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Expression and Functional Analysis of Genes
Deregulated in Mouse Placental Overgrowth
Models: Car2 and Ncam1
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Different causes, such as maternal diabetes, cloning by nuclear transfer, interspecific hybridization, and
deletion of some genes such as Esx1, Ipl, or Cdkn1c, may underlie placental overgrowth. In a previous study,
we carried out comparative gene expression analysis in three models of placental hyperplasias, cloning,
interspecies hybridization (IHPD), and Esx1 deletion. This study identified a large number of genes that
exhibited differential expression between normal and enlarged placentas; however, it remained unclear
how altered expression of any specific gene was related to any specific placental phenotype. In the present
study, we focused on two genes, Car2 and Ncam1, which both exhibited increased expression in interspecies
and cloned hyperplastic placentas. Apart from a detailed expression analysis of both genes during normal
murine placentation, we also assessed morphology of placentas that were null for Car2 or Ncam1. Finally,
we attempted to rescue placental hyperplasia in a congenic model of IHPD by decreasing transcript levels
of Car2 or Ncam1. In situ analysis showed that both genes are expressed mainly in the spongiotrophoblast,
however, expression patterns exhibited significant variability during development. Contrary to
expectations, homozygous deletion of either Car2 or Ncam1 did not result in placental phenotypes.
However, expression analysis of Car3 and Ncam2, which can take over the function of Car2 and Ncam1,
respectively, indicated a possible rescue mechanism, as Car3 and Ncam2 were expressed in
spongiotrophoblast of Car2 and Ncam1 mutant placentas. On the other hand, downregulation of either Car2
or Ncam1 did not rescue any of the placental phenotypes of AT24 placentas, a congenic model for
interspecies hybrid placentas. This strongly suggested that altered expression of Car2 and Ncam1 is a
downstream event in placental hyperplasia. Developmental Dynamics 234:1034–1045, 2005.
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INTRODUCTION

A functional and healthy placenta is
an essential prerequisite for the devel-

opment of all eutherian mammals.
Thus, placental defects that severely
compromise placental function gener-
ally lead to decreased fetal growth and

even death (for review, see Rossant
and Cross, 2001). In recent years,
studies of mouse mutants produced by
targeted deletion of genes involved in
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placentation have started to shed
light on the genes and gene networks
that are involved in normal murine
placentation (Cross et al., 1994;
Rinkenberger et al., 1997; Cross,
2000; Hemberger and Cross, 2001;
Rossant and Cross, 2001). These
mouse models frequently exhibit abla-
tion of a specific placental cell type,
such as the spongiotrophoblast (Guil-
lemot et al., 1994, 1995; Yan et al.,
2001), whereas, deletion of some
genes has resulted in enhanced pla-
cental growth. Placental hyperplasia
for instance is caused by deletion of
the genes Esx1 (Li and Behringer,
1998), Ipl (Frank et al., 2002), and
Cdkn1c (Takahashi et al., 2000). How-
ever, several placentopathies have
been described that cannot be attrib-
uted to the mutation of a single gene,
such as diabetes-induced placental
hyperplasia in humans (Evers et al.,
2003). Placental hyperplasia caused
by streptozotocin-induced type II dia-
betes has also been demonstrated in
the rat (Padmanabhan and Shafiul-
lah, 2001). Interestingly, placental
phenotypes very similar to those of
diabetic rats have been found in
cloned mice (Tanaka et al., 2001) and
in interspecies hybrids in the rodent
genera Mus (Zechner et al., 1996) and
Peromyscus (Rogers and Dawson,
1970). All these placental hyperpla-
sias exhibit several common features,
such as spongiotrophoblast expansion
and increased glycogen cell differenti-
ation, even though they are caused by
very different mechanisms. Thus, the
Esx1 and Ipl mutants are purely ge-
netic models of placental hyperplasia
caused by deletion of a single gene. In
contrast to this, placental hyperplasia
and the other abnormal phenotypes of
cloned mice are caused entirely by dis-
ruption of epigenetic states, as cloned
mice are genetically identical to their
parents and the phenotypes are lim-
ited to the generation that is derived
from cloning (Tamashiro et al., 2002).
IHPD on the other hand has both ge-
netic and epigenetic factors underly-
ing the phenotype. The genetic basis
of IHPD is demonstrated by strong
linkage to the X chromosome (Zechner
et al., 1996; Hemberger et al., 1999).
Thus, placental hyperplasia is mani-
fested in the conceptuses derived from
the cross Mus spretus (MSP) � Mus
musculus (MMU; SM F1), whereas hy-

poplasia is manifested in the reverse
cross MMU � MSP (MS F1). Similarly,
in the backcross MS F1 � MSP (MSS

BC1) hypoplastic placentas are pro-
duced, whereas in the backcross MS

F1 � MMU (MSM BC1) hyperplastic
placentas are produced (Zechner et
al., 1996). In these and in further
backcrosses, placental dysplasia seg-
regates with the X chromosome. Ab-
normal placentation was indeed ob-
served in the AT24 congenic strain of
mice in which the proximal part of the
X chromosome is derived from MSP
(Hemberger et al., 1999). AT24 pla-
centas have only a mild form of hyper-
plasia, with weights ranging between
120 and 200 mg, yet they exhibit the
morphological abnormalities of IHPD
and cloned placentas, such as spongio-
trophoblast expansion and increased
number of glycogen cells (Hemberger
et al., 1999). That epigenetic factors,
apart from imprinted X inactivation in
mouse trophoblast (Takagi and
Sasaki, 1975; West et al., 1977), are
involved in the abnormal placentation
of interspecies hybrids is indicated by
deregulated expression of imprinted
genes (Vrana et al., 2000; Singh et al.,
2004).

In a previous study, we had identi-
fied different sets of genes deregulated
in IHPD and cloned and Esx1 mutant
placentas (Singh et al., 2004). Several
of these genes, including Car2, were
commonly deregulated in IHPD and
cloned placentas, whereas only one
gene, Ncam1, was common between
IHPD and Esx1 mutant placentas, al-
beit in opposite directions (Singh et
al., 2004). Both Car2 and Ncam1 were
upregulated in IHPD placentas. In
our study, Ncam1 expression was not
consistently increased in cloned pla-
centas; however, in another study,
overexpression of Ncam1 as well as
Car2 in cloned placentas was reported
(Humpherys et al., 2002). We had also
reported that Car2 was expressed in
the spongiotrophoblast and in glyco-
gen cells of embryonic day (E) 18 MXM

((MMU � M. macedonicus) � MMU)
and MSM placentas; however, there is
no published information on the ex-
pression of Car2 and Ncam1 in nor-
mal mouse placentas.

Mutations for both these genes have
been described previously (Lewis et al.,
1988; Cremer et al., 1994). Car2 codes
for an enzyme, carbonic anhydrase 2,

which has a well studied role in respi-
ratory gas exchange (Sly et al., 1983,
1985). Normal activity of CAR2 is re-
quired for maintaining normal pH of
blood and other body fluids. This en-
zyme is normally present in erythro-
cytes at a very high level. Spontaneous
mutation of the CAR2 gene in humans
leads to a very variable clinical condi-
tion encompassing reduced growth, re-
nal acidosis, osteoporosis, and reduced
calcification of the bones. An N-ethyl-N-
nitrosourea–induced C 3 T nonsense
point mutation in exon 5 of the Car2
gene in mice causes renal acidosis and
runted growth (Lewis et al., 1988). Dur-
ing gestation, the placenta functions as
the site of gas exchange for the entire
conceptus. Therefore, deletion of Car2
could be expected to cause a placental
phenotype. Ncam1 codes for a neural
cell adhesion molecule and has a role in
the formation of brain, especially the
olfactory lobes. Ncam1 null mice show
reduced brain size with maximum re-
duction in the size of olfactory lobes,
leading to late-onset learning defects
(Cremer et al., 1994). Apart from these
mild effects, the homozygous null mice
for Ncam1 are fertile. To the best of our
knowledge, the functions of these two
genes in normal mouse placentation
have never been assessed. Conse-
quently, this study was initiated to de-
termine whether Car2 and Ncam1 have
functional roles during mouse placenta-
tion as suggested by their deregulation
in the two placental dysplasias with
very different etiology.

We first analyzed the spatiotemporal
expression patterns of Car2 and Ncam1
in wild-type placentas using mRNA in
situ hybridization at various stages of
gestation. A panel of cellular markers
was used to precisely identify the vari-
ous cell types that express Car2 and
Ncam1. In addition, we tried to deter-
mine the function of these genes in nor-
mal placentation by phenotypic analy-
sis of Ncam1 and Car2 null mice; and in
abnormal placentation by analysis of
AT24 placentas with reduced expres-
sion of Car2 and Ncam1.

RESULTS

mRNA In Situ
Hybridizations

To determine the temporal and spa-
tial expression patterns of Car2 and
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Ncam1 in normal placental develop-
ment, in situ hybridization was per-
formed on sections of wild-type pla-
centas between gestational day (E) 8
and E18. At E8, Car2 expression was
found in the embryo, decidua, and the
ectoplacental cone with no discernible
expression in the yolk sac (Fig. 1A,B).
At E10, very high levels of Car2 ex-
pression were seen in the ectoplacen-
tal cone and in the parietal yolk sac,
with lower levels of expression still
remaining in the decidua (Fig. 1C).
However, the layer of primary giant
cells did not express the gene (Fig.
1D). At E12 and E14, Car2 transcripts
were primarily located in the spongio-
trophoblast and in the spongiotropho-
blast-derived glycogen cells; however,
some foci expressing Car2 were also
present in the labyrinth (Fig. 1E,F). In
situ hybridization on adjacent slides
using the spongiotrophoblast-specific
marker Tpbpa showed that a subset of
Car2-positive cells lacked Tpbpa ex-
pression (Fig. 1I,J). Car2 expression
strongly decreased toward the end of
the gestational period, and on E18,
transcripts were found almost exclu-
sively in the decidua (Fig. 1H). The
cell types expressing Car2 in decidua
were found to be glycogen cells (Fig.
1K,L). In contrast to the situation in
wild-type placentas, E18-cloned and
especially IHPD placentas retained
high expression of Car2 (Fig. 1M,O).
This expression of Car2 in cloned and
IHPD placentas was largely but not
exclusively in the labyrinthine glyco-
gen cells, which expressed Tpbpa ei-
ther at very low levels or not at all
(Fig. 1M,N; Fig. 1O,P; Fig. 1Q,R). In
cloned placentas, Car2 and Tpbpa ex-
hibited overlapping expression only in
glycogen cells situated in the decidua
(Fig. 1O,P). In addition, Car2 tran-
scripts could be detected in chorionic
plate of E18 IHPD placentas, where
they were associated with fetal blood
vessels (Fig. 1M). Similar results were
obtained with cloned placentas (Fig.
1O). Car2 expression was never found
in the corresponding structures of wild-
type placentas.

Ncam1 expression was restricted to
the decidua at E8 and E10 (Fig. 2A,B).
At E8, the expression was in the uter-
ine tissue flanking the ectoplacental
cone and surrounding the primary gi-
ant trophoblasts (Fig. 2A). At E10,
only the region around primary giant

cells retained expression of Ncam1
(Fig. 2B). At E12, very low levels of
Ncam1 transcripts were located in the
maternal cells in the decidua, in a sub-
set of spongiotrophoblast cells, and in
the chorionic plate (Fig. 2C). At E14
and E16, Ncam1 was expressed pri-
marily in glycogen cells in the spon-
giotrophoblast and chorionic plate
(Fig. 2D–J). Unexpectedly, in E18
IHPD placentas, Ncam1 transcripts
were detected at ectopic sites, predom-
inantly in labyrinth and maternal de-
cidua (Fig. 2K). In E18 cloned placen-
tas, ectopic expression was also
detected in the labyrinth; however, at
relatively low levels compared with
IHPD placentas (Fig. 2L). The ectopic
expression of Ncam1 in E18 IHPD pla-
centas was mainly harbored in clus-
ters of cells, present in the labyrinth
(Fig. 2M,N). Many such Ncam1-ex-
pressing foci were concentrated near
the chorionic plate region (Fig. 2K,M).
Whereas a diffuse expression of
Ncam1 was present throughout the
labyrinth, the spongiotrophoblast of
IHPD placentas appeared to be devoid
of Ncam1 transcripts (Fig. 2O). In
both IHPD and cloned placentas,
Ncam1 transcripts were not present
in glycogen cells situated in spongio-
trophoblast and labyrinth (Fig. 2N).
However, the very weak Ncam1 ex-
pression in the decidua seemed to be
present also in glycogen cells.

Placentation in Car2�/� and
Ncam1�/� Mice

To determine the function of CAR2
and NCAM1 in normal placentation,
heterozygous matings were per-
formed. From Car2�/� females mated
with Car2�/� males, 37 E18 fetuses
were obtained. Of these, 16 (43.2%)
were wild-type, 16 (43.2%) were het-
erozygous, and 5 (13.5%) were ho-
mozygous mutant for Car2. Placental
weights were 103 � 13.0, 106 � 17.6,
and 93.1 � 11.9 mg, for wild-type, het-
erozygous, and homozygous mutant
placentas, respectively. Student’s
t-test performed between wild-type
and homozygous mutants revealed
that there was no correlation be-
tween Car2 genotype and placental
weights (P � 0.24). From the
Ncam1�/� � Ncam1�/� matings, 44
E18 fetuses were obtained. Distribu-

tion of genotypes was 15 (34.09%)
wild-type, 25 (56.81%) heterozygous,
and 4 (9.09%) homozygous mutants.
Placental weights were, in the same
order, 89.2 � 10.2, 91.5 � 11.2, and
98.5 � 2.30. A Student’s t-test per-
formed between wild-type and ho-
mozygous mutants showed no signif-
icant difference (P � 0.94). Thus,
neither Car2 nor Ncam1 deletion
had significant effects on placental
weight, even though homozygous
mutants were underrepresented in
both the Car2 and Ncam1 matings.
Previous studies had shown that, in
some congenic models of IHPD, pla-
cental overgrowth can be lost but
subphenotypes such as spongiotro-
phoblast expansion may be retained
(Hemberger et al., 1999). We, there-
fore, performed morphometric mea-
surements of the relative areas occu-
pied by decidua, spongiotrophoblast,
including glycogen cells and giant
cells, and labyrinth in the wild-type
and mutant placentas. Averaged
data from two sections from different
regions of two placentas revealed
that there was no significant differ-
ence in the composition of homozy-
gous mutant versus wild-type pla-
centas for either of the two the genes
(not shown). Counting of giant cell
numbers and visual assessment of
the area occupied by the glycogen
cells revealed no discernible differ-
ence between the wild-type and mu-
tant placentas (not shown).

Expression of Functional
Counterpart Genes

It is known that CAR1 and CAR3 are
functionally redundant to CAR2 in
Car2 null mice (Lewis et al., 1988).
The same is true for NCAM2, which
can compensate for NCAM1 in Ncam1
null mice (Alenius and Bohm, 2003).
To see if Car1, Car3, and Ncam2 are
expressed in placentas, and thus could
be responsible for the normal pheno-
types of Car2 and Ncam1 mutant pla-
centas, semiquantitative reverse tran-
scription polymerase chain reactions
(sqRT-PCRs) were performed for Car1
and Car3 in wild-type and Car2 mu-
tant placentas and for Ncam2 in wild-
type and Ncam1 mutant placentas.
All placentas were at E18 of gestation.
This analysis detected high levels of
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Car3 and Ncam2 transcript levels
(Fig. 3E), whereas expression of Car1
was barely detectable after 30 cycles
of PCR amplification (not shown).
sqRT-PCRs detected no consistent ex-
pression differences, for both Car3
and Ncam2, between wild-type and
mutant placentas (Fig. 3E). Compen-
sation for the loss of CAR2 and
NCAM1 by CAR3 and NCAM2, re-
spectively, requires spatially overlap-
ping expression. In situ hybridization
for Car3 and Ncam2 on E18 Car2�/�

and Ncam1�/� placentas, respec-
tively, showed that both genes are ex-
pressed in spongiotrophoblast (Figs.
1S,T, 2P,Q) and, thus, can potentially
take over the functions of Car2 and
Ncam1, respectively.

AT24 Expression Analysis

In hyperplastic IHPD and cloned pla-
centas, both Car2 and Ncam1 are
overexpressed. The lack of any dis-
cernible phenotype in Car2�/� and
Ncam1�/� placentas, which can prob-
ably be explained by expression of
Car3 and Ncam2, therefore, does not
exclude the possibility that overex-
pression of either of the genes is caus-
ally involved in the generation of the
phenotypes of cloned and IHPD pla-
centas. This question could be ad-
dressed by analysis of transgenic mice
that express Car2 or Ncam1 in a
strictly tissue-specific manner. Alter-
natively, reducing the expression lev-
els of either of these genes in IHPD
placentas to approximately normal
levels should be able to rescue at least
some of the abnormal phenotypes in
case Car2 or Ncam1 overexpression is
a cause and not just a consequence of
these phenotypes.

To determine whether placental hy-
perplasia could be rescued by decreas-
ing transcript levels of Car2 and
Ncam1, Car2�/� and Ncam1�/� males
were mated with AT24/AT24 homozy-
gous females. As mentioned above, the
AT24 strain is congenic for MSP-de-
rived 20 cM of proximal X chromo-
some in a B6 inbred MMU back-
ground. This is sufficient to cause a
milder form of placental hyperplasia
(Hemberger et al., 1999). The use of
the AT24 strain allowed us to avoid
the use of F1 females, in F1 � Car2�/�

or F1 � Ncam1�/� matings, which
would have complicated considerably

the analysis of placental phenotypes
due to recombination during meiosis
in F1 females. On the other hand,
AT24 placentas exhibit a milder form
of hyperplasia compared with MSM pla-
centas, and gene expression had to be
tested before AT24 could be used in
the rescue study. Both, microarray
hybridization and real-time quanti-
tative reverse transcription polymer-
ase chain reaction (qRT-PCR) were ap-
plied to assess gene expression in AT24
placentas.

Two E18 AT24 and two sex- and
age-matched wild-type placentas were
used for microarray hybridization. At
a threshold of M value � �0.5 and �

�0.5, 312 expressed sequence tags
(ESTs) were found to be deregulated,
of which, 199 were upregulated and
113 were downregulated in the AT24
placentas compared with the wild-
type controls. A list of differentially
expressed ESTs is given in Supple-
mentary Table S1 (which can be
viewed at http://www.interscience.
wiley.com/jpages/1058-8388/suppmat).
Chromosomal localization analysis of
deregulated ESTs revealed no prefer-
ential deregulation on any specific
chromosome. However, the nine de-
regulated ESTs that map to the X
chromosome (Slc25a5, Calb3, Sh-
bkbp1, F8a, Irak1, Cetn2, Alas2,
A430107J06Rik and 1300002C13Rik)
were unevenly spread out on the chro-
mosome. Five of these (Slc25a5,
Sh3kbp1, F8a, Irak1, and Cetn2) are
located in the region of 12.0 cM to 37
cM, which approximately is the MSP-
derived region in the AT24 mice. Thir-
teen ESTs identified in the AT24 data-
set were common to those identified
deregulated in IHPD hyperplastic pla-
centas in the previous study, when ap-
plying a threshold of 1.5-fold. These
commonly deregulated ESTs repre-
sented the following genes: Sh3kbp1,
Plac8, Rap1ga1, Abcb7, Edg2, Dnaja3,
Smpd1, Ralb, Igfbp4, Cops7a, Fnta,
and 9130413I22Rik55. As a large
number of genes that had exhibited
altered expression in our previous
study, including Car2 and Ncam1, are
not present on the Mouse 15K (M15K)
microarrays used in this study, we
performed qRT-PCR for several of
these genes to ascertain their expres-
sion in AT24 placentas (Fig. 3A).

Verification of Microarray
Data and RT-PCR

Three littermate E18 AT24 placentas
and 2 E18 B6 placentas were used for
qRT-PCR and sqRT-PCR analyses.
Placental weights were 151 mg and
163 mg (AT24 males), 128 mg (AT24
female), 102 mg (B6 male), and 104
mg (B6 female). To test the quality of
the current microarray hybridization,
qRT-PCR was performed for Dnmt3b,
Slc25a5, F8a, Irak1, and Cetn2. For
this panel of genes, the qRT-PCR re-
sults were in agreement with the mi-
croarray results (Fig. 3B,C). In addi-
tion, we tested the performance of
some genes with altered expression in
IHPD placentas (Singh et al., 2004).
Of these genes, Sh3kbp1, Plac8, and
Ramp2 were present on the M15K mi-
croarrays, whereas Car2, Ncam1,
Dcn, and Gatm were not. Sh3kbp1
was analyzed using sqRT-PCR only
(Fig. 3D), whereas for the other genes,
qRT-PCR was applied. Plac8 was
measured using both techniques (Fig.
3B–D). All these genes exhibited dis-
cernible expression differences in
AT24 placentas compared with the
wild-type placentas. Ramp2, however,
had not shown significant variation in
the AT24 microarray hybridizations,
whereas Sh3kbp1 exhibited striking
overexpression in AT24 placentas
compared with the wild-type placen-
tas (Fig. 3D).

Effects of Reduced Car2 and
Ncam1 Transcript Levels on
Phenotype of AT24 Placentas

From the cross AT24/AT24 �
Car2�/�, two litters consisting of 11
pups were obtained. Placental weights
were 160 � 14.1 for Car2�/� (n � 3; 2
males, 1 female) and 163 � 28.1 for
Car2�/� (n � 8; 5 male, 3 female).
Thus placental weights of Car2�/�

and Car2�/� are not significantly dif-
ferent.

Similar results were provided by
the AT24/AT24 � Ncam1�/� matings.
A total of 11 placentas derived from
two matings were analyzed, 6
Ncam1�/� (3 male, 3 female) with a
mean weight of 140 � 18.7 mg and 5
Ncam1�/� (4 male, 1 female) with a
mean weight of 153 � 7.51 mg. Again,
heterozygosity for the Ncam1 null al-
lele had no influence on the weight of
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AT24/� placentas. Comparative mor-
phometric analysis, performed as de-
scribed above, on isolectin B4-stained
sections of AT24 heterozygous placen-
tas, which were Car2�/� and Car2�/�

and Ncam1�/� and Ncam1�/�, pro-
vided no evidence for a rescue of the
AT24 phenotype (not shown). Finally,
to determine whether heterozygosity
for Ncam1 did actually cause de-
creased mRNA levels, we performed
qRT-PCR analysis on placentas de-
rived from one AT24/AT24 �
Ncam1�/� mating. This analysis clearly
showed that AT24/�; Ncam1�/� pla-
centas do have reduced Ncam1 tran-
script levels compared with AT24/�;
Ncam1�/� placentas (Fig. 4).

DISCUSSION

We had earlier identified a large num-
ber of genes that exhibit altered ex-
pression in three models of placental
hyperplasia in the mouse: cloning by
somatic cell nuclear transfer (Singh et
al., 2004), interspecific hybridization,
and mutation of the transcription fac-
tor-encoding gene Esx1. However, it is
a major challenge to identify the role
of any of those genes in placental hy-
perplasia; that is, whether deregula-
tion of a gene is just a consequence of
altered phenotype, such as tropho-
blast expansion, or whether it is caus-
ative in producing the phenotype. In
the present study, we focused on two
genes, Car2 and Ncam1, both of which
are overexpressed in IHPD and in
cloned placentas. Importantly, how-
ever, these genes were not upregu-
lated in Esx1 null placentas, which
exhibit a very similar phenotype com-

pared with IHPD and cloned placen-
tas (Li and Behringer, 1998). Thus, it
was reasonable to assume that the up-
regulation observed in IHPD and
cloned placentas was not just a result
of changed tissue composition, that is,
spongiotrophoblast expansion at the
expense of labyrinth. In this case, the
assumption was even valid, as both
Car2 and Ncam1 exhibited ectopic ex-
pression sites in hyperplastic IHPD
and cloned placentas compared with
age-matched controls.

Our results with mRNA in situ hy-
bridization show that both Car2 and
Ncam1 are expressed in normal pla-
centas during development in a very
well-defined spatiotemporal manner.
Of interest, toward the end of gesta-
tion, transcripts of both genes are
found predominantly in the spongio-
trophoblast-derived glycogen cells.
These are the only known trophoblast
cells that invade into the maternal de-
ciduas beyond the zone of secondary
giant cell invasion (Redline et al.,
1993). It has been argued that glyco-
gen cells could potentially modify feto-
maternal interactions, as they are
closely associated with maternal blood
sinuses and spongiotrophoblasts and
are known to express growth factors
such as insulin-like growth factor-2
and inducers of placental lactogen
(Redline et al., 1993; Farnsworth and
Talamantes, 1998). There is also some
evidence that, in paternal isodisomy
12, shallow invasion of glycogen cells
into the decidua is associated with
failure of the wall of the central ma-
ternal artery to undergo a transforma-
tion associated with loss of smooth

muscle contractibility and extensive
deposition of acellular material (Geor-
giades et al., 2001). Interestingly,
compromised invasion of cytotropho-
blasts, which may be the human ana-
logues of glycogen cells, has been sug-
gested to cause failure of arterial wall
transformation in human pregnancy
(Han and Carter, 2000).

Car2 encodes a cytosolic zinc metal-
loenzyme and belongs to a large
family of genes of great physiological
importance. As catalysts of the revers-
ible hydration of carbon dioxide, these
enzymes participate in a variety of bi-
ological processes, including respira-
tion, calcification, acid–base balance,
and bone resorption. Expression of
carbonic anhydrases in the placenta is
believed to primarily serve in gas ex-
change and transport (Mühlhauser et
al., 1994). Histochemical analysis has
demonstrated that, in the rat pla-
centa, enzyme activity is located in
the syncytiotrophoblast layers of the
labyrinth, in close proximity to the
maternal blood spaces; however, no
mention of carbonic anhydrase activ-
ity in the spongiotrophoblast or glyco-
gen cells was made in this work nor
was it shown which carbonic anhy-
drase isozymes are active in the laby-
rinth (Ridderstrale et al., 1997). How-
ever, in a later study, expression of
the membrane-bound Car4 was as-
sessed in some detail in the murine
placenta (Rosen et al., 2001). This im-
munohistochemical study detected
the presence of CAR4 protein in laby-
rinthine trophoblast, that is, in the
location where enzyme activity had
been detected (Ridderstrale et al.,

Fig. 1. Spatiotemporal in situ expression profile of Car2 in early wild-type conceptuses, late wild-type, interspecies hybridization (IHPD), and cloned
placentas and in situ expression of Car3 in Car2 null placentas. A: At embryonic day (E) 8; arrows show expression in the decidua, and the arrowhead
shows the expression in the embryo. B: Darkfield image of the rectangle encompassed region in A at higher magnification; the arrowhead points
toward expression in the embryo. C: At E10; the arrowhead points at the expression in the ectoplacental cone, and arrows show expression in the
parietal yolk sac. D: High-magnification image of the rectangle encompassed region in C; arrowheads show expression in the yolk sac, and arrows
point toward primary giant cells devoid of expression. E: At E12. F: At E14. G: At E16. H: At E18. From E12 to E18, progressive loss of expression in
the spongiotrophoblast and gain of expression in the decidua can be seen. I: Tpbpa hybridization on E16 placenta. J: Car2 hybridization on a section
adjacent to I; the arrow shows area of overlapping expression, and the arrowhead shows area of nonoverlapping expression. K: Isolectin B4 staining
on E16 placenta; arrows indicate pegs of glycogen cells. L: Car2 expression on section adjacent to K; arrows show that cells expressing Car2 are
actually glycogen cells. M: Car2 expression in E18 IHPD MXM placenta weighing 404 mg. N: Tpbpa expression on a section adjacent to K; arrows show
regions of overlapping expression, and the arrowhead shows regions of nonoverlapping expression. The areas surrounded by the rectangles in M and
N have been magnified in Q and R, respectively. O: Car2 expression in E18 cloned placenta weighing 230 mg. P: Tpbpa expression on a section
adjacent to O; arrows show regions of overlapping expression. Q,R: High-magnification images of Car2 and Tpbpa hybridizations, respectively, on
adjacent sections of E18 IHPD MXM placenta weighing 511 mg; arrows show areas of overlapping expression, and arrowheads show areas of
nonoverlapping expression. S,T: Nonradioactive in situ expression analysis for Car3 in E18 Car2�/� placentas; arrows show that the expression of Car3
is in the spongiotrophoblast of Car2�/� placentas; T shows hybridization with a sense probe on a section adjacent to S. GlyC, glycogen cells; IB4,
Isolectin B4; S, sense probe; AS, antisense probe. Scale bar � 500 �m in A,C,E–H,M–P, 125 �m in I,J,S,T, 100 �m in B,D, 50 �m in K,L, 65 �m in
Q,R.
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1997); however, spongiotrophoblast
and glycogen cells were clearly nega-
tive for CAR4. Thus, this study is the
first to describe expression by mRNA
in situ hybridization of Car2, and
Car3, in the mouse placenta. It is un-
clear, what function CAR2 and CAR3
could have in spongiotrophoblast and
glycogen cells, which are not very well
located to significantly contribute to
CO2 exchange. Unfortunately, dele-
tion of Car2 alone did not result in any
phenotype detectable by the methods
applied by us, which was most likely
caused by CAR3 taking over the func-
tions of CAR2. Thus, the question as
to the function of CAR2 activity in
spongiotrophoblast and glycogen cells
can at present not be answered.

The same is true for Ncam1, which
encodes a cell adhesion molecule with
multiple roles in brain development
(Edelman and Jones, 1997), neuronal
pathfinding (Hanson and Land-
messer, 2004), and also in tumor
metastasis (Christofori, 2003). Ac-
cordingly, mice with homozygous mu-
tation of the Ncam1 gene show mostly
neural phenotypes, such as impair-
ment in the Morris water maze test,
reduced brain and olfactory bulb size,
hypoplastic corticospinal tract, abnor-
mally distributed anterior pituitary
cell types, and morphological and
functional defects of neuromuscular
junctions (Cremer et al., 1994). High
expression of Ncam1 has been de-
scribed in the human placenta, where
the gene is strongly expressed in the
endovascular trophoblast (Burrows et
al., 1994). It was argued that expres-
sion of NCAM1 and other cell adhe-
sion molecules is relevant for vascular
invasion by trophoblast by permitting
interactions between endovascular
trophoblast and decidual endothelial
cells (Burrows et al., 1994). The ex-
pression of Ncam1 in the mouse pla-

centa has not been described previ-
ously nor is there any information
available on the function of NCAM1 in
this organ. Expression of Ncam1 in
glycogen cells, an invasive trophoblast
cell type in the mouse placenta, sug-
gests that NCAM1 may serve a simi-
lar function as NCAM in the human
placenta, that is, to permit interac-
tions between the trophoblasts and
the decidual cells. Unfortunately, the
lack of any phenotype in the
Ncam1�/� placentas, probably a re-
sult of Ncam2 expression, allows no
final statement regarding the role of
NCAM1 in the mouse placenta.

Whereas the absence of obvious
phenotypes associated with ablation
of CAR2 or NCAM1 may be explained
by redundancy, lack of rescue of the
AT24 phenotype in the AT24/AT24 �
Car2�/� and AT24/AT24 � Ncam1�/�

matings strongly indicates that the
upregulation of the two genes in AT24
placentas and, thus, by extension, in
cloned and IHPD placentas, does not
contribute significantly to their phe-
notypes. This conclusion is obvious in
the case of the AT24 placentas; how-
ever, there is good evidence that the
same is true for IHPD and perhaps
cloned placentas. First, we have
shown by both microarray hybridiza-
tion and qRT-PCR that, where gene
expression is concerned, the AT24 pla-
centas provide an excellent model for
IHPD. This finding was expected, as
IHPD and AT24 share a MSP-derived
region on the X chromosome, which
alone is sufficient to induce placental
hyperplasia (Zechner et al., 1996;
Hemberger et al., 1999) and, thus, at
least in part the genes that cause pla-
cental overgrowth. For Ncam1, we
could also show that its transcript lev-
els are indeed reduced in AT24/�;
Ncam1�/� placentas by approxi-
mately 50%. As Ncam1 is upregulated

by a factor of roughly twofold in both
AT24 and IHPD placentas (Singh et
al., 2004), this finding suggests that
Ncam1 transcript levels were de-
creased to approximately wild-type
levels in the AT24/�; Ncam1�/� pla-
centas. If Ncam1 was upstream in the
cascade of genes deregulated in pla-
cental hyperplasia, a rescue of the
AT24 phenotype or one of the subphe-
notypes such as spongiotrophoblast
expansion or increased glycogen cell
differentiation should have been visi-
ble. The same most likely also applies
to Car2, even though we did not for-
mally show that levels of wild-type
and functional transcripts are down-
regulated in the AT24/�; Car2�/� pla-
centas.

Apart from the studies on Car2 and
Ncam1 expression and function in the
mouse placenta, we also show results
of global gene expression analysis in
an additional model of placental hy-
perplasia, the AT24 congenic strain.
This analysis has identified several
interesting genes. For instance, one of
the two imprinted genes with altered
expression, Grb10, codes for a major
determinant of placental growth and
function (Charalambous et al., 2003).
Deregulation of Dnmt3b, a gene en-
coding a de novo methyltransferase,
potentially could lead to altered epige-
netic states and to imprinting defects
in AT24 placentas. Of interest, this
gene was expressed at normal levels
in backcross 1 interspecies placentas.
It may also be relevant that five genes
with altered expression, Slc25a5,
Sh3kbp1, F8a, Irak1, and Cetn2, map
to the MSP-derived region on the X
chromosome in AT24 mice. However,
a functional role in placentation has
not been ascribed to any of these genes
to date.

Fig. 2. Spatiotemporal in situ expression profile of Ncam1 in early wild-type conceptuses, late wild-type, interspecies hybridization (IHPD), and cloned
placentas and in situ expression of Ncam2 in Ncam1 null placentas. A: At embryonic day (E) 8; arrows show expression in the decidua and the region
flanking the ectoplacental cone. B: At E10; arrows show the expression in decidua around primary giant cells. C: At E12. D: At E14. E: At E16. F: At
E18, arrows show the regions of expression in chorionic plate. G: Tpbpa expression in E16 placenta. H: Ncam1 expression on a section adjacent to
G; arrows indicate areas of overlapping expression, and the arrowhead indicates an area of nonoverlapping expression. I: Isolectin B4 staining on E16
placenta; arrows indicate pegs of glycogen cells. J: Ncam1 expression on a section adjacent to I; arrows show that cells expressing Ncam1 are indeed
glycogen cells. K: Ncam1 expression in an E18 IHPD MXM placenta weighing 232 mg. L: Ncam1 expression in an E18 cloned placenta weighing 263
mg. M,N: Expression of Ncam1 in chorionic plate and labyrinth, respectively, of E18 IHPD placentas. O: Unlike wild-type placentas, spongiotrophoblast
of IHPD placenta (MXM, 511 mg) is devoid of Ncam1 expression. P,Q: Nonradioactive in situ expression analysis for Ncam2 in E18 Ncam1�/� placentas
shows strong expression in the spongiotrophoblast; P shows the hybridization with a sense probe on a section adjacent to Q. CP, chorionic plate; LaTr,
labyrinthine trophoblasts; SpTr, spongiotrophoblast; Dec, decidua; GlyC, glycogen cells; IB4, Isolectin B4; S, sense probe; AS, antisense probe. Scale
bar � 500 �m in A–F,K,L, 125 �m in G,H, 50 �m in I,J, 250 �m in M,N,P,Q, 75 �m in O.
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EXPERIMENTAL
PROCEDURES

Mice and Tissues

All experiments with mice were con-
ducted according to the guidelines is-
sued by Uppsala University. Car2 mu-
tant mice (Lewis et al., 1988) were
obtained from Jackson Laboratory
(Bar Harbor, ME). Ncam1 mutant
mice (Cremer et al., 1994) were kindly
given to us by Prof. Carlos Ibanez,
Karolinska Institute. C57BL/6J mice

Fig. 4. Real-time quantitative reverse tran-
scription polymerase chain reaction for Ncam1
in littermate AT24/� placentas heterozygous
mutant or wild-type for Ncam1.

Fig. 3. Real-time quantitative reverse transcrip-
tion polymerase chain reaction and semiquan-
titative reverse transcription polymerase chain
reactions (sqRT-PCRs) analysis in placental
RNA samples. A: Genes previously identified
deregulated in interspecies hybridization (IHPD)
placentas and/or placentas from cloned mice;
the X axis depicts the ratio of expression (nor-
malized against Actb) of a particular gene in
AT24 placenta to sex- and stage-matched BL/6
controls, black and white bars represent pla-
centas from two different male conceptuses,
and the striated bars represent the placenta
from a female littermate pair (see text for de-
tails); the two gray bars on the extreme right
with the label BL/6 indicate the ratio of 1 or �1,
which suggests no change in expression in ei-
ther direction. B: Actb normalized expression of
genes found deregulated in male AT24 placen-
tas compared with male BL/6 placentas.
C: Actb normalized expression of various genes
found deregulated in a female AT24 placenta
compared with a female BL/6 placenta.
D: sqRTPCR analysis of Sh3kbp1 and Plac8,
rounds of PCR mentioned at the right end of
each panel. E: sqRTPCR for Ncam2 and Car3 in
placentas mutant for Ncam1 and Car2, respec-
tively. The rounds of PCR are indicated at the
right side of each panel.
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were obtained from B&K (Stockholm,
Sweden). Car2 and Ncam1 mutant
lines were propagated in the original
C57BL/6J (B6) strain background by
mating heterozygous males with wild-
type females. For isolation of wild-
type placentas, B6 � B6 matings were
used. Cloned fetuses were produced by
transfer of cumulus cell nuclei of B6 �
DBA/2 females as described previ-
ously (Wakayama et al., 1998). MSM

placentas were produced by back-
crossing F1 females with B6 males as
described previously (Zechner et al.,
1996; Singh et al., 2004). Pregnant
females were killed by cervical dis-
location at different developmental
stages, with the day of vaginal plug
being counted as day 1. Fetuses and
placentas were weighed. Placentas
were halved, and half was frozen on
dry ice for RNA extraction, while the
other half was fixed in Serra’s fixative
overnight at 4–8°C and later pro-
cessed for paraffin histology. Fetal
heads were frozen for DNA extraction
for genotyping.

DNA Extraction and
Genotyping PCRs

Genomic DNA was extracted from fe-
tal heads by using Wizard genomic
DNA extraction kit from Promega. To
genotype Ncam1 mutant mice, two
different primer pairs were used in
separate reactions. The wild-type al-
lele was amplified using the primers
5�-TGCAGGGCTCATCACTGTAG-3�
and 5�-AGCAGGAGGAGCAGAGTGAG-
3�, the neomycin cassette inserted in
the knockout allele using the primer
pair 5�-CGGCATCAGAGCAGATTGTA-
3� and 5�-GCTTCCTCTTGCAAAAC-
CAC-3�. Reaction conditions were 94°C
for 3 min (94°C for 30 sec, 55°C for 30
sec, 72°C for 45 sec) � 35, 72°C for 7
min, for the wild-type allele and 94°C
for 3 min (94°C for 30 sec, 59°C for 35
sec, 72°C for 45 sec) � 35, 72°C for 7
min for the mutant allele. PCR products
were resolved on 1.5% agarose gels.

Car2 mutant mice were genotyped
by using PCR-based amplification fol-
lowed by DNA sequencing (Supple-
mentary Figure S1). The region of the
genomic DNA harboring the C 3 T
point mutation was amplified using
the following primer pair; forward
primer: 5�-GGCCTTATAACCCCTG-
CATT-3� and reverse primer 5�-CAT-

GAAAACACCATGACACCA-3�. Reac-
tion conditions were 94°C for 3 min
(94°C for 30 sec, 56°C for 30 sec, 72°C
for 30 sec) � 35, 72°C for 7 min. PCR
products were purified from 1% w/v
agarose gel (Gel purification kit, Qia-
gen) and sequenced using the forward
primer. Sex of fetuses was determined
by a Y chromosome-specific PCR us-
ing the primer pair 5�-CATTTATGGT-
GTGGTCCCGTG-3� and 5�-GTGTG-
CAGCTCTACTCCAG-3�. Conditions
of the reaction were 94°C for 3 min
(94°C for 30 sec, 60°C for 30 sec, 72°C
for 40 sec) � 35, 72°C for 7 min. All
genotyping PCRs were performed in
PTC-100 PCR machines (MJ Re-
search, Watertown, MA).

DNA Sequencing

DNA sequencing reaction was per-
formed using BIG Dye Terminator
Mix (Applied Biosystems) in a Gene-
Amp 9600 PCR machine. Precipitated
and purified samples were run on the
ABI PRISM automated sequencer.

mRNA In Situ Hybridization

Radioactive in situ hybridizations
were performed as described previ-
ously (Krause et al., 1999). Nonradio-
active in situ hybridizations were per-
formed with slight modifications to
the procedure described by Anson-
Cartwright et al. (2000). Tpbpa hy-
bridizations were performed using a
template described before (Zechner et
al., 1996). Linearized clones from the
cDNA library used to make microar-
rays in our previous study (Singh et
al., 2004) were used as in vitro tran-
scription templates for the genes Car2
(accession no. W41721) and Ncam1
(accession no. AI316242). Lineariza-
tion and purification of the clones was
done as described earlier (Singh et al.,
2004). The clone for Ncam2 was
kindly given to us by Prof. Staffan
Bohm, Umeå University. For Car3, a
509-bp RT-PCR product was amplified
using the primer pairs 5�-TGCTC-
CCTACTCCAAGCTGT-3� and 5�-
CCTGGCTTTATGGGTGTGTT-3� and
cloned into pGEMt vector (Promega),
linearized, and used as template for in
vitro transcription. The transcript us-
ing SP6 promoter gave antisense hy-
bridization.

RNA Extraction, Microarray
Hybridizations, and Data
Analysis

Total RNA was extracted using Trizol
reagent (Invitrogen) as per the manu-
facturer’s instructions. Purified RNA
samples (Abs 260 nm/Abs 280 nm �
1.7) were used for microarray-based
expression profiling. Commercially
available M15K microarrays were ob-
tained from University Health Net-
work (UHN; Ontario Cancer Institute,
Canada). Detailed information about
these microarrays is available at the
following link: http://www.microarrays.
ca/products/types.html. The TSA-MI-
CROMAX kit (NEN, Perkin Elmer,
Oak Brook, IL) was used for synthe-
sizing labeled target cDNA. All steps
of the protocol were performed accord-
ing to the manufacturer’s instruc-
tions, except that the hybridizations
were done using the DIG Easy Hyb
(Roche), with 1 �g of Cot1 DNA per
hybridization, and Tween 20 in the
TNT buffer was used at a concentra-
tion of 0.1% v/v against the kit in-
structions of 0.05% v/v. Dye swaps for
all hybridizations were performed
simutaneously.

The list of ESTs on the microarray
was supplied by the UHN as a clon-
etracker file, and a Gene Array List
(GAL) file was generated according to
the format described for ScanArray
Express, version 2.1.0. Hybridized
and labeled microarrays were scanned
immediately after washings using the
ScanArray 4000 microarray scanner
(Packard BioChip Technologies) and
ScanArray Express (version 2.1.0)
was used for generating the GPR files.

The experimental data were stored
and analyzed at the microarray data
storage and analysis facilities BASE
and Data Ware House respectively,
run by The Linnaeus Center for Bioin-
formatics, BMC, Uppsala University,
Sweden (detailed information at http://
www.lcb.uu.se, https://base.lcb.uu.se,
and https://dw.lcb.uu.se). Briefly, the
data in the GPR files was subjected to
background subtraction and within
array Print-tip Lowess normalization
implemented in R. Differentially ex-
pressed genes were chosen on the ba-
sis of three criteria: higher and out-
standing B value (a logarithm of odds
ratio for differential expression, which
takes into account the variance of

ANALYSIS OF GENES IN MOUSE PLACENTAL OVERGROWTH MODELS 1043



each spot across different hybridiza-
tions; Baldi and Long, 2001; Gottardo
et al, 2003) compared with the major-
ity of genes that formed the cluster in
the volcano plot (see Supplementary
Figure S1); M value not between �1
and �1; and such a consistent varia-
tion of these genes for duplicate spots
on all the four microarrays (each EST
is spotted as adjacent duplicate spots
on M15K arrays). Density plots and B
value volcano plot for all the hybrid-
izations are provided in Supplemen-
tary Figure S2. Signal on control spots
with 3 � standard saline citrate and
Arabidopsis DNA were used to remove
spots with nonspecific hybridization;
however, no flags were applied. The
LCB BASE and DWH facilities comply
with the MIAME guidelines.

qRT-PCR and sqRT-PCR

RNA was treated with RNAse free
DNAse (Promega) and reverse tran-
scribed using M-MLV reverse tran-
scriptase and random primers (Pro-
mega) as described earlier (Singh et
al., 2004). Primers were designed us-
ing Primer3 and purchased from
MWG Biotech, Germany. qRT-PCR
was performed using QuantiTect
SYBR green PCR mix from Qiagen.
Melting curve analysis was used to
ensure that a single size product was
amplified, and no significant primers
dimers were present. All samples
were analyzed in duplicate. Reactions
were run on RotorGene RG3000, Cor-
bett Research. The ratio of the expres-
sion of each gene was calculated for
each sample by normalizing the com-
parative quantitation values to those
of Actb. The sequences and reaction
conditions of all the primers used are
provided in Supplementary Table S2.
sqRT-PCRs were performed from the
same cDNAs as described before
(Singh et al., 2004).

Isolectin B4 Staining and
Histology

Staining was performed as described
by Hemberger et al. (1999). Biotinyl-
ated isolectin B4 and diaminobenzi-
dine substrate kit were obtained from
Vector Labs (Burlingame, CA) and
streptavidin–horseradish peroxidase
conjugate was purchased from Perkin
Elmer. Morphometry was performed

as described by Salas et al. (2004) us-
ing Adobe PhotoshopCS. For all mor-
phometric measurements, isolectin
B4–stained sections were used. Two
sections each were used from each pla-
centa and values were averaged for all
the sections of a genotype. The area
occupied by chorionic plate was ex-
cluded in the analyses.

Statistical Analysis

Student’s t-test was performed to de-
termine the significance of differ-
ences in placental weights between
wild-type and homozygous mu-
tants of Car2 and Ncam1. The online
tool available at http://www.physics.
csbsju.edu/stats/t-test_bulk_form.
html was used to perform the analy-
sis. Mean and standard deviations
were calculated by using MS Excel.
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