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Abstract Atmospheric oxygen (~20%) in culture significantly impairs preimplantation embryo development. However, it is not
known whether all stages of preimplantation embryo development are susceptible to oxygen toxicity. This study investigated the
temporal responses of preimplantation embryos to oxygen conditions in vitro. Mouse embryos were cultured in atmospheric (~20%)
or lower (5%) oxygen concentrations for the first 48 h, followed by culture in the same or reciprocal oxygen concentrations for
another 48 h: group 1 (control, 5 and 5%); group 2 (5 and 20%); group 3 (20 and 5%); and group 4 (20 and 20%). Time-lapse microscopy
was performed with imaging of individual embryos at 15-min intervals. Compared with embryos cultured in 5% oxygen, embryos
cultured in 20% oxygen were delayed at the 1st cleavage by 0.45h (P < 0.05), at the 2nd cleavage by 0.84h (P < 0.01) and at
the 3rd cleavage by 3.19 h (P < 0.001). Switching from 20% to 5% oxygen after 48 h did not completely alleviate earlier induced
perturbations. Partial or complete culture in atmospheric oxygen resulted in significantly fewer blastocyst cell numbers compared
with control (P < 0.05). Oxygen can influence mouse embryo development at both the cleavage and post-compaction stages. o 28
© 2010, Reproductive Healthcare Ltd. Published by Elsevier Ltd. All rights reserved.
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Introduction

Historically, preimplantation embryos of the human and
other eutherian mammals have been cultured under atmo-
spheric oxygen (~20%) (Edwards et al., 1981), a protocol
derived from earlier somatic tissue culture techniques (Ham
and Puck, 1962). However, experimental analysis of oxygen
concentrations within the oviduct and uterus of different
mammalian species has revealed that oxygen concentration

typically lies in the range of 2—8% (Fischer and Bavister, 1993;
Maas et al., 1976; Mastroianni and Jones, 1965). Lower
oxygen culture, at around 5—7%, has been shown to improve
embryo development in several species including the sheep
(Thompson et al., 1990), cow (Thompson et al., 1990), goat
(Batt et al., 1991) and human (Catt and Henman, 2000; Ciray
et al., 2009; Kovacic and Vlaisavljevi, 2008; Kovacic et al.,
2009; Meintjes et al., 2009; Waldenstrom et al., 2009). Fur-
thermore, increased blastocyst cell number and improved
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fetal development have been reported from mouse embryos
cultured in reduced oxygen concentrations (Quinn and
Harlow, 1978; Harlow and Quinn, 1979; Gardner and Lane,
1996; Karagenc et al., 2004).

Several studies have indicated that the preimplantation
embryo exhibits temporal sensitivity to oxygen. Pabon
et al. (1989) observed delays in development to the morula
stage when embryos had been exposed to 20% oxygen as
pronucleate oocytes, for as little as 1 h, followed by cul-
tured in 5% oxygen. Similarly, Gardner and Lane (1996)
determined that culture media equilibrated for 6 h in 20%
oxygen prior to culture in 5% oxygen was detrimental to
subsequent embryo development, while Karagenc et al.
(2004) more recently reported that exposure of pronucleate
oocytes to 20% oxygen for 23 h resulted in a significant
decrease in blastocyst cell number. Of interest, several
studies have reported no difference in blastocyst develop-
ment rates when the preimplantation embryo was only
exposed to atmospheric oxygen concentration at post-com-
paction stages (Karagenc et al., 2004; Kind et al., 2005; Feil
et al., 2006). Collectively, such works suggest that the
pronucleate oocyte has a greater sensitivity to atmospheric
oxygen, the consequences of which may only be apparent
with more accurate assessment over the complete period
of preimplantation development.

Morphological assessment of the preimplantation embryo
typically involves observations at discrete time points, usu-
ally once every 12—24 h, generally during work hours, in line
with standard laboratory practices. Furthermore, the pro-
portion of embryos that reach a specific stage at these dis-
crete time points may be heavily influenced by the
particular culture system employed and as a result the sig-
nificance of specific time points will vary between laborato-
ries (Bavister, 1995; Shoukir et al., 1997). A novel way to
increase the sensitivity of morphological evaluation is
through the use of high-frequency temporal assessment of
embryo development with time-lapse microscopy. Using
such an approach, this study aimed to determine the tempo-
ral effect of atmospheric oxygen on embryo development by
assessing the embryos response to either a static or chang-
ing concentration of oxygen.

Materials and methods

Animals and hormonal stimulation

Pronucleate oocytes were obtained from F1 hybrid (C57BL/
6 x CBA/Ca) mice. Animals were housed in a 12 h light and
12 h dark photoperiod with food and water ad libidum.
Six-week old females were superovulated with intraperito-
neal injections of 5 IU pregnant mare’s serum gonadotrophin
(Folligon; Intevet, UK) followed 48 h later by 51U human
chorionic gonadotrophin (HCG, Chorulon; Intervet). Females
were mated with F1 males overnight following the HCG
injection. The presence of a vaginal plug the following
morning was used as an indicator of successful mating.

Embryo collection and culture

Pronucleate oocytes were collected at 22h post HCG
in G-MOPS handling medium (Lane and Gardner, 2004)

supplemented with 5 mg/ml human serum albumin, fol-
lowed by cumulus removal in G-MOPS containing 300 IU/ml
hyaluronidase (bovine testes, type IV; Sigma Aldrich).
Pronucleate oocytes were removed from the hyaluronidase
immediately once the cumulus cells had detached, washed
twice in G-MOPS and then once in G1 medium before
culture. All embryos were cultured individually in 2 pul drops
of G1/G2 medium (Gardner and Lane, 2002, 2007) supple-
ment with 5 mg/ml human serum albumin under paraffin
oil (Ovoil; Vitrolife) at 37°C in a multi-gas incubator set to
6% CO,, 5% O,, 89% N, (lower oxygen) or 6% CO, in air (atmo-
spheric oxygen). After 48 h, all embryos were transferred
into G2 medium with half of the embryos cultured in the
same gas phase, and the remaining half cultured under
the alternate gas phase. This resulted in a two-by-two cross-
over experiment, with a total of four treatments consisting
of a control group, group 1 (5 and 5%) and three test groups,
group 2 (5 and 20%), group 3 (20 and 5%) and group 4 (20 and
20%). A comparison to in-vivo development was made by
obtaining 2-cell embryos flushed from the female reproduc-
tive tract at a pre-designated time.

Time-lapse analysis

All embryos were cultured in a multi-gas cell imaging incu-
bator (MCOK-5M[RC]; Sanyo) containing an inverted micro-
scope through which an image of each individual embryo
could be obtained every 15 min without disturbance of cul-
ture. Blastocysts were morphologically defined as expanded
or hatching/hatched. Blastocyst cell number was deter-
mined on the morning of day 5 immediately following the
final morphological assessment at 118 h post HCG. Blasto-
cyst cell numbers were analysed by individually staining
embryos with 0.1 mg/ml bisbenzimide (Hoescht, 33342;
Sigma Chemical Co) in 10% ethanol for 1 h followed by rins-
ing in G-MOPS with 5 mg/ml human serum albumin. All steps
were preformed at 37°C. The embryos were mounted in
glycerol under individual cover slips on a clean glass slide
before being observed under fluorescent light (Eclipse
TS100-F; Nikon). The number of cells was counted at x200
maghnification.

Experimental design

Pronucleate oocytes were collected from four or five indi-
vidual females per treatment replicate and cultured sepa-
rately in order to track embryo populations from each
female. Analysis between female donors within each treat-
ment group revealed no differences. The four treatment
groups were examined in succession, i.e. group 1, then
group 2, then group 3 and finally group 4. This was then
repeated a further two times to give three replicates.
Embryo development of at least 100 embryos per treatment
group was assessed.

Statistical analysis

A two-tailed t-test was used to analyse the interaction
between oxygen concentration in the first 48 h and cell
cycle length. Differences between all treatments and the
timing of blastocyst development, as well as cell number,
were subjected to a one-way analysis of variance (ANOVA)
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followed by Bonferroni multiple comparisons test for para-
metric data and a Kruskal—Wallis test followed by Dunn
multiple comparison test for non-parametric data. The
differences in morphological development from each treat-
ment were analysed using the Chi-squared test.

Results

Embryos cultured in atmospheric oxygen for the first 48 h
were delayed by 0.45 h (P < 0.05) at the first cleavage event
and this delay was extended further to 0.84 h (P < 0.05) at
the second cleavage event (Table 1). The length of the sec-
ond cell cycle for embryos cultured in 20% oxygen was
20.79 + 0.11 h compared with 20.40 + 0.08 h for embryos
cultured in 5% oxygen (P < 0.001) and the third cell cycle
length was 14.30 £ 0.39 h for 20% and 11.95 + 0.09 h for 5%
(P < 0.001). At the third cleavage event, embryos cultured
in 20% oxygen for the initial 48 h were delayed 3.19h
(P < 0.001) compared with embryos cultured in 5% oxygen.
The timing of cleavage to 5, 6, 7 and 8 cells for embryos cul-
tured in 20% oxygen was significantly different (P < 0.001)
from embryos cultured in 5% oxygen (Table 1).

The range of time over which the first three cleavage
events occurred increased as embryo development pro-
ceeded. However, there was a disproportionate increase
in this range for embryos cultured in 20% oxygen for the first
48 h period compared with embryos cultured for the same
period in 5% oxygen. For the first cleavage event, the range
was 10 h for both 20% and 5% (Figure 1a). Then, for the sec-
ond cleavage event the range was 14 h for 20% and 12 h for
5% (Figure 1b). By the third cleavage event, the range over
which embryos cultured in 20% oxygen cleaved to the 8-cell
stage was 21 h, whereas for the embryo population cultured
in 5% the range was 15 h (Figure 1c). Analysis of cumulative
development clearly shows that for any given time period

Table 1 The effect of oxygen for the first 48 h of
culture on the timing of 1st, 2nd and 3rd cleavage
events.
Cleavage Stage Treatment group
event
1and 2 3and 4
(5% 0,) (20% 0,)
1st cleavage 2 cell 31.44+0.13% 31.89 +0.15%
3cell 51.01+0.15° 51.68 +0.20°
2nd cleavage 4cell 51.84:0.16° 52.68 +0.20°
5cell 62.37+0.17° 65.54 + 0.28°
6 cell 62.96+0.17° 66.07 +0.28°
7 cell 63.39+0.17° 66.57 +0.30°
3rd cleavage 8 cell 63.79+0.19° 66.98 + 0.30°

Values are mean + SEM hours after administration of human
chorionic gonadotrophin.
3 “Same letters within a row represent significant differ-
ences between treatment groups: a=P <0.05; b=P<

0.01; c=P < 0.001.

the total percentage of embryos cleaved is less with 20%
oxygen (Figure 2).

Oxygen concentration also appeared to influence the
timing of the blastocoel appearance, full blastocoel expan-
sion and the first sign of hatching (Table 2). Embryos cul-
tured for the initial 48 h in 20% oxygen demonstrated
further delay in their development with the blastocoel
appearing at 2.84 h (group 3) and 3.49 h (group 4), after
the control (P < 0.001). For embryos initially cultured at
5% and then switched to 20% oxygen (group 2), blastocoel
appearance was also delayed, occurring 1.20 h after the
control.

Overall, the proportions of pronucleate oocytes reaching
the expanded blastocyst stage on day 5 were 90% (control),
87% (group 2), 68% (group 3) and 73% (group 4) (Table 3).
There was a significant decrease in the portion of embryos
reaching the blastocyst stage in groups 3 and 4 compared
with both the control (P < 0.001) and group 2 (P < 0.05).
Exposure of embryos to 20% oxygen for the first 48 h (groups
3 and 4) resulted in a significant decrease in the total num-
ber of cells in the resultant blastocysts (Table 3) compared
with either the control (P < 0.001) or group 2 (P < 0.01).
Similar blastocyst cell numbers were observed in group 3
compared with group 4. Blastocysts that were exposed to
20% oxygen at any stage (groups 2—4) had significantly fewer
cells compared with the control (P < 0.05) (Table 3).

In the control group (group 1), the median of the first
cleavage event was 31.3 h post HCG. When in-vivo-derived
embryos were flushed at the same time point, 56.8% were
at the 2-cell stage. The status of the first cell cycle at 31.3 h
post HCG was assessed in all four treatments, with embryos
that cleaved to the 2-cell stage before 31.3 h designated as
early cleaving embryos and those that cleaved after 31.3 h
were defined as late cleaving embryos. Embryos cultured
in 5% oxygen had a significantly larger portion of early cleav-
ing embryos with 52.8% compared to 42.8% for embryos cul-
tured in 20% oxygen (P < 0.05). Figure 3 represents the
association between the first cleavage event with the pro-
portion of embryos reaching the blastocyst stage (Figure 3a)
and the total number of cells in the resultant blastocysts
(Figure 3b). Across all four treatment groups, there was a
relationship between the timing of the first cleavage event
and blastocyst cell numbers, with late cleaving embryos
resulting in blastocysts with significantly fewer cell numbers
(P < 0.01, Figure 3a).

Discussion

This study has revealed that the detrimental effects of
atmospheric oxygen on mouse embryos during in-vitro
culture are evident from the first cleavage division. Contin-
uous assessment of embryo development, using time-lapse
microscopy, revealed that oxygen plays an important phys-
iological role throughout the preimplantation period. Oxy-
gen had a biphasic effect on embryo development with
the greatest effect during the cleavage stages, plausibly
reflecting a greater sensitivity of embryos to oxygen toxicity
prior to compaction. Overall, atmospheric oxygen resulted
in slower cleaving embryos, decreased blastocyst develop-
ment and decreased blastocyst cell numbers. Importantly,
the detrimental effects of atmospheric oxygen on the early
embryo were irreversible, as switching the embryo to a
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Figure 1

Distribution of cleavage timing for 1st, 2nd and 3rd cleavage divisions. (a) 1st cleavage (2 cells). (b) 2nd cleavage (4

cells). (c) 3rd cleavage (8 cells). White bars represent 5% oxygen concentration (groups 1 and 2) and black bars represent 20% oxygen

concentration (groups 3 and 4).

reduced oxygen concentration for the second 48 h of devel-
opment (post compaction) was not successful in alleviating
the developmental perturbations induced during the initial
48 h.

The negative effect of culturing mouse embryos in 20%
oxygen, observed in this study, is in agreement with several
other animal studies (Batt et al., 1991; Gardner and Lane,
1996; Karagenc et al., 2004; Kitagawa et al., 2004; Leoni
et al., 2007; Quinn and Harlow, 1978; Thompson et al.,
1990; Umaoka et al., 1992). Furthermore, the results of this
study are in agreement with those of Pabon et al. (1989),
Gardner and Lane (1996) and Karagenc et al. (2004), in
highlighting the sensitivity of the pronucleate oocyte to

atmospheric oxygen. It has previously been reported that
culturing embryos in 20% oxygen reduces blastocyst cell
numbers if culture commences at the pronucleate oocyte
or 2-cell stage, but not at the 8-cell stage (Karagenc
et al., 2004). Similarly, Kind et al. (2005) reported no differ-
ence in blastocyst cell numbers from embryos cultured in 7%
or 20% oxygen after the post-compaction period. However,
in this study, in which embryos were cultured individually,
switching from 5% to 20% oxygen for the second 48 h of
development had a significant effect on blastocyst cell num-
bers. A plausible explanation for this difference is that
group culture assists embryo development, in atmospheric
oxygen, either through paracrine factors or a reduced local
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Figure 2 The cumulative percentage of embryos which had progressed through the 1st, 2nd and 3rd cleavage divisions. (a) 1st
cleavage (2 cells). (b) 2nd cleavage (4 cells). (c) 3rd cleavage (8 cells). White bars represent 5% oxygen concentration (groups 1 and
2) and black bars represent 20% oxygen concentration (groups 3 and 4).

Table 2 The effect of oxygen on the timing of blastocyst development and hatching.

Development event

Treatment group

1(5and5% 2 (5and 20%) 3 (20and 5%) 4 (20 and 20%)

Appearance of the blastocoel
Full blastocoel expansion
First sign of hatching

92.60 + 0.57>¢
98.93 + 0.60°°¢
105.02 + 0.85

90.31 + 0.44%P
96.41 + 0.46°
102.72 + 0.87

89.11 + 0.29%¢
95.75 + 0.48%¢
102.50 + 0.73

91.95 + 0.55%¢
98.21 + 0.63°
104.70 £ 1.19

Values are mean + SEM hours after administration of human chorionic gonadotrophin.
a-d5ame letters within a row represent significant differences between treatment groups: a=P < 0.05;
b=P<0.01; c=P<0.001; d=P < 0.001.
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Table 3 The effect of oxygen on blastocyst development rates and total cell numbers.

Parameter Treatment group
1 (5 and 5%) 2 (5 and 20%) 3 (20 and 5%) 4 (20 and 20%)
(n=126) (n=107) (n=116) (n=107)
Development to 2 cells (%) 99.2 99.1 96.6 95.1
Blastocyst development (%) 90.4%¢ 86.8%° 68.204 72.5%¢
Blastocyst cell number 95.51+2.66>%¢  85.43+2.25%>¢  71.22+3.01™¢  72.51 £ 3.04%¢
(mean = SEM)

a~dsame letters within a row represent significant differences between treatment groups: a=P < 0.05; b=P < 0.1;

c=P<0.01;,d=P<0.001; e=P < 0.01.
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Figure 3  Association between timing of first cleavage event and blastocyst development rates and blastocyst cell numbers. (a)
Percentage blastocyst development; = =significant difference between early cleaving embryos within the same treatment
(P < 0.05). (b) Mean + SEM blastocyst cell number; =x = significant difference between from early cleaving embryos within the same
treatment (P < 0.01). Embryos that cleaved to the 2-cell stage before the median time (31.3 h post HCG) for the control group (5
and 5% O,) were designated as early cleaving embryos and those that cleaved after the median were defined as late cleaving
embryos. White bars = control group; grey bars =group 2 (5 and 20% 0,), hashed bars = treatment 3 (20 and 5% O;); black

bars = group 4 (20 and 20% O,).

oxygen concentration as a result of the increased embryo
density.

Furthermore, results from this study, revealed that the
detrimental effects of atmospheric oxygen are cumulative.
As a result of culture in 20% oxygen, the delay in the timing
of cleavage events became more pronounced as embryo
development progressed. In addition, embryos cultured

exclusively in 20% oxygen had the most delayed develop-
ment, with the longest time from HCG injection to appear-
ance of the blastocoel, full blastocoel expansion and first
sign of hatching. Similarly, Karagenc et al. (2004) reported
a chronic effect of atmospheric oxygen, with a significant
reduction in cell humbers when embryos were exposed to
20% oxygen for 95 h when compared with 23 h or 46 h.
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The timing of the first cleavage is considered a non-
invasive marker of embryo developmental potential and is
routinely used in human IVF programmes to identify
embryos with higher implantation potential (Lawler et al.,
2007). Several studies have observed that embryos cleaving
early are more likely to develop into blastocysts (Arav et al.,
2008; Sakkas et al., 1998; Shoukir et al., 1997). In this study,
a significantly larger portion of early cleaving embryos was
reported from culture in 5% oxygen, with this portion more
analogous to the portion of early cleaving embryos observed
from in-vivo flushing at the same time point. Although with
all four treatments, blastocysts resulting from embryos
cleaving to the 2-cell stage early had significantly greater
cell numbers. Since, blastocyst cell number has previously
been correlated with subsequent fetal development in the
mouse (Lane and Gardner, 1997), this study’s data support
the analysis of early cleavage as a predictor of developmen-
tal capacity irrespective of culture conditions.

It has been reported that the transfer of blastocysts
developed in 20% oxygen for the entire culture period, does
not affect the implantation potential process per se (Harlow
and Quinn, 1979; Karagenc et al., 2004). However, both
Harlow and Quinn (1979) and Karagenc et al. (2004)
reported that the transfer of blastocysts cultured in 20%
oxygen had severe consequences on fetal development. Feil
et al. (2006) further reported no difference in implantation
rates between embryos which were cultured in either 7% or
20% oxygen during the post-compaction period, but like-
wise, there was a significant difference in the numbers of
viable fetuses per blastocyst implanted.

To date, the majority of human embryos are routinely
cultured in atmospheric oxygen, which highlights the rele-
vance of the present study to clinical IVF. Clinical data from
studies comparing human embryos cultured in atmospheric
and reduced oxygen concentrations have been somewhat
inconclusive. Associations between the use of reduced
oxygen throughout the preimplantation culture period and
outcomes such as improved embryo development and
viability have been reported previously for human embryos
(Catt and Henman, 2000; Ciray et al., 2009; Kovacic and
Vlaisavljevi, 2008; Kovacic et al., 2009; Meintjes et al., 2009;
Waldenstrom et al., 2009). In contrast, other studies have
failed to demonstrate a beneficial effect of lower oxygen on
the development of human embryos at both cleavage and
blastocyst stages (Bahceci et al., 2005; Behr et al., 1999;
Dumoulinetal., 1999; Kea et al., 2007; Nanassy et al., 2010).

Several studies have focused on the impact of oxygen on
cleavage-stage development (Bahceci et al., 2005; Dumoulin
et al., 1999; Kea et al., 2007). An early study by Dumoulin
et al. (1999) investigated the impact of oxygen on cleav-
age-stage embryo development and found no differences
in morphometric parameters. However, the culture media
employed lacked amino acids and, hence, embryo develop-
ment was severely compromised as manifest by the
reported low implantation rates of 13.4% and 14.0% for 5%
and 20% oxygen, respectively. In contrast, both Bahceci
et al. (2005) and Kea et al. (2007) reported significantly
better embryo quality on day 3, for embryos cultured in
5% oxygen. However, this did not translate into improved
clinical outcomes possibly due to the selection of the
highest quality embryos for transfer, which does not reflect
the overall viability of the cohort. Analysis of cumulative

pregnancy rate would be required to address this apparent
discrepancy.

The results from this present study offer an explanation
as to why previous studies have not observed differences
in developmental outcomes with extended culture. Embryos
cultured in 20% oxygen had significant delays in cleavage
divisions, thus confirming the sensitivity of the pronucleate
oocyte to atmospheric oxygen. Furthermore, the detrimen-
tal effects, as a result of culturing embryos in 20% oxygen
during the first 48 h, were irreversible. Nanassy et al. (2010)
compared the effect of 5% and 20% oxygen during the sec-
ond 48 h of development; however, all embryos were cul-
tured for the first 48 h period in 20% oxygen. Similar to
the data presented herein, Nanassy et al. (2010) reported
no difference in clinical outcomes, conceivably because
all embryos had been exposed to atmospheric oxygen at
the highly sensitive cleavage stage.

In contrast, in a small groups of patients, Kea et al.
(2007) evaluated the impact of two oxygen concentrations
(5% and 20%) on development to day 3, followed by culture
exclusively in 5% oxygen from day 3 to day 5. Further sup-
porting the need for a lower oxygen concentration for the
first 48 h, the resultant pregnancy rates were 70% from blas-
tocyst development in the continual presence of 5% oxygen
and only 33% for the embryos which had been exposed to
20% oxygen during the cleavage stages. However, due to
the small number of patients, 22 in total, this difference
did not achieve statistical significance.

Of particular importance in the current study is the
observation that all stages of embryo development are
sensitive to atmospheric oxygen. When Behr et al. (1999)
investigated the effect of oxygen on human blastocyst
development, surplus embryos were cultured for the first
48 h period in either 5% and 20% oxygen and then exclusively
in 20% oxygen for the second 48 h period. Behr and col-
leagues found no difference in the proportions of embryos
forming blastocysts in either group. In contrast, the present
study determined that exposing embryos to atmospheric
oxygen post compaction was detrimental and resulted in
blastocysts with significantly fewer cells. Unfortunately,
Behr et al. (1999) did not analyse blastocyst cell number.
Alternatively, the disparity in results may be attributed to
species difference.

With regard to aetiology, the detrimental affect of atmo-
spheric oxygen to embryonic development could be the
result of delay at cell cycle checkpoints. Zheng et al. (2005)
suggested that DNA repair may be required by the early
embryo to correct damage that arises during DNA replication
and/or in response to exposure to genotoxic agents. Reactive
oxygen species are genotoxic agents and their production in
mouse embryos increases during culture in atmospheric oxy-
gen (Goto et al., 1993). DNA repair in the pronucleate oocyte
is thought to rely entirely on the maternal mRNA and proteins
deposited and stored in the oocyte before ovulation (Jaroudi
and SenGupta, 2007). Furthermore, DNA repair genes have
been shown to be expressed in the early stages of mammalian
embryo development (Zheng et al., 2005). Consequently, the
delay in the timing of cleavage events and the corresponding
increase in the length of cell cycles, when the embryo was
exposed to 20% for the initial 48 h period, may be the result
of delays at cell cycle checkpoints to repair an increased
amount of damaged DNA.
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However, longer cell cycles, as a result of delay to cor-
rect DNA damage, do not fully explain the aetiology of
embryos cultured in atmospheric oxygen, as even those
embryos cleaving early but exposed to 20% oxygen had com-
promised cell numbers. This suggests, with respect to
embryonic development, the insult of a non-physiological
oxygen concentration extends beyond delayed cleavage
events. Impaired metabolism may be a mechanism through
which atmospheric oxygen further perturbs embryonic
development and influences embryonic viability. Lane and
Gardner (2005) reported a significant increase in the glyco-
lytic activity of flushed 2-cell mouse embryos that were cul-
tured in 20% oxygen compared with embryos cultured in 5%
oxygen. Perturbed metabolism, as a result of culture in
atmospheric oxygen, may influence subsequent develop-
ment as alternations in metabolic activity are associated
with impaired development in culture and loss of viability
(Gardner, 1998; Lane and Gardner, 2005).

This study successfully employed time-lapse microscopy
to investigate the effect of oxygen concentration on the
kinetics of embryo cleavage events and blastocyst develop-
ment. The use of an imaging incubator facilitated a
high-frequency temporal analysis of embryo development
rather than a limited nhumber of discrete time-point obser-
vations. Similarly, Arav et al. (2008) evaluated the efficacy
of time-lapse imaging, during the culture of mouse
embryos, to predict embryonic developmental competence
and concluded that time-lapse imaging facilitates non-inva-
sive monitoring of embryos. Arav et al. (2008) reported
that 50% of the embryo population cleaved to 2 cells within
a 2-h window (33.5—35.5 h post HCG), of which 53% went
on to form blastocyst. Interestingly, Arav et al. (2008) cul-
tured embryos under 5% CO; in air and the embryo popula-
tion will have been detrimentally affected by atmospheric
oxygen. In the present study, when embryos were cultured
in atmospheric oxygen, 50% of the embryo population had
cleaved by 31.9 h and for those embryos cultured in the
reduced oxygen concentration, 50% had cleaved by 31.3 h.
Worthy of note, when in-vivo-derived embryos were
flushed at 31.3 h, a portion (56.8%) similar to the embryo
population cultured in reduced oxygen had cleaved to 2
cells.

In conclusion, the early manifestation of oxygen toxicity,
evident from the first cleavage event, is reported here for
the first time. Furthermore, this study demonstrates that
culture in atmospheric oxygen up to the 8-cell stage causes
irreversible damage to the preimplantation embryo. It is,
therefore, advisable to culture embryos at a reduced oxy-
gen concentration throughout the preimplantation period
in order to maintain the viability of more embryos within
a cohort. Maintaining the viability of more embryos should
therefore lead to a greater cumulative pregnancy rate.
The use of a reduced oxygen concentration for all stages
of preimplantation embryo development (pronucleate
oocyte to blastocyst) is therefore an important consider-
ation for clinical IVF laboratories.
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