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In eutherian mammals, implantation and establishment of the chorioallantoic placenta are essential for
embryo development and survival. As a maternal response to implantation, uterine stromal cells proliferate,
differentiate, and generate the decidua, which encapsulates the conceptus and forms the maternal part of the
placenta. Little is known about decidual functions and the molecular interactions that regulate its
development and maintenance. Here we show that the receptor for the cytokine interleukin-11 (IL-11Ra) is
required specifically for normal establishment of the decidua. Females homozygous for a hypomorphic
IL-11Ra allele are fertile and their blastocysts implant and elicit the decidual response. Because of reduced
cell proliferation, however, only small deciduae form. Mutant deciduae degenerate progressively, and
consequently embryo-derived trophoblast cells generate a network of trophoblast giant cells but fail to form a
chorioallantoic placenta, indicating that the decidua is essential for normal fetoplacentation. IL-11Ra is
expressed in the decidua as well as in numerous other tissues and cell types, including the ovary and
lymphocytes. The differentiation state and proliferative responses of B and T-lymphocytes in mutant females
were normal, and wild-type females carrying IL-11Ra mutant ovaries had normal deciduae, suggesting that the
decidualization defects do not arise secondarily as a consequence of perturbed IL-11Ra signaling defects in
lymphoid organs or in the ovary. Therefore, IL-11Ra signaling at the implantation site appears to be required
for decidua development.
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In eutherian mammals, the establishment of a maternal–
fetal interface is a prerequisite for embryonic develop-
ment and survival. The formation of the maternal–fetal
connection begins with implantation and culminates in
the generation of the chorioallantoic placenta. The at-
tachment of the embryonic trophoblast to the uterine
epithelium elicits the decidual response, apoptosis of the
uterine epithelium, recruitment of inflammatory cells,
and neovascularization (Cross et al. 1994; Dey 1996;
Rinkenberger et al. 1997). As part of the decidual re-
sponse, uterine stromal (decidual) cells proliferate, dif-
ferentiate, and form a massively thickened uterine wall
(the decidua) that encapsulates the conceptus and gener-
ates the implantation chamber. The decidual reaction
occurs first at the antimesometrial pole of the implanta-
tion chamber, where blastocysts implant. On embryonic
day 5 (E5) in the mouse, the primary decidual zone forms
around the conceptus, followed by the formation of the
secondary decidual zone around the primary decidua on
E6 (Huet Hudson et al. 1989). Two days after the forma-

tion of the primary decidual zone, at the late egg cylinder
stage, the mesometrial decidua forms at the mesometrial
pole. Concommitant with the formation of the mesome-
trial decidua, the egg cylinder begins its expansion into
the antimesometrial implantation chamber and cells of
the antimesometrial decidua start to die (Welsh and End-
ers 1985). Primary trophoblast giant cells invade mater-
nal capillaries in the antimesometrial decidua and form
maternal blood sinuses surrounding the conceptus. To-
gether with the underlying parietal endoderm they com-
prise the parietal yolk sac, the earliest placental struc-
ture. Later, the chorioallantoic placenta forms at the me-
sometrial pole of the implantation site tightly connected
to the mesometrial decidua and provides the close apo-
sition of maternal and fetal blood vessels.

The molecular interactions that regulate the forma-
tion, maintenance, and remodeling of the decidua are not
well understood. Implantation and the decidual response
depend on ovarian steroid hormones (Psychoyos 1973)
and prostaglandins (Lim et al. 1997) and require the ma-
ternally produced cytokine leukemia inhibitory factor
(LIF) (Stewart et al. 1992). LIF is produced in the uterus
specifically before implantation (Stewart et al. 1992), and
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at later stages of gestation, various other cytokines are
expressed in the uterus and placenta (Pollard 1991; Stew-
art 1994), suggesting that the combinatorial action of
systemic and local signals mediated by hormones and
cytokines controls implantation and the initial maternal
response. Among the cytokines expressed in endometrial
and trophoblast cells is interleukin-11 (IL-11), a cytokine
with a wide spectrum of biological activities in vitro and
in vivo (Du and Williams 1997). The biological effects of
IL-11 are mediated by association of the ligand with its
receptor (IL-11R) and the signal transducer gp130 (Hilton
et al. 1994; Karow et al. 1996). Humans and some mouse
strains contain only one IL-11R gene (IL-11Ra), whereas
a number of other laboratory mouse strains including
129SvPas and C57BL/6J, which are the strains used in
this study, contain a second almost identical IL-11R gene
(IL-11Rb), which is tightly linked to the IL-11Ra gene
(Robb et al. 1997) and is co-expressed at low levels with
the IL-11Ra gene in many tissues (Bilinski et al. 1996).
Consistent with the wide spectrum of IL-11 activities,
IL-11R transcripts were detected in numerous tissues
and cell types, including the decidua on the ninth day of
pregnancy (Neuhaus et al. 1994). Here we report that
signals mediated by the IL-11Ra are specifically required
for normal female reproduction. Mice homozygous for a
disrupted IL-11Ra gene appear phenotypically normal,
and homozygous mutant males reproduce. Homozygous
mutant females, however, show severe deficiencies in
their deciduae, and embryos in homozygous mothers de-
velop abnormal chorioallantoic placentas, resulting in
embryonic lethality in the majority of cases.

Results

Targeted mutagenesis of the IL-11Ra gene

The IL-11Ra gene was disrupted by gene targeting in
embryonic stem (ES) cells, such that after homologous
recombination vector sequences and the neomycin-resis-
tance (neo) gene driven by the phosphoglycerate kinase
(PGK) promoter (PGK–neo) were inserted into intron
eight, and a truncated promoterless IL-11Ra gene con-
taining exons 2 to 13 was generated downstream of
PGK–neo. Two vectors containing PGK–neo in opposite
orientations were used (Fig. 1). In the targeted alleles,
transcripts generated from the IL-11Ra promoter do not
contain exon 9 encoding the WSXWS box, which is es-
sential for ligand binding (Yawata et al. 1993), and no
distinct transcripts should originate from the promoter-
less IL-11Ra gene portion downstream of the inser-
tion. The mutant IL-11Ra alleles [referred to as IL-
11RaTgH(PGK–neo) and IL-11RaTgH(PGK–neo–rev)] (Fig. 1b,c)
were introduced into the mouse germ line, and mutant
lines were established on a mixed 129SvPas/C57BL/6J
genetic background. Heterozygous mice carrying either
allele were phenotypically normal. Intercrosses of het-
erozygotes gave rise to viable, apparently normal homo-
zygous mutant mice at Mendelian ratios (Table 1A). To
address whether the alleles resulted in null mutations,
poly(A)+ RNA from kidneys that express readily detect-

able levels of IL-11Ra transcripts (Bilinski et al. 1996)
were analyzed by Northern blot hybridizations. The
wild-type IL-11Ra gene gives rise to a 1.9-kb transcript.
No wild-type transcript was detected in poly(A)+ RNA
from either homozygous mutant. Instead, a larger 2.6-kb
transcript not present in wild-type mRNA was detected
at low levels in mRNA from IL-11RaTgH(PGK–neo) mice,
and at levels similar to the wild-type transcript in the
IL-11RaTgH(PGK–neo–rev) line (Fig. 2a). Because this tran-
script was not recognized by a neo probe (Fig. 2b), it most
likely was generated by splicing around the PGK–neo
insertion. Such a transcript would contain exons 1–8
fused to exons 2–13 and could give rise to a chimeric
protein of ∼90 kD. A protein of this approximate molecu-
lar mass was detected by Western blot analysis of kidney
extracts from IL-11Ra mutant mice with two different
anti IL-11R antibodies, but was not found in wild-type
extracts (Fig. 2d,e). Both available anti IL-11R antibodies
did not allow us to unambiguously identify the wild-type
IL-11R protein because of their crossreactivity with mul-
tiple proteins. Consistent with the different levels of
mutant transcripts, the mutant protein was abundant in
IL-11RaTgH(PGK–neo–rev) extracts, and was present only in
low amounts in extracts from IL-11RaTgH(PGK–neo).

Phenotypic analysis of IL-11Ra mutant mice

Mutant males homozygous for either mutant allele were
fertile and sired offspring. The fertility of homozygous
females carrying either allele was impaired. The five ho-
mozygous IL-11RaTgH(PGK–neo–rev) test mated females all
gave rise to litters, but the litter size was reduced in
comparison with wild-type females (Table 1A). In con-
trast, only 3 out of the 14 test-mated IL-11RaTgH(PGK–neo)

females gave rise to litters with only one to three pups.

Figure 1. Targeting vector and structure of the mutant alleles.
(a) Structure of the wild-type IL-11Ra locus and targeting vec-
tor. Coding exons are indicated by solid boxes, untranslated
exons by open boxes. The shaded box represents PGK–neo; (v)
the plasmid backbone. (a,b) Two versions of the construct with
opposite transcriptional orientation of the neo gene. (b,c) Struc-
ture of the IL-11RaTgH(PGK–neo) and IL-11RaTgH(PGK–neo–rev) al-
lele, respectively. The probes used for Southern blot hybridiza-
tions (thick black horizontal bars) and the DNA fragments in-
dicative for the different alleles (thin horizontal lines) are shown
below the maps.
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On continued mating with males of proven fertility over
several months, only one female gave rise to two addi-
tional small litters (Table 1A).

To determine the defect underlying the reproductive
failure of homozygous IL-11Ra mutant females, uteri
from timed matings of homozygous mutant females
with wild-type males (therefore containing embryos car-
rying one wild-type, functional copy of the IL-11Ra gene)
were analyzed. Only 75% (28/37) of the implantation
sites in homozygous IL-11RaTgH(PGK–neo–rev) mutant fe-
males analyzed on day 11/12 and day 16/17 of gestation
appeared normal, and contained viable, apparently
healthy embryos. The remaining implantation sites were
small and haemorrhagic, and embryos were completely
resorbed as early as on gestational day 11. Only abnormal
embryos or resorptions were found in the uteri of eight
pregnant IL-11RaTgH(PGK–neo) females analyzed at gesta-
tional days 11 and 12, suggesting that the reduced fertil-
ity in homozygous IL-11Ra mutant females is caused by
the loss of embryos during postimplantation develop-
ment before day 11.

To determine the cause of embryonic death, implan-
tation sites from timed matings of the more severely
affected homozygous IL-11RaTgH(PGK–neo) mutant fe-
males were analyzed between day 6 and 11 of gestation.
Homozygous IL-11RaTgH(PGK–neo) females contained the
same average number of implantation sites as wild-type
controls (Table 1B). Their implantation chambers, how-
ever, were significantly smaller. On E6, embryos in mu-
tant females were surrounded by a zone of densely
packed decidual cells (Fig. 3b), which resembled morpho-
logically the avascular primary decidual zone (Dey 1996).
No overt difference in vascularization around the im-
plantation site was found at this stage. On E8, mutant
deciduae were morphologically similar to controls ex-

cept for their reduced size and the presence of blood-
filled lacunae in the antimesometrial region (Fig. 3d,f).
On E9, the developing mesometrial decidua was smaller
in mutant females, and the antimesometrial decidua was
discontinuous (Fig. 4c). Subsequently, the mesometrial
decidua (decidua basalis) and the antimesometrial de-
cidua (decidua capsularis) degenerated progressively, re-
sulting in the complete absence of a decidua on the elev-
enth day of gestation in the majority of cases (Fig. 4d,h–j).
No indication for increased apoptosis was found by
TUNEL labeling (data not shown), however, the labeling
index in mutant deciduae as determined by BrdU incor-
poration was reduced significantly (Figs. 3, h and i, and 5;
data not shown).

Figure 2. Expression of IL-11Ra in wild-type and mutant mice.
(a–c) Northern blot hybridizations of kidney poly(A)+ RNA from
wild-type (+/+), homozygous IL-11RaTgH(PGK–neo) (n/n) and IL-
11RaTgH(PGK–neo–rev) (nr/nr) mice. (d,e) Western blot analysis of
kidney extracts with C-20 (d) and N-20 (e) anti-IL-11R antibod-
ies. The abnormal IL-11R protein detected in mutant extracts is
indicated by arrowheads. Numbers at the left and right indicate
DNA size (kb in a,b) and molecular mass markers (kD in d,e).

Table 1. Reproduction in IL-llRamutant mice

A Parental
genotype

No. of
matings

No. of females
giving birth

No. of
litters

No. of
newborns

Average
litter size

Genotype of
offspring

male female +/+ +/− −/−

1. nr/+ nr/+ 12 12 12 82 6.8 21 42 19
2. nr/nr nr/+ 4 4 4 29 7.3 — 16 13
3. nr/+ nr/nr 5 5 9a 40 4.4 — 22 18
4. n/+ n/+ 12 12 12 105 8.6 28 55 22
5. n/n n/+ 7 7 7 57 8.1 — 30 27
6. n/+ n/n 14 3 5b 11 2.2 — 6 5

B Genotype
No. of
plugs

No. of
pregnant females

No. of
implantation sites

Average no. of
implantation sites per femalemale female

+/+ +/+ or n/+ 19 18 148 8.2
+/+ n/n 31 26 193 7.4

(A) Litter numbers and average litter sizes obtained from matings of IL-llRaTgH(PGK–neo) (n) and IL-llRaTgH(PGK–neo–rev) (nr) mice. Mean
litter sizes were analyzed by single factor ANOVA (a = 0.01). The P value for mating 3 compared to 1 is 3 × 10−3, for 6 compared to 4
7 × 10−9.
(B) Number of implantation sites in control and homozygous IL-llRaTgH(PGK–neo) females.
aAfter the initial mating two females were mated twice and gave rise to additional two litters each.
bOnly one female gave rise to more than one litter.
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The degeneration of the maternal decidua was accom-
panied by defects in embryo-derived trophectoderm tis-
sue, perturbed placenta development, and embryonic re-
tardation and death. Most embryos in IL-11RaTgH(PGK–neo)

mutant deciduae appeared phenotypically normal up to
E8. They were frequently smaller, however, and devel-
opmentally retarded compared with embryos developing
in control females (cf. embryos in Figs. 3, c and d, and 4,
a–d). Beginning with gestational day 9, mutant deciduae
contained an increasing number of dying embryos. On
days 9 and 10, ∼50% (7/14 and 7/13, respectively) and on
day 11 ∼70% (23/33) of the conceptuses were dead or

completely resorbed, and no living embryos were found
in three mutant females analyzed after gestational day 12.

Figure 3. Decidual defects in mutant females. Hematoxilin/
eosin-stained paraffin sections of implantation sites in wild-
type (a,c,e) and mutant (b,d,f) females, and sections of BrdU-
labeled wild-type (g) and mutant (h,i) implantation sites on ges-
tational days 6 (a,b), 7 (g,h,i), and 8 (c,d). In mutant females
deciduae were abnormally small, and BrdU incorporation in
cells of the secondary and mesometrial decidua reduced (see
also Fig. 5). Bars, 1 mm (a–d,g–i) and 250 µm (e,f).

Figure 4. Decidual and placental defects in mutant females.
Hematoxilin/eosin-stained paraffin sections of implantation
sites in wild-type (a,b,e–g) and mutant (c,d,h–j) females on ges-
tational days 9 (a,c) and 11 (b,d–j). In mutant females, deciduae
were abnormally small and progressively degenerated. The cho-
rioallantoic placenta of embryos developing in mutant mothers
was severely reduced (d); only scattered remnants resembling
spongio and labyrinthine trophoblast were present (arrowheads
in h) and trophoblast giant cells filled the space normally occu-
pied by the decidua (i). The asterisk in j indicates the space
normally occupied by the decidua capsularis on E11. (ch) Cho-
rion; (dc) decidua capsularis; (db) decidua basalis; (lt) labyrin-
thine trophoblast; (m) myometrium; (pl) placenta; (st) spon-
giotrophoblast; (tgc) trophoblast giant cell; (uc) umbilical cord.
Bars, 1 mm (a–d) and 250 µm (e–j).

Figure 5. Labeling indices in wild-type and mutant secondary
and mesometrial deciduae on gestational day 8. Labeling indices
were calculated from 10–17 counted areas from sections of two
wild-type and mutant BrdU-labeled deciduae, respectively, and
analyzed statistically by single factor ANOVA. P values for the
comparison of labeling indices in the secondary and mesome-
trial decidua are 2.5 × 10−5 and 1.8 × 10−5, respectively. (Solid
bars) Wild type; (open bars) mutant.
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Embryos in IL-11Ra mutant mothers formed a chori-
onic–allantoic connection, but failed to generate a nor-
mal chorioallantoic placenta with distinct spongio and
labyrinthine trophoblast layers (Fig. 4d,h). Only small
dispersed groups of cells resembling spongio- or labyrin-
thine trophoblast were present (arrowheads in Fig. 4h). A
network of trophoblast giant cells filled the space usu-
ally occupied by the placenta and decidua, and extended
into the area of the missing decidua capsularis, forming
large blood-filled sinuses around the embryo (Fig. 4i).
The analysis of markers for diploid spongio- and labyrin-
thine trophoblast (MASH2; Guillemot et al. 1994), spon-
giotrophoblast (4311; Lescisin et al. 1988), and tropho-
blast giant cells (PLF; Carney et al. 1993) indicated that
these cell types were present in embryos developing in
mutant deciduae. Consistent with the histological find-
ings, however, the expression of these markers was al-
tered. PLF expression was high and its expression do-
main expanded (Fig. 6c,d,i,j), consistent with areas colo-
nized by trophoblast giant cells. In contrast, both

MASH2 and 4311 transcripts were present, but their ex-
pression domains were small (arrowheads in Fig. 6l,n,p)
and hybridization signals were reduced (Fig. 6n,p).

IL-11Ra is expressed in numerous adult tissues, in-
cluding the ovary (Bilinski et al. 1996; Robb et al. 1997).
In addition, the decidua contains various lymphoid cells
(Robertson et al. 1994), whose proliferation and differen-
tiation is stimulated by IL-11 (Du and Williams 1997).
This raises the possibility that defective IL-11Ra signal-
ing outside the decidua might contribute to the observed
phenotype. To test whether lymphoid cells were af-
fected, the composition and proliferative responses of B
and T cells in mutant IL-11RaTgH(PGK–neo) females were
analyzed. Flow fluorimetric analysis of thymocytes or
lymph node cells double stained for lymphocyte lineage-
specific cell surface (CD3e, CD4, CD8a, and CD45R) and
activation markers (CD69 and CD25) did not reveal
qualitative or quantitative differences between IL-
11RaTgH(PGK–neo) and wild-type mice (Fig. 7A). More-
over, proliferative responses of lymph node cells induced

Figure 6. Expression of trophoblast cell
markers. Bright-field (a,c,g,j–l) and dark-
field (b,d–f,h,i,m–p) microphotographs of
paraffin sections of implantation sites from
wild-type (a,b,e,g,h,k,m,o) and mutant (c,d,
f,i,j,l,n,p) females on E9 (a–f) and 10 (g–p).
The expression of MASH2 and 4311, mark-
ers for spongio- and labyrinthine tropho-
blast, was reduced (e,f,m–p), whereas PLF, a
marker for trophoblast giant cells, was ex-
pressed at high levels in embryos develop-
ing in mutant females (b,d,i). (Insets, g and
j) The regions of the sections shown at
higher magnification in h and i, respec-
tively; (insets, k and l) the regions shown in
m and n, respectively, and the regions of
neighboring sections (o,p) hybridized to a
MASH 2 probe. Arrowheads in (l,n,p) indi-
cate the regions of spongio and labyrinthine
trophoblast in placentas of embryos in mu-
tant females. Bars, 500 µm (a–d,e–g,j–p) and
200 µm (h,i).
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by different doses of B or T-cell mitogens were indistin-
guishable (Fig. 7B). The lack of an immunological defect
is consistent with studies of mice carrying a null allele of
the IL-11Ra (Nandurkar et al. 1997). To determine
whether perturbed IL-11Ra signaling in the ovary might
contribute to the decidual defects, potentially by influ-
encing the production of ovarian steroid hormones, ova-
ries of immunodeficient SCID females were bilaterally

replaced by homozygous IL-11RaTgH(PGK–neo) ovaries.
Four females carrying ovary grafts were mated to homo-
zygous mutant males and gave rise to liveborn pups. All
newborns analyzed from these matings (n = 37 from
seven litters) were homozygous mutant, proving that
they were derived from the transplanted ovaries. Implan-
tation sites analyzed in subsequent pregnancies of these
females were morphologically indistinguishable from
controls and contained normal midgestation homozy-
gous mutant embryos indicating that mutant embryos
develop normally in wild-type mothers. Similarly, ho-
mozygous mutant blastocysts (n = 12) transferred into a
pseudopregnant wild-type female gave rise to normal
midgestation embryos surrounded by morphologically
normal implantation sites (n = 7).

Expression of IL-11Ra and IL-11 in pregnant uteri

To determine the onset and distribution of IL-11R tran-
scripts in pregnant uteri, IL-11R expression was analyzed
by RNA in situ hybridization. No expression was de-
tected in uteri prior to implantation. On day 6 of gesta-
tion, IL-11R transcripts were present in the peripheral
antimesometrial decidua (Fig. 8a). On day 8, IL-11R
mRNA was localized in the antimesometrial secondary
decidua and in stromal cells underlying the mesometrial

Figure 7. Mutant IL-11RaTgH(PGK–neo) homozygotes have nor-
mal thymus and lymph node cells. Thymocytes and lympho-
cytes from representative 5-month-old IL-11RaTgH(PGK–neo) ho-
mozygous (−/−) and wild-type mice (+/+). (A) Multiparameter
flow cytometric analysis examining expression of the indicated
lymphocyte markers. (B) Proliferation of lymph node cells in-
duced by varied doses of the T-cell mitogen CON A or the B cell
mitogen LPS. The mean of duplicate or triplicate CPM (counts
per minute) of [3H]thymidine incorporation determinations are
shown. The mean CPM of lymph node cells without added mi-
togen was always <7000.

Figure 8. Expression of IL-11Ra and IL-11 in uterine and pla-
cental tissues. (a–h) Dark-field microphotographs of paraffin
sections of implantation chambers from wild-type females hy-
bridized with a IL-11R (a–d) or IL-11 (e–h) probe. IL-11R tran-
scripts were detected in the secondary decidua at the antime-
sometrial pole (a,b), and in the decidua capsularis (c) and basalis
(d). IL-11 transcripts were detected in the secondary decidua (f),
in the peripheral decidua capsularis (g), giant trophoblast cells
(arrowheads in g), and in the placenta (h). Dark-field (i) and
bright-field (j) microphotographs of paraffin sections of a mutant
implantation chamber hybridized with an IL-11R probe. No IL-
11R transcripts were detected (i). (dc) Decidua capsularis; (db)
decidua basalis; (pl) placenta. Bars, 500 µm.
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luminal epithelium (Fig. 8b; data not shown). Beginning
with E9, transcripts were detected throughout the de-
cidua with higher levels in the decidua capsularis (Fig.
8c,d), but were absent from the embryonic part of the
placenta (Fig. 8d). Consistent with the low levels of mu-
tant mRNA detected by Northern blot analysis, no IL-
11R transcripts were detected in the deciduae of preg-
nant mutant IL-11RaTgH(PGK–neo) females (Fig. 8i), also
indicating that the highly homologous IL-11Rb gene (Bi-
linski et al. 1996; Robb et al. 1997) is not expressed at
detectable levels in the decidua. IL-11 is expressed in a
partly overlapping and complementary pattern to IL-
11Ra. On day 6, IL-11 transcripts were barely detectable
in the decidua (Fig. 8e). From the eighth day of develop-
ment onward, transcripts were found in the antimeso-
metrial decidua partly overlapping with IL-11Ra expres-
sion (Fig. 8f,g). In addition, trophoblast cells (arrowheads
in Fig. 8g) and the forming chorioallantoic placenta (Fig.
8h) expressed elevated levels of IL-11.

Discussion

We have generated two mutant alleles of the IL-11Ra
gene, which affect female reproduction and indicate a
specific requirement for IL-11Ra-mediated signals for de-
cidua formation and maintenance. No normal IL-11Ra
mRNA was detected in either homozygous mutant, sug-
gesting that no wild-type IL-11Ra protein is present in
these mice. Different levels of a mutant IL-11Ra protein,
however, were found in both mutants. The mutant pro-
tein likely retains activity as an IL-11 receptor, as the mu-
tant phenotype is much milder in IL-11RaTgH(PGK–neo–rev)

mice that express this protein at higher levels. Therefore,
IL-11RaTgH(PGK–neo) and IL-11RaTgH(PGK–neo–rev) most
likely are two hypomorphic mutations, and IL-
11RaTgH(PGK–neo) represents the stronger allele that with
rare exceptions reduces IL-11Ra activity below the
threshold required for normal decidua development.

Female sterility attributable to defective decidualiza-
tion has been reported recently for mice carrying a null
allele of the IL-11Ra gene (Robb et al. 1998). Homozy-
gous females carrying the null allele did not give rise to
any offspring, and no embryos survived past gestational
day 11, but, as IL-11RaTgH(PGK–neo) mice, IL-11Ra
null mice did not display defects in any other tissue
(Nandurkar et al. 1997). This suggests that the IL-
11RaTgH(PGK–neo) phenotype is very similar to, but some-
what milder than, the null phenotype. In addition, the
mutant phenotype caused by the IL-11RaTgH(PGK–neo) al-
lele showed greater variability than the null phenotype.
A few embryos in homozygous IL-11RaTgH(PGK–neo) mu-
tant mothers even developed to term, suggesting that in
rare cases the level and/or residual activity of the mu-
tant protein in homozygous IL-11RaTgH(PGK–neo) females
is sufficient for decidualization and embryonic survival.
This interpretation is supported further by the similar
but weaker phenotype of the IL-11RaTgH(PGK–neo–rev) al-
lele, which expresses larger amounts of the mutant pro-
tein. Because our analysis was done on a genetic back-
ground nonsegregating for the IL-11Rb gene, the pres-

ence or absence of IL-11Rb cannot account for the
observed variability. Because the mutation was analyzed
on a mixed 129SvPas/C57BL/6 genetic background, how-
ever, segregating modifier loci may contribute to the
variable expressivity of the mutation.

The normal number of implantation sites in homozy-
gous mutant females (see Table 1) indicates that mutant
females produce normal numbers of oocytes, that these
oocytes can be fertilized, and that preimplantation de-
velopment and implantation are not compromised by
impaired maternal IL-11Ra signaling. Implanted em-
bryos were surrounded by cells that morphologically re-
sembled primary decidua cells, suggesting that the ini-
tial decidual reaction occurs in mutant females. From E6
onward, deciduae in mutant mothers were significantly
smaller than in controls. BrdU incorporation in the pe-
ripheral antimesometrial (secondary) decidual zone and
in the mesometrial decidua, both areas of high mitotic
activity (O’Shea et al. 1983), was reduced. This strongly
suggests that the small deciduae are caused by decreased
cell proliferation, and that IL-11Ra signaling stimulates
decidual cell division early during postimplantation de-
velopment. At present, however, we cannot distinguish
whether cell proliferation is reduced in all decidual cells,
or whether only a subset of decidual cells is affected.
Because the decidua contains polyploid cells in its an-
timesometrial portion at this time of gestation (O’Shea
et al. 1983), the reduced BrdU incorporation could also
indicate reduced endo-reduplication of cells. The degen-
eration of the antimesometrial decidua is a physiological
process that during normal pregnancy leads to the
complete decay of the decidua capsularis late in gesta-
tion (Welsh and Enders 1985). Therefore, the early loss
of the antimesometrial decidua in homozygous IL-
11RaTgH(PGK–neo) females might not be attributable to a
specific requirement for IL-11R signaling for decidua cell
survival, but might merely reflect the degeneration of
too few decidual cells at a normal rate. The mesometrial
decidua, however, normally persists during pregnancy
and might specifically require IL-11R signaling for sur-
vival.

The spatial and temporal distribution of IL-11R tran-
scripts in uteri of pregnant females correlates with the
observed decidual phenotype. The results of the ovary
transplantations demonstrate that perturbed IL-11Ra
function in the ovary does not cause the decidual defects.
Similarly, the normal composition and proliferative re-
sponses of B and T cells in mutant IL-11RaTgH(PGK–neo)

females suggest that defects in the lymphoid system
are unlikely to contribute to the observed decidual
degeneration, which is supported further by the nor-
mal reproductive capacity of genetically immunodefi-
cient mice (Croy and Chapeau 1990; Koller et al. 1990).
The normal development of homozygous mutant em-
bryos in wild-type females carrying homozygous mutant
ovary transplants, as well as the normal development
of homozygous mutant blastocysts after transfer into
a pseudopregnant wild-type female indicates that the
trophectodermal defects are not caused by the loss of
IL-11Ra function in the embryo. Heterozygous embryos
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carry one copy of the functional IL-11Ra gene, and, as
wild-type embryos, they develop normally in wild-type
females. When they develop in homozygous mutant
mothers, however, they have severe defects in their tro-
phoblasts, further supporting that IL-11R signaling in
maternal tissues is critical. Taken together, our data
strongly suggest that abnormal decidua development and
decidua degeneration, as well as the defects in the em-
bryo-derived trophoblast, are likely to be solely conse-
quences of defective IL-11Ra signaling in the decidua.

Embryos in mutant deciduae appeared developmen-
tally or growth retarded already on E8, well before the
chorioallantoic placenta is established, and many em-
bryos died before placentation, suggesting that the de-
cidua has a critical role in promoting and sustaining
early postimplantation development. Massive embry-
onic death was observed beginning with gestational days
9–10, a time when the chorioallantoic placenta is estab-
lished and begins to function as the primary means of
nutrient, gas, and waste exchange (Cross et al. 1994; Ros-
sant 1995; Rinkenberger et al. 1997). The failure of es-
tablishing a proper chorioallantoic placenta therefore ap-
pears to be the major cause for the demise of the embryos
after E9.

The overlapping expression of IL-11Ra and IL-11 in
the decidua suggests paracrine or autocrine functions of
IL-11. The complementary expression of IL-11Ra in ma-
ternal tissue and IL-11 in the trophoblast and placenta
suggests that IL-11, in addition to its multiple known
hematopoietic and non-hematopoietic effects (Du and
Williams 1997), might be a fetal signal that is involved in
an ongoing cross-talk between feto-placental unit and
uterus, and required for normal decidua development.
Conversely, the severe deficiencies in the embryo-de-
rived spongio and labyrinthine trophoblast suggest that
decidua-derived signals are essential for fetoplacental de-
velopment, and the decidua may have a trophic role that
is specifically required for spongio and labyrinthine tro-
phoblast cells.

In summary, our results demonstrate that signals me-
diated by the IL-11Ra are essential for the normal for-
mation of the decidua and its maintenance, and these
signals are likely to act directly in uterine tissues. There-
fore, like LIF, which is required for implantation (Stew-
art et al. 1992), IL-11 appears to be an essential compo-
nent of a intrauterine cytokine network (Pollard 1991)
that is required for embryo implantation, decidua forma-
tion, and the establishment of the maternal–fetal inter-
face during pregnancy.

Materials and methods

Generation of mice carrying a germ-line mutation
in the IL-11Ra gene

The targeting vector was constructed by cloning a genomic
129SvPas-derived 4.5-kb BamHI–XbaI fragment containing ex-
ons 2–8 of the IL-11Ra gene (Bilinski et al. 1996) into the Blue-
script pBSIIKS+ vector (Stratagene) containing a PGK–neo cas-
sette either in the same or opposite transcriptional orientation
as the IL-11Ra gene. This vector was linearized with HindIII

and electroporated into D3 ES cells (Doetschman et al. 1985).
Correctly targeted clones were identified and verified by South-
ern blot analysis (Ausubel et al. 1994) using external probes
from the 58 and 38 region of the targeted area, and were injected
into C57BL/6J blastocysts to obtain germ-line transmission.
Germ-line chimeras were bred to C57BL/6J mice, and mutant
lines maintained by brother sister matings.

RNA isolation and Northern blot analysis

Total RNA was isolated according to standard protocols (Au-
subel et al. 1994), poly(A)+ RNA using Oligotex dT cellulose
(Quiagen) according to the manufacturer’s instructions. For
Northern blot analysis 2–5 µg of poly(A)+ RNA were electropho-
resed and transferred to nylon membranes as described (Lehrach
et al. 1977; Sambrook et al. 1989). Filters were hybridized as
described (Neuhaus et al. 1994).

In situ hybridization

Tissues were dissected, washed twice in PBS, and fixed in 4%
paraformaldehyde in PBS at 4°C overnight. In situ hybridization
on tissue sections was carried out essentially as described
(Wilkinson et al. 1990) with [33P]UTP instead of [35S]UTP. After
autoradiography using Kodak NTB2, emulsion sections were
stained with hematoxilin or toluene blue and embedded as de-
scribed (Ausubel et al. 1994).

Western blot analysis

Proteins were separated by SDS-PAGE using 10% polyacryl-
amide gels in a Bio-Rad Mini Protean gel chamber and blotted
onto Nitrocellulose filters in a Bio-Rad Mini Trans Blot cham-
ber according to the manufacturer’s instructions. Proteins were
detected using C-20 and N-20 anti-IL-11R antibodies (Santa
Cruz Biochemicals) using the ECL detection system (Amer-
sham).

Histological analysis

Tissues were dissected, washed twice in PBS, fixed in Bouin’s or
4% paraformaldehyde in PBS at 4°C overnight, and processed as
described (Ausubel et al. 1994). Eight-micrometer sections were
cut using a Leica 1512 microtome, stained with hematoxilin/
eosin and photographed with a Leica WILD or Leica MRXE
microscope.

Labeling index analysis

Females were sacrificed 1 hr after intraperitoneal injection of
100 µg of BrdU/gram bodyweight, and tissues processed as de-
scribed above. BrdU incorporation was detected immunohisto-
chemically using rat anti-BrdU antibodies (Harlan, Sera-Lab)
and biotinylated secondary antibodies (Jackson Immuno Re-
search). Bound antibodies were visualized after incubation with
strepavidin-conjugated b-galactosidase by X-gal staining as de-
scribed (Gossler and Zachgo 1993). Labeling indices were calcu-
lated from the numbers of labeled and unlabeled cells that were
counted in several standardized areas (9500 µm2) of different
sections in the mesometrial and secondary decidua.

Analysis of lymphocytes

Thymocyte or lymph node cell surface differentiation and acti-
vation markers were evaluated by multi-parameter flow cytom-
etry using conventional procedures (Christianson et al. 1997)
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and the following antibodies: 145-2C11 anti-CD3e-FITC; 56-
6.72 anti-CD8a-PE; GK1.5 anti-CD4-CY3; 53-6.7 anti-CD8a-
PE; PC61 anti-CD25/IL2R-FITC, clone RA3-6B2 CD45R/B220-
PE, clone H1.2F3 anti-CD69-biotin/SA, obtained from Pharm-
ingen, Inc., San Diego, CA, or prepared by The Jackson
Laboratory Flow Cytometry Service. Lymph node cell prolifera-
tive responses were induced by varied doses of concanavalin A
(CON A) and lipopolysaccharide (LPS) in microtiter cultures
with each well seeded with 2.5 × 105 nucleated cells in 0.2 ml of
Dulbecco’s modified Eeagle medium. Cultures were labeled af-
ter 48 hr of incubation with [3H]thymidine, harvested 12 hr
later, and 3H incorporation was determined.
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