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Abstract
Objective—To elucidate and categorize the murine placental hormones expressed across
gestation, including the expression of hormones with previously undescribed roles.

Study design—Expression levels of all genes with known or predicted hormone activity
expressed in two separate tissues, the placenta and maternal decidua, were assessed across a
timecourse spanning the full lifetime of the placenta. Novel expression patterns were confirmed by
in situ hybridization and protein level measurements.

Results—A combination of temporal and spatial information defines five groups that can
accurately predict the patterns of uncharacterized hormones. Our analysis identified Secretin, a
novel placental hormone that is expressed specifically by the trophoblast at levels many times
greater than in any other tissue.

Conclusions—The characteristics of Secretin fit the paradigm of known placental hormones and
suggest that it may play an important role during pregnancy.
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1. Introduction
The placenta has evolved to mediate the fetal maternal exchange of nutrients, wastes, and
gases that is required for fetal development within the mother, and to act as an endocrine
organ that modulates maternal physiology during pregnancy. This is a complex task, as
maternal physiology must be adapted to meet the nutritional needs of the fetus, to prevent
maternal immune rejection of the fetus, and to prepare the mother to provide for the needs of
the newborn following parturition [1,2]. Dozens of placental hormones have been identified,
and the recent discovery of several novel placentally produced members of the prolactin
gene family [3] suggests that we have yet to describe the full range of placental hormones.

In this report, we have used full genome expression profiling of two separate tissues, the
placenta and maternal decidua, to define the full spectrum of murine placental hormones [4].
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We assessed expression levels of all genes with known or predicted hormone activity across
a timecourse spanning the full lifetime of the placenta. Using this unique dataset, we have
identified novel placental hormones, including Secretin.

2. Materials and methods
2.1. Tissue preparation for microarray analysis

Placenta and decidua from pregnant Swiss Webster mice were dissected throughout the
course of gestation and analyzed using Affymetrix mouse 430 2.0 Microarray. Mouse
handling and dissections were approved under Stanford IACUC 13646. Placentas from e8.5,
e9.0, e10.5, e12.0, e15.0, e17.0 were profiled using biological triplicates whereas e13.5,
e19.0 and P0 were profiled using biological duplicates [4]. RNA was isolated from placenta
and decidua using the Ambion Rnaqueous kit, treated with Dnase at 37° C for 20 min
according to the manufacturers instructions, then extracted with phenol chloroform and
ethanol precipitated using glycogen as a carrier. Five μg starting RNA was used for each
sample and cRNA was prepared as previously described, except that double stranded cDNA
was purified using a column from Affymetrix. All steps were carried out using Affymetrix
reagents according to the manufacturer’s instructions. For each sample 20 μg of cRNA was
fragmented using KOAc RNA fragmentation buffer, then hybridized to an Affymetrix
mouse 430 2.0 microarray using standard hybridization procedures (www.affymetrix.com).
The hybridization was conducted by the Stanford Protein and Nucleic Acid Biotechnology
Facility.

2.2. Microarray data analysis
Arrays were normalized to the same median intensity using the dCHIP invariant set method
[5] and modeling was performed using the dCHIP Perfect Match (PM) modeling algorithm.
Prior to further analysis, all probe sets not expressed above background levels were
eliminated. To this end, probe sets were filtered to include only those for which at least two
arrays had an absolute expression value over 200 and at least two arrays were called
“Present” by the dCHIP software. All expression values were then log 2 transformed, and
the Statistical Analysis of Microarrays (SAM) [6] ‘multiclass’ function was used to identify
probe sets for which there is a statistically significant difference between one or more
timepoints using an estimated false discovery rate (FDR) of <0.1%. Of the 113 genes
annotated with the molecular process term “hormone activity” by Gene Ontology
(www.geneontology.org), this approach identified a total of 41 that are expressed above
background levels and demonstrate a significant change in expression during the timecourse
in either fetally or maternally derived placental tissues. Two of the original list of annotated
hormones, Janus kinase 3 and arylsulfatase A, were removed due to strong evidence against
hormone function. Hierarchical clustering was performed using dCHIP. Before clustering,
dCHIP linearly scales the expression values for a gene across all samples so that they have a
mean of 0 and a standard deviation of 1. These standardized values are then used to calculate
the Pearson correlations between genes and to guide the merging of nodes during the
clustering process. The standardized values are also used in generating the clustergrams.

2.3. RNA in situ hybridization
Placental samples for in situ hybridization were collected from pregnant Swiss Webster
females at e10.0 and e17.0. Placentas were fixed in 4% paraformaldehyde, infused with
sucrose, then embedded in OCT and stored at −80° C until sectioning. Digoxigenin labeled
riboprobes were generated from linearized plasmids for each of the hormones (Dr. Mark
Krasnow’s laboratory at Stanford University). In situ hybridization was conducted at 55° C
overnight on e17.0 and e10.0 placental sections using standard procedures. Digoxigenin
signal was detected using a Roche (Indianapolis, IN, USA) anti-digoxigenin alkaline
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phosphatase conjugated antibody. Staining was performed for 4–6 h using Roche
(Indianapolis, IN, USA) NBT and BCIP; counterstaining was done with Biomeda (Foster
City, CA, USA) nuclear fast red.

2.4. Western blot
Increasing amounts (25 mg, 50 mg and 75 mg) of protein from mouse placentas at different
developmental stages (E7.5, E10.5, E15.5 and E18.5) were separated by SDS-PAGE,
followed by immunoblot analysis with antisera against Secretin (Abbiotec, San Diego, CA
#250853) and β-tubulin (loading control).

2.5. TS cell culture
Trophoblast stem (TS) cells provided by Tilo Kunath and Janet Rossant were grown at 37
°C and 5% CO2 in humidified incubators as previously described [23,24]. TS cells were
grown in TS cell medium containing 20% fetal calf serum (Hyclone, Logan, UT), 1 mM
sodium pyruvate (Gibco), 2 mM glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin,
100 μM β-mercaptoethanol, 25 ng/ml human Fgf4 (R & D systems, Minneapolis, MN), and
1 μg/ml heparin (Sigma, St. Louis, MO) in DMEM/F12 with 15 mM Hepes (Invitrogen,
Carlsbad, CA). To maintain undifferentiated TS cells, TS cells were either grown on
irradiated mouse embryonic fibroblast feeders or grown in TS cell media supplemented with
10 ng/ml human Activin (R&D systems, Minneapolis, MN).

3. Results
3.1. Genome wide expression analysis reveals novel placental hormones

In order to define the full spectrum of murine placental hormones, we assessed a
comprehensive microarray dataset of placental and decidual gene expression ([4]; GEO#
GSE11224, GSE11222, GSE11220). This dataset contains nine stages throughout gestation
dissected into placenta and decidua, including e8.5, e9.0, e10.5, e12.0, e13.5, e15.0, e17.0,
e19.0 and P0. We examined this comprehensive dataset for all genes annotated with the
molecular process term ‘hormone activity’ by Gene Ontology (www.geneontology.org),
identifying 113 genes. Expression levels of these 113 predicted hormones were analyzed
across a timecourse that spans the full lifetime of the placenta and decidua, from
chorioallantoic fusion to term (Fig. 1). To ensure identification of hormones with significant
placental roles, we first filtered the hormone list to include only genes with expression above
background levels for at least one timepoint. We then used Statistical Analysis of
Microarrays (SAM) to identify hormones that change significantly over our timecourse in
either placental or decidual tissues, with an estimated false discovery rate (FDR) of <0.1%.
Out of the 113 predicted hormones, this strategy identifies 41 hormone-encoding genes with
significant placental expression. These genes are shown in Fig. 1, clustered according to
their expression profiles in placental and decidual tissues. The eight genes listed in red have
no previously described role in the placenta. Genes shown in black or blue have previously
described roles as placental hormones. For those shown in black, placental expression has
been verified at one or two timepoints by RT-PCR, northern analysis, or in situ
hybridization. For those shown in blue, however, no expression pattern has been described
(Fig. 1).

3.2. Placental and decidual expression patterns define placental hormone co-expression
groups

Having identified 41 placental hormones, we performed hierarchical clustering to identify
co-expression groups (Fig. 2). Because these groups are based on expression data from two
separate tissues, placenta and decidua, they give us information about not only the timing
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but also the location of hormone expression. We therefore assigned spatial expression
pattern predictions to each co-expression group, as indicated by the group labels in Fig. 2.
We made these assignments based on two pieces of information: first, the expression
patterns we would predict based on our knowledge of specific cell types and their
movements within the developing placenta, and second, the known expression patterns of
characterized placental hormones within the group. For example, we predict that any
hormone expressed primarily in the junctional zone or labyrinth will have expression levels
that are high in placental tissues but near background in decidual tissues, whereas the
reverse will be true for decidually expressed genes. These are the basic patterns we see in
Group 2 (Junctional Zone), Group 3 (Late Decidua/Invasive trophoblast giant cells (TGCs)),
and Group 4 (Early Decidua). Migratory TGCs, which invade the maternal decidua, are
predicted to have expression in both placenta and decidua, with expression in the decidua
increasing in late gestation as more cells migrate. We see two variations of this pattern in
our data, as Group 1 represents early expression and Group 5 represents late expression in
this cell type. Detailed expression profiles for genes in each group are shown in Fig. 2.

3.3. Co-expression groups predict expression patterns of placental hormones
The co-expression groups allow us to predict expression patterns for several novel placental
hormones, as well as for hormones that have a described role in the placenta but lack
information on mouse placental expression. Among these genes, Secretin, Pramef12, and
Galanin are all unknown murine placental hormones that fall within clusters containing
known genes with simple expression patterns. To determine the expression patterns of these
genes, we conducted in situ hybridization on e10 and e17 placental sections. As shown in
Fig. 3, predictions based on co-expression group assignments are supported by the in situ
hybridization results. The most striking expression pattern is that of Secretin, which
demonstrated the greatest absolute expression levels on our array profiles (Figs. 1 and 2).
We find that Secretin is strongly expressed in migratory TGCs and in TGCs and
spongiotrophoblasts within the junctional zone at e10 and e17, with additional lighter
staining within the labyrinth layer at e10 and scattered staining in the labyrinth at e17 (Fig.
3a). The expression profiles predicted Secretin’s strong expression in migratory TGCs and
are consistent with its junctional zone and labyrinth expression, although they could not
predict the full complexity of the pattern. Also consistent with the co-expression group
predictions, Pramef12 is expressed in the junctional zone and labyrinth at e10 and in the
junctional zone at e17, while Galanin has a variable pattern at e10 and is expressed in the
junctional zone at e17.

3.4. The placenta is the major producer of Secretin
Secretin stands out among the newly identified placental hormones. Its placental expression
levels are in the range of those demonstrated by important placental hormones, and it is
clearly expressed in both TGCs and spongiotrophoblasts, the expression locations most
commonly associated with known placental hormones. Therefore, we used a combination of
RT-PCR, western, and publicly available expression databases to further characterize the
expression pattern of Secretin in the placenta and in other tissues of the body. First, we
conducted RT-PCR to verify the placental expression of Secretin in the placenta and in two
trophoblast cell types in culture. As shown in Fig. 3, RT-PCR confirms the Secretin
expression profile generated in the array analysis and demonstrates that Secretin is
preferentially expressed in differentiated trophoblast cells, rather than in trophoblast stem
cells, in vitro (Fig. 3b and c). Next, we asked how the expression levels of Secretin in the
placenta and in trophoblast cells in vitro compare to Secretin expression levels in other
tissues. Secretin has a well characterized role in the gastrointestinal system, with expression
reported mainly in duodenum and jejunum [7]; more recently expression has also been
described in the brain and in many regions of the developing fetus [7,8]. Using RT-PCR, we
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find that placental expression of Secretin overwhelms expression in two previously reported
Secretin expressers, the developing embryo (at e17) and the adult brain, as well as the
expression in ES cells (Fig. 3d). Furthermore, to determine whether Secretin protein is
present, we analyzed Secretin protein expression within the placenta throughout gestation
(Fig. 3e). As anticipated by the RNA results, we found that Secretin protein is expressed
within extraembryonic tissues as early as e7.5 and continues to be expressed within the
placenta until e18.5. Overall, the Secretin expression data suggests that it may play a key
role in murine placentation.

In order to expand our comparison to include additional Secretin expressers, such as the GI
tract, and to include embryos of different developmental stages, we used the Novartis
GeneAtlas dataset [9,10]. This dataset includes expression levels for 36,182 genes in a total
of 61 different tissue types or cell populations. A comparison of Secretin expression in all 61
tissues, generated by the Novartis SymAtlas website (http://symatlas.gnf.org), demonstrates
that Secretin expression in the placenta exceeds that in any other tissue, including tissues of
the GI tract, developing embryo, and brain, by approximately forty fold (Fig. S1). The only
other tissues with expression levels above background are the large intestine, the small
intestine, embryo day 6.5, and embryo day 7.5. The Secretin expression identified in day 6.5
and 7.5 embryo samples lends additional support to the primary role of the trophectoderm in
Secretin expression, since the extraembryonic ectoderm and ectoplacental cone (both of
which are composed of trophectoderm cells) were included with the e6.5 and e7.5 embryo
samples used in the GeneAtlas dataset, while all extraembryonic tissues were removed from
later stage embryonic samples.

4. Discussion
In this report, we defined five placental hormone groups whose members demonstrate
remarkably similar spatial expression patterns. These groups, constructed from expression
patterns, succeeded not only in classifying hormones with previously described patterns, but
also predict the in situ patterns of the three hormones tested. This success is remarkable
given the complexity of placental tissues and the diversity of cell types that composes both
placental and decidual tissues used in our analysis. Our ability to classify the hormones into
groups that demonstrate such similar expression patterns is likely dependent on two
characteristics of this gene set. First, it appears that the hormones demonstrate a
preponderance of relatively simple expression patterns, minimizing pattern classification
errors due to overlapping array profiles of distinct, complex patterns. Second, many
hormones are expressed at very high levels and exhibit dramatic expression level changes
throughout the course of pregnancy, minimizing the effects of background noise and minor
sample to sample variation. This method of classification may therefore work well for other
gene groups that similarly have a large representation of simple expression patterns and
demonstrate dramatic expression changes.

Of the novel placental hormones identified in this analysis and investigated by in situ
hybridization, one, Secretin, has a well characterized role in the gastrointestinal system and
one, Pramef12, is uncharacterized. Secretin is expressed in several trophectodermal
subtypes, with expression levels that dwarf the expression found in other tissues. Secretin
has a well characterized role in the gastrointestinal system, and is produced by the
duodenum and jejunum in response to gastric acid influx. It has been extensively studied for
its role in stimulating exocrine release of water and bicarbonate from the pancreas and
inhibiting gastric acid secretion and emptying [7]. In recent years, Secretin has been
recognized as a neuropeptide with actions in the central nervous system [11]. There has been
intense interest in the role of Secretin, particularly in the developing brain, following a
report that autistic children experienced alleviation of symptoms following Secretin
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administration [12]. While the effect was not seen in the vast majority of subsequent clinical
trials [13–15] one study found an effect among subset of autistic children with GI symptoms
[16]. Both the Secretin knockout mouse [17] and the Secretin receptor knockout mouse [18]
demonstrate impaired hippocampal synaptic plasticity, whereas the Secretin receptor
knockout mice also demonstrated abnormal social and cognitive behaviors [18]. These
studies, and the presence of Secretin receptor in the developing fetal brain [19], raise the
interesting possibility that placental Secretin could act either on maternal tissues or on
tissues of the developing fetus. Such action would not be unprecedented, as some placental
hormones are known to be transmitted to the fetus [20]. Furthermore, peripherally
administered Secretin analog can cross the blood brain barrier [21]. There is growing
recognition that the placenta generates hormones critical for neural function prior to the time
such hormones are produced by the fetal brain itself [22], raising the possibility that Secretin
and other recently identified hormones may play significant roles in fetal neurodevelopment.

In addition to Secretin, we found placental expression of Pramef12, an uncharacterized gene
that was electronically annotated as having hormone activity. It is conserved in human, rat
and chimp. We found that it is expressed at e10 in the junctional zone and labyrinth of the
mouse placenta, and at e17 in the junctional zone. To our knowledge, this is the first report
of a possible role for this gene as a placental hormone.

Although human and mouse placentas have many molecular and structural similarities, there
are significant differences between them. This is especially true of the placental hormones,
as many murine placental hormones are known to be rodent specific [4]. While Secretin is
conserved between mice and humans, evidence from term human placenta in the GeneAtlas
human dataset suggests that Secretin expression in human placenta at term is present but
low. It will be of interest to determine whether less mature human placentas express Secretin
at levels similar to those in the term mouse, since the level of development of the mouse
fetus at term is quite different from that of a term infant.

5. Conclusion
As the endocrine organ responsible for mediating maternal fetal exchange and modulating
maternal physiology during pregnancy, the placenta produces a wide variety of hormones.
Here we have defined the full range of murine placental hormones, identified Secretin as a
candidate for an important role in pregnancy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Appendix

Appendix:
Supplementary material Supplementary data related to this article can be found online at
doi:10.1016/j.placenta.2011.08.013.
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Fig. 1.
Placental hormone expression clusters. Using a microarray timecourse for placenta and
decidua throughout mouse gestation 41 hormones were identified. These placental hormones
are clustered according to their expression profiles in the placenta and decidua, with five co-
expression groups indicated by colored bars. Novel placental hormones are shown in red,
while previously described placental hormones are shown in black (expression verified in
mouse placenta) or blue (no described expression pattern in the mouse placenta). Expression
values for each gene across all samples were linearly scaled to have a mean of 0 and
standard deviation of 1; red indicates expression greater than the mean and blue indicates
expression below the mean.
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Fig. 2.
Placental hormone groups. Absolute expression levels across the timecourse were analyzed
separately for the fetal placenta (e8.5 – P0, shown on left side of each graph) and maternal
decidua (e8.5 – P0, shown on right side of each graph). Spatial expression pattern
predictions for each co-expression group are indicated by the group labels: Late TGC Group
1, Junctional Zone Group 2, Late Decidua/Invasive TGC Group 3, Early Decidua Group 4,
and Early TGC Group 5. Hormones that appear more than once are represented by multiple
probe sets on the microarray.
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Fig. 3.
Characterization of Secretin expression in placental tissues. a) In situ hybridization for
Secretin, Pramef12, and Galanin was conducted using e10 and e17 placental sections.
Secretin is strongly expressed in migratory TGCs and in TGCs and spongtiotrophoblasts
within the junctional zone at e10 and e17, with additional lighter staining within the
labyrinth layer at e10 and scattered staining in the labyrinth at e17. Pramef12 is expressed in
the junctional zone and labyrinth at e10 and in the junctional zone at e17. Galanin is
expressed in the junctional zone at e17. b) RT-PCR confirms the Secretin expression profile
generated in the array analysis. c) RT-PCR analysis demonstrates that Secretin is
preferentially expressed in differentiated trophoblast cells compared to trophoblast stem
(TS) cells, in vitro. d) Secretin expression is found at much higher levels in the placenta
(e17) and in TS cells than in the developing embryo (e17), adult brain, or embryonic stem
cells. e) Western blot analysis confirms that Secretin protein levels mimic the RNA
expression levels.
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