
 

 

Introduction 
 
Cellular and molecular regulation of early mam-
malian development, including embryonic stem 
cell (ES-cell) differentiation, has been an area of 
intense research. To gain insights into these 
events, genetic manipulation approaches such 
as transgenic and knock-out technologies are 
being employed [1-3]. Among reporter genes 
used in transgenesis-aided gene function stud-
ies, the green fluorescent protein (GFP) or en-
hanced GFP (EGFP) offer enormous advantages 
[4], including cell lineage-specific expression 
analysis and tracking of fluorescing cells during 
embryonic differentiation [5-7]. We earlier gen-
erated EGFP-transgenic ‘green’ mice, for the 
first time, in FVB/N strain since this genetic 
back ground is suitable for transgenesis [8-11]. 
The EGFP-transgenic mouse is a potential 
source for green fluorescing cell types [9, 10, 
12], including derivation of ES-cell line required 

for developmental studies [5-7].  
 
Though, transgenic mouse lines from FVB/N 
strain are available [8, 9], established ES-cell 
lines are not available from these lines, in view 
of their non-permissivity for ES-cell derivation 
[13]. There is no information on the derivation 
of a permanent robust EGFP-expressing ES-cell 
line from transgenic FVB/N mice. Such cell lines 
could potentially be useful for animal cloning 
strategy via nuclear transfer or tetraploid blasto-
cyst complementation experiments [14, 15]. 
Derivation of ES-cell lines from FVB/N mice, 
employing conventional protocols, was unsuc-
cessful [16] and it appears that derivation of ES
-cell lines is highly mouse strain-dependent [17, 
18]. Following the first mouse ES-cell line deri-
vation from the 129/Sv strain [20], several ES-
cell lines were derived from permissive genetic 
strains [17, 18, 21, 22]. However, by using con-
ventional approach, derivation of stable ES-cell 
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tively. GS-2 ES-cells formed (i) teratoma containing three germ lineage-derived cell types, (ii) chimeric blastocysts and 
fetuses, following their aggregation with wild-type 8-cell embryos, (iii) functional cardiac clusters and (iv) predomi-
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SvJ wild-type mouse. The GS-2 ES-cell line exhibited full differentiation potential, in vitro/in vivo, providing enormous 
opportunity for stem cell research, including experimental cell transplantation studies.  
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lines from non-permissive strains such as FVB/
N [13], CBA [13, 18, 23], ICR [19], DDK [24]. 
NOD [25] was not successful. Consequently, 
transgenic or knockout ES-cell lines, from such 
important ‘mutant’ mice have been very limited 
for developmental studies. 
 
To derive ES-cell lines from such non-permissive 
strains, several approaches were employed 
which included use of hybrid blastocysts or dia-
pause-blastocysts [18, 19, 24, 26], improved 
ES-cell derivation culture systems/media [17, 
22, 27, 28] or use of cell signaling inhibitors 
[16, 29]. These approaches often involve a high 
level of experimental sophistication, expertise 
and normally difficult to carryout in most labora-
tories. Therefore, to overcome non-
permissiveness of FVB/N strain to derive ES-cell 
line, our study developed a new protocol-
strategy to successfully derive EGFP-transgenic 
ES-cell line, using an optimized culture system, 
from F1 hybrid blastocysts of our EGFP-
transgenic ‘green’ FVB/N mouse [9] crossbred 
with 129/SvJ wild-type mouse. To our knowl-
edge, this study is the first to use such a strat-
egy to derive a robust ES-cell line from FVB/N 
EGFP-transgenic mouse strain. 
 
Materials and methods 
 
Derivation of ES-cell lines from EGFP-transgenic 
mice  
 
Derivation of ES-cell lines was attempted from F1 
hybrid blastocysts of EGFP-transgenic FVB/N mice 
crossed with 129/SvJ mice. Procedures used 
were as described by Hogan and colleagues [9, 
10, 30]. Procedures on animal resource and ex-
periments were as per the national guidelines 
with approval of Institutional Animal Ethics Com-
mittee. Blastocysts were co-cultured on a 
monolayer of mitotically inactivated mouse (day 
13.5, CD1) embryonic fibroblasts (MEFs) in four-
well plates in standard ES-cell culture medium 
supplemented with 1000 IU/ml mouse LIF 
(Chemicon) or in RESGROTM medium (Chemicon) 
for four days [28, 30, 31]. Cultured blastocysts 
were monitored for development through hatch-
ing, attachment and outgrowths. The inner cell 
mass (ICM) were picked individually, washed in 
DPBS and placed in a 25 µl drop of 0.05% tryp-
sin-EDTA solution. Dispersed cells/clumps were 
replated in a fresh 4-well plate on mitomycin-c 
(mit-c) treated MEFs and allowed to attach and 
grow for four days. Proliferated ES-cell like colo-

nies were picked, re-trypsinized and plated as 
above.  
 
Maintenance of ES-cell lines 
 
ES-cell colonies were allowed to grow in 35 mm 
dishes in 2.5 ml of RESGROTM medium or stan-
dard ES-cell culture medium [30, 31] either 
without or with KOSR supplementation. At every 
48 h, ES-cell colonies were trypsinized and pas-
saged at 1:4 to 1:6 ratios. One-sixth of cells 
were replated as above and the rest (2 million) 
were transferred to vials for cryopreservation 
[31]. 
 
Reverse transcriptase (RT)-polymerase chain 
reaction (PCR) analysis 
 
Total RNA was prepared from fresh or frozen ES-
cells or from embryoid bodies (EBs) by using Tri 
reagent (Sigma). DNase-treated RNA samples 
were used for RT-PCR analysis [9] and for cDNA 
amplification, 100 ng of gene-specific primers 
(Table 1) were used. 
 
Immunostaining of pluripotent markers 
expressed by ES-cells 
 
ES-cells were fixed for 20 min at room tempera-
ture in 4% PFA in DPBS, washed with DPBS 
three times and then permeabilized for 10 min 
at room temperature with 0.1% Triton X-100 in 
DPBS. Washed cells were treated with blocking 
buffer (DPBS containing 1% BSA) for 30 min. at 
room temperature and incubated with primary 
antibodies in blocking buffer overnight in a hu-
midified chamber at 40C. Primary antibodies 
included mouse monoclonal antibodies against 
OCT-4 (1:100; Santacruz) and SSEA-1 (1:20; gift 
from Dr. Peter Andrews, Univ. Sheffield, UK). 
Following washings with PBS, cells were ex-
posed, for one hour at room temperature, to 
fluorescent Alexa Fluor 546-conjugated secon-
dary anti-mouse IgG antibodies (1:100; Molecu-
lar Probes), Cells were washed with DPBS three 
times, counterstained with DAPI, mounted in 
prolong gold antifade (Invitrogen) and observed 
for immunolocalization using a confocal micro-
scope [27]. 
 
Alkaline phosphatase (AP) assay 
 
ES-cells were washed with DPBS, fixed for 10 
min in 4% PFA in DPBS, again washed with 
DPBS then with 30 mM Tris-malate buffer (pH 
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9.0) and treated with the buffer containing nap-
thol-AS-MX-phosphate (0.4 mg/ml), fast red TR 
salt (1 mg/ml) and 0.5 mM MgCl2 until the pink 
color developed. Cells were washed with DPBS 
and observed under the microscope. 
 
Karyotype analysis 
 
Karyotyping of ES-cells at passages 15 and 45 
was performed by a standard G-banding of 
metaphase spreads using Giemsa staining pro-
cedure [31]. Approximately, ten metaphase 
spreads were counted, images acquired micro-
scopically and the karyogram was prepared us-
ing the mouse karyogram software (Cytovision, 
Applied Imaging).  
 
Chimeric embryo generation 
 
Chimeric embryos were generated by aggregating 
zona-free, non-compact FVB/N 8-cell EGFP-
transgenic embryos either with itself or with 15 
ES-cells [30, 31]. For aggregation, they were 

placed in 35 mm dishes in individual micro-wells, 
created by darning needle (BLS Ltd.). Embryos 
were cultured for 48 h in 1:1 mixture of M16 me-
dium and ES-cell culture medium, overlaid with 
mineral oil. Embryo development was assessed 
and their confocal images were recorded. For 
embryo transfer, chimeric day-3 embryos were 
transferred, per-cervical, to day-2 pseudo-
pregnant (CD-1)-mouse and their post-
implantation development was assessed [9, 30].  
 
Teratoma formation and their histological analy-
ses 
 
About two million dispersed ES-cells, suspended 
in 250 µl of ES-cell medium without LIF, were 
injected subcutaneously into nude mice [31]. 
After six weeks, mice with well developed tera-
toma were euthanized. The tumor lump was surgi-
cally excised and was fixed in 10% buffered-
formalin, processed for sectioning and H-E stain-
ing. They were assessed for differentiation and 
photographed [31]. 

Table 1. Primers used for RT-PCR analysis* 
Sl. No. Gene 

name 
Forward and reverse primer sequences 

(5’→3’) 
Amplicon size (bp) 

1. Oct-4 TCT TTC CAC CAG GCC CCC GGC TC 
TGC GGG CGG ACA TGG GGA GAT CC 

224 

2. Nanog AGG GTC TGC TAC TGA GAT GCT CTG 
CAA CCA CTG GTT TTT CTG CCA CCG 

364 

3. Sox2 TAG AGC TAG ACT CCG GGC GAT GA 
TTG CCT TAA ACA AGA CCA CGA AA 

297 

4. Rex1 AGC AGG ATC GCC TCA CTG 
GGC CAC TTG TCT TTG CCG 

189 

5. Utf 1 GGA TGT CCC GGT GAC TAC GTC TG 
GGC GGA TCT GGT TAT CGA AGG GT 

344 

6. Esg1 GAA GTC TGG TTC CTT GGC AGG ATG 
ACT CGA TAC ACT GGC CTA GC 

376 

7. EGFP CAC ATG AAG CAG CAC GAC TT 
GAA GTT CAC CTT GAT GCC GT 

267 

8. β-Actin TGA ACC CTA AGG CCA ACC GTG 
GCT CAT AGC TCT TCT CCA GGG 

396 

9. Nestin CCA AAG AGG TGT CCG ATC AT 
TGA CAT CCT GGA CCT TGA CA 

213 
  

10. BMP-4 CCT GGT AAC CGA ATG CTG AT 
AGC CGG TAA AGA TCC CTC AT 

260 
  

11. α-Feto protein TCC TCC TGC TAC ATT TCG CT 
TTC TTC ATT GCA GCC AAC AC 

199 
  

12. NKx2.5 CAG TGG AGC TGG ACA AAG CC 
TAG CGA CGG TTC TGG AAC CA 

217 

13. GATA-4 GCA GCA GCA GTG AAG AGA TG 
GCG ATG TCT GAG TGA CAG GA 

186 
  

14. α-MHC CTG CTG GAG AGG TTA TTC CTC G 
GGA AGA GTG AGC GGC GCA TCA AGG 

302 

*Primers sets used are from published data and are exon-spanning ones. 
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Differentiation of ES-cells via EB development 
 
Development of EBs from ES-cells were achieved 
by hanging drop method [32], using ES-cell me-
dium containing 20% heat-inactivated FBS with-
out LIF. EBs were cultured for 48 h, washed and 
suspended in the same medium in 60 mm bac-
teriological dishes (Greiner) for additional 3 
days. On day 5, EBs were plated on 0.1% gelatin-
coated 60 mm tissue culture dishes or 24-well 
plates and cultured for additional 25 days. Their 
proliferation, outgrowth and differentiation pat-
terns were monitored daily. RT-PCR analysis of 
EB-derived differentiated cell types was carried 
out. 
 
Assessment of functionality of beating cardiac 
patches 
 
Wells containing EB-outgrowths with beating car-
diac patches were placed on the temperature-
controlled stage-top of the Olympus inverted mi-
croscope (IX-70). Cardiac beatings were video-
recorded in real-time mode using CCD-camera 
(JVC) [32] for 3-5 min. Grabbed videographs were 
converted to digital mode and the specified re-
cordings were described in Results section.   
 
Results 
 
Derivation of ES-cell line from EGFP-transgenic 
FVB/N mouse 
 
We attempted deriving ES-cell line from FVB/N 

(GU3) X 129/SvJ hybrid blastocysts using stan-
dard culture conditions. We obtained 69% pri-
mary ES-cell like colonies and the rate of colonies, 
past 3-8 passages, achieved was superior to 
those obtained with the wild-type or transgenic 
FVB/N blastocysts (Table 2). We then optimized 
culture conditions, using RESGROTM medium 
(Chemicon) in order to achieve deriving ES-cell 
line. In this condition, cultured hybrid embryos 
hatched, attached and produced predominant 
ICMs as shown in Figure 1A-1C. Interestingly, 
they showed negligible trophoblast (TB) cells 
(Figure 1C). We derived three primary ES-cell 
like colonies which propagated past-five pas-
sages.  One of them proliferated robustly and 
produced efficient ES-cell colonies (Figure 1D-
1F) and the other two putative ES-cell like-
colonies were frozen for future characterization. 
ES-cell colonies were initially sub-cultured, up to 
10 passages, in RESGROTM medium and then in 
standard ES-cell culture medium. Continuous 
sub-cultures of ES-cells were performed up to 
100 passages and cryopreserved. Thus, we suc-
cessfully established the EGFP-expressing ES-
cell line and we designated this as ‘GS-2’ ES-cell 
line.  
 
Characterization of GS-2 ES-cell line  
 
The GS-2 ES-cell colonies robustly proliferated 
and individual colonies had distinct boundaries, 
containing a few hundred cells as shown in Figure 
1D-1F. Cells appeared to have high ratios of nu-
cleus to cytoplasm with prominent nucleoli and 

Table 2. Summary on derivation efficiencies of ES-like cells from FVB/N wild-type and EGFP-transgenic 
blastocysts or from FVB/N GU-3X129/SvJ F1 hybrid blastocysts. 
Steps in ES-cells derivation Values 

Wild Type Transgenic GU3X129/SvJ 

No. of embryo donors* 14 4 05 

No. of blastocysts recovered 
(Avg./donor) 

185 
(13) 

48 
(12) 

19 
(3.8) 

No. of blastocysts cultured 
(% of recovered) 

159 
(85.9%) 

39 
(81.3%) 

16 
(84.2%) 

No. of blastocysts hatched 
(% of cultured) 

140 
(88.1%) 

34 
(87.2%) 

16 
(100%) 

No. of blastocyst attached 
(% of hatched) 

128 
(91.4%) 

27 
(79.5%) 

16 
(100%) 

No. of ICM picked, trypsinized and 
plated (% of attached) 

119 
(92.9%) 

24 
(88.9%) 

13 
(81.3% ) 

No. of primary colonies 
(% of ICM picked) 

102 
(85.7%) 

16 
(66.7%) 

9 
(69.2% ) 

No. of colonies, past 3-8  passages 
(% of primary colonies) 

18 
(17.6%) 

4 
(25.0%) 

5 
(55.6% ) 

*Wild-type and transgenic FVB/N mice were super-ovulated with PMSG/hCG, while 129/SvJ female (mated with 
FVB/N-GU3 male) donors were un-stimulated. 
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the colony morphology was similar to that of R1 
or D3 mouse ES-cell lines, cultured parallely. 
The GS-2 ES-cell line had a high replicative effi-
ciency and did not show any replication crisis or 
loss of EGFP expression during passages. The 
GS-2 ES-cell line exhibited excellent propagation 
efficiency. When sub-cultured at 1:4 or 1:8 or 
1:16 passage ratios, they showed increases in 
cell counts and colony forming efficiency as 
shown in Figure 2 and Table 3. Moreover, the GS
-2 ES-cells were also highly adaptable to ES-cell 
maintenance culture media tested and other 
culture media such as ES-cell medium supple-
mented with only 15% FBS or with 15% KOSR 
(devoid of FBS). 
 
The GS-2 ES-cell line expressed key pluripotent 
marker genes i.e., Oct-4, Nanog, Sox-2, Rex-1, 
UTF-1 and Esg1 as shown in Figure 3I. In addi-
tion to expressing EGFP (Figure 1F, 1I), they 
also expressed AP activity (Figure 1H), OCT-4 

and SSEA-1 (Figure 3II). The OCT-4 staining was 
specifically in the nucleus with a clear co-
localization with the DAPI-stained DNA as shown 
in Figure 3IIA-C. In contrast, the SSEA-1 immu-
nostaining was exclusively in the ES-cell’s 
plasma membrane (Figure 3IID-F). Moreover, 
the GS-2 ES-cell line was from a male embryo, 
showing a normal karyotype (40, XY) as shown 
in Figure 3III. 
 
Differentiation of GS-2 ES-cells  
 
GS-2 ES-cells showed excellent differentiation 
potential both in vitro and in vivo (Figure 4). In 

Figure 1. Morphological assessment of GS-2 ES-Cells. 
(A) FVB/N (GU3) X 129/SvJ F1 hybrid green fluores-
cent blastocyst, (B) hatching (24 h) and (C) attached 
(72 h) blastocysts. (D-I) Images of GS-2 ES-cell colo-
nies in phase contrast (D, E, G), fluorescence (F, I) 
and AP-staining (H). Magnification bars. A-C: 10 µm; 
D, G-I: 25 µm; E, F: 10 µm. 

Figure 2. Colony forming efficiency of GS-2 ES-cell 
line. (A-C) AP-stained ES-cell colonies (p40) with ex-
pansion ratios at 1:4 (A), 1:8 (B) and 1:16 (C). (D-F) 
ES-cell colony morphology formed at above ratios, (G
-I) their respective fluorescence and (J-L) AP-stained 
colonies. Magnification bars. A-C: 150 µm; D-L: 50 
µm.  

Table 3. Colony forming efficiency of GS-2 ES-cells 
Expansion 
Ratio 

Input cells 
  

Cell counts* 
 (48 hrs.) 

No. of 
colonies/dish 

1:4 0.6 X 106 2.97 X 106 ~42,268 
1:8 0.3 X 106 2.04 X 106 ~39785 
1:16 0.15 X106 1.67 X 106 ~28,382 
*Cell counts shown are approximate numbers based on visual countings of alkaline phosphatase stained cells from the grabbed 
images of the colonies. 
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vitro, we routinely generated hundreds of EBs 
from GS-2 ES-cells. Developed EBs were uni-
formly spherical shaped and expressed EGFP as 

shown in Figure 4IA, F. As shown in Figure 4, EBs 
efficiently attached and exhibited extensive prolif-
eration of differentiated cells such as ectoder-
mally-derived neuronal cells (I, B, G), mesoder-
mally-derived beating cardiac patches (I, C, H) and 
innervated- skeletal tissues (I, D, I) and endoder-
mal-like cells (I, E, J). As seen in Videos 1-2, car-
diac patches show vigorous beatings. When EBs 
were generated in KOSR-supplemented medium, 
we obtained robust differentiation to predomi-
nantly neural progenitors with neuronal cells and, 
cardiac cells were not detected (Figures 4IA and 
5IA). As shown in Figure 5, GS-2 ES-cells sponta-
neously differentiated to osteoblast-like cells (I, B) 
and endoderm-like cells (I, C). Besides, they 
formed skeletal muscle tubes showing twitching-
type contractions (Video-3). Beyond day 20, EB-
outgrowths spontaneously showed massively 
contracting innervated smooth muscle-like tis-
sues as shown in Video-4.  
 
As described above, we observed spontaneous 
cardiac differentiation with vigorously beating 
clusters beginning from day 7 through day 19 of 
EB development (Videos-1,-2). These were ob-
served without any addition of cardiogenic induc-
ers. We measured cardiac differentiation effi-
ciency of GS-2 ES-cells as shown in Figure 5II. 
More than 80% of EBs consistently showed beat-
ing clusters with 3-6 mean number of clusters per 
EB and rates of beating clusters and their fre-
quencies increased from day 7, reaching maxi-
mum by day 11 (Figure 5II). Cardiac clusters 
showed beatings at 60-70 (day 7) up to 80-120 
(day 10) beats/min. 
 
As seen in Figure 6, RT-PCR analysis reveal that 
lineage-specific cell differentiation markers were 
expressed for the three germ layer-derived cell 
types. These included nestin for ectoderm line-
age, markers such as BMP-4, Nkx-2.5, α-MHC 
and GATA-4 for mesoderm/cardiac lineage and, α
-fetoprotein (AFP) for endoderm lineage. While 
the expression of stemness gene markers such 
as Oct-4, Nanog, Sox-2 and Rex-1 decreased as 
the differentiation of EB proceeded from day 2 
through day 13, the expression of differentiated 
cell types-associated gene markers increased 
during the same period (data not shown).  
 
We also obtained an excellent in vivo evidence 
for pluripotency of the GS-2 ES-cells by obtain-
ing well-formed teratoma in nude mouse. The 
formed teratoma (2 X 3 cm) contained three 
germ layer derived tissues and their differenti-

Figure 3. (I) RT-PCR analysis of GS-2 ES-cell line. 
Lanes (left to right): 100 bp DNA ladder marker, Oct-
4 (224 bp), Nanog (364 bp), Sox2 (297 bp), Rex1 
(189 bp), UTF1 (344 bp), Esg1 (376 bp), EGFP (267 
bp) and β-actin (396 bp); last two lanes: -RT (for β-
actin amplification primer set) and no template con-
trols, respectively. (II) Immunostaining of OCT-4 (A), 
DAPI-nuclear staining (B) and their colocalization in 
the nucleus (C); immunostaining of SSEA-1 (D) DAPI-
nuclear staining (E) and their distinct localizations in 
the plasma membrane and nucleus (F). Magnifica-
tion bars. A-F: 10 µm. (III) Karyotype analysis of GS-2 
ES-cells (p15). (A) Metaphase chromosome spread 
(B) Karyogram with 40, XY.  Similar observation 
made with p45 GS-2 ES-cells.  

http://www.ajsc.us/files/AJSC1205002Video1.MPG
http://www.ajsc.us/files/AJSC1205002Video2a.MPG
http://www.ajsc.us/files/AJSC1205002Video3.MPG
http://www.ajsc.us/files/AJSC1205002Video4.MPG
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ated progeny cells. As shown in Figure 4, they 
revealed ectodermally-derived epidermis (II, A), 
mesodermally-derived skeletal muscle (II, B) 
and endodermally-derived respiratory ciliated-
epithelium (II, C).  
 
GS-2 ES-cells contribute to embryonic chimera 
 
The GS-2 ES-cells readily formed chimeric blas-
tocysts (17/21; 80%) when they were aggre-
gated with non-compact wild-type FVB/N 8-cell 
embryos. As shown in Figure 7, following blasto-
cyst differentiation, GS-2 ES-cells were localized 
exclusively in the ICM. The chimeric blastocyst 
generation efficiency was dependent on the 
stoichiometry of ES-cells used for aggregation 
with non-compact 8-cell embryos and the cul-
ture medium used. Following transfer of chi-

Figure 4. (I) Differentiation of GS-2 ES-cells. (A, F) GS-2 ES-cells-derived EBs. (B-E & G-J) Differentiated cell types: neu-
ronal cells (B, G), cardiac cluster (C, H), innervated myotubes (D, I) and endoderm-like cells (E, J). A-E, phase contrast 
and F-J, respective fluorescence images. Magnification bars. A, F: 50 µm; B, G: 25 µm; C-E & H-J: 10 µm. (II) H-E 
stained teratoma sections showing ectodermally-derived epidermis (A), mesodermally-derived skeletal muscle (B) and 
endodermally-derived respiratory ciliated epithelium (C). Magnification bars. A-C: 25 µm. 

Figure 5. (I) EB-derived differentiation of GS-2 ES-cells. (A) 
Neural cell types (KOSR-medium). (B) Osteoblast-like 
cells. (C) Endodermal-like cells. (D) Functional cardiac 
patch. Magnification bars. A: 50 µm; B: 25 µm; C, D: 10 
µm. (II). Profiles of cardiac differentiation of GS-2 ES-cells. 
(A) Percentage of EBs showing cardiac beatings. (B) Mean 
number of beating clusters per EB. 
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meric blastocysts into uteri of pseudo-pregnant 
CD-1 recipient mice, developing chimeric fetal 
inclusions, with green-fluorescence in situ, were 
observed in the transferred uterine horns (data 
not shown).  
 
Discussion 
 
Using a two-pronged approach, we successfully 
derived a robust, constitutively EGFP-transgene 
expressing permanent GS-2 ES-cell line from 
the GU3-EGFP-transgenic ‘green’ FVB/N mouse 
strain [9, 11, 13]. This involved the use of FVB/
N X 129/SvJ hybrid EGFP-expressing blastocysts 
and an optimized culture system using the RES-
GROTM medium [28]. The newly derived trans-
genic GS-2 ES-cell line exhibited all defining 
criteria of a typical-authentic mouse ES-cell line 
with excellent capability to differentiate to multi-
lineage cell types, both in vitro and in vivo, in-
cluding chimeric embryogenesis. The GS-2 ES-
cell line is the first of its kind derived from the 
EGFP-transgenic mice in the FVB/N genetic 
background, the strain known to be most refrac-
tory for ES-cell derivation [16]. We believe that 
the GS-2 ES-cell line is superior to many GFP-
expressing ES-cell lines generated by GFP-

expression vector-mediated transfection meth-
ods, which are variable, unstable and unsuit-
able so far as the sustenance of fluorescence in 
long-term (in vivo) studies are concerned.  
 
It appears that the genetic constitution of in-
bred mouse strains have a strong bearing over 
successful derivation of an ES-cell line [17, 18]. 
In this regard, the genomic constitution of 129/
SvJ strain is highly conducive for ES-cell deriva-
tion with high efficiency [18, 21]. By cross-
breeding approach, the ES-cell derivation ena-
bling property of the 129/SvJ mouse strain 
could faithfully be transferred to non-permissive 
genetic strain of mice such as FVB/N. Our ob-
servation is consistent with the report on the 
derivation of NOD/129 hybrid ES-cells [25]. It 
could be speculated that in the 129/SvJ mouse, 
vis-à-vis. other strains of mice, the (epi)genetic 
regulatory mechanisms controlling the desirable 
level of expression of pluripotency-conferring 
genes, such as Oct-4, Nanog, Sox-2 is highly 
conducive for ES-cell derivation and prolifera-
tion of ES-cells [13, 18]. Our improvised strat-
egy to derive ES-cells from mixed-strains of mice 
could be useful to carry out immunological and 
stem cell biology-related mouse experiments 
that are critically genotype-dependent.  
 
Interestingly, we observed that the RESGROTM 
medium selectively supported development and 
proliferation of blastocysts with excellent ICMs 
and negligible TBs, post-attachment (see re-
sults), unlike the observations made when blas-
tocysts were cultured under conventional ES-
cell culture conditions. It appears that the rabbit 
LIF-transduced rabbit fibroblasts culture condi-
tioned-medium, i.e., RESGROTM medium [22], is 
highly supportive of ICM proliferation, while in-

Figure 6. RT-PCR analysis of EBs and their outgrowths 
during differentiation. Rows (top to bottom): EGFP 
(267 bp), nestin (213 bp), BMP-4 (260 bp), AFP (199 
bp), Nkx 2.5 (217 bp), GATA-4 (186 bp), αMHC (302 
bp), β-actin (396 bp) and -RT control (for β-actin am-
plification primer set). Left two lanes: 100 bp DNA 
ladder-marker and amplicons from GS-2 ES-cells-
derived cDNA.   

Figure 7. Chimeric blastocyst derived by aggregation 
of either two EGFP-transgenic 8-cell embryos (A) or 
wild-type 8-cell embryo and GS-2 ES-cells (B). Abbre-
viations used: ICM, inner cell mass. TE, trophecto-
derm. Magnification bars. A, B: 10 µm.  
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hibiting TB proliferation. This ES-cell derivation 
enabling property of the RESGROTM medium 
coupled with the use of genetically permissive 
129/SvJ female as embryo donor, following 
cross-breeding with relatively non-permissive 
male mice (GU3-EGFP transgenic FVB/N male) 
and timed handling of proliferating blastocyst 
and picking of ICMs in culture have led to our 
successful establishment of GS-2 ES-cell line.  
 
We consistently observed a greater propensity 
of spontaneous cardiac lineage commitment 
and differentiation of GS-2 ES-cells vis-à-vis wild
-type D3 ES-cells (data not shown). Additional 
striking feature is the almost predominant for-
mation of neural progenitors and neuronal cell 
types with virtual absence of cardiac clusters 
when EBs were formed in KOSR medium. The 
superior property of proliferative and differentia-
tion potential in general and cardiac and neural 
differentiation (in KOSR condition), in particular, 
exhibited by the GS-2 ES-cells, could be attrib-
uted to the hybrid vigor phenomenon arising 
from the 129/SvJ X FVB/N derived F1 blasto-
cysts. This is consistent with the reported obser-
vation in mice [15].  
 
Because the GS-2 ES-cell line could provide a 
limitless source of intrinsically green fluorescent
-marked stem cells and their-derived lineage-
specific progenitors/differentiated cells and 
because they exhibit greater propensity to differ-
entiate to cardiac and neural lineages, we envis-
age that the GS-2 ES-cells could potentially be 
useful in stem cell differentiation biology. These 
include, (1) use of genetically modified GS-2 ES-
cells-derived cell types in experimental cell 
transplantation studies to understand mecha-
nisms of their structural-functional integration 
(homing) in a host tissue [6, 7]. (2) Use of GS-2 
ES-cells for gene-targeting (knock-in/knock-out) 
studies, for transfection of desired developmen-
tally-regulated genes with different reporter sys-
tems and in cell-reconstitution experiments 
both in vitro and in vivo. (3) In view of their in-
herent hybrid vigor, the GS-2 ES-cells could po-
tentially be used for improved animal cloning 
strategy via nuclear transfer or tetraploid blasto-
cyst complementation approaches [14, 15] with 
improved progeny generation rates, surviving 
through adulthood since most nuclear transfer 
and cloning experiments involving inbred ES-
cells often result in high rates of neonatal mor-
tality, leading to non-viable progeny [14, 15].  
 
In conclusion, we demonstrate successful deri-

vation of a permanent EGFP-transgene-
expressing ‘GS-2’ ES-cell line using an improved 
culture system from non-permissive FVB/N 
mouse strain. The robustly differentiating capa-
bility of the GS-2 ES cell line could be exploited 
for stem cell differentiation studies in vitro and 
in vivo. The two pronged ES-cell derivation strat-
egy that we developed could be adapted to 
other difficult strains which could be of im-
mense and versatile use not only in develop-
mental and stem cell biology but also in immu-
nological and oncological research.  
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