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Abstract
Mouse embryonic stem (ES) cells are derived from the inner cell mass of blastocyst stage embryos and are used primarily for
the creation of genetically engineered strains through gene targeting. While some inbred strains of mice are permissive to
the derivation of embryonic stem cell lines and are therefore easily engineered, others are nonpermissive or recalcitrant.
Genetic engineering of recalcitrant strain backgrounds requires gene targeting in a permissive background followed by
extensive backcrossing of the engineered allele into the desired strain background. The inbred mouse strain DBA/2J is a
recalcitrant strain that is used as a model of many human diseases, including glaucoma, deafness and schizophrenia. Here,
we describe the generation of germ-line competent ES cell lines derived from DBA/2J mice. We also demonstrate the utility
of DBA/2J ES cells with the creation of conditional knockout allele for Endothelin-2 (Edn2) directly on the DBA/2J strain
background.
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extensively to identify processes involved in glaucomatous RGC
death and to test potential neuroprotective treatments for human
glaucoma [1,2,3,4,5,6,7,8,9,10,11,12]. Secondly, DBA/2J is used
to model temporal lobe epilepsy (TLE) and schizophrenia (SZ) in
combination. Psychotic episodes and cognitive impairment are
among the most debilitating and common comorbidities of TLE,
while SZ patients are more prone to seizures than the general
population. To study the overlap between both disease pathologies
animal models that combine epileptic seizures with select
endophenotypes of schizophrenia are essential and DBA/2J is
one of the few animal models that meet these criteria [13,14].
Finally, DBA/2J is used to model other complex diseases including
deafness, cardiovascular disease and host response to infections
(e.g. [15,16,17,18,19]).
Phenotypes are often very different between mouse strains with
diverse genetic backgrounds and the strain characteristics of DBA/
2J are often contrasted with other genetically distinct inbred strains
such as C57BL/6J. These defined genetic backgrounds provide an
excellent system for mapping modifier genes [20,21,22]. To study
these differences a number of DBA/2J-relevant resources have
been generated. For instance, a genome-wide panel of congenic
strains has been created that contain portions of DBA/2J
chromosomes on a C57BL/6J background [23]. These 65 strains
contain more than 95% of the DBA/2J genome. Also, DBA/2J is

Introduction
The development of gene targeting technologies and the
availability of a well-annotated mouse genome sequence allows
the function of individual gene(s) to be assessed in a temporal and
spatial manner. Historically, the resources for genetically engineering mice have been available for a limited number of strains,
including C57BL/6J (B6) and 129Sv/ImJ (129), and are more
recently emerging for C57BL/6N. Resources include ES cell lines,
a vast number of null and conditional alleles through the
Knockout Mouse Project (KOMP) and Cre driver lines to ablate
the function of individual genes in specific cell types. A major
advantage of the mouse as an animal model is the availability of
well-characterized inbred strains that enable functional genomics
on defined genetic backgrounds. Currently, however, exploiting
the full utility of mice to study human diseases is hampered by the
lack of gene targeting resources for multiple inbred mouse strains.
DBA/2J is a common inbred mouse strain critical in studying a
diverse range of human diseases. For example, it is widely used as
an inherited model of glaucoma. Glaucoma is a neurodegenerative
disorder that affects 70 million people worldwide. Clinically, no
treatments that specifically target retinal ganglion cell (RGC)
death are in use, as the mechanisms involved are not well
understood. However, we and others have used DBA/2J
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of ES cell-derived DNA will remain surrounding the targeted
gene, potentially confounding analysis of the phenotype.
Previous attempts to derive ES cell lines from DBA/2J mice
have failed and therefore the DBA/2J strain is considered to be
recalcitrant to ES cell derivation [33]. However, recent advances
in stem cell biology have revealed that embryonic stem cells
derived from the inner cell mass of some strains and some species
(like the laboratory rat) have a limited capacity to maintain
pluripotency and self-renewal in culture without consistent
inhibition of signaling pathways that promote early differentiation
[34,35]. Therefore, addition of small molecule inhibitors of
fibroblast growth factor (FGF)/mitogen-activated protein kinase
(MEK)/extracellular signal-related kinase pathways and of glycogen synthase kinase 3 (Gsk3) have proven highly effective for
successful derivation of ES cells from rats and from a recalcitrant
mouse strain (NOD) [36]. Taking advantage of this renewed
understanding of ES cell pluripotency, we surmised that recalcitrance in DBA/2J is likely due to the same underlying
differentiation pathways. By inhibiting these pathways we
successfully derived germ line competent ES cells. Using these
cells, we have generated the first engineered allele in the DBA/2J
genome.

one parent in two sets of recombinant inbred lines that have been
generated, AKXD (the other parent being AKR/J) and BXD (the
other parent being C57BL/6J). Recombinant inbred (RI) strains
such as these are especially useful for mapping complex traits,
since they create an immortalized mapping population that allows
researchers to phenotype as many animals per genome as desired
over extended periods of time. AKXD strains have been used to
study a variety of diseases including murine lymphoma and
glaucoma [24,25]. The more widely used BXD strains have been
used to understand the genetics of a variety of diseases and
biological systems including aging, the immune system and iron
regulation [26,27,28,29,30]. Much of this work has been made
available through GeneNetwork (formerly WebQTL) an on-line
resource to study complex gene networks and phenotypes [31].
Stable ES cell lines for gene targeting are available only for
inbred strains from which stable ES cells lines can be consistently
derived from the inner cell mass of blastocyst stage embryos. These
permissive inbred strains include B6 and 129 derived strains
[32,33]. However, DBA/2J is one of many inbred strains that are
considered recalcitrant to ES cell derivation because pluripotent
embryonic stem cells (ES cells) are not easily derived [32,33] from
the inner cell mass of blastocyst stage embryos. Therefore, ES cell
lines for gene targeting are simply not available. This severely
hampers the ability to use DBA/2J mice to assess the role of
specific genes in many human diseases. Previously, introducing
mutant alleles into DBA/2J mice required targeting of the allele in
an available ES cell line (usually B6- or 129-derived), followed by
extensive backcrossing of the mutation to DBA/2J (for greater
than 10 generations to replace the ES cell genome with a DBA/2J
genome). Even after extensive backcrossing, a substantial interval

Methods
Mouse Strains, Breeding and Husbandry
All DBA/2J mice used in this study were obtained from either
The Jackson Laboratory production facility (Bar Harbor, ME) or
from our research colony. Our DBA/2J colony is routinely crossed
with DBA/2J mice from The Jackson Laboratory production
facility to prevent genetic drift. Mice were housed in a 14 h light to

Figure 1. DBA/2J ES cell derivation. (A) In each round of derivation, 11–60% of embryos gave rise to stable embryonic stem cell lines (see also
Table 1). (B) Approximately ,20% of lines were male with normal chromosome counts, regardless of culture conditions. (C) All of the ES cell lines,
regardless of culture conditions, expressed the essential pluripotency markers NANOG, SSEA-1 and OCT-3/4 (POU5F1).
doi:10.1371/journal.pone.0050081.g001
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Figure 2. Variable NANOG expression in DBA/2J ES cell lines. (A–D) Representative images and FLOW analysis of 3i (AC175, A,C) and 1i lines
(AC216, B,D) immunolabeled with an antibody to NANOG. Robust NANOG expression was characteristic of lines derived and cultured in 3i conditions.
doi:10.1371/journal.pone.0050081.g002

10 h dark cycle under previously described conditions [37]. The
Jackson Laboratory Animal Care and Use Committee approved
all of the experiments in this study.

Generation of DBA/2J-derived ES Cells
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Table 1. DBA/2J ES cell derivation.

Media conditions

Number of blastocysts

% blastocytes that gave ES cell lines (n) Number of euploid, male ES cell lines

3i, derivation 1

36

22% (8)

0

3i, derivation 2

20

60% (12)

4

1i, derivation 1

36

11% (4)

1

1i derivation 2

20

60% (12)

4

1i, C57BL/6J

20

70% (14)

4

Two derivations of two different media types were used to derive DBA/2J ES cell (rows 1–4) and was compared to a control derivation using C57BL/6J blastocysts (row
5). Details are provided for: the total number of blastocyst attempted (column 2); the % of blastocysts that gave ES cell lines (column 3); and the total number of euploid
male ES cell lines generated for each derivation (column 4).
doi:10.1371/journal.pone.0050081.t001
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Figure 3. DBA/2J ES cell-derived male chimeras. DBA/2J ES cells were injected into C57BL/6J-derived blastocyst. Estimated percentage of coat
derived from DBA/2J ES cells (dilute brown agouti) was used to determine the percent chimerism in each pup.
doi:10.1371/journal.pone.0050081.g003

mechanically disaggregated. Disaggregated fragments were plated
onto new MEF feeder layers in the same media type used for
outgrowth (except for 1i media where KOSR was replaced with
serum). After ,2 days of growth, each emergent cell line was
enzymatically dissociated using 0.05% trypsin EDTA (Life
Technologies) and re-plated (P1). Light microscopy was used to
monitor cell dissociation and trypsin exposure time was adjusted
accordingly (usually 2–4 minutes depending on the culture
conditions and cell line).
Emergent cell lines grown in 3i serum free media required less
exposure (,2 minutes) to 0.05% trypsin for dissociation and
trypsin inhibition (using an equal volume of defined trypsin
inhibitor, DTI, Life Technologies). Each cell line was expanded to
P4 and any lines with overt differentiation or poor growth were
discarded.

collected at 3.5 days post coitum by flushing uteri with M2
medium (Millipore). Blastocysts were transferred directly to MEF
feeder layers (cell cycle arrested mouse embryonic fibroblasts) in 4well IVF (in vitro fertilization) culture dishes, 1–2 blastocysts per
well. Morulae were cultured overnight in KSOM/M16 (Millipore)
medium and the resulting blastocysts were transferred to MEF
feeder layers the following day. Blastocysts were then cultured at
37uC, 5% CO2 for 8–10 days. During the first 4 days, blastocysts
were undisturbed to allow for zona hatching and attachment of the
embryos to the feeder layers. During days 5–10, the media were
replaced every other day and inner cell mass (ICM) outgrowth was
observed. The media conditions of ICM outgrowth were either ‘1i
outgrowth media’ or ‘3i media’.
ES cell media. DMEM (Dulbecco’s Modified Eagle’s Medium, 4500 mg/L glucose and sodium bicarbonate, without Lglutamine and sodium pyruvate, Sigma), 15% fetal calf serum
(Lonza), penicillin (100 units)/streptomycin (100 mg) (Life Technologies), Glutamax (1X, Life Technologies), 0.1 mM betamercaptoethanol, non-essential amino acids (1X, Life Technologies), sodium pyruvate (1 mM, Life Tecnologies), leukemia
inhibitory factor (LIF, ESGRO 1000 U/ml, Chemicon).
1i outgrowth media. ES cell media (as described above)
containing KOSR (knockout serum replacement, Life Technologies) in place of fetal calf serum, and PD98059 (MAP kinase
inhibitor, 50 mM, Calbiochem [32]) with LIF (1000 U/ml).
3i media. serum free media (as described in [34]] containing
3 inhibitors (PD17304 (FGF receptor tyrosine kinase inhibitor,
100 nM, Stemgent), PD0325901 (MEK kinase inhibitor, 1 mM,
Stemgent) and CHIR99021 (glycogen synthase kinase-3 inhibitor,
3 mM)), and LIF (leukemia inhibitory factor, ESGRO 1000 U/ml,
Chemicon).
Disaggregation and culture. After 8–10 days, each outgrowth was given a unique identification number (AC###) and

ES Cell Line Characterization
Karyotypic analysis. ES cells were grown in 60 mm culture
dishes until sub-confluent. Approximately 1–2 hours after media
replacement, colcemid (0.02 mg/ml) was added to the media and
the cells were incubated at 37uC, 5% CO2 for three hours. Cells
were trypsinized, re-suspended by slow addition 0.56% KCl with
constant agitation and incubated for 30–60 minutes. Cells were
then fixed with ice-cold 3:1 methanol:glacial acetic acid. Fixed cell
suspensions were added dropwise to the surface of clean, moist
glass slides and slides were air dried at 37uC for 1–2 days. Slides
were mounted with VectashieldH hard set mounting reagent with
DAPI (49, 6-diamidino-2-phenylindole) (Vector Laboratories). A
Spectral Karyotyping Microscope (SKY, Applied Spectral Imaging, Ltd.) was used to automatically scan slides for mitotic
chromosome spreads and images were digitally captured. Chromosomes were counted in at least 40 well-spread, well-isolated
nuclei and sex chromosomes were identified by morphology and

Table 2. Chimerism and germ line transmission of DBA/2J ES cells.

Cell line, culture condition

% of chimeric mice born (n)

% male chimeras

% germline chimeras

transmission rate (male only)

AC203, 1i

16% (19)

67%

100%

100%

AC216, 1i

38% (13)

100%

20%

100%

AC173, 3i

59% (37)

68%

92%

97%

AC175, 3i

46% (13)

100%

67%

100%

Four DBA/2J ES cell lines (two derived from each media type, 1i and 3i) were assessed for capacity to contribute to the germ line. These data are based on standard
microinjection of ES cells into C57BL/6J host blastocysts. Additional data, including laser assisted microinjection data can be found in Table S1. Details are provided for:
the number of chimeric mice (determined based on coat showing at least partial dilute brown agouti color, column 2); the % of those chimeric mice that were male
(column 3); the % of male chimeric mice that sired offspring with 100% dilute brown agouti color (column 4); and the % of offspring that were completely dilute brown
agouti (transmission rate, column 5).
doi:10.1371/journal.pone.0050081.t002
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Figure 4. Generating a conditional allele of Edn2 directly in DBA/2J-derived ES cells. (A) A targeting construct was generated that included
loxP sites flanking exon 2 (e2) of the Edn2 gene. Exon 2 contains part of the key functional domain for Edn2, and removal of exon 2 induces a
frameshift for protein translation (B) Correct targeting at the 59 end of the Edn2 gene was assessed using Xba1 restriction digests and southern
blotting. The presence of the Neomycin (NEO) selectable marker incorporates an additional Xba1 restriction enzyme site in the targeted allele,
generating a 6.6 kb fragment (Flox) compared to the normal 8.7 kb fragment (WT). Black arrows indicate clones correctly targeted at the 59 end. (C)
An example of a chimeric mouse generated as a result of injection of targeted DBA/2J ES cell clones into C57BL/6J blastocysts. (D–E) Chimeric male
mice were mated with DBA/2J females and offspring genotyped for the heterozygous presence of the loxP sites in intron 1 (WT = 481 bp,
Flox = 631 bp, see Methods). White arrows indicate mice that carry the floxed allele of Edn2. (D). See methods for primer information. As expected,
100% of heterozygous mutant offspring had the DBA/2J coat color (dilute brown agouti, E).
doi:10.1371/journal.pone.0050081.g004

Observer Z1 inverted microscope and a Zeiss AxioCam CCD
camera.
To prepare and immunolabel ES cells for flow cytometry, cells
were washed, counted and fixed in 4% PFA (100 ml per 1610 6
cells) for 15 minutes at room temperature. Cells were then washed
265 minutes in PBS, 1% FBS and stored in 1 ml aliquots at
1610 6 cells/ml for up to 72 hours at 4uC. For antibody labeling,
cells were transferred to 12675 mm polypropylene tubes,
permeabilized for 15 minutes (Perm/Wash Buffer, BD Biosciences), incubated with mouse Fc block (purified rat IgG2b anti-mouse
CD16/CD32 monoclonal antibody, BD Biosciences) for 15
minutes, split and then incubated with either rat anti-Nanog
Alexa FluorH 647 (50 mg/ml, eBioscience) or rat IgG2a isotype
control Alexa FluorH 647 (eBioscience). Post-labeling washes were
265 minutes in PBS, 1% FBS and cells were resuspended in
400 ml of PBS, 1% FBS. Immunolabeled cells were then analyzed
using a FACSCalibur flow cytometer (BD Biosciences).

distribution of heterochromatin (as assessed by DAPI, which
preferentially binds A-T rich DNA).
Immunolabeling. Sub-confluent ES cells were fixed with 4%
paraformaldehyde (PFA) for 20 minutes and washed 365 minutes
with phosphate buffered saline (PBS). Fixed cells were then
blocked with 5% fetal bovine serum (FBS), 0.1% triton-X for 15
minutes, incubated with primary antibody for 4 hours and washed
365 minutes with PBS. Secondary antibody incubations were 2
hours, and subsequent washes were 365 minutes with PBS,
incubation with DAPI (2 mg/ml) for 10 minutes and 265 minute
washes with PBS. Primary antibodies were anti-OCT 3/4 (1:250,
Santa Cruz Biologicals, #sc-5279), anti-NANOG (1:250, Abcam,
#ab21603) and anti-SSEA-1 (1:250, Santa Cruz Biologicals, #sc21702). Secondary antibodies were goat anti-mouse IgG Alexa
FluorH 488 (1:1000, Life Technologies) and goat anti-rabbit IgG
Alexa FluorH 488 (1:1000, Life Technologies). All antibodies were
diluted with PBS, 1% FBS. All incubations and washes were
performed at room temperature with gentle rocking. Labeled cells
were visualized and images were collected with a Zeiss Axio
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Southern blotting was again used to assess correct targeting at the
39 end. A 1001 bp 39 probe was generated by PCR (forward
primer, AGTAGACAGTGGACAGTTCC; reverse primer,
CAAAAGTGTCCCAAGAGAACAGT). Correct integration of
the targeting construct at the 39 end disrupted an EcoRI site to
generate a 16.2 kb band after digestion compared to a 15.2 kb
band for non-targeted clones. Clones 33 and 36 were identified as
properly targeted on both ends. (All primers shown 59 to 39).

Microinjection and Chimera Production for Parental ES
Cell Lines
Each parental ES cell line (AC203, AC216, AC173 and AC175)
was tested for germ line competence by microinjection. For each
line, ,12 ES cells were microinjected into 50 C57BL/6J (black, a/
a, The Jackson Laboratory stock #00664) host blastocysts and 6
ES cells were injected into 8 cell C57BL/6J embryos by the laser
assisted method using a Hamilton Thorne XYClone. Male coat
color chimeras were generated from both injection methods. Male
chimeras were bred to DBA/2J females (dilute brown, a/a Tyrp1b/
Tyrp1b Myo5ad/Myo5ad, The Jackson Laboratory stock #000671)
and germ line transmission of the DBA/2J ES cell line was
assessed by calculating the % dilute brown offspring over three
litters for each fertile male chimera.

Microinjection of Targeted Clones and Confirmation of
Germ Line Transmission
For microinjection of EDN2-targeted AC173 ES cell lines, the
correctly targeted clones (33 and 36) were thawed from 96 well
plates to 12 well MEF plates using 3i media and injected into
C57BL/6J blastocysts (,12 ES cells per embryo). Both clones
were at passage 22 at the time of injection. Passage number
indicates the total number of trypsin exposures from the
emergence of the ES cell line (see Disaggregation and culture above).
In total, 149 injected blastocysts (approximately half from each of
clone 33 and 36) were transferred into 13 pseudopregnant B6(Cg)Tyr,c-2J./J recipients (albino). For clone 33, 3 chimeric pups
were produced (all male) and for clone 36, 2 chimeric pups (1 male
and 1 female). Percentage chimerism ranged from 20–50% for
both clones (based on coat color).

Generation of EDN2 Targeting Construct, pMCS-EDN2DTA
A Frt-Loxp (FL) was inserted in intron 1 and a LNL (Loxp-NeoLoxp) cassette was inserted in intron 2 of Edn2 gene on a BAC
clone (RP23-265J18) by BAC recombineering so that exon 2 of
Edn2 gene was flanked by two loxp sites. A gene targeting vector,
pMCS-EDN2-DTA, was constructed by retrieving a 10 kb long
homology arm (59 to FL), LNL, and a 2 kb short homology arm
(end of LNL to 39) into a plasmid vector carrying the DTA
(Diphtheria toxin alpha chain) negative selection marker.

Mouse Genotyping
To determine the presence or absence of the EDN2flox allele,
Edn2-Intron2-F (CATAGAGCGGTGAGGCCACAG) and Edn2Intron2-R: (AAGTTGGCACCCTTGGTGTTC) primers were
used. The primers amplify a region of intron 2 that includes the
first loxP site (Edn2+ allele, 113bp; Edn2flox allele, 259bp).

Targeting DBA/2J ES Cells with Edn2 Conditional
Knockout Construct
Prior to targeting, the following parameters for DBA/2J ES cell
line AC173 were established; geneticin sensitivity (150 mg/mL),
required working concentration of trypsin inhibitor (0.25 mg/mL),
and compatibility of serum free media with available MEF stocks
(irradiated at passage 3 or lower). In preparation for electroporation, pMCS-EDN2-DTA was prepared using a mini-prep kit
(Qiagen) and DNA linearized with NotI. Electroporation was
performed using the BTX ECM 830 electroporator. Ten million
DBA/2J ES cells (line AC173, P9) were electroporated with 20 mg
of DNA at a concentration of 3.8 mg/uL. Cells were plated onto
60 mm dishes in 3i media. Selection with geneticin at 150 mg/mL
was started the following day and continued for 9 days. Plates were
then switched back to media not containing selection antibiotic
until day 12 post electroporation. On day 12, colonies from half
the 60 mm plates were picked, selecting each independent colony
into a separate 96 well. Colonies from the remaining 60 mm plates
were picked on day 13 for a total of 46 colonies. Clones were
expanded into two sets of 96 well plates to allow for a stock freeze
of one set of 96 well plates and lysate preparation for their
duplicates for Southern blot screening. Clones were maintained on
MEFs due to poor growth of the DBA/2J line in the absence of
MEFs. A total of 43 clones were frozen.

Results
DBA/2J ES Cell Derivation
To define the most efficient protocol for derivation of ES cell
lines from DBA/2J, we tested two media conditions that have been
previously shown to promote ES cell derivation efficiency and ES
cell pluripotency for other recalcitrant mouse strains. These media
were tested in parallel over two rounds of derivation. The first
medium, ‘1i’, was standard mouse ES cell medium, including LIF
(leukemia inhibitory factor) and a single inhibitor of MAP kinase/
ERK kinase, PD98059. This medium was previously shown to
promote ES cell derivation efficiency from the recalcitrant CBA
mouse strain [32]. More recently, several laboratories have had
great success deriving ES cells not only from recalcitrant mouse
strains (e.g. NOD), but also recalcitrant species (rat) by using
defined serum free culture conditions combined with inhibitors of
MEK kinase, FGF receptor tyrosine kinase and glycogen synthase
kinase-3 [34,35,38]. Therefore, the second media condition, ‘3i’
was serum free media, including LIF and 3 inhibitors, PD17304
(FGF receptor tyrosine kinase inhibitor), PD0325901 (MEK kinase
inhibitor, 1 mM, Stemgent) and CHIR99021 (glycogen synthase
kinase-3 inhibitor) [34]. Finally, to promote growth of the inner
cell mass and to minimize trophoblast differentiation, FBS was
excluded from the 1i media during the inner cell mass (ICM)
outgrowth stage.

Confirmation of Correct Targeting by Southern Blotting
For each of the 43 clones, Southern blotting was used to assess
correct targeting of the 59 end of the Edn2 locus. A 622bp 59 probe
was generated upstream of the Edn2 gene (forward primer,
GATGTGGGTGGCCAGTGGC;
reverse
primer,
GCTGGGAGCAGAGGCCAGGTG). DNA from each of the
43 clones was digested with Xba1. Correct integration of the
targeting construct introduced a novel XbaI site to generate a
6.6 kb band after digestion compared to an 8.7 kb band for nontargeted clones. Five of the 43 clones were correctly targeted on
the 59 end (clones 5, 32, 33, 34, and 36), a targeting efficiency of
approximately 11.5% of tested clones. For these five clones,
PLOS ONE | www.plosone.org

Comparing Derivation Media
ES cell lines were derived from a total of 112 DBA/2J embryos
over 2 rounds of derivation (derivation 1 and derivation 2) as
shown in Table 1. Regardless of the media used, ES cell derivation
efficiency (number of established ES cell lines/number of embryos)
was comparable to permissive strains like C57BL/6J and
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Moreover, we report the first use of these DBA/2J ES cells to
generate a genetically engineered mouse strain. While both media
conditions used to derive DBA/2J ES cells favored successful
derivation of germ line competent cells, serum free 3i media
promoted more robust NANOG expression and higher percentages of coat color chimeras. This is likely due to inhibition of FGF
signaling through more efficient inhibition of phospho-ERK
combined with the restorative effects of glycogen synthase kinase
inhibition [34]. A recent study indicates that inhibition of the FGF
receptor tyrosine kinase through PD173074 is not necessary in
combination with PD0325901, hence 2i media was equally
effective for maintenance of pluripotency in ES cells [39]. Efficient
inhibition of FGF signaling promotes the pluripotent ground state
of embryonic stems cells, the hallmark of which is NANOG
expression [40].
Serum free, 3i culture conditions are frequently used in the
absence of MEFs feeder layers since the leukemia inhibitory factor
provided by the MEF’s can instead be added to the culture
medium. However, we found that in the absence of feeders,
emergent ES cell lines in serum free, 3i medium were loosely
adherent, despite the use of gelatin-coated plates. This made them
subsequently difficult to manipulate during gene targeting.
Therefore, MEF feeder layers were used throughout our
derivation, culture and targeting of DBA/2J ES cells regardless
of the culture media used. We found that use of low passage MEFs
that have been previously screened for tolerance to serum free
culture was critical for maintenance of our serum free, 3i DBA/2J
ES cells, especially during drug selection post-targeting where
feeder layers are exposed, long term to serum free culture
conditions.
The availability of DBA/2J ES cells will enable genetic
manipulation of genes of interest directly on a DBA/2J
background. As we have shown with the Edn2 gene, it is possible
to generate conditional alleles without the need for costly and
time-consuming backcrossing from other genetic backgrounds
(commonly C57BL/6J or 6N). Targeting constructs for many
genes are available through the Knockout Mouse Project.
Although many constructs were generated using C57BL/6N,
many will be useful for generation of conditional alleles directly in
DBA/2J ES cells. This will greatly aid in the ability to test the
role(s) of specific genes of interest. Importantly, this ability means
that no congenic interval that is derived from the original strain
and that can confound experiments will surround the targeted
gene.
In summary, the derivation of ES cells from DBA/2J mice will
accelerate the ability to generate genetically engineered DBA/2J
mice. These resources will aid in the understanding of and the
development of improved therapies for a wide variety of human
diseases including glaucoma, deafness and schizophrenia.

significantly better than has been previously reported for DBA/2J,
1–6% [33]. From a total of 36 ES cell lines, 9 were euploid (.70%
normal chromosome counts over 40 nuclei) male lines. These 9
lines were further characterized to select a subset of lines for germ
line testing (Figure 1). All 9 ES cell lines showed expression of
alkaline phosphatase and the pluripotency markers NANOG,
SSEA-1 and OCT 3/4 (POU5F1), however ES cell lines that were
derived and cultured in 1i medium showed variable expression of
NANOG compared to ES cell lines derived and cultured in 3i
medium. This variable expression was evident both qualitatively
by immunofluorescence microscopy and quantitatively by flow
cytometry, where a broad range of NANOG expression was
consistently present in 1i cultures, including a fraction of ES cells
with NANOG expression as low as background (Figure 2).

Assessing Chimerism and Germ Line Efficiency
The capacity of an ES cell line to contribute to the germ line of
a chimeric animal is the gold standard test of pluripotency for
mouse ES cell lines and a pre-requisite for any ES cell line to be
used to generate genetically engineered mice. Four DBA/2J ES
cell lines were selected for germ line testing based on media
conditions (two 1i ES cell lines and two 3i ES cell lines), NANOG
expression, and chromosome counts (those with the highest
percent of euploid nuclei were favored). These were AC203 (1i,
86% euploid), AC216 (1i, 86% euploid), AC175 (3i, 78% euploid)
and AC173 (3i, 86% euploid). All four ES cell lines successfully
contributed to chimeras and to the germ line, as determined by
coat color (Table 2, Figure 3). The 2 ES cell lines derived and
grown in 3i conditions (AC175 and AC173) produced larger
percentages of coat color chimeras upon injection into C57BL/6J
host embryos, consistent with the more robust expression of the
pluripotency factor NANOG in these ES cell lines (Table S1).

Testing Gene Targeting Efficiency in DBA/2J ES Cells
The DBA/2J strain is a widely used mouse model of glaucoma.
Glaucoma is characterized by the degeneration of retinal ganglion
cells and the degeneration of the optic nerve. We have shown
previously that Endothelin-2 (Edn2), a component of the endothelin system is upregulated in monocytes and microglia-like cells in
the retina and optic nerve during glaucoma [4,5]. Given that no
conditional allele was available for Edn2 on a DBA/2J background, Edn2 was selected as the gene of interest to assess targeting
capabilities for the newly derived DBA/2J ES cells. A targeting
construct was generated and used to target the AC173 ES cell line
(one of the parental lines with robust NANOG expression and a
high degree of chimerism in earlier tests, Figure 4). After targeting
and subsequent colony expansion, 43 clones were assessed for
correct targeting of the Edn2 locus. Five of the 43 clones (11%)
were correctly targeted on the 59 end, two of which were also
correctly targeted on the 39 end. These two clones (Edn2-clone33
and Edn2-clone36) were injected into C57BL/6J blastocysts and
chimeric pups obtained. Chimerism for mice derived from either
clone ranged from 20–50% (Table S1). Male chimeric mice were
bred to DBA/2J females and approximately 50% of offspring were
heterozygous for the conditional Edn2 allele. More than 20 mice
heterozygous have been aged for 6–12 months. They have a
healthy appearance with no gross adverse phenotypes or
premature death.

Supporting Information
Table S1 Additional chimerism and germ line data
transmission data, including laser assisted microinjection data.
(XLSX)
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