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Abstract 

 

While organ-specific stem cells with roles in tissue injury repair have been 

documented, their pathogenic significance in diseases and the factors potentially 

responsible for their activation remain largely unclear. In the present study, heart, 

kidney, brain, and skin samples from F344 transgenic rats carrying the GFP gene 

were transplanted into normal F344 rat liver one day after an intraperitoneal 

injection (i.p.) of carbon tetrachloride (CCl4) to test their differentiation capacity. 

The transplantation was carried out by female donors to male recipients, and vice 

versa. One week after transplantation, GFP antigen-positive cells with phenotypic 

characteristics of hepatocytes were noted. After two weeks, their extent increased, 

and at 4 weeks, large areas of strongly GFP-stained cells developed. All recipient 

livers had GFP antigen-positive hepatocyte cells. PCR analysis coupled with laser 

capture micro-dissection (LCM) revealed those cells to contain GFP DNA. Thus, 

our results indicate that tissue stem cells have multipotential ability, differentiating 

into hepatocytes when transplanted into an injured liver.   
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Introduction 

 
  Characterization of the cell populations involved in tissue repair allows for a new 

understanding of the mechanisms that are responsible for organ homeostasis. 

Mesenchymal cells are a well-differentiated population of bone marrow-derived 

non-hemopoietic cells with multipotent properties. The medical interest of such 

multipotency rests in the potential of such cells to repair damaged tissue. Several recent 

reports suggest that there is far more plasticity than previously believed in the 

developmental potential of many different adult cell types. Adult stem cells have been 

reported from several tissue sources, including the central nervous system (1-3), bone 

marrow (4-17), retina (18), brain (19), hair follicle (20, 21), inner ear (22), adipotic 

tissues (23, 24), oral mucosal epithelium (25), liver (26-28), skeletal muscle (29, 30), 

and skin (31). However, the mechanisms regulating stem cell differentiation and 

self-renewal are largely unknown at present. 

  Our ultimate goal is to regulate somatic stem cell differentiation and proliferation. 

There is growing evidence that injury to a target organ can be sensed by tissue-specific 

adult stem cells that migrate to a damaged site, undergo differentiation, and promote 

structural and functional repair. Here, we developed a model experimental system with a 

rat carrying a GFP transgene for testing the differentiation capacity of adult stem cells 

by engraftment with adult tissues into an injured liver. Albumin-positive 

GFP-containing cells localized in the context of the damaged liver after engraftment 

with heart, kidney, brain, and skin from adult animals, indicating that organ-specific 

stem cells engraft with a damaged liver and differentiate into hepatocytes, thereby 

restoring liver structure and function.  
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Materials and Methods 

 

Donor animals 

Irrespective of the approach used to obtain stem cells, the fate of adult stem cells 

following tissue transplantation can be traced by labeling donor cells with green 

fluorescence protein GFP, a non-secreting cytosolic protein that appears green under UV 

light.  The plasmid construct carrying GFP is driven by a CAG promoter.  The fate of 

any cell expressing GFP is easy to investigate by UV light or by immunohistochemistry 

in combination with an anti-GFP antibody. The EcoRI fragment of full-length EGFP 

cDNA was introduced into a pCAGGS expression vector containing the chicken 

beta-actin promoter and the cytomegalovirus enhancer, beta-actin intron, and bovine 

globin poly-adenylation signal (32). Transgenic rat lines were produced by injecting the 

purified linearized pCAG-EGFP plasmid DNA into F344/DuCrj (Fisher) rat-fertilized 

eggs. In total, 320 DNA-injected eggs were transplanted into pseudo-pregnant mice, 

resulting in 46 newborns. The incorporation of the transgene was examined by placing 

1-day-old pups under a fluorescent microscope. Five of these were found to be 

transgenic. All rats were prepared by Oriental Yeast Co., Tokyo, Japan. 

 

Recipients  

Both sexes of F344/DuCrj rats, 6 weeks of age at commencement, were purchased from 

Charles River and housed five to a polycarbonate cage under constant conditions of 

temperature (24±2℃) and relative humidity (55±10%) with a 12:12-hour light-dark 

cycle. The animals were maintained according to the "Guide for the Care and Use of 

Laboratory Animals" established by Hiroshima University. All rats were fed a 

commercial diet (MF; Oriental Yeast Co., Tokyo, Japan).   

 

Preparation of the donor tissues and transplantation procedures 

The outline of our transplantation strategy is shown in Fig. 1. Carbon tetrachloride 

(CCl4) was diluted with olive oil (carbon tetrachloride: olive oil 3:2) and administered at 

the rate of 1.5ml/kg body weight by i.p. injection. Twenty-four hours 

post-CCl4-injection, the 4 different donor tissues of heart, kidney, skin with shaved hairs, 

and brain, were minced and injected into the largest lobe of the liver in the recipient 

using a 16-gauge needle. The injected volume was 0.5 ml/liver, including 0.25g minced 

tissue. As a control, 0.5 ml of Minimum Essential Medium (MEM, Invitrogen) was 

injected in the same manner. Tissue from a male donor was transplanted into 5 female 

recipients, and that from a female donor was transplanted into 5 male recipients. The 
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liver autopsies were performed at 1, 2, and 4 weeks after the transplantation. In total, 

150 recipient rats were used for transplantation. The harvested livers were fixed in 10% 

buffered formalin and routinely embedded in paraffin and serially sectioned at 3 m. 

Sections were stained with hematoxylin and eosin and by the periodic acid-Schiff 

(PAS)-alcian blue.  

 

Immunohistochemistry  

Three-µm-thick sections were treated for 30 min at room temperature with 2% BSA and 

incubated with anti-GFP antibody (diluted 1:200; Abcom), monoclonal mouse 

anti-proliferating cell nuclear antigen (PCNA, diluted 1:50; Dako), and polyclonal 

antibody to human albumin (DBS, Ca) for 1 hr at room temperature.  In each case, 

negative controls were performed on serial sections, whereby incubation with the 

primary antibody was omitted.  All slides were then exposed to the secondary antibody, 

biotinylated horse anti-universal-monkey IgG (Vectastain Universal Quick Kit, Vector 

Laboratories, CA,) and peroxidase conjugated streptoavidin complexes. Peroxidase 

activity was visualized by treatment with H2O2 and diaminobenzidine for 5 min.  At 

the final step, the sections were counterstained with hematoxylin for 1 min.  

 

Detection of transgene in recipients 

GFP-positive cells in the liver engrafted with heart, kidney, brain, and skin tissue were 

harvested using an LM200 PixCell LCM System (Arcturus Bioscience, Inc., Mountain 

View, CA). Tissue was collected on TF-100 caps (Arcturus) containing transfer film 

from two or three sections per sample. DNA was extracted using a SepaGene solution 

(Sanko Jyunyaku Co., Ltd.) according to the manufacturer’s protocol. PCR detection of 

EGFP cDNA was performed with the TaKaRa Ex TaqTM (TaKaRa SHUZO Co., Ltd.) 

following standard procedures and using the primers recommended by Clontech: 

forward, 5 CGT CGC CGT CCA GCT CGA CCA G 3; reverse, 5 CAT GGT CCT 

GCT GGA GTT CGT G 3.  As a control, the quality of DNA was assessed by -actin 

primers: forward, 5 AGA GCA AGA GAG AGG TAT CCT G 3; reverse, 5 AGA GCA 

TAG CCC TCG TAG AT 3.  

 

Results and Discussion 

 

Implantation of somatic tissues into injured liver  

To allow testing of whether regenerating rat liver might offer a favored site for the 

growth of stem cells from other tissues, we developed a rat strain carrying a GFP 
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transgene as a model experimental system to allow the determination of cell derivation. 

Samples of heart, kidney, brain, and skin obtained from male F344 rats carrying the 

GFP gene were transplanted into the GFP-negative livers of female F344 rats after 

induction of liver injury with CCl4 (Fig. 1).  The implant sites were then harvested, and 

tissue sections were analyzed by hematoxylin and eosin and immunohistochemical GFP 

staining.    

 

Appearance of GFP-positive cells 

One and two weeks after transplantation, the sinusoids were enlarged (Fig. 2a), and 

macrophage-like cells and mitoses increased and then decreased. In addition, most of 

the transplanted tissues had disappeared from the liver parenchyma.  Some remnants 

were observed, however, especially with skin grafts.  To monitor donor derived-cells, 

tissue sections were analyzed for the presence of GFP by immunohistochemical staining.  

GFP antigen-positive cells with hepatocyte-like morphology were detected 1 week after 

implantation with heart, kidney, brain, and skin tissues.  Two weeks later, their sizes 

had increased (Fig. 2b), and larger areas of GFP-positive hepatocyte-like cells were 

apparent at 4 weeks (Fig. 2c). GFP-positive hepatocyte-like cells were observed in all 

recipients. The morphological characteristics of the GFP-positive cells are identical to 

the adjacent host hepatocytes, with pale staining for PAS (Fig. 2d).  In addition, both 

GFP-positive and -negative hepatocytes demonstrated strong binding of the polyclonal 

antibody against human albumin. These results were reproducibly observed when 

organs were transplanted from male donor to female recipients, moreover; they  

were also transplanted from female donor to male recipients.  

 

 

Characterization of the GFP-positive cells 

To further elucidate whether these hepatocyte-like cells are immunohistochemically 

positive for GFP originated from donor tissues of F344/DuCrj EGFP rats, PCR analysis 

coupled with LCM was performed. As shown in Fig. 2e, hepatocytes 

immunohistochemically positive for GFP were found to carry the GFP transgene.   

 

In this report, we have documented evidence of differentiation of stem cells from heart, 

kidney, brain, and skin samples to cells with a hepatic phenotype when grafted into 

livers during injury-dependent stimulation of cell division. Previously, we reported that 

esophagus, trachea, and bladder grafts transplanted into glandular stomach and 

duodenum differentiated into gastric and duodenal mucosa, respectively, suggesting that 
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stem cells have multipotential ability to respond to differentiation factors from the 

surrounding environment in the gastrointestinal tract.  We also observed that pieces of 

heart transplanted into a kidney, immediately after the other kidney was removed, 

differentiated into renal tissue (unpublished observation). Other examples of extensive 

plasticity include the in vivo differentiation of a bone marrow population enriched for 

hematopoietic stem cells into mature hepatocytes in the liver of rodents (12, 33); after 

radiation-induced myeloablation (34), such differentiation of bone marrow cells into 

mature cells of the liver was also reported to occur in humans (35, 36). Krause et al. 

(13) reported that adult bone marrow cells had tremendous differentiation capacity for 

transforming into epithelial cells of liver, lung, GI tract, and skin. Furthermore, Suzuki 

et al. (27, 28) reported that self-renewing pluripotent stem cells exist in the developing 

liver, which differentiates into pancreatic ductal and acinar cells or intestinal epithelial 

cells when transplanted into pancreas or the duodenal wall. Recently, Amoh et al. 

suggested that hair-follicle stem cells may provide an accessible, autologous source of 

undifferentiated multipotent stem cells (22). Together with the data presented here, the 

available findings indicate that mammalian stem cells persist in various organs and that 

such cells can be induced to become cells of other organ differentiation with an 

appropriate microenvironment. Our experimental system, with its unique feature of a 

GFP marker, has clear advantages over other animal models.  

Cells are known to change identity through fusion; in other words, molecules 

from one fusion partner re-program gene expression in the genome of another. Fusion 

can occur spontaneously in vitro (37), and there is considerable evidence for such a 

mechanism in vivo (38-40). On the other hand, human stem cells from human bone 

marrow and umbilical cord blood (41), human umbilical cord blood-derived 

mesenchymal stem cells (42), and mouse bone marrow mononuclear cells (43) can 

differentiate into functional hepatocyte-like cells without apparent fusion in vitro. 

Furthermore, Sato et al. recently reported that human mesenchymal stem cells 

xenografted directly into rat liver differentiate into hepatocytes without fusion (44). The 

situation with our model is unclear, but an understanding of how stem cells generate 

liver cells is clearly of great importance if the full potential of transplants for the 

treatment of genetic disorders is to be realized. In the future, we should demonstrate the 

presence of the rat Y chromosome because no such proof is currently available. 

 In conclusion, our results indicate that organ-specific stem cells in a wide range of 

tissues, including the heart, kidney, brain, and skin, may be able to differentiate into 

hepatocytes when transplanted into livers under conditions of strong stimulation of cell 

growth and division.  
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 Legends 

 

Figure 1  

Schematic representation of transplantation procedures.  Transgenic rats carrying 

EGFP cDNA (F344/DuCrj EGFP) driven by a CAG promoter (32) were prepared and 

monitored with an in vivo imaging system (IVIS, Xenogen, Inc., USA).  The fate of 

cells expressing GFP could be followed under UV light or by immunohistochemistry in 

combination with an anti-GFP antibody. Carbon tetrachloride was diluted with olive oil 

(carbon tetrachloride: olive oil 3:2) and administered at the rate of 1.5ml/kg body 

weight via i.p. injection. Twenty-four hours post-injection, minced samples of donor 

heart, kidney, skin with shaved hairs, and brain were injected into the largest liver lobes 

of recipient F344/DuCrj rats (6-week-old) using 16-gauge needles.  Tissues from male 

donors were transplanted into female recipients, and those from female donors were 

transplanted into male recipients.  

 

Figure 2a 

Histological appearance of HE-stained implanted tissues. Implants of minced tissues 

from heart one week after transplantation. There were no signs of necrosis or bleeding.  

Mitoses were observed in parenchymal cells and sinusoids, in which there were 

macrophage-like cells and enlarged Kupffer cells. The scale bar indicates 100 m. 

 

Figure 2b 

Appearance of donor-derived hepatocytes immunohistochemically positive for GFP two 

weeks after brain tissue transplantation. The scale bar indicates 100 m. 

 

Figure 2c 

GFP immunohistochemical staining, 4 weeks after heart tissue transplantation. The scale 

bar indicates 100 m. 

  

Figure 2d 

Periodic acid-Schiff (PAS)-alcian blue staining 4 weeks after heart tissue transplantation. 

The scale bar indicates 100 m. The GFP-positive cells showed pale staining with PAS, 

unlike those in Figure 2c. 

  

Figure 2e 

DNA from GFP-positive cells in the liver engrafted with tissues from heart, kidney, 
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brain, and skin was harvested using an LM200 PixCell LCM System and subjected to 

PCR analysis for the detection of the GFP gene.  
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