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A large number of intercellular signaling molecules have been identified that orchestrate female reproductive
physiology. However, with the exception of steroid hormone receptors, little information exists about the
transcriptional regulators that mediate cellular responses to these signals. The transcription factor C/EBP
(CCAAT/enhancer-binding protein B) is expressed in ovaries and testes, as well as many other tissues of adult
mice. Here we show that mice carrying a targeted deletion of the C/EBPB gene exhibit reproductive defects.
Although these animals develop normally and males are fertile, adult females are sterile. Transplantation of
normal ovaries into mutant females restored fertility, thus localizing the primary reproductive defect to the
ovary proper. In normal ovaries, C/EBPB mRNA is specifically induced by luteinizing hormone (LH/hCG) in
the granulosa layer of preovulatory antral follicles. C/EBPB-deficient ovaries lack corpora lutea and fail to
down-regulate expression of the prostaglandin endoperoxidase synthase 2 and P450 aromatase genes in
response to gonadotropins. These findings demonstrate that C/EBP is essential for periovulatory granulosa
cell differentiation in response to LH. C/EBPg is thus established as a critical downstream target of
G-protein-coupled LH receptor signaling and one of the first transcription factors, other than steroid hormone
receptors, known to be required for ovarian follicle development in vivo.
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The CCAAT/enhancer-binding protein (C/EBP) family
of transcriptional regulators is composed of four func-
tionally related basic leucine zipper (bZIP) DNA-binding
proteins (C/EBP«, C/EBPB, C/EBPS, and CRP1/C/EBPe)
that recognize the same palindromic DNA sequence and
exhibit similar leucine zipper dimerization specificities
(Johnson and Williams 1994). The expression patterns of
the members of this family often overlap, making it dif-
ficult to discern the specific regulatory functions of each
protein. To address the roles of the individual C/EBP
family members in a mammalian system, we and others
have begun to introduce targeted mutations of the
C/EBP genes into the mouse germ line.

Mice lacking C/EBP« die shortly after birth due to
hypoglycemia and an absence of stored glycogen in the
liver (Wang et al. 1995). The mutant animals also fail to
accumulate lipid in their fat tissue, in accordance with
prior studies showing that C/EBP« is required for termi-
nal differentiation of preadipocytes (Samuelsson et al.
1991; Lin and Lane 1992; Freytag et al. 1994). In addition,
analysis of hematopoiesis in fetal liver of C/EBPa null
animals showed that this protein is essential for devel-
opment of the granulocytic compartment (Zhang et al.
1997). This defect most likely results from the loss of
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expression of the granulocyte colony-stimulating factor
(G-CSF) receptor gene, whose promoter contains a bind-
ing site for C/EBPa (Smith et al. 1996).

Mice deficient for C/EBPB (a.k.a. NF-IL6, IL-6DBP,
LAP, CRP2 and NF-M; for review, see Johnson and Willi-
ams 1994) are viable but display immune defects, includ-
ing lymphoproliferative disorders, imbalanced T-helper
responses, impaired tumor cytotoxicity and bactericidal
activity of macrophages, and increased susceptibility to
infections (Screpanti et al. 1995; Tanaka et al. 1995). De-
fects in the myeloid lineage of the hematopoietic system
had been anticipated because of previous reports of
C/EBPB up-regulation during monocyte/macrophage
and neutrophilic differentiation (Natsuka et al. 1992;
Scott et al. 1992; Katz et al. 1993). Although C/EBP has
been implicated in the regulation of cytokine genes and
in the induction of acute phase genes in hepatocytes,
hepatic acute phase responses are not significantly im-
paired in homozygous mutant mice (Screpanti et al.
1995). However, liver-specific expression of a develop-
mentally regulated cytochrome P450 gene, CYP2D11, is
significantly reduced in mice that lack C/EBPpB (Lee et
al. 1997).

In the present study, we show that C/EBP is also
essential for female reproduction because of a critical
role in ovarian follicle development. Folliculogenesis be-
gins when the primordial germ cell recruits ovarian in-
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terstitial cells, forming a primordial follicle composed of
pregranulosa cells surrounding the oocyte. Granulosa
cells later begin to proliferate under the stimulation of
follicle-stimulating hormone (FSH). The follicle eventu-
ally forms a fluid-filled cavity, the antrum, which en-
larges as the follicle matures into the preovulatory stage.
At this point the granulosa cells become responsive to
luteinizing hormone (LH), whose levels increase tran-
siently during the estrous cycle. LH triggers follicle rup-
ture (ovulation) and also signals the granulosa cells to
differentiate into luteal cells. The follicle subsequently
transforms into the corpus luteum, which functions as a
transient endocrine organ required for maternal develop-
ment during pregnancy and is an essential source of pro-
gesterone (for review, see Freeman 1994). Our analysis of
C/EBPB-deficient mice shows that mutant granulosa
cells are unable to transgress to the luteal stage, render-
ing females sterile. Thus, the use of gene targeting has
revealed a hitherto unanticipated function of the
C/EBPg gene in murine development and physiology.

Results
Generation of C/EBPB-deficient mice

Embryonic stem (ES) cells were transfected with a re-
placement type targeting vector constructed from mouse
genomic DNA (Fig. 1A). Two recombinant clones con-
taining the predicted rearranged bands were used to gen-
erate chimeras that transmitted the mutated allele to
their progeny (Fig. 1B). Animals from both independently
derived lines were used for subsequent studies. As re-
ported previously (Screpanti et al. 1995; Tanaka et al.
1995), C/EBPB-deficient animals were viable but were

born at approximately half the expected frequency.
Western blot analysis of liver tissue confirmed that the
C/EBPR protein is not expressed in homozygous mutant
mice (Fig. 1C).

C/EBPB-deficient females are sterile

C/EBPB™/~ males and C/EBPB*/~ females were fertile
and were mated routinely to maintain the mouse colony.
However, C/EBPB™/~ females were completely infertile.
Initially, eight mutant females were housed from age 6-8
weeks for 4 months with wild-type males, but no litters
were recorded. To determine whether lack of mating was
the primary cause of sterility, five more females were
mated and monitored for the presence of seminal vaginal
plugs. As shown in Figure 2, all of the animals mated at
least once within this period (animals 1 and 5 received
new males on day 14 of testing), demonstrating that
C/EBPp deficiency does not lead to asexual behavior of
females. However, mating frequency was mostly acyclic,
with periods of 2 days to >13 days between matings. In
contrast, normal animals will enter estrous and mate
every 4-5 days (Allen 1922). At the end of testing the
females were analyzed for uterine content, but no em-
bryos were detected.

Two C/EBPR™/~ females were super-ovulated (see be-
low) and mated to C57BL/6 males. Mating was con-
firmed by the presence of vaginal plugs on the following
day, but the animals did not appear to become pregnant
and no pups were delivered thereafter. We also subjected
three mutant and three wild-type females to super-ovu-
lation, mated them to wild-type males (confirmed by the
presence of seminal vaginal plugs), and analyzed uterine
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Figure 1. Targeted mutation of the C/EBPR gene in mice. (A) Diagram of the targeting vector, wild-type allele, and mutated allele.
The entire coding region and parts of the promoter were replaced by a neomycin resistance gene. Homologous recombination at the
5’ side of the gene was screened by a probe (P5’) that detects the conversion of a 4.5-kb EcoRI fragment into 5.0 kb and, at the 3’ side,
a probe (P3’) that detects the alteration of a 7.0-kb BamHI fragment into a 5.5-kb fragment. (B) BamHI; (X) Xbal; (N) Notl; (Nh) Nhel;
(R) EcoRl. (B) Southern blot analysis of BamHI digested genomic mouse DNA probed with P3’ (see A). The 7.0-kb fragment diagnostic
of the wild-type allele (+/+) and the 5.5-kb fragment diagnostic of the mutated allele (-/-) are indicated. (C) Western blot analysis of
liver nuclear extracts from heterozygous or homozygous mutant animals probed with a C/EBPB-specific antiserum (arrow). The

asterisk identifies a nonspecific cross-reactivity of the antiserum.
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Figure 2. Seminal vaginal plug frequency in 5 C/EBPB-defi-
cient females. Mutant females were mated to males of proven
fertility and analyzed for the presence of seminal vaginal plugs
every morning for 31 days. (=) No plug; (+) plugged; (-) no record.

contents on day 14 postcoitum. All wild-type animals
carried several embryos as well as reabsorptions,
whereas neither was detected in the C/EBPB-deficient
females (data not shown). In summary, these data show
that C/EBPB™/~ female mice are unable to initiate or
maintain pregnancy.

C/EBPB-deficient ovaries lack corpora lutea and
ovulate inefficiently

Comparative histology of uterine tissue from wild-type
and C/EBPB™~ mice did not reveal any abnormalities in
mutant animals (data not shown). Furthermore, the wet
weights of the uteri from super-ovulated mutant and
wild-type animals were indistinguishable (Table 1).
These data suggest that the uteri of virgin animals de-
velop normally in the absence of C/EBPB. However, his-
tological examination of the ovaries of adult mice re-
vealed a complete absence of mature corpora lutea in
mutant animals (Fig. 3). In contrast, normal ovaries may
contain three or more generations of corpora lutea, as
their morphological life span is three to four times longer
than each estrous cycle (Freeman 1994). A total of nine
virgin C/EBPBR™/~ females ages 5 weeks to 3 months were
analyzed for ovarian histology. Mature corpora lutea,
characterized as being larger than antral follicles with
hypertrophic cells (depicted in Fig. 3A for a normal
ovary), were never observed, whereas all stages of pri-
mary and antral follicles were present and histologically
normal (Fig. 3B; data not shown). No other defects in
ovarian development were apparent.

To investigate whether the ovarian defect in C/EBPf-
deficient mice is the result of impaired pre- or post-
ovulatory mechanisms, we subjected animals to a
super-ovulation protocol. Super-ovulation involves the

Table 1. Uterus weights of super-ovulated females

Number Genotype mg (£ S.E.M.)
4 +/+ 99.5+9.2
5 +/- 102.4 + 4.4
4 -/- 106.5 + 16.9

Four-month-old females were super-ovulated (see Materials and
Methods), and uterine wet weights were determined 4-8 hr after
injection of hCG.
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Figure 3. Morphology of normal and C/EBPB-deficient ovaries
from untreated animals or after treatment with gonadotropins
in vivo. Photomicrographs (40x) of sections of hematoxylin/
eosin-stained ovaries from heterozygous (A) and homozygous
(B) mutant ovaries of 2- to 3-month old mice, and of heterozy-
gous (C) and mutant (D) ovaries from mice treated for 2 days
with PMSG and subsequently for 14 hr with hCG (see Table 2).
The arrow indicates an oocyte that has failed to be expelled.
(CL) Corpus luteum.

sequential administration of pregnant mare serum go-
nadotropin (PMSG) and human chorionic gonadotropin
(hCG), substituting for FSH and LH (Greenwald and Roy
1994). This treatment results in follicular synchroniza-
tion and ovulation of large numbers of oocytes. Injec-
tions of ovulatory doses of gonadotropins resulted in an
average of 30 ovulated oocytes in heterozygous females.
However, mutant animals produced only three to six oo-
cytes that could be recovered from the oviducts after
hormone treatment (Table 2). DAPI staining of nuclear
DNA showed that the oocytes were arrested in meta-
phase Il as expected for normal, ovulated, and unfertil-
ized oocytes (data not shown).

Histological analysis showed that after 14 hr of hCG
treatment, large antral follicles had disappeared in con-
trol animals that had ovulated efficiently (Fig. 3C). The
remaining cells were either undergoing luteinization or
atresia (degeneration). In contrast, large, often hemor-
rhagic antral follicles were still present in mutant ova-
ries (Fig. 3D). Follicles beginning luteinization but con-
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Table 2. C/EBPB-deficient females exhibit reduced
ovulation in response to gonadotropins

No. of ovulated

Genotype oocytes (mean % S.E.) Number
+/- 30.3+1.7 3
-/- 3.7+0.7 4

Three-month-old mice were sacrificed 14 hr after injection with
hCG, which was preceded 50 hr earlier by an injection of PMSG.
Oviducts were collected, and the oocytes harvested and
counted. The ovaries were fixed for histological analysis (see
Fig. 3).

taining oocytes that had failed to be expelled were also
apparent (data not shown). Large antral follicles were
rarely seen in normal super-ovulated ovaries and were
never hemorrhagic. Taken together, the morphology of
mutant super-ovulated ovaries and the low yield of ovu-
lated oocytes after hormone treatment indicate that the
mechanisms required to expel the oocyte and to support
efficient luteinization are impaired in C/EBPR™/~ mice.

Sterility of C/EBPB-deficient females is attributable to
ovary-intrinsic defects

Reproductive performance of females depends on the
proper function of and communication between several
organs, as well as the metabolic condition and immuno-
logical fitness of the animal (Adashi and Leung 1993;
Knobil and Neill 1994). To address whether the ovarian
failure of C/EBPB™/~ mice was caused by intrinsic de-
fects or systemic causes, we performed ovary transfer
experiments. First, we exchanged ovaries between ho-
mozygous mutant females and normal (i.e., fertile) het-
erozygous littermates. When normal ovaries were im-
planted into C/EBPB-deficient littermates, six out of
seven animals became pregnant at least once and carried
embryos to term (Table 3A). These results demonstrate
that the uterus, hypothalamus, and pituitary of
C/EBPB™/~ mice can support reproductive functions and
suggest that defects in the ovary itself are the primary
cause of sterility in mutant female mice.

To investigate whether the C/EBPB-deficient ovaries
could give rise to viable oocytes and/or whether hor-
monal communication between the ovaries and neuro-
endocrine organs was impaired, we performed unilateral
transplants of mutant ovaries into heterozygous or wild-
type littermates. However, these transplants were com-
plicated by frequent transplant rejections because the ge-
netic background of donor and host animals was mixed
129/SV and C57BL/6. The observation that transplants
into mutant animals were more successful than trans-
plants into normal animals may be attributable to the
impaired T-helper cell function in C/EBPB™~ animals
(Screpanti et al. 1995). To circumvent problems of his-
tocompatibility, we used wild-type F,; females generated
by crossing pure 129/SV and C57BI/6 animals as hosts
for the mutant ovary transplants. Five wild-type females
containing unilateral mutant ovary transplants were
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mated to wild-type males, and nine litters from these
matings were analyzed for their genotypes. Each of the
females gave birth to heterozygous progeny (Table 3B).
Thus, the mutant ovary can produce functional oocytes
in the background of a wild-type host; in addition, the
mutant ovary does not interfere with the reproductive
functions of its wild-type host. Assuming 10% ovulation
efficiency of mutant ovaries (Table 2), one would have
predicted a maximum of 5% heterozygous pups after
transplantation of one mutant ovary into a wild-type
host. However, [20% of the progeny carried the mutant
allele. These data suggest that the ovulation efficiency of
mutant ovaries is improved within a wild-type host, at
least in comparison to super-ovulated mutant animals.

Next, we analyzed whether transplantation of ovaries
also affected the formation of corpora lutea. When het-
erozygous ovaries were implanted into mutant females,
corpora lutea could be detected even 3 months after or-
gan transfer, thus demonstrating that mutant host ani-
mals can support the formation and maintenance of cor-
pora lutea in normal ovary implants (Fig. 4A). However,
when mutant ovaries were implanted into normal (het-
erozygous and wild-type) hosts, corpora lutea were never
observed (Fig. 4B), even when the host animal was preg-
nant (data not shown). These results confirm that the
formation of the corpus luteum is impaired in C/EBPB-
deficient mice and that this phenotype is caused by in-
trinsic ovarian defects. Furthermore, these data suggest
that the development of embryos derived from C/EBPB-
deficient ovary implants (Table 3B) was supported by
corpora lutea formed in the contralateral wild-type ovary
of the host.

C/EBPB is essential for granulosa cell function

In rats, C/EBPB mRNA expression is rapidly induced in
granulosa cells within 30 min after stimulation with

Table 3. Ovary transplants between mutant and
wild-type mice

Number Host Ovaries Litters/animal Pups/litter
A 2 -/-  +/- +/- 1 1-2
1 -/-  +/- +/- 2 2-3
3 -/- /- +/- 1 2
(/=) (+/+)
B. 2 H+ /- +/+ 3 7 37
3 +H+ /- +/+ 1 4 10

(A) One or two ovaries from 4- to 6-week-old C/EBPB-deficient
mice were replaced by ovaries from heterozygous littermates.
The mice were mated 14 days postsurgery, and the first litters
were born 20-30 days later. The animals were sacrificed at 3-4
months of age for histological analysis (see Fig. 4). (B) One ovary
each from 4- to 6-week-old wild-type 129/SV x C57BL/6 fe-
males was replaced with one ovary from age-matched C/EBPB-
deficient mice. The mice were mated 14 days postsurgery to
wild-type males, and the first litters were born 20-30 days later.
The genotype of the pups was determined by tail DNA analysis.
The mothers were sacrificed after one or three litters for histo-
logical analysis (see Fig. 4).



Figure 4. Morphology of transplanted ovaries. Photomicro-
graphs (50x) of sections of hematoxylin/eosin-stained ovaries
from a heterozygous ovary (A) 3 months after transplantation
into a homozygous mutant host (see Table 3A) and a mutant
ovary (B) 2 months after transplantation into a wild-type host
animal (see Table 3B). (CL) Corpus luteum.

LH/hCG in vivo (Sirois and Richards 1993). This finding
implicates C/EBPR as functioning downstream of the LH
receptor in the granulosa cell compartment. To address

C/EBPB and female reproduction

whether ovarian cell types other than granulosa cells ex-
press C/EBPB, we performed in situ hybridization analy-
sis. Figure 5 shows that C/EBP is highly expressed in
granulosa cells of antral follicles in animals that were
treated for 7 hr with hCG. A high magnification image
(Fig. 5F) demonstrates that C/EBPB mRNA is not in-
duced in theca cells. In addition, C/EBPB expression in
normal animals was undetectable in corpora lutea, the
absence of which is the most evident histological defect
in C/EBPB-deficient ovaries. This observation suggests
that C/EBP functions in granulosa cells prior to their
maturation to the luteal phase. Although C/EBPB may
be expressed at low levels in other cell types of the ovary,
it is clearly most abundant in granulosa cells of antral
follicles. These findings support the proposed role of
C/EBPB in regulating differentiation and/or functional
maturation of granulosa cells into luteal cells.

To begin to determine at the molecular level the con-
sequences of C/EBPg deficiency, we analyzed the expres-
sion of several potential target genes. C/EBP proteins can
bind to the promoter of the prostaglandin endoperoxide
synthase-2 gene (PGS-2, COX-2, PES-2), which encodes
the rate-limiting enzyme in the conversion of arachi-
donic acid to prostaglandins, thromboxane, and prosta-
cyclin. The C/EBPp binding element is thus implicated
in the regulation of PGS-2 expression in granulosa cells,

Figure 5. C/EBPB expression is induced in
granulosa cells 4-7 hr after hCG treatment.
Bright-field (A,C), dark-field (B,D), and bright-
plus dark-field (E,F) photomicrographs of sec-
tions from normal adult ovaries after in situ
hybridization to a C/EBPB-specific antisense
cRNA probe. The animals were treated for 2
days with PMSG and then with hCG for 4 hr
(A,B)and 7 hr (C,D), respectively. E and F show
high magnification of the two follicles shown
at the bottom of C and D; silver grains (pre-
dominantly over granulosa cells) are in pink.
The scale bar in E represents 10 um. (A,B)
C/EBPB*/~ ovaries; (C-F) C/EBPB+/+ ovaries.
(CL) Corpus luteum; (t) theca layer. Magnifica-
tions, 62.5x (A-D); 100x (E); 320x (F).
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as well as in osteoblastic and endothelial cell lines (Sirois
and Richards 1993; Inoue et al. 1995; Yamamoto et al.
1995). In vivo, PGS-2 expression is induced by LH/hCG
in granulosa cells, attains peak levels 4 hr after hormone
treatment, and declines rapidly thereafter (Sirois et al.
1992). Targeted deletion of the PGS-2/COX-2 gene in
mice leads to female infertility with ovarian histology
similar to that described here (Dinchuk et al. 1995). We
therefore examined whether induction of PGS-2 expres-
sion by LH/hCG was impaired in C/EBPR™~ mice, thus
directly causing female sterility. Figure 6 shows that
similar levels of PGS-2 expression were observed in RNA
of whole ovaries from mutant and control animals 4 hr
after hCG treatment. In agreement with previous reports
(Sirois et al. 1992), PGS-2 expression was essentially un-
detectable in normal ovaries at 7 hr of hCG treatment.
However, at the same time point, mutant ovaries re-
tained high levels of PGS-2 mRNA. Thus, induction of
PGS-2 expression is normal in mutant animals but sub-
sequent down-regulation of this gene is severely im-
paired.

We further analyzed the expression of P450 aromatase
(P450arom) and angiotensinogen, both of which are spe-
cifically expressed in granulosa cells and are candidates
for regulation by C/EBPB according to previous promoter
analyses (Thomas and Sernia 1990; Brasier and Li 1996;
Toda et al. 1996). Expression of P450arom, which cata-
lyzes the last step in the synthesis of estrogens, is in-
duced by FSH/PMSG and declines upon hCG/LH recep-
tor signaling (Richards 1994). As shown in Figure 6,
P450arom mRNA was undetectable in normal ovaries
after 7 hr of hCG treatment but was still present at this
time in mutant ovaries. These data again indicate a fail-
ure of LH/hCG to shut off the expression of a gene in
granulosa cells following its induction.

Regulation of the angiotensinogen gene by gonadotro-
pins has not been observed, although inhibition of the
ovarian renin-angiotensinogen system can interfere
with ovulation (Kuji et al. 1996). Figure 6 shows that the
levels of angiotensinogen mMRNA are comparable in nor-
mal and mutant ovaries at both time points; therefore,
expression of this gene does not appear to be altered sig-
nificantly by the lack of C/EBPB. P450scc, the enzyme
catalyzing the first step of steroidogenesis from choles-
terol, is expressed in most cell types of the ovary and is
up-regulated by LH (Richards 1994). Like angiotensino-
gen, ovarian expression of P450scc was unaffected by
deletion of the C/EBPR gene (Fig. 6).

In summary, mRNA analyses revealed that total tran-
script levels of P450scc, which is widely expressed in the
ovary, and angiotensinogen, which is expressed in gran-
ulosa cells, were not significantly altered in C/EBPg-
deficient ovaries at the time points analyzed. Further-
more, target genes of FSH and LH (P450arom, P450scc,
and PGS-2) were expressed in the ovaries of mutant mice
following hormone treatment. However, the PGS-2 and
P450arom genes failed to undergo subsequent down-
regulation in response to LH/hCG. These data demo-
strate that C/EBPB deficiency impairs granulosa cell
function subsequent to LH/hCG-receptor activation.
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Discussion

The generation and analysis of C/EBPB-null mice has
revealed novel functions for this transcription factor in
vivo. Although mutant males and heterozygous females
are fertile, nullizygous females are sterile. Our analysis
identifies the primary cause of infertility as defective
ovarian granulosa cell function at postovulatory stages of
follicular development, resulting in lack of corpora lutea.
Ovulation was also impaired in mutant mice, occurring
at [110% the efficiency of wild-type animals in super-
ovulation experiments. However, single mutant ovaries
that were implanted into wild-type hosts gave rise to
20% of the total progeny produced by these females.
These results suggest that defective ovulation is not the
primary cause of sterility. The data further indicate that
super-ovulation experiments alone may not yield con-
clusive data on the effect of a mutation on ovulation
efficiency. Although functional oocytes were produced
by the transplanted mutant ovaries, no corpora lutea
were formed. Therefore, the absence of corpora lutea is
an intrinsic defect of C/EBPR-deficient ovaries and ex-
plains the sterility of mutant female mice. This ovary-
autonomous defect is consistent with the high levels of
C/EBPB observed in normal granulosa cells after LH
stimulation.

Ovary transplants

When normal ovaries were implanted into mutant fe-
males, pregnancies could occur, demonstrating that the
uterus, hypothalamus, and pituitary can support repro-
ductive functions. In most cases, only one litter was pro-
duced by mutant females with wild-type ovary implants.
This could be attributable to the high level of stress
caused by the first pregnancy, which exacerbated their
poor health, or to the stimulation of an immune re-
sponse against the C/EBPB-positive embryos or ovary

Noemal Muutant
4 T 4 T

."' C/EBPR

B W e

- o, fose
-“ Cyelophilin

Figure 6. Gene expression analysis of normal and mutant ova-
ries after gonadotropin treatment. The animals were treated for
2 days with PMSG and with hCG for 4 hr (normal, C/EBPB*/")
and 7 hr (normal, C/EBPB*/*), as indicated. One ovary from each
animal was fixed for histological analysis (Fig. 5); total RNA was
isolated from the second ovary and 10 pg was analyzed by
Northern blotting with sequential hybridization to radioac-
tively labeled cDNA probes for the indicated genes.
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implant after the first parturition. In support of the lat-
ter, no ovary implant was found at sacrifice in one ani-
mal (out of four animals analyzed) 2 months after it de-
livered a pup that by its genotype was derived from the
implant. In addition, two animals appeared to have en-
capsulated the implant (data not shown).

The newborn pups delivered by mutant females with
wild-type ovaries appeared normal. However, they did
not have milk in their stomachs and were eaten by the
mothers soon after birth. The appearance of the pregnant
mutant animals suggested that they were carrying more
than one to two embryos (Table 3A). It is therefore likely
that most of the offspring were cannibalized before they
could be rescued from the mothers. Although initial ob-
servations indicated that nurturing and suckling behav-
ior were normal, the finding that mutant females do not
or cannot feed their pups requires further investigation.
In general, however, our data suggest that neural, hor-
monal, and uterine functions during pregnancy and par-
turition are normal in C/EBPB-deficient females.

Communication between granulosa cells and the oo-
cyte is required for normal oocyte development (Simon
et al. 1997). Histological analysis of mutant ovaries sug-
gested that follicular development is unaffected until the
late antral stage. Furthermore, mutant ovaries gave rise
to progeny when transplanted into a wild-type host ani-
mal. Thus, C/EBPB-deficient granulosa cells function
normally until the peri- or postovulatory stage. Cross
talk between the ovaries and other reproductive organs is
also essential for female reproductive functions. We
show that the presence of a mutant ovary does not im-
pair the function of the contralateral host ovary or the
neuroendocrine control of reproduction. Furthermore,
mutant ovaries were unable to form corpora lutea even
in the presence of a normal ovary. These observations
indicate that the mutant granulosa cells do not secrete
hormones or other factors that inhibit reproduction and
that the deleterious consequences of the C/EBPB muta-
tion are intrinsic to the affected follicles.

Mating frequency

In normal female mice, mating behavior is governed by
cyclic hormonal changes and would normally occur at
estrous, which is entered on average every 5 days (Allen
1922). However, when fertilization is unsuccessful, the
coital stimuli alone can trigger pseudopregnancy, in
which case mating would resume after (112 days (Or-
mandy et al. 1997). The normal estrous cycle is regulated
by the hormonal cross talk between the hypothalamus,
pituitary and the ovary. The failure of C/EBPB-deficient
ovaries to generate functional corpora lutea predicts im-
paired hormonal production from the ovary and thus ir-
regularities in the estrous cycle. The irregular mating
behavior of C/EBPB-null females could thus be ac-
counted for by the lack of the luteal phase. That cyclic
changes do occur is suggested by several 4- to 5-day pe-
riods between matings (Fig. 2) as well as by the observa-
tion that vaginal smears obtained from mutant females
at day of sacrifice varied in appearance (data not shown)
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in accordance with different stages of the cycle (Allen
1922).

In only a single case did we record a period of >10 days
between matings. This observation suggests that mating
does not efficiently trigger pseudopregnancy in C/EBPRB-
deficient females, again supporting the notion of luteal
dysfunction. The mating frequency data are similar to
those reported for mice deficient in prolactin receptor
expression, which also display luteal dysfunction (Or-
mandy et al. 1997). However, analysis of ovarian mRNA
showed that the prolactin receptor gene is expressed in
C/EBPB™~ mice (data not shown), indicating that the
absence of this receptor does not cause the mutant phe-
notype.

C/EBPB expression in granulosa cells

Induction of C/EBP expression by LH/hCG specifically
in granulosa cells of antral follicles is consistent with a
role for C/EBPB in late follicular development. In hy-
pophysectomized rats, C/EBPB mRNA expression is in-
duced rapidly in granulosa cells 30 min after stimulation
with LH/hCG in vivo (Sirois and Richards 1993). This
finding indicates that the C/EBPR gene is an immediate
target of LH-receptor signaling. Our observation that
C/EBPB mRNA levels were induced between 4 and 7 hr
of hCG treatment of intact mice may indicate that
C/EBPB gene expression is modulated by additional fac-
tors derived from or under the control of the hypophysis.

The finding that C/EBPB is a nuclear target of LH sig-
naling suggests that C/EBP™/~ mice could have pheno-
types similar to animals carrying mutations that affect
LH or its receptor. Targeted mutations of the LH B-sub-
unit or the LH-receptor in mice have not been reported.
However, NGF1A-deficient mice, which do not express
LH efficiently, display ovarian histology similar to that
observed in C/EBPp-deficient mice. In contrast to
C/EBP-deficient mice, however, the formation of the
corpus luteum could be initiated in these animals by
hormone treatment (Lee et al. 1996). Analysis of ovarian
mMRNA confirmed that the LH-receptor is expressed in
C/EBPg-deficient mice (data not shown). These data sup-
port the notion that C/EBPR exerts its critical function
downstream of the LH-receptor.

C/EBPB mRNA is strongly up-regulated in granulosa
cells in response to LH/hCG (Fig. 5; Sirois and Richards
1993). LH-receptor signaling is known to elicit increased
intracellular cAMP levels (Richards 1993), which acti-
vate the cAMP response element-binding (CREB) pro-
tein. Recently two CRE motifs were identified within
the C/EBPB promoter that bind CREB and mediate tran-
scriptional induction by activated PKA (Niehof et al.
1997). It is likely that these elements in the C/EBPR
promoter also regulate induction by LH in granulosa
cells. Other cell-specific transcriptional regulators may
also contribute to the specific induction of C/EBPS in
granulosa cells.

C/EBPB expression differs significantly from that of
C/EBP«, which is abundant in most ovarian cell types
(Piontkewitz et al. 1993). Sirois and Richards (1993) re-
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ported that C/EBP« expression is down-regulated by LH/
hCG in rat granulosa cells and is thus reciprocal to
C/EBPB. Recently, it was demonstrated that inhibition
of C/EBPa expression using antisense oligonucleotides
interferes with ovulation (Piontkewitz et al. 1996). It is
possible that C/EBPa expression is required for the sub-
sequent induction of C/EBPB by LH/hCG, thus account-
ing for the ovulation deficit observed when C/EBPa ex-
pression is ablated. Because the neonatal lethality of
C/EBPa—null mice (Wang et al. 1995) precludes a
straightforward test of this hypothesis, the development
of conditional targeting strategies to inactivate the
C/EBPa gene in granulosa cells may be necessary to de-
fine its role in follicular development.

Requirement for C/EBP during luteal differentiation

Super-ovulation experiments demonstrated that mutant
ovaries are unable to respond appropriately to hormone
treatment and that the follicles do not transgress to the
luteal phase of development and instead tend to become
hemorrhagic. The occurrence of hemorrhagic follicles is
also observed in LH-transgenic mice (Risma et al. 1995)
and ER-deficient mice, which have elevated levels of LH
(Couse et al. 1995). Thus, hemorrhagic follicles may be
indicative of overstimulated LH-receptor activity. As
hemorrhagic follicles were not observed without hor-
mone treatment, endogenous levels of LH may not be
sufficient to trigger the hemorrhagic response in
C/EBPB-deficient mice. It is possible that LH overstim-
ulation results from the inability of mutant granulosa
cells to undergo maturation to luteal cells, thereby caus-
ing them to remain sensitive to LH stimulation. This
notion is further supported by the fact that down-regu-
lation of the P450arom and PGS-2 genes subsequent to
induction by LH/hCG is defective in C/EBPR™/~ mice.

C/EBPB potentially encodes a truncated polypeptide,
LIP, that functions as a transcriptional repressor
(Descombes and Schibler 1991). Therefore, an inhibitory
product of the C/EBPB gene could be responsible for
down-regulation of PGS-2 and P450arom in normal ani-
mals. Recent studies also suggest that the C/EBPR bind-
ing element inhibits PGS-2 promoter activity in trans-
fected granulosa cells (Morris and Richards 1996). Alter-
natively, the fact that the granulosa cells do not mature
into the luteal stage may explain the lack of transcrip-
tional attenuation for these genes. Regardless of the
mechanism, our findings demonstrate that although
C/EBPR is dispensable for induction of the PGS-2 and
P450arom genes, it is required for their subsequent shut-
off. It remains to be established whether unattenuated
expression of either gene is the direct cause of sterility in
C/EBPB™/~ females.

To our knowledge, the finding that C/EBP is a criti-
cal component of murine granulosa cell differentiation
represents the first in vivo demonstration of an essential
transcriptional regulator targeted by gonadotropin recep-
tor signaling. The receptors for FSH and LH, which be-
long to the class of G protein-coupled, seven-transmem-
brane receptors, are related in sequence and structure
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and share similar signal transduction pathways (Adashi
and Leung 1993). Based on these similarities, it is unclear
how FSH and LH elicit such different responses in the
same cells and why both are required for normal repro-
ductive functions. C/EBPR appears to act specifically as
an LH-receptor responsive gene and may thus provide a
tool to elucidate functional differences between the FSH
and LH receptor systems. Furthermore, because follicles
in mutant ovaries mature normally but are specifically
blocked at a periovulatory stage, C/EBPB-deficient mice
should provide a unique model system to identify down-
stream genes that are essential for LH-elicited follicular
maturation.

Materials and methods
Generation of C/EBPB™/~ mice

The replacement-type targeting vector consisted of 129/SV
(Stratagene) mouse genomic DNA comprising a 2.0-kb Xbal-
Notl fragment of 5° homology and a 5.5-kb Nhel-BamH]I frag-
ment of 3' homology with the C/EBPB locus. A 1.2-kb region
comprising the entire coding sequence and promoter sequences
was replaced with the pGKneobpA cassette, which was used as
a positive selectable marker. The pGK-thymidine kinase cas-
sette was included as negative selectable marker (Soriano et al.
1991).

Electroporation and selection were performed using the CJ7
ES cell line as described (Swiatek and Gridley 1993). DNAs
derived from G418/FIAU-resistant ES clones were screened
with a diagnostic BamHI restriction enzyme digestion using the
5’ probe external to the targeting vector sequence and the 3’
probe internal to the targeting vector sequence as indicated in
Figure 1. Recombinant clones containing the predicted rear-
ranged bands were obtained at a frequency of 1/24. Two inde-
pendent ES cell C/EBPB recombinant clones were injected into
C57BL/6 blastocysts to generate chimeras, which transmitted
the mutated allele to the progeny after mating to C57BL/6 fe-
males.

Immunoblotting

Nuclear extracts were prepared from liver as described (Gorski
et al. 1986), and 20 pg of protein was electrophoresed on 10%
SDS-polyacrylamide gels, transferred to nitrocellulose mem-
branes, and probed with the C-19 anti-C/EBPg antiserum (Santa
Cruz, CA) and HRP-conjugated second antibody (Promega). The
blot was developed using the ECL chemiluminescence system
(Amersham Corp., Arlington Heights, IL).

Analysis of ovary tissue

Ovaries were fixed either in 10% neutral buffered formalin or
with 4% paraformaldehyde. Five-micron sections were prepared
from paraffin-embedded tissues and stained with hematoxylin/
eosin according to standard procedures. In situ hybridization
analysis was performed as described (Tessarollo and Parada
1995), using as a probe antisense cRNA transcribed from a 480-
bp Nhel-Dral fragment derived from the C/EBPB 3’ untrans-
lated region (UTR) (Williams et al. 1991).

Care and treatment of mice

The mice were housed and bred in a specific pathogen-free fa-
cility with a 12-hr light cycle starting at 7 a.m. and chow and



water ad libitum. Procedures were conducted in compliance
with the guidelines of the Animals Studies Committee of the
National Cancer Institute. Where indicated, mice were given
intraperitoneal injections of PMSG (5 U, Sigma) or hCG (5 IU,
Sigma). For the data in Table 2 and Figure 3, the animals re-
ceived PMSG at 5 p.m. of day 1 and hCG at 7 p.m. of day 3 and
were sacrificed at 9 a.m. of day 4. For all other super-ovulation
experiments the mice were given PMSG at 4 p.m. of day 1 and
hCG at 1 p.m. of day 3.

Ovary transplants

Ovary transplants were performed essentially as described
(Cunliffe-Beamer 1983). Donor and recipient mice were anes-
thetized with Avertin. The ovarian fat pads were moved outside
onto surgical drape through a small longitudinal incision
through the skin. Where applicable, one skin incision was used
for both ovaries, moving it over the position of each ovary for an
incision through the peritoneum. The bursa was opened at one
end, keeping most of the membrane intact, and the ovary was
teased out and placed into PBS at 37°C. The bursa was held open
with Dumont tweezers and the replacement ovary was pushed
into the bursa. Blood was left around the bursa to help maintain
the ovary in place by clotting. The ovary, oviduct, and uterus
were then placed back into the body cavity while ensuring that
the ovary was fully inserted inside the bursa. The skin incisions
were closed with 9-mm wound clips, and the mice were given
appropriate postoperative care.

RNA analysis

Total RNA was prepared from whole ovaries homogenized in 1
ml of RNA STAT-60 reagent (TEL-TEST “B”, Inc., Friendswood,
TX) according to the manufacturer’s protocol. The RNA was
analyzed by Northern blotting as described (Sterneck et al.
1996). Radiolabeled DNA probes were prepared from isolated
cDNA clones for P450arom, P450scc, PGS-2 (Sirois et al. 1992),
cyclophilin (Danielson et al. 1988), angiotensinogen [ATCC;
(Lynch et al. 1986)], and a 480-bp Nhel-Dral fragment represent-
ing the 3" UTR of the rat C/EBPB gene (Williams et al. 1991).
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