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Epiblast Cell Number and Primary Embryonic Stem Cell Colony
Generation Are Increased by Culture of Cleavage Stage Embryos
in Insulin
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Abstract. Human embryos for hESC derivation are often donated at the cleavage stage and of reduced quality. Poor quality
embryos have lower efficiency for hESC derivation. However, cleavage stage mouse embryos develop into higher quality
expanded blastocysts if they are cultured with insulin, suggesting that this approach could be used to improve hESC derivation
from poor quality cleavage stage embryos. The present study used a mouse model to examine this approach. In particular
we examined the effect of insulin on the number of epiblast cells in blastocysts on days 4, 5 and 6 using Oct4 and Nanog
co-expression. Second we examined the effect of insulin on the frequency with which outgrowths can be derived from these.
Finally, we tested whether prior culture in the presence of insulin results in blastocysts with increased capacity to generate ESC
colonies. Culture of cleavage stage embryos with insulin increased the number of Oct4 and Nanog positive cells in blastocysts
at all time points examined. Prior culture with insulin had no effect on outgrowths generated from blastocysts plated on days
4 or 5. However, insulin treatment of blastocysts plated on day 6 resulted in increased numbers of outgrowths with larger
epiblasts compared with controls. 13% of insulin treated day 6 blastocysts produced primary ESC colonies compared with
6% of controls. In conclusion, treatment with insulin can improve epiblast cell number in mice leading to an increase with
which primary ESC colonies can be generated and may improve hESC isolation from reduced quality embryos donated at the

cleavage stage.
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mbryonic stem cells (ESCs) are pluripotent cells whose progenitors

are the epiblast cells of the inner cell mass (ICM) of blastocysts
[1-3]. In a fully developed mouse blastocyst ICM cells are marked
by Oct4 expression, while epiblast cells are the only cells that also
co-express the pluripotency marker Nanog [4]. Those ICM cells
which do not express Nanog are deemed to be primitive endoderm [5].
ESCs can be differentiated to any cell type found in the adult
body. As such human ESCs (hESCs) have potential applications in
regenerative medicine. However, the efficiency with which hESCs
can be derived is generally lower [6, 7] than that reported for mice
[8, 9]. One key difference between mESCs and hESCs, is that mouse
embryos for ESC derivation are usually cultured in vivo, while many
human embryos used for ESC research are frozen assisted reproduction
technology (ART) embryos donated often up to 5-10 years after
they were produced [10] due to regulatory requirements. Prior to
cryopreservation these human embryos were frequently cultured in
vitro in conditions now known to perturb embryo viability [11-13].
Culture of embryos in vitro has been shown to reduce epiblast cell
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numbers in blastocysts [14]. The number of epiblast cells in the
blastocyst has been shown to be a major determinant of the efficiency
with which ESCs can be isolated from an embryo [7].

The majority of embryos donated for hESC derivation have been
cryopreserved at the cleavage stage [15—17]. Hence one approach
to improving hESC isolation efficiencies from these embryos is to
culture them to the blastocyst stage in media which increase epiblast
cell number. We have developed a mouse model of human embryo
culture to examine how culture from the 8-cell stage can be used to
improve blastocyst quality. Using this model we have shown that
culture from the 8-cell stage in G2 medium supplemented with 1.7
pM insulin increases the percentage of epiblast cells in the ICM of
in vitro cultured blastocysts [18].

The aim of the present study was to examine this effect further
using the same mouse model. In particular we examined the effect
of insulin on the progression of Oct4 and Nanog restriction in the
developing blastocyst, whether treatment with insulin could increase
outgrowth formation, ESC progenitor cell number and the efficiency
with which primary mESC colonies could be derived.

Materials and Methods

All procedures were approved by The University of Adelaide
Animal Ethics Committee, in compliance with the Australian Code
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of Practice for the Care and Use of Animals for Scientific Purposes.
Unless otherwise stated chemicals used were purchased from Sigma-
Aldrich, St Louis, MO, USA. All chemicals and consumables used
for standard embryo culture were tested in a 1-cell mouse embryo
assay for compatibility with embryo development [19]. Mice were
fed ad libitum, and kept in a 14:10 light:dark cycle.

Embryo culture

Embryos were collected from female mice (C57BL/6) aged 3—4
weeks given a 5 [U equine chorionic gonadotropin (eCG; Folligon,
Intervet Australia, Bendigo, Victoria) intraperitoneal injection, then 5
IU human chorionic gonadotropin (hCG; Pregnyl, Organon, Sydney,
Australia) 48 h later to induce ovulation. Female mice were then
placed with a male mouse of the same strain, and mating was assessed
the following morning by the presence of a vaginal plug. Zygotes
were flushed from oviducts into MOPS-G1 [20] 22 h post-hCG.
Surrounding cumulus cells were denuded from the zygotes using
50 IU/ml hyaluronidase for up to 2 min.

Zygotes were washed in MOPS-G1 and cultured in 20 pl drops
of G1.2 medium in groups of ten at 37 C in 6% CO,, 5% O,, 89%
N, from 0-48 h. Medium was overlaid with paraffin oil (Merek
KGaA, Darmstadt, Germany). Embryos that reached the 8-cell stage
by 48 h were transferred to 20 pl drops of G2.2 supplemented with
0 or 1.7 pM insulin, and cultured individually at 37 C in 6% CO,,
5% O,, 89% N, to 70-75 h (day 4), 96 h (day 5) or 115 h (day 6).

Experiment 1: Effect of insulin on blastocyst development

The aim of Experiment one was to determine the timing of Oct4
and Nanog restriction to the epiblast in embryos cultured in vitro
as well as the effect of insulin on Oct4 and Nanog co-expression
in the blastocyst. Control and insulin treated embryos were placed
in G2.2 at Day 3 (48 h) and then fixed on days 4, 5 and 6, and
immunocytochemistry was performed. Embryos in all groups which
began cavitation prior to 70 h or had not cavitated by 75 h were
discarded to avoid confounding effects. As such all blastocysts in
the day 5 and day 6 groups were known to have cavitated between
70 and 75 h and to have on time development. Individual culture
was used to minimize potentially confounding interference from
paracrine growth factor secretion [21].

Experiment 2: Effect of insulin on outgrowth formation

The aim of Experiment two was to determine whether prior
culture with insulin could increase outgrowth formation rate and
epiblast cell number. As such, three experiments were carried out
where control and insulin treated blastocysts were plated on day 4,
day 5 and then day 6. Then, a fourth experiment was undertaken
to confirm an apparent increase in epiblast cell number observed
for plating blastocysts on day 6 compared to day 4 or day 5, where
control cultured blastocysts from the same pool were plated on
days 4,5and 6.

Blastocysts had their zona pellucidae removed by incubation in acid
Tyrode’s solution, followed by plating onto organ well dishes coated
with Sv129 derived mouse embryonic fibroblasts (MEFs). Media
used was a-MEM with glutamax, ribo- and deoxyribonucleosides,
supplemented with 10% knockout serum replacement (Invitrogen,
Carlsbad, CA, USA), 1x non-essential amino acids (Invitrogen), 55

UM B-mercaptoethanol (Invitrogen), 1% insulin-transferrin-selenium
(Invitrogen, Carlsbad, CA), 20 ng/ml bFGF (Chemicon, Temecula
CA, USA), 20 ng/ml Activin-A (R and D systems), 20 ng/ml human
recombinant EGF (Invitrogen), 100 ng/ml Vitronectin and 10 ng/
ml mouse LIF at 37 C in 6% CO,, 5% O,, 89% N,. Attachment
was assisted by gently pressing blastocysts into the surface of the
MEFs, using a 30 G needle. Following 48 h of culture, attachment
was assessed, outgrowths were fixed, and immunocytochemistry
was performed.

Experiment 3: Effect of insulin on the derivation of primary
ESC colonies from day 6 blastocysts

The aim of Experiment three was to determine if insulin could
increase the efficiency with which primary ESC colonies could be
derived. Outgrowths from control and insulin treated blastocysts plated
on day 6 were generated as discussed above, with the exception that
all embryos were used, not just those which cavitated between 70
and 75 h. Additionally, due to individual culture of embryos and the
pressing method of outgrowth, it was possible to track a developing
embryo’s morphology and examine which embryos gave rise to a
primary ESC colony. Embryo development was scored on day 4,
day 5 and day 6. Embryos were scored as arrested (those embryos
that had failed to develop from the 8-cell stage), early blastocyst
(embryos with a blastocoel cavity less than two thirds their volume),
blastocyst (embryos with a blastocoel cavity greater than two thirds
their volume), hatching blastocyst (embryos which were herniating
from the zona pellucidia) and hatched blastocyst (embryos that were
completely free of the zona pellucidia). We also scored which 8-cell
embryos had begun to compact when the pool was first split between
control and insulin treatments.

Outgrowths were trypsinised with 0.05% trypsin (Invitrogen)
and replated on MEFs. Cells were allowed to grow for two days,
then colonies with a domed shape, multiple layers and a smooth
undifferentiated ESC morphology were picked and fixed in 4% para-
formaldahyde in PBS overnight at 4 C prior to immunocytochemistry.

Immunocytochemistry

The expression of Oct4 and Nanog in blastocysts was measured
using immunocytochemistry. Blastocysts were fixed in 4% parafor-
maldahyde overnight at 4 C, and then incubated in 0.1 M glycine
in PBS for 5 min at room temperature (RT). Permeabilisation was
performed in PBS with 0.25% TritonX-100 (PBS-TX) for 30 min at
RT. Blastocysts were then blocked in 10% Normal Donkey Serum
(Sapphire Bioscience, Redfern, New South Wales, Australia) for 1 h at
RT, followed by incubation with Nanog rabbit anti mouse polyclonal
antibody (Sapphire, Cat#120-21603 or Cosmo Bio, Tokyo, Japan,
Cat#REC-RCABO0002P-F) at 1:200 and Oct-3/4 goat anti mouse
polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA,
inc sc-8628) at 1:100 in PBS-TX overnight at 4 C. After washing the
next day in PBS-TX, blastocysts were incubated with Donkey anti
rabbit secondary antibody (1:100) conjugated to FITC (Australian
Laboratory Services, Homebush New South Wales, Australia) and
donkey anti goat secondary antibody (1:100) conjugated to Rhodamine
(Jackson ImmunoResearch, West Grove, PA, USA, 705-025-003)
for 2 h at 37 C. Finally, embryos were washed and then incubated
with 3nM of nuclear stain 4’-6-Diamidino-2-phenylindole (DAPI)
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at RT for 2—3 min, which stains all cell nuclei, before imaging using
confocal microscopy (Calcium Lecia SP5, Lecia SPS software,
Wetzlar, Germany). A negative control was performed where primary
antibody was not applied.

The procedure for staining outgrowths was performed as described
for blastocysts above, but with the following alterations; permeabiliza-
tion was reduced to 5 min in 0.05% TX-100, primary antibodies
were applied with blocking solution, the wash step between primary
and secondary antibody application was extended to 3 h, the wash
step between the secondary antibodies and DAPI was increased to
3 rinses at 5 min each and DAPI staining was increased to 5 min.
Primary ESC colonies were stained using the same methodology
as blastocysts.

Statistics

For quantitative analyses treatment group was fitted as a fixed
factor and replicate was fitted as a cofactor. Data was expressed as
mean + SEM and analysed using Univariate General Linear Model
or an independent samples #-test using PASW Statistics 17. Between
treatment differences were assessed using the Least Significant
Difference (LSD) method. Categorical data was analysed by chi
square or Fischer’s exact tests. Values of P<0.05 were considered
significant.

Results

Experiment 1: Effect of insulin on blastocyst development

Representative images of day 4, 5 and 6 blastocysts stained for
Oct4 and Nanog are shown in (Fig. 1). In day 4 blastocysts Oct4
and Nanog co-expression was not restricted to the ICM (Fig. 1B).
However, there were more Oct4 and Nanog positive cells in the
insulin treated embryos compared with controls (Table 1). There
was no difference in the number of Oct4 positive cells between the
insulin treated and control groups, however blastocysts from the
insulin treated group had a higher total cell number (TCN) compared
with the control group (Table 1).

In day 5 blastocysts, Oct4 and Nanog continued to be expressed
in cells outside the ICM and as such could not be used to determine
epiblast cell number (Fig. 1C). Insulin treated blastocysts con-
tained more Oct4 and Nanog positive cells than controls (Table 1).
Furthermore, the number of Oct4 positive cells and TCN were also
increased in blastocysts from the insulin treated group compared
with controls (Table 1).

In day 6 blastocysts Oct4 and Nanog co-expression was restricted
to the epiblast (Fig. 1D) and hence could be used to determine the
number of epiblast cells. Insulin had no effect on Oct4 positive cell
number or TCN but significantly increased epiblast cell number (Table
1). This resulted in a trend for an increased proportion of ICM that
was epiblast (23.8 £ 1.8 vs. 18.9 £ 1.8. P=0.059, N>28, 3 replicates).

Experiment 2: Effect of insulin on outgrowth formation

There was no difference in the epiblast cell number of outgrowths
plated on day 4 between control and insulin and treatments, as
determined by Oct 4 and Nanog co-staining (Fig. 2C). Additionally,
there was no effect on TCN (Fig. 2A) or Oct4 positive cell number
(Fig. 2B). This was the same for outgrowths plated on day 5 (Fig.

Table 1. The effect insulin at 1.7 pM on day 4, 5 and 6 blastocyst Oct4
and Nanog expression

TCNA Oct4B Oct4+Nanog®
Day 4 control 39.4+1.6% 364+1.6 254+ 1.4%
Day 4 insulin 436+ 1.1* 395+ 1.0 31.9+1.2%
Day 5 control 89.1+3.1% 56.2 £2.3% 33.7+22%
Day 5 insulin 110.5 + 3.3 63.9+2.3% 482 +2.1%
Day 6 control 153.4+6.3 27.8+29 4.8+0.5"
Day 6 insulin 155.6+£52 29.1+£29 6.8+ 0.6

A Total cell number of blastocysts on the day indicated. ® Oct4 positive
cell number of blastocysts on the day indicated. ¢ Oct4 and Nanog
positive cell number of blastocysts on the day indicated. Data is mean +
SEM. Like pairs a *, * and T, are significantly different within columns.
N>28 (3 replicate experiments).

2D-F). For outgrowths plated on day 6, there were significantly more
epiblast cells in the insulin treated group than the control group (Fig.
21). However Oct4 cell number was not affected (Fig. 2H), while
TCN was decreased (Fig. 2G). Representative images of outgrowths
from blastocysts plated on days 4, 5 and 6 and stained for Oct4 and
Nanog 48 h after plating are shown in (Fig. 3).

Asitis possible to obtain an ESC line from an outgrowth containing
as little as one ESC progenitor cell, we examined the effect of prior
culture in the presence of insulin on the percentage of outgrowths
which contained at least one epiblast cell. No significant effect was
seen on the percentage of outgrowths containing an epiblast when
blastocysts were plated on days 4 or 5 between control and insulin
treated groups (64.5% vs. 83.3%, and 62.5% vs. 70.3%, respectively,
N>27, 3 replicates) however, insulin increased the proportion of
outgrowths containing an epiblast if they were plated on day 6 (100%
vs. 86.5%, P<0.01 N>27, 3 replicates).

Furthermore, because not all blastocysts attach and/or produce
outgrowths when plated, we examined the effect of insulin on the
efficiency of outgrowth formation. Day 4 blastocysts from the insulin
group were more likely to give rise to outgrowths than the control
group (61.4% vs. 43.4%, P<0.05, N>64, 3 replicates), however no
difference was found for day 5 blastocysts (67.2% vs. 64.1%, N>64,
3 replicates). Insulin treated blastocysts plated on day 6 also gave
rise to outgrowths at higher efficiencies compared with controls
(97.1% vs. 87.9%, P<0.05, N>64, 3 replicates).

To confirm the apparent effect of day of plating on epiblast cell
number seen in the first three experiments we undertook a fourth
experiment where control embryos from the same pool were plated
on days 4, 5 and 6. The results of this experiment confirmed that
primary outgrowths from blastocysts plated on days 4 or 5 had
fewer epiblast cells present in their outgrowths and that these were
also less likely to contain an epiblast compared with day 6 plated
outgrowths. The efficiency of attachment was also reduced in day
4 and 5 blastocysts (Table 2).

Experiment 3: Effect of insulin on the derivation of primary
ESC colonies from day 6 blastocysts

Control and insulin treated embryos were cultured from the 8-cell
stage to day 6, then plated and allowed to outgrow. Outgrowths
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Oct4 Nanog

Overlay

Fig. 1.  Blastocysts stained for TCN (DAPI; blue), Oct4 (Rhodamine; red)

and Nanog (FITC; green). Scale bar is 50 um. A. Negative control
where staining was performed without primary antibodies. B. A
day 4 blastocyst fixed as it began cavitation. C. A day 5 blastocyst.
D. A day 6 blastocyst.

were then picked, trypsinised and replated. Resultant colonies were
stained for Oct4 and Nanog to confirm their pluripotency (Fig. 4) if
they possessed an ESC like morphology (Fig. 5).

Embryos which were cultured in the presence of insulin were
more likely to give rise to a primary ESC colony compared with
control treated embryos (13% vs. 6%, P<0.05, N=156, 9 replicates).
As embryos were cultured individually from the 8-cell stage to day
6 we were able to monitor each embryo’s initial morphology, the
developmental stages it reached on days 4, 5, and 6, whether or not
it outgrew, and if it was able to generate a primary ESC colony.

Insulin increased the rate of development of embryos, as more
embryos from the insulin group had cavitated on day 4 (41% vs.
21%, P<0.001, N=156, 9 replicates), and completed hatching by
day 6 (38% vs. 28%, P<0.05, N=156, 9 replicates) compared with
control embryos. No difference was observed for commencement
of hatching on day 5 between control and insulin treated groups.
Embryos which had cavitated on day 4 were more likely to give
rise to ESC colonies (17% vs. 6%, P<0.01, N>96, 9 replicates), as
were embryos which had hatched on day 6 (17% vs. 6%, P<0.01,
N>103, 9 replicates), compared with those which had not cavitated
or hatched respectively. Control embryos which cavitated on day
4 were significantly more likely to give rise to ESC colonies than
those which had not cavitated, but the difference for insulin treated
embryos was non-significant (Fig. 6). Following plating on day 6,
insulin treated blastocysts which had hatched were significantly more
likely to give rise to ESC colonies than those which had not hatched
but the difference for the control treatment was non-significant (Fig.
6). Additionally, hatched blastocysts from the insulin group were

Nanog

Overlay

Fig. 3. Outgrowths stained for TCN (DAPI; blue), Oct4 (Rhodamine;
red) and Nanog (FITC; green). Scale bar is 50 um. A: Negative
control where staining was performed without primary
antibodies. B: An outgrowth from a blastocyst plated on day
4. C: An outgrowth from a blastocyst plated on day 5. D: An

outgrowth from a blastocyst plated on day 6.

Overlay

Fig. 4.

Primary ESC colonies stained for TCN (DAPI; blue), Oct4
(Rhodamine; red) and Nanog (FITC; green). A: Negative control
where staining was performed without primary antibodies. B: A
primary ESC colony which is positive for both Oct4 and Nanog.
Scale bar is 50 pm.

more likely to give rise to an ESC colony compared with hatched
blastocysts from the control group (24% vs. 7%, P<0.05, N>44, 9
replicates).

When we restricted our analysis to embryos that were of poorer
quality (had not begun compaction when they were placed in treatment
groups), the beneficial effect of insulin on ESC colony generation
was still observed (13% vs. 6%, P<0.05, N>136, 9 replicates).
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Fig. 2.  The effect insulin at 1.7 pM in embryo culture media from the compacting stage of development on the outgrowths of early blastocysts

plated on day 4, blastocysts plated on day 5 and blastocysts plated on day 6 on outgrowth cell number and differentiation. A: Total cell
number of outgrowths plated day 4. B: Oct4 positive cell number of outgrowths plated day 4. C: Epiblast cell number of outgrowths plated
day 4. D: Total cell number of outgrowths plated day 5. E: Oct4 positive cell number of outgrowths plated day 5. F: Epiblast cell number
of outgrowths plated day 5. G: Total cell number of outgrowths plated day 6. H: Oct4 positive cell number of outgrowths plated day 6. I:
Epiblast cell number of outgrowths plated day 6. Data is mean + SEM. N>27 (3 replicate experiments). Superscripts a and b differ at P<0.05

Discussion

Human embryos for hESC derivation are typically donated at the
cleavage stage [15—17], frequently 5—-10 years after cryopreservation
[10, 22] or after the identification of poor morphology [23, 24]. These
embryos are often of reduced quality [23-26], and give rise to ESC
lines with low efficiency as a result [6, 7]. The aim of the present
study was to examine the effect of insulin treatment on blastocyst
development, outgrowth formation, ESC progenitor cell number
and the derivation of primary ESC colonies from cleavage stage
embryos using a mouse model, as a first step towards improving hESC
isolation efficiencies from embryos which have a reduced quality.

The results of experiment one demonstrated that Oct4 and Nanog are
expressed in cells outside the epiblast in day 4 and 5 in vitro cultured

Table 2. Presence of epiblast cells in outgrowths plated at different times

Blastocysts  Outgrowths Epiblast cell Outgrowths with an
plated (%)M numberB epiblast (%)¢
Day 4 60.6° 1.9 +0.4? 68.47

Day 5 60.0? 2.0+0.4° 70.6%

Day 6 87.5b 4.9 +0.45 92.5%

A Total number of outgrowths 48 h after plating blastocysts on the day
indicated as a proportion of number of blastocysts plated, data shown as
a percentage. ® Mean number of epiblast cells in outgrowths as indicated
by the co-expression of Oct4 and Nanog 48 h after plating blastocysts
on the day indicated, data is mean + SEM. € Total number of outgrowths
with at least one epiblast cell as indicated by the co-expression of Oct4
and Nanog 48 h after plating blastocysts on the day indicated expressed
as a percentage of the number of outgrowths stained. Superscripts * and
b differ at P<0.05, N>34 (3 replicate experiments).
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Fig. 5.

A bright field image of a primary colony generated by the
trypsinization of a day 6 plated outgrowth showing an
undifferentiated morphology. Scale bar is 50 um.

blastocysts but are restricted to the epiblast in day 6 blastocysts (Fig.
1). Treatment with insulin increased the number of cells positive for
both OCT4 and Nanog in day 4 and day 5 blastocysts, as well as
epiblast cell number in day 6 blastocysts compared with controls.
Interestingly, although insulin increased the TCN of blastocysts on
days 4 and 5, there was no effect on day 6. Analysis of the relative
proportions of cells which co-expressed OCT4 and Nanog on days
4 and 5 showed an increase in the insulin treated group (data not
shown), demonstrating that the increase in the number of OCT4 and
Nanog positive cells was not a concomitant result of the general
increase in total cell number, and suggesting an effect by insulin to
increase OCT4 and Nanog protein levels.

Furthermore, the TCN finding suggests that there is a plateau effect
occurring where insulin stimulates mitosis during the earlier stages of
development, but that after a certain cell number or number of divi-
sions has been reached the effect subsides and control blastocysts are
essentially able to catch up, supporting our conclusion from previous
work [18] that insulin’s role is more than a mitogenic stimulator. This
mitogenic plateau may explain an apparent contradiction between
our work and that of Harvey and Kaye [27] who found a significant
increase in ICM cell number in the mouse blastocyst for culture
with insulin which was not observed in our system. Harvey and
Kaye assessed ICM cell number at approximately 80 h (although
embryos were flushed at the 2-cell rather than zygote stage, which
adds a confounding factor with regards to timing, but not insulin
exposure as mouse embryos do not express the insulin receptor
until the 8-cell stage [28]), whereas in this study ICM cell number
was only assessed when Oct4 was restricted to the ICM on day 6
(115 h). As such, in assessing ICM cell number on day 6, after the
proposed plateau was reached, we may have missed observing the
ICM increase reported by Harvey and Kaye despite it potentially
having been present earlier in our system, as evidenced by the TCN
increases seen on days 4 and 5.

In the mouse blastocyst, embryonic cells commit to the troph-

Control cultured blastocysts

Cavitated Other
Day 4 morphology

Hatching  Other
Day 5 morphology

Hatched Other
Day 6 morphology

Insulin cultured blastocysts

20 A

10 A

Percentage that gave rise to ESCs
w

Cavitated Other
Day 4 morphology

Hatching Other
Day 5 morphology

Hatched Other
Day 6 morphology

Fig. 6. The effect of morphological state on days 4, 5 and 6 on the

likelihood of blastocysts giving rise to ESC colonies. A:
Percentage of blastocysts cultured in control conditions at the
indicated morphological states which ultimately gave rise to a
primary ESC colony, B: Percentage of blastocysts cultured with
insulin at the indicated morphological states which ultimately
gave rise to a primary ESC colony. Data are the number of
blastocysts which generated ESCs expressed as a percentage
of all blastocysts at that morphological stage. N>44 (9 replicate
experiments). Superscripts a and b within paired columns differ
at P<0.05.

ectoderm or ICM cell fates when cavitation begins [29]. While the
trophectoderm marker Cdx2 is restricted to the outer cells, Oct4 and
Nanog are not restricted to the developing ICM [29-31]. The ICM
then forms the epiblast and primitive endoderm [4, 30, 31] with Oct4
and Nanog co-expression eventually being restricted to the epiblast,
which has previously been reported to happen at or before day 5 [4,
32]. However in the present study Oct4 and Nanog co-expression
was not restricted to the epiblast until day 6. The reason for this
difference is unclear, but it may relate to the fact that we cultured
our embryos in vitro from the zygote stage, which is known to
delay development compared to embryos cultured in vivo for all or
part of their development [33, 34]. Our finding that in vitro culture
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appears to delay epiblast formation is a novel observation which has
implications for the use of mouse embryos, commonly collected at the
2-cell stage or later, in the modelling of the development of human
embryos which, if cultured in vitro, have been cultured from the
zygote stage following in vitro fertilisation. However, the referenced
studies [4, 32] used ICR mice which were outbred or hybrid (with
BS5), whereas we used embryos from inbred C57B1/6 mice. As such
it is possible this observation is the result of strain differences, and
further investigation is required for conclusions to be made.

The results of experiment two showed that following plating,
embryonic outgrowths from early blastocysts had fewer epiblast
cells compared with blastocysts plated on day 6 and that this was
not improved by treatment with insulin. A similar result was found
for day 5 blastocysts. However, outgrowths from day 6 blastocysts,
where the ICM had differentiated to epiblast and primitive endoderm,
had more epiblast cells than outgrowths from early blastocysts (day
4) or day 5 blastocysts, generated outgrowths at a higher rate and
were more likely to contain an epiblast. Furthermore, when day 6
blastocysts had been cultured in insulin, outgrowth formation rate,
the likelihood of these containing an epiblast and epiblast cell number
were increased compared with the controls.

These results demonstrate that culture of embryos in the presence
of insulin only improves the quality of embryonic outgrowths when
embryos are cultured to day 6 prior to plating. The finding that full
lineage commitment is important for generating quality outgrowths
is consistent with that for human blastocysts, where ESC derivation
is highest when embryos are plated after Oct4 has become restricted
to the ICM [35]. Furthermore, as well as demonstrating the useful-
ness of culturing embryos with insulin for increasing the yield of
outgrowths with the potential to give rise to an ESC colony, our
model demonstrates that the influence of insulin on the blastocysts
is not transitory — as an increased number of epiblast cells in the
day 6 blastocyst results in an increased number of epiblast cells in
an outgrowth it generates, it is possible that the inclusion of insulin
during embryo culture could have long lasting effects on the health
and characteristics of ESC lines derived. Little work has previously
been done on the effect of embryo culture on outgrowth formation.

The results of experiment three demonstrated that the efficiency
with which primary ESC colonies can be generated is increased by
culture of embryos with insulin. This effect was also seen when we
restricted our analysis to morphologically poor quality embryos; a
highly relevant finding as human embryos donated for ESC derivation
are, as has been noted, of reduced quality. Interestingly, as well as
increasing the proportion of highest quality blastocysts (hatched)
at the point of plating, insulin increased the proportion of hatched
blastocysts which gave rise to an ESC colony compared with control
blastocysts of similar quality. As insulin cultured embryos of an
equivalently high morphological quality as control cultured embryos
gave rise to ESC colonies with greater efficiency the improvement
shown in ESC generation efficiency for culture with insulin is likely
to be a consequence of the increase in epiblast cell number seen
and not due to a more generalised improvement in embryo quality.

In conclusion, the present study has demonstrated that insulin
can improve the number of ESC progenitor cells in the epiblast of
day 6 blastocysts and embryonic outgrowths from these. This is a
novel finding which results in an improved efficiency with which

primary ESC colonies can be generated. These findings may have
important implications for the derivation of human ESC lines from
donated embryos. These are usually fresh embryos of poor quality
or embryos deemed suitable for transfer and cryopreserved at the
cleavage stage up to 5 to 10 years previously after culture in relatively
simple media known to affect their viability [15—-17]. Additionally, if
human recombinant insulin were used the introduction of xenogenic
factors would be avoided and therefore the clinical utility of the
resultant lines would not be compromised. Further work is required
to determine the efficiency with which cell lines can be established
using this approach.
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