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Abstract
The mammalian placenta is the site of exchange of nutrients and waste between mother and embryo.
In humans, placental insufficiency can result in intrauterine growth retardation, perinatal death and
spontaneous abortion. We show that in C57BL/6J mice a null mutation in the gene encoding the
transcriptional corepressor, Tgif, causes placental defects. The major defects are decreased
vascularization of the placenta, due to a decrease in the fetal blood vessels, and decreased expression
of the gap junction protein Gjb2 (Cx26). These defects result in severe growth retardation in a
proportion of Tgif null embryos in Tgif heterozygous mothers, and an overall growth delay in Tgif
null animals. Placental defects are much more severe if the mother also completely lacks Tgif
function, and placentas from heterozygous Tgif embryos are defective in a Tgif null mother. Embryo
transfer experiments show that even the placenta from a wild type embryo is compromised in the
absence of maternal Tgif. These results demonstrate that Tgif functions in the normal development
of the placenta, and suggest a role for maternal factors in regulating the morphogenesis of
embryonically derived placental tissues.
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Introduction
The mammalian placenta provides a large surface area over which exchange of nutrients and
gases between the mother and embryo occurs. In humans, placental insufficiency can result in
intrauterine growth retardation (IUGR), which is the second leading cause of perinatal death,
affecting up to 6% of human pregnancies. Abnormal development of the villi or extravillous
trophoplasts in humans, which results in decreased feto-maternal exchange, is associated with
complications including spontaneous abortion, preeclampsia and IUGR (Kingdom et al.,
2000). Although there are some differences between mouse and human placentas, they are
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functionally equivalent and many of the important gene products, which regulate placental
development, are conserved (Cross et al., 2003).

In mice, placentation initiates with the development of the trophectoderm, which differentiates
to form all trophoblast lineages of the placenta (Cross et al., 2003). Following implantation,
the mural trophectoderm forms primary trophoblast giant cells and penetrates the uterine
stroma. The polar trophectoderm, which forms adjacent to the inner cell mass, includes
progenitor cells that differentiate into secondary trophoblast giant cells, ectoplacental cone
(EPC) and extraembryonic ectoderm. Both primary and secondary giant cells undergo multiple
rounds of endoreduplication, resulting in cells with as high as 1024N DNA content (Varmuza
et al., 1988; Zybina and Zybina, 1996). The EPC and extraembryonic ectoderm cells remain
diploid, and give rise to the spongiotrophoblast and labyrinth layers of the chorio-allantoic
placenta (Cross et al., 2003). In culture, the progenitor cells of both the extraembryonic
ectoderm and the EPC will differentiate to form trophoblast giant cells (Tanaka et al., 1998),
although their ultimate fate in vivo is to form either chorionic trophoblasts or
spongiotrophoblasts. This observation has led to the concept that differentiation to the giant
cell lineage may be a default pathway, and that differentiation to other lineages requires other,
distinct signals (Cross et al., 1994). In support of this, several genetic mutations that result in
perturbations of trophoblast differentiation, lead to over-production of trophoblast giant cells
and deficiencies in spongiotrophoblast and labyrinthine trophoblasts (reviewed in (Cross et al.,
1994)). For example, mutations in genes such as Mash2, Arnt and Socs3 (Guillemot et al.,
1994; Kozak et al., 1997; Takahashi et al., 2003; Tanaka et al., 1997), result in an absence of
spongiotrophoblast cells and loss of the labyrinth, with compensatory increases in giant cell
numbers.

Within the labyrinth, the closely interdigitated maternal and fetal blood spaces allow for the
normal exchange of nutrients, oxygen and waste products between mother and embryo (Watson
and Cross, 2005). The initial formation of blood spaces begins at embryonic day 9 (E9), as the
primary villi develop over the chorionic surface. As these vessels develop, they undergo
repeated branching, and form an intricate pattern of smaller capillaries (Cross et al., 2006). The
initiation of this branching requires the Gcm1 transcription factor, which is expressed at the
tips of the villi as long as they are undergoing branching (Anson-Cartwright et al., 2000; Basyuk
et al., 1999). Targeted mutations of other genes have been shown to affect the formation of the
fetal vasculature within the labyrinth, but it is not always clear whether this is a primary effect
on vascularization or vessel branching, or secondary to other defects in placental development
(Watson and Cross, 2005). The close apposition of fetal vessels and maternal blood spaces
within the labyrinth allows for the transfer of nutrients between mother and embryo. This
transfer requires nutrients to pass through the cells which line and separate the maternal and
fetal circulation (Malassine and Cronier, 2005; Watson and Cross, 2005). Connections between
these cells are formed by gap junctions, which are made up of clustered transmembrane
channels, consisting of 12 subunit complexes of connexins linking one cell to the next. These
intercellular connections allow the passage of small molecules and metabolites. Gap junctions
formed by the connexin, Cx26, are required for transplacental glucose uptake in the mouse
placenta (Gabriel et al., 1998). From E10, Cx26 is expressed in labyrinth of the placenta, in
regions where maternal-fetal exchange is occurring. Deletion of the mouse Cx26 gene results
in reduced glucose uptake by the embryo, embryonic growth retardation and death by E11,
suggesting an essential role for Cx26 gap junctions in placental function (Gabriel et al.,
1998).

TGIF (TG-interacting factor) is a transcriptional repressor, which recruits general corepressor
proteins, including CtBP, mSin3 and histone deacetylases (Melhuish et al., 2001; Melhuish
and Wotton, 2000; Sharma and Sun, 2001; Wotton et al., 2001; Wotton et al., 1999b). A second
TGIF-like protein (TGIF2) has been identified and shown to perform many of the same
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functions as TGIF (Imoto et al., 2000; Melhuish et al., 2001; Melhuish and Wotton, 2006). In
mice and humans, both TGIF and TGIF2 are widely expressed, suggesting possible functional
redundancy (Imoto et al., 2000; Jin et al., 2005). TGIF was originally identified by its ability
to bind a specific retinoid response element (Bertolino et al., 1995). More recently, TGIF has
been shown to regulate transcription by binding to the retinoid receptor, RXR, and recruiting
corepressors, such as CtBP (Bartholin et al., 2006). TGIF also regulates activation of gene
expression by the Smad proteins in response to transforming growth factor β (TGFβ) signaling
(Wotton et al., 1999a). In response to TGFβ, Smad2 and Smad3 are phosphorylated by
TGFβ receptors, form a complex with the co-Smad, Smad4, and activate target gene expression
(Massague et al., 2005). TGIF competes with coactivators for Smad interaction, and recruits
corepressors to limit the transcriptional activation of TGFβ/Smad target genes (Wotton et al.,
1999a).

In humans, mutations in TGIF are associated with holoprosencephaly (HPE), a prevalent
human genetic disease affecting craniofacial development (Hayhurst and McConnell, 2003;
Muenke and Beachy, 2000). Targeted deletion of Tgif in mice suggests that even in the
homozygous null state, HPE-like phenotypes are not found at any significant frequency
(Bartholin et al., 2006; Jin et al., 2006; Mar and Hoodless, 2006; Shen and Walsh, 2005).
Although some laterality defects and altered cell cycle progression in cultured cells isolated in
from Tgif null mice were observed (Mar and Hoodless, 2006), a clear role for Tgif in mouse
development has not been identified. Here, we show that Tgif loss of function in a relatively
pure C57BL/6J strain causes severe placental defects, primarily due to loss of Tgif function
from the mother. After E9.5, a proportion of Tgif null embryos were severely growth retarded,
and by E18.5 the average weights of wild type and Tgif null embryos were significantly
different. Severely growth retarded embryos had placental defects, affecting both the size and
vascularity of the labyrinth. Surprisingly, when the mother lacked Tgif altogether, defects in
the embryo derived layers of the placenta were more frequent and more severe. The placentas
of embryos from Tgif null mothers exhibited defective development of fetal blood vessels
within the labyrinth, and reduced expression of Cx26. These results suggest that Tgif regulates
placental development, and provide evidence for maternal regulation of the morphogenesis of
embryonically derived placental tissues.

Materials and methods
Tgif gene disruption and mice

The Tgif null mutation has been described previously (Bartholin et al., 2006). Mice from the
F1 generation were back-crossed 5 times to C57BL/6J to generate the N6 generation. All
procedures were approved by the Animal Care and Use Committee of the University of
Virginia.

DNA and RNA analyses
DNA was purified from tail snip (at P21) or yolk sac using Promega Wizard kit, or HotShot
(Truett et al., 2000), and genotyped as described (Bartholin et al., 2006). RNA was isolated in
Trizol, purified using an Rneasy Mini Kit (Qiagen), DNAse1 treated and repurified using
Absolutely RNA kit (Stratgene). RNA was isolated from whole placenta (maternal and
embryonic) from pooled litters of either wild type or Tgif-/- in-crosses. For qRT-PCR, cDNA
was generated using Superscript III (Invitrogen), and analyzed in triplicate by real time PCR
using a BioRad miniOpticon and Sensimix Plus SYBRgreen plus FITC mix (Quantace). Primer
pairs were selected using Primer3 (http://frodo.wi.mit.edu/, see Table S1 for sequences).
Expression was normalized to cyclophilin using the delta Ct (Livak) method, and is shown as
mean plus standard deviation of triplicates.
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Histology and embryo analyses
Placentas were fixed in 4% paraformaldehyde or Carnoy's fixative, embedded in paraffin.
5μm sections were de-paraffinized with Safeclear (Fisher) and stained with hematoxylin and
eosin (H&E), or for immunofluorescence, sections were incubated with a rabbit polyclonal
antibody to laminin (EY labs), Alexafluor 546-labeled goat anti-rabbit (Invitrogen) and
Hoechst 33342 (Sigma). Rabbit antibodies against Cx26, Cx31 and Cx43 were from Invitrogen.
For immunochemistry, antibody staining was detected using a Vectastain ABC kit (Vector
Labs), developed with Impact DAB (Vector Labs), and counterstained with hematoxylin
(Sigma). Images were captured using an Olympus BX51 microscope and DP70 digital camera,
and manipulated in Adobe Photoshop.

Placental area and embryo and mouse weight
The relative cross-sectional areas of E10.5 placentas were determined from H&E stained
Carnoy's fixed sections. Pixel areas were measured in Adobe Photoshop. A single section from
the center of each placenta was used, based on the site of umbilical attachment. For analysis
of maternal blood spaces and fetal blood vessels, 20× images of a central region of the labyrinth,
from central placental sections were analyzed similarly. E18.5 embryos, or mice at P21, were
weighed, and average weights analyzed as raw weight, or relative to the litter average. For
detailed quantitative analysis of placental areas, images were captured at 20× magnification
using an Aperio Scanscope.

Embryo transfer
Estrus was induced in C57BL/6J females with 2.5u of Pregnant Mare's Serum Gonadotropin
followed 46h later with 2.5u of human Chorionic Gonadotropin. Females were mated with
vasectomized males. 8-12 wild type ICR embryos at E0.5 were transferred into pseudopregnant
females, and embryos were isolated at E11. Recipient females were between 53 and 96 days
old and weighed between 10.5g and 18.5g at the time of transfer.

Results
A strain specific decrease in embryo viability in Tgif null mothers

Disruption of the mouse Tgif gene does not cause significant defects in a mixed strain
background (Bartholin et al., 2006; Jin et al., 2006; Mar and Hoodless, 2006; Shen and Walsh,
2005). To test whether loss of Tgif caused defects in other genetic backgrounds, we analyzed
our Tgif mutants after six sequential backcrosses to C57BL/6J. In the mixed strain background
we obtained viable, normal mutants, and no significant deviations from the expected genotype
frequencies were observed in the offspring from Tgif heterozygous intercrosses (Table 1,
(Bartholin et al., 2006)). In contrast, when we intercrossed Tgif heterozygous mutants in the
relatively pure genetic background (>98.4% C57BL/6J), 50% of the homozygous mutant mice
were missing by weaning at postnatal day 21 (P21), suggesting embryonic or neonatal lethality
(Table 1).

We next crossed Tgif null animals with heterozygotes. In the C57BL/6J background, the
number of homozygous null animals born to heterozygous mothers was reduced by about half
(Table 1). However, when the mother was null for Tgif and the father heterozygous we obtained
only four viable litters, and only three Tgif null mice were weaned from them. In the mixed
strain background, there was some decrease in the number of homozygous mutants weaned
from homozygous null mothers, but with this number of animals the decrease was not
significant (Table 1). We were able to isolate embryos at E10.5 from heterozygous by
homozygous null crosses, even when the mother was the null. This suggests that the lack of
weaned mice from C57BL/6J Tgif null mothers was due to a failure to maintain the pregnancy.
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Growth defects in Tgif null mice
We noticed that a proportion of the embryos at E9.5-E18.5 from heterozygous intercrosses
were significantly smaller than the average. Almost all the smaller embryos were Tgif-/-,
suggesting that there may be a growth delay in a proportion of Tgif null embryos from as early
as E9.5. To test whether there was a more general growth retardation in Tgif null embryos, we
weighed 152 embryos at E18.5 from heterozygous intercrosses. Embryo weights were
normalized by litter and expressed as a percentage of the litter average. The average weight of
wild type and heterozygous embryos was almost identical, whereas the homozygous null
embryos were on average lighter (Figure 1A). Analysis of 102 mice weaned at P21 from
heterozygous intercrosses, (excluding severely runted animals; <50% of the average litter
weight), revealed that the Tgif null mice were on average about 20% lighter than their
littermates (Figure 1B). At both E18.5 and P21, the difference between wild type and
homozygous null animals was highly statistically significant by Student's T test, while no
significant difference between the wild type and heterozygous mutants was seen at either stage.

To test whether Tgif null mice catch up with their littermates following weaning, we measured
the weights of 28 male mice over a period of 20 weeks. These mice were obtained from 8 litters
from heterozygous intercrosses, and were housed in equal numbers per cage, grouped by litter.
The average weight of homozygous mutants remains below that of either wild types or
heterozygotes, and as a group they do not catch up by 20 weeks of age (Figure 1C). Comparison
of each individual mutant to the average shows that most mutants are smaller at weaning and
do not fully catch up with their littermates by 20 weeks of age. Similar results were obtained
with female mice (data not shown). Thus, it appears that the growth retardation suffered in
utero persists as the mice mature.

Labyrinth defects in Tgif mutants
In cases where Tgif null embryos were severely reduced in size, the placenta was also
incompletely formed, and often appeared to have reduced vascularization (Figure 1D, E). When
these placentas were sectioned and stained with hematoxylin and eosin (H&E), it appeared that
in the mutant, the labyrinth was reduced in thickness (black bars in Figure 1F). Even when the
embryo was less severely affected, the mutant placenta was often abnormal, with a thinner,
less well developed labyrinth. At E9.5, we observed a range of placental defects, which varied
in severity from those that were indistinguishable from wild type, to very severe cases (Figure
S1A-C, and data not shown). In less severely affected mutants some formation of fetal blood
vessels within the labyrinth was visible, and fetal blood cells were seen within them (Figure
S1A, B). In more severely affected mutants, there were almost no vessels visible and the entire
labyrinth appeared compacted (Figure S1C). Similarly, at E13.5, embryos that were
significantly smaller than their littermates were almost always Tgif null, and had placental
defects. The severity of the placental defect at E13.5 generally correlated with the degree of
growth retardation of the embryo (for example, Figure S1D-F). From our analysis of embryos
at E9.5-E13.5, we estimate that severe placental defects affect around 10% of the Tgif null
embryos from heterozygous intercrosses.

A maternal contribution to the placental defect
Since the Tgif genotype of the mother affected embryo viability, we analyzed placental defects
in Tgif null mothers at E10.5. Although very few mice were weaned from homozygous mutant
mothers, relatively normal numbers of embryos were found at E10.5 (Table 1). Sections from
E10.5 placentas were stained with H&E, and the central sections identified based on the site
of umbilical attachment. To span the range of possible genotypes, we analyzed placentas from
heterozygous embryos in wild type, heterozygous and homozygous mutant mothers, as well
as completely wild type or Tgif null placentas. H&E stained sections of representative placentas
are shown in Figure 2. There is a clear decrease in overall placental size between the two
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extremes; wild type embryo from wild type mother, compared with Tgif null embryo from
Tgif null mother (Figure 2A, E). In addition, the size of the placenta from heterozygous embryos
also decreases from wild type to heterozygous, to homozygous Tgif mutant mother (Figure 2B-
D). More strikingly, there is an apparent compaction of the labyrinth, which correlates with
maternal genotype (Figure 2F-J). This is indicative of a decrease in the number of fetal blood
vessels or maternal blood spaces within the labyrinth. Thus in a well-developed wild type there
are numerous fetal vessels in close proximity to the maternal blood spaces (Figure 2F), whereas
with loss of Tgif from both mother and embryo, there appear to be fewer blood spaces and fetal
vessels and they are less closely intermingled (see Figure 6 for quantification). This is also
apparent at lower magnification, and there is a clear contribution of the maternal genotype to
the development of the labyrinth, which, other than maternal blood, is composed entirely of
embryo-derived cells (Figure 2K-M). We also noticed that in defective labyrinths, there often
appeared to be fewer, large maternal blood spaces with very few surrounding fetal vessels
(compare 2K and M). The giant cell and spongiotrophoblast cell layers were both visible in
the fetal regions of the placenta from all genotypes analyzed, although there was often a
decrease in the size of these layers in defective placentas (Figure 2K-M).

We examined a number of placentas from heterozygous embryos in each maternal genotype
at E13.5. It appears that by this stage differences in the overall size of the placenta are less
obvious and that those embryos present at this stage in homozygous null mothers have an
apparently more normally vascularized labyrinth. Figure 2N-P shows representative central
regions of the labyrinths from heterozygous embryos from each maternal genotype. In the
mutant mother, the labyrinth appears to be relatively better formed (compared to the wild type)
than at E10.5, but is still somewhat less well vascularized. Taken together, these data suggest
that there is an important contribution of the maternal genotype to the development of the
embryo-derived regions of the placenta.

Correlation between an abnormally small labyrinth and growth retarded embryos
To compare differences in placental size more quantitatively, we analyzed the size of the
placenta from seven litters (48 placentas) from heterozygous by homozygous null crosses (three
in which the mother was Tgif-/- and four with Tgif+/- mothers), as well as 23 placentas from
wild type mothers crossed to heterozygous males. To allow us to make a relatively simple
comparison of a large number of samples, we selected central sections and measured the cross-
sectional area of the entire placenta, and of the maternal decidua and embryonic region
independently. The overall size of the placenta was slightly smaller in both heterozygous and
homozygous mutant mothers, compared to wild types (Figure 3A). Comparison of only
heterozygous embryos in each of the three maternal genotypes revealed that this decrease in
placental cross-sectional area was significant. Interestingly, the areas of the embryo-derived
regions of the placenta, from Tgif mutant mothers was dramatically smaller than in wild type
mothers (Figure 3B). Again, this difference appeared to track more with the maternal genotype
than the embryonic. We observed less difference in the size of the decidua than in the embryonic
regions, although there was a significant difference between wild type and homozygous null
(Figure 3C). These results suggest that while the most severe defects are in the embryo-derived
layers of the placenta, the maternal Tgif genotype plays the major role.

To determine whether a defective placenta, as judged by cross-sectional area of the embryonic
region, correlated with embryo defects, we compared embryos from the litters analyzed above.
In a heterozygous mother, 13.6% of the mutant embryos had a serious growth delay, whereas
none of the heterozygotes did (Figure 3D). This agrees well with our estimate of the frequency
of severe placental defects from heterozygous intercrosses. In a mutant mother more than 10%
of heterozygous embryos were delayed and almost a quarter of the homozygous mutants
showed some delay or defect (Figure 3D). In contrast, we observed only one delayed embryo
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in a wild type mother in this sample. Comparison of the proportion of defective heterozygous
embryos in each maternal genotype again revealed an increase in the severity of defects with
decreasing number of Tgif alleles in the mother. The relative cross-sectional area of the
embryonic placentas varied considerably within individual litters (Figure 3E). In litters in
which the area did not vary by more than about 20% from the litter mean, we did not generally
find growth retarded embryos; for example, the first litter from a heterozygous mother shown
in Figure 3E (the corresponding embryos are shown in the same order as the placenta size is
plotted). When we identified a placenta in which the area was reduced by significantly more
than 25% compared to the litter average, the embryo was clearly growth retarded. Two
examples are shown in Figure 3E, for a growth retarded homozygous null embryo in a
heterozygous mother and a heterozygous embryo in a homozygous mutant mother. Thus it
appears that considerable variation in placental size can be tolerated, but if it decreases too far,
then embryonic development is compromised.

Decreased expression of trophoblast markers in Tgif null placentas
We next analyzed marker gene expression in placentas pooled from whole litters, of Tgif null
or wild type in-crosses. E9.5 placental RNA was analyzed by qRT-PCR from four wild type
and four Tgif null litters. We first tested expression of the spongiotrophoblast and giant cell
markers, Tpbpα and Hand1. Expression of both genes was reduced in at least two of the Tgif
mutant litters, whereas, expression of Actin, Hand2 and Tgif2 was not (Figure 4A-E). We next
tested expression of the genes encoding three transcription factors, with roles in the formation
of specific placental structures or cell types. Mash2 is required for the development of
spongiotrophoblasts, Gcm1 for syncytiotrophoblasts, and both Gcm1 and Tfeb are important
for branching of fetal vessels within the labyrinth. Expression of the genes encoding all three
of these proteins is generally lower in the Tgif null placentas (Figure 4F-H). Similarly,
expression of the giant cell specific genes, PL-I and PL-II, was decreased in Tgif mutant
placentas (Figure 4I, J). PL-I and PL-II are members of the prolactin (PRL) family of hormones,
which in rodents has undergone considerable gene duplication, resulting in a large family of
related genes, many of which are expressed exclusively in trophoblast cells (Soares et al.,
2007). However, in mice, two members of this family, PLP-J and decidual PRL-related protein
(dPRP), are expressed only in the decidua. We, therefore, tested expression of PLP-J and
dPRP to determine whether the decrease in expression of placenta-specific genes was specific
to trophoblasts or also affected maternal tissue. We observed no decrease in expression of either
dPRP or PLP-J (Figure 4K, L), whereas expression of three trophoblast-specific PRL family
members (proliferin [Plf], proliferin 4 [Plf4] and proliferin related protein [Prp]) was
decreased in the mutants, as seen for other trophoblast specific markers (Figure 4M-O).

Mutations in a number of genes in mice have been shown to affect implantation and
decidualization, (Lee et al., 2007; Wang and Dey, 2006). To begin to test potential changes in
decidualization in the absence of Tgif, we analyzed the expression of a panel of genes by qRT-
PCR. The genes analyzed encode transcriptional regulators, such as CoupTFII, the
progesterone receptor and Ncoa2, and signaling molecules such as Bmp2 and IL-11Rα, all of
which play a role in decidualization. As shown in Figure S2, we did not observe a significant
decrease in the expression of any of them. Furthermore, analysis of the expression patterns of
the Ptgs2 and CEBPβ proteins, which are required for normal decidualization, was not changed
in the absence of Tgif (data not shown). Taken together, these data demonstrate that in the
Tgif null placenta there is decreased expression of numerous trophoblast specific genes,
including markers of several trophoblast cell types, such as giant cells and spongiotrophoblasts.
In contrast, expression of decidua-specific genes appeared not to be affected.

To confirm the decrease in multiple trophoblast cell types indicated by qRT-PCR, we analyzed
the cross sectional areas of placentas from heterozygous embryos isolated from either wild
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type or Tgif null mothers in greater detail. As shown in Figure 5A (see also Figure 3), placentas
from wild type mothers were somewhat larger than those from Tgif null mothers. This decrease
in size affected primarily the embryonic regions of the placenta rather than the decidua
(compare Figure 5B and 5F), despite the fact that the embryonic genotype was constant. Indeed,
as a proportion of the total area, the decidua was slightly greater in the null mother than the
wild type. When we quantified specific areas within the embryonic placenta, it was clear that
in the absence of Tgif the labyrinth and the giant cell and spongiotrophoblast areas were all
significantly smaller (Figure 5C-E). Together with the decreased expression of markers of
different trophoblast cell types, this suggests an overall decrease in the differentiation or
development of the major trophoblast cell types from TS cells in the absence of Tgif.

Decreased labyrinth vascularization in placentas lacking Tgif
To identify fetal vessels within the labyrinth, we stained central sections from a number of the
placentas isolated from various Tgif mutant crosses with a laminin specific antibody. Laminin
is present on the basal lamina of fetal capillaries, but is not detected in maternal blood spaces
(Natale et al., 2006). We stained the same sections with Hoechst 33342, to identify the giant
cells, and to distinguish between maternal blood and the nucleated fetal blood. In wild type
mothers, numerous small fetal vessels form an intricate pattern throughout the labyrinth out to
the giant cell layer, and this appears not to be affected by whether the embryo is wild type or
heterozygous for Tgif (Figure 6A, B). This is indicative of a highly branched network of fetal
vessels, which are in close apposition to maternal blood spaces (arrows [fetal] and arrowheads
[maternal] in 6A-E). In a placenta from a heterozygous Tgif embryo from a Tgif null mother,
while there is clearly some branching of the fetal vessels close to the chorion (Figure 6D), they
have not formed the network of small vessels seen in placentas from wild type mothers
(compare 6B and D). In the most severe cases, the formation of branched fetal vessels is even
more dramatically reduced in embryos from a homozygous null mother (Figure 6E). There is
some branching of fetal vessels from the chorion, but very few of the smaller fetal capillaries
can be seen and there are very few fetal blood vessels between the giant cell layer and the major
branches from the chorion (Figure 6D). Even in the placenta from a heterozygous embryo in
a heterozygous mother, there is some decrease in the intricacy of the network of fetal blood
vessels (Figure 6C), compared to placentas from wild type mothers. There also appears to be
some disruption of the maternal blood spaces. However, this is more variable, with an apparent
decrease in the number of maternal blood spaces in some defective placentas (for example
compare 6C and D), and a few, larger maternal blood spaces visible in others.

To more quantitatively compare maternal and fetal blood spaces, we determined the relative
areas occupied by each in fixed areas within the labyrinth from multiple central sections of
each genotype. Representative H&E stained images of the regions analyzed for placentas from
heterozygous embryos in each maternal genotype are shown in Figure 6F-H. There was a
significant difference in fetal vessel area between heterozygotes from wild type and Tgif null
mothers (Figure 6I). The fetal vessel cross-sectional area in heterozygous mothers was also
less than that in wild types, but was not statistically significant with the number of sections
analyzed. In contrast, we did not see any consistent changes in the areas occupied by maternal
blood spaces (Figure 6I). Together, these data suggest that there is a decrease in vascularization
of the labyrinth in Tgif mutants, and that this defect results primarily from loss of Tgif from
the mother, with a lesser dependence on embryonic Tgif.

Decreased Cx26 expression in Tgif null mothers
We were interested to know whether the decrease in vascularization might be accompanied by
other defects in vessel structure and function. Expression of a number of gap junction proteins
(connexins) has been documented within the murine placenta (Malassine and Cronier, 2005).
Interestingly, connexin 26 (Cx26, or Gjb2) is required for trans-placental glucose uptake, and
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mutation of the Cx26 gene results in embryonic growth retardation (Gabriel et al., 1998). We
therefore tested expression of Cx26 by qRT-PCR in the panel of E9.5 placental RNAs used
before. Expression of Cx26 was dramatically decreased in all four mutant litters, by an average
of four-fold compared to the wild type average (Figure 7A). We also observed a smaller
decrease in Cx31 expression (Figure 7B), but did not see a dramatic decrease in expression
levels of any of several other connexins (Figure 7C-F). Interestingly, Cx43 expression was
consistently increased in the mutants by a little more than 50% (Figure 7E).

To test whether the decrease in Cx26 expression seen by qRT-PCR reflected a more serious
defect in placental structure, we analyzed expression of Cx26 by immunostaining. As shown
in Figure 7, Cx26 was observed in a pattern that approximately surrounds the fetal blood
vessels. Comparison with adjacent sections stained with laminin shows that although this is
generally true, in some places Cx26 expression is seen more towards adjacent maternal blood
spaces (Figure S3). However, in severely defective placentas with few fetal vessels, Cx26
expression is dramatically reduced, even when large maternal blood spaces are present (Figure
S3E). Interestingly, careful comparison of placentas from heterozygous embryos in wild type
and Tgif null mothers revealed decreased Cx26 staining in placentas from null mothers (Figure
7 J, K). As shown in Figure 7L (arrow), gaps in the normally contiguous band of Cx26 were
readily visible between fetal vessels and maternal blood spaces in placentas from Tgif null
mothers.

We did not see any dramatic differences in Tgif null mothers for Cx31 staining, which is
expressed in a punctate pattern throughout the labyrinth, rather than the tight association with
fetal vessels seen for Cx26 (data not shown). We also analyzed the expression pattern of Cx43
in sections of E10.5 placentas, since its expression measured by qRT-PCR was consistently
increased in the mutants (Figure 7E). In contrast to the labyrinth specific expression of Cx26,
Cx43 was found exclusively in the decidua at this stage of gestation (Figure S4). Expression
was seen throughout the decidua, up to the giant cell layer of the embryonic placenta, and was
particularly intense surrounding maternal blood vessels in the decidua (Figure S4). By E12.5,
Cx43 expression is also found in giant cells and spongiotrophoblasts (Plum et al., 2001), but
we did not see any increased expression of Cx43 in the embryonic regions of Tgif null placentas
at E10.5. Together these data suggest that there is a specific decrease in Cx26 expression in
the absence of Tgif, whereas, expression of other connexins is not dramatically altered.

Loss of maternal Tgif causes placental defects
The previous analyses indicate a contribution of the maternal genotype to development of the
embryonic placenta. However, where the mother is null for Tgif, the embryo has at least a
heterozygous mutation, such that we cannot rule out an effect of a predisposing mutation in
the embryo. We, therefore, performed embryo transfer experiments in which wild type ICR
embryos at E0.5 were transferred into the oviduct of pseudopregnant wild type or Tgif null
C57BL/6J mice, and placentas were isolated at E11. Embryo transfer to wild type recipients
was quite successful, with four of five recipients carrying embryos at E11, and 74% of the
embryos (34/46) transferred to these four still present at E11 (Figure 8A). In contrast, only one
of eight Tgif null recipients still had embryos at E11, and only 6 of the 12 embryos transferred
to this individual survived to E11. We did not observe a significant number of resorbing
embryos, suggesting that Tgif null females may also have defects in uterine function, resulting
in lower rates of implantation. However, we cannot rule out the possibility that the nature of
the embryo transfer experiment itself also contributed to the apparent increased failure of
implantation. From natural matings, of 17 mutant mothers for which vaginal plugs were
observed, 11 (65%) had embryos at E9.5 or E10.5, with an average of 5.6 embryos per female.
For comparison, 13 out of 17 wild type mothers (76%) had embryos at E9.5/E10.5, with an
average of 6.4 embryos per litter. Thus, it appears that with natural matings there is not a

Bartholin et al. Page 9

Dev Biol. Author manuscript; available in PMC 2009 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dramatic difference in the implantation rate between wild type and mutant mothers. However,
analysis of late stage embryos from matings in which the mother was Tgif null reveals that
most litters are lost after mid-gestation, with only two of nine mothers (22%) which plugged
having embryos by E18.5.

To test whether placental development is impaired in a wild type embryo in a Tgif null mother,
we sectioned placentas from the Tgif null and from three wild type embryo transfer recipients.
We did not observe a decrease in overall placental cross-sectional area, or in the embryonic
region specifically, in the Tgif null recipient. However, analysis of central sections of the
labyrinth from 10 placentas from wild type mothers and five from the Tgif null revealed a
decrease in the amount of fetal blood vessels (Figure 8B). Although this did not quite reach
significance, it clearly points to a contribution of the maternally expressed Tgif to development
of the fetal vessels. Examination of the H&E stained sections indicated that the labyrinth
appeared to be less well vascularized, with less intimate contacts between fetal vessels and
maternal blood spaces (Figure 8C-F). We next examined laminin and Cx26 staining in sections
from either wild type or Tgif null recipients. As shown in Figure 8 (G-J), there was an overall
decrease in the number of fetal vessels outlined by laminin, and a similar decrease in the amount
of Cx26 staining, suggesting that even when maternal blood spaces are present, Cx26
expression is decreased if the number of fetal vessels is reduced. Together, these data clearly
point to a major contribution of maternally expressed Tgif in the development and function of
the embryonic placenta.

Discussion
Here we show that loss of Tgif function in the mother has severe consequences for the
development of the embryonic regions of the placenta. In contrast to the minimal effects of
Tgif loss of function on a mixed C57BL/6J x 129Sv/J strain background, we observed
embryonic or neonatal lethality with about 50% penetrance in a relatively pure C57BL/6J
background. In the mixed strain, this lethality is presumably compensated for by genetic
determinants from the 129Sv/J strain background. We do not know what these strain specific
differences are, and their identification is complicated by the partially penetrant and variable
nature of the defects. We do not yet know what causes the majority of the lethality of Tgif null
animals in heterozygous intercrosses, and this will be the subject of future work. However, we
have clearly demonstrated that Tgif null mothers have severe placental defects, which are also
present sporadically in heterozygous mothers, particularly if the embryo is homozygous null
for Tgif.

In heterozygous intercrosses, severe placental defects were seen in only a small proportion of
the mutant embryos. We also observed some post-natal growth delay in Tgif null mice. This
may, at least initially, be a consequence of placental defects, but could also be due to
independent effects of loss of Tgif on the adult mice. In homozygous Tgif null mothers the
embryonic and placental defects were both more severe and more frequent, and defects were
clearly seen even in placentas from heterozygous embryos in this maternal background. This
suggests that there is an important function of maternally expressed Tgif that affects the normal
development of the embryonic placenta. Comparison of the fetal vasculature suggests that even
a heterozygous mutation in Tgif in the mother can cause defects in development of the
embryonic regions of the placenta. However, in most cases this is not enough to cause severe
embryonic defects. That a proportion of the placentas from homozygous Tgif null embryos in
this background have severe defects clearly suggests that loss of expression of Tgif in the
placenta itself can contribute to the phenotype. Thus the function of both maternally expressed
and embryonic Tgif appear to be required for normal placental development.
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From the analysis of the severity of placental defects, and associated embryonic growth
retardation in embryos and mothers of different Tgif genotypes, it appears that loss of Tgif
function from the mother is the major contributing factor. The best test for this is to transfer
wild type embryos to Tgif null mothers, to completely rule out the possible requirement for a
predisposing mutation in the embryo. Our attempts to do this clearly point to a problem with
homozygous Tgif null mothers, since only one of eight Tgif null recipients was successful,
compared to four out of five wild types. We did not observe a significant number of resorbing
embryos at E11, suggesting that the mutants may have a problem with implantation. Although
this may be pointing to a genuine defect, one success out of eight likely over-estimates the
severity of potential implantation defects in Tgif null animals, and we cannot rule out a
contribution of the embryo transfer procedure to this. Further work will be required to carefully
test possible implantation defects. Interestingly, analysis of placental sections from the mutant
recipient demonstrated that there were defects in the fetal blood vessels within the labyrinth.
Since the transferred embryos were wild type, and of a different strain background (ICR), this
result strongly suggests that loss of Tgif function from the mother is enough to cause defects
in the development of the embryo-derived portions of the placenta. The embryos obtained from
the Tgif null recipient in this transfer experiment were not obviously defective, suggesting that
the changes in placental structure were not severe enough to result in embryonic growth
retardation of a wild type embryo. However, since only one mutant recipient had embryos at
E11 and the phenotypes seen in the Tgif null C57BL/6J strain are variable in severity, it is
possible that this one represents the mild end of the spectrum.

Despite the significant contribution of the maternal genotype, the major defects in the placenta
appear to be in embryo-derived structures. The majority of other targeted mutations in mice
that affect the development of the embryonic placenta are due to the lack of a particular gene
in the embryonic tissue itself. In many cases such defects are severe enough that the additional
effect of homozygous loss of gene function in the mother has not been, or cannot easily be
tested. Like the Tgif mutation described here, mutation of the IL-11Rα gene results in a failure
of null females to carry embryos to term, while mutant mice were born at normal mendelian
ratios to heterozygous mothers (Bilinski et al., 1998). Although defects in development of the
embryonic placenta were observed, they were accompanied by a failure of normal
decidualization, suggesting that the primary defect in the absence of IL-11Rα may be in the
maternal tissue, followed by degeneration of the embryonic placenta. Interestingly, it was
recently demonstrated that an ovary and uterus-specific deletion of the gene encoding the
COUP-TFII nuclear receptor results in defects in both the uterus and placenta, suggesting that
loss of a maternal transcription factor can affect placental development (Petit et al., 2007).
Maternal loss of COUP-TFII also resulted in altered trophoblast differentiation and decreased
vascularization due to a defective labyrinth. The mutations in Tgif and COUP-TFII may
represent a paradigm for placental development in which the maternal function of regulators
of placental development are required. In the case of Tgif, it appears that both maternal and
embryonic functions are required for normal placental development. This suggests that in the
absence of Tgif the maternal environment can predispose to placental defects, which are
enhanced by lack of Tgif in the embryo. The maternal effect of loss of Tgif could be due to
defects in decidualization or other uterine functions. Our attempts so far to identify defects in
the decidua in the absence of Tgif have not been successful. Thus at least at a gross level, the
predominant defect is in formation of the embryonic regions of the placenta. However, we are
unable to rule out more subtle changes in the decidua in the absence of Tgif, and further work
will be required to fully explain the mechanism of the maternal effect.

Many mutations in mice cause what has been termed a small labyrinth phenotype, with reduced
vascularization (Watson and Cross, 2005). In addition, a number of mutations in specific
placental regulators result in an alteration of the balance between giant cells and
spongiotrophoblasts, with trophoblast cells preferentially differentiating to one cell type versus
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another. Our analysis suggests that either trophoblast differentiation is decreased in general,
or the development of mature spongiotrophoblasts and giant cells is delayed. There is evidence
for involvement of both Nodal and RA signaling in the differentiation of trophoblast stem cells.
Loss of Nodal expression in the mouse placenta results in an absence of spongiotrophoblasts,
a decrease in the labyrinth, and an expansion of the number of giant cells (Ma et al., 2001). In
contrast to the role of Nodal, RA signaling increases giant cell formation at the expense of
spongiotrophoblasts (Yan et al., 2001). Our analysis of both gene expression and of specific
areas within the placenta suggests that the formation of both spongiotrophoblasts and giant
cells is compromised in the mutants, making it less likely that the underlying defect is simply
due to deregulation of either the Nodal or RA pathway. Additionally, we have not detected any
dramatic deregulation of either pathway in the Tgif null placentas. Interpretation of the
phenotype within the context of a single pathway is also complicated by the contributions of
both maternal and embryonic Tgif.

In addition to altered trophoblast differentiation, there is a clear defect in the formation of the
intricate pattern of small, highly branched fetal vessels in the labyrinth, with only a few larger,
less branched vessels extending from the chorion in the severe mutants. Since we did not
observe defects in chorio-allantoic fusion, this may point towards a defect in vessel branching.
Many signaling pathways are implicated in branching morphogenesis, including Wnt and FGF
signaling (Cross et al., 2006). We have no evidence that Tgif regulates these pathways directly,
and it is possible that the defects are due to indirect effects via TGFβ/Nodal and/or RA
signaling. In addition to the overall decrease in vascularization in Tgif null placentas, we
observed a specific and consistent decrease in expression of Cx26, which is known to be
required for transplacental glucose uptake (Gabriel et al., 1998). Since expression of Cx26
decreased in the absence of Tgif, it is unlikely that Tgif itself directly regulates Cx26 gene
expression, as Tgif is an obligate repressor. Indeed, since there is a delay in trophoblast
development in the absence of Tgif, it may be that defects in the Cx26 gap junctions are
secondary to defective or delayed formation of the normal trilaminar trophoblast layer which
separates maternal and fetal blood (Watson and Cross, 2005).

In summary, loss of Tgif causes defects in the embryonic placenta, which appear to be primarily
dependent on loss of Tgif function from the mother. That the maternal effect is primary may
have implications for recurrent spontaneous abortion and other complications of human
pregnancies that cannot be explained by embryonic defects. Our results with Tgif may represent
a paradigm for the role of maternal factors in regulating the development of the embryonic
placenta.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Tgif null mice are growth retarded
A) The weights of 152 embryos at E18.5 from 20 litters of Tgif heterozygous intercrosses were
determined. The average weight (+/- s.d.) is plotted for each genotype. B) 102 mice were
weighed at P21, and the average weight for each genotype is plotted. In the left hand panels
for A and B, raw weights in grams are plotted and in the right hand panels, the normalized
weights are shown as a percentage of the average litter weight. The significance for the
difference between wild type and homozygous mutants, as determined by a Student's T test,
is shown above each graph. C) 50 mice from 8 litters of heterozygous intercrosses were weighed
at P21, and at intervals thereafter, up to 20 weeks of age. The average (+/- s.d.) weight of male
mice for each genotype is plotted. D) A wild type and a growth retarded Tgif-/- E9.5 embryo
are shown. E) Wild type and mutant placentas are shown. F) An H&E stained section through
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the center of each placenta is shown (10× magnification). Black bars indicate the thickness of
the labyrinth.
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Fig. 2. Defects in the embryonic placenta from Tgif mutant mothers
A-E) H&E stained sections through central sections of E10.5 placentas from the indicated
Tgif genotypes are shown (2× magnification). F-J) 40× images of the labyrinth of the
corresponding placentas shown in A-E. Arrows indicate fetal vessels, arrowheads show
maternal blood spaces. K, L, M) 10× images of placentas from heterozygous embryos in each
maternal genotype are shown. The decidua (D), giant cell (GC) and spongiotrophoblast (Sp)
areas, as well as the labyrinth (L) and chorion (ch) are shown. N, O, P) 20× images of central
regions of the labyrinth of E13.5 placentas from heterozygous embryos in each maternal
genotype are shown. Arrows and arrowheads indicate fetal and maternal blood spaces
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respectively. The genotype of both the mother (M) and the embryo (E) are indicated for all
sections.
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Fig. 3. Decreased placenta size in Tgif null mothers
The cross-sectional area of central sections of E10.5 placentas of the indicated genotypes was
determined. Data is presented as box-plots (median, upper and lower quartiles and extremes)
for total placenta (A), the embryonic region (B) and the decidua (C). The significance levels
(by T test) for pairwise comparisons of placentas from heterozygous embryos in each maternal
genotype are shown. D) Embryos from the crosses analyzed for placental area were scored for
growth delay or defect. The number of normal and defective embryos for each genotype is
plotted. The percentage of delayed or defective embryos for each genotype is also shown. E)
The relative area of the embryonic placenta for each of three litters is plotted, as a proportion
of the litter average. The embryos from each litter are shown from left to right in the same
order as the labyrinth area. The maternal genotype is shown, and delayed embryos and the
corresponding placental areas are indicated by arrows.
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Fig. 4. Defective trophoblast development in Tgif null placentas
RNA was isolated from whole E9.5 placentas, pooled by litter. Genotypes were either wild
type or Tgif null (mother and embryos), as indicated. Expression of the indicated genes,
analyzed by qRT-PCR, is plotted in arbitrary units, normalized to cyclophilin (mean + sd of
triplicates). The dashed lines indicate the average expression level for each gene among the
four wild type samples.
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Fig. 5. Decreased trophoblast cell areas in placentas from Tgif null mothers
Central sections of E10.5 placentas from heterozygous embryos in either wild type (N=9) or
Tgif null mothers (N=10) were analyzed for relative area by cell type. Areas are presented as
box-plots (median, upper and lower quartiles and extremes), with the median value for the wild
type in each case set to 100. Areas quantified were whole placenta (A), the decidua (B),
trophoblast giant cells (C), spongiotrophoblasts (D), and labyrinth (E). In addition the overall
area of the embryonic regions was analyzed (F). The significance levels (by T test) for
comparisons of placentas from each maternal genotype are shown. The embryonic and
maternal genotypes are shown below.
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Fig. 6. Abnormal fetal blood vessels in Tgif null labyrinths
A-E) Central sections of placentas of the indicated maternal (M) and embryonic (E) genotypes
were examined by indirect immunofluorescence. Staining with a laminin specific antibody, to
visualize fetal vessels, is shown in red and Hoechst stain for DNA is shown overlayed in blue
(right hand panels). The regions shown at higher magnification are indicated by a white box
in the left hand panels. GC, giant cell; ch, chorion. Arrows and arrowheads indicate fetal and
maternal blood spaces respectively. Images were captured at 4× (left) and 20× (right). F, G,
H) 20× images of representative areas of H&E stained placental sections used for quantitative
analysis of blood spaces. I) Central regions of the labyrinth from central placental sections
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were analyzed for the relative areas taken up by fetal blood vessels and maternal blood spaces.
Data is shown as box plots (as in Figure 3), in arbitrary units.
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Fig. 7. Connexin expression in Tgif null placentas
A-F) The expression of the indicated connexin genes was analyzed at E9.5 by qRT-PCR, and
is presented, as in Figure 4. G-L) Sections of E10.5 placentas from heterozygous embryos in
either wild type or Tgif null mothers were stained with a Cx26 antibody. Images were captured
at 10× (G, J), 40× (H, K) and 100× (I, L). Maternal (m) and fetal (f) blood spaces are indicated.
The arrow in L shows a region of disorganized Cx26.
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Fig. 8. Defective wild type placentas in Tgif null mothers
A) A summary of the embryo transfer experiments is shown. Wild type ICR embryos at E0.5
were transferred to the uteri of pseudopregnant wild type or Tgif null C57BL6/J mice, and
placentas were isolated at E11. B) Quantitative analysis of the relative areas of maternal and
fetal blood spaces in the labyrinths of central sections of placentas from the embryo transfer
experiments. C-F) Representative H&E stained images of the labyrinth of placentas from
embryo transfer experiments. Images were captured at 4× (C, E) and 10× (D, F). G-J)
Immunostaining for laminin or Cx26 is shown (captured at 20×) in placentas from embryo
transfer experiments. The genotype of the recipient mothers is shown in all panels.
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