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Evaluation of Cell Tracking Effects for Transplanted Mesenchymal Stem Cells 
with jetPEI/Gd-DTPA Complexes in animal Models of Hemorrhagic Spinal Cord 

Injury 

Abstract

Cell  tracking  using  iron  oxide  nanoparticles  has  been  well  established  in  MRI. 

However,  in  experimental  rat  models,  the  intrinsic  iron  signal  derived  from 

erythrocytes masks the labeled cells. The research evaluated a clinically applied Gd-

DTPA for T1-weighted positive enhancement for cell tracking in spinal cord injury 

(SCI) rat models. MSCs were labeled with jetPEI/Gd-DTPA particles to evaluate the 

transfection efficiency by MRI  in  vitro.  Differentiation assays  were carried out  to 

evaluate the differentiation ability of Gd-DTPA-labeled MSCs. The Gd-DTPA-labeled 

MSCs  were  transplanted  to  rat  SCI  model  and  monitored  by  MRI  in  vivo. 

Fluorescence  images  were  taken  to  confirm  the  MRI  results. Behavior test  was 

assessed  with  Basso,  Beattie,  and  Bresnahan  (BBB) scoring  in  6  weeks  after  cell 

transplantation.  The  Gd-labeled  MSCs  showed  a  significant  increase  in  signal 

intensity in T1-weighted images. After local transplantation, Gd-DTPA-labeled MSCs 

could  be  detected  in  SCI  rat  models  by  the  persistent  T1-weighted  positive 

enhancement  from  3  to  14  days.  Under  electronic  microscope,  Gd-DTPA/jetPEI 

complexes were mostly observed in cytoplasm. Fluorescence microscopy examination 

showed that the Gd-labeled MSCs survived and distributed within the injured spinal 

cord until 2 weeks. The Gd-labeled MSCs was identified and tracked with MRI by 

cross  and  sagittal  sections.  The  BBB scores  of  the  rats  with  labeled  MSCs 

transplantation  were  significantly  higher  than  those  of  control  rats.  Our  results 

demonstrated Gd-DTPA is appropriate for cell tracking in rat model of SCI, indicating 
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that an efficient and nontoxic label method with Gd-DTPA could properly track MSCs 

in hemorrhage animal models. 

Research Highlights
> Gd-DTPA/jetPEI complexes efficiently label MSCs for MRI.> Gd-DTPA labeling makes no 
significant influences on differentiation or proliferation of MSCs. > Gd-DTPA labeled MSCs are 
able to be tracked in a hemorrhage model. > Transplantation of Gd-DTPA labeled MSCs improves 
locomotor function of spinal cord injury.

Key words: mesenchymal stem cells; magnetic resonance imaging; cell tracking; Gd-

DTPA; Hemorrhagic model
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1 INTRODUCTION

Various  cell  transplantations  have  the  significant  potential  of   promoting 

functional  repair  of  spinal  cord  injury  or  nervous  system  injury  diseases.  Bone 

marrow stem cells have greatly increased the possibility of a new therapeutic method 

for previously untreatable diseases and injuries to the brain and spinal cord.  Bone 

marrow stem cells have an important therapeutic potential  to replace diseased cell 

populations,  which  has  attracted  considerable  interests  in  the  application  of  this 

method. With mesenchymal stem cell (MSCs) transplantation into the brain, scientific 

research  evidence  also  showed  the  reduced  functional  deficits  after  stroke  or 

Parkinson’s disease (Kurozumi et al., 2005; Lu et al., 2005). In addition, MSCs may 

play a significant therapeutic role in improving the recovery of spinal cord injury 

(Satake et al., 2004).

    Successful application of cell transplantations in clinical therapies requires non-

invasive monitoring techniques to track the transplanted cell survival and dynamical 

integration in vivo. Conventional histological methods need to extract samples from 

transplantation sites and can not continuously study transplanted cells in vivo, which 

are  the  obvious  defects  of  these  methods.  Recently,  magnetic  resonance  imaging 

(MRI) provides high spatial resolutions in vivo (Johnson et al., 1993; Smith et al., 

1994; Jacobs et al., 1994). It is important to monitor the migration and distribution of 

transplanted  cells  labeling  with  contrast  agent  by  MRI  (Weissleder  et  al.,  1997; 

Hogemann et al., 2000; Yeh et al., 1995; Frank et al., 2002; Jendelováet al., 2005). 

Most  of  these  approaches  use  iron  oxide  nanoparticles,  which  might  lead  to 

detrimental effects on cell signaling and function (Crichton et al., 2002). Cells labeled 

with iron oxide-based agents are visualized as signal void (black signal) on both T2 

and  T2-weighted  MR  images.  Meanwhile,  hemorrhages  in  tissues  such  as  in 

hemorrhagic  transformed  ischemic  stroke,  tumors  or  cell  injection  locations  also 
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showed the similar  imaging appearance.  Thus,  it  is  difficult  to distinguish labeled 

stem  cells  from  a  hemorrhage  (Lee  et  al.,  2004,  Dunning  et  al.,  2004).  As  an 

alternative to iron oxide nanoparticle-based T2 agents, Gd-based T1 contrast agents 

would be better for labeling cells because they produce brighter signals (Kraitchman 

et  al.,  2008;  Modo  et  al.,  2002).  However,  the  detection  threshold  of  Gd-based 

contrast agents is much higher due to their intrinsic low relativity and high diffusivity 

across cell membranes. In a previous study, Gadolinium-Rhodamine-Dextran-labeled 

neural stem cells were hardly found on T1 MR images after transplantation into rat 

stroke models (Modo et al., 2004). Thus, effectively labeled cells with higher amounts 

of Gd agents may provide solutions for tracking cells in vitro and in vivo. 

    To find a better tracking method in animal models of hemorrhagic spinal cord 

injury,  we  labeled  MSCs  with  FDA-approved  T1  contrast  agent,  Gadolinium-

diethylenetriamine pentaacetic acid (Gd-DTPA) or Magnevist. In this study, cellular 

labeling was achieved by co-incubation of the Gd-DTPA complexes and a positively 

charged transfection reagent (jetPEI) with cells in culture medium. The influence of 

labeling to the viability and proliferation of MSCs was analyzed, respectively. The 

uptake of Gd-DTPA particles by MSCs was studied using electronic microscopy. The 

MRI signal intensity change of in Gd-DTPA-labeled MSCs in vitro was detected. The 

fate and the distribution of labeled MSCs transplanted into the injured spinal cord 

were assessed by MRI and histological analysis.

2 RESULTS

2.1 Cell Labeling: In Vitro MRI and Electronic Microscopy

MSCs labeled with Gd-DTPA/jetPEI complexes in centrifuge tubes were clearly 

depicted  by  MRI.  An  obvious  increase  in  signal  intensity  was  observed  on  T1-

weighted spin echo images from the Gd-DTPA-labeled cells compared to unlabeled 
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cells. The signal intensity from Gd-DTPA/JetPEI-labeled cells increased (3427 ± 74) 

compared to control group (1621 ± 80) and unlabeled MSCs group (1777 ± 53); it 

was also much higher than that of the Gd-DTPA/protamine-labeled cells (2475 ± 76) 

and  Gd-DTPA-labeled  cells  (2309  ±  83;  Fig.  1).  By  electronic  microscopy, 

extracellular attachment of Gd-DTPA to the labeled MSCs membrane was obviously 

observed, and Gd-DTPA particles were clearly visible in the cytoplasm of labeled 

MSCs but not in unlabeled MSCs. A low-magnification image showed that the Gd-

DTPA-labeled MSCs had intact  morphologies (Fig. 2). The level of gadolinium in 

MSCs was measured by inductively coupled plasma atomic emission spectrometry 

(ICP-AES). The jetPEI-mediated labeling efficiency was 83 ± 2％, which was much 

higher than pure endocytosis (57 ± 3％).  

After labeling, cells were passaged normally and remained healthy for a period of 

14 days, as determined by cytotoxicity study. However, the signal intensity of labeled 

cells on either day 7 (2019 ± 48) or day 14 (1787 ± 65) was not significantly different  

with the unlabeled cells on day 3 (Fig. 1).  

2.2 Toxicity and Proliferation

The MTT-based assay showed the proliferation of Gd-DTPA/jetPEI-labeled cells 

similar to unlabeled MSCs. The trypan blue exclusion assay also demonstrated that 

the viability of labeled MSCs compared with that of unlabeled MSCs (Fig. 3). The 

results  showed  no  significant  difference  in  cell  proliferation  between  labeled  and 

unlabeled MSCs.

2.3 Differentiation and Migration Capacity 

    Gd-DTPA labeled MSCs demonstrated normal adipogenic, neuronal and osteogenic 

differentiation (Fig. 4) compared to unlabeled MSCs. The adipogenic differentiation 

rates of Gd-labeled-MSCs and unlabeled-MSCs were 81% and 83% respectively. The 
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osteogenic differentiation rates of Gd-labeled-MSCs and unlabeled-MSCs were 50% 

and 54%, respectively.  The neuronal differentiation rates of Gd-labeled-MSCs and 

unlabeled-MSCs were 71% and 74%, respectively. The wound healing assay was one 

of the earliest developed and most popular methods to study directional cell migration 

in vitro. As showed in Fig. 5, there was no significant difference in cell migration 

capacity  between  the  Gd-DTPA-labeled  and  -unlabeled  MSCs  groups  6  h  after 

scratching (Fig. 5), suggesting that the transfection procedure did not influence the 

migratory activity of labeled MSCs. 

2.4 In Vivo MRI

The criteria to determine the consistent, partial, and incomplete spinal cord injury 

model is dependent on Basso, Beattie, and Bresnahan (BBB) scores and  trascranial 

magnetic  motor-evoked  potentials  (tcMMEP).  The  SCI  model  has  an  obviously 

significant differentiation on BBB scores and tcMMEP compared to the control group. 

An increased signal intensity was observed on T2-weighted imaging due to the edema 

caused by the injury in three days after spinal cord was injured (Fig. 6. I), and this was 

similar to a previous observation (Aoyama et al., 2007). After the transplantation of 

unlabeled MSCs, lower signal intensities were seen on T2-weighted imaging in some 

rats (Fig. 6. II). These signal changes might be related to the hemorrhage caused by 

the injection procedure. There was no clear signal change on T1-weighted imaging at 

these two time points (Fig.  6.  I  & II).  The Gd-DTPA-labeled MSCs were clearly 

detected by the higher signal intensity on T1-weighted imaging after transplantation 

(Fig.  6.  III  and Fig.7 I  & II).  Strong spots with increased signal  intensity on T1-

weighted images became visible around the injection site inside the injured spinal 

cord within 1 to 3 days after transplantation (Fig. 6. III and Fig. 7 I). Subsequently, 

the increased signal intensity area rapidly spread from the injection site to the entire 

injured segment (Fig. 7. II).
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2.5 Histology Revelation

MRI visualization  of  transplanted  MSCs was  identified  by histological  study. 

Frozen  sections  of  spinal  cords  from  rats  were  examined  under  fluorescence 

microscopy  to  reveal  the  enhanced  green  fluorescent  (eGFP)  and  Hoechst33342 

labeled MSCs. It is known that eGFP is only expressed in living transplanted cells. 

The Hoechst 33342 staining showed the distribution of the transplanted cells and the 

eGFP staining examined the distribution of living cells on day 3 and day 14 post-

transplantation. Fluorescent microscopy clearly presented the location and migration 

of MSCs, which was corroborated the MRI results. At first, transplanted MSCs were 

close to the injection site and densely packed (Fig.  7. III.  A&B). Then,  Gd-DTPA 

labeled MSCs migrated and dispersed throughout the majority of injured spinal cord 

section  on  day 14 after  transplantation  (Fig.  7.  III.  D & E).  The signal  intensity 

change by MRI was similar to the fluorescence of the cells.

2.6 Behavior scores of labeled and unlabeled MSCs in transplanted rats 

 BBB scores of  Gd-DTPA labeled MSCs and unlabeled MSCs-treated rats were 

significantly higher than those of control animals on 14, 21, 28, 35, 42 and 49 days 

after SCI (p < 0.05) (Fig. 8). However, there is no significant difference in the BBB 

scores between labeled MSCs and unlabeled MSCs transplanted rats at above time 

points (p > 0.05) (Fig. 8). 

3 DISCUSSION

    The therapeutic application of MSCs in the Central nerous system (CNS) is still in 

its infancy. It is of considerable interests as to how cells migrate and function in vivo, 

which will provide important information for designing better therapeutic strategies. 

However, investigation of the distribution and migration of stem cells such as MSCs 

has been limited to postmortem histological studies, providing an inferred rather than 
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dynamic migration patterns. Preloading of cells with contrast agents allows both  ex 

vivo and  in vivo visualization of transplanted cells in damaged brain or spinal cord. 

Therefore, these contrast agents can offer further insight into the destiny of stem cells 

(Bulte et al., 2002).

   Cellular  MRI  has  enabled  high-resolution,  noninvasive,  and  serial  imaging  of 

labeled stem or immune cell migration into damaged tissues for studying repair or 

replacement  (Hill  et  al.,  2003;  Anderson et  al.,  2005).  MR images  of  iron  oxide 

nanoparticle-labeled cells in tissues on  T2-weighted images are hypointense regions 

associated  with  susceptibility  artifacts  resulting  from  the  clustering  of  the 

superparamagnetic  iron  oxide  nanoparticles  (SPIO)  within  endosomes  in  cells. 

However, it is difficult to distinguish SPIO-labeled cells in hemorrhagic or necrotic 

tissue on  T2-weighted images because of the similar signal intensity characteristics, 

partial volume effects from surrounding tissue, and inherently low signal to noise of 

the images. It would be desirable to be able to label cells with paramagnetic contrast 

agent  that  could  produce  a  positive  signal  intensity  on  T1-weighted  images  and 

increased cell/background tissue signal intensity ratios.

The MRI detection thresholds  in stem-cell  labeling were much lower for  the 

iron-containing particles than that for  T1 contrast  agents such as Gd-DTPA, which 

suggests that the sensitivity of normal Gd-DTPA-based labeling is not high enough. In 

order to resolve the problem, some T1 contrast agents, such as gadolinium rhodamine 

dextran,  Gadofluorine  M  or  Gadolinium-fullerenol,  have  been  designed  to  label 

grafted cells (Modo et al., 2004; Giesel et al., 2006; Anderson et al., 2006). However, 

those  sophisticated  approaches  have  been  hampered  by  the  difficult  synthesis  of 

contrast agents and have not been approved for clinical application.  Moreover, the 

sensitivity of these synthesized contrast agents such as gadolinium rhodamine dextran 

is still not high enough (Modo et al., 2004;).
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We established  a  highly  efficient  and  easy  labeling  method  that  could  offer 

reliable application in scientific research and future practice. Gd-DTPA was approved 

by the FDA decades ago, and the pharmacokinetic and pharmacodynamic properties 

of  this  contrast  agent  have  also  been  extensively  investigated  (Parac-Vogt  et  al., 

2006).  But  as  a  cell  labeling  contrast  agent,  Gd-DTPA  has  some  potential 

complications. For example, intracellular Gd-DTPA will make long-term retention in 

the body: the low pH in the lysosomes and endosomes of cells may lead to rapid 

dechelation of Gd-DTPA; also the free Gd3+ ions have a potential toxicity. JetPEI is a 

cationic polymer transfection agent, which has been widely used in cell transfection 

and Phase 2 clinical  trials  involving nucleic  acid delivery for  anti-cancer  therapy. 

JetPEI  has  successfully  been  used  for  SPIOs  tranfection  agent  in  some  MRI 

researches (Schafer et al., 2010). In this study, we have shown strong signal intensity 

increases in labeled MSCs by using this new transfection approach. Other transfection 

agents have been used for Gd-DTPA transfection, such as protamine and Effectene 

(Shyu et al., 2007). Protamine is also widely used to transfect iron-oxide and other 

magnetic agents. The signal of the jetPEI transfection group was increased about 2.5 

fold than that of the protamine group, suggesting in our system jetPEI has a higher 

labeling efficiency. Our results showed that neither the viability nor the proliferation 

of  labeled  MSCs  was  affected  by  transfection  with  Gd-DTPA.  The  transfection 

procedure  did  not  influence  the  plasticity  and  migration  capacity  of  MSCs. 

Transmission  electronic  microscopy  confirmed  the  presence  of  Gd-DTPA/jetPEI 

complexes inside the cytoplasm and extracellular attachment to the cell membrane.

In this study, in vivo MRI showed that the edema caused by spinal cord injury 

lead to hyperintense signal changes, and the hemorrhage caused by the cell injection 

procedure lead to hypointensity signal changes on T2 imaging. Both of these mask the 

iron-oxide labeling results and disenable intralesional cell transplantation in therapy 
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for spinal cord injury. However, none of them lead to visible signal changes on  T1 

imaging.  In  vivo MRI  of  Gd-DTPA/jetPEI-labeled  cells  provided  a  dynamic 

assessment of the distribution of MSCs within 14 days following transplantation. The 

results indicated that by 3 days post-grafting, the injection site was packed with Gd-

DTPA-labeled MSCs, which were distinguishable from the surrounding area on MRI 

by  the  strong  positive  signal  intensity  in  T1-weighted  images.  By  14  days  after 

grafting, the hyperintense spot of Gd-DTPA-labeled MSCs diffused away from the 

injection site and dispersed throughout the entire injured spinal cord segment. The 

histological assessment confirmed the MRI signal changes and also demonstrated that 

transplanted MSCs could survive in the injured spinal cord and distribute throughout 

the injured area. Moreover, it seemed that most of these cells did not migrate out of 

the  lesion  area, indicating  that  the  injured  tissue  in  the  spinal  cord  might  attract 

grafted MSCs into the injured region. The BBB scores showed both the Gd-DTPA-

labeled  and  unlabeled  MSCs  promoted  the  SCI  repair  without  any  statistically 

significant  difference,  suggesting  that  the  labeling  procedure  has  no  significant 

influence of cell function.

A few points need to be considered to improve this study and to obtain more 

effective  labeling  strategies.  First,  the  substantial  dilution  of  Gd-DTPA/jetPEI 

complexes per cell with cell division should be considered. The in vitro dilution factor 

was also observed in other experiments. It was reported that dilution of Feridex from 

human MSCs was found after in vitro labeling (Lewin et al., 2000; Hilderbrand et al., 

2005). However, after transplantation, cells have the tendency to differentiate instead 

of dividing in vivo, as it was observed in a previous study (Jendelova et al., 2004) and 

consistent  with  our  results  at  day  14  (Fig.  6.III).  Second, it  was  possible  that 

phagocytosed  or  dead  cells  transplanted  with  Gd-DTPA were  detected  by  MRI. 

However, a previous study reported that Gd-DTPA in dead cells or interstitial spaces 
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could be  eliminated within 24 h (Ludemann et al., 2002). This suggested that there 

was no cumulative effect in dead Gd-DTPA-containing cells under MRI. To observe 

these grafted cells more effectively in the short-term, it was necessary to screen them 

before implantation. In a similar study, phagocytosed implanted or fusion cells in rat 

brain transplanted with Gd-DTPA-labeled MSCs were not found in a rat model of 

chronic stroke (Shyu et al., 2007). The eGFP expression in the sectioned spinal cord 

samples  was  observed  after  labeled  cell  transplantation  (Fig.  7),  which  is  only 

expressed in  living  cells,  indicating that  these  cells  still  survived.  In  our  research 

work, we speculated that the relationship among the concentration of Gd-DTPA in the 

labeled cells, the number of transplanted cells and the MRI signal intensity was not a 

simple linear relationship. It is important to emphasize such a relationship in future 

research. Some studies examined the MR imaging effect and cell function impact of 

magnetic  labeling  procedure  (Nohroudi  et  al.,  2010).  Our  research  included 

differentiation  and  migration  experiments  for  cell  function  study.  Meanwhile,  we 

tracked Gd-DTPA labeled MSCs by both cross-sectional and sagittal MRI in vivo. 

Our research group confirmed that Gd-DTPA labeling had no significant influence on 

either differentiation or migration function of MSCs and it can effectively track the 

labeled MSCs in rat models by MRI.

In conclusion,  this study provides an easy and effective strategy to label stem 

cells  with  Gd-DTPA/jetPEI  complexes  and  track  them  dynamically  in  vivo after 

implantation. The Gd-DTPA/jetPEI complexes may be useful in tracking transplanted 

cells  in  vivo in  other  experimental  models,  especially  in  cell  intralesional 

administration and other intraparenchymal hemorrhage models such as stroke. 

4 EXPERIMENTAL PROCEDURES

4.1 Cell Culture

- 12 -



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

MSCs were collected from femurs of adolescent male Sprague-Dawley (SD) rats 

(60–80  g)  as  reported  (Bi  et  al.,  2008).  Briefly,  bilateral  femurs  and  tibias  were 

harvested,  and  then  the  marrow  was  flushed  out  by  using  a  syringe  filled  with 

DMEM/F12 containing 10% fetal bovine serum (FBS). The bone marrow was plated 

into  25-cm2 culture  flasks,  cultured in  5% CO2  at  37  °C.  At  48  h  after  plating, 

supernatant containing nonadherent cells was removed and fresh medium was added. 

When growing to near 80–90% confluence, cells were passaged two or three times by 

repeated trypsinization (0.25% trypsin/0.02% EDTA for 2–3 minutes) and replating. 

MSCs were identified and characterized by the absence of staining for CD34, CD80, 

and  CD86 and  positive staining for  CD29,  CD44,  CD105  and  CD166. All 

experimental protocols and animal handling procedures were approved by the Animal 

Care and Use Committee of Sun Yat-Sen University, and in line with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals.

4.2 Cellular Labeling

 Gd-DTPA (Magnevist,  Schering, Germany), a small molecular FDA-approved 

contrast medium with a Gd concentration of 0.5 M. JetPEI (Polyplus-transfection Inc., 

Illkirch,  France) is a linear polyethylenimine derivative,  frequently used as a gene 

transfection agent for embryonic and neuronal cell lines.

For cell labeling, cells were pre-labeled with Hoechst 33342 (Sigma, USA) and a 

recombinant adenovirus constitutively expressing enhanced green fluorescent protein 

(eGFP; Ad5/F35eGFP; Ben Yuan Zheng Yang, Beijing, China) as reported (Deng et 

al.,  2008)  and then  seeded at  a  density of  5  × 105 per  well  in  4 ml  DMEM/F12 

containing  10%  FBS  in  25-cm2 flasks.  Cellular  labeling  with  Gd-DTPA/jetPEI 

contrast agent complexes was performed using the following protocol. Two solutions 

were prepared: solution A consisting of 10 μl jetPEI™ in 500 μl DMEM/F12; and 

solution B consisting of 50 μl 0.5 mol/L Gd-DTPA in 500 μl DMEM/F12. The two 
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suspensions  were  mixed  gently  and  incubated  for  30  min  at  room  temperature. 

Subsequently, cells were incubated with jetPEI™-Gd-DTPA complexes for 6 h under 

standard  cell  culture  conditions  (CO2 incubator:  37  °C,  5%  CO2).  Three  control 

groups were listed under the same culture conditions, and these cells were incubated 

with 1) a mixture of 10 μl protamine (in 500 μl DMEM/F12) and 50 μl 0.5 mol/L Gd-

DTPA (in 500 μl DMEM/F12); 2) 50 μl 0.5 mol/L Gd-DTPA (in 500 μl DMEM/F12); 

or 3) without a Gd agent. Cells in all groups were cultured in the same volume of 

medium.

To evaluate the longevity of Gd-DTPA maintenance in stem cells, 1×106 labeled 

cells were cultured and underwent normal passage. At each time point of 3, 7 and 14 

days  after the initial  labeling procedure,  1×106 passaged cells  from labeled MSCs 

were collected and MR scanning was used to evaluate the signal intensity of these 

cells.

4.3 Transmission Electronic Microscopy

Electronic  microscopy  was  performed  using  a  Philips  CM-10  transmission 

electronic  microscope.  After  6  h  of  incubation  of  cells  with  Gd-DTPA/jetPEI 

complexes, the MSCs were fixed in 2.5% buffered glutaraldehyde for 1 h at 4 °C, 

followed  by  1%  osmium  tetroxide  for  2  h.  The  cells  were  then  dehydrated  in 

ascending concentrations of ethanol, immersed in propylene oxide, and embedded in 

resin. After that, the samples were cut into ultrathin sections. The unstained sections 

were processed with electron microscopy at 60–80 kV.

4.4 Spectrophotometric Analysis

The Gd-DTPA concentration within labeled cells was investigated by inductively 

coupled  plasma atomic  emission  spectrometry (ICP-AES) by using an  IRIS (HR) 

spectrometer (TJA, USA) as previously described (Rudelius et al., 2003).

4.5 In Vitro MRI
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Labeled and unlabeled MSCs were trypsinized, centrifuged, and resuspended by 

using 20 μl of 1% agarose in 0.5 ml Eppendorf tubes. The total number of cells in 

each tube was 1 × 106. MRI of these tubes was performed at 1.5T (INTERA, Philips 

Medical Systems, The Netherlands). Spin echo T1-weigthed imaging with a repetition 

time (TR) = 500 ms, an echo time (TE) = 20 ms, a turbo factor = 6, a number of 

acquisitions (NSA) = 2, a field of view (FOV) = 100 mm × 100 mm, a matrix = 256 × 

512, and a slice thickness = 2 mm.

4.6 Assessment  of  Viability,  Toxicity,  Differentiation,  and  Migration 

Capacity

Cellular viability of the Gd-DTPA-labeled MSCs was evaluated with trypan blue 

exclusion assay at 6 h, 12 h and 24 h after labeling. For assessment of toxicity of Gd-

DTPA labeling on MSCs, cells were evaluated with 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyl tetrazolium bromide (MTT) assay. MSCs were labeled in triplicate with Gd-

DTAP/jetPEI complexes in 96-well plates with 5 × 103 cells per well. After cells were 

labeled and washed three times with saline, 200 μl DMEM/F12 containing 10% FBS 

were added to each well. Then, the plate was kept in the incubator at 37 °C with 5% 

CO2 for  24  h.  After  incubation,  MTT  (20  ul,  DUCHEFA Biochemie  B.V.,  the 

Netherlands) was added at a final concentration of 5 mg/ml of medium and cells were 

incubated for 4 h at 37 °C and 5% CO2. Then 150 μl of dimethylsulfoxide (Sigma-

Aldrich Co.,  USA) was added. The absorbance of the formazan product was then 

measured at a wavelength of 570 nm, and a (subtracted) reference of wavelength of 

750 nm. MTT analysis of labeled and unlabeled control cells was then determined as 

described above. MTT assay values for labeled cells were expressed as the percentage 

of  corresponding  average  values  in  control  cells. Adipogenic,  osteogenic, and 

neuronal differentiation assays were performed on Gd-DTPA-labeled and -unlabeled 

MSCs as previously described (Woodbury et al., 2000). Neuronal differentiation was 
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induced  as  follows: Twenty-four  hours  prior  to  neuronal  induction,  media  were 

replaced  with  pre-induction  media  consisting  of  DMEM/20%  FBS/1  mM  β-

mercaptoethanol  (BME).  To  initiate  neuronal  differentiation,  the  pre-induction 

medium  was  removed,  and  the  cells  were  washed  with  PBS  and  transferred  to 

neuronal  induction  medium  composed  of  DMEM/1–10  mM  BME.  In  later 

experiments, a mixture of DMEM/2% dimethylsulfoxide (DMSO)/200 μM butylated 

hydroxyanisole (BHA) was utilized as the neuronal induction media. After adipogenic 

differentiation happened, cells were stained with oil red O. Adipogenic and osteogenic 

differentiation processed were performed according to the manufacturer’s protocols 

for  the  differentiation  media  (Cyagen  Biosciences  Inc.,  China)  Adipogenic 

differentiation  was  induced  by  treatment  with  1-methyl-3-isobutylxanthine, 

dexamethasone,  insulin, and indomethacin in expanded mesenchymal cell cultures. 

Osteogenic differentiation was induced by treatment with dexamethasone, β-glycerol 

phosphate,  and  ascorbate  in  the  presence  of  10%  v/v  FBS.  After  neuronal 

differentiation,  the  NF-200  expression  in  MSCs  was  evaluated  with 

immunofluorescence. After osteogenic differentiation, cells were stained with alizarin 

red. The quantitative data of differentiation experiments was analysed with Image Pro 

Plus  6.0.  The  migration  capacities  of  Gd-DTPA-labeled  and  unlabeled  cells  were 

evaluated by the wound and healing assay: MSCs were plated at 2,000 cells per cm2, 

cells were allowed to reach a 80% confluency, and a pipette tip was used to scratch 

the  layer  of  MSCs,  as  previously described (Schmidt  et  la.,  2006).  An unlabeled 

MSCs group was used as a  control  to  compare with the Gd-DTPA/JetPEI-labeled 

group. We monitored the wound areas in 6 h to evaluate the migratory activity.

4.7 Surgical Procedures

Female healthy Sprague-Dawley (SD) rats, 240-270 g in weight, were used in the 

study. Laminectomy was performed at T8–T10 under 10% chloral hydrate anesthesia. 
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The impact rod weighing 10 g was centered above T9 and dropped from a height of 

25 mm to induce a consistent, partial, and incomplete spinal cord injury (McDonald et 

al., 1999). Dural tear was never observed following the impact. The muscles and skin 

were sutured after  injury.  Gentamicin (8 mg/kg/day,  i.p.)  was given for 3 days  to 

prevent the development of urinary tract infections. Urinary bladders were emptied 

manually twice per day until recovery of urinary function. Basso-Beattie-Bresnahan 

(BBB) scale and trascranial magnetic motor-evoked potentials (tcMMEP) responses 

were taken to evaluate the SCI model after operation.

4.8 Cell Transplantation

Seven days subsequent to the spinal cord injury, 24 rats were randomly divided 

into 3 groups and administered with labeled or unlabeled MSCs, or PBS as a control 

(n = 8 in each group). Before transplantation, MSCs were spun down and resuspended 

in PBS and kept on ice. A 25-gauge Hamilton syringe needle was gently put into the 

spinal cord and allowed to remain in position for several minutes. A cell suspension of 

10 µl was injected into the edge and close to the center of injured spinal cord  (Zhang 

et  al.,  2004).  Gd-DTPA/jetPEI-labeled MSCs were transplanted at  an approximate 

density of 100,000 cells per μl. The syringe was allowed to remain in the spinal cord 

for several minutes to let the cells to settle, after which it was slowly removed. The 

incision was then closed with nylon sutures.

4.9 In Vivo MRI

Rats were examined on one day before and on days 1, 3, 7, and 14 after Gd-

DTPA/jetPEI-labeled or unlabeled MSC transplantation. Rats were anesthetized with 

10% chloral hydrate and then put in a rat MRI coil for scanning. MRI was performed 

at  3.0T (ACHIEVA,  Philips  Medical  Systems,  the  Netherland)  and  the  sequence 

parameters were: TR = 956 ms, TE = 10 ms, TSE factor = 10, FOV = 45 mm × 45 

mm, matrix = 100 × 80, and slice thickness = 0.9 mm.
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4.10 Histological Evaluation

Rats were perfused with physiological saline followed by 4% paraformaldehyde 

in 0.1 M ice cold phosphate buffer, pH 7.4. The spinal cords were dissected, postfixed 

for 1 h at room temperature, and kept in 10% sucrose for 48 h at 4 °C. A 2-cm long 

spinal segment centered at the injection/injury site was horizontally sectioned at a 14-

μm thickness on a cryostat. The slides were rinsed again and covered for analysis by a 

fluorescent microscopy (IX 71, OLYMPUS Co., Tokyo, Japan).

4.11 Behavioral Test

Hind  limb  motor  function  was  assessed  using  the  Basso-Beattie-Bresnahan 

(BBB) scoring system. Individual rats were placed on an open field and observed for 

4 minutes by two observers blind to the treatment. The test was carried out before 

injury and once a week after injury up to 7 weeks.

4.12 Statistical Analysis

The  statistical  analysis  was  carried  out  based  on  multiple  factors  ANOVA. 

Individual  differences  after  ANOVA  have  been  evaluated  by  post-hoc  tests 

(Bonferroni  Tests).  Using the Bonferroni  adjustment,  we evaluated the differences 

between treatment groups from the control group with respect to the mean. All data 

are  represented  as  mean  ± standard  deviation.  Differences  were  considered  to  be 

significant at P < 0.05. 
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 Figure legends 

Fig. 1  In vitro MRI images of Gd-DTPA-labeled mesenchymal stem cells (MSCs). 

Labeled and unlabeled MSCs were trypsinized, centrifuged and resuspended by using 

20 μl of 1% agarose in 0.5 ml Eppendorf tubes. The total number of cells in each tube 

was 1 × 106. MRI of these tubes was acquired. The result showed that PEI has a high 

efficiency capability to label MSCs with Gd-DTPA. (A) 1% Gelatum; (B) un-labeled 
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MSCs; (C) protamine+Gd-DTPA-labeled MSCs; (D) Gd-labeled MSCs; (E) PEI+Gd-

DTPA labeled MSCs; (F) MSCs 7 days after PEI-Gd-DTPA labeling; (G) MSCs 14 

days after PEI-Gd-DTPA labeling. (* P＜0.01 compared to unlabeled MSC controls)

Fig. 2  Electronic microscopic observation of labeled MSCs. After 6 h of incubation 

for cells with Gd-DTPA/jetPEI complexes, the MSCs were prepared for electronic 

microscopic observation. (A) Extracellular attachment of Gd-DTPA (arrows) to the 

cell membrane; (B) Gd-DTPA particles were clearly visible in the cytoplasm; (C) & 

(D) Gd-DTPA particles were not observed in unlabeled cells. (E) whole-cell labeled 

MSCs; (F) high magnification of labeled MSCs. Electronic photomicrograph 

demonstrates a cluster of Gd-DTPA particles in the cytoplasm. Scale bars A, C, F, 650 

nm; B, D, 500 nm; E, 1800 nm.

Fig. 3  Trypan blue exclusion and MTT assays of Gd-DTPA-labeled MSCs. Toxicity 

was observed by cellular viability, which was evaluated by the trypan blue exclusion 

assay at  6 h,  12 h and 24 h after labeling.  The MTT-based proliferation assay of 

labeled MSCs indicated no significant difference compared with unlabeled MSCs. 

Trypan blue exclusion assay also showed the absence of significant differences in 

viability of labeled MSCs compared to that of unlabeled MSCs. (A) MTT assay; (B) 

Trypan  blue  exclusion  assay.  The  Gd-DTPA labeling  method  did  not  affect  cell 

proliferation and viability of labeled or unlabeled MSCs.

Fig.  4   Light  microscopic  observation  of  transdifferentiation  of  Gd-DTPA/JetPEI 

labeled  MSCs  with  oil  red  O  (200×).  (A)  Gd-DTPA/JetPEI  labeled  MSCs 

differentiated into adipocyte by staining with oil red O; (B) Gd-DTPA/JetPEI-labeled 
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MSCs  differentiated  into  neuron-like  cells  by  staining  with  NF-200;  (C)  NF-200 

expression  of  neuron-like  cells  derived from Gd-DTPA/JetPEI-labeled  MSCs;  (D) 

Gd-DTPA/JetPEI-labeled  MSCs  differentiated  into  osteocytes  by  staining  with 

alizarin red; (E) unlabeled MSCs; (F) uninduced labeled MSCs. Scale bars B, C, E, F, 

50 μm; A, D, 100 μm.

Fig. 5  The Wound healing assay with a confluent monolayer of Gd-DTPA-labeled or 

-unlabeled cells  MSCs. When cultured MSCs reached 80% confluency, a pipette tip 

was used to scratch across the layer of MSCs. (A) After scratching, the surrounding 

cells migrated into the scratched area (200×) (time after scratching is indicated); (B) 

The time-dependent percentage of the resettled area was calculated in controls and 

JetPEI/Gd-DTPA-labeled MSCs. Scale bars 50 μm

Fig. 6  MR images of spinal cord injury and after transplanted MSCs in vivo. 

( ) MRI of the spinal cord 3 days after injury. (A) T1 imaging: there was no significantⅠ  

signal intensity difference; (B) T2 imaging: clear hyperintense signal change due to 

edema (arrows) was detected. Edema caused by injury can affect T2 but not T1 signal 

intensities. Scale bars 15 mm.

( ) MR images of spinal cord 3 days after unlabeled MSC transplantation. (A) T1Ⅱ  

imaging:  there  was  no  significant  signal  intensity  change;  (B)  T2  imaging:  clear 

hypointensity signal change due to hemorrhage (arrows) was detected. Scale bar: 15 

mm.

( ) MRI T1 images of spinal cord cross section 3 days after Gd-DTPA-labeled MSCsⅢ  

transplantation. (A) intact spinal cord; (B) injection center; (C) a layer (0.9 mm) close 

to injection center. Scale bars 3 mm.

- 23 -



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Fig. 7  Microscopic photos and MRI images of labeled MSCs in the injured spinal 

cord. 

(Ⅰ)  (A-D)  MRI  images  of  the  spinal  cord  3  days  after  Gd-DTPA-labeled  MSC 

transplantation  (sagittal  plane);  (A)  T1  imaging;  (B)  T2  imaging;  (C)  partial 

enlargement of A; (D) partial  enlargement  of B. The T1 hyperintense signal  from 

labeled MSCs (arrows) was detected. Scale bars A, B, 15 mm; C, D, 5 mm.

(Ⅱ)  (A&B) MRI images  of  the  spinal  cord  14 days  after  Gd-DTPA-labeled  MSC 

transplantation  (sagittal  plane).  (A)  T1  hyperintense  signal   (B)  T2  hypointensity 

signal from labeled MSCs (arrows) were detected. Scale bars 15 mm.

(Ⅲ) (A-F) Fluorescence microscopic picture of sectioned spinal cord samples 3 days 

(A-C)  and  14  days  (D-F)  after  Gd-DTPA-labeled  MSC  transplantation;  (A&D) 

Hoechst 33342 staining; (B&E) eGFP staining; (C&F) merged. Scale bars 500 μm.

Fig.  8  Behavioral  test  of  rats  post  spinal  cord  injury  with  or  without  stem  cell 

transplantation. Basso, Beattie, and Bresnahan (BBB) scores of labeled and unlabeled 

MSCs  transplantation  groups  were  higher  than  control  groups  and  there  was  no 

significant difference in the BBB scores between labeled MSCs and unlabeled MSCs 

transplantation groups. * P < 0.05, compared to PBS control group.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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