular iron uptake was significant for all concentrations (p G 0.05) and dose
dependent (3.3–56.5 pg Fe/cell). Labeled rMSC showed a strong, dose-dependent contrast on
all MR pulse sequences and a significant decrease in T2 and T2* relaxation rates. Compared
with non-transduced or unlabeled controls, there were no adverse effects on cell viability, rate of
apoptosis, or chondrogenic differentiation. MRI of labeled rMSCs in osteochondral defects
showed a significant signal of the transplant with additional high-resolution anatomical
information.
Conclusions: This intermediate-sized rabbit model and its bifunctional labeling technique allow
for improved depiction of anatomic detail for noninvasive in vivo rMSC tracking with MRI and for
immunohistological correlation by fluorescence microscopy.

Key words: Mesenchymal stem cells, Rabbit, MR imaging, Fluorescence microscopy,
Bifunctional labeling, Ferucarbotran, eGFP, Chondrogenic differentiation, Osteochondral defects

Introduction
In recent years, the use of mesenchymal stem cells (MSC)
has emerged as a promising alternative for the treatment of
various diseases like myocardial infarction [1, 2], diabetes
[3, 4], or cartilage diseases [5–7]. In the context of cartilage
repair, MSC were shown to have several major advantages
as compared with chondrocytes, which are already in clinical
use [8–10]. However, the exact processes that take place at a
molecular and biochemical level after implantation of MSC
in diseased joints are not fully understood yet. It was shown
that implanted MSC only partially undergo chondrogenesis,
while many implanted cells migrated to other parts of the
joint in order to stimulate the cartilage formation by trophic,
anti-inflammatory, and immunosuppressive activity [11, 12].
In addition, MSC appeared to alter the local microenviron-
ment and stimulate endogenous progenitor cells to develop
regenerative activity [10, 13].

To illustrate these intraarticular processes, a noninvasive
longitudinal imaging method of the implanted cells is
desirable. This could help to track cell migration in
experimental models and to detect a possible treatment
failure early on. Cellular magnetic resonance imaging (MRI)
is a promising technique for this purpose [12, 14, 15].
Compared with other imaging modalities for cell tracking as,
e.g., optical imaging or positron emission tomography/x-ray
computed tomography, MRI has the advantage of a high
anatomical resolution (G 1 mm) and superior soft tissue
contrast without radiation exposure [16, 17]. In order to
detect and track implanted MSC via MR imaging, cells must
be labeled with a contrast agent.

For this purpose, numerous labeling techniques have been
proposed, mainly using superparamagnetic iron oxide particles
(SPIO) [18, 19] or ultrasmall SPIO (USPIO) [20, 21]. Iron oxide
contrast agents show highMR sensitivity, good biocompatibility
[19], and long-term stable MR contrast effects [22].
Ferucarbotran (Resovist®) is a SPIO, which was approved for
clinical application in Europe [23]. It is advantageous over other
iron-based contrast agents for its higher labeling efficiency [24,

25] and without toxic side effects at appropriate concentrations
[26]. Several studies have shown that human MSC can be
efficiently labeled with ferucarbotran without the need of a
transfection agent [22, 27].

For practical and economic reasons, experimental studies
have mainly been conducted in small animal models (e.g.,
mouse, rat) [28, 29]. However, due to the small size, these
models often do not sufficiently depict anatomical and
pathological detail or treatment effects even when used in
dedicated small animal scanners. Furthermore, surgical
interventions in such models are difficult to perform and
less precise. In contrary, larger animal models (e.g., pig,
goat) exist [30, 31] and show these details [29, 32], but they
require considerable logistic and financial effort and thus
have only been used infrequently in the past.

Thus, the purpose of this study was to combine advantages of
small and large animal models, e.g., to develop an appropriate
intermediate-sized animal model in rabbits, that would enable
for precise surgery, high-resolution imaging while being
financially and logistically affordable. More specifically, our
goal was to (a) create primary cultures of rabbit MSC (rMSC),
(b) to design a labeling protocol, and (c) to offer proof of
principle imaging data.

Material and Methods
The BMaterial and Methods^ section is provided in detail in
the Electronic Supplementary Material (ESM).

Results
eGFP Transduction

The transient production of eGFP expressing lentivirus
resulted in a titer of 6 × 109 (± 0.6 × 109) virus particles
(VP)/ml. The lentiviral transduction of rMSC with dilution
series of this stock solution resulted in a dose-dependent
increase of efficiency. The lowest dose of 3 × 109 VP
revealed an efficiency of at least 97 % eGFP+ rMSC
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(Fig. 1a). Increasing virus titers led to a dose-dependent
increase of the mean fluorescence intensity (MFI) (Fig. 1b).
Fluorescence microscopy studies showed strong and dose-
dependent fluorescence intensity. Untransduced controls
showed no fluorescence. Brightfield images revealed no
morphologic abnormalities of eGFP+ cells when compared
with eGFP− controls (Fig. 1c).

Metabolism quantified by XTT test showed that different
eGFP virus doses resulted in a dose-dependent, minimally
reduced absorbance (2.14 ± 0.03, 2.14 ± 0.03, 2.13 ± 0.02,
2.10 ± 0.02, respectively, p G 0.05, each) compared with
untransduced controls (2.20 ± 0.04) (Fig. 2a). No significant
differences were detected for caspase-3/-7 measurements
compared with untransduced controls (p ≥ 0.05, each). The

positive control, 1 mg/ml of 5 μM camptothecin-treated
cells, revealed a significant increase of caspase activity
(p G 0.05, each) (Fig. 2b).

For subsequent labeling experiments with ferucarbotran,
cells were transduced with a titer of 3 × 109 VP, due to
excellent transduction efficiency with the lowest toxicity.

Cell Labeling with Ferucarbotran

eGFP+ rMSC were labeled with ferucarbotran at concentra-
tions of 12.5, 25, 50, or 100 μg Fe/ml. In comparison with
unlabeled controls (2.02 ± 0.02), there was a significant, but
minimal (2.3 %), increase in cell metabolism within cells
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Fig. 1. a Efficiency of lentiviral transduction of MSC (eGFP %) in relation to viral titer (VP) and b mean fluorescence intensity
(MFI). Note the dose-dependent increase of efficiency and MFI with an efficiency of at least 97 %. c Representative brightfield
(top), corresponding fluorescence micrographs (middle), and merges (bottom) for different virus titers (magnification × 100).
Images show strong and dose-dependent fluorescence of eGFP+ MSC.



transduced with 12.5 μg Fe/ml (2.06 ± 0.01, p = 0.02). In
contrary, 25 and 50 μg Fe/ml showed no significant
differences in metabolism (2.02 ± 0.02, p = 0.85; 2.04 ±
0.03, p = 0.41). The highest labeling concentration used
(100 μg Fe/ml) led to a significant, but minimal (1.9 %),
decrease in metabolism (1.98 ± 0.1, p = 0.04) (Fig. 2c).

No induction of apoptosis was observed with any
concentration of ferucarbotran tested, while all samples were
significantly different to the apoptotic positive control,
camptothecin (p G 0.05, each) (Fig. 2d).

Iron Uptake

IDMS demonstrated a significant iron uptake at all
ferucarbotran concentrations compared with unlabeled con-
trols (p G 0.05) (Fig. 3a). Dose dependently, the iron uptake
doubled significantly (p G 0.05) with increasing labeling
concentrations (12.5, 25, and 50 μg Fe/ml) (3.3 ± 0.2, 5.0 ±
0.5, and 10.0 ± 1.0 pg Fe/cell; p G 0.05, each). eGFP+ rMSC
labeled with 100 μg Fe/ml ferucarbotran, however,
displayed a 5.5-fold increase (56.5 ± 5.5 pg Fe/cell, p =
0.004) compared with 50 μg Fe/ml labeling concentration.

These results were confirmed by Prussian blue staining. It
showed amarked intracellular iron uptake in labeled rMSC at 24 h
after labeling. Unlabeled cells revealed no staining (Fig. 3b). Cells
labeled with low ferucarbotran concentration showed very little
blue cytoplasmatic inclusions while cells labeled with 100 μg Fe/
ml resulted in a high number of blue inclusions (Fig. 3c).

Chondrogenic Differentiation

Neither different virus doses of eGFP nor different
ferucarbotran concentrations significantly reduced the syn-
thesis of GAG (p ≥ 0.05, each) in differentiated rMSC
(Fig. 4a, c). After lentiviral transduction, the DNA content
decreased dose dependently, but not significantly, in
chondrogenic micromass cultures compared with
untransduced controls (p ≥ 0.05, each) (Fig. 4b). When
normalized to DNA content, this results in an apparent
increase in GAG accumulation. No statistically significant
(p ≥ 0.05, each) alterations in DNA content were observed
when different ferucarbotran doses were tested (Fig. 4d).

MR Imaging

Compared with unlabeled controls, ferucarbotran-labeled
eGFP+ rMSC showed a strong contrast on all MR pulse
sequences and a significant decrease in T2 signal for higher
labeling concentrations (50 and 100 μg Fe/ml; p = 0.006 and
p G 0.001) (Fig. 5a). These results were consistent with the
dose-dependent increase of the intracellular iron content
(Fig. 3a). In addition, rMSC labeled with ferucarbotran at a
concentration of 100 μg Fe/ml showed shorter T2 relaxation
times compared with the other labeling concentrations
(p G 0.05, each).

After chondrogenic differentiation, T2*-weighted MR
images of the differentiated pellets revealed a dose-
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Fig. 2. XTT-test and caspase-3/-7 measurements of different virus doses (a, b) and different ferucarbotran concentrations (c,
d). Transduced or labeled samples showed a minimal influence in cell viability (a, c) while no induction of apoptosis was
observed (b, d).



dependent, marked signal loss of labeled rMSC compared
with unlabeled controls (Fig. 5b (bottom)). The area of
signal loss exceeded the size of the labeled pellets. These
findings were in accordance with the macroscopic aspect of
the differentiated pellet which showed a dose-dependent,
brown staining of the chondrogenic cell pellets indicating
iron uptake (Fig. 5b (top)).

The knee joint of the pig (Fig. 6a) reveals a detailed
depiction of the anatomic landmark, and in particular, the
cartilage while in the rat’s knee (Fig. 6c) the cartilage is

hardly detectable. The rabbit knee (Fig. 6b) shows sufficient
anatomic detail. Additionally, unlabeled and bifunctionally
labeled rMSCs were implanted in fibrin clots in
osteochondral defects in rabbit knees (Fig. 6d–f). Both
defects were filled with a fibrin cell clot with 200,000
rMSCs each. The proximal defect contains unlabeled (white
arrow) and the distal defect bifunctionally labeled (100 μg/ml
ferucarbotran) rMSCs (blue arrow). The knees were imaged
by 7 T MRI using T1-, T2-, and T2*-weighted pulse
sequences. T2* maps were calculated (Fig. 6f). MR imaging
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Fig. 3. a Quantification of intracellular iron (Fe) uptake by IDMS which demonstrated a significant, dose-dependent doubling of
intracellular iron uptake (pg Fe/cell) for concentrations of 12.5–50 μg Fe/ml while 100 μg Fe/ml displayed a 5.5-fold increase
(p = 0.004). Light microscopy of b unlabeled control and c labeled eGFP+ MSC (100 μg Fe/ml) after Prussian blue staining
(magnification × 100). Multiple small blue cytoplasmic, perinuclear inclusions in almost all labeled MSC, indicating intracellular
iron uptake, are shown.

Fig. 4. Quantification of GAG and DNA of differentiated MSC transduced with different virus doses (a, b) or labeled with
different ferucarbotran concentrations (c, d). No significant differences compared with controls were detected (p ≥ 0.05, each).
DNA content of cells transduced with b different eGFP virus doses revealed a decrease of DNA content (p ≥ 0.05, each) while d
increasing ferucarbotran concentrations did not result in any significant differences in DNA synthesis (p ≥ 0.05, each).



at 7 T showed a strong enhancement of contrast-to-noise
ratio and anatomical details while, in contrast, control fibrin
clots containing unlabeled cells did not reveal any signifi-
cant contrast compared with healthy cartilage tissue. The
labeled fibrin cell clot (blue arrow) in (Fig. 6e) demonstrated
a pronounced hypointensity at the rim of the implant. The
7 T MRI images reveal sufficient discrimination between
cartilage and subchondral bone and allow for good recog-
nition of anatomical landmarks.

Discussion
MR imaging is currently considered the gold standard of
noninvasive imaging methods for structural evaluation of
cartilage lesions and repair in clinical routine. It offers a
standardized and high-quality longitudinal imaging modal-
ity to assess the structure of cartilage, subchondral bone,
and adjacent tissue [33, 34]. After chondrocyte or
mesenchymal stem cell transplantation in articular cartilage
defects, the monitoring of implanted cells and their
development into cartilage (repair) tissue is currently of
great scientific interest. Several studies have been con-
ducted to evaluate the correlation between MRI findings
and clinical outcome [35–37]. However, strong evidence to
determine whether morphological MR imaging is reliable
in predicting clinical outcome after cartilage repair is
lacking [38]. The introduction of cellular MRI allows for
noninvasive cell tracking in experimental models and
might allow for the detection of early treatment failure
[12, 14, 15]. It is an excellent tool for high-resolution
visualization of the fate of cells after transplantation and
for evaluation of therapeutic strategies [18]. Therefore,
further preclinical studies are necessary to bridge the
translational gap between basic research and the clinic.

Detection and tracking of implanted MSC in vivo via MR
imaging require cell labeling with a contrast agent because
MR imaging cannot distinguish unlabeled transplanted stem
cells from host tissue.

The negatively charged iron oxide ferucarbotran
(Resovist®) was FDA-approved for clinical applications in
Europe and has already successfully been used for cell labeling
of human MSC [22, 26, 27]. After labeling with ferucarbotran,
a strong MR contrast effect was achieved without any need for
additional transfection agents [22, 25, 27]. Compared with
other iron-based contrast agents, ferucarbotran reveals some
advantages such as a higher labeling efficiency for non-
phagocytic and phagocytic cells without toxic side effects at
appropriate concentrations [24–26].

To distinguish the implanted rMSC from native,
unimplanted rMSC, a second intervention of the cellular,
biochemical composition, was performed by transducing the
rMSC with eGFP. This bifunctional labeling enables
detection of the transduced, eGFP+ cells by fluorescence
microscopy. Thereby, additional arthroscopic optical imag-
ing investigations or immunohistological correlations of
imaging findings are facilitated [39]. The fluorescent nature
of eGFP+ cells provides a marker of cell origin, because the
cell population can be easily identified and sorted [40]. We
used an integrating viral vector system to allow for long-
term observation. This might result in gene disruption and/or
dysregulation, thus influencing proliferation as well as
differentiation potential. Likewise, the over-expression of
reporter gene might result in metabolic changes. In order to
achieve high labeling efficiency while avoiding detrimental
side effects, we analyzed various virus titers. Only a
minimal, dose-dependent decrease in metabolic activity
compared with untransduced controls was detected while
apoptotic behavior was not affected by any means.

Our data showed a significant, but minimal increase in cell
metabolism within cells labeled with 12 μg Fe/ml. This finding
might be explained by iron being considered an innate and
essential element in a number of cellular functions including
metabolic processes [32, 41]. The intracellular incorporation of
such a minimal amount of iron into normal iron metabolism
might stimulate cell metabolism and thus lead to the described
increase. On the other side, it has been described that iron oxides
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Fig. 5. a T2 relaxation rates of undifferentiated labeled MSC revealed a significant decrease at 50 and 100 μg Fe/ml compared
with unlabeled controls. b Macroscopically, brown staining of differentiated cells (with macroscopic pellet formation) was
consistent with a dose-dependent, marked signal loss in T2*-weighted MR images.



can impair the viability of stem cells when they are internalized
in too high quantities [25, 42]. In our data, we found a minimal,
but significant, decrease in cell metabolism within cells labeled
with ferucarbotran at a concentration of 100 μg Fe/ml. It is well
known that an overload of cellular iron poses risks such as
oxidative stress and the formation of reactive oxygen species and
thereby, influences cell metabolism [43]. At concentrations
lower than 100 μg Fe/ml, metabolism was not reduced.
Therefore, we consider 50 μg Fe/ml to be the ideal labeling
concentration in the described experimental setting.

For any cell labeling protocol with MSC and effective
stem cell therapy, it is a prerequisite that—besides unim-
paired cell viability—chondrogenic differentiation is not
reduced by any means. In literature, conflicting data on the
influence of SPIO labeling of mesenchymal stem cells on

chondrogenic differentiation capacity exists. Some studies
reported no influence on human bone marrow–derived MSC
[44, 45], while other study groups demonstrated a negative
effect [26, 46]. It has been described that higher labeling
concentrations of 9 50 μg/ml have led to an impaired
differentiation into chondrocytes [26, 47]. Therefore, we
tested different ferucarbotran concentrations ranging from
12.5 to 100 μg/ml iron doses to rule out any dose-dependent
effects in rMSC. The data showed a stable, macroscopic
pellet formation indicating the chondrogenic differentiation
of the cells. Interestingly, in the presented animal model, no
impairment of differentiation capacity even at 100 μg/ml
with an intracellular iron content of 56.5 pg Fe/cell was
detected. Comparing these findings to Henning et al. [26],
the intracellular iron uptake was much higher in rabbit
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Fig. 6. MR images (sagittal view) of a a pig knee at 3 T, b rabbit knee at 1.5 T, and c rat knee at 3 T. The lower row (d–f)
presents MR imaging of a rabbit knee with two surgically created osteochondral defects in the trochlea femoris. The proximal
defect contains a fibrin cell clot with 200,000 unlabeled (white arrow) and the distal defect with 200,000 bifunctionally labeled
(100 μg/ml ferucarbotran) rMSCs (blue arrow). The knee was imaged with different MRI sequences. d T1-weighted flash 3D. e
T2*-weighted 3D. f Multi-gradient echo resulting in T2* maps.



MSCs than in human MSCs. A possible explanation could
be found in the different cell model used and might suggest
that rabbit MSCs can endure comparably high intracellular
iron concentrations without showing any apoptotic behavior
at the same time.

There is a trend towards decreasing DNA content with
increasing eGFP virus doses without being statistically
significant. This might indicate long-term toxicity at higher
virus doses, which leads to a retarded growth under
chondrogenic differentiation conditions. This may have
resulted in an apparent increase in GAG accumulation at
higher virus doses when normalized to DNA content.
Although the caspase activity directly after eGFP transduc-
tion did not reveal any impairment, the slight, but statisti-
cally significant, dose-dependent decrease of cell
metabolism might give a first hint that higher virus doses
or eGFP expression do not affect cell viability and DNA
synthesis. Therefore, we suggest an application of 3–6 × 109

virus particles for further labeling procedures.
In the last years, several experimental in vivo models

have been proposed to provide the researchers with further
information that might help to understand underlying
processes during cartilage repair procedures. Especially,
small animal models (e.g., mouse or rat) exist, which allow
for a high number of cases due to relatively low costs and
simple logistics. However, the knee joint is too small and the
cartilage thickness of the femoral condyle is too thin (mouse
0.058 mm [48]; rat 0.072 mm [48]) to serve as a good model
for any (chondral or osteochondral) surgical cartilage repair
technique. Moreover, small animals might be insufficient for
the morphological depiction of pathologic detail or treatment
effects in MR imaging even when used in dedicated small
animal scanners. Larger animal models offer thicker carti-
lage: e.g., goats or pigs can be used to depict these details
better (goat 0.7–1.5 mm [49]; pigs up to 1.5 mm [50]).
These dimensions are similar to the conditions found in the
human knee joint (1.69–2.55 mm [51]), and therefore, the
translation might be easier. But large animals are expensive
and often logistically impractical so that a significant
number in a treatment group is difficult to achieve.

Our intermediate-sized animal model in rabbits (cartilage
thickness 0.21–0.46 mm [49]) in this study is a reasonable
compromise. It enables precise surgery while being finan-
cially and logistically affordable. The proof of principle
imaging data offers a high resolution and morphological
depiction of articular cartilage. Compared with the smaller
rat model, the quality of information of the anatomy
available for the researcher is significantly enhanced.
Cartilage imaging highly depends on the quality of the
image itself [52]. In our study, MRI performed at 7 T field
strength led to sufficient discrimination between cartilage
and subchondral bone and allowed for good recognition of
anatomical landmarks. Fat suppression eliminates artifacts
that can be superimposed to the cartilage-bone interface.
Thereby, the contrast of the image at this interface is

improved and a better depiction of the cartilage boundaries
can be achieved [53].

However, there is some hypointensity at the rim of the
implant, which can be detected in both labeled and unlabeled
implants. Primarily, this might be caused by compacting of
cancellous bone at the rim during drilling of the artificial
osteochondral defects. Another explanation might be found
in the implant itself. After preparation of the fibrin cell clot,
we controlled the successful incorporation of the labeled
cells by fluorescence microscopy. Due to the additional,
bifunctional transduction of all rMSCs with eGFP, the cell
distribution could be easily visualized. Generally, an even
cell distribution was initially achieved within the clots.
However, during the further precipitation of the fibrin cell
clot, some cells might migrate to the rim of the clot and,
therefore, will result in a pronounced hypointensity in MR
imaging at the rim while simultaneously, compared with the
unlabeled clot, the entire clot is still hypointense due to the
remaining distributed cells (Fig. 6d–f). Lo et al. demon-
strated that changes in tissue rigidity could play an important
role in cell locomotion [54]. They showed that fibroblasts
preferentially migrate from a soft to hard surface. Addition-
ally, Duong et al. stated that cells adhere to the stiffness of
the surface of fibrin matrices [55]. The fibrin cell clot is
hardened from rim to center. This might be an explanation
for this cell condensation and hypointensity at the rim in this
early phase of clot implantation.

The presented rabbit model also demonstrates the
feasibility of acquiring cartilage T2* maps in the rabbit
knees for a better delineation of the tissue containing labeled
cells. Our rabbit model combines the advantages of small
and large animal models by enabling precise surgery and
high-resolution MR imaging while being financially and
logistically affordable.

Several limitations pertain to this study. Imaging was
performed with cadaveric knee joints and not in a living
animal. Therefore, follow-up analyses of the implanted cells
were not possible. Future work will aim at the visualization
of labeled cell clots at later time points, with the ultimate
aim of monitoring complete integration into surrounding
tissue by MRI. Currently, ferucarbotran is not distributed
any more in Europe or North America. We used it for this
proof of principle study because its properties have been
extensively studied in the literature and its imaging
characteristics are comparable with other contrast agents
as, e.g., ferumoxides (Feridex IV, Berlex Laboratories; and
Endorem, Guebert). Thus, our results are easily translatable
to other contrasts models [56, 57].

Conclusions
In conclusion, rMSC were lentivirally transduced to express
eGFP and magnetically labeled with the iron oxide contrast
agent ferucarbotran without adverse effects on cellular
viability or chondrogenic differentiation capacity. With
histological staining, mass spectrometry, and MR imaging,
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it was possible to accurately determine or visualize intracel-
lular iron uptake in ferucarbotran-labeled rMSC. The strong
contrast of labeled cells on MR and fluorescent images
might allow for in vivo stem cell tracking with
immunohistological correlation in an intermediate-sized but
still practical animal model, which improves image quality
over existing small animal models for a better depiction of
anatomic and pathologic details.
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