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Regulating maternal immunity is necessary for successful human pregnancy.

Whether this is needed in mammals with less invasive placentation is subject

to debate. Indeed, the short gestation times in marsupials have been hypo-

thesized to be due to a lack of immune regulation during pregnancy.

Alternatively, the maternal marsupial immune system may be unstimulated

in the absence of a highly invasive placenta. Transcripts encoding pro-

inflammatory cytokines were found to be overrepresented in the whole uterine

transcriptome at terminal pregnancy in the opossum, Monodelphis domestica.

To investigate this further, immune gene transcripts were quantified through-

out opossum gestation. Transcripts encoding pro-inflammatory cytokines

remained relatively low during pre- and peri-attachment pregnancy stages.

Levels dramatically increased late in gestation, peaking within 12 h prior to

parturition. These results mirror the spike of inflammation seen at eutherian

parturition but not at attachment or implantation. Our results are consistent

with the role of pro-inflammatory cytokines at parturition being an ancient

and conserved birth mechanism in therian mammals.
1. Introduction
Over 60 years ago, Peter Medawar outlined the challenge that a viviparous

organism faces when simultaneously nourishing a fetus through intimate contact

with allogeneic membranes (the placenta) while maintaining an immune system

exquisitely sensitive to foreign allografts [1]. Understanding how this balance

between allogeneic response and viviparous reproduction is regulated or main-

tained has been a topic of investigation, particularly given its importance to

successful human pregnancy. It is apparent that the transition from egg-laying

to live birth has occurred independently multiple times during vertebrate evol-

ution, including cartilaginous fishes, teleosts, amphibians, reptiles, as well as

the mammals [2]. In squamates alone viviparity has evolved independently

over one hundred times [2,3,4]. By looking for common regulatory features

among different vertebrates, insights may be gained into which evolutionary

adaptations are common and ancient and which represent lineage-specific

innovations in the transition from oviparity to viviparity.

Currently there are three living mammalian lineages: the monotremes

(platypuses and echidnas), the marsupials (e.g. opossums and kangaroos), and

the eutherians (e.g. humans, mice, and cattle). For biomedical and economic

reasons, most reproductive immunology has focused on eutherians. Marsupials

and eutherians, collectively known as the therians, are both live-bearing and

are believed to share a common viviparous ancestor [5,6]. Comparative analyses

between marsupials and eutherians, therefore, may reveal both common charac-

teristics that evolved early in the therians as well as unique adaptations associated

with placental evolution among the lineages.

In eutherians, the placenta is in close contact with maternal tissues, and in

some cases such as humans, in direct contact with maternal blood circulation
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[7]. Analyses of pregnancy in eutherians, particularly humans

and mice, have revealed numerous mechanisms regulating

the maternal immune system that appear to be necessary for

successful gestation [8–10]. Examples include regulation of

inflammation and the complement system during pregnancy

[11,12]. Failure to regulate can lead to complications or preg-

nancy loss [13–15]. In spite of this, some aspects of immune

recognition and response appear to be part of normal

pregnancy [16–18]. One in particular is the role that inflam-

mation plays both early during implantation and late during

parturition in human pregnancy.

Studies of marsupial reproductive immunology have been

limited. Antibodies against paternal antigens were undetectable

in maternal wallaby serum after successful pregnancies [19]. By

contrast, maternal anti-paternal antibodies are normal during

pregnancy in humans and other eutherian species [20,21].

Attempts to immunize female tammar wallabies, Macropus
eugenii, with male alloantigens failed to alter fecundity [22].

Investigators have concluded from these collective results that

the marsupial maternal immune system may be unaware of the

conceptus throughout pregnancy. Indeed, marsupial embryos

have a maternally derived mucoid shell coat that potentially

masks paternal alloantigens prior to attachment to the maternal

endometrium [23,24]. This shell coat is intact for at least the first

two-thirds of pregnancy in marsupial species possibly leaving

little time to stimulate an allogeneic response [25].

Previously we reported that gene transcripts associated

with the immune system were overrepresented among those

with increased abundance at terminal pregnancy in the opos-

sum, Monodelphis domestica [26]. However, it was unclear

whether the high transcription levels of these genes are only

at terminal pregnancy and possibly due to imminent parturi-

tion, or if there is a lack of regulation of inflammation

throughout pregnancy. In order to address this question, here

we examined the transcription of several cytokines at multiple

points during pregnancy in opossum, focusing on just prior to

attachment through parturition.
2. Material and methods
(a) Opossum husbandry
Opossums used in this study were sourced from a captive-bred

research colony housed at the University of New Mexico, Depart-

ment of Biology Animal Research Facility. Opossum care and

euthanasia were as previously described [26].

Time of copulation was determined in all pregnancies by

observing a single mating event. A male opossum was introduced

into a female’s cage for approximately 72 h to induce oestrus in

the female. After the third day the cage was divided by a clear plas-

tic barrier with 2-cm interspaced holes 1 cm in diameter around

opossum ‘nose-level’ so the male and female could clearly see

and smell each other but not physically interact. Once per day the

barrier was removed approximately 2–3 h after the start of

the opossums’ night cycle. The female and male were allowed to

directly interact for up to 1 h with an investigator present. If the

opossum pair mated then the time of copulation initiation was

recorded and the opossums were moved to separate cages. If the

pair did not mate the barrier was replaced and the male and

female were placed on the opposite sides of the cage of where

they were previously. This procedure was repeated for 5 days or

until opossums mated. One hundred per cent of trials where a

mating event was recorded resulted in a pregnancy of the expected

developmental stage at the time of collection.
(b) Tissue collection
Uterine tissues were collected from opossums euthanized by iso-

flurane overdose followed by decapitation. For both pregnant

and non-pregnant (NP) animals, uterine horns were removed, sep-

arated from ovaries and lateral vaginal canals, and dissected in

shallow Petri dishes filled with RNALater buffer (Ambion). For

RNA samples uterine horns were opened laterally and any

visible embryos were removed. The exposed endometrial tissue

was pulled away from the myometrium with tweezers and

snipped with surgical scissors to excise primarily endometrial

tissue for collection. Tissues were collected as 100–200 mg samples

and were submerged in 1 ml RNALater immediately. Samples

were collected from time points on embryonic days 3 (E3), 9 (E9),

10 (E10), 11 (E11), 12 (E12, attachment), 13 (E13), 14 (E14, parturi-

tion), and postnatal day 1 (P1). In addition, NP control uterine

tissue was collected from females who had given birth three to

six months prior to collection. N ¼ 3 for all treatment groups. In

pregnant samples from time points E12, E13 and E14 the fetal pla-

centa membranes were attached to the maternal endometrium and

could not be readily separated out and, therefore, these samples

contained fetal membranes. After a 24-h incubation at 48C in RNA-

Later, the tissue samples were removed and stored at 2808C until

RNA extraction.
(c) RNA extraction and cDNA synthesis
All RNA extractions were performed by first freezing tissues in

liquid nitrogen and then homogenizing them using a sterile

liquid nitrogen-cooled mortar and pestle. Subsequently, 1 ml

TRIzol (Ambion) for every 100 mg of tissue was added to the

mortar and homogenized with the powdered tissue until the mix-

ture warmed enough to become liquid again. The homogenized

tissue was then phase-separated by adding 0.2 ml chloroform for

every 1 ml TRIzol used and shaken vigorously for 15 s. The

samples were incubated at room temperature for 3 min and then

centrifuged at 12 000g for 15 min at 48C. The clear aqueous

upper phase was transferred to a sterile tube and an equal

amount of RNase-free 70% ethanol was added to the tube. Then

the RNA was isolated using the PureLink RNA Mini Kit

(Ambion) according to manufacturer’s instructions for purifying

RNA from animal tissues. The resulting total RNA samples were

purified of DNA contamination using the TURBO DNA-free Kit

(Ambion) according to manufacturers’ recommended protocols.

All cDNA libraries were generated by reverse transcriptase

PCR (RT-PCR) using the SuperScript III First Strand Synthesis

Kit (Invitrogen) according to manufacturer’s instructions for

generating cDNA from poly(A) RNA. A total of 500 ng of

RNA was used for each RT-PCR reaction and reactions were per-

formed in triplicate for each sample. The RT-PCR reactions were

pooled by individual tissue sample and 87 ml of PCR-grade

water was added to bring the total volume of cDNA to 150 ml.

cDNA samples were stored at 2208C until use in qPCR reactions.
(d) Quantitative PCR
All qPCR reactions were performed in triplicate using 18 ml

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and

2 ml cDNA for each sample. All reactions were performed on a

CFX96 Touch Real-Time PCR Detection System (Bio-Rad)

under the following conditions: 958C for 3 min, then 40 cycles

of 958C for 10 s followed by 60 s at the appropriate annealing

temperature during which data were collected. Primers spanning

at least one intron were generated and optimized for each gene

examined (electronic supplementary material, table S1). qPCR

data were analysed in the CFX Manager Software (Bio-Rad)

using tyrosine 3-monooxygenase/tryptophan 5-monooxygenase

activation protein zeta polypeptide (YWHAZ) and TATA box-

binding protein (TBP) as reference genes for normalization
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using the Vandesompele method [27]. These reference genes

were chosen based on their relatively uniform transcription

across pregnant and NP opossum uterine tissues [26].

Differences in transcript abundance were evaluated in two

ways. First transcription levels of target genes were tested for

significant change between treatment groups using ordinary

one-way ANOVA with Tukey’s multiple comparisons test.

All statistical tests and graphs were generated using PRISM 7

(GRAPHPAD) and edited for clarity in Illustrator (Adobe). In

addition effect size was calculated using the Cohen’s difference

(d ) of the mean method [28,29].
 g
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3. Results
In a previous study of opossum uterine transcriptomes we

found that some cytokine gene transcripts were substantially

more abundant at terminal pregnancy relative to NP samples

[26]. These included pro-inflammatory cytokine genes such

as IL1A, IL6, IL10, IL17A and TNF. The pregnancy time point

assessed in that study was only the last 24 h of gestation. There-

fore, the inflammatory response could not be specifically

attributed to parturition or other aspects of pregnancy. Here

we have assessed the transcription of these pro-inflammatory

cytokine genes by qPCR to quantify cytokine transcript levels

at additional pregnancy time points, focusing in particular

around attachment (E12) and parturition (E14). We normalized

transcription levels of target genes relative to two reference

genes, YWHAZ and TBP.

In a study of opossum uterine transcriptomes, IL1A had

significantly more transcripts in terminal pregnant than NP

samples [26]. IL1A transcripts were low at E3 and in the NP

samples, however were measurable at all other pregnancy

time points and P1 (figure 1a). The abundance of IL1A tran-

scripts is higher at E9, E10 and E11 than E3. This was not

significant, likely due to variance in E9, E10 and E11 samples.

The IL1A transcript levels decreased on E12, the day the shell-

coat breaks down and the embryo attaches to the maternal

endometrium, and remained low on E13 as well (figure 1a).

Consistent with our previous report, IL1A transcript levels

then increased on E14, the last day of pregnancy (figure 1a).

IL1A transcript levels at E14 were higher than E3, E12, E13,

P1 and NP. The effect size based on the differences of the

means of E13 and E14 was very large (figure 1 legend).

IL1B was not among those genes with significantly

differentially abundant transcripts in the opossum uterine tran-

scriptome results [26]. However IL-1b expression is known to

change at the fetomaternal interface during pregnancy and

labour in humans and, therefore, it was investigated here further

[30–32]. IL1B consistently had low transcript levels throughout

pregnancy until after parturition in opossum uterine tissue

(figure 1b). IL1B transcription was significantly higher at P1,

with a very large effect size, when compared with all other

time points including NP.

IL6, IL17A and TNF all had significantly more transcripts in

pregnant versus NP tissue according to the opossum uterine

transcription study [26]. All three cytokine genes had consist-

ently low to undetectable transcription at time points other

than E14 (figure 1c–e). Transcription levels for IL6, IL17A
and TNF at E14 were significantly higher than at all other

time points including NP, and the effect sizes were all very

large.

Although IL8 was not one of the original cytokines ident-

ified as upregulated during opossum pregnancy, it was
examined here because it is associated with parturition in

eutherian pregnancy [33]. IL8 transcripts were low from

E3 through E13 with a slight, but not significant, increase on

E12 (figure 1f ). Transcript levels significantly increased

with a very large effect size, on E14 and P1 just before and

after parturition relative to other stages of pregnancy and NP

controls (figure 1f ).
IL10 transcripts were identified as more abundant in preg-

nant than NP opossum tissue in the transcriptome study [26].

Moreover, IL-10 is a cytokine that is thought to play an impor-

tant part in regulating the maternal immune system during

eutherian pregnancy [34]. In pregnant opossum uterine tissues

IL10 transcripts remained low with a slight, but not significant,

increase on E12 and E13 (figure 1g). Transcription of IL10 did

significantly increase with a large effect size at terminal preg-

nancy on E14 and significantly decreased after parturition on

P1. IL10 transcription levels were significantly higher at E14

than all other pregnant time points and controls (figure 1g).
4. Discussion
Inflammation at the fetomaternal interface is one of the major

causes of pregnancy complications [12]. In humans it can

lead to spontaneous abortion, pre-term birth, pre-eclampsia,

and is even associated with lifelong conditions affecting the

child such as autism and schizophrenia [35,36]. However, at

two points during eutherian pregnancy pro-inflammatory

cytokines appear to be beneficial and, perhaps, necessary.

The first is during the peri-implantation period when the

embryo implants into the maternal endometrium [37]. Studies

have shown that human in vitro fertilization can benefit from a

minor wound at the implantation site to induce an inflam-

mation response [16]. The second point when inflammation

is beneficial is at parturition. At parturition, pro-inflammatory

cytokines play a role in the ripening of the cervix and initiating

the onset of labour in humans [38–41]. Uncontrolled inflam-

mation at other times during pregnancy is associated with

pre-eclampsia and miscarriage [42–45].

Since eutherians benefit from pro-inflammatory cytokines

at both implantation and parturition, marsupials, which

share a common viviparous ancestor with eutherians, might

be expected to share this reproductive trait or provide insights

into its origins. Here we have shown that the transcription of

pro-inflammatory cytokines during parturition at the feto-

maternal interface in a model marsupial, M. domestica, is

similar to the pattern of cytokine expression seen in eutherian

parturition. The results presented are consistent with an

ancient role of these cytokines in mammalian birth.

Of the pro-inflammatory cytokine genes tested, only IL1A
exhibited moderate levels of transcription prior to attachment

(figure 1a). Embryonic day 12 is when the opossum embryo

loses its shell coat and attaches to the maternal endometrium

and nourishment shifts from being provided by uterine

secretions to haemotrophe from maternal circulation [24,46].

In mice IL-1a is expressed by endometrial cells during the

pre-implantation period [47,48]. In murine pregnancy

embryos implant around day 5 of gestation, which is also

when IL-1a expression decreases [47]. This is similar to the

pattern we observed in M. domestica uterine tissues where

IL1A transcription decreased on E12 (figure 1a). The IL1A
transcription levels did not significantly increase until

E14 at parturition before dropping again on P1 (figure 1a).
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Figure 1. Cytokine transcript abundance for IL1A (a), IL1B (b), IL6 (c), IL17A (d), TNF (e), IL8 ( f ), and IL10 (g) as measured by qPCR. The y-axis is the fold change
transcription relative to reference genes YWHAZ and TBP. The x-axis represents time points; E12 represents attachment and E14 represents imminent parturition. Lines and
bars represent mean and upper and lower SEM. Grey dots represent expression levels of individual samples. p-Values based on ANOVA are indicated as *p , 0.05 for
comparisons between specified time points, **p , 0.05 for comparisons for the indicated time point and all other time points, †p , 0.05 for comparisons between
specified time point and all other time points with the exception of P1, and ‡p , 0.05 for comparisons between specified time point and all other time points with the
exception of E14. The measures of effect size as determined using Cohen’s d were: (a) d ¼ 3.14 for E14 versus E13; (b) d ¼ 3.91 for P1 versus E14; (c) d ¼ 4.72 for E14
versus E13; (d ) d ¼ 6.77 for E14 versus E13; (e) d ¼ 1.87 for E14 versus E13; (f ) d ¼ 2.94 for E14 versus E13; and (g) d ¼ 4.59 for E14 versus E13.
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Table 1. Similarity of pro-inflammatory cytokine profiles among vertebrates at the fetomaternal interface near parturition. Y, present; N, not present; Y/N,
species dependent; U, not conclusive, or contradictory in the literature; n.d., not determined.

IL-1a IL-1b IL-6 IL-17 TNF IL-8 references

opossum Y N Y Y Y Y [26], and this study

human Y Y Y Y Y Y [30,38,53,58,66,67]

mouse U Y Y U Y U [68 – 70]

lizard Y/N Y/N n.d. n.d. n.d. n.d. [51,71,72]

shark Y Y n.d. n.d. n.d. n.d. [50]
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IL-1a also has increased expression at parturition in humans,

though not as much as IL-1b [49].

In humans IL1B mRNA transcription in the choriodeci-

dua increases in the third trimester when compared with

the first and second [30]. However, IL1B is also upregulated

in post-labour choriodecidual tissues. This is similar to our

observations in the opossum where the only significant

increase or IL1B transcripts are on P1 (figure 1b). Human

choriodecidua also has higher IL-1b protein content in the

third trimester compared with earlier pregnancy, but the

IL-1b concentration did not significantly increase before

labour compared with after [30]. Expression of IL-1 is

observed not only in the mammalian term uterus, but also

in those of squamate reptiles and cartilaginous fishes

[49–52]. Therefore, the IL-1 system is likely an important

component of parturition in even the earliest viviparous ver-

tebrates, which has been preserved in many extant lineages

[52]. Since human blastocysts express IL-1, IL-1 receptors

and IL-1 antagonists, there is speculation that the IL-1

system is used as a means of communication and regulation

between embryo and mother [18].

IL6 transcription at the opossum fetomaternal interface

was low during pregnancy, peaked at parturition and

dropped afterwards (figure 1c). Similarly, during human

labour, IL-6 levels are also elevated at the fetomaternal inter-

face [53–55]. IL6 mRNA is significantly more abundant in

human myometrium and choriodecidua after the onset of

labour than prior to labour [38]. It is possible that this is ana-

logous to a state of labour in the opossum. However in other

marsupials labour is brief; it is only a matter of minutes in

macropods [56].

The patterns of transcription over the course of pregnancy

for TNF and IL17A were virtually identical to that of IL6 in

the opossum (figure 1c–e). TNFa is a cytokine that has

been shown to be elevated in human parturition [53]. How-

ever in other eutherians, such as cows, TNFa expression

actually decreases at parturition [57], indicating that elevated

TNFa levels at this time point is not a strongly conserved

mammal characteristic. Pongcharoen et al. [58] demonstrated

that IL-17 is expressed in human terminal pregnancy explants

as well. Unfortunately, their examination did not include

earlier pregnancy time points for comparison.

Increased IL-8 expression is associated with parturition in

eutherians [33,57,59]. Therefore, we expected to see IL8 tran-

scription peak on E14 (figure 1f ). It is somewhat surprising

that IL8 transcription was not identified as significantly

increased in our previous transcriptome study [26]. A pos-

sible explanation is that the parameters used to identify

differential transcription were too stringent to include IL8 in
the list of significantly differentially abundant transcripts.

Human choriodecidual and myometrial tissues have signifi-

cantly greater IL8 transcription after the initiation of labour

than before [38].

IL10 gene transcripts were significantly increased at par-

turition in the opossum as well (figure 1g). In human

placenta IL-10 expression has been reported as normally

downregulated at term labour compared with first and

second trimester expression levels [60]. There are conflicting

reports on IL-10 expression at the fetomaternal interface at

term pregnancy in humans. One report did not find a signifi-

cant change in IL-10 expression between human laboured

and non-laboured decidual cells [61]. Another found that

choriodecidual tissue had significantly less IL-10 expression

after labour onset compared to term pre-labour tissue [62].

Regardless of which report is most representative of human

cytokine production at labour, our observations of increased

IL10 transcription in opossum placental tissues appears to

diverge from the human norm.

Recently, Griffith et al. [63] demonstrated increased

transcription of pro-inflammatory cytokines following attach-

ment and prior to parturition in the opossum. Their results

are entirely consistent with what is presented here. These

investigators however attribute the increased presence of pro-

inflammatory transcripts to be an inflammatory response to

the attachment, analogous to implantation in eutherians. This

is certainly a viable hypothesis. Indeed, in some species,

inflammation appears to be dependent upon an allogeneic

immune response. In cows, for example, if the mother and

fetus are too genetically similar the allogeneic response is insuf-

ficiently strong to expel the fetal tissues from the womb [64].

Furthermore, opossums have been shown to lack many of

the mechanisms important to controlling allogeneic responses

against the fetus. For example, marsupials lack the FoxP3
enhancer element that enables peripheral regulatory T cells

(pTregs) specific to paternal alloantigens to be generated at

the fetomaternal interface [65].

Nonetheless, we believe our results are consistent

with the transcription of pro-inflammatory cytokines being

associated more closely with parturition at day 14 and

not a response to attachment at day 12. The profile of

pro-inflammatory cytokines at terminal pregnancy in the

opossum overlap with those found associated with parturi-

tion in eutherians and other distantly related viviparous

vertebrates (table 1).

An alternative mechanism to attachment for the trigger of

pro-inflammatory cytokine production and parturition in the

opossum is needed. One hypothesis would be developmental

triggers of parturition similar to those seen in eutherians [73].
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These could be based on fetal developmental stage, senes-

cence of fetal membranes, maternal hormones or perhaps

some combination. This could account for the pronounced

pro-inflammatory cytokine transcription only just prior to

parturition in M. domestica. While the upstream trigger of

parturition remains unknown, it may be more analogous

to the cervical ripening and uterine contractions seen in

eutherians. In other words, it is the pleiotropic nature

of pro-inflammatory cytokines performing their role in

parturition, not an inflammatory reaction per se.
In conclusion, we propose that pro-inflammatory cyto-

kine expression at the fetomaternal interface is an ancient

characteristic of the therian lineage and is possibly a key

factor in the evolution of mammalian parturition.
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