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Abstract The inbred rat is a suitable model for
studying human disease and because of its larger size
is more amenable to complex surgical manipulation
than the mouse. While the rodent fulfills many of the
criteria for transplantation research, an important
requirement is the ability to mark and track donors
cells and assess organ viability. However, tracking
ability is limited by the availability of transgenic (Tg)
rats that express suitable luminescent or fluorescent
proteins. Red fluorescent protein cloned from Disco-
soma coral (DsRed) has several advantages over other
fluorescent proteins, including in vivo detection in the
whole animal and ex vivo visualization in organs as
there is no interference with autofluorescence. We
generated and characterized a novel inbred Tg Lewis
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rat strain expressing DsRed monomeric (DsRed
mono) fluorescent protein under the control of a
ubiquitously expressed ROSA26 promoter. DsRed
mono Tg rats ubiquitously expressed the marker gene
as detected by RT-PCR but the protein was expressed
at varying levels in different organs. Conventional
skin grafting experiments showed acceptance of
DsRed monomeric Tg rat skin on wild-type rats for
more than 30 days. Cardiac transplantation of DsRed
monomeric Tg rat hearts into wild-type recipients
further showed graft acceptance and long-term organ
viability (>6 months). The DsRed monomeric Tg rat
provides marked cells and/or organs that can be
followed for long periods without immune rejection
and therefore is a suitable model to investigate cell
tracking and organ transplantation.
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BM-MSCs Bone marrow-mesenchymal stromal
cells

HHT Heterotopic heart transplantation

LEW Lewis

Mono Monomeric

MRI Magnetic resonance imaging

RFP Red fluorescent protein

Tg Transgenic

Introduction

Progress in cell, tissue and organ transplantation has
been facilitated by improvements in marking and
tracking implanted cells in animal models (Hara et al.
2008; Hung et al. 2010). Fluorescent dyes and
molecular tags such as green fluorescent protein from
the jellyfish Aequorea victoria (Hakamata et al. 2001;
Remy et al. 2010), luciferase from the firefly Photinus
pyralis (Conradi et al. 201 1; Hakamata et al. 2006) and
red fluorescent protein from the Discosoma coral have
been widely used for such purposes (Filipiak and
Saunders 2006; Gama Sosa et al. 2010).

Transgenic (Tg) animals expressing fluorescent
dyes (Murakami and Kobayashi 2005) enable three-
dimensional study of the location, motility, adhesion,
and interactions of individual cells transplanted into
hosts with a normal background (Mothe et al. 2005).

Inbred rat models are an important component of
pre-clinical studies, in part because of their larger size
compared with mice (10x) (Mashimo and Serikawa
2009; Cozzi et al. 2008). Inbred rats are established by
mating male and female littermates for 20 or more
consecutive generations thereby giving a relatively
homogeneous genetic background, which is often a
critical prerequisite for syngeneic organ and cell
transplantation studies (Doyle et al. 2012; Inoue
et al. 2005).

Over the last decade, several color-engineered Tg
rats have been generated from different strains [Wi-
star, Dark Agouty and Lewis (LEW)] carrying differ-
ent cell-tracking proteins (GFP, LacZ, DsRed2 and
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Luciferase) (Murakami and Kobayashi 2012; Sato
et al. 2003) including animals with dual markers to
enable visualization of cell fate by both fluorescence
and luminescence (Sato et al. 2004). Although these
models enable transplanted cells to be identified, most
are immunogenic and lead to rejection in a few days
(Goulding et al. 2008). Consequently, the ability to
undertake long-term analysis of labeled cells derived
from Tg animals from the same strain that express high
levels of the transgene while maintaining low levels of
immunogenicity is limited (Moloney et al. 2010; Pan
et al. 2009).

In the present study, we generated and character-
ized anovel inbred LEW Tg rat expressing monomeric
red (DsRed mono) fluorescent protein under the
control of the ubiquitous promoter, ROSA26.

Like GFP, DsRed monomeric protein (Shaner et al.
2005; Campbell et al. 2002) is a fluorescent protein
that requires no chemical substrate for visualization
(Garcia-Parajo et al. 2001; Strack et al. 2008). DsRed
monomer is a naturally occurring red fluorescent
protein mutant of a coral of the genus Discosoma and
is used as a gene-based reporter (Bevis and Glick
2002).

DsRed shares only 26 % amino acid sequence
homology with GFP, and a number of mutagenesis
studies have shown improved physical and spectral
features (Wall et al. 2000). The DsRed monomer
(mono), with a total of 45 amino acid substitutions in
native DsRed has improved fluorescence characteris-
tics without any toxic oligomerization. Specifically,
DsRed mono demonstrates resistance to photobleach-
ing (fourfold—five fold greater than that of GFP), pH
insensitivity and stable conformation (Baird et al.
2000).

DsRed mono is spectrally distinct from GFP,
thereby enabling the two to be distinguished. Most
GFP antibodies do not cross react with DsRed or its
derivatives; the converse is also true (Strack et al.
2009).

GFP and its blue, cyan, and yellow variants have
found widespread use as donor—acceptor pairs for
fluorescence resonance energy transfer (FRET).
Extending the spectrum of available colors to red
wavelengths increases this applicability and provides
a new FRET donor—acceptor alternative.

The DsRed mono is superior to the previously
described DsRed tetramer as it does not aggregate
(Verkhusha et al. 2001), and does not have slow or
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incomplete maturation and oligomeric states (Wall
et al. 2000). We showed that the DsRed mono Tg rat
displayed high levels of DsRed expression in most
tissues and cells, including mesenchymal stromal cells
(MSCs) that have been poorly characterized in previ-
ous Tg models.

We evaluated the immunogenic potential of DsRed
mono protein in LEW wild-type recipients by
performing skin grafting and heterotopic heart trans-
plantation with ROSA26-DsRed monomer-LEW Tg
rat donor cells. The heart transplant model was used to
assess long-term viability and function of the donor
organ.

Materials and methods
Generation of transgenic rats

An inbred rat strain, LEW (MHC haplotype: RT1"),
was purchased from Charles River Japan, Incorporate
(Yokohama, Japan).

To generate ROSA26-DsRed monomer-LEW Tg
rats, a standard microinjection technique was used as
described previously (Menoret et al. 2010). Briefly,
the Sacl and Notl fragment (DsRed monomer cDNA)
from a pDsRed-Monomer plasmid (Clontech, Palo
Alto, CA) was inserted into the Sacl and NotlI sites of
pBluescript II SK(+4) plasmid (Stratagene, La Jolla,
CA), generating pBluescript II SK(+)-DsRedM. The
Sall fragment of pBluescript II SK(4-)-DsRedM was
subsequently inserted into the pPBROAD2 expression
plasmid (InvivoGen, San Diego, CA) containing
human ROSA26 promoter (Zambrowicz et al. 1997),
and the Pacl fragment containing the promoter and
coding sequence was injected into the fertilized LEW
rat egg.

The ROSA26-DsRed monomer-LEW Tg rats (spe-
cifically one male 8 weeks-old and one female
8 weeks-old rat) generated were transferred to the
Ontario Cancer Institute (OCI)/Princess Margaret
Hospital (PMH) in Toronto, Ontario, Canada accord-
ing to the Material Transfer Agreement (MTA)
number 2009-0594 and a colony was established.

ROSA26-DsRed monomer-LEW Tg rats were
maintained in the hemizygous state. All experiments
were performed in accordance with the Jichi Medical
School Guide for Laboratory Animals (Japan) and in
compliance with the Guidelines set by the Canadian

Council on Animal Care (CCAC) and University
Health Network Institutional Guidelines (Canada).

Animals and housing

Wild-type LEW and ROSA26-DsRed monomer-LEW
Tg rats were housed (2 rats per cage) with unlimited
access to food and water. All procedures were
approved by the University Health Network Institu-
tional Guidelines (Canada) and Animal Use Protocol
number 1489.

Reverse transcription polymerase chain reaction
(RT-PCR)

Total RNA was extracted from organ samples (heart,
spleen, liver, kidney and lung) obtained from
ROSA26-DsRed monomer-LEW Tg rats (RT1 ') and
wild-type LEW rats (RT1') (Charles River, USA)
using Trizol reagent (Cerkovnik et al. 2007). One
microgram of genomic DNA-free total RNA was
reverse-transcribed using a High-Capacity cDNA
Reverse Trascription Kit from Applied Biosystems
(Cati# 4368814).

GAPDH was used as the endogenous housekeeping
gene to normalize the mRNA levels. The primer
sequences for GAPDH were: 5-TAGGGCTGG
AAAATCACTGG-3' (forward) and 5'-GTATTCA
TCACCCCCACCAC-3' (reverse). To evaluate the
DsRed mono mRNA copy, the forward and reverse
primer sequences used were (fwd: 5-AGTTCC
AGTACGGCTCCAAG-3') and (rev: 5'-AGATCT
CGCCCTTCAGCAC-3"), respectively. Three hun-
dred nanograms of cDNA were used for PCR using
the conditions previously described.

DNA analysis

Genomic DNA was extracted from organ samples
(heart, spleen, liver, kidney and lung) and tail samples
of 21 days-old Tg rats (for genotyping procedures) by
using a standard protocol. To screen for Tg rats we
used the DsRed Sequence. (fwd: 5'-AGTTCCAGTA
CGGCTCCAAG-3") and (rev: 5-AGATCTCG
CCCTTCAGCAC-3') were used as the forward and
reverse primers, respectively (Invitrogen). Polymerase
chain reaction (PCR) was performed in 35 cycles with
a final volume of 25 pl containing 500 ng of genomic
DNA, primer pairs (5 pM, 0.2 mM), dNTPs (2 mM),
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MgCl, (1.5 mM) and PCR reagents including Taq
polymerase (Cat# 10342-020, Invitrogen). Each cycle
consisted of denaturation for 15 s at 94 °C, primer
annealing for 30 s at 56 °C, and polymerization for
30 sat 72 °C. The PCR products were electrophoresed
through 1.5 % agarose gel, stained with ethidium
bromide, and photographed under UV light. The
294 bp-band was detected only in the Tg rat present-
ing the DsRed mono DNA sequence.

Western blotting

To detect the DsRed mono protein, organs from
ROSA26-DsRed monomer-LEW Tg rat/wild-type
LEW rat (RTll) and DsRed mono Mesenchymal
Stromal Cells were used.

Organs such as heart, lung, kidney, liver and spleen
were harvested from female rats, age 6-8 weeks, and
protein lysates were obtained by crushing them after
washing in sterile PBS, with a pestle under liquid
nitrogen. Organ pieces were placed in a tube containing
1 ml of Ripa protein lysis buffer (Mbiotech, MBI-21308,
50 mM Tris-HCl, pH 7.5, containing 105 mM NaCl,
1 % NP-40, 1 % sodium deoxycholate, 0.1 % SDS and
2 mM EDTA) plus protease inhibitors (complete, Mini,
protease inhibitor cocktail tablets, #11836153001,
Roche) pipetting frequently on ice for 30 min.

Confluent cells at passage 4 were detached using
0.25 % trypsin. The trypsin was neutralized with
DMEM 10 % FBS, and the cells washed with ice cold
PBS. The PBS was then discarded and the cell pellet
placed on ice. 100 pl of ice cold Ripa lysis
buffer + protease inhibitors was added to the cell
pellets, pipetting frequently for 30 min on ice. Protein
lysates from organs and cells centrifuged at 4 °C for
20 min at 12,000 rpm and the protein in the superna-
tant was collected. The protein concentration in the
lysate was measured using Bradford assay. Briefly
2 pl of each protein sample was added to 200 pl
Bradford solution (Bio-Rad Protein Assay# 500-0006)
(diluted 1:5 in dH20) placed in a well of 96 well-plate
in triplicates. BSA standards were used ranging from
0.25 to 2 %. The absorbance was measured at 595 nm
in plate reader machine (SPECTRA MAX M5 ROM
v2.1) and protein concentration determined from the
curve of absorbance. Protein samples were solubilized
and denatured by boiling in SDS and b-mercap-
toethanol for 5 min. Twenty micrograms of each
protein were applied to a 12 % polyacrylamide gel and
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electrophoresed for 20 min at 50 V, 40 min a 100 V,
5 min a 120 V. The protein was then transferred to
nitrocellulose membranes. After blocking with 5 %
non-fat dry milk for 1 h, the membranes were
incubated overnight with the RFP/DsRed polyclonal
Antibody (Cat# PMO005, MBL, International Corpo-
ration, USA) at dilution 1:1,000. HRP-conjugated
goat-anti-rabbit IgG (Cell Signaling Technology, New
England Biolabs, Canada; Cat# 7074, dilution
1:2,000) served as the secondary antibody. The
membranes were briefly incubated with ECL detection
reagent (ECL, Quebec, Canada) to visualize the
proteins and then exposed with x-ray films in the
darkroom. B-Actin (Cell Signaling Technology, New
England Biolabs, Canada; Cat# 4967, dilution
1:3,000) served as the internal control.

In vivo and ex vivo spectral fluorescence analysis

Spectral fluorescence images were obtained using the
Maestro'™ in-Vivo Imaging System (CRi, Inc.,
Woburn, MA) at Corell, STTARR Facility (Univer-
sity Health Network, Toronto) A band-pass filter
appropriate for the fluorochrome of interest (DsRed;
E, 558 nm, E,;, 583 longpass filter; acquisition settings
500-950) was used for excitation and emission light,
respectively. The tunable filter was stepped automat-
ically in 10-nm increments while the camera captured
images at an automatic exposure. To evaluate signal
intensities, regions of interest (ROI) were selected
over the background (mesh) areas, and the total
fluorescence signal from those areas was determined.
Total signal in the ROI in photons measured at the
surface of the mesh was divided by the area of the
mesh (in pixels) as well as the exposure time (in ms).
The spectral fluorescent images consisting of auto-
fluorescence spectra and DsRed fluorescent protein
were captured and unmixed on the basis of their
spectral patterns using commercially available soft-
ware (Maestro; CRi). Spectral libraries were generated
by assigning peaks to the background fluorescence,
background from the imaging stage and plate, and
fluorescence from DsRed mono rats or tissues. Spec-
tral fluorescence images were obtained from 5 days-
old ROSA26-DsRed monomer-LEW Tg rats (RT1")
(whole body and organs) compared to wild-type LEW
rats (whole body and organs). Spectral fluorescence
images on the rat back were also obtained at 1, 2, 3,
4 weeks post skin graft.
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Immunohistochemistry colorimetric assay

Formalin-fixed, paraffin-embedded tissue blocks
were sectioned to 5 um, mounted on charged glass
slides (Superfrost Plus, Fisher Scientific) and baked
overnight at 60 °C. The slides were deparaffinized
with xylene, rehydrated through graded alcohols, and
antigen retrieval was performed in a decloaking
chamber by heating the slides to 98 °C for 20 min
using 10 mM Sodium Citrate buffer. Immunohisto-
chemical reaction was performed using the avidin—
biotin-complex method (ABC). Incubation was car-
ried out with a rabbit polyclonal to RFP (Biotin) from
Abcam (Abcam Inc., ON, Canada; Cat# ab34771)
followed by a biotinylated link antibody (Vector
Laboratories, Burlingame, CA; Cat# BA-1000) and
then the ABC-Elite Standard (Vector Laboratories;
Cat# PK-6100). Samples were stained with 3,3'-
diaminobenzidine (DAB) and mounted after count-
erstaining with Mayer’s hematoxylin. The photomi-
crographs were evaluated using Aperio ImageScope
software (Aperio Technologies) and the percentage
of the area affected by the color reaction was
assessed using the standard software provided by
the company.

Skin grafting

ROSA26-DsRed monomer-LEW Tg rats (RT1 1)
(n = 4) were used as donors and wild-type LEW rats
(RT1") as recipients (n = 4) (Charles River, USA).
Individual full-thickness skin grafts (1 cm square)
were prepared to fit a paired bed on the back (center) of
isoflurane anesthetized recipients. The graft was
secured with 8 (5/0 silk) interrupted sutures and then
covered with dressings as required. Skin survival was
assessed regularly using the following grading system:
no evidence of rejection (0), graft fully edematous (1),
less than 50 % of the graft hemorrhagic or scabbed (2),
more than 50 % of the graft hemorrhagic or scabbed
(3), graft fully rejected (4). Rejection was defined as a
score of 2 or more. The grafts were inspected weekly
up to 4 weeks post-graft and the results were recorded
using a Sony Cyber-shot (DSC-TX1) camera. As
controls, wild-type LEW rats (RTll) (n = 4) were
used as donors and wild-type LEW rats (RT1Y)
(n = 4) as recipients (Charles River, USA). The same
procedure and rejection assessment as been followed
as previously described.

Heterotopic heart transplantation

All transplantations were performed using 8 week-old
male rats. The heart from ROSA26-DsRed monomer-
LEW Tg rat (RT1") (n = 6) was transplanted hetero-
topically at the neck of a wild-type LEW rat (RT1")
according to a grafting method previously published
(Heron 1971). Briefly, the aorta and superior vena
cava of the donor heart were connected to the
recipient’s common carotid artery and jugular vein
using Teflon cuffs (Terumo Medical Corporation,
USA Cat#. 3SR-OX2051CA and 3SR-OX1851CA),
respectively. Cardiac graft rejection was defined as the
day when the heart grafts stopped beating (Martins
2008). The transplanted animals were euthanized at
different time points post echocardiographic analysis
up to 6 months post-transplant.

Echocardiographic imaging

Transthoracic and neck echocardiographic imaging
was performed by a blinded observer using a dedicated
Vevo® 2100 System (21 MHz broadband sector
transducer) (Visualsonics Inc., Toronto, ON, Canada
located at STTARR, MaRS Building, TMDT). Echo-
cardiography was performed at baseline (5 days prior
transplant, in the donor animal) and at 10 days,
4 weeks, 6 weeks post-HHT and monthly up to
6-months time point (long term study). Rats (n = 3
per group, 2 groups) were anesthetized using 2 %
isoflurane with oxygen. The LV end systolic dimen-
sion (LVESD) and end diastolic dimension (LVEDD)
were obtained from M-mode tracings at the midpap-
illary level. The fractional shortening (FS) was
calculated as follows: FS (%) = [(LVEDD —
LVESD)/LVEDD] x 100. We investigated the trans-
planted heart using M-mode for visualization and
quantification of wall motion as well as Doppler Mode
for detection of blood vessels, blood flow and valves
activity.

Magnetic resonance imaging (MRI)

6 months after cell transplantation, cardiac MRI was
performed on two animals (n = 2) transplanted with
ROSA26-DsRed monomer-LEW Tg heart using a—
7 T micro-MRI with surface coil signal reception.
Specifics of acquisition are: 300-p isotropic resolution
(300 x 300 x 300 i) in 128 x 128 x 128 3D
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matrix, ungated 3D-ultra-short echo time technique
(3D-UTE), 2 acquisitions with minimum TE (20-us)
and 250 ps, 18 min/acquisition. The electrocardio-
graphic gating was optimized with two cardiogram
electrodes attached to the animal’s forelimbs with
respiratory motion and body temperature monitors
(Small Animal Instruments, Stony Brook, NY).

Statistical analysis

Quantitative data are expressed as mean = SEM.
Statistical analysis was performed by one-way
ANOVA, followed by Bonferroni multiple compari-
sons was used to compare groups at different time-
points (fractional shortening). A value of p < 0.05 was
considered statistically significant (Online Resource 1).

Results

Generation and breeding conditions of ROSA26-
DsRed monomer-LEW Tg rat lines

We generated four lines of ROSA26-DsRed mono-
mer-LEW Tg rats (RT1'). The murine ROSA pro-
moter sequences used to target expression had been
previously used in both Tg mice and rats (Kisseberth
et al. 1999; Zambrowicz et al. 1997) to drive nearly
ubiquitous expression of reporter genes. We expected
a similar expression pattern for our ROSA26-DsRed
monomer Tg rats. Transgene constructs were quanti-
fied, microinjected into rat eggs and surgically trans-
ferred to recipients. Tail biopsies from potential Tg
rats were obtained 5 weeks after injecting eggs
(3 weeks gestation time and 2 weeks of post-natal
growth). Extraction of genomic DNA and RNA from
tail biopsies was performed for quantitative real-time
PCR (gqPCR) and RT-PCR analysis to estimate the
transgene copy number as well as expression of the
inserted gene in Tg progenies. The lines with an
obvious transgene were bred to transgene heterozy-
gosity. Heterozygous rats for the Tg insert were viable,
fertile and did not display obvious abnormalities
associated with transgene insertion or expression. The
homozygous condition remains to be elucidated. As
there are multiple copy numbers of the injected
expression construct, it is possible that the homozy-
gous condition may result in infertility caused by
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unstable reproductive activity, lethality in embryonic
stages, or premature growth in newborn animals as
previously shown in several reports (Chang et al.
2013). We did not generate homozygous rats because
our previous studies with GFP* Tg rats (Inoue et al.
2005) exhibited mortality of premature offspring due
to organ failure of different degrees related to
transgene toxicity. We typically maintained the line
by breeding heterozygous Tg male rats, starting at
approximately 8 weeks of age, to wild-type LEW
females. However, the use of female Tg as breeders
was also successful. We characterized the DsRed
monomeric expression pattern in lines 7-10.

DsRed mono detected using Southern Blot, qPCR,
RT-PCR, PCR and Western Blotting (WB)

We used quantitative real-time PCR to estimate
DsRed transgene copy number in Tg lines. We
demonstrated the reproducibility of copy number
quantification with this method after Southern Blot
analysis (Online Resource 2, Fig. S1A) and concluded
that there was no variation in copy number across
independent Tg lines. Almost all of the animals
analyzed (90 %) contained 4 tandem copies of the
DsRed transgene integrated at one genomic location
(Online Resource 2, Table S1B).

Non-quantitative PCR of genomic DNA extracted
from heart, lung, liver, kidney and spleen was used to
determine both transgene random integration and
integrity of the integration events; the presence of
DsRed mono DNA sequence was confirmed in every
organ (Online Resource S2, Fig. S1C). Non-quantita-
tive PCR of genomic DNA extracted from rat-tail
biopsies was used for routine genotyping (Fig. 1a).

Endogenous DsRed-synthesizing ability in Tg
animals was tested by reverse transcription polymer-
ase chain reaction (RT-PCR) (Fig. 1b). We found that
mRNA containing the coding regions for DsRed was
present in all the tested organs (heart, lung, liver,
kidney and spleen) of Tg rats; organs from wild-type
controls had no detectable levels.

Western blot analysis of the DsRed mono protein
was used to confirm the Tg integration in the heart,
lung, liver, kidney and spleen of Tg animals (Fig. 1c).
Result showed that the DsRed mono protein is
expressed in every organ and in bone marrow-derived
mesenchymal stromal cells.
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Samples

Fig. 1 Confirmation of the production of Tg DsRed gene and
protein. Sequential isolation of RNA, DNA and protein from
ROSA26-DsRed monomer-LEW Tg rat organs. All the exper-
iments were performed 3 x, each with similar results. In a and b,
only DsRed DNA/cDNA was amplified by this method.
GAPDH was used as an internal control. a Representative of
PCR genotyping. Lanes 1, 2, and 4 represents DsRed positive
progeny; lane 3 represents DsRed negative progeny; lanes 5 and
6 are wild-type and DsRed genomic DNA used as negative and
positive control, respectively. b Presence of DsRed cDNA is
confirmed in ROSA26-DsRed monomer-LEW Tg rat organs.

DsRed mono fluorescence in vivo and ex vivo

The DsRed fluorescent signal in hemizygous 5-days-
old pups could be detected using an in vivo imaging
system, and was clearly distinguishable from wild-
type pups (Fig. 2a). No fluorescent signal could be
detected in the hair of adult ROSA26-DsRed mono-
mer-LEW Tg rats (data not shown). The fluorescence
signal in each organ was detected by ex vivo imaging
after organ collection from 21 days-old male rats
(Fig. 2b). To evaluate signal intensities, regions of
interest were selected over the mesh areas (back-
ground fluorescence and background from the imaging
stage and plate), and the total fluorescence signal from
those areas was determined as detailed described in

Lanes 1-5 are DsRed organs, lanes 6—10 are wild-type LEW rat
organs (n = 3). Lane 1, 6 heart; lane 2, 7 lung; lane 3, 8 kidney;
lane 4, 9 liver; line 5, 10 spleen. ¢ Representative of western blot
analysis on DsRed positive organs. Western blotting using an
anti-DsRed/RFP antibody (35 kDa) and an anti-beta Actin
antibody as internal control (45 kDa). Lane 1 wild-type BM-
derived MSCs (negative control); lanes 2—6 wild-type organs;
lane 7 DsRed BM-derived MSCs (passage 4); lane 8 RFP
positive human cervical carcinoma (Ab positive control); lane 9
transduced cells with a constitutively expressed DsRed-plasmid
(Efla promoter), lanes 10-14 DsRed organs

methods section. In vivo and ex vivo fluorescence
imaging showed that DsRed mono was expressed at
uniform fluorescence intensity among organs.

Detection of the DsRed mono protein by IHC, IF
and flow cytometry

In ROSA26-DsRed monomer-LEW Tg animals the
marker gene was silenced stochastically, resulting in a
mosaic expression pattern. The pattern, which com-
prise patches of a contiguously similar genotype,
differs between organs but is similar in a given organ
among animals (Fig. 3). DsRed mono protein was
detected with horseradish peroxidase (HRP)/diam-
inobenzidine (DAB) staining. Computer-generated
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iv v

Fig. 2 DsRed fluorescent signal evaluated in vivo and ex vivo.
Spectral fluorescence images were obtained using the Mae-
stro™ in vivo imaging system. Experiments were performed
3x, each with similar results. Bar 5 mm. a5 days-old pups were
examined under i visible and ii 558 nm excitation light.

quantitative image analysis of DsRed positive areas
was compared with a standardized value (mean
percentage) extrapolated from the wild-type organs
stained in parallel. Liver tissue expressed 84.2 £
1.8 %; kidney, 71.4 & 5.2 %; and spleen 88.3 &
2.1 % DsRed mono protein (Fig. 3a, n = 5). Heart
tissue expressed 71.6 = 13.8 % and lung, 77.8 &
3.2 % (Online Resource S2). Flow cytometric analysis
of freshly isolated organs (77.9 £ 3.4 % in liver,
65.2 £ 2.8 % in kidney and 93.4 £ 2.8 % in spleen)
confirmed the mosaic expression pattern of the DsRed
protein (Fig. 3b, n = 5).

Using flow cytometric analysis, we demonstrated
that intracellular staining performed with a FITC
(Fluorescein isothiocyanate) labeled anti-RFP (red
fluorescent protein) antibody did not enhance the

@ Springer

Vi

b DsRed-expression pattern in representative organs: i heart, ii
kidneys, iii lung, iv liver, v pancreas, vi spleen were removed
from a (lefty LEW wild-type rat and (right) positive DsRed
monomer-LEW Tg rat (n = 3)

DsRed mono detection signal on channels FL1 versus
FL2 in organs (Online Resource S3) indicating that
antibody detection was equivalent to protein fluores-
cence signaling.

Flow cytometric analysis of freshly isolated bone
marrow indicated that 76.9 £ 0.7 % (Online
Resource S4A), expressed DsRed mono, while in
peripheral blood mononuclear cells (PBMCs) the
percentage was lower: 28.5 £ 2.5 % in lymphocytes,
18.6 £+ 3.4 % in neutrophils, and 30.2 £ 4.5 % in
monocytes (Online Resource S4B).

DsRed mono Tg mesenchymal stromal cells
(MSCs) exhibited the same morphologic and pheno-
typic properties as wild-type MSCs (Karaoz et al.
2009). The Tg cells were positive for CD49e
(68.4 £ 16.0 %), CD29 (79.5 £ 5.4 %) and CD90
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Fig. 3 Differential DsRed-
expression pattern between
organs harvested from
ROSA26-DsRed monomer-
LEW Tg rats.

a Representative staining of
experiments performed 3 x,
each with similar results.
The photomicrographs were
evaluated using Aperio
ImageScope software and
the percentage of the area
affected by the color
reaction was assessed,

n = 5. Black bar 1 mm, red
bar 50 W, black rectangle
area at higher magnification
in bottom left in each panel.
b Representative flow
cytometry of cells from
positive organs. Freshly
extracted, unstained cells
from liver, kidney and
spleen analyzed on FL2
channel (n = 5). (Color
figure online)
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(80.9 £ 9.6 %) and negative for CD45 and for CD11b
(Online Resource S4C, n = 5).

BM-MSCs at passage 4 were fixed and observed
under fluorescence microscopy and showed that the
cells expressed the fluorescent protein (Online
Resource S5A). Finally, we determined the most
efficient fixative solution and antibody staining for 4
and 10 pm tissues (data not shown). DsRed mono
organs fixed with acetone at room temperature are
shown in Online Resource S5B.

Expression patterns of DsRed mono and relative
percentages are summarized in Online Resource S6.

Transgenic skin grafting indicates that DsRed
immunoreactivity caused inflammatory changes
but no rejection

To test the in vivo immunogenicity of the DsRed rat
tissue, we performed skin grafting by removing skin
from the backs of ROSA26-DsRed monomer-LEW Tg
rats and grafting onto a wound located on the backs of
wild-type LEW rats. 7 days post-grafting, the dressing
was removed and the Tg skin remained in place and
appeared viable and vascularized (Fig. 4a, n = 4).
The observation was performed weekly for up to
4 weeks post transplant (Fig. 4b, n = 4). There was
no significant difference in the survival of wild-type
skin grafts (p > 0.05) versus Tg skin grafts (data not
shown) suggesting that presence of the Tg protein did
not result in acute rejection. The observation was
made using two approaches: (i) visual inspection using
a scale graded from O (no evidence of rejection) to 1
(graft fully edematous), and (ii) by weekly spectral
fluorescence imaging, from week one (Fig. 4c) to
week four (Fig. 4d). At week four, DsRed mono
expression was detectable by fluorescence imaging,
suggesting that the Tg protein was still being
expressed.

Intense DsRed expression was detected in the
epidermis (surface and follicular), sebaceous glands,
and in occasional stromal cells (prominently mast
cells) by immunohistochemical assay (Fig. 4h). The
epidermis and adnexa in adjacent segments were
negative for DsRed. Occasional stromal cells and
collagen were positive within the host tissue. The
marginal tissue (host/recipient) was negative for
DsRed protein. There were rare multifocal DsRed-
positive large cells within the stroma of the marginal
host tissue (likely migrating dendritic cells from the
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allograft) (Fig. 4f). Intense focal staining was present
within the dermal collagen (considered artifactual). As
expected, no DsRed expression was detected in wild-
type skin grafted onto wild-type recipients.

The grafted Tg skin was full-thickness by histolog-
ical examination (Fig. 4e). Segmental lymphocytic
and plasmacytic dermatitis was observed in the grafts,
suggesting some degree of immunoreactivity. The
inflammatory changes were associated with epidermal
changes (vacuolar degeneration apoptosis of kerati-
nocytes, and focal epidermal attenuation and crusting)
indicating active inflammation related to the wound
healing process. However, a large segment of the
epidermis was intact, even hyperplastic (Fig. 4g).
Specifically, the graft was infiltrated by moderate to
large numbers of inflammatory cells (lymphocytes,
plasma cells, unidentified mononuclear cells (mono-
cytes), and low numbers of mast cells (Fig. 4i). The
inflammation was more severe in subcutaneous
muscle, within and around the hair follicles and
sebaceous glands, and around dermal vasculature,
suggestive of chronic-active, focal, severe inflamma-
tion. Such inflammation does not imply eventual
rejection. It is documented that even syngeneic grafts
could become infiltrated with mononuclear cells, and
skin allografts may survive such an infiltrate (Youssef
et al. 2002). In wild-type to wild-type skin grafts, there
was no dermatitis and the epithelium was normal. The
focal inflammation within the panniculus was likely
against host hair material dislodged or displaced
during surgery, indicative of chronic-active, focal,
mild inflammation (Online Resource S7).

Morphological and functional aspect of long-term
heterotopic heart transplants using magnetic
resonance imaging (MRI) and echocardiography

To determine whether transplantation of ROSA26-
DsRed monomer-LEW Tg hearts affected function, rat
hearts were assessed at different time points by
echocardiography (Fig. 5a). Left ventricular function
was evaluated by echocardiography at baseline,
4 weeks, 6 weeks and monthly (up to 6 months)
postoperatively. In the wild-type group, recovery of
heart function (evaluated as percentage of fractional
shortening of the transplanted heart from baseline)
occurred after 3 months (10 days, p < 0.0001;
4 weeks, p < 0.0001; 6 weeks, p < 0.001), while in
the Tg DsRed/wild-type group, a significantly lower



Transgenic Res

Fig. 4 Evaluation of wild-type LEW rats grafted with full-
thickness skin grafts from ROSA26-DsRed monomer-LEW.
a Skin graft at week one and b week four, visual evaluation. Bar
1 cm, n = 4. Spectral fluorescence images obtained using the
Maestro™ in vivo imaging system at ¢ week one and d week
four post graft. Bar 500 p. e Photomicrographs of hematoxylin
and eosin-stained full thickness syngeneic skin graft. Cross-
sections, x20 magnification. f The occasional DsRed positive
cells deep within the host tissue are likely migrating dendritic

fractional shortening was documented over a 6 month
period (Fig. 5b). Transplanted animals receiving a Tg
heart showed a significant difference in fractional

cells from the grafted skin (arrow). Cross-sections, Zeiss
AxioObserver, Cy3 Filter Set, x20 magnification. g The graft
is infiltrated by inflammatory cells. Bar 500 . Arrow area in
h. Star area in i. h Within the graft most of the epidemis, adnexal
structures, and occasional large stromal cells express DsRed
protein. Red bar 100 p. i Individual and clusters of lymphocytes
(arrows) are also present at dermo-epidermal junction. Red bar
100 p. (Color figure online)

shortening at 6 weeks (p <0.001), 3 months
(»p < 0.0001), 5 months (p < 0.001) and 6 months
post-transplant (p < 0.05) compared with baseline.
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Fig. 5 Cardiac function assessed by echocardiography. A
representative M-mode echocardiography recorded to calculate
fractional shortening (FS) in the rat. Measurements done i at the
papillary muscle level, ii Left ventricular end-diastolic dimen-
sion (LVEDD), iii Left ventricular end-systolic dimension

The lower recovery is likely due to inflammatory
processes mediated by the DsRed protein (Fig. 5b,
n = 5).

These findings were confirmed by Doppler echo-
cardiographic analysis (Online Resource S8A-S8D)
and cardiac MRI (Online Resource -S8F), which non-
invasively evaluate the viability of the transplanted
organ and can assess heart function and struc-
tures 6 months  post-transplantation.  Echocardio-
graphic Doppler analysis enabled cardiac wall
motion to be observed and confirmed the absence of
blood flow within both ventricles. Cardiac MRI
provided detailed images of the heart and blood vessels
from many views. The scans confirmed heart motion,
the presence of heart remodeling due to the transplant
model and the presence of an organized thrombus in the
right ventricle. The cardiac studies, like the skin
grafting, showed evidence of inflammation but lack of
rejection. Our data indicate that presence of Tg DsRed
protein affected function of the transplanted organ,
probably from an inflammatory response to the graft.

Discussion
The increasing prevalence of clinical organ transplan-

tation has highlighted the need to develop better
experimental animal models. Due to its larger size, the
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rat model may be more suited for studying surgical
interventions than mouse models (Davis et al. 2012).

In this study, we established and characterized an
inbred Tg LEW rat with DsRed monomeric (DsRed
mono) protein as a fluorochrome and evaluated the
ability of DsRed mono Tg rats to serve as a model for
cell tracking studies, and organ transplantation.

The Tg animals bred normally, were of equal size,
had normal litter sizes, behaved similarly to LEW
wild-type rats and exhibited no lethality that correlated
with the presence of the transgene. We observed single
copy integrants in the genome of almost all of the
DsRed mono animals. Analyses of DsRed expression
over many generations in the line revealed that the
pattern and intensity of transgene expression was
stable. No variation of fluorescence intensity was
observed either among individual rats of the same
progeny or between genders.

A Tg rat carrying an alternative fluorochrome to
GFP, DsRed2 and Luciferase was developed to
complement existing models. The Tg DsRed rat
model is suitable for studying a specific organ; in
fact, Alb-DsRed2 Tg rats (Sato et al. 2003) are
exclusively used to investigate in vivo liver regener-
ation. The rat model in our study however, has greater
novelty and utility because the DsRed fluorescent
protein is ubiquitously expressed under the control of
the ROSA26 promoter.
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DsRed mono cells were detected in all organs
(including the heart, kidney, liver, lung, and spleen)
and skin, with the exception of hair. While the
expression is high in bone marrow cells and MSCs,
levels were low in peripheral blood mononucleated
cells. This observation should be taken into account by
investigators interested in tracking inflammatory cells
with this model.

A mosaic pattern of fluorescent protein expression
was detected in all organs, and is likely the result of an
interaction between the transgene insertion site and
epigenetic regulation by yet poorly understood mech-
anisms (Lao et al. 2012). In some cases, Tg animals
derived from plasmid DNA microinjection are subject
to complete silencing of the transgene as well as by
changes in promoter expression (Karpen 1994; Gries-
hammer et al. 1995). Silencing of transgene expres-
sion depends on the location of transgene insertion
(heterochromatin is usually higher than euchromatin)
(Kioussis and Festenstein 1997), the degree of trans-
gene methylation and the genetic background (Hof-
mann et al. 2006; Khokha et al. 1994).

Further studies are needed to define whether the
promoter or different chromosomal insertion sites
result in epigenetic regulation and silencing in Tg
animals (Day et al. 2000; Tang et al. 2001). Mosaic
DsRed expression levels in cells of the same organ
may be explained by variable epigenetic regulation.
For example, medulla kidney cells express DsRed
whereas cells of the kidney cortex are negative.

Additional advantages of DsRed mono Tg rats
include protein visualization by immunohistochemis-
try, fluorescence microscopy, flow cytometric analysis
and the lack of interference from autofluorescence
(Cotlet et al. 2001; Gross et al. 2000). A red
fluorescent signal was detectable in organs and cells
of ROSA26-DsRed monomer-LEW Tg rats while
control wild-type organs and cells had no detectable
levels of fluorescence at the optimal excitation and
emission wavelengths for the DsRed mono fluoro-
chrome (Sacchetti et al. 2002). The fluorescent protein
is bright enough to provide sufficient signal above
autofluorescence to be reliably detected and imaged.
Further, DsRed mono presents sufficient photostabil-
ity to be imaged for the duration of the experiment.

In this study, we also showed that MSCs derived
from the bone marrow of DsRed mono Tg rats, not
only expressed high levels of DsRed protein, but also
exhibited the same morphologic and phenotypic

properties as wild-type MSCs, suggesting that DsRed
mono MSCs may be a useful tool in studying MSC
migration, functionality and biodistribution in vivo
while avoiding confounding autofluorescence.

To test immunoreactivity to DsRed mono protein,
we successfully performed skin grafting and hetero-
topic heart transplantations with Tg rats as donors into
LEW wild-type rat recipients. It has become increas-
ingly clear that the transfer of cells or organs
expressing a reporter molecule into immunocompe-
tent hosts triggers an immune response directed
against the Tg cells (Kulbatski et al. 2007). Immune
responses to GFP positive cells and tissues have been
reported in several studies (Stripecke et al. 1999;
Gambotto et al. 2000). This is the first report of organ
transplantation with DsRed mono Tg rats showing
that: (i) Tg grafted skin emitted fluorescence in vivo
4 weeks after grafting indicating that the protein was
bioactive at this time point; (ii) transplanted hearts
from ROSA26-DsRed monomer-LEW Tg rats were
observed without any immunosuppressive agents for
up to 6 months; (iii) heterotopically transplanted
hearts were beating and expressed DsRed protein
during this time. The skin grafting and heart transplant
experiments support the finding that DsRed mono
transplanted cells and organs induce only moderate
immune responses that do not result in graft rejection.
For this reason, DsRed mono Tg rats acquire a
remarkable value in the research field.

In summary, the ROSA26-DsRed monomer-LEW Tg
rat represents a new and useful Tg animal model for cell
transfer studies or cell trafficking analysis in regenerative
medicine and transplantation research because it over-
comes several issues presented by existing Tg models.
DsRed mono fluorescent protein is stably expressed at
high levels and in different cell types and can be
unequivocally identified and tracked. Also, DsRed mono
Tg rats carry a low-immunogenic fluorescent marker
protein, enabling cell therapy studies and long-term
analysis of transplantation models to be performed.
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