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Abstract
Purpose The objective of this study was to evaluate the effects of multiple growth factors on the development of individually
cultured murine embryos.
Methods Embryos produced by in vitro fertilization using in vitro (IVM) or in vivo (IVO) matured oocytes from three strains of
mice (CF1, Swiss Webster, B6D2F1) were cultured individually (10 μl) in the absence (control) or presence of growth factors
(paf, epidermal growth factor [EGF], insulin-like growth factor 1 [IGF-1], and granulocyte-macrophage colony-stimulating
factor [GM-CSF]). Blastocyst formation, hatching, and blastocyst cell numbers (trophectoderm, inner cell mass, and total) were
evaluated on days 4 and 5 of culture. Post-hatching development of CF1 IVO embryos was also evaluated in vitro and in vivo.
Results The presence of growth factors did not improve the proportion of embryos forming blastocysts or initiating hatching for
any of the types of embryos tested. The only significant (P < 0.05) effect of growth factors was a decrease in the proportion of
embryos that formed blastocysts by day 5 in CF1 IVM embryos. The presence of growth factors also did not affect blastocyst cell
numbers. For CF1 IVO embryos, the presence of growth factors during culture did not affect the proportion of embryos that
attached to fibronectin-coated dishes, the size of the resulting outgrowths, or in vivo development following transfer.
Conclusion Combinations of paf, EGF, GM-CSF, and IGF-1 did not improve development of murine embryos cultured individ-
ually in a sequential medium containing a defined protein source.
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Introduction

Recent advances in analytical technologies have made it pos-
sible to detect subtle changes in the composition of the culture
medium made by individual preimplantation embryos. The
appearance or disappearance of nutrients from the medium
reflects the metabolic activity of the embryo [1, 2]. The em-
bryo also secretes a variety of proteins into the surrounding
medium, which can be analyzed to gain insight on the signal-
ing between the embryo and the maternal endometrium [3, 4].
New imaging technologies also allow the developmental

kinetics of individual embryos to be monitored by time-
lapse microscopy [5]. In addition to important information
on the biology of early embryos, the knowledge gained from
these technologies will facilitate the development of clinical
assays for embryo viability that could be used to select em-
bryos for transfer [6, 7]. As technology continues to improve,
it will be possible to evaluate multiple aspects of viability on
individual embryos prior to transfer. However, the utility of
these assays for both basic research and clinical application
will be limited by our ability to successfully culture single
embryos.

Numerous studies have indicated that embryo development
is improved when embryos are cultured in groups [8, 9].
Results are consistent across multiple species [10–12], and
the benefits of group culture can even be achieved when using
embryos from different species [13]. These benefits are depen-
dent on the volume of the medium, as well as the distance
between neighboring embryos, suggesting that the effects of
group culture are due to soluble, diffusible growth factors
secreted by the embryo(s) [8, 14–16]. In vivo, these growth
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factors likely mediate communication between the embryo
and maternal tissues [17–19], since embryos express receptors
for the growth factors secreted by maternal tissues and the
maternal tissues contain receptors for growth factors secreted
by the embryo [20]. In vitro, group culture results in the ac-
cumulation of embryo-derived growth factors that enhance
development [20, 21]. Therefore, if the culture medium was
supplemented with a combination of growth factors that
mimics those produced by the maternal tissues and/or other
embryos, it should be possible to better support the in vitro
development of individual embryos.

The objective of this study was to evaluate the effects of
multiple growth factors on the development of individually
cultured murine embryos. Embryonic development (blasto-
cyst formation and hatching), blastocyst cell number (total,
trophectoderm, and inner cell mass), post-hatching attachment
and outgrowth, and in vivo development post-embryo transfer
were analyzed to determine the effects of growth factor sup-
plementation on embryo viability.

Materials and methods

Animals

All protocols were approved by the Colorado Center for
Reproductive Medicine’s Ethics in Research Committee and
followed animal care and use guidelines, as described by the
Guide for the Care and Use of Laboratory Animals [22].Mice
were maintained on a 12:12-h light/dark cycle in single (male)
or group (female) housing with ad libitum access to food and
water.

General culture conditions

All cultures were performed in standard, tissue culture incu-
bators with a humidified atmosphere maintained at 37 °C. Due
to the elevation of our laboratory (Lone Tree, CO, ~ 1830 m
above sea level), gas concentrations were increased to 7.5%
CO2 and 6.5% O2 (equivalent to 6% CO2 and 5% O2 at sea
level). All media were prepared in our laboratory and equili-
brated for at least 4 h before use to achieve a final, equilibrated
pH between 7.2 and 7.3. Unless stated otherwise, all cultures
were performed in media covered with oil (OvOil, Vitrolife,
Englewood, CO, USA) in tissue culture-treated dishes
(Primaria™, Corning, Corning, NY, USA).

Oocyte collection: in vitro maturation

Female mice (B6D2F1/Hsd hybrid [BDF1], CF1 non-Swiss
albino outbred [Hsd:NSA], and Swiss Webster outbred [SW;
Hsd:ND4]; Envigo Laboratories, Indianapolis, IN) were treat-
ed with 5 IU pregnant mare’s serum gonadotropin (PMSG;

Calbiochem, Billerica, MA, USA). Cumulus-oocyte com-
plexes (COC) were collected 46 to 48 h post-PMSG into a
MOPS-buffered medium [2] containing 5% fetal calf serum
(Hyclone, Thermo Fisher Scientific, Waltham, MA, USA).
COC with multiple layers of cumulus cells were selected
and matured for 17 to 18 h in 50 μl drops (10 COC/drop) of
medium. The maturation medium [23, 24] contained 0.5 mM
glucose, 0.2 mM pyruvate, 6.0 mM lactate, 0.5 mg/ml insulin,
0.275 mg/ml transferrin, 0.25 ng/ml selenium, 10 ng/ml epi-
dermal growth factor (EGF), 2 mg/ml fetuin, and 2.5 mg/ml
recombinant human albumin (AlbIX; Novozymes,
Bagsvaerd, Denmark).

Oocyte collection: in vivo maturation

Female mice were treated with 5 IU human chorionic gonad-
otropin (hCG; Calbiochem, Billerica, MA, USA) 48 h after
receiving 5 IU PMSG. Ovulated COCs were collected from
the oviducts 16 to 18 h after hCG injection into a MOPS-
buffered medium [2] containing 5% fetal calf serum.

In vitro fertilization

Spermatozoa were collected from the cauda epdidymides and
vas deferentia of BDF1 males (≥ 10 weeks). Spermatozoa
were capacitated for 1 h in fertilization medium (25.0 mM
NaHCO3, 3 mM glucose, 4.0 mg/ml BSA, 2.0 mM Ca2+,
and 0.2 mM Mg2+) [23] and then co-cultured with COC (10
COC/50 μl drop fertilization medium, 1 × 106 spermatozoa/
ml) for 6 h.

Embryo culture

Individual embryo culture was performed in 60-well culture
dishes (one embryo in 10 μl/well, Nunc Mini Tray 163118,
Thermo Fisher Scientific). Although our laboratory typically
cultures groups of 10 embryos in 20 μl drops of medium (1
embryo per 2 μl of medium), 10 μl was used to minimize the
accumulation of autocrine growth factors that might occur in
2 μl of medium and avoid the negative effects of culturing a
single embryo in 20 μl of medium [16]. Embryos were cul-
tured in a defined (2.5 mg/ml recombinant human albumin),
sequential system for 48 in the first step medium (0.5 mM
glucose, 0.3 mM pyruvate, 10.0 mM L-lactate, 0.5 mM ala-
nyl-glutamine, 0.01 mM EDTA, and both nonessential and
essential amino acids), followed by 64 h in the second step
medium (3.0 mM glucose, 0.1 mM pyruvate, 6.0 mM L-lac-
tate, 1.0 mM alanyl-glutamine, vitamins, and both nonessen-
tial and essential amino acids) [2]. Cleavage was evaluated
24 h post-insemination, and blastocyst formation and hatching
were assessed on days 4 (D4) and 5 (D5; 96 and 114 h from
placement into the first step culture medium, respectively).
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Immunofluorescent staining of blastocysts

On D5, hatching and hatched blastocysts were fixed in 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA, USA) for 15 to 20 min and stored in PBS with 0.5%
BSA (MP Biomedicals, Solon, OH, USA) until staining.
Blastocysts were washed in PBS with 0.1% Triton X100
(TX100), permeabilized in PBS with 1.0% TX100 (30 min),
and blocked in PBS with 0.1% TX100 and 0.5% BSA (2 h),
before incubationwith primary antibodies. Anti-human SOX2
(Biogenex, Fremont, CA, USA, rabbit monoclonal) and
CDX2 (Biogenex, mouse monoclonal) were used to detect
cells of the inner cell mass (ICM) and trophectoderm (TE),
respectively [24, 25]. Secondary antibodies (Alexa Fluor 488
donkey anti-rabbit IgG and Alexa Fluor 555 goat anti-mouse
IgG; Invitrogen, Thermo Fisher Scientific) were then used for
SOX2 and CDX2, respectively. Blastocysts were mounted on
a glass slide with ProLong Gold Antifade Reagent (Life
Technologies, Thermo Fisher Scientific) and evaluated
(400×) using a fluorescent microscope and MetaMorph soft-
ware (Molecular Devices, Sunnyvale, CA).

Trophectoderm attachment and outgrowth

On D5, hatching and hatched blastocysts were transferred to a
24-well plate with fibronectin-coated wells (Corning 356241;
Corning, NY, USA). Each well contained one embryo and
0.5 ml of the control (no growth factors) second step embryo
culture medium [2] supplemented with insulin (2.5 μg/ml),
transferrin (1.38 μg/ml), and selenium (1.68 ng/ml; Cellgro,
Corning). Attachment to the surface of the dish was evaluated
48 and 96 h after the initiation of culture. After 96 h of culture,
a digital image of the entire embryo was taken and used to
determine the total area (arbitrary units) of the outgrowth
using Metamorph software.

Non-surgical embryo transfers

On day 3.5 (~ 84 h) of culture, expanded and minimally hatch-
ing blastocysts were selected and incubated in 20 μl drops of
EmbryoGlue (Vitrolife) under oil for 1 h prior to transfer.
Recipient female SWmice were housed overnight with vasec-
tomized CF1males, and those with a visible vaginal plug were
used as recipients 72 h later (day 3). Embryos (15 to 17 per
female) from a single treatment were placed into the uterus
using the NSET™ device (Paratechs, Lexington, KY) [26,
27]. Implantation (resorptions and viable fetuses) and fetal
development were assessed on day 15.5 of development
(12 days post-transfer).

Experimental design

A group of four growth factors were selected for evaluation
using previously published concentrations that had elicited
positive effects on murine embryos (Table 1). Since the ben-
eficial effects of paf (P) and EGF (E) have been shown to be
stage specific [28–30], these growth factors were only present
in the first (P) or second (E) stages of culture (P-E). In contrast,
insulin-like growth factor 1 (IGF-1, I) [31, 32] and
granulocyte-macrophage colony-stimulating factor (GM-
CSF, G) [33, 34] were evaluated in both stages of culture in
the presence of paf and EGF (PGI-EGI).

Three strains of mice (BDF1, CF1, and SW) and two
sources of oocytes (in vitro or in vivo matured) were used to
produce embryos with varying degrees of developmental
competence [24]. Outgrowth and embryo transfer experi-
ments were only conducted with CF1 embryos derived
from in vivo matured oocytes, since these embryos ex-
hibit an intermediate level of developmental competence
compared to embryos produced from IVM oocytes from
CF1 females (low quality) or embryos produced from
IVO oocytes from BDF1 or SW female (high quality).
Based on blastocyst formation, hatching, and cell num-
bers, P-E and PGI-EGI produced similar results.
Therefore, outgrowth and embryo transfer experiments
only compared embryos that had been cultured in the
absence of growth factors (control) or in the presence of
PGI-EGI, to minimize the number of evaluated treat-
ment groups.

Statistical analysis

Embryonic development was analyzed using the generalized
linear mixed model (GLIMMIX) procedure in SAS. The pro-
portions of embryos developing to the blastocyst or hatching
blastocyst stage were based on the number of cleaved (≥ 2-
cell) embryos 24 h post-insemination. Each embryo was
scored as a 1 or 0 depending on whether or not it achieved
the desired stage of development (e.g., blastocyst, hatching
blastocyst, or attached blastocyst) and analyzed using a bino-
mial error distribution and a probit link function. The fixed
factor in the model was treatment (control, P-E, or PGI-EGI),
and replicate (day of oocyte collection) was included as a
random factor.

Blastocyst cell numbers (control, P-E, or PGI-EGI) and
trophectoderm outgrowths (control or PGI-EGI) were ana-
lyzed using the mixed model procedures in SAS with treat-
ment as the only fixed factor. Results from embryo transfers
(control or PGI-EGI) were summarized as the proportions of
females or embryos and analyzed using 2 × 2 contingency
tables (graphpad.com/quickcals/contingency2/).
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Results

Blastocyst formation and hatching

For each combination of mouse strain (CF1, SW, or BDF1)
and type of oocyte (IVM or IVO), three to eight replicates
were performed involving a total of 50 to 137 oocytes per
treatment. The proportion of oocytes that cleaved ranged from
63.3 to 98.9% and averaged 86.5% across treatments,
resulting in 37 to 120 embryos per treatment. Embryo devel-
opment (per two-cell embryo) varied widely across treat-
ments, with the proportion of embryos forming blastocysts
on D4 ranging from 37.8 ± 5.1 to 86.8 ± 3.6% and the

proportion of embryos hatching on D5 ranging from 26.7 ±
4.7 to 83.2 ± 3.6% for embryos cultured in the absence of
growth factors (Fig. 1). For all parameters, development of
embryos derived from in vitro matured oocytes from CF1
females had the lowest development and embryos derived
from in vivo matured oocytes from SW or BDF1 females
had the highest development.

The presence of growth factors (P-E or PGI-EGI) did not
improve (P > 0.05) the proportion of embryos forming blasto-
cysts or initiating hatching by D4 or D5 for any of the types of
embryos tested (Fig. 1). The only significant (P < 0.05) effect
of growth factors on embryo development was a decrease in
the proportion of embryos that formed blastocyst by D5 when

Table 1 Concentrations of
growth factors previously shown
to improve the development of
murine embryos

Growth factor Test concentration Reference

β-Acetyl-γ-O-hexadecyl-L-α-phosphatidylcholine (paf)a 100 ng/ml 28, 31

Epidermal growth factor (EGF)b 5 ng/ml 29, 57

Granulocyte-macrophage colony-stimulating factor (GM-CSF)c 2 ng/ml 33, 35

Insulin-like growth factor 1 (IGF-1)d 50 ng/ml 31, 57

a Sigma P4904
b Sigma SRP3196, recombinant mouse
c Sigma SRP3201, recombinant mouse
d Sigma I8779, recombinant mouse

Fig. 1 Blastocyst formation (a, c) and hatching (b, d) on days 4 and 5 for
embryos from in vitro (IVM) or in vivo (IVO) matured oocytes collected
from CF1, SW, or BDF1 females and cultured in the absence (control) or

presence of growth factors (P-E or PGI-EGI). Different letters indicate
significant (P < 0.05) differences between treatments within a type of
embryo (strain and oocyte source)
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in vitro matured oocytes fromCF1 females were cultured with
PGI-EGI (Fig. 1).

Blastocyst cell numbers

For each combination of mouse strain and type of oocytes, 20
to 46 blastocysts per treatment were evaluated for the number
of TE and ICM cells, as well as the total number of cells per

blastocyst (TE + ICM). The presence of growth factors did not
affect (P > 0.05) the allocation of cells or the total number of
cells within the blastocysts (Fig. 2).

Trophectoderm attachment and outgrowth

When D5 hatching or hatched embryos from in vivo matured
oocytes fromCF1 females were placed into fibronectin-coated

Fig. 2 Cell numbers
(trophectoderm (a), inner cell
mass (b), and total (c)) of
hatching and hatched blastocysts
on day 5 from in vitro (IVM) or
in vivo (IVO) matured oocytes
collected fromCF1, SW, or BDF1
females and cultured in the
absence (control) or presence of
growth factors (P-E or PGI-EGI).
There were no significant effects
(P < 0.05) of growth factors for
any of the types of embryos
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wells, the proportions of embryos that had attached at 48 h
(55.2 and 66.7%) and 96 h (96.6 and 83.3%) were not differ-
ent (P > 0.05) between control (n = 29) and growth factor-
exposed (PGI-EGI, n = 30) embryos, respectively (Table 2).
The area of the outgrowths at 96 h was also not affected
(P > 0.05) by the presence of growth factors (Table 2).

Embryo transfers

Following non-surgical embryo transfers, 55.6 and 62.5% of
recipients receiving control or growth factor-treated (PGI-
EGI) embryos, respectively, became pregnant (i.e., had at least
one implantation site when evaluated at day 15.5, Table 3).
The proportion of all recipients (44.4%) and the proportion of
pregnant recipients (80.0%) with at least one fetus were nu-
merically higher for embryos cultured with growth factors
compared to control embryos (25.0 and 40.0%, respectively),
but these differences were not significant (P > 0.05; Table 3).
Overall fetal development per transferred embryo was < 10%
and was not affected by growth factor exposure (P > 0.05;
Table 3).

Discussion

It is now possible to analyze the transcriptome, proteome,
metabolome, and secretome of individual embryos, as well
as their developmental kinetics. When combined, these anal-
yses will greatly expand our understanding of early embryo
development and may be useful for selecting embryos for
transfer. However, the utility of these assays for both the cli-
nician and the researcher is dependent on our ability to suc-
cessfully culture individual embryos. In vivo, embryos are
exposed to a variety of growth factors that are secreted by
the oviductal and uterine epithelia, as well as the embryo itself.
Although most embryo culture media do not contain exoge-
nous growth factors, it is thought that culturing embryos in
groups concentrates embryo-secreted growth factors in the
medium, which then supports development. In contrast, when
embryos are cultured individually, there may be insufficient
growth factors in the medium to support normal development.
We hypothesized that the addition of growth factors to the
culture medium used for individual mouse embryos would
improve in vitro and in vivo development, but our results
did not support this hypothesis. Although the tested growth
factors have been reported to stimulate embryo development

in other studies, the literature regarding the effects of growth
factors is inconsistent [28, 30, 32, 34–40]. There are a number
of possible reasons for these discrepancies, including the con-
centration of the growth factor, the quality of the embryo
being tested, the culture conditions being used, and the devel-
opmental endpoints being evaluated.

The effects of growth factors can be dose dependent, and,
in some cases, excessive concentrations can negate beneficial
effects and sometimes even be inhibitory [31, 35, 39, 41, 42].
We did not perform dose-response experiments for each of the
tested growth factors, but we did use concentrations that had
previously been shown to be effective for murine embryos
(Table 1). It is possible that the specific, recombinant prepa-
rations of the growth factors tested here had different poten-
cies than those used in other studies. Alternatively, the use of
multiple growth factors (one to three present in each stage of
culture) could alter the effective dose of each growth factor. If
multiple growth factors stimulate the same pathways [43–47],
the combined effect of low concentrations of multiple growth
factors may be equivalent to a higher, ineffective, or inhibitory
dose of a single growth factor.

The strain of mouse used for oocyte or embryo collections,
as well as the developmental stage of the oocyte or embryo at
collection, can affect the sensitivity of the resulting embryo to
culture conditions [42, 48–50]. We have recently demonstrat-
ed that embryos resulting from IVM and IVF provide a sen-
sitive assay for the detection of contaminants in the culture
environment [24]. Similar correlations have been reported be-
tween embryo quality and responsiveness to growth factors
[51–53]. Based on these previous findings, we evaluated em-
bryos from three strains of mice derived from in vitro or
in vivo matured oocytes and in vitro fertilization in order to
assess the effects of growth factors on embryos with a range of
developmental potentials. For example, the proportion of con-
trol embryos that had initiated hatching on D4 ranged from
4.4% for in vitro matured oocytes from CF1 females to 76.9%
for in vivo matured oocytes from BDF1 females. However,
we were unable to find a strain of mouse and/or source of
oocyte that demonstrated improved in vitro development
(blastocyst formation, hatching, or blastocyst cell number) in
the presence of growth factors.

The effects of growth factors on embryo development can
also be dependent on the culture conditions. Many of the
studies demonstrating positive effects of growth factors have
used sub-optimal culture conditions or embryos that have
been stressed in some way. Culturing with low concentrations

Table 2 Attachment and
outgrowth of hatching and
hatched blastocysts cultured on
fibronection-coated wells

Treatment Number Attached at 48 h Attached at 96 h Area at 96 h (arbitrary units)

Control 29 55.2% 96.6% 109,094 ± 9687

Growth factors (PGI-EGI) 30 66.7% 83.3% 121,690 ± 10,553

There were no significant differences (P > 0.05) between treatments
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of protein or in atmospheric oxygen can increase the benefi-
cial effects of growth factors [53–56]. Similarly, the response
to growth factors can be more pronounced for embryos ex-
posed to heat or oxidative stress or embryos that have previ-
ously been cryopreserved [30, 40, 57]. Although embryos in
the present study were presumably stressed by culturing them
individually, we still did not observe beneficial effects of the
growth factors. It is possible that the growth factors secreted
by a single embryo in just 10 μl of medium accumulate in
sufficient amounts to support development in the absence of
additional, exogenous growth factors. Alternatively, the pres-
ence of protein, the use of reduced O2, and the use of a medi-
um containing amino acids may have allowed the embryos to
better cope with the stress of individual culture, even in the
absence of growth factors [58, 59].

Trophectoderm outgrowth, implantation, and fetal devel-
opment were also unaffected by growth factors, but this por-
tion of our study was limited and should be interpreted cau-
tiously. Only one strain of mouse (CF1) and one source of
oocytes (IVO) were evaluated for these endpoints. A large
proportion (> 70%) of embryos from these oocytes were ca-
pable of reaching the blastocyst stage by day 5; > 60% of
those were hatching, and the embryos displayed cells of both
the TE (CDX2+) and ICM (SOX2+) lineages, so we had as-
sumed that these embryos would provide a suitable model to
evaluate the effects of growth factor exposure on post-
hatching development. It is difficult to speculate why so few
developed into fetuses following transfer. There is limited data
concerning the outcomes of embryo transfers using CF1 ×
BDF1 IVF embryos, but it is possible for ~ 40% of transferred
embryos to develop into pups [60, 61]. However, these studies
used different culture conditions (group culture with BSA)
and transfer protocols (surgical) than we used in the present
study (individual culture with recombinant albumin and non-
surgical transfers). While the low fetal development may have

prevented us from detecting significant effects of the growth
factors on this parameter, comparisons of the proportions of
females becoming pregnant or the proportions of embryos
implanting remain useful measures of the effects of growth
factors that are often used with embryos from sensitive strains
of mice [50, 62].

In conclusion, two different sources of oocytes (in vitro and
in vitro matured) from three strains of mice were used to
produce six different types of embryos with varying degrees
of developmental competence. When these embryos were in-
dividually cultured with combinations of paf, EGF, GM-CSF,
and IGF-1 in a sequential medium system containing a de-
fined protein source, blastocyst formation, hatching, and blas-
tocyst cell number and allocation were not affected. While our
culture conditions may have been able to minimize some of
the stress associated with individual culture and support blas-
tocyst development in the absence of growth factors, the low
fetal development of embryos from CF1 IVO oocytes sug-
gests deficiencies in the environment for individual embryo
culture that were not overcome by the tested growth factors.
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