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Rat embryonic stem cell (ESC) lines are not widely available, and there are only 2 lines available for distribution.
Here, ESC lines were derived and characterized from Fischer 344 (F344) rats that express marker transgenes either
B-galactosidase or human placental alkaline phosphatase (AP), nontransgenic F344 rats, and from Dark Agouti
(DA) rats. The ESC lines were maintained in an undifferentiated state as characterized by colony morphology,
expression of Oct4, Nanog, Sox-2, Cdx2, and Stella, staining for AP, and stage-specific embryonic antigen-1.
Pluripotency was demonstrated in vitro by differentiation to embryoid bodies, followed by embryonic monsters.
The Cdx2 expression by ESCs was unexpected and was confirmed via reverse transcriptase-polymerase chain
reaction, immunocytochemistry. Pluripotency of ESCs was demonstrated in vivo by production of teratoma after
an injection into F344 nontransgenic rats, and by an injection of male DA ESCs into F344 or Sprague-Dawley rat
blastocysts and the generation of chimeric rats and germline contribution. ESCs from both F344 and DA con-
tributed to chimeric rats, and one DA ESC line was proved to be germline competent. ESC sublines were created
by transfection with a plasmid expressing enhanced green fluorescent protein (eGFP) under the control of a beta
actin promoter and cytomegalovirus enhancer (pCX-eGFP) or by transfection with a plasmid expressing GFP
under the control of a 3.1kb portion of the rat Oct4 promoter (pN1-Oct4-GFP). In pN1-Oct4-GFP sublines, GFP
gene expression and fluorescence were shown to be correlated with endogenous Oct4 gene expression. Therefore,
these new ESC lines may be useful for tissue engineering and transplantation studies or for optimizing culture
conditions required for self-renewal and differentiation of rat ESCs. While they made chimeric rats, further work
is needed to confirm whether the transgenic F344 rat ESCs described here are germline-competent ESCs.

Introduction

As HIGHLIGHTED IN RECENT reviews [1,2], the rat is an
important laboratory species that has lagged behind the
mouse within the field of functional genomics, but continues
to out-publish the mouse in other areas of scientific research,
such as the cardiovascular system and the nervous system.
Embryonic stem cells (ESCs) have been important tools used
to manipulate the mouse genome via gene targeting. It was
after 2 decades of trying that “genuine” rat ESCs were pro-
duced [3,4], and only last year, genuine rat ESCs were dem-
onstrated to be useful for knockout rat production [5]. To date,
the efficiency of rat ESCs for gene targeting approaches is
lower than in the mouse.

ESCs are derived from the inner cell mass of the blasto-
cyst, can be maintained indefinitely in culture in the undif-
ferentiated state, and can differentiate into a variety of cell
types in vitro and in vivo [3,4,6-12]. Early work had sug-

gested that the growth factors and cytokine requirements to
maintain rat ESCs so that they continue to self-renew and
prevent their differentiation was different from the rat. For
example, leukemia inhibitory factor (LIF) supplementation of
the medium together with inactivated mouse embryonic
fibroblasts feeders (MEFs) was different from mouse ESCs
[9]. Later, it was suggested that rat ESCs are similar to mouse
ESCs [13,14], as the use of medium containing inhibitors of 2
pathways, glycogen synthase kinase 3 (GSK3) and mitogen-
activated protein kinase kinase (MEK) pathways, restrict
their differentiation and maintain their self-renewal. There-
fore, the similarities/differences between rat and mouse
ESCs remain to be fully understood.

Using medium containing the 2 inhibitors and no serum
(called 2i medium), rat ESCs have been produced from
Brown Norway, Wistar, Dark Agouti (DA), Sprague-Dawley
(SD), and Fischer 344 (F344) strains [3,4,15,16]. To date, DA
ESCs have shown germline competence and are termed

'Department of Anatomy and Physiology, Kansas State University, Manhattan, Kansas.
’The Midwest Institute of Comparative Stem Cell Biology, Kansas State University, Manhattan, Kansas.

1571



1572

“genuine” ESCs. In contrast, F344 ESCs have not produced
chimera or germline-competent ESCs. The reasons for the
differences between the 2 strains are unknown. The observed
differences might be due to incompatibility between host
blastocyst and F344 ESCs, sa decreased efficiency has been
seen in the mouse unless the C57BL/6 is used as a host
blastocyst (eg, [17,18]). The F344 blastocyst is a compatible
host to DA ESCs, but efficiency to produce germline trans-
mission is low compared with the efficiency observed in
C57BL/6 mice or Sv129 mice.

We speculate that ESCs derived from F344 rats would
have important advantages for gene targeting strategies.
Specifically, F344 rats are inbred, have a bacterial artificial
chromosome (BAC) library available to facilitate construction
of targeting vectors, and are a relatively efficient strain in
terms of litter size, compared with other inbred strains.
Further, the F344 rat has proved utility for toxicological
testing, aging studies, etc. We posited that F344 strains that
express a marker transgene would be valuable for producing
ESC-derived cells for cell-transplantation therapy, tissue en-
gineering, biotechnology, etc. To that end, here, rat ESC lines
and sublines were derived from a transgenic (Tg) F344 rat
strain expressing either a B-galactosidase (B-gal) transgene
under a cytomegalovirus (CMV) promoter or expressing
human placental alkaline phosphatase (AP) under the
Rosa26 promoter. These ESCs lines were characterized by
gene expression for Oct4, Sox2, Nanog, Cdx2, and Stella,
staining for AP and stage-specific embryonic antigen-1
(SSEAT), and expression of their marker transgene and
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chimera formation. These rat ESCs were differentiated to
embryoid bodies (EBs) and to spontaneously contracting
tissue (“beating structures”) in vitro and could form tera-
toma after injection into non-Tg F344 rats. To evaluate the
ability to introduce genes into rat ESCs, a rat Oct4 reporter
construct called pN1-Oct4-GFP was made, as others have
done in the mouse species [19,20]. Rat pN1-Oct4-GFP ESCs
lines were selected and clonally derived. A pN1-Oct4-GFP
ESC reporter line was validated by correlating Oct4 RNA
expression with green fluorescent protein (GFP) gene ex-
pression and by correlating GFP fluorescence and Oct4
protein expression. The cell lines and tools developed here
will assist with refinement of rat ESC culture conditions and
tracking of rat ESC-derived cells after transplantation or
chimera formation.

Materials and Methods
Animals

The animal work was approved by the KSU Institutional
Animal Care and Use Committee. F344 Tg rats that express the
B-gal reporter under a CMV promoter produced by Ozgene
for Mahendra S Rao (NIH, NIA), and F344 Tg rats that express
the human placental AP gene under the Rosa26 promoter that
were previously described [21], were used. The Tg rats
supplied by Dr. Rao were bred to homozygousity, and the
colony was maintained Specific-Pathogen-Free (SPF). At the
time of these experiments, the Tg F344 rats were SPF and

TABLE 1. POLYMERASE CHAIN REACTION PRIMERS

Gene Sequence Product Size

RT-PCR

Pou5F1 (Oct3/4) F CGA GGA GTC CCA GGA TAT GA 446

Pou5F1 (Oct3/4) R GCC GGT TAC AGA ACC ACA CT

Sox2 F ACC AGC TCG CAG ACC TAC AT 388

Sox2 R CCC TCC CAA TTC CCT TGT AT

Nanog F GCC CTG AGA AGA AAG AAG AG 356

Nanog R CTG ACT GCC CCA TAC TGG AA

Pbgd F TAG CAT GCA AGA GAC CAT GC 354

Pbgd R GGC CGA AGT CTC AAC AAC TC

hPAP F CTG ATG AAT GGG AGC AGT GGT GGA ATG 360

hPAP R GCA GAC ACT CTA TGC CTG TGT GGA G

B-galactosidase F CGT CGT TTT ACA ACG TCG TGA C 423

B-galactosidase R CGC CGA GTT AAC GCC ATC

Stella F TCC TAC AAC CAG AAA CAC TAG 304

Stella R GTG CAG AGA CAT CTG AAT GG

Cdx2 F CAG GAG GAA AGC TGA GTT GG 373
R TTC TCA CAG TGT CCG TGC TC

qRT-PCR

Pou5F1 (Oct3/4) F AGA ACC GTG TGA GGT GGA AC real-time 132

Pou5F1 (Oct3/4) R GCC GGT TAC AGA ACC ACA CT real-time

EGFP F GAA GCA GCA CGA CTT CTT CAA real-time 155

EGFP R AAG TCG ATG CCC TTC AGC TC real-time

Pbgd F GCA CGG CAG CTT AAT GAT GT real-time 163

Pbgd R CAA GGC CGA AGT CTC AAC AC real-time

Cdx2 F CAG GAG GAA AGC TGA GTT GG 373

Cdx2 R TTC TCA CAG TGT CCG TGC TC

D2Rat250-F1 F GTC CCT CTC CTG TCC CTC TC 180/158/146

D2Rat250-R1 R GAA GTC TGA ACG CTC ATG CA 180/158/146
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homozygous for the transgene. Non-Tg F344 and DA rats
were obtained from Harlan and bred in-house.

ESC culture

A number of ESC lines were derived; these lines are listed
in Table 1. The ESC culture was performed using standard
methods. ESC culture: Embryos were collected on 4.5 days
post coitum (dpc) and were placed on mitotically inactivated
MEFs in medium described next. Blastocysts outgrowths
were lifted with a mouth pipette with an interior diameter of
150 um and disrupted with Trypsin/EDTA, then the trypsin
was inactivated by adding serum containing medium, and
the cells were dispersed by pipetting 4-6 times. The cells
were centrifuged for 3min at 250xg, resuspended in me-
dium, and plated in 1-well of a 96-well plate. After 2-7 days,
ESC-like colonies were observed and picked based on mor-
phology for plating on a fresh feeder layer. The colonies were
grown until the largest colony reached 200 pm, then they
were lifted using trypsin/EDTA and plated into a new well
of a 96-well plate. At passage, ESCs were usually split 1:3 or
1:5. ESCs were frozen using ESC freezing medium according
to the manufacturer’s recommendations (GlobalStem). At
thaw, ESC viability was checked with trypan blue exclusion,
and the ability to re-establish culture was checked.

ESC culture media tested

Three different media were tested: (1) A serum-free, 2i
medium that was based on a previously described recipe [4]
with modifications, (2) A 2i medium with serum, and (3) A
basic fibroblast growth factor (bFGF) and LIF supplemented
medium.

1. A serum-free, 2i medium that was based on a previously
described recipe [4] with modifications: N2B27+LIF
medium was prepared by mixing 1 mL N2 (Invitrogen)
supplemented with 5mg/mL bovine serum albumin
fraction V (Sigma) and 3 pg/mL progesterone (Sigma) to
100 mL Neurobasal medium (Invitrogen) and adding
2mL B27 (Invitrogen), 1 mL Glutamax (Invitrogen), and
100 mL DMEM/F12 medium (Sigma) with a final con-
centration of 0.1 mM 2-mercaptoethanol (Sigma). The
GSK3 inhibitor CHIR99021 (Stemgent) was added at
3 uM, and the MEK inhibitor PD0325901 (Stemgent) was
added at 0.8 uM and 1,000 IU/mL rat LIF (Chemicon).

2. A 2i medium with serum: 83% DMEM (Invitrogen),
15% heat-inactivated fetal bovine serum (Hyclone), 1%
nonessential amino acids (Invitrogen), 1% Glutamax,
0.1mM 2-mercaptoethanol, 3uM CHIR99021, 0.8 M
PD0325901, and 1,000 IU/mL LIF.

3. bFGF and LIF supplemented medium: 83% DMEM,
15% heat-inactivated fetal bovine serum (Hyclone), 1%
nonessential amino acids, 1% Glutamax, 0.1 mM
2-mercaptoethanol, 2-8 ng/mL bFGF (Invitrogen), and
1,000IU/mL LIF.

Feeder layer

MEFs were obtained from commercial sources (ATCC or
Globalstem). The MEFs produced in our laboratory were
mitotically inactivated either by irradiation (eg, 20-30G de-
livered by KSU’s linear accelerator or from KSU’s nuclear
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reactor) or by exposure to mitomycin C (Sigma). In some
cases, inactivated MEFs were purchased.

Karyotyping analysis

Chromosome counting was performed in house. G-band
chromosome analysis was performed by Cell Line Genetics
after reviewing at least 20 chromosome spreads.

AP staining

ESCs were stained with an AP staining kit according to the
manufacturer’s instructions (Millipore). Positive control cells
were undifferentiated mouse ESCs (American Type Culture
Collection, D3 line).

Blastocyst injection with ESCs

Embryos were collected at 4.5 dpc from nontrangenic F344
or from SD rats and cultured on inactivated MEFs until the
blastocoel had expanded. Blastocysts were injected with 4-15
ESCs. In some cases, the injected blastocysts were moved to
individual wells in a 96-well plate onto a feeder layer, and
photomicrographs were taken using phase-contrast and epi-
fluorescence imaging over the next 8 days. The distribution
of ESCs within the outgrowths was noted. In other cases, the
injected blastocysts were transferred surgically into the
uterine horns of 3.5 dpc pseudopregnant SD rats.

EB formation and differentiation

EBs were generated either using the hanging drop method
or by plating on low attachment culture plates. Briefly, ESCs
were cultured in 2i+LIF medium in suspension until they
formed spheres. The ESCs clumps were then cultured in
suspension in EB medium that consisted of 2i+ LIF medium
without the inhibitors and without LIF. The EB culture was
maintained in suspension for 6-8 days, and the EBs were
collected and plated onto 0.1% gelatin-coated or matrigel-
coated wells. EBs were cultured in EB medium for another 2
weeks to form embryonic monsters.

Immunocytochemistry

ESCs were plated on an MEF layer on top of gelatin-coated
coverslips. After 3 or 4 days of culture, ESCs were rinsed with
Dulbecco’s phosphate buffered saline (DPBS), fixed with 4%
buffered paraformaldehyde for 34 min at room temperature,
and triple rinsed with DPBS. Nonspecific binding was blocked
with DPBS containing 5% normal goat serum (0.2% Triton
X-100 was added for intracellular staining) for 30 min at room
temperature. Primary antibodies included SSEA1, SSEA3,
SSEA4 (Developmental Studies Hybridoma Bank), Oct4 (1:500—-
3,000; Chemicon or BD Biosciences), Sox2 (1:1,000-5,000; Che-
micon), Nanog (1:500-3,000; Chemicon), B-gal (1:1,000-5,000;
Abcam or Sigma-Aldrich), or Cdx2 (Biogenex, prediluted).
Primary antibodies were detected with highly cross-absorbed
fluorescent secondary antibodies (eg, Alexafluor 488, 568, or
594; Molecular Probes, 1:100-1,000). Before mounting, the DNA
was stained with 6-diamidino-2-phenylindole for 5min, and
the plates were triple rinsed with DPBS. Coverslips were
mounted with 70% glycerol containing anti-fade solution (2%
n-propyl gallate in 0.1M Tris Buffer, pH 9.0) and sealed with
rubber cement or nail polish. Slides were viewed using a Nikon
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Eclipse microscope, and images were collected using a Roper
CoolSnap ES camera controlled by Metamorph v.7 software.
The images were imported into Canvas 12 (ACD systems),
cropped, scaled, colored, and assembled into plates.

Teratoma formation

Up to 2x10° Tg F344 ESCs were injected subcutaneously
along the backs of F344 recipients, for example, B-gal-Tg
ESCs were injected into non-Tg F344 rats. Injections were
made 1cm lateral to the spine and cranial to the hind limbs.
The recipients were observed for 2-3 months for teratoma
formation. At euthanasia, the teratomas were photographed
in situ, then excised, and sent to the histopathology lab for
preparation and analysis by a board-certified veterinary
pathologist who was blind to the experimental conditions.

Reverse transcriptase-polymerase chain reaction

Total RNA was isolated using an RNeasy kit (Qiagen) or
TRIZOL using the manufacturer’s protocol. RNA was trea-
ted with DNase before storage. Complementary DNA was
synthesized from total RNA using Superscript III First-
Strand Synthesis Supermix kit (Invitrogen) primed with oli-
go-dT 1515 per the manufacturer’s protocol. polymerase
chain reaction (PCR) was performed using a BioRad iCycler
or iQ5: the initial denaturation at 95°C for 3 min, 30 cycles of
[94°C for 1min, 53°C-55°C for 30s, and 72°C for 30s], and
the final extension at 72°C for 10 min. After PCR, the prod-
ucts were resolved on a 1%-2% agarose gel with 100 bp DNA
ladder and imaged. Primers sequences are listed in Table 1.

Semi-quantitative reverse transcriptase-polymerase
chain reaction

Semi-quantitative RT-PCR was performed using a BioRad
iQ5 System and Sybr Green/Fluoroscein PCR Master Mix
(SABiosciences). Pbgd was used for quantitative (q)RT-PCR
normalization via the AC, method [22]. Reactions for qRT-
PCR were run in duplicates and averaged and were also run
using 2 or 20ng per tube cDNA loading concentrations.
Control RNA was collected from dpc 4.5, 9.5, 10.5, or 12.5 rat
embryos, MEFs, undifferentiated mouse ESCs (D3 line;
ATCC), undifferentiated human teratocarcinoma cells (NT2
line; ATCC), and mouse teratocarcinoma cells (F9; ATCC).
Additional controls were supplied by Drs. Mohamed Rumi
and Michael Soares at University of Kansas Medical Center
who supplied cell pellets from trophoblast stem cells (TS cells,
these cells were isolated, expanded, and derived as described
in [23]) and extraembryonic endoderm cells (XEN) and Dr.
Qilong Ying at University of Southern California who sup-
plied “genuine” rat ESC pellet (Dac8, passage 35, these cells
were isolated, expanded, and derived as described in [4]).

ESC transfection

ESCs were transfected using an Amaxa Nucelofector (A23
or B16 programs) under the following conditions: 10° ESCs,
90 puL of nucleofection solution, and 2 pg of plasmid DNA.
The pCX-eGFP plasmid (pCX-eGPF) was supplied by Dr. A
Nagy’s lab. The pNI1-GFP plasmid was made in-house.
Plasmid N1-Oct4-GFP contains a 3.1kb portion of the rat
Oct4 promoter including both the proximal enhancer and a
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portion of the distal enhancer. The Oct4 promoter and the rat
Oct4 ATG site was inserted 5" to GFP, polyA sequence [22].
PN1-Oct4-GFP also contains a neomycin/kanamycin selec-
tion cassette under a separate SV40 promoter. ESCs trans-
fected with pN1-Oct4-GFP were plated in one well of a
6-well plate on a feeder layer in rat ESC medium 2 for 2 days.
Transfected cells were selected using G418 (Invitrogen) for 6
days. Colonies showing ESC morphology and GFP fluores-
cence were individually picked up and plated in one well of
a 96-well plate on a feeder layer.

Results
Derivation of ESC cells

Rat ESC lines were derived from homozygous Tg F344, or
non-Tg F344 and DA blastocysts (see Table 2). Outgrowths of
the inner cell mass became distinct within a week and could
be lifted manually and disrupted using trypsin-EDTA. ESC
colonies could be selected based on morphology and could
be manually moved to a new well on feeders. Sometimes,
ESC colonies were observed growing on or adjacent to an
unknown, flattened cell type, possibly extraembryonic en-
doderm cells (XEN) (Fig. 1A, B). Both the ESCs and the
second cell type could be passaged and expanded in iden-
tical growth conditions and grew side by side or with the
ESCs on top of the flat cells. Both cell types could be cryo-
preserved, reanimated, and expanded at approximately the
same efficiency. To enrich ESCs, ESCs colonies were manu-
ally picked and moved to fresh wells (Fig. 1C). As shown in
Fig. 1A and B, the XEN-like cell type was negative for Oct4
and AP. The XEN-like cells were not characterized further.

Comparison of media formulations

DMEM medium supplemented with LIF and bFGF sup-
ported initial derivation of rat ESCs. ESCs could not be
maintained in this medium. At initial derivation and at early
passage, ESC colonies were comprised of loosely packed,
round cells that formed colonies with ragged borders (data
not shown). When stained for AP, these colonies were vari-
ably stained with light homogenous AP staining or were
composed of negative cells with a few positive AP-stained
cells buried in the colony (data not shown). The ESCs lost AP
staining between passage 4-8. Therefore, we concluded that
this medium could not maintain the undifferentiated state as
assessed by immunocytochemistry, AP staining, or RT-PCR
for the markers of the pluripotent state: Oct4, Sox2, and
Nanog. The ESCs lost staining Nanog staining first and later
lost Oct4 staining. Thus, ESCs completely differentiated
by passage 8 in this medium. In summary, medium
supplemented with bFGF and LIF might be used to derive
ESCs, and did not maintain rat ESCs in the undifferentiated
state.

In contrast, media formulations that contained GSK3 and
MEK inhibitors with or without rat LIF (2i medium + LIF)
with or without serum could derive rat ESCs and maintain
them in the undifferentiated state (the undifferentiated state
was indicated by morphology, AP staining, Oct4, Sox2, Na-
nog immunocytochemistical staining, and by Oct4, Nanog,
Rex1 gene expression, etc, data presented next). When com-
paring the 2 media containing the 2i with or without serum,
minor differences were observed. For example, medium that
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TaBLE 2. LisT oF RaT EMBRYONIC STEM CELL LINES THAT WERE DERIVED AND How THEY HAVE BEEN CHARACTERIZED

Derivation

Cell line strain conditions

Morphology

Tetraploid
Sex Tg? OCT4 NANOG SOX2 Karyotype percentage

Embryo-derived Stem Cell LINES

1 F344 B-galactosidase transgenic LIF/bFGF-S Flat, individual NO Y Y No Y

>10 other lines derived
in bFGF/LIF/15% FBS

Embryonic Stem Cell LINES

9 F344 wild-type 2i/LIF-SF Round colonies ND Y Y Y
11 F344 wild-type 2i/LIF-SF ~ Round colonies M Y Y Y
12 F344 wild-type 2i/LIF-SF Round colonies ND Y Y Y
13 F344 wild-type 2i/LIF-SF ~ Round colonies ND Y Y Y
38 F344 wild-type 2i/LIF-FBS Round colonies M Y Y Y
39 F344 wild-type 2i/LIF-FBS Round colonies F Y Y Y
40 F344 wild-type 2i/LIF-FBS Round colonies F Y Y Y
2 F344 B-galactosidase 2i/LIF-FBS Round colonies M Y Y Y Y  Euploid 60%
transgenic
3 F344 B-galactosidase 2i/LIF-FBS Round colonies M Y Y Y Y  Aneuploid 16%
transgenic
4 F344 B-galactosidase 2i/LIF-SF ~ Round colonies M Y Y Y Y
transgenic
32 F344 hPAP transgenic 2i/LIF-SF ~ Round colonies M Y Y Y Y
33 F344 hPAP transgenic 2i/LIF-SF  Round colonies M Y Y Y Y
34 F344 hPAP transgenic 2i/LIF-SF ~ Round colonies F Y Y Y Y
48 DA 2i/LIF-FBS Round colonies M Y Y Y  Euploid 14%
49 DA 2i/LIF-FBS Round colonies F ND ND ND Euploid 18%
50 DA 2i/LIF-FBS Round colonies F Y Y Y  Euploid 32%
51 DA 2i/LIF-FBS Round colonies F Y Y Y
52 DA 2i/LIF-FBS Round colonies M Y Y Y
53 DA 2i/LIF-FBS Round colonies M Y Y Y
54 DA 2i/LIF-FBS Round colonies M Y Y Y  Euploid 32%
55 DA 2i/LIF-FBS Round colonies F Y Y Y
56 DA 2i/LIF-FBS Round colonies F Y Y Y
57 DA 2i/LIF-FBS Round colonies M Y Y Y
58 SD 2i/LIF-SF  Round colonies ND ND ND ND
60 SD 2i/LIF-SF  Round colonies ND ND ND ND
Sublines Strain Notes
1.1 F344 B-galactosidase transgenic pCX
21 F344 B-galactosidase transgenic pCX
22 F344 B-galactosidase transgenic Neural
3.1 F344 B-galactosidase transgenic pN1
3.2 F344 B-galactosidase transgenic pCX
4.1 F344 B-galactosidase transgenic pN1
30 F344 B-galactosidase transgenic PE-like
48.1 DA pCX
53.1 DA pCX
54.1 DA pCX

LIF, leukemia inhibitory factor; F344, Fischer 344; Tg, transgenic; bFGF, basic fibroblast growth factor; DA, Dark Agouti; SD, Sprague-

Dawley; 2i, 2 inhibitor.

contained serum promoted better adherence to the feeder
layer, and 2 ESC like populations were observed (data not
shown). One population had a more-firm adherence to the
feeder layer with colonies that were less refractile in phase
contrast (less highly domed), the other population grew in
suspension (balls of phase bright ESCs) or was loosely
adherent to feeders. Both serum-free and serum-containing
2i+LIF media maintain ESCs when they were grown in
the absence of feeders for at least 2 passages. However,
ESCs expanded in suspension culture were more difficult
to work with, as cells were lost during feeding and other
manipulations.

Rat ESCs express Cdx2

The rat ESC colonies were rounded and phase-bright;
stained for AP and Oct4; and had a similar appearance to
mouse ESCs (Fig. 1A-C). RNA extracted from rat ESCs was
collected, and RT-PCR revealed that rat ESCs express tran-
scription factors: Oct4, Sox2, and Nanog at levels comparable
to genuine rat ESCs supplied by Dr. Qilong Ying at Uni-
versity of Southern California (Fig. 1D). In addition, rat ESCs
express Oct4 and Nanog protein in the nucleus as seen by
immunocytochemistry (Fig. 1E). Finally, some but not all rat
ESCs expressed SSEA1 (Fig. 1F). Rat ESCs did not express
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FIG. 1. Generation and
characterization of rat embry-
onic stem cells (ESCs) from
transgenic F344 and non-
transgenic Dark Agouti (DA)
rats. (A, B) Rat ESCs and
primitive endoderm-like
(XEN-like) cells in a mixed
culture. After collapse of the
blastocyst, the inner cell mass
starts  expanding.  Phase-
bright colonies with ESC
morphology are found on or
adjacent to XEN-like cells (A).
The ESCs are positive for al-
kaline  phosphatase (AP,
shown in A) and Oct4 staining
(B), and the XEN-like cells are
negative for both Oct4 and
AP. (C) Both XEN and ESCs
can be expanded, frozen/
thawed, and maintained in . - "
the 2i medium. To enrich D 1 2

ESCs, the colony is manually e
selected, dissociated, and ex- Oct4 So@ Nanog PBDG Waler Octd So MNamog PBDG

panded (see C). (D) RT-PCR 1000

characterization ~ of  plur-

ipotency transcription factors 500

expression by ESCs. Lanes o

from left to right: Oct4, Sox2, 200

Nanog, PBGD, and water only
(control). Block 1 (left): Posi-
tive-control ESCs (supplied by
Dr. Qilong Ying, University of
Southern California). Block 2:
ESCs derived from a B-galac-
tosidase (B-gal) transgenic rat
(line 3). At left: Dppa3/Stella
expression by ESCs. Lanes la-
beled by rat ESC lines (lines
are listed in Table 1). Lines 2
and 3 were derived using 2i
medium with 15% heat-in-
activated fetal bovine serum
(CHIR99021, GSK-3B inhibi-
tor and PD0325901, MEK
inhibitor) and leukemia in-
hibitory factor (LIF). Line 1
was derived using human
basic fibroblast growth factor (bFGF) and LIF and 15% heat-inactivated fetal bovine serum. Lane labeled USC represents
positive control rat ESCs from Qilong Ying (University of Southern California). Lane labeled W, water only (control). Lane
labeled L is a 100 bp ladder. (E) Oct4 and Nanog immunocytochemical staining. Top: ESCs derived from a F344 B-gal transgenic
rat (line 3) at passage 4 stained for Oct4 (green), or Nanog (red). Bottom: Secondary antibody only controls. Panels from left to
right: Normarski illumination shows colony size and morphology, 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI, blue)
staining for DNA, immunofluorescence micrograph for Oct4 (green), and at the far right, immunofluorescent staining for Nanog
(red). Lower panel shows ESCs stained with secondary antibody only. (F) SSEA1 immunocytochemical staining. ESC derived
from a F344 B-gal transgenic rat (line 2) at passage 12 stained for SSEA1 (red). From LEFT to RIGHT: Normarski illumination,
DAPI nuclear stain (blue), SSEA1 (red), and at the far right, merged DAPI and SSEAT1 staining. In all images, scale bar is 100 pm.
PCR, polymerase chain reaction; SSEA1, stage-specific embryonic antigen-1; GSK, glycogen synthase kinase; MEK, mitogen-
activated protein kinase; F344, Fischer 344; USC, University of Southern California; 2i, 2 inhibitor. Color images available online
at www.liebertonline.com/scd

SSEA3 or SSEA4 (data not shown). As shown in Fig. 2A, rat  between genuine rat ESCs (supplied by Dr. Qilong Ying at
ESCs express the trophoectoderm marker, Cdx2. As shownin  University of Southern California) and the rat ESCs derived
Fig. 2A-C, this finding was confirmed by immunocyto- here (lines 1,2, and 3). As a positive control, rat TS cells were
chemistry, RT-PCR, and semi-quantitative RT-PCR. In Fig. used. As a negative control, undifferentiated mouse ESCs
2A by using RT-PCR, Cdx2 expression levels were compared (D3 line) were used. As expected, undifferentiated mouse
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FIG. 2. Cdx2 staining of rat
embryonic stem cells and rat
blastocysts. (A) RT-PCR of
Cdx2. From left to right: (L)
100 bp Ladder, Lane 1: ESC
line 2 at passage 6, Lane 2:
ESC line 3 at passage 6, Lane
3: ESC Control from Qilong
Ying, Lane 4: Positive Control
TS #1, Lane 5: Positive Con-
trol TS #2 supplied by Dr.
Michael Soares and Mo-
hammed Rumi at University
of Kansas Medical Center,
Lane 6: ESC line 1 at passage
10, Lane 7: Negative Control
mouse D3 ESCs obtained
from ATCC, Lane 8: Negative
Control (water). (B) Semi-
quantitative RT-PCR for Cdx2.
18 rat ESC lines derived here
and two rat ESC control sup-
plied by Dr. Qilong Ying ex-
press Cdx2 gene at levels
higher than negative control
cells lines: rat adult tissues
and rat embryonic fibroblasts
(REFs) and rat umbilical cord
mesenchymal stromal cells
(RUCs). The positive control
cells, rat trophoblast stem
cells (TS) express Cdx2 at a
higher level than all rat ESCs
lines except one euploid rat
ESC line that was 60% tetra-
ploid. The delta threshold
count (delta Ct) was averaged
from two technical replicates
and normalized using the Ct
value of PBGD. The data from
all lines is shown in Table 3.
(@  Immunocytochemistry
for Cdx2 and Nanog. Left
panels are DAPI staining of
nuclei. Middle panels are im-
munofluorescence for Cdx2.
Right panels are immuno-
fluorescence for Nanog. As
seen in the middle panels,
while the staining intensity of
Cdx2 varies throughout the
colonies, it is more intense at
the edges of the colony. While
Cdx2 staining varies all Na-
nog staining cells also had
some degree of Cdx2 staining.
There was consistent overlap
of Cdx2 and Nanog staining.
(D) Immunocytochemistry for
Cdx2 and Nanog in 4.5 days

post coitus rat blastocysts. As seen in the bottom left panel, the inner cell mass contains Cdx2 positively stained nuclei (arrow),
albeit at lower staining intensity than in trophectoderm cells. Additionally, Cdx2 staining was observed in the cytoplasm of
inner cell mass cells (arrowhead). XEN and TS cell pellets were supplied by Drs. Michael Soares and Mohammed Rumi,
University of Kansas Medical Center; rat ESC control cell pellet was supplied by Dr. Qilong Ying, University of Southern
California (USC). In C the calibration bar is 50¢m; in D the calibration bar is 25pum. Color images available online at

www liebertonline.com/scd
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TABLE 3. SEMI-QUANTITATIVE RT-POLYMERASE CHAIN REACTION DATA SHOWING CDX2 EXPRESSION
BY RAT EMBRYONIC STEM CELL LINES AND BY CONTROL CELL LINES (ACT VALUES REFERENCED TO PBGD)

Tetraploid Special culture
Cell line strain Karyotype percentage Cdx2? Cdx2 ACt conditions
Embryo-derived Stem Cell LINES
1 F344 B-galactosidase transgenic Y 7.0
11 F344 wild-type Y 8.7 Suspension
12 F344 wild-type Y 8.4 Suspension
38 F344 wild-type Y 52
2 F344 B-galactosidase transgenic Euploid 60% Y 41
3 F344 B-galactosidase transgenic Aneuploid 16% Y 8.2 Matrigel
4 F344 B-galactosidase transgenic Y 6.9
32 F344 hPAP transgenic Y 6.4
33 F344 hPAP transgenic Y 8.0
34 F344 hPAP transgenic Y 7.4
48 DA Euploid 14% Y 5.8
50 DA Euploid 32% Y 5.5
51 DA Y 6.4
52 DA Y 6.6
53 DA Y 6.1
54 DA Euploid 32% Y 7.7
55 DA Y 7.6
56 DA Y 8.0
57 DA Y 6.2
Cdx2 controls
DACS8 P35 Y 7
DACS P35 Y 7
Rat adult liver Y 9.9
REF Y 10.3
RUC Y 10.6
Rat adult heart Y 12.8
TS cells Y 49
54 differentiated to EBs 5 days Y 8
54 differentiated to EBs 10 days Y 7.6

EBs, embryoid bodies; TS, trophoblast stem; REF, rat embryonic fibroblast; RUC, rat umbilical cord mesenchymal stromal cells.

ESCs did not express Cdx2 (Fig. 2A, Lane 1: ESC line 2 at
passage 6, Lane 2: ESC line 3 at passage 6, Lane 3: ESC
Control from Qilong Ying, Lane 4: Positive Control TS #1,
Lane 5: Positive Control TS #2 supplied by Dr. Michael
Soares and Mohammed Rumi at University of Kansas
Medical Center, Lane 6: ESC line 1 at passage 10, Lane 7:
Negative Control mouse D3 ESCs obtained from ATCC). In
Fig. 2B, to determine whether Cdx2 expression was corre-
lated with aneuploidy or high tetraploidy, Cdx2 expression
was evaluated in aneuploid and euploid ESC lines with
different levels of tetraploidy, and uncharacterized ESC lines
along with TS cell positive control cells and adult heart and
liver, rat embryonic fibroblast (REF), and rat umbilical cord
mesenchymal stromal cells (RUC) negative control cells.
Genuine rat ESCs were included (samples from Dr. Qilong
Ying and our line 53) as were samples from line 53 ESCs that
were differentiated to EBs for 5 or 10 days. The delta Ct
values are provided in Table 3, and a subset of the results are
graphically shown in Fig. 2B. Except for one euploid ESC line
with 60% tetraploidy, these data show that rat TS cells ex-
press Cdx2 at a higher level than rat ESCs. In summary, no
strong correlation of Cdx2 expression levels and the number
of complete chromosome sets was observed. In contrast, rat
adult heart and liver, REFs, and RUCs express Cdx2 at lower
levels than rat ESCs. Note that the rat ESC lines derived here
and the genuine rat ESCs (DAc8 line supplied by Dr. Ying

and line 53 derived here) express Cdx2 at about the same
level. Of potential importance, growing rat ESCs on Matrigel
or growing them in suspension culture may decrease Cdx2
expression (see Fig. 2B, Table 3).

Next, the expression of Cdx2 and Nanog was analyzed in
rat ESCs using immunocytochemistry (Fig. 2C). As seen in
Fig. 2C, Cdx2 expression was found in the nucleus of vir-
tually all ESCs. Variability in Cdx2 staining intensity was
observed (compare Top and Bottom panels) with higher
expression found on the outer surface of the colony. There
was a high degree of correspondence between Nanog and
Cdx2 staining, suggesting that Cdx2 was found in rat ESCs
and not in a contaminating population of TS or other em-
bryonic cells. In contrast to what we observed in rat ESCs, as
shown in Fig. 2D, in rat blastocysts, Cdx2 expression was
found at high levels in trophectoderm cells and at lower
levels in the ICM. We found Cdx2 expression in both the
cytoplasm (arrowhead in Fig. 2D) and the nucleus of ICM
cells (arrow).

In an adjacent study under review elsewhere, we devel-
oped and tested a focused gene array for characterizing rat
ESCs and compared undifferentiated ESCs with rat TS cells,
rat extraembryonic endoderm cells (XEN), MEFs, and dif-
ferentiated ESCs. Our array is similar to commercially
available arrays for characterizing human and mouse ESCs
(eg, arrays from SABioscience). When undifferentiated and
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FIG. 3. Characterization of rat ESCs
derived from transgenic rats. (A-C)
Detection of transgenes genes in ESCs
derived from transgenic F344 rats. (A)
X-gal histochemistry (X-gal His-
tochem) to detect B-gal in ESCs (line 2,
passage 11) derived from B-gal trans-
genic rat. (B) Immunocytochemical
staining for B-gal protein (B-gal Im-
muno, red) in rat ESC line 2 counter-
stained with DAPI for DNA (blue).
Scale bar is 100 um. (C) PCR on geno-
mic DNA extracted from rat ESC lines
61, 62, 1, 2, and 3, to detect human
placental AP (left) or B-gal transgene
expression (B-gal, middle and right).
ESC lines 61 and 61 were derived from
the human placental AP transgenic
rats and lines 1, 2, and 3 were derived
from the B-gal transgenic rats. Lane W,
water (negative control). (D) Embryoid
bodies (EBs) derived from ESCs. Left:
EBs formed using the hanging-drop
method for 8 days. Right: EBs formed
using suspension culture method for 8
days. EBs were derived from line 2
(B-gal F344 ESCs) at passage 12. Scale
bar 100 um. (E) RT-PCR characteriza-
tion of pluripotency transcription fac-
tor expression in EBs. EBs cultured in
the presence of bone morphogenetic
protein 4 (BMP4) for 5 or 10 days show
progressive down-regulation of Oct4
(lanel), and Nanog (lane 2) and not the
control gene (PBGD, lane 3). Top: ESCs
maintained in 2i medium to prevent
differentiation (undifferentiated con-
trol). Middle and bottom: EBs main-
tained in medium with BMP4 for 5
days (middle) or 10 days (bottom). (F)
ESCs derived from transgenic F344
rats form teratoma after injection into
parental strain F344 rats. ESCs from

Line 1 were injected subcutaneously into parental strain F344 rats. Ten weeks later, a tumor was palpated at the injection site
(tumor in situ, left). The tumor was isolated, collected, and histologically processed by the KSU veterinary medicine diag-
nostic laboratory. Hematoxylin and eosin staining (right) of paraffin sections showed hair follicles, sweat glands, adipose
tissue, skeletal muscle and hyaline cartilage (right at top), and respiratory epithelium (right, bottom). Thus, ESC-derived tumors
formed tissues from all 3 germ layers. Color images available online at www .liebertonline.com/scd

differentiated rat ESC lines were compared, Cdx2 expression
in undifferentiated ESCs was confirmed. In contrast, Hand1,
Eomes, and Fgfr2 were not highly expressed in undifferenti-
ated rat ESCs. After differentiation by removal of MEK and
GSK inhibitors and EB formation for 5 or 10 days, rat ESCs
increased expression of Eomes, Fgfr2, and Handl and de-
creased expression of Nanog, Oct4, Sox2, Stella, Rex1, Esrrb,
and Cdx2 (report in preparation).

ESC lines were derived from male
and female blastocysts

The isolation and expansion of rat ESCs produce about an
equal distribution of male and female ESC lines as deter-
mined by PCR for SrY (see Table 2). In some cases, the sex of
the ESC lines was validated by karyotyping by G-banding

(performed by Cell Line Genetics). Karyotyping revealed
that most lines were euploid, and one line (line 3) was an-
euploid (+3 and —16). It was noted that some rat ESC lines
had a significant amount of tetraploidy (see Table 2), and so
care was taken to select diploid, male ESCs for blastocyst
injection.

Rat ESCs derived from Tg F344 rats form teratoma
after injection into wild-type F344 rats

Rat ESC lines derived from Tg B-gal or human placental
AP F344 rats continued to express the marker transgenes. As
shown in Fig. 3A-C, this was demonstrated by X-gal histo-
chemistry (Fig. 3A), immunocytochemical staining for B-gal
(Fig. 3B), by RT-PCR (not shown), and by PCR (Fig. 3C). As
shown in Fig. 3D, when ESCs were exposed to medium
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without GSK and MEK inhibitors and without LIF in a
hanging drop (Fig. 3D left) or by plating ESCs on low ad-
herence plates (Fig. 3D right), rat ESCs could be induced to
differentiate to EBs. After 8 days of culture, the EBs were
moved to a cell culture plate treated with gelatin, fibronectin,
or Matrigel, and the EBs attached to the substrate and pro-
ceeded to differentiate. In 2 to 4 weeks, adherent cells were
confluent and formed complex 3 dimensional structures that
consist of a variety of tissue types. For example, differenti-
ated ESC lines produced spontaneously contracting (beating)
structures (data not shown). Further characterization of rat
ESCs differentiated in vitro is beyond the scope of this re-
port. Rat ESCs from Tg F344 strains were injected subcuta-
neously into wild-type (non-Tg) F344 rats without immune
suppression. One of the 4 rats injected developed a palpable
tumor approximately 2 months after injection at the injection
site (Fig. 3F, left). The tumor was photographed in situ and
histologically prepared, sections were stained with hema-
toxylin and eosin. Histological evaluation by a veterinary
histologist and a board-certified veterinary clinical patholo-
gist revealed that the tumor was a teratoma containing or-
ganized tissues derived from all 3 germlayers (Fig. 3F, right).
The other 3 rats were asymptomatic for 4 months and were
sacrificed. On gross examination at autopsy, there was no
evidence of tumors or ESCs.

FIG. 4. Chimera formation after in-
jection of rat 4.5dpc blastocysts. (A)
ESC line 3 cells were nucleofected with
the pCX-eGFP plasmid and expanded
to passage 11. These cells were injected
into non-eGFP, parental strain F344
4.5 dpc blastocysts. Injected blastocysts
were cultured for 10 days on in-
activated mouse embryonic fibroblast
feeder (MEF) cells after injection (fop)
or after 14 days (bottom) of culture on
inactivated MEFs. The same field is
shown in each panel using phase-
contrast illumination (left), GFP fluo-
rescence (middle), and a merged image
is shown on the right. Scale Bar 100 pm.
(B) A single female chimera from a
litter of 9 pups after injection of the
male line 54.1 into F344 blastocysts. (C)
Left: 4 chimera from a litter of 5 pups
after injection of male line 53.1 into SD
blastocysts. Note that this ESC line
demonstrated germline transmission.
Note that there is a variation in the
degree of chimerism for each ESC line.
Middle and right: 4 chimera from 2 lit-
ters of 3 pups after injection of male
line 52 into SD blastocysts. (D) PCR
microsatellite genotyping data after
injection of male F344 line into SD
blastocysts (lanes 1-4 on left and lines
1-4 on right). Lanes 5-8 are control
samples for F344, DA, DAx SD, and
SD, respectively. Note that 3 F344x SD
chimera are indicated by astrisks in gel
on the right. eGFP, enhanced green
fluorescent protein; dpc, days post
coitum; SD, Sprague-Dawley.
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Transfection with pCX-GFP

Rat ESCs were transfected with pCX-GFP using the nu-
cleofector, and an estimated 5%-10% of the cells that sur-
vived were fluorescent. Since the pCX-GFP vector did not
contain antibiotic resistance gene, at passage, cells were
plated at a low density to produce clonally derived sublines.
In some cases, single cells were moved to wells in a 96-well
tray onto inactivated MEFs. In either way, brightly fluores-
cent clones were derived and expanded as sublines. GFP ESC
sublines were cryopreserved/thawed, re-expanded, and
used for blastocyst injection (Fig. 4). Rat GFP-F344 ESCs
were injected into F344 or SD blastocysts (see Table 4). In
some cases, the injected blastocysts were cultured up to 8
days after injection. When blastocysts were cultured after
GFP ESC injection, ESC distribution within the blastocyst
was tracked by monitoring the GFP cells overtime. Between
4 and 8 days of culture, the blastocysts collapsed. GFP cells
were observed within the ICM (100% of the blastocysts,
n=14) and the trophoendoderm (100% of the blastocysts,
n=14) after the injection. However, as shown in Fig. 4A, by
8 days of culture, GFP ESC cells were observed within the
inner cell mass outgrowths (Fig. 4A). These observations
suggest that Tg F344 GFP-ESCs might contribute to the ICM
and extraembryonic tissues after blastocyst injection and that
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TABLE 4. RESULTS FROM BLASTOCYST INJECTION WITH RAT EMBRYONIC STEM CELLS

Embryo Culture Culture of

ESC ESC # Cells Host # Blastocyst Pups Coat Prior to Injected
Line Passage Strain Sex injected Blastocyst Transferred Born Chimerism Germline? Injection Blastocysts
54.1 11 DA M 4-10 F344 ANN 1 0 2 hours 2 hours
54.1 11 DA M 4-10 F344 11 9 1 (F) 2 hours 2 hours
54.1 11 DA M 4-10 F344 8 0 0 2 hours 2 hours
54.1 11 DA M 4-10 F344 6 0 0 2 hours 2 hours
48 11 DA M 10-12 F344 13 0! N/A 1-2 hours 0 hours
53.1 10 DA M 10-12 F344 12 3* N/A 1-2 hours 3-5 hours""
53.1 10 DA M 10-12 SD 12 0 0 1-2 hours 3-5 hours"?
53.1 10 DA M 10-12 SD 12 1* N/A 1-2 hours 3-5 hours""
53.1 10 DA M 10-12 SD 12 1* N/A 1-2 hours 3-5 hours"
53.1 10 DA M 10-12 SD 18 6* 4 (2M, 2F) Y 1-2 hours 3-5 hours""
52 9 DA M 8-10 SD 16AAA 3 3 Y >1 hour 30 mins 3-4 hours"»
52 9 DA M 8-10 SD 14AAN 4** 1 >1 hour 30 mins 3-4 hours"»
38.1 12 F344 M  10-12 SD 15 3 1 Y >1 hour 30 mins 3-4 hours""
38.1 12 F345 M 10-13 SD 15 9 5 >1 hour 30 mins 3-4 hours"»

Aduration in culture affected by time consumed for injection of blastocysts with embryonic stem cells.

AANone uninjected embryo per side to sustain pregnancy.
*pups died neonatally.

**1 pup died neonatally.

Ishowed signs of birth yet there were no pups found.

long-term culture in 2i conditions encouraged expansion of
ESCs and not extraembryonic cells (Fig. 4A). In other ex-
periments, Tg F344 ESCs or DA ESCs were injected into F344
or SD blastocysts and transferred into pseudopregnant SD
recipients (see Table 3). Chimeric animals were found after
injection of DA ESCs into F344 (Fig. 4B) or SD blastocysts
(Fig. 4C), and one ESC line was proved to be germline
competent. Using the SD line as blastocyst donors and re-
cipients after embryo transfer was more efficient for pro-
ducing chimeric rats than F344 (see Table 3). Using SD
blastocysts, we were successful at producing SD-F344 chi-
meric rats (Fig. 4D). Since SD and F344 are albino rats, chi-
merism was shown by microsatellite genotyping (Fig. 4D).

Transfection with pN1-GFP

ESCs were transfected with pN1-Oct4-GFP plasmid
shown in Fig. 5A. The data presented are from stable, clon-
ally derived pN1-Oct4-GFP-ESC sublines that were derived
from nucleofected ESCs. The transfected cells were expanded
for 1 week after transfection before being placed under
6 days of G418 selection (200-800 pg/mL). Cells that sur-
vived G418 selection and were fluorescent were evaluated
for Oct4 and GFP expression by RT-PCR and by immuno-
fluorescence in undifferentiated ESCs and in ESCs that were
induced to differentiate for up to 8 days via EB formation as
just described. Undifferentiated pN1-Oct4-ESCs were main-
tained in 2i+LIF medium, and they express GFP fluores-
cence (Fig. 5B, panels 1 and 2). When these cells were
differentiated for 1 week by removing LIF and the 2i, the
percentage of ESCs that display GFP fluorescence decreases,
and this decrease correlates with the change in cellular
morphology and with increasing survival time (Fig. 5B,
panels 3 and 4). These data suggested that the pN1-Oct4-GFP
reporter line report Oct4 expression with fidelity. To confirm
these observations, semi-quantitative RT-PCR analysis of
Oct4 and GFP expression was performed. Note that undif-

ferentiated pN1-Oct4-GFP ESCs had higher expression of
Oct4 and GFP (see Fig. 5C, red bars) than pN1-Oct4-GFP
ESCs that were differentiated for 6 days (blue bars in Fig.
5C). Note that the GFP gene expression in the pN1-Oct4-GFP
ESCs after 6 days of differentiation was not as low as the
negative-control cells (undifferentiated rat ESCs that were
not transfected, Fig. 5C purple bars). Undifferentiated rat
ESCs that were transfected with the pCX-GFP vector had
similar Oct4 expression compared with the other undiffer-
entiated rat ESC lines and higher expression of GFP owing to
the strong promoter enhancer in the pCX vector (Fig. 5C,
green bars). The fidelity of the pN1-Oct4-GFP reporter was
evaluated by analyzing the protein expression using immu-
nofluorescence staining for Oct4 and GFP fluorescence (Fig.
5D). Note that many undifferentiated pN1-Oct4-GFP ESCs
had strong positive staining for Oct4 that was confined to the
nucleus. In contrast, the GFP fluorescence was found in the
cytoplasm (compare Oct4 and GFP staining in Top right
panels of Fig. 5D). When pN1-Oct4-GFP ESCs were differ-
entiated for 6 to 8 days, few GFP fluorescent cells were found
in the differentiated cultures (Fig. 5D lower panel), and these
GFP-positive cells appeared to stain for Oct4 too (see arrows
in Fig. 5D lower panel). This observation suggests that a few
ESCs continue to have the Oct4 promoter active following
the differentiation protocol, and this observation fits with the
Oct4 immunocytochemistry staining.

Discussion

Here, we show for the first time that rat ESC lines and
sublines can be derived from F344 blastocysts, and that these
cells can continue to self-renew in an undifferenatiated state
for more than 35 passages and form chimera after an injec-
tion into SD blastocysts. These ESCs lines have the features
of undifferentiated ESCs, as (1) they can be maintained
following numerous passages without losing the undif-
ferentiated morphology and phenotype, (2) they express
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ESC-specific transcription factor genes: Nanog, Sox2, and
Oct4 at levels comparable to “genuine rat ESCs,” (3) they
express the early embryonic stage markers, SSEA1 and AP,
(4) they form a variety of tissues on in vitro differentiation
including spontaneous beating structures, and they form

HONG, HE, AND WEISS

teratoma after the injection of Tg F344 ESCs into non-Tg F344
rats with an intact immune system without immune sup-
pression, (5) in vitro culturing for up to 8 days after the
injection of Tg F344 ESCs into non-Tg F344 blastocysts
showed that Tg rat ESCs contribute to the ICM and
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extraembryonic tissues, (6) similar to genuine rat ESCs
from DA rats, the Tg F344 ESCs express Cdx2, and (7)
F344 ESCs can contribute to the ICM to form chimera after
an injection into SD blastocysts and embryo transfer. Fi-
nally, using DA ESCs, we found that using SD blastocysts
as the embryo donor was more efficient for producing
chimeric rats than F344 blastocysts. These results strongly
suggest that rat ESC lines were derived from Tg F344 rats
and that SD blastocysts can serve as efficient hosts to F344
and DA ESCs.

Here, rat ESCs were manipulated by gene transfection
with a ubiquitous marker gene, GFP, under a strong
promoter (pCX-GFP) and sublines of ESCs were derived.
GFP ESC sublines were clonally expanded and manually
selected. The sublines had similar properties to the pa-
rental ESC line in terms of morphology, Oct4 expression,
proliferation rate, and staining. GFP-ESCs were injected
into non-Tg F344 blastocysts and tracked 2-8 days in
culture. These results showed that F344 blastocysts are
compatible host blastocyst for Tg F344 ESCs in vitro and
that the Tg ESCs were found in the ICM and in the tro-
phoectoderm during days 2-6 of culture. In contrast, GFP
ESC cells were found in the ICM outgrowths exclusively
after 8 days of culture.

In other laboratories, F344 ESCs have not produced chi-
meric rats after an injection into DA or SD blastocysts [3,4].
Here, for the first time, F344 ESCs that were injected intor SD
blastocysts produced chimeric rats. In other laboratories,
F344 blastocysts were more efficient host blastocysts to
produce germline transmission of ESCs when injected with
DA ESCs [3,4], and F344 blastocysts produce the first ESC
gene targeted knockout rats after an injection with DA ESCs
[5]. In contrast, here we found that SD blastocysts were more
efficient to produce germline transmission of ESCs. We
speculate that the DA and F344 blastocyst is not a compatible
blastocyst for Tg or non-Tg F344 ESCs. The production of
gene targeting might be more efficient using F344 ESCs, as a
BAC library is available for F344 to enable a recombineering
approach.
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Comparison of rat ESCs to other cells derived
from rat embryos

From the rat embryo, extraembryonic endoderm cells
(XEN) epiblast stem cells (EpiSC), and TS cells have been
described [24-31]. Based on these previous reports, the pres-
ent cells are ESCs and not XEN, EpiSC, or TS. First, ESCs have
a different morphology from these other cell types. Here, rat
ESCs grew as rounded or oblate, regular, phase-bright colo-
nies that had a morphology similar to “genuine” rat ESCs
derived by others [3,4] and mouse D3 ESCs. Second, at pas-
sage, rat ESCs could be grown from a single-cell suspension
(clonogenic expansion properties), and the clonogenic nature
of rat ESCs was also demonstrated by clonogenic expansion
after transfection with either the pCX-GFP or the pN1-Oct4-
GFP plasmid. Third, rat ESC lines express Oct4, Sox2, Nanog,
Cdx2, SSEA1, and AP. These ESC lines express Rex1, Stella,
and Cdx2. The expression of Cdx2 was found to colocalize
with Nanog (Fig. 2). In contrast, Cdx2 expression was not
found in rat XEN, undifferentiated mouse ESCs, REFs, RUCs,
adult tissues, or MEFs, suggesting that this is the true ex-
pression of Cdx2. It is known that undifferentiated mouse
ESCs do not usually express Cdx2 and can be induced to ex-
press Cdx2 [32]. Further, we examined Cdx2 protein expres-
sion in rat blastocysts and rat ESCs. We found intense nuclear
Cdx2 expression in trophectoderm and less nuclear Cdx2
expression in inner cell mass cells.

We found Cdx2 gene expression in more than 14 rat ESC
lines including 2 genuine rat ESCs (one provided by Dr.
Qilong Ying and the other derived here). We noted down
regulation of Cdx2 gene expression in lines that had been ex-
panded on Matrigel or in suspension culture, which might be
shown in the future to improve germline-competency of rat
ESCs. Cdx2 gene expression was confirmed by immunocy-
tochemistry that showed Cdx2 protein in the nucleus of un-
differentiated rat ESCs as indicated by colocalization with
Nanog. Heterogeneity was noted in the Cdx2 staining inten-
sity within ESC colonies. Cdx2 gene expression was found in
rat ESCs that had differentiated to EBs for 5 or 10 days after the

<

FIG. 5. Construction and Characterization of Oct4 GFP reporter ESCs. (A, left) Schema of the Oct4 promoter reporter
construct. (A, right) Plasmid map for the N1 Oct4 GFP reporter. (B) (1 and 2) ESCs in suspension culture after transfection
with the N1 Oct4 GFP reporter vector and G418 selection. Phase contrast (1) and fluorescence images (2) of the same field
showing the high degree of GFP fluorescence in undifferentiated ESCs. (3 and 4) In contrast, when the same ESCs are
differentiated for 4-6 days by removal of the 2i inhibitors and LIF, the cell morphology indicates that the ESCs differentiated
and the GFP fluorescence decreases. Scale bar 100 pm. (C) qRT-PCR analysis of the Oct4 and EGFP transgene expression. Oct4
expression in undifferentiated cells (red bars) and differentiated cells (blue bars). Undifferentiated pCX-EGFP transgenic ESCs
(green bars) were used as a positive control for both Oct4 and EGFP expression. Undifferentiated nontransgenic ESCs (pink
bars) were used as a positive control for PouSF1 expression and as a negative control for EGFP expression. The control,
housekeeping gene was PBGD. (D) Immunohistochemistry of N1-Oct4-EGFP reporter ESC line in culture. Top, un-
differentiated N1-Oct4-GFP reporter ESCs were stained with an antibody to Oct4 (red) to observe the colocalization of eGFP
(green) and Oct4 expression. Bottom panel shows the same ESC line after differentiation induced by withdrawal of PD0325901
(MEK inhibitor), CHIR99021 (GSK3p inhibitor) and leukemia inhibitory factor (LIF) for 6 days. 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI) was used to counterstain the DNA. The field indicated in the inset is shown at higher magnification
on the right. Note that the Oct4 staining is localized to the nucleus, and in contrast the GFP signal is found throughout the
cytoplasm (arrows indicates one cell that shows nuclear localization of Oct4 and cytoplasmic staining of GFP). Bottom row:
Once the N1-Oct4-EGFP reporter line is differentiated by removal of 2i inhibitors and LIF, the cells change morphology
(indicating their differentiation). In addition, the DNA changes to a more heterochromatin state (DAPI staining) and the Oct4
staining is lost. Note that when Oct4 immunofluorescence is decreased, so is GFP fluorescence. Note that some cells continue
to express Oct4 and they continue to express GFP (examples indicated by arrows). These data suggest that N1-Oct4-EGFP
reporter cells faithfully report Oct4 promoter activity and Oct4 protein expression. Scale bar 100 pm. Color images available
online at www liebertonline.com/scd
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removal of GSK and MEF inhibitors. In contrast, TS cells
rapidly down-regulate Cdx2 during differentiation [23].
Fourth, after differentiation on removal of GSK and MEK in-
hibitors and LIF from the medium, rat ESCs differentiated into
EBs that could further differentiate into a variety of different
tissues including spontaneously contracting (beating) struc-
tures. In preliminary experiments, ESCs differentiated to
neurosphere-like structures (data not shown). Since Tg F344
ESC produced teratoma consisting of all 3 germ layers after an
injection into non-Tg F344, we have in vivo and in vitro
demonstration of multilineage differentiation capacity. Fifth,
after GFP, Tg F344 ESCs were injected into rat blastocysts and
cultured up to 8 days. During days 2—6 of culture, ESCs were
observed to be distributed in the ICM and into trophoecto-
derm. In contrast, after culture of >8 days, GFP ESCs were
confined to the expanded ICM. Sixth, after injection of DA
ESCs into rat blastocysts and embryo transfer into recipient
females, chimeric rats were born showing a varying degree of
coat color chimerism, and germline competency was found in
one DA ESC line. Additionally, F344 ESCs produced chimeric
rats after an injection into SD blastocysts. Till date, the F344
chimeric animals have not produced offspring that confirm
germline transmission.

Rat ESCs differ from rat epiblast cells (EpiSC) in terms of
growth factor requirements, morphology, gene expression,
and differentiation potential [24,29]. Specifically, EpiSC have
a flattened morphology, are not clonogenic, require bFGF
and TGFf/activin signaling to be maintained, and they do
not express Stella or Rexl. Epiblast cells also do not con-
tribute efficiently to chimera (or enter the germline). Here, rat
ESCs were maintained in stable, undifferentiated culture
under LIF/Stat3 stimulation and GSK3 and MEK inhibition,
and had Rex1 and Stella expression, and rat ESCs efficiently
colonized the blastocyst after the injection, and produced
chimera and germline transmission. These results suggest
that ESC lines have been derived and not EpiSCs.

The rat ESCs differ from rat XEN cells in terms of culture
conditions, morphology, gene expression, and differentiation
potential [25,31]. Specifically, XEN cells grow in high serum
medium containing LIF (15% serum and 2,500 IU/mL LIF)
and appear as loosely packed colonies of flattened cells.
Randomly distributed within XEN colonies, individual
round cells express Oct4 or AP. XEN cells do not express
Sox2, Nanog, Cdx2, or Fgf4, but do express Oct4, Rex1, Gata4,
and Gata6. After blastocyst injection, XEN cells integrate into
the ICM at a lower frequency than trophectoderm or endo-
derm. The ESC lines described here that were grown in 2i
plus LIF medium clearly differ from XEN cells in terms of
morphology, growth factor requirements, gene and protein
expression, and their distribution after blastocyst injection. In
contrast, rat ESC lines that were derived and maintained in
medium supplemented with LIF and bFGF resembled XEN
cells in terms of gene expression, AP staining, colony mor-
phology, etc. In summary, our results suggest that LIF and
bFGF containing medium might support production of XEN
cells, and not ESCs.

ESCs differ from TS cells in terms of isolation procedure,
expansion conditions, morphology, gene and protein ex-
pression, etc [27,33-35]. Here, we demonstrated that TS cells
express Cdx2 at higher levels than all ESCs lines tested except
for one ESC line that was euploid with >60% tetraploidy.
The literature reports that TS cells do not stain for AP,
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SSEA1, Nanog, and Sox2, in contrast to what was shown
here. Therefore, our results suggest that the cells isolated
here are ESCs and not TS cells.

Our findings indicate that the ESCs isolated here meet
many requirements to be called pluripotent stem cells. We
have not, however, directly demonstrated whether Tg F344
ESCs can contribute to the germline after blastocyst injection
and embryo transfer. In contrast, our work shows that DA
ESCs can contribute to generate chimera at good efficiency,
especially when SD blastocysts act as the recipient blastocyst.
Note that others, using similar isolation and expansion
techniques, have already queried whether F344 ESCs are
germline competent, and till now, they have not shown
chimera formation [3,4]. We contend that insufficient data
are available to conclude that there are deficiencies in F344
ESCs’ pluripotency, as it is presently unknown whether the
failure is due to the blastocyst or the ESCs. Despite the
missing germline transmission data, our findings suggest
that Tg F344 ESCs may have utility in transplantation studies
into parental F344 rats and may yet be shown to be germline
competent.

Medium

Here, rat ESCs could not be maintained when grown on
inactivated MEFs in medium containing serum, LIF, and
bFGF. ESCs grown in this medium, lost AP staining, did not
have ESC characteristic dense, smooth, phase-bright colony
morphology, lost Nanog, then Oct4 staining, and apparently
differentiated by passage 6. In contrast, ESCs were main-
tained in the undifferentiated state and continued to self-
renew in 2i medium supplemented with LIF with or without
serum. Further, rat ESCs were maintained in this same me-
dium formulation for 2 passages without an inactivated MEF
layer without apparent detrimental effect. We found that the
MEF layer and serum were important for ESC adherence. We
observed that ESC adherence to the substrate was decreased
when ESCs were grown serum free. Here, we report that the
addition of serum to the 2i medium with LIF enhanced ESC
attachment to feeders. This is not an optimal solution, as
serum contains undefined factors that may trigger differen-
tiation. In summary, ESCs could be maintained using MEFs
with 2i medium plus LIF in an apparently undifferentiated
state for prolonged periods. We found that the presence of
serum facilitated expansion and characterization by provid-
ing better adherence of the ESC colonies.

Efficiency of derivation of ESCs from Tg F344 rats

We established ESC lines with high efficiency from Tg
F344 lines (see Table 2). Previous work had reported similar
efficiency at producing ESC lines from the parental strain
F344 using 2i (28 lines from 47 ICM; [3]). We also produced
ESC lines that have yet to be fully characterized for chimera
formation and germline transmission from SD, wild-type
(parental strain) F344, and DA rats. We did not find signif-
icant problems establishing ESCs in any of these strains.

Oct4 GFP marker

Here, we transfected rat ESCs with a plasmid made by
fusing a 3.1kb fragment of the rat Oct4 promoter that
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contains the proximal enhancer and some of the distal en-
hancer [22] immediately upstream of a eGFP and poly A and
neomyecin resistance cassette (Fig. 5A). We showed that the
GFP signal in the pN1-Oct4-GFP ESCs correlated with gene
expression and protein expression of Oct4 such that under
conditions that maintained self-renewal and the undifferen-
tiated state, Oct4 protein via nuclear immunocytochemical
staining was found, and this was accompanied by GFP
fluorescence in the cytoplasm. In contrast, Oct4 staining and
Oct4 gene expression and GFP fluorescence and gene ex-
pression decreased when pN1-Oct4-GFP ESCs were differ-
entiated to EBs for 6-8 days. Taken together, these data
support the notion that pN1-Oct4-GFP plasmid is a useful
tool for marking Oct4 expression in rat ESCs. This ESC line
and the pN1-GFP plasmid will be useful tools for optimizing
rat ESC culture conditions and for marking the fate of Oct4-
expressing ESCs during rat embryonic development.
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