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Abstract Ex situ culture of human gestational tissues has
been routinely used as a model to investigate tissue
function. The objective of this study was to determine the
effect of varying oxygen concentrations on human term
placental explants over a 24-h time period. Specifically, the
effect of incubating placental explants in oxygen concen-
trations of 8%, 21% or 95% on tissue viability, metabolism
and cell death was measured by assessing glucose con-
sumption, lactate production, release of lactate dehydroge-

nase, parathyroid hormone-related protein (PTHrP), tumour
necrosis factor-alpha (TNF-α) and 8-isoprostane, immuno-
reactivity for cleaved-caspase-9 and immunohistochemistry
for the caspase-3-cleaved cytokeratin-18 neoepitope, M30.
Exposure to higher oxygen concentrations significantly
increased the rates of glucose consumption and lactate
production. Apoptosis was significantly increased under
conditions of higher oxygen as evidenced by increased
M30 in placental explant sections. Similarly, hyperoxia
significantly increased the releases of PTHrP, TNF-α and 8-
isoprostane. Thus, incubation of placental explants with
oxygen concentrations of 95% and, to a lesser extent, 21%
oxygen was associated with the modulation of multiple
cellular response pathways including those associated with
tissue viability and cell death. These data are consistent
with the hypothesis that hyperoxia activates pathways and
mechanisms involved in cellular metabolism, necrosis and
apoptosis, thereby shifting the balance from a steady state
towards cell death.
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Introduction

The placenta has a defined life span and hosts specific
adaptive mechanisms that allow for its survival over a
restricted period of time together with the maintenance of
its vital functions (Schneider 2000). Throughout gestation,
placental tissue is exposed to changes in ambient oxygen
concentrations. Starting with a partial pressure of oxygen
(pO2) of <20 mm Hg (∼2% O2) during the early first
trimester of pregnancy, there is a progressive rise in
oxygen concentration to a pO2 within the placenta of
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>50 mm Hg (∼7% O2) at the end of the first trimester. This
rise in placental pO2 is associated with the onset of the
maternal intervillous circulation (Jauniaux et al. 2000).
The haemochorial interface is established only at this time
and represents the major route of oxygen and nutrient
supply to the growing fetus, with the syncytiotrophoblast
acting as the placental barrier between maternal blood and
fetal placental tissues (Aplin 1991). The role of oxygen in
the regulation of placental function is crucial and has
major implications for a successful outcome in human
pregnancy.

In the past, we and other investigators have performed
incubations of gestational tissue explants in the presence of
carbogen gas (95% O2 and 5% CO2; Lappas et al. 2004;
Nguyen et al. 1994; Farrugia et al. 2000) on the basis of the
concept of the partial compensation for the lack of
haemoglobin by an increase in the amount of physically
dissolved oxygen. Recently, increasing concern has been
voiced about the potentially toxic effects of unphysiolog-
ically high partial pressures of oxygen (Schneider 2000; for
reviews, see Miller et al. 2005; Newby et al. 2005).
Furthermore, recent studies have also shown that ambient
oxygen concentrations have marked effects on the behav-
iour of both term and early placental explants, with
disturbances in oxygen delivery being implicated in certain
complications of pregnancy (Huppertz et al. 2003; Caniggia
et al. 2000a,b).

The objective of this study has been to determine the
effects of varying oxygen concentrations on placental tissue
viability, metabolism and cell death during short-term
cultures (up to 24 h). The hypothesis tested is that high
oxygen concentrations during incubation periods of up to
24 h might result in reduced placental tissue function.
Explant cultures from term placentae have been incubated
under three different oxygen concentrations (8%, 21% and
95% oxygen). In particular, our study has focused on
certain markers of viability, metabolism and apoptosis in
order to demonstrate the differences observed in placental
tissue in response to varied oxygen concentrations.

Materials and methods

Participants and patient samples

Collection and processing of placentae was approved by the
research ethics committee of Mercy Health and Aged Care.
Written informed consent was obtained from participating
women. Placentae (n=12) were collected from women with
uncomplicated pregnancies at term (37–42 weeks of
gestation) undergoing elective Caesarean section. Indica-
tions for Caesarean section included repeat Caesarean
section and breech presentation.

Tissue explants

The placenta was collected within 10 min of delivery and
transferred to our laboratory within the hospital. Tissue
processing commenced immediately and involved the re-
moval of a placental lobule from the central region of the
placenta. The placental lobule was rinsed in cold RPMI
(RPMI-1640 medium developed at the Roswell Park Memo-
rial Institute), pH 7.4. RPMI medium was supplemented with
100 U/ml penicillin G, 100 μg/ml streptomycin and 2 g/l
sodium bicarbonate and had a starting glucose concentration
of 11.1 mmol/l. Placental villous tissue explants were
obtained by blunt dissection of parts of the villous trees and
removal of visible connective tissue, vessels and calcium
deposits. All tissue fragments (approximately four from each
placenta; 50 mg each) were placed in RPMI at 37°C in a
humidified atmosphere of either one of three incubators for a
pre-incubation period of 1 h. The incubators (for details, see
below and Table 1) included; (1) a humidified chamber
with an atmosphere of carbogen (95% O2/∼722 mmHg and
5% CO2), (2) a standard 5% CO2 in air incubator (21%
O2/∼160 mmHg and 5% CO2) and (3) a controlled oxygen
incubator with regulated 8% O2/∼60.8 mmHg and 5% CO2.
Following this equilibration period, tissues were transferred
to 24-well tissue culture plates (200 mg wet weight/well) in
2 ml fresh pre-equilibrated RPMI 1640. Plates were then
incubated in their respective incubation chambers for 3, 6 and
24 h. After each time point, tissue and incubation medium
were collected separately and stored at −80°C until further
analysis or were fixed in formalin.

The oxygen concentration of the culture medium was
obtained on a Radiometer ABL 700 series blood gas
analyser. Culture medium alone was sampled by aspirating
medium into a blood gas syringe by utilising a direct gas-
tight IV connection tube primed with medium. The syringe
was purged of any gas, sealed and placed in ice until
analysis. The concentration of dissolved oxygen in the
culture medium was assessed following simultaneous 3-h,
6-h and 24-h cultures in each of the three incubation
chambers: a Sanyo MCO-17AI, a Sanyo MCO-18M and a
Ratek shaking water bath.

Determination of total protein

Total protein content was measured by extracting proteins
from placental explants. Approximately 200 mg tissue was
placed in 600 μl RIPA buffer (50 mM TRIS, 1%
IGEPAL, 0.1% deoxycholate, 0.1% SDS, 150 mM NaCl,
10 μg/ml aprotinin, 1 mM EDTA). Samples were
homogenised (2×20-s bursts) by using a metal blade tissue
homogeniser (Ultra-turrax, S25N 8G dispersing tool; Jenke
and Kunkel, Staufen, Germany) and incubated on ice for
1 h. Tissue homogenates were then centrifuged at 8,765g
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for 15 min. Supernatant was collected as the protein extract;
the pellet was discarded. The protein extract (50 μl) was
solubilised by 50 μl 2 M NaOH and 100 μl 1 M HCl with
10 min boiling in between. Total protein was measured
by the bicinchoninic acid (BCA) procedure (BCA Pierce
Protein Assay Kit, Rockford, Ill.) by using a 96-well plate
(NUNC). A microplate reader (BioRad, Hercules, Calif.,
USA) read absorbance at 595 nm. Bovine serum albumin
(BSA) was used as a reference standard. Total protein
for placental explant tissues ranged between 2.8 and
6.2 mg/ml.

Determination of lactate dehydrogenase, glucose and lactate

To assess cell membrane permeability during culture, the
release of lactate dehydrogenase (LDH) into the incuba-
tion medium and total tissue LDH activity were deter-
mined as described previously (Farrugia et al. 2000). The
absorbance was quantified by using a 96-well microplate
reader at a wavelength of 340 nm (BioRad). LDH release
was calculated as LDH activity in the medium divided by
total protein in the tissue. An EML 105 electrolyte and
metabolite analyser determined the glucose and lactate
concentration in the incubation medium of the placental
explants. The rates of glucose consumption and lactate
production were measured in units of micromoles per
milligram per hour.

Determination of tumour necrosis factor-alpha,
8-isoprostane and parathyroid hormone-related protein

The release of tumour necrosis factor-alpha (TNF-α) into
the explant incubation medium was quantified by sandwich
enzyme-linked immunosorbent assay according to the
manufacturer’s instructions (BioSource International,
Camarillo, Calif., USA). The limit of detection of the
TNF-α assay was 7.2 pg/ml. The release of 8-isoprostane
into the incubation medium was assayed by using a

commercially available competitive enzyme immunoassay
kit according to the manufacturer’s specifications (Cayman
Chemical, Ann Arbor, Mich., USA). The limit of detection
of the assay was 5 pg/ml. The release of parathyroid
hormone-related protein (PTHrP) into the incubation
medium was quantified by means of a sensitive and specific
amino-terminal PTHrP radioimmunoassay as described
previously (Grill et al. 1991). All data were corrected for
total protein and expressed as picograms per milligram
protein (TNF-α and 8-isoprostane) and millimoles per
milligram protein (PTHrP).

Western blotting

The relative abundance of pro- and cleaved caspase-9 in
protein extracts was analysed by Western blotting with a
rabbit polyclonal anti-caspase-9 antibody (H-170, diluted
1:200; Santa Cruz, Calif., USA). Proteins (50 μg) were
separated on an 18% polyacrylamide gel (BioRad) and
transferred to a polyvinylidene fluoride membrane (Bio-
Rad) as previously described (Lappas et al. 2003). Protein
expression was identified by co-migration with a positive
control (Jurkat cell extracts: cytochrome-C-treated and
control) and by comparison with the mobility of a protein
standard. Goat anti-rabbit IgG horseradish peroxidase
conjugate (Santa Cruz), diluted 1:10,000, was used as the
secondary antibody. Cleaved-caspase-9 protein levels were
normalised against its inactive form, pro-caspase-9. Protein
bands were semi-quantified by densitometric analyses
by Quantity One Quantitation Software Version 4.3.1
(BioRad).

Histology and immunohistochemistry

Placental explants were fixed in neutral phosphate-buffered
4% formaldehyde solution and then embedded in paraffin.
Serial sections (5 μm) were cut, mounted on poly-L-lysine-
coated glass slides, incubated overnight at 37°C and

Table 1 Theoretical and mea-
sured oxygen concentrations

a Calculated according to
Henry’s law: ep =ekc where p is
the partial pressure of the
solute above the solution, c is
the concentration of the solute
in the solution and k is the
Henry’s Law constant (the
value for k is 769.2 l atm/mol)

Incubation
chamber

Length of
incubation
(hours)

Theoretical
pO2

Measured pO2

(n=3)
Oxygen concentration
in culture medium
(mg O2/l)

a

mm Hg % O2 mm Hg % O2

Ratek shaking
water bath

3 722.0 95.0 212.0±0.9 27.9±0.1 11.5
6 722.0 95.0 206.0±1.2 27.1±0.2 11.2
24 722.0 95.0 561.0±13.5 73.8±1.8 30.5

Sanyo MCO-17AI 3 160.0 21.0 177.0±1.3 23.3±0.2 9.6
6 160.0 21.0 167.0±1.7 22.0±0.2 9.1
24 160.0 21.0 160.0±3.1 21.1±0.4 8.7

Sanyo MCO-18M 3 60.8 8.0 137.0±3.5 18.0±0.5 7.4
6 60.8 8.0 119.0±2.3 15.7±0.3 6.5
24 60.8 8.0 104.0±8.3 13.7±1.1 5.7
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subsequently deparaffinised by using xylene and a graded
series of ethanol. Haematoxylin and eosin staining was
performed on a series of slides assigned for histology to
analyse qualitatively the morphological characteristics of
placental explants. For immunohistochemical analysis,
slides were immersed in citrate buffer (pH 6.0, 10 mM)
and heated in a microwave oven for antigen retrieval.
Endogenous peroxidases were inactivated by incubation in
H2O2. Non-specific binding sites were blocked (1% BSA in
phosphate-buffered saline/Tween-20) for 10 min in a
humidified chamber followed by incubation in primary
antibody solution (1 h at room temperature) containing
mouse monoclonal M30 CytoDEATH, (Roche Molecular
Biochemicals, Mannheim, Germany), diluted 1:50. M30
antibody recognises a neo-epitope, which is exposed after
cleavage of cytokeratin-18 by caspases (Kadyrov et al.
2001). Normal mouse control IgG (Santa Cruz; diluted
1:400) was used as a negative control; placental explants
treated with cycloheximide (10 μg/ml) and 95% O2 for 24 h
were employed as positive controls. Slides were incubated
in sheep anti-mouse IgG biotin-conjugated secondary
antibody (Chemicon International, Temecula, Calif., USA)
for 30 min. Reactions were performed by using a stan-
dardised sequence based on the streptavidin-biotin tech-
nique for the detection of a biotinylated link antibody.
Detection of the primary antibody was achieved by addition
of 3,3-diaminobenzidine substrate (Roche). Slides were
counterstained with haematoxylin and mounted. Control
reactions carried out with the substitution of mouse IgG for
the primary antibody were always negative. Leica Qwin
Version 3 Image Analysis Software (Leica Microsystems
Imaging Solutions, Cambridge, UK) was used for the
quantitative analysis of positive (M30) brown staining in
the placenta sections. Five random fields of view (FOV) per
section were selected for quantitative analysis. The ratio of
M30 staining was expressed as a percentage (±SEM). Thus,
percentages of staining per FOV per section per sample
were collated and categorised according to oxygen concen-
tration and length of incubation. Two slides were consec-
utively prepared for each sample, one as a positive and the
other as a negative control slide. Each slide was analysed
at ×100 magnification.

Statistical analysis

Statistical analyses were performed by using a commer-
cially available statistical software package (Statgraphic
Plus version 3.1; statistical graphics, Rockville, Md., USA).
The homogeneity of the data was assessed by Bartlett’s test
and, when significant, data were logarithmically trans-
formed before further analysis. Sample comparisons were
analysed by an analysis of variance (ANOVA) in which the
oxygen concentration and length of incubation were factors.

The Tukey HSD (honestly significantly different) test was
used for post hoc testing. Statistical differences were
indicated by a P-value of less than 0.05. Data are expressed
as mean (±SEM).

Results

Theoretical and measured oxygen concentrations

The concentration of dissolved oxygen in the culture
medium was assessed following simultaneous 3-h, 6-h and
24-h cultures in each of the three incubation chambers. The
oxygen concentration of the incubation medium from each
incubator at each time point was measured in triplicate and
the mean oxygen concentration (±SEM) was calculated (see
Table 1).

Effect of oxygen concentration on cell membrane integrity
and metabolite activity

The effect of oxygen on placental cell membrane
integrity was assessed by the release of the intracellular
enzyme LDH; the effect of oxygen on metabolite activity
was measured by glucose consumption and lactate
production. LDH release was significantly greater at
95% oxygen (0.13E-2±0.7E-4) compared with 21% and
8% oxygen (0.09E-2±1.1E-4 and 0.08E-2±1.2E-4, re-
spectively) at 3 h incubation (P<0.05; Fig. 1a). There was
a significant progressive decline in glucose consumption
between the 3-h and 24-h time points in both the 21% and
8% groups (P<0.05; one-way ANOVA, Tukey HSD post-
hoc test). In contrast, the rate of glucose consumption
significantly increased at 6 h in 95% O2 (0.77±0.13)
compared with 21% and 8% O2 (0.37±0.07 and 0.26±0.07,
respectively; P<0.05). Subsequently, glucose consumption
declined in the 95% O2 group to reach levels comparable
with those of the 21% and 8% O2 groups (Fig. 1b). In
conjunction, the rate of lactate production in placenta was
significantly greater at 3 h in 95% O2 (1.17±0.12) com-
pared with 21% and 8% O2 (0.77±0.07 and 0.74±0.15,
respectively; P<0.05; one-way ANOVA, Tukey HSD post-
hoc test; Fig. 1c). Of note, the pH values of the incubation
medium remained unchanged (pH 7.4) throughout the
incubation period.

Effect of oxygen concentration on morphological
characteristics of placental explants

Qualitative analysis was performed to determine the effect
of oxygen concentration on the general morphology of
placental explants. With increasing oxygen, signs of
detachment and thinning of the syncytiotrophoblast became
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apparent. Detachment of the syncytiotrophoblast was more
often observed at 95% compared with 21% oxygen.
Necrotic sites within the syncytiotrophoblast also became
visible as oxygen increased (Fig. 2).

Effect of oxygen concentration on apoptosis in placental
explants

To determine whether oxygen had an effect on apoptosis, we
examined the levels of staining of the caspase-3-cleaved
cytokeratin 18 neo-epitope, M30 (Fig. 3). In general, M30
staining increased with increasing incubation time and oxygen
concentration. Compared with time zero, M30 staining at
24 h was significantly increased in both 95% (6.13%±1.15
vs. 0.52%±0.19) and 21% (2.75%±0.37 vs. 0.80%±0.36)
oxygen (P<0.05). Similarly, M30 staining increased between
6 h and 24 h in both the 95% (6.13%±1.15 vs. 2.14%±0.77)
and 21% (2.75%±0.37% vs. 1.33%±0.32) oxygen groups
(P<0.05). At 24 h, M30 staining was significantly stronger at
95% oxygen (6.13%±1.15) than at 21% (2.75%±0.37) and
8% (2.85%±0.73) oxygen (P<0.05; Fig. 3a–g).

The relative abundance of pro- and cleaved caspase-9
was determined in all placental explant samples. No
significant effect of oxygen concentration was seen on
either pro- or cleaved-caspase-9 expression (Fig. 4).

Effect of oxygen concentration on the release of TNF-α,
PTHrP and 8-isoprostane

We and others have previously demonstrated that TNF-α
and PTHrP are responsive to oxidant stress challenge
(Coughlan et al. 2004; Hastings et al. 2002). In this study,
we aimed to determine the effect of variable oxygen
concentration on the release of TNF-α and PTHrP from
placental tissue explants. TNF-α release was significantly
increased as a result of exposure to 95% oxygen concen-
tration at all time points as compared with 21% and 8% O2

(P<0.05) with the magnitude of the difference being
greatest at 6 h (Fig. 5a). Additionally, TNF-α release in
the 21% and 8% oxygen groups increased to a lesser extent
but this was significant at 6 h compared with 3 h (P<0.05;
Fig. 5a). TNF-α release also significantly decreased at 24 h
in 21% O2 but not 8% O2 (Fig. 5a).

Incubation of placental explants under conditions of high
oxygen concentration caused a significant increase in the
release of PTHrP. In 95% O2, there was a dramatic increase
in the release of PTHrP at 24 h (5.99±0.858) compared
with 21% and 8% O2 (2.12±0.209 and 2.03±0.229,
respectively; P<0.05). A similar but much diminished rise
in PTHrP release was noted between 6 and 24 h in both the
21% and 8% O2 groups at 24 h (P<0.05; Fig. 5b).

At the 24-h time point, a significant increase was
recorded in the release of 8-isoprostane at 95% oxygen
(837.40±263.69) compared with 21% and 8% oxygen
(361.24±70.34 and 136.71±22.74, respectively; P<0.05;
Fig. 5c). In addition, an overall increase occurred in the
release of 8-isoprostane between 6 h and 24 h for all
oxygen concentrations (P<0.05; Fig. 5c).

Fig. 1 a Release of LDH from placental explants incubated at 95%,
21% and 8% oxygen. *P<0.05 vs. 21% and 8% O2 at 3 h. b Effect of
oxygen concentration on the rate of glucose consumption in placental
explants. Note the significant effect of oxygen and length of incubation
on the rate of glucose consumption. **P<0.05 vs. 21% and 8% O2,
*P<0.05 vs. 6 h at 95% O2,

†P<0.05 vs. 3 h at 21% O2,
§P<0.05 vs.

3 h at 8% O2. c Effect of oxygen concentration on the rate of lactate
production in placental explants. Note the significant effect of oxygen
concentration on lactate production. *P<0.05 vs. 21% and 8% O2
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Discussion

Tissue explants derived from human placental tissue
delivered at term provide information on the way that the
placenta behaves late in gestation and suggest a mechanism
for studying the impact of in vitro conditions on placental
tissue survival and function. In this study, our data have
demonstrated that increasing oxygen concentrations signif-
icantly affect the viability, morphology, metabolism and
cell death of placental explant cultures. Collectively, the
data indicate that oxygen concentrations of 95% and, to a
lesser extent, 21% induce significant adverse changes in
placental tissue explants. In particular, cell membrane
integrity (as assessed by the release of LDH), metabolic
functions (such as glucose consumption) and lactate
production are all significantly affected by a 95% oxygen
concentration. Further, exposure to this level of oxygen
results in an increased release of autocoids (TNF-α and
PTHrP) and of the oxidative stress marker, 8-isoprostane.
Finally, placental explants demonstrate a higher incidence
of apoptosis when exposed to both 95% and 21% oxygen
over a 24-h period, compared to 8% oxygen, as evidenced
by the increase in M30 staining. These data provide
information important to the planning of future experi-
ments, particularly those in which placental explants are to
be incubated with supplemental oxygen.

The release of LDH has been commonly used as a
necrosis marker in explant cultures (Crocker et al. 2004;
Long et al. 2004). In this study, we have used this assay as

a viability marker of cell membrane integrity. As demon-
strated in studies previously performed in our laboratory,
the length of incubation itself has no significant effect on
the release of LDH over a 24-h period (Laham et al. 1997).
In contrast, the release of LDH at 3 h in 95% oxygen was
significantly greater than that in 21% and 8% oxygen,
returning to baseline at 24 h. Although novel in placental
tissue, this finding is consistent with the outcomes
previously demonstrated in a murine lung model, whereby
severe hyperoxia (>95% O2) induces a significant increase
in LDH activity compared with 21% O2 (Hesse et al. 2004).

In this study, the rates of glucose consumption and
lactate production significantly increase under high oxygen
concentration. Similarly, hyperoxia has been demonstrated
to induce a significant increase in cellular glucose con-
sumption in human lung microvascular endothelial cells
incubated in 95% oxygen (Ahmad et al. 2006). Elevation of
glucose uptake and lactate production in response to
hyperoxia, in conjunction with the activation of signalling
pathways associated with tissue injury, may represent a
compensatory mechanism to facilitate survival (Ahmad et
al. 2006). These results also demonstrate the decline in
glucose consumption from the 3-h to 24-h incubation time
points. The reduced glucose consumption at 24 h may
reflect reduced substrate availability at this time point.

Previous studies have indicated that exposure to elevated
concentrations of oxygen (hyperoxia) can cause the activation
of apoptotic pathways in some tissues. In the present study, we
have demonstrated that following the incubation of placental

Fig. 2 Effect of oxygen con-
centration on morphological
characteristics of placental
explants. Preparations stained
with haematoxylin and eosin to
show the general morphology
and structural integrity of pla-
cental explants prior to incuba-
tion (a) and at 6 h at 21% O2

(b), at 24 h at 21% O2 (c) and at
24 h at 95% O2 (d). Note the
thick trophoblast present prior to
incubation (solid arrow in a),
pooling of blood vessels and
evidence of necrotic cells (solid
arrows in b), detachment of
syncytiotrophoblast cells (solid
arrows in c) and absence of
trophoblast cover (solid arrow
in d). Bars 55 μm
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explants in 95% oxygen for 24 h, the intensity and extent of
staining for the caspase-3-cleaved cytokeratin 18 neo-epitope,
M30, was significantly greater than at 21% and 8% oxygen.
Similarly at both 95% and 21% oxygen, but not at 8% oxygen,
M30 staining increased between the incubation time points of
6 h and 24 h. M30 antibody, as an apoptotic detection marker,
has proven to be superior to the TUNEL method for the
detection of apoptosis in villous and extravillous trophoblast

(Kadyrov et al. 2001). These findings are supported by those
previously described in placentae recovered from pregnan-
cies complicated by preeclampsia, which is associated with a
significantly higher M30 index than that measured in control
placentas (Aban et al. 2004; Lee et al. 2005). Thus, in
summary, hyperoxic conditions have been shown signifi-
cantly to increase apoptosis in human term placental explants
in vitro.

Fig. 3 M30 antibody expres-
sion in placental explants. a
Prior to incubation. b At 6 h at
8% O2. c At 24 h at 8% O2. d At
6 h at 21% O2. e At 24 h at 21%
O2. f At 6 h at 95% O2. g At
24 h at 95% O2. M30 antibody
staining increased with O2 con-
centration and time. At 24 h,
95%>21% O2 (P<0.05). At
95%, 24 h>0 h, 3 h and 6 h
(P<0.05). Bars130 μm
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Oxidative stress has also been shown to induce apoptotic
cell death by targeting mitochondria directly. Mitochondrial-
dependent apoptosis has been shown to require the release of
cytochrome c from mitochondria and the subsequent
activation of a specific class of cytoplasmic proteases known
as caspases (Takahashi et al. 2004). In the present study,
cleaved-caspase-9 immunoreactivity is not significantly
affected by oxygen concentration. In support of this finding,
a previous study has demonstrated no significant change in
caspase-9 activity in lung cells exposed to hyperoxia
(analysed colorimetrically; Guthmann et al. 2005). Whether
an increase in oxygen alters the activity of caspase-9, rather
than its relative abundance, has yet to be determined.
Further, whether an alternate apoptotic pathway, such as
the death receptor pathway, is induced by hyperoxia in
placental explants remains uncertain.

We have previously demonstrated that TNF-α release is
increased by 20-fold when placental tissue is subjected to
oxidative stress (Coughlan et al. 2004). In the current study,
the release of TNF-α has been shown to be significantly
greater at 95% O2 compared with 21% and 8% oxygen.
Evidence that hyperoxia represents an oxidative challenge
is indicated by the response of the oxidative stress marker,
8-isoprostane, in placental tissue incubated under hyperoxic
conditions. The release of 8-isoprostane at 95% oxygen is
significantly greater than at 21% and 8% oxygen, thereby
highlighting the oxidative challenge and limited capacity to
induce tissue antioxidant defences. Furthermore, the ability
of placental explants to synthesise 8-isoprostane under
various oxygen conditions suggests that other family
members of the F2 isoprostanes might also be synthesised.
The heightened response of TNF-α to hyperoxia and

oxidative stress in placental tissue may be a consequence
of the inability of the cell to accommodate.

PTHrP is an autocrine/paracrine regulator of tissue
development (Zerega et al. 1999), is involved in human

Fig. 4 Effect of oxygen concentration on pro- and cleaved-caspase-9
in placental explants. Results representative of Western blotting
performed on placental explants to determine the relative abundance
of pro- and cleaved-caspase-9 at 95%, 21% and 8% oxygen up to
24 h. In placental explants, both pro-caspase-9 (47 kDa) and cleaved-
caspase-9 (32 and 35 kDa) were evident but there was no significant
effect of oxygen or time

Fig. 5 a Effect of oxygen concentration on the release of TNF-α from
placental explants. *P<0.05 vs. 21% and 8% O2 at 3, 6 and 24 h, **P
<0.05 vs. 3 h at 21% O2,

§P<0.05 vs. 3 h at 8% O2 and
†P<0.05 vs.

24 h at 21% O2. b Effect of oxygen concentration on the release of
PTHrP from placental explants. *P<0.05 vs. 21% and 8% O2 at 24 h,
**†§P<0.05 vs. 3 and 6 h at all oxygen concentrations. c Effect of
oxygen concentration on the release of 8-isoprostane from placental
explants. *P< 0.05 vs. 21% and 8% O2 at 24 h, **†§P<0.05 vs. 3 and
6 h at all oxygen concentrations
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pregnancy (Farrugia et al. 2000; Wlodek et al. 1995) and
has a role in mediating responses to extreme oxygen levels,
such as those that occur in hyperoxic lung injury (Hastings
et al. 2002). The data obtained in this study are consistent
with increased PTHrP responses to extreme oxygen
environments. In placental explants at 95% oxygen, PTHrP
release is significantly increased. The response of PTHrP
to oxidative stress imitates that of a pro-inflammatory
cytokine and provides further evidence to highlight the
vulnerability of placental villous tissue to oxidative
challenges.

Although our oxygen measurements in culture medium
differ somewhat from those previously measured in
comparable experimental designs (Black et al. 2004), high,
medium and low oxygen concentrations, resulting in
significantly different experimental outcomes in placental
explants, have been achieved. The discrepancy between the
theoretical and actual values obtained may be, at least in
part, attributable to the primary function of the blood gas
analyser used to measure pO2 in blood rather than in
aqueous solution.

Concluding remarks

Newby et al. (2005) have recently proposed a set of
guidelines for judging whether a culture model is suitable
for its stated purpose; they state that different experimental
conditions might provide the opportunity to examine
reasons for investigators obtaining differing results in
seemingly similar experiments. In the present study, we
have demonstrated that, over a 24-h time period, incubation
of placental tissue explants in 8% oxygen results in
improved tissue viability when compared with explants
incubated in 95% or even 21% oxygen. We suggest that
investigation of additional incubation time points between 6
and 24 h may provide further insights into the impact of
varying oxygen concentrations on other signalling path-
ways. This study demonstrates that increasing oxygen
concentrations during placental villous explant cultures
might impair, rather than improve, viability over extended
incubation periods. Further, our data provide further
evidence that oxidant stress, at least when induced by
hyperoxia, plays a significant role in placental tissue
dysfunction.
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