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Abstract. The rat represents an excellent mammalian model for
broadening medical knowledge, and a wealth of information on its
physiology has been obtained from its use as an experimental organ-
ism. Furthermore, its ample body size allows various surgical manipu-
lations that cannot be performed on a mouse. Many rat models mimic
human diseases and have therefore been used in a variety of biomedi-
cal studies, including physiology, pharmacology, and transplantation.
In an effort to create specifically designed rats for new biomedical
research and the field of regenerative medicine, we develop an engi-
neered rat system on the basis of transgenic technology and succeed
in establishing unique rats that possess genetically encoded color
probes: green fluorescent protein �GFP�, DsRed2 �red liver�, Cre/LoxP
�red to green�, and LacZ �blue and luminescence�. In this work, we
highlight their characteristics and describe recent applications for tis-
sue engineering and regeneration. Coupled with recent progress in
modern imaging systems, these transgenic rats are providing powerful
tools for the elucidation of many cellular processes in biomedical
science, and may lead to innovative medical treatments. © 2005 Society
of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2007947�
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1 Background
1.1 Rat as a Model Organism

Model organisms have been used for over a century to under-
stand a variety of biological processes.1 Rodents have been
utilized to study mammalian physiology and pathology in an
attempt to understand disease processes and pathogenesis.2–4

Though the rat is often viewed as a pest, it was the first
mammalian species to be domesticated for scientific
research.5 The first inbred rat strain �PA� was established in
the same year that systematic inbreeding began for the
mouse,6 but the mouse became the dominant model for mam-
malian geneticists under the early support of genetic engineer-
ing. Recent advances in genetic manipulation have progressed
to a lesser degree for the rat than the mouse,7,8 but the Rat
Genome Project is helping biomedical researchers with a
powerful set of tools with which to develop much better mod-
els of human disease at the phenotypic and genomic level.9,10

The role of the rat in medicine has changed from a carrier of
infectious diseases to an indispensable tool for biomedical
science and drug development.

Based on a wealth of physiological and pharmacological
data, the current use of the rat in biomedical research includes
transplantation,11–13 cancer,14,15 diabetes,16 and psychiatric
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disorders,17 including behavioral intervention18 and
addiction.19 In drug development, the rat is routinely em-
ployed to demonstrate therapeutic efficacy12,20 and assess tox-
icity of novel therapeutic compounds before use in human
clinical trials.21–23 The rat therefore represents an important
animal model for modern human health and medicine.

1.2 Visualization of Biological Processes
In an effort to enhance our understanding of biological pro-
cesses as they occur in living animals, imaging strategies have
been developed and refined that reveal cellular and molecular
biological events in real time. The development of molecular
tags such as green fluorescent proteins �GFP� from the jelly-
fish �Aequorea victoria� and luciferase from the firefly �Photi-
nus pyralis� has accelerated a revolution over the past decade,
allowing complex biochemical processes to be associated
with the functioning of proteins in living cells.24,25 In particu-
lar, fluorescence imaging, which utilizes fluorescent proteins
�e.g., GFP and DsRed2� as internal biological light sources,
offers important opportunities for the investigation of a wide
variety of biological processes in living cells �e.g., protein
geography, movement, and chemistry�.24,26 Results from these
applications are providing new, profound insights into cellular
processes occurring in the complex environment of the cell.

Cell differentiation or fusion, for example, is the end result
of a complex series of biologic events that potentially lead to
functional recovery in damaged tissues.27–30 Visualization of
1083-3668/2005/10�4�/041204/11/$22.00 © 2005 SPIE
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their fate needs an appropriate cellular marking procedure.
Indeed, it is easy to use fluorescent dye, but there is a draw-
back in that fluorescent intensity decreases during in vivo cell
proliferation. Thus, genetically encoded biological probes can
act as high-performance tools to visualize cellular fate in liv-
ing animals.

1.3 Transgenic Rat System
Laboratory mice represent a convenient experimental animal
for research and monitoring the progression of genetic
manipulation.2 However, recent advances in rat genetic engi-
neering are catching up to those based on mouse
technology.7,8,31 The transgenic rat system may not have been
a popular model for biomedical research, but new transla-
tional research fields in medicine �such as regeneration medi-
cine� demand an excellent animal model system, in which the
larger body size allows us to test various techniques in medi-
cine. A complete survey and analysis of strategies used in
mouse models25,26,32 is beyond the scope of this work, which
focuses instead on the use of genetically colored rats to inves-
tigate cellular fate in living animals. We highlight our trans-
genic rat system and demonstrate the following potential ap-
plications to particular biologic events, including cellular
trafficking, transdifferentiation, and tissue repair: 1. use of
GFP-transgenic rats in cellular trafficking and fate, 2. the role
of bone marrow-derived cells in liver regeneration using the
liver-specific DsRed2 transgenic rat, 3. spatio-temporal gene
control by the Cre/LoxP system and cellular fusion, and 4. the
role of bone marrow-derived cells in skin wound healing us-
ing the LacZ-mediated luminescent technique.

2 GFP-Transgenic Rats
2.1 GFP Expression Profile
Our first-generation of GFP-Tg rat was derived from a Wistar
background. Use of Wistar rats was indeed useful and effec-
tive in monitoring cellular fate in certain experiments, includ-
ing organ transplantation33–36 and cutaneous biology.37 For ex-
ample, it is known that the liver is a tolerogenic organ from an
immunological aspect, and that it contains abundant hepatic
lymphocytes.38–40 Long-term tracking of rat donor passenger
leukocytes �DPLs� by Inoue et al.34 showed that a small num-
ber of major histocompatibility complex �MHC� class
II+GFP+ DPLs �from GFP-Wistar rats� were present at the
graft site and in the spleen of recipient rats, but not in the
bone marrow. They also demonstrated the substantial correla-
tion of “leukocyte parking” with spontaneous tolerance in rat
liver transplantation. Miyashita et al.37 showed the usefulness
of GFP-Wistar rats by characterizing the role of hair follicles
as a source of stem cells by implantation of cultured kerati-
nocyte sheets, and they obtained substantial data suggesting
that stem cells are present in the induced follicle and that the
induced follicle consists of polyclonally derived cells.

However, Tg animals derived from a Wistar strain have a
few weak points: all of the tissues did not express enough
marker genes in the established animal lines, although both
reporter genes were driven under a ubiquitous cytomegalovi-
rus �CMV� enhancer/chicken beta-actin promoter �CAG
promoter�.33,41 Furthermore, transplanted cells or tissues were
occasionally rejected by immune responses due to a mismatch

of the minor histocompatibility complex �mHC� derived from
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an outbred strain of Wistar rats.33 Thus, Inoue et al.42 redevel-
oped GFP-expressing Lewis rats harboring the same genetic
background �MHC haplotype: RT1I�. The new CAG/GFP-
LEW line expressed GFP strongly and ubiquitously in most of
the organs, in contrast with the former GFP-Tg line of Wistar
rats.33,42 As shown in Fig. 1, representative organs such as the
heart, brain, and kidney demonstrated higher levels of GFP
expression in the new GFP-LEW Tg line.

2.2 Visualization of Cellular Fate Using a New
GFP-Tg Strain

2.2.1 Cell trafficking in the cerebral infarction
The use of cells from GFP-Tg is more appealing for studies of
cellular monitoring due to stable marker expression and easy
visualization under excitation light. Inoue et al.42 focused on
the central nervous system �brain� as an immunologically
privileged site, and they examined the cellular fate of neural
progenitor cells from CAG/GFP-LEW Tg rats using a rat ce-
rebral infarction model in the absence of immunosuppressive
drugs �Fig. 2�a��.42 Of note is our later suggestion that some
marker proteins might occasionally act as immunogens.

Neural progenitor cells were established from E14.5 of
CAG/GFP-LEW Tg rats and maintained in vitro for 20 days
under appropriate culture conditions.42,43 Neurosphere cells
strongly expressed GFP �Fig. 2�b�� and Nestin �data not
shown�, and maintained the phenotype as a neural progenitor.
The sphere cells were then transplanted stereotactically into
the cerebral ventricle space of wild-type LEW rats at 5 days
postcerebral infarction. They showed that GFP-positive cells
accumulated in the cerebral infarction area and were able to
survive. We also observed a similar phenomenon in cases in-
volving spinal cord injury �in preparation�. The therapeutic
potential of these neural progenitor cells is of great interest.
Investigations of this migration have recently revealed that
this biological event is strongly associated with the chemok-
ine receptor CXCR4 and the ligand CXCL12/SDF-1�.44,45

Rat neural progenitors from the prior transgenic line ex-
pressed significant levels of CXCR4 �Fig. 2�b��, and the cere-
bral infarction area showed enhanced mRNA expression of
CXCL12 �Fig. 2�c��, suggesting that the cellular migration
results from the interaction of CXCR4 with CXCL12. Fur-
thermore, since there is emerging data suggesting that the axis
of CXCR4 and CXCL12 enhances survival of various
cells,46,47 it is likely that cell survival, as well as chemotactic
migration, is highly implicated in the accumulation of GFP+

neural progenitor-derived cells in the infarction area.

2.2.2 Regeneration potential of the neonatal intestine
Based on advances in tissue engineering technology and stem
cell research, newborn tissue possesses promising potential as
a donor source in the field of organ transplantation, even when
undergoing cryopreservation. Small intestinal transplantation
is still an optional treatment for patients with severe intestinal
failure as a means of sustaining life;48 however, intestinal
transplantation remains limited due to chronic donor short-
ages, and clinical results of intestinal transplantation do not
always compare well with other organ transplantations. Inter-
estingly, Tahara et al.49 reported that newborn intestine pos-
sessed attractive and promising potential as a donor graft in

the field of intestinal transplantation, even when cryopre-
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served in liquid nitrogen. The regeneration process of new-
born intestine was highly implicated in neoangiogenesis in the
host, and newborn intestine can revascularize and mature fol-
lowing subcutaneous transplantation without surgical vascular
anastomosis.49 This phenomenon was specifically observed
shortly after birth, where the maturation ability of newborn
intestinal grafts gradually decreased with time �this regenera-
tion ability peaked within 24 h after birth�. Furthermore, they
demonstrated surprisingly that the newborn intestinal graft
was capable of promoting the survival of a 10-day-old intes-
tinal graft that lacked regenerating potential when both grafts
were adhered to each other in parallel �Figs. 3�a�–3�d��.

In their effort to determine whether maturation-
incompetent 10-day-old grafts could survive even in the tis-
sue aggregates, 10-day-old intestinal grafts of GFP-LEW rats
were processed by chopping, followed by subcutaneous trans-
plantation with processed newborn grafts of wild-type Lewis
rats �Fig. 3�e��. As shown in Fig. 3�f�, the control GFP+ new-
born grafts showed morphological reconstitution following
transplantation, and regenerated epithelium gave rise to a
green fluorescence under excitation light at 14 postoperation
days. The 10-day-old intestinal grafts from GFP-LEW Tg rats
were able to survive in the presence of chopped newborn
grafts, and some mucus had accumulated in the lumen �Figs.
3�g� and 3�h��. These findings demonstrate that the incompe-

Fig. 2 Migration of neural progenitor-derived cells to the cerebral in-
farction area. �a� Representative scheme of stereotactic microinjection
and accumulation of GFP+ neural progenitor-derived cells to the ce-
rebral infarction area. �b� Neural progenitor cells from CAG/GFP-LEW
Tg rats express substantial levels of GFP under a 489-nm excitation
light �green�. Expression of the chemokine receptor CXCR4 was visu-
alized by immunostaining using antirat CXCR4 antibodies �red� ��40
magnification�. �c� RT-PCR analysis demonstrates that cerebral infarc-
tion enhances chemokine SDF-1a/CXCL12 expression. GAPDH rep-
resents an internal control.
Fig. 1 Differential GFP-expression pattern between GFP-Wistar and
GFP-LEW Tg rats. Representative organs �heart �a� and �b�, brain �c�
and �d�, kidney �e� and �f�, small intestine �g� and �h�, eye �i� and �j�,
and thymus �k� and �l�� were removed from CAG/GFP-LEW Tg �left in
each panel�, CAG/GFP-Wistar Tg �middle in each panel�, and wild-
type LEW rats �right in each panel�, and examined under visible ��a�,
�c�, �e�, �g�, �i�, and �k�� or 489-nm excitation light ��b�, �d�, �f�, �h�, �j�,
tent intestinal graft from tissue aggregates could reconstitute
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Fig. 3 Regeneration potential of the rat newborn intestine. �a� A fresh 10-day-old intestinal graft was transplanted in the subcutaneous space of
syngeneic rats, and then removed at 14 days post-transplantation �hematoxylin and eosin �H&E�, �20 magnification�. Notably, the mucosal
epithelium and villi were stripped away. �b� Representative scheme of the twin grafting. �c� Histological recovery of the 10-day-old intestinal graft
in the presence of a newborn graft �twin grafting: H&E, �20 magnification�. The mucosal epithelium and villi were maturated in the 10-day-old
intestinal graft. �d� Average histological score of graft. Data represent mean±SED �n=13�. *P=0.006 versus 10-day-old�newborn. �e� Represen-
tative scheme of histological reconstitution of a 10-day-old GFP+ graft from tissue aggregates. �f� Neonatal intestinal grafts from GFP-transgenic
Lewis rats were chopped at random, and transplanted into the subcutaneous space of wild-type Lewis rats. A representative specimen is shown at
14 days post-transplantation �H&E, �40 magnification�. �g� 10-day-old intestinal grafts from GFP-transgenic Lewis rats were chopped at random
and subcutaneously transplanted with similarly chopped newborn grafts from wild-type Lewis rats. A representative specimen is shown at 14 days
post-transplantation �H&E, �20 magnification�. �h� GFP expression of the specimen in �g� �under a 489-nm excitation light, �20 magnification�.
Note the substantial expression of GFP from the 10-day-old intestinal graft.
Journal of Biomedical Optics July/August 2005 � Vol. 10�4�041204-4
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its own tissue in the presence of newborn grafts, and provide
new insights into the regenerative role of newborn intestinal
grafts.

How are the intestinal stem cells of the graft activated in
the recipient �host�? There are two possible explanations that
account for the graft and host interaction: 1. host-derived en-
terocytes are stimulated in the intestinal graft,50 and 2. bone
marrow-derived cells repair damaged epithelia of the graft.51

Although Tahara et al.49 also observed some cellular migra-
tion of host cells, they were unable to determine which host-
derived cells contributed to tissue reconstruction. An initial
neoangiogenic event during the early days may stimulate the
stem cells toward their maturation.

3 DsRed2-Tg Rats
3.1 Development of the Liver-Specific Reporter

Tg Rat
Recent studies have shown that bone marrow-derived cells
�BMDCs� are a potential source for liver regeneration.52–55

While spontaneous cell fusion is one hypothesis for adapta-
tion of BMDCs into mature hepatocytes,56,57 it still remains
unclear how BMDCs could generate or differentiate into ma-
ture cells. As serum albumin is a characteristic protein pro-
duced in significant amounts by mature hepatocytes, the albu-
min gene promoter provides attractive machinery for the
reporting of cellular events during liver specification and ter-
minal differentiation. Sato et al.58 developed a liver-specific
reporter Tg rat �Alb-DsRed2� �Fig. 4�a��, in which DsRed2
derived from a red coral �Discosoma�59 is expressed as a re-
porter protein under the control of the mouse albumin en-
hancer and promoter.60

In accordance with albumin production from hepatoblasts
�early progenitor cells�, liver-specific expression of DsRed2
was observed from 14.5 embryonic days �ED� in the develop-
mental stage of Tg rats �Figs. 4�b�–4�e��. DsRed2 expression
was observed in the adult liver, but in BMDCs, lymphocytes,
and granulocytes �not shown�.

3.2 Differentiation of BMDCs to Albumin-Producing
Cells in the Damaged Liver

In an effort to examine the Alb-DsRed2 Tg rat for liver re-
generation studies, we utilized a chemically induced liver
damage model using carbon tetrachloride �CCl4�. In the acute
liver injury model with CCl4 and 2-actylaminofluorene �2-
AAF�, no DsRed2-expressing cells were observed at 19 days
after portal injection of BMDCs. However, a few DsRed2+

small cells were recognized in each lower power view section
around 60 days after BMDCs injection �1.5±1.6 cells� �Fig.
5�f��. Immunohistochemical studies also revealed albumin ex-
pression in DsRed2+ cells, indicating that donor-derived BM-
DCs migrated and differentiated into the albumin-producing
cells in the host liver.

On the other hand, Sato et al.58 also evaluated the contri-
bution of BMDCs in the chronic liver injury model with
CCl4. CCl4 was repeatedly administrated into the subcutane-
ous space of rats. Several DsRed2+ cells were easily identi-
fied at 30 and 60 days after portal injection of BMDCs �lower
magnification� �Fig. 5�g��. Different sizes of DsRed2+ cells

were observed at 60 days after portal injection, and their
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number also increased in comparison to the acute liver injury
model �89.3±17.6 cells versus 1.5±1.6 cells�. It is unlikely
that differentiated BMDCs simply adhered to the damaged
liver, since significant DsRed2 expression was not observed in
BMDCs or the peripheral blood of Tg rats. They therefore
concluded that BMDCs differentiated into DsRed2+ albumin-
producing cells in conditions involving a damaged liver.

4 Double-Reporter Tg Rat: From Red
to Green

4.1 DsRed2/GFP Double-Reporter Tg Rat
Advanced genetic manipulation has progressed to a lesser de-
gree in the rat than the mouse. However, generations of
cloned rats and the mutagenesis-based gene knockout rat yield
enormous promise.7,8 We introduce the rat Cre/LoxP system,61

which allows examination of a particular gene function in a
temporal and tissue-specific manner by means of conditional
gene recombination.

The double-reporter Tg rats possess DsRed2 cDNA flank-
ing LoxP sites at both ends as a stuffer and GFP downstream
of the DsRed2 �Fig. 5�a��. Their expression is controlled by a
ubiquitous CAG promoter, and DsRed2 is expressed in the rat
before Cre/LoxP site-specific excision. Skeletal muscle, the
pancreas, heart myocardium, and bronchus show relatively
strong DsRed2 expression in adult Tg rats �data not shown�.
During the developmental stage, DsRed2 expression was de-
tected in embryos at the 2-cell stage �1.5 embryonic days�
under 560-nm wavelength excitation light �Figs. 5�b� and
5�c��, showing that the CAG promoter functions in rats in
many tissues and from early embryonic development.

4.2 Spatio-Temporal Control of Gene Expression
by the Cre/LoxP Rat System

To examine functional excision of the DsRed2 stuffer gene by
Cre recombinase, we first mated DsRed2/GFP double-reporter
Tg rats with the other NCre Tg rats expressing Cre recombi-
nase. In mating a heterozygous DsRed2/GFP double-reporter
male Tg rat with a homozygous NCre Tg female rat, blasto-
cysts at 5.5 embryonic days did not express red fluorescence
�DsRed2�, but showed green fluorescence �GFP�, especially in
the inner cell mass �Figs. 5�d� and 5�e��. Newborns of
double-Tg �DsRed2/GFP�NCre� rats also displayed ubiq-
uitous green fluorescence �Figs. 5�f� and 5�g��. These results
show that the Cre/LoxP rat system is already functioning dur-
ing the developmental stage. Sato et al.61 confirmed that the
DsRed2 stuffer gene in the double-reporter Tg rat was com-
pletely excluded by Cre recombinase by polymerase chain
reaction �PCR� analysis.

This binary double-reporter system allows us to control
spatio-temporal gene expression. For example, targeted tissue
delivery of the Cre-expressing vector is a promising strategy
for the regulation of gene expression. We then introduced Cre-
expressing adenovirus �AdV-Cre� into the muscle of adult
double-reporter Tg rats by intramuscular injection. Local in-
fection of the Adv-Cre into the muscle changed red-
fluorescent muscle fibers expressing DsRed2 to green-
fluorescent fibers expressing GFP,61 implying excision of the
DsRed2 stuffer gene.

To enhance genetic control of a specific target organ, we
61
also developed a catheter-based gene transfer system. For
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example, to target the pancreas of living animals, we success-
fully performed retrograde intrapancreatic duct injection of
the adenovirus vector using a fine catheter. As a control de-
livery, in vivo luciferase activity was evaluated following

Fig. 4 The Alb-DsRed2 transgenic rats. �a� Representative scheme of
liver-specific DsRed2 expression in the Alb-DsRed2 Tg rat and the
mouse albumin/enhancer promoter. �b� A representative embryo of an
Alb-DsRed2 Tg rat at 14.5 embryonic days after gestation. �c� Liver-
specific DsRed2 expression was observed in �b� under 560-nm exci-
tation light. �d� A representative adult liver �4 weeks old� of an Alb-
DsRed2 Tg rat. �e� DsRed2 expression in �b� under 560-nm excitation
light. �f� Differentiation of BMDCs derived from Alb-DsRed2 Tg rats
into albumin-producing cells with acute liver injury using CCl4 and
2-AAF ��400 magnification�. The upper-right panel represents a high-
power view ��1000 magnification�. �g� Chronic liver injury by re-
peated administration of CCl4-induced differentiation of BMDCs from
Alb-DsRed2 Tg rats into albumin-producing cells ��400 magnifica-
tion�. The upper-right panel represents a high-power view ��1000
magnification�.
AdV-luciferase infection, indicating pancreas-selective gene
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Fig. 5 The Cre/LoxP-mediated color-conditioning Tg system and cell
fusion. �a� Schematic representation of the DsRed2/GFP double ex-
pressing gene and Cre recombinase-mediated LoxP site-specific re-
combination. �b� DsRed2 expression at the 2-cell stage �1.5 embry-
onic days�. �c� DsRed2 expression in �b� was observed under
560-nm excitation light. �d� and �e� By mating a heterozygous
DsRed2/GFPdouble-reporter male Tg rat with a homozygous Cre-
expressing female Tg rat, blastocysts at 5.5 embryonic days expressed
green fluorescence �GFP�, especially in the inner cell mass. �e�, �f� and
�g� A representative newborn of a double Tg �DsRed2/GFP�NCre,
left� rat, but not that of a NCre Tg rat �right�, displayed ubiquitous
green fluorescence �see left newborn�. �h� Schematic representation of
rat limb transplantation. A hind limb of DsRed2/GFP double-reporter
Tg rats was orthotopically transplanted to NCre Tg rats. To prevent
rejection, 1 mg/kg of FK506 �kindly provided by Fujisawa Pharma-
ceutical Company, Osaka, Japan� was injected intramuscularly for
14 days after transplantation. GFP-positive muscle fibers were de-
tected 4 weeks after limb transplantation. �i� DsRed2 and �j� GFP ex-
pression were observed under 560- and 489-nm excitation light, re-
spectively. The upper-right corner panel in �i� and �j� represents a
high-power magnification ��100� of the indicated square.
July/August 2005 � Vol. 10�4�6
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expression after AdV administration. This methodology is
limited to the pancreas, but it is capable of being applied to
other organs �e.g., liver and limbs� for specific gene expres-
sion in living animals,61–63 and leads to the easy control of
spatio-temporal gene expression.

4.3 Visualization of Cell Fusion Using the DsRed2/
GFP Double-Reporter Tg Rat

We employed a method based on Cre/LoxP recombination to
detect cell fusion events in the muscles. We transplanted a
hind limb of DsRed2/GFP double-reporter Tg rats orthotopi-
cally to NCre-Tg rats �Fig. 5�h��. Four weeks after limb trans-
plantation, GFP+ muscle fibers were detected in the proximal
side of the recipient limb �Figs. 5�i� and 5�j��. Chromosomal
translocation in the anastomosis site was also confirmed by
PCR. These results substantially demonstrate that GFP ex-
pression resulted from fusion events between donor and re-
cipient myofibers.

5 LacZ Tg Rats: From Staining to Luminescent
Imaging

5.1 LacZ Expression Profiling and Luminescent
Imaging

As with the fluorescent proteins, cell marking with a LacZ
�beta-galactosidase� reporter gene is still widely used in the
study of cell lineage and differentiation because LacZ staining
has taken advantage of the histological analysis and the easy
staining procedure. Apart from the authentic LacZ-staining
procedure, we shortly introduce LacZ luminescent imaging in
living animals �rats�.

Two types of LacZ-Tg rats have been available from our
group: one is derived from a DA rat �CAG/LacZ-DA; MHC
haplotype: RT1a� driven under the CAG promoter,64 and the
other is derived from LEW �Rosa/LacZ-LEW: RT1l� driven
under the ROSA26 promoter.42 Both promoters provide the
potential for ubiquitous expression. However, their character-
istics are a little different. Various organs were removed from
transgenic animals and their expression pattern and intensity
were determined. Our investigation of LacZ-LEW transgenic
rats involved a comparison of LacZ expression of the previ-
ously established LacZ-DA Tg �CAG/LacZ-DA� line64 with
that of the LacZ-LEW �ROSA/LacZ-LEW� line. While skel-
etal muscle and myocardium revealed strong LacZ expression
in CAG/LacZ-DA rats, ROSA/LacZ-LEW rats showed weak
and heterogeneous expression in these tissues �Figs. 6�a� and
6�d��. In contrast, ROSA/LacZ-LEW rats showed superior ex-
pression in the liver �hepatocytes� �Figs. 6�b� and 6�e�� and
skin �epidermis and hair follicles� �Figs. 6�c� and 6�f��, com-
pared to CAG/LacZ-DA rats.42 Detailed expression patterns of
LacZ and intensity are described in the recent literature by
Inoue et al.42 It is notable that bone marrow cells were not
stained by this histological staining procedure �beta-gal stain-
ing�, but their expression was visualized by a LacZ biolumi-
nescent system.

The most representative bioluminescent probe is
luciferase,25 but the current chemical luminescent technology
allows us to visualize LacZ-tagged cells. Beta-Glo™
�Promega, Madison, Wisconsin� was originally developed for

in vitro assay system to quantify photons from LacZ-mediated
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reactions, in which the substrate �6-O-beta-galactopyranosyl
luciferin� is cleaved by beta-galactosidase to yield free lu-
ciferin that is used in a reaction catalyzed by luciferase to
generate a luminescent signal to the amount of beta-
galactosidase present.65 Inoue et al.42 showed that the LacZ
luminescent system was available to anesthetized living rats,
and they successfully demonstrated in vivo LacZ luminescent

Fig. 6 LacZ-expression pattern in CAG/LacZ-DA and ROSA/LacZ-
LEW Tg rats and its immunogenicity. Tissues �skeletal muscle �a� and
�d�, liver �b� and �e�, and skin �c� and �f�� were removed from CAG/
LacZ-DA ��a�, �b�, and �c�� and ROSA/LacZ-LEW Tg rats ��d�, �e�, and
�f��. Specimens were fixed with 0.2%-glutaraldehyde and stained with
a beta-gal staining solution �original magnification �100�. �g� In vitro
visualization of LacZ-expressing BMDCs. The number of BMDC cells
from the ROSA/LacZ-LEW Tg rat was analyzed by an in vivo bioim-
aging system using Beta-glo™ �Promega�. Photons were correlated
with cell number �y=1.3�105, xr, r=0.53�. �h� In vivo LacZ imaging
of the skin graft from the ROSA/LacZ-LEW Tg rat at 60 days
post-transplantation.
imaging using an in vivo bioimaging system �Xenogen,
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Fig. 7 Role of BMDCs on skin wound healing. �a� Schematic representation of administration of ROSA/LacZ Tg-derived BMDCs to the skin wound.
�b� In vivo imaging of BMDCs from the ROSA/LacZ-LEW Tg rat at 2 days post-transplantation. Full-thickness skin defects �20�20 mm� were made
on the head of rats, and BMDCs �107 cells� from ROSA/LacZ-LEW Tg rats with the artificial dermis �Terudermis®� were transplanted onto the skin
defects. �c� and �d� Immunohistochemistry of the specimens with �c� mock or �d� treatment with BMDCs using antibodies against the von
Willebrand factor �vWF� �at day 20 post-treatment�. �e� Time-course quantification of LacZ-expressing BMDCs. The BMDC-treated animals were
analyzed using the in vivo bioimaging system every other day.
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Alameda, California�. LacZ-expression of BMDCs from
ROSA/LacZ-LEW rats was visualized in the presence of a
luminescent substrate with at least 2000 cells contributing to
successful imaging for the in vitro analysis �5
�106 photons� �Fig. 6�g��. For in vivo luminescent analysis,
skin grafts of ROSA/LacZ-LEW rats were transplanted onto
parental LEW rats �dorsal skin�, and the graft imaging was
followed by the local injection of LacZ luminescence sub-
strate �50 �l of the reagent/animal� �Fig. 6�h��. Although ad-
verse effects by the systemic administration remain to be con-
sidered, these results demonstrate that LacZ-tagged cells,
coupled with appropriate substrates, are visualized as in vivo
real-time imaging.

5.2 Evaluation of the Contribution of BMDCs to Skin
Wound Healing

Considering the sensitive luminescence assay for the expres-
sion of LacZ, Inoue et al.42 evaluated the contribution of BM-
DCs to skin wound healing �Fig. 7�a��. Full-thickness skin
defects �2�2 cm� were made on the head of wild-type LEW
rats, and BMDCs �107 cells/100 �l� from ROSA/LacZ-LEW
rats with the artificial dermis �Terudermis®� were trans-
planted into the skin defects of these rats �artificial dermis
plus PBS 100 �l was grafted as the experimental control�.
Although substantial luminescent images were only obtained
for a few days �Figs. 7�b� and 7�c��, it was clear that BMDCs
contributed to skin wound healing, as also recently demon-
strated by Yamaguchi et al.66 The wound area reduction rate
was 9.6±2.7% in the BMDC-administered group, and
12.9±6.9% in the control group. Neovascularization was en-
hanced by administration of BMDCs �Fig. 7�d��, and BMDCs
administered to a wound area shortened the healing period.
Nonetheless, their cellular signals were equivalent to the
background level after 4 days postgrafting, and cell fate was
not monitored throughout the healing period �Fig. 7�c��. These
results therefore suggest that BMDCs can indeed enhance
skin wound healing, but their contribution may be low and
perhaps transitory.

Investigations in this arena were undertaken by Takahashi
et al.,64 who evaluated the contribution of BMDCs to myocar-
dial injury �by a cryoinjury� in BMDC �from LacZ Tg rats�
transplanted �BMT� rats, in which their results also demon-
strate that the contribution of BMDCs is still low. Thus, the
contribution of administered BMDCs to damaged tissues may
perhaps involve an appropriate supply of certain kinds of ben-
eficial growth factors.

6 Conclusion
In this work we highlight remarkable features in a color-
engineered rat system and potential application of LacZ in
vivo imaging: 1. CAG/GFP-LEW Tg expressed GFP ubiqui-
tously and strongly in all of the tissues we examined, the
cellular source from GFP-LEW Tg rats provides a high-
performance tool for an investigation of cellular fate, espe-
cially in immune privilege sites �e.g., brain and testis�, and the
GFP-Wistar line is also useful in leukocyte-trafficking studies
�shortly described by Sato et al.67�; 2. the Alb-DsRed 2Tg rat
was capable of revealing the role played by BMDCs during
liver regeneration studies; 3. DsRed2/GFP double-reporter Tg

rats allowed the control of gene expression under Cre/LoxP

Journal of Biomedical Optics 041204-
site-specific recognition, providing effective materials for the
elucidation of the cellular fusion process; and 4. ROSA/
LacZ-Tg was strongly expressed in the liver, small intestine,
cartilage, and skin �the CAG/LacZ-DA Tg line expressed
LacZ in significant amounts in the heart and skeletal muscle�,
and they still represent attractive animal tools, because sensi-
tive LacZ luminescent technology is now available for the
visualization of in vivo cellular fate in living animals.

Since the rat is larger than the mouse, studies using the
former animal make available various physiological tech-
niques. Synergized with modern advances in fluorescent and
luminescent imaging, this transgenic rat system provides in-
novative animal tools and a new platform for a better and
profound understanding in new biomedical research, such as
regeneration medicine. The spatio-temporal information ob-
tained using the rat Tg system can accelerate the development
of experimental therapeutic strategies.

Acknowledgments
We wish to thank all personnel in the Division of Organ Re-
placement Research, Center for Molecular Medicine, Jichi
Medical School. This study was supported by a grant to T.M.
from Kowa Life Science Foundation �2004� and by grants to
E.K. from the Research on Health Sciences focusing on the
Drug Innovation Program of the Japan Health Science Foun-
dation �2004�, the “High-Tech Research Center” Project for
Private Universities, matching fund subsidy, and the COE
program from MEXT �2003�.

References
1. M. M. Barr, “Super models,” Physiol. Genomics 13, 15–24 �2003�.
2. J. A. Beck, S. Lloyd, M. Hafezparast, M. Lennon-Pierce, J. T. Eppig,

M. F. Festing, and E. M. Fisher, “Genealogies of mouse inbred
strains,” Nat. Genet. 24, 23–25 �2000�.

3. T. J. Gill, G. J. Smith, R. W. Wissler, and H. W. Kunz, “The rat as an
experimental animal,” Science 245, 269–276 �1989�.

4. M. W. McBride, F. J. Charchar, D. Graham, W. H. Miller, P. Strahorn,
F. J. Carr, and A. F. Dominiczak, “Functional genomics in rodent
models of hypertension,” Am. J. Physiol. 554, 56–63 �2004�.

5. H. J. Hedrich, History, Strains, and Models in the Laboratory Rat, G.
J. Krinke, Ed., pp. 3–16, Academic Press, San Diego, CA �2000�.

6. J. R. Lindsey, The Laboratory Rat, H. J. Baker, J. R. Lindsey, and S.
H. Weisbroth, Eds., pp. 1–36, Academic Press, New York �1979�.

7. Y. Zan, J. D. Haag, K. S. Chen, L. A. Shepel, D. Wigington, Y. R.
Wang, R. Hu, C. C. Lopez-Guajardo, H. L. Brose, K. I. Porter, R. A.
Leonard, A. A. Hitt, S. L. Schommer, A. F. Elegbede, and M. N.
Gould, “Production of knockout rats using ENU mutagenesis and a
yeast-based screening assay,” Nat. Biotechnol. 21, 645–651 �2003�.

8. Q. Zhou, J. P. Renard, G. Le Friec, V. Brochard, N. Beaujean, Y.
Cherifi, A. Fraichard, and J. Cozzi, “Generation of fertile cloned rats
by regulating oocyte activation,” Science 302, 1179 �2003�.

9. H. J. Jacob and A. E. Kwitek, “Rat genetics: attaching physiology
and pharmacology to the genome,” Nat. Rev. Genet. 3, 33–42 �2002�.

10. R. A. Gibbs, G. M. Weinstock, M. L. Metzker, D. M. Muzny, E. J.
Sodergren, S. Scherer, G. Scott, et al., Genome sequence of the
Brown Norway rat yields insights into mammalian evolution,” Nature
428, 493–521 �2004�.

11. S. Inoue, Y. Hakamata, M. Kaneko, and E. Kobayashi, “Gene therapy
for organ grafts using rapid injection of naked DNA: application to
the rat liver,” Transplantation 77, 997–1003 �2004�.

12. H. Shimizu, M. Takahashi, T. Kaneko, T. Murakami, Y. Hakamata, S.
Kudou, T. Kishi, K. Fukuchi, S. Iwanami, K. Kuriyama, T. Yasue, S.
Enosawa, K. Matsumoto, I. Takeyoshi, Y. Morishita, and E. Koba-
yashi, “KRP-203, a novel synthetic immunosuppressant, prolongs
graft survival and attenuates chronic rejection in rat skin and heart
allografts,” Circulation 111, 222–229 �2005�.

13. J. Fujishiro, K. Tahara, S. Inoue, T. Kaneko, M. Kaneko, K. Hashi-

zume, and E. Kobayashi, “Immunologic benefits of longer graft in rat

July/August 2005 � Vol. 10�4�9



Murakami and Kobayashi: Color-engineered rats…
allogenic small bowel transplantation,” Transplantation 79, 190–195
�2005�.

14. T. Ajiki, T. Murakami, Y. Kobayashi, Y. Hakamata, J. Wang, S. In-
oue, M. Ohtsuki, H. Nakagawa, Y. Kariya, Y. Hoshino, and E. Koba-
yashi, “Long-lasting gene expression by particle-mediated intramus-
cular transfection modified with bupivacaine: combinatorial gene
therapy with IL-12 and IL-18 cDNA against rat sarcoma at a distant
site,” Cancer Gene Ther. 10, 318–329 �2003�.

15. O. Hino, “Multistep renal carcinogenesis in the Eker �Tsc 2 gene
mutant� rat model,” Mol. Med. 4, 807–811 �2004�.

16. U. Janssen, A. Vassiliadou, S. G. Riley, A. O. Phillips, and J. Floege,
“The quest for a model of type II diabetes with nephropathy, the Goto
Kakizaki rat,” Am. J. Nephrol. 17, 769–773 �2004�.

17. J. R. Taylor, S. A. Morshed, S. Parveen, M. T. Mercadante, L. Sca-
hill, B. S. Peterson, R. A. King, J. F. Leckman, and P. J. Lombroso,
“An animal model of Tourette’s syndrome,” Am. J. Psychiatry 159,
657–660 �2002�.

18. M. E. Calcagnotto, M. F. Paredes, and S. C. Baraban, “Heterotopic
neurons with altered inhibitory synaptic function in an animal model
of malformation-associated epilepsy,” J. Neurosci. 22, 7596–7605
�2002�.

19. W. J. McBride and T. K. Li, “Animal models of alcoholism: neuro-
biology of high alcohol-drinking behavior in rodents,” Crit. Rev. Neu-
robiol. 12, 339–369 �1998�.

20. A. S. Malik, R. K. Narayan, W. W. Wendling, R. W. Cole, L. L.
Pashko, A. G. Schwartz, and K. I. Strauss, “A novel dehydroepi-
androsterone analog improves functional recovery in a rat traumatic
brain injury model,” J. Neurotrauma 20, 463–476 �2003�.

21. V. E. Kostrubsky, S. C. Strom, J. Hanson, E. Urda, K. Rose, J. Bur-
liegh, P. Zocharski, H. Cai, J. F. Sinclair, and J. Sahi, “Evaluation of
hepatotoxic potential of drugs by inhibition of bile-acid transport in
cultured primary human hepatocytes and intact rats,” Toxicol. Sci. 76,
220–228 �2003�.

22. E. A. Kruger, P. H. Duray, D. K. Price, J. M. Pluda, and W. D. Figg,
“Approaches to preclinical screening of antiangiogenic agents,”
Semin. Oncol. 28, 570–576 �2001�.

23. M. Cyr, F. Calon, M. Morissette, and T. Di Paolo, “Estrogenic modu-
lation of brain activity: implications for schizophrenia and Parkin-
son’s disease,” J. Psychiatry Neurosci. 27, 12–27 �2002�.

24. J. Lippincott-Schwartz and G. H. Patterson, “Development and use of
fluorescent protein markers in living cells,” Science 300, 87–91
�2003�.

25. C. H. Contag and M. H. Bachmann, “Advances in in vivo biolumi-
nescence imaging of gene expression,” Annu. Rev. Biomed. Eng. 4,
235–260 �2002�.

26. R. M. Hoffman, “Whole-body fluorescence imaging with green fluo-
rescence protein,” Methods Mol. Biol. 183, 135–148 �2002�.

27. H. M. Blau and T. R. Brazelton, and J. M. Weimann, “The evolving
concept of a stem cell: entity or function?” Cell 105, 829–841 �2001�.

28. D. J. Anderson, F. H. Gage, and I. L. Weissman, “Can stem cells
cross lineage boundaries?” Nat. Med. 7, 393–395 �2001�.

29. T. Graf, “Differentiation plasticity of hematopoietic cells,” Blood 99,
3089–3101 �2002�.

30. R. A. McKay, “More astonishing hypothesis,” Nat. Biotechnol. 20,
426–427 �2002�.

31. S. Hochi, T. Ninomiya, M. Honma, and A. Yuki, “Successul produc-
tion of transgenic rats,” Anim. Biotechnol. 1, 175–184 �1990�.

32. M. Ikawa, S. Yamada, T. Nakanishi, and M. Okabe, “’Green mice’
and their potential usage in biological research,” FEBS Lett. 430,
83–87 �1998�.

33. Y. Hakamata, K. Tahara, H. Uchida, Y. Sakuma, M. Nakamura, A.
Kume, T. Murakami, M. Takahashi, R. Takahashi, M. Hirabayashi,
M. Ueda, I. Miyoshi, N. Kasai, and E. Kobayashi, “Green fluorescent
protein-transgenic rat: a tool for organ transplantation research,” Bio-
chem. Biophys. Res. Commun. 286, 779–785 �2001�.

34. S. Inoue, K. Tahara, T. Kaneko, T. Ajiki, S. Takeda, Y. Sato, Y.
Hakamata, T. Murakami, M. Takahashi, M. Kaneko, and E. Koba-
yashi, “Long-lasting donor passenger leukocytes after hepatic and
intestinal transplantation in rats,” Transpl Immunol. 12, 123–131
�2004�.

35. Y. Sakuma, Y. Sato, S. Inoue, T. Kaneko, Y. Hakamata, M. Takahashi,
T. Murakami, and E. Kobayashi, “Lympho-myeloid chimerism
achieved by spleen graft of green fluorescent protein transgenic rat in
a combined pancreas transplantation model,” Transpl Immunol. 12,

115–122 �2004�.

Journal of Biomedical Optics 041204-1
36. K. Takeuchi, A. Sereemaspun, T. Inagaki, Y. Hakamata, T. Kaneko,
T. Murakami, M. Takahashi, E. Kobayashi, and S. Ookawara, “Mor-
phologic characterization of green fluorescent protein in embryonic,
neonatal, and adult transgenic rats,” Anat. Rec. 274, 883–886 �2003�.

37. H. Miyashita, Y. Hakamata, E. Kobayashi, and K. Kobayashi, “Char-
acterization of hair follicles induced in implanted, cultured rat kera-
tinocyte sheets,” Exp. Dermatol. 13, 491–498 �2004�.

38. H. J. Schlitt, G. Raddatz, G. Steinhoff, K. Wonigeit, and R. Pichl-
mayr, “Passenger lymphocytes in human liver allografts and their
potential role after transplantation,” Transplantation 56, 951–955
�1993�.

39. H. Taniguchi, T. Toyoshima, K. Fukao, and H. Nakauchi, “Presence
of hematopoietic stem cells in the adult liver,” Nat. Med. 2, 198–203
�1996�.

40. T. E. Starzl, “Chimerism and tolerance in transplantation,” Proc.
Natl. Acad. Sci. U.S.A. 101, 14607–14614 �2004�.

41. H. Niwa, K. Yamamura, and J. Miyazaki, “Efficient selection for
high-expression transfectants with a novel eukaryotic vector,” Gene
108, 193–199 �1991�.

42. H. Inoue, I. Ohsawa, T. Murakami, A. Kimura, Y. Hakamata, Y. Sato,
T. Kaneko, T. Okada, K. Ozawa, J. Francis, P. Leone, and E. Koba-
yashi, “Development of new inbred transgenic strains of rats with
LacZ and GFP,” Biochem. Biophys. Res. Commun. 329, 289–296
�2005�.

43. B. A. Reynolds, W. Tetzlaff, and W. Weiss, “A multipotent EGF-
responsive striatal embryonic progenitor cell produces neurons and
astrocytes,” J. Neurosci. 12, 4565–4574 �1992�.

44. D. J. Ceradini, A. R. Kulkarni, M. J. Callaghan, O. M. Tepper, N.
Bastidas, M. E. Kleinman, J. M. Capla, R. D. Galiano, J. P. Levine,
and G. C. Gurtner, “Progenitor cell trafficking is regulated by hy-
poxic gradients through HIF-1 induction of SDF-1,” Nat. Med. 10,
858–864 �2004�.

45. J. Yamaguchi, K. F. Kusano, O. Masuo, A. Kawamoto, M. Silver, S.
Murasawa, M. Bosch-Marce, H. Masuda, D. W. Losordo, J. M. Isner,
and T. Asahara, “Stromal cell-derived factor-1 effects on ex vivo
expanded endothelial progenitor cell recruitment for ischemic
neovascularization,” Circulation 107, 1322–1328 �2003�.

46. H. E. Broxmeyer, S. Cooper, L. Kohli, G. Hangoc, Y. Lee, C. Mantel,
D. W. Clapp, and C. H. Kim, “Transgenic expression of stromal
cell-derived factor-1/CXC chemokine ligand 12 enhances myeloid
progenitor cell survival/antiapoptosis in vitro in response to growth
factor withdrawal and enhances myelopoiesis in vivo,” J. Immunol.
170, 421–429 �2003�.

47. T. Murakami, A. R. Cardones, and S. T. Hwang, “Chemokine recep-
tors and melanoma metastasis,” J. Dermatol. Sci. 36, 71–78 �2004�.

48. J. A. Vanderhoof, R. J. Young, and J. S. Thompson, “New and emerg-
ing therapies for short bowel syndrome in children,” Paediatr. Drugs
5, 525–531 �2003�.

49. H. Tahara, T. Murakami, J. Fujishiro, M. Takahashi, S. Inoue, K.
Hashizume, K. Matsuno, and E. Kobayashi, “Regeneration of the rat
neonatal intestine in transplantation,” Ann. Surg. 242, 124–132
�2003�.

50. P. Tryphonopoulos, M. Icardi, S. Salgar P. Rulz T. Fukumorl, C.
Gandla, K. Boukas, et al., “Host-derived enterocytes in intestinal
grafts,” Transplantation 74, 120–138 �2002�.

51. R. Okamoto, T. Yajima, M. Yamazaki et al. “Damaged epithelia re-
generated by bone marrow-derived cells in the human gastrointestinal
tract,” Nat. Med. 8, 1011–1017 �2002�.

52. B. E. Petersen, W. C. Bowen, K. D. Patrene, W. M. Mars, A. K.
Sullivan, N. Murase, S. S. Boggs, J. S. Greenberger, and J. P. Goff,
“Bone marrow as a potential source of hepatic oval cells,” Science
284, 1168–1170 �1999�.

53. E. Lagasse, H. Connors, M. Al-Dhalimy, M. Reitsma, M. Dohse, L.
Osborne, X. Wang, M. Finegold, I. L. Weissman, and M. Grompe,
“Purified hematopoietic stem cells can differentiate into hepatocytes
in vivo,” Nat. Med. 6, 1229–1234 �2000�.

54. D. S. Krause, N. D. Theise, M. I. Collector, O. Henegariu, S. Hwang,
R. Gardner, S. Neutzel, and S. J. Sharkis, “Multi-organ, multi-lineage
engraftment by a single bone marrow-derived stem cell,” Cell 105,
369–377 �2001�.

55. M. R. Alison, R. Poulsom, R. Jeffery, A. P. Dhillon, A. Quaglia, J.
Jacob, M. Novelli, G. Prentice, J. Williamson, and N. A. Wright,
“Hepatocytes from non-hepatic adult stem cells,” Nature 406, 257
�2000�.
56. X. Wang, H. Willenbring, Y. Akkari, Y. Torimaru, M. Foster, M.

July/August 2005 � Vol. 10�4�0



Murakami and Kobayashi: Color-engineered rats…
Al-Dhalimy, E. Lagasse, M. Finegold, S. Olson, and M. Grompe,
“Cell fusion is the principal source of bone-marrow-derived hepato-
cytes,” Nature 422, 897–901 �2003�.

57. A. Medvinsky and A. Smith, “Stem cells, Fusion brings down barri-
ers,” Nature 422, 823–825 �2003�.

58. Y. Sato, Y. Igarashi, Y. Hakamata, T. Murakami, T. Kaneko, M. Ta-
kahashi, N. Seo, and E. Kobayashi, “Establishment of Alb-DsRed2
transgenic rat for liver regeneration research,” Biochem. Biophys.
Res. Commun. 311, 478–481 �2003�.

59. M. V. Matz, A. F. Fradkov, Y. A. Labas, A. P. Savitsky, A. G.
Zaraisky, M. L. Markelov, and S. A. Lukyanov, “Fluorescent proteins
from nonbioluminescent Anthozoa species,” Nat. Biotechnol. 17,
969–973 �1999�.

60. M. Saito, T. Iwawaki, C. Taya, H. Yonekawa, M. Noda, Y. Inui, E.
Mekada, Y. Kimata, A. Tsuru, and K. Kohno, “Diphtheria toxin
receptor-mediated conditional and targeted cell ablation in transgenic
mice,” Nat. Biotechnol. 19, 746–750 �2001�.

61. Y. Sato, H. Endo, T. Ajiki, Y. Hakamata, T. Okada, T. Murakami, and
E. Kobayashi, “Establishment of Cre/LoxP recombination system in
transgenic rats,” Biochem. Biophys. Res. Commun. 319, 1197–1202
�2002�.
62. Y. Sato, T. Ajiki, S. Inoue, Y. Hakamata, T. Murakami, T. Kaneko, M.

Journal of Biomedical Optics 041204-1
Takahashi, and E. Kobayashi, “A novel gene therapy to the graft
organ by a rapid injection of naked DNA I: long-lasting gene expres-
sion in a rat model of limb transplantation,” Transplantation 76,
1294–1298 �2003�.

63. S. Inoue, Y. Hakamata, M. Kaneko, and E. Kobayashi, “Gene therapy
for organ grafts using rapid injection of naked DNA: application to
the rat liver,” Transplantation 77, 997–1003 �2004�.

64. M. Takahashi, Y. Hakamata, T. Murakami, S. Takeda, T. Kaneko, K.
Takeuchi, R. Takahashi, M. Ueda, and E. Kobayashi, “Establishment
of lacZ-transgenic rats: a tool for regenerative research in myocar-
dium,” Biochem. Biophys. Res. Commun. 305, 904–908 �2003�.

65. R. Geiger, E. Schneider, K. Wallenfels, and W. Miska, “A new ultra-
sensitive bioluminogenic enzyme substrate for beta-galactosidase,”
Biol. Chem. Hoppe Seyler 373, 1187–1191 �1992�.

66. Y. Yamaguchi, T. Kubo, T. Murakami, M. Takahashi, Y. Hakamata, E.
Kobayashi, S. Yoshida, K. Hosokawa, K. Yoshikawa, and S. Itami,
“Bone marrow cells differentiate into wound myofibroblasts and ac-
celerate the healing of wounds with exposed bones when combined
with an occlusive dressing,” Br. J. Dermatol. 152, 616–622 �2005�.

67. A. Sato, Y. Sato, Y. Sato, Y. Sahara, N. Seo, and E. Kobayashi,
“Leukocytes with bright fluorescence in rats,” Anesth. Analg.

(Baltimore) 100, 1219–1220 �2005�.

July/August 2005 � Vol. 10�4�1


