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PPARg Is Required for Placental, Cardiac,
and Adipose Tissue Development

adipogenesis and macrophage foam cell formation
(Tontonoz et al., 1994a, 1998). When stimulated by natu-
ral or synthetic ligands, PPARg drives lipid build-up in
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provide a plausible link between the induction of physio-
logical PPARg targets and systemic insulin sensitization
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PPARs belong to a subclass of nuclear hormone re-
ceptors that, like the retinoic acid, vitamin D, and thyroidThe nuclear hormone receptor PPARg promotes adi-

pogenesis and macrophage differentiation and is a hormone receptors, execute their transcriptional func-
tions as heterodimers with the retinoid X receptor (RXR)primary pharmacological target in the treatment of

type II diabetes. Here, we show that PPARg gene (Kliewer et al., 1992a, 1992b). Ample experimental evi-
dence suggests that PPAR–RXR heterodimers serve asknockout results in two independent lethal phases.

Initially, PPARg deficiency interferes with terminal dif- the core signaling units. These include the demonstra-
tion of high-affinity heterodimerization necessary forferentiation of the trophoblast and placental vascular-

ization, leading to severe myocardial thinning and DNA binding in vitro (Kliewer et al., 1992b); the efficacy
of RXR-specific ligands in promoting typical PPARgdeath by E10.0. Supplementing PPARg null embryos

with wild-type placentas via aggregation with tetra- activities in cultured cells, such as adipogenesis and
macrophage differentiation, alone and in synergy withploid embryos corrects the cardiac defect, implicating

a previously unrecognized dependence of the devel- PPARg ligands (Mukherjee et al., 1997; Tontonoz et al.,
1997, 1998); and the ability of RXR-specific ligands tooping heart on a functional placenta. A tetraploid-res-

cued mutant surviving to term exhibited another lethal relieve symptoms of insulin-resistance and type II diabe-
tes in animals (Mukherjee et al., 1997).combination of pathologies, including lipodystrophy

and multiple hemorrhages. These findings both con- The involvement of PPARg in key metabolic processes
pertaining to lipid homeostasis in clinically importantfirm and expand the current known spectrum of physi-

ological functions regulated by PPARg. situations such as obesity, type II diabetes, and athero-
sclerosis prompted us to establish a knockout animal
model to critically assess its functions. We report hereIntroduction
the generation of PPARg-deficient mice and the dis-
covery of unanticipated essential roles of the receptorThe nuclear hormone receptors comprise an extended
during pre- and postnatal development. First, PPARgfamily of transcription factors that utilize ligand-borne
is required for epithelial differentiation of trophoblastsignals to regulate genes governing various aspects of
tissue, which proves critical for proper placental vas-eukaryote homeostasis, development, and reproduction
cularization. These defects lead to myocardial thinning,(Kastner et al., 1995; Mangelsdorf et al., 1995). Peroxi-
which can be fully circumvented through selective res-some proliferator–activated receptors (PPARs) a, g, and
cue of the placental pathology, thus revealing a noveld constitute a subfamily of nuclear receptors implicated
functional relationship between the placenta and thein the control of various aspects of lipid metabolism
developing heart. These fetopathologies share broad(Kliewer et al., 1994; Forman et al., 1997). PPARa upreg-
similarities with defects in mutants for RXRa, alone andulates the expression of enzymes catalyzing fatty acid
in combination with RXRb, suggesting that the RXR defi-oxidation in tissues such as the liver and the heart in
ciency phenotypes arise primarily from a failure to exe-response to endogenous ligands or synthetic peroxi-
cute PPARg functions. Finally, a PPARg null mousesome proliferators (Isseman and Green, 1990; Lee et al.,
surviving to term following placental reconstitution ex-1995). PPARg, on the other hand, was shown to enhance
hibited a phenotypic array that included lipodystrophy,cellular processes involving lipid accumulation, such as
fatty liver, and hemorrhages, with fatal consequences
during the first week of life. Together these findings‖ To whom correspondence should be addressed (e-mail: evans@

salk.edu). identify multiple novel roles for PPARg, in conjunction
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Figure 1. Strategy and Analysis of PPARg

Gene Targeting

(A) PPARg targeting strategy. A PPARg tar-
geting construct (top, see the Experimental
Procedures for details) was introduced into
the genomic PPARg locus (middle), yield-
ing homologous recombinant loci (bottom).
Southern blot analysis strategy (patterned
bars below the corresponding genomic
structures) is indicated. Restriction sites: B,
BamHI; E, EcoRI; N, NotI; Sc, SacI; St, StuI.
(B) Southern blot. Analysis of 59 homologous
integration (see [A] for restriction and size
information) reveals appropriate targeting in
three of the ES clones (T), as opposed to
normal cells (N).
(C) PPARg-specific targeted allele expres-
sion. X-GAL staining detects b-galactosidase
expression in the nascent interscapular brown
fat pad of E14.5 PPARg1/2 (right), but not wild-
type embryo (left), recapitulating the abun-
dant expression of PPARg in this tissue.
(D) PCR analysis of embryos from a PPARg1/2

cross. Bottom band (z200 bp), wild-type al-
lele; top band (z230 bp), null allele (KO). De-
duced genotypes are indicated on top. Kb,
1 Kb ladder.

with its coreceptor RXR and their ligands, in embryonic recovered at a Mendelian ratio of approximately 25%
(Table 1). These embryos have undergone normal cho-and perinatal development.
rioallantoic fusion (see Figure 3C) and are externally
indistinguishable from their wild-type and heterozygousResults
littermates in both size and gross morphology. All
PPARg-deficient embryos recovered after E9.5 are deadEmbryonic Lethality of PPARg Null Mice

We mutated the PPARg gene by in-frame insertion of and exhibit progressive necrosis, identifying the narrow
temporal window at which this nuclear receptor be-a lacZ-neomycin resistance cassette into the second

coding exon, just upstream of the DNA-binding domain comes indispensable.
(Figure 1A). This knockout strategy eliminates both DNA-
binding and ligand-binding functions of PPARg, concomi- PPARg Regulates Essential Placental Functions

The finding that PPARg is essential as early as E10.0tantly generating a reporter that faithfully recapitulates its
expression pattern. Embryonic stem cells carrying the was unanticipated, since previous reports (Kliewer et

al., 1994; Braissant and Whali, 1998), as well as our ownmutant allele were confirmed by Southern blot analysis
(Figure 1B) and subsequently used to derive germline whole-mount b-gal staining of hetreozygous embryos

(data not shown), failed to detect expression of this genechimeras. Successful targeting of the PPARg locus and
functional utility of the lacZ reporter are demonstrated in embryonic tissues earlier than E14.5. However, our

retrospective expression analysis revealed high levelsby whole-mount b-galactosidase assays. At E14.5, con-
spicuous b-gal activity is detected only in embryos car- of PPARg and/or its targeted lacZ in the placenta (Figure
rying a targeted allele and is specific to the interscapular
brown fat pad (Figure 1C), which is the first tissue ex-

Table 1. Embryonic Lethality of PPARg Null Micepressing substantial amounts of PPARg during em-
bryogenesis (Braissant and Wahli, 1998). Stage Number of Litters 1/1 1/2 2/2

Genotype analysis (see Figure 1D) indicates that
P21 36 59 142 0

crosses of one wild-type (1/1) and one heterozygous E16.5 1 3 4 0
(1/2) parent yield the expected approximately 50% fre- E14.5 1 2 5 0
quency of PPARg1/2 offspring. The heterozygotes are E12.5 1 2 6 0

E11.5 3 4 14 9afully developed and fertile and lack external symptoms
E10.5 1 3 4 2a

of disease. Intercrosses of PPARg1/2 mice result in the
E10.0 2 8 8 5a

expected approximately 1:2 ratio between wild-type and
E9.5 27 74 116 57

heterozygous progeny, but no live null (2/2) pups (Table E8.5 1 2 5 2
1). Likewise, no homozygous null embryos can be de-

a PPARg2/2 embryos isolated between E10.0 and E11.5 have paletected at gestational day 12.5 (E12.5) and beyond. At
yolk sacs. Fetuses are dead and progressively necrotic.

E9.5 or earlier, PPARg2/2 embryos are viable and are
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from crosses of PPARg1/2 parents (Nagy et al., 1990).
The tetraploid morulas fail to contribute to the embryo
proper, which is therefore derived entirely from the dip-
loid partner of the chimera. Yet, the tetraploid cells main-
tain an unrestricted potential to develop into the extra-
embryonic lineages, such that the placenta is invariably
PPARg1/1. Thus, if embryonic lethality of PPARg null
embryos at E10.0 is the outcome of placental defects,
it should be rescued by the tetraploid partners.

Genotype determination of the resulting chimeras
confirms this hypothesis. Viable PPARg null ↔ tetraploid
chimeras were recovered at E12.5 (two mutants out of
a total of five), E15.5 (one out of ten), and at birth (one
of six). These data demonstrate unequivocally that the
essential functions of PPARg during embryonic develop-
ment are restricted to the placenta. As discussed below,
while the rescued embryos appear viable, a second le-
thal phase was discovered in the perinatal period.

Vascular Anomalies in PPARg Null Placentas
and Their Reiteration in RXR Null Mice
The unchanged expression pattern of placenta-specific
markers (data not shown) suggests that PPARg is dis-

Figure 2. Placental Expression of PPARg pensable for the establishment of trophoblast lineage
(A) Northern blot analysis. Genotype-specific expression pattern of identity. However, the establishment and maintenance
PPARg and lacZ in placentas of heterozygote cross E9.5 progeny.

of the fetal and maternal vascular networks in PPARgThe blot, containing 5 mg total RNA per lane, was hybridized simulta-
null placentas are abnormal (Figure 3). First, while fetalneously with probes for PPARg and lacZ (hybridization signals indi-
vessels (fv) permeate the presumptive labyrinth of wild-cated). Quantitative normalization was confirmed using a probe for

the placenta-specific Mash-2 gene (data not shown). type and heterozygous placentas by E9.5 (Figures 3A
(B) RNase protection assay. Protection of alternative RNA fragments and 3B), they rarely invade the mutant labyrinth (Figure
derived from the PPARg2 (g2; 292 nucleotides) and PPARg1 (g1; 3C). Second, maternal blood sinuses (mv), which in the
187 nucleotides) isotypes reveals tissue-specific expression pat-

normal placenta are compact and well-defined (Figureterns. Fat tissue (F, 3 mg RNA) contains both isoforms, and muscle
3A), are frequently dilated, ruptured, and consequently(Mu, 20 mg) lacks detectable expression of PPARg, whereas the
adjoined within PPARg2/2 placentas, sometimes formingplacenta (P, 10 mg) expresses exclusively PPARg1, at levels compa-

rable to those in fat. Length of ribomarkers (M) in nucleotides is a continuous blood pool throughout the entire zone (Fig-
shown on the left. ure 3C). Moreover, maternal erythrocytes, which are nor-
(C) In situ hybridization. lacZ transcripts (dark blue) are expressed mally confined strictly to the sinuses (see Figure 3A),
throughout the placenta (P) in PPARg1/2 embryos. PPARg (data not

are observed throughout the cytoplasms of cells in theshown) exhibits an identical hybridization pattern in both wild-type
mutant junctional zone (JZ; Figure 3C), reflecting overtand heterozygous placentas. Al, allantoic cavity; De, decidual tissue;
erythrophagocytic activity of the trophoblasts lining theF, fetus.
maternal sinuses in the mutant (Figure 3D). These mater-
nal vascular defects are intermediary in PPARg1/2 pla-
centas (Figure 3B).2A), consistent with the notion that death around E9.5

is a common consequence of defects in extraembryonic Ultrastructural analysis of normal placental tissue re-
veals that by E9.5 a significant portion of the labyrinthinetissues (Copp, 1995). Robust PPARg expression can be

detected in the placenta at least as early as E8.5 and trophoblast establishes the characteristic three cell–
layered (hemotrichorial) epithelial barrier between ma-throughout the remainder of gestation (data not shown),

with PPARg1 and not the adipocyte-specific PPARg2 ternal blood pools and the fetal endothelium (Figures
3E and 3F). Adjacent layers of this epithelial barrier arebeing the exclusive placental mRNA isoform (Figure 2B).

Within the placenta PPARg (or interchangeably, lacZ) tightly packed and intimately associated with a com-
pacted fetal allantoic endothelium (en), both at the deep-expression is restricted to the diploid trophoblast lin-

eages, including the spongiotrophoblast and the entire est vascular protrusions (Figure 3E) and at the placenta–
allantois interface (Figure 3F). Each of the layerslabyrinthine trophoblast (Figure 2C). Residual expres-

sion levels can be detected in some secondary giant cells. (designated I, II, and III, counting from the maternal side
toward the fetal vessels) acquires typical characteris-Notably, neither PPARg nor lacZ are expressed in the fetal

endothelium permeating the presumptive labyrinth. tics, which become further accentuated with time (Jollie,
1964; Enders, 1965).The placenta-restricted expression of PPARg and the

lethal effect of placental dysfunction at E9.5 and beyond In contrast, in PPARg null placentas, the invaginating
chorionic villi are surrounded by excessively thick tro-provide a plausible mechanistic explanation for the early

death of homozygous null embryos. To test this predic- phoblast tissue (Figure 3H), which only faintly resembles
the differentiated barrier and retains the ultrastructuraltion, we generated aggregation chimeras between wild-

type tetraploid embryos and diploid embryos derived characteristics of the early labyrinthine parenchyma
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Figure 3. Histological and Ultrastructural Studies of Wild-Type and Mutant Placentas at E9.5

(A–C) Hematoxylin and eosin stained 5 mm paraffin sections of PPARg1/1 (A), PPARg1/2 (B), and PPARg2/2 (C) placentas. Note the dilated
maternal vessels (mv) and the conspicuous amounts of maternal erythrocytes (red dots) within the trophoblast in the junctional zone (JZ) of
the mutant placenta (C) and to a lesser extent the heterozygous one (B). Evident in (C) are the abnormal thickening of the mutant chorionic
plate (CP) and poor impregnation of the mutant presumptive labyrinth (La) by fetal vessels (fv, containing blue stained nucleated fetal
erythrocytes). Al, allantoic cavity; Gi, secondary giant trophoblast; Ma, (maternal) decidua; Sp, spongiotrophoblast.
(D) Phagocytosis of maternal erythrocytes in PPARg2/2 placenta. Shown is an electron micrograph of a typical trophoblast cell in the mutant
junctional zone. Arrows indicate phagocytic vesicles containing maternal erythrocytes at different stages of ingestion. mv, maternal blood
vessel; N, trophoblast cell nucleus.
(E–K). Ultrastructure of the trophoblast barrier. Wild-type trophoblast within the labyrinth (E) and at the placenta–allantois interface (F). Note
the highly organized nature, compaction, close contact, and distinctive appearance of the hemotrichorial layers (Roman numerals) and fetal
endothelium (en). Lipid droplets are scattered in layers I and II (arrows) and clustered in layer III (arrowheads; magnified in [G]). fe, fetal
erythrocyte; nIII, cell nucleus in layer III. (H) Poorly differentiated PPARg2/2 chorionic villus. Cells are extremely thick and distinctive layer
characteristics are diminished. Scarce lipid droplets in presumptive layers I and II (arrows) and a pair of miniscule lipid droplets in layer III
(arrowheads; magnified in [I]) are indicated. (J) RXRa2/2 labyrinthine barrier. The trophoblast epithelium is not as compact as in the wild-type,
and the fetal endothelium (en) is detached from layer III (compare to [E]). Lipid droplet distribution and size in layers I and II (arrows) are
similar to wild-type placentas (compare to [E] and [F]), while those in layer III (arrowheads; magnified in [K]) are significantly fewer and smaller.
Scale bars: (D–F, H, and J), 3 mm; (G, I, and K), 1 mm.
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(compare Figure 3H to Figures 3E and 3F). The fetal Placental Defects Elicit Myocardial Thinning
in PPARg Null Embryosendothelium (en) does not establish close contact with

the PPARg null trophoblast and remains indistinguish- Prior to their death, RXR null embryos exhibit severe
thinning of the ventricular wall, trabeculae, and septumable from the loose endothelial mesh of the allantois

(Figure 3H). Overall, the maturation block of PPARg2/2 (Kastner et al., 1994, 1997; Sucov et al., 1994). Given
the resemblance between the placental phenotypes oflabyrinthine trophoblast, in combination with the failure

to establish placental vasculature, most likely severely RXR and PPARg null embryos, we wondered whether
such a cardiac phenotype might be linked to PPARgcompromise maternal–fetal exchange functions resulting

in early lethality. deficiency. Histological examination of PPARg2/2 em-
bryos at E9.5 confirmed this suspicion, revealing severeThe role of RXRs as coreceptors for the transcriptional

activity of PPARg sets the prediction that the phenotype ventricular hypoplasia (arrows) and degeneration of the
trabecular zone (T) (compare Figures 4A and 4B). Theof RXR-deficient mice should encompass that of PPARg

mutants. Indeed, deficiency for RXRa, which is the pre- severity of this defect markedly exceeds the one ob-
served in RXRa null embryos at the same stage (Kastnerdominant RXR species in the placenta (Sapin et al.,

1997a), leads to multiple vascular defects in the organ et al., 1994; Sucov et al., 1994), though it is not as pro-
found as in compound RXRa/RXRb null embryos (Kast-(Sapin et al., 1997b). We find manifestations of these

defects in RXRa null placentas as early as E9.5, including ner et al., 1997).
Acquisition of contractile properties by cardiomyo-reduced fetal vessel permeation, phagocytosis of mater-

nal blood cells (data not shown), incomplete epithelial- cytes is delayed at the subepicardial layer of the ventri-
cle until E16.5, while progressing earlier in the innerization of the barrier, and looser endothelial trophoblast

contacts (compare Figure 3J with 3E). Each of these ventricular layers and the trabeculae (Kastner et al.,
1997). In agreement with this observation, we find thatdefects has a typically more severe counterpart in

PPARg null placentas. wild-type ventricular subepicardial myocytes have not
yet differentiated at E9.5 and at most harbor occasionalThis attenuated phenocopy is a likely reflection of

genetic redundancy between RXR isoforms. The mark- loose myofilament bundles (MF; Figure 4C). In contrast,
in RXRa null embryos, these cells exhibit precociousedly increased severity of placental defects in RXRa/

RXRb double mutants (Wendling et al., 1999), as well differentiation, which becomes overt in RXRa/RXRb
compound null embryos and is linked to reduced cellas their earlier death (zE10.0) compared to E12.5–E16.5

in the case of mice deficient for RXRa alone, is consis- proliferation in the ventricular wall (Kastner et al., 1997).
This phenomenon is reiterated in PPARg2/2 embryostent with this notion. Residual levels of RXRb in the

placenta (data not shown) conceivably support some (Figure 4D), where frequent tandem sarcomers are ob-
served, separated by multiple Z lines (Z), crossing cellPPARg function in RXRa mutants to provide limited phe-

notypic alleviation relative to a complete loss of PPARg boundaries through intercalated discs (ID). Thus, a simi-
lar spectrum of cardiomyopathies is shared by PPARgactivity.
and RXR null mice, including premature cardiomyocyte
differentiation and ventricular hypoplasia.Lipid Accumulation Deficits in PPARg and RXRa

In addition to thinning and early differentiation of theNull Placentas
ventricles, numerous mitochondria in the subepicardialThe labyrinthine barrier of rodents harbors an abun-
cells of PPARg null embryos are severely inflated anddance of large, densely clustered lipid droplets crowded
irregularly shaped (compare Figures 4E and 4F). Thisalong the basolateral surface of layer III (Jollie, 1964).
feature could represent a symptom of mitochondrial car-Electron micrographs of E9.5 placentas reveal precur-
diomyopathy—a syndrome associated with the adaptivesors for these droplets in wild-type and PPARg1/2 tro-
regulation of mitochondrial functions in response tophoblast (see arrows in Figures 3E–3G). These droplets,
metabolic deprivation (Sengers et al., 1984). Such anwhose average diameter is 0.7 mm at this stage, are
interpretation is in line with earlier findings describingvisible throughout the three layers of the trophoblast
global downregulation of transcripts related to energybarrier but are concentrated within layer III. In contrast,
metabolism in RXRa null fetuses (Ruiz-Lozano et al.,lipid droplets are extremely scarce in the PPARg-defi-
1998). Since PPARg expression is restricted to the pla-cient presumptive labyrinth, and the rarely detected
centa prior to E14.5 (see above), we postulated thatones are much smaller than in the wild-type barrier (z0.2
placental insufficiency could be directly underlying themm diameter; Figures 3H and 3I, arrowheads).
cardiac defects in PPARg (and RXR) null mice. This ideaSimilarly, RXRa-deficient placentas at E9.5 also dis-
was further fueled by the recognition of the cardiomyo-play a dramatic decrease in lipid droplet abundance and
cyte nonautonomous nature of the ventricular pheno-diameter (z0.45 mm) in layer III, although not quite to
type in RXRa2/2 embryos (Chen et al., 1998; Tran andthe extent observed in PPARg mutants (compare Figure
Sucov, 1998).3K with Figures 3G and 3I). This finding agrees with the

We tested this hypothesis by examining the hearts ofaforementioned notion of attenuated PPARg-deficiency
PPARg null ↔ tetraploid chimeras, in which the placentalin RXRa2/2 placentas, as well as with an earlier report
defects are genetically cured (see above). These em-of substantial reduction in the number of lipid droplets
bryos, which are otherwise PPARg deficient, exhibit noin layer III of RXRa2/2 placentas at E12.5 (Sapin et al.,
evidence of hypoplastic ventricular wall or septum at1997b). Thus, PPARg/RXR heterodimers regulate tro-
either E12.5 (compare Figure 5B to Figure 5A) or E15.5phoblast lipid accumulation in a manner that may be
(Figures 5C and 5D). Therefore, ventricular thinning inanalogous to their actions in adipose tissue and macro-

phages. PPARg2/2 embryos is a direct consequence of placental
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Figure 4. Ventricular Chamber Defects in
PPARg Null Embryos

(A and B) Hearts of wild-type (A) and
PPARg2/2 (B) embryos at E9.5. Note the se-
vere thinning of the compact zone of the ven-
tricular myocardium (arrows) and degener-
ated trabeculae (T) in the mutant. At, atrial
chamber; V, ventricular chamber; AV, atrio-
ventricular canal bordered by endocardial
cushions.
(C–F) Electron microgarphs of ventricular
subepicardial myocytes. A myofilament bun-
dle (MF) characteristic of the wild-type car-
diomyocyte (C), stands in sharp contrast to
the mutant subepicardium, which contains
abundant sarcomers, such as the one in (D),
separated by Z lines (Z) and intercalated
discs (ID). N, cell nucleus. (E) Normal cardiac
mitochondria in wild-type embryos, vs. (F) A
cluster of ventricular mitochondria with ex-
treme aberrations in size (left M) and shape
(right M) in PPARg null embryos. Scale bars,
0.5 mm.

dysfunction, highlighting the existence of an apparently emerge in the heterozygote pup, while completely ab-
sent in the mutant (data not shown). These observationsunrecognized but crucial placenta–heart axis.
provide direct evidence that PPARg is indispensable
for adipogenesis in vivo. Notably, although terminallyLipodystrophy, Fatty Liver, and Multiple Hemorrhages
differentiated adipose tissue is eventually absent, therein PPARg Null Mice
appears to be an initial commitment to the brown fatAll PPARg null ↔ tetraploid chimeras retrieved between
lineage in PPARg mutants. This is manifested as anE10.0 and term were viable, indicating that, other than
interscapular b-gal expressing tissue, which at E15.5 isits role in the placenta, PPARg is not essential during
still indistinguishable between PPARg1/2 (Figure 6C) andembryogenesis. Indeed, a viable PPARg-deficient pup
null embryos (Figure 6D). Thus, PPARg is not requiredwas recovered through tetraploid rescue. This pup was
for the early establishment of brown adipose tissue, buta runt, yet throughout the first 4 postnatal days (P0–
rather for its elaboration.P4.0) maintained a body weight of 70% relative to its

In addition, the mutant pup exhibited a severely fattyPPARg1/2 chimeric sibling. However, starting at P5, its
liver (Figure 6F, Li). The organ was very pale and dis-health deteriorated rapidly, as manifested by dehydra-
tended, with a significant increase in individual cell sizetion, actual weight loss (z20% per day), and lethargy,
and the cytoplasmic accumulation of multiple lipid drop-despite active suckling. The two pups were subse-
lets (Figure 6H), as compared with the normal size andquently sacrificed for analysis at P6.5.
cytoplasmic staining of heterozygous hepatocytes (Fig-The mutant pup exhibited a striking absence of all
ures 6E and 6G). Therefore, the loss of PPARg leads totypes of adipose tissue. Thus, while the PPARg1/2 ↔
an abnormal build-up of hepatic lipid stores—a phenom-tetraploid chimera harbored a conspicuous brown adi-
enon shared with other models of lipodystrophy (Moitrapose tissue in the interscapular region (Figure 6A, BAT),
et al., 1998; Shimomura et al., 1998).no sign of brown fat could be detected at the same

The defects in the PPARg null pup extend to additionallocation in the mutant (Figure 6B, asterisk). Moreover,
both white fat pads and subcutaneous fat started to organs, including severe intestinal bleeding (Figure 6F,
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Figure 5. Normal Cardiac Development in PPARg Null Tetraploid Chimeras

Sagital view of the cardiac ventricles of E12.5 PPARg1/2 (A) and null (B) tetraploid chimeras, and transverse sections through the ventricles
of E15.5 PPARg1/2 (C) and null (D) chimeras. No differences can be detected in the thickness of the ventricular wall (as well as the septum
in [C] and [D]) between both genotypic settings. Arrows, compact zone of the ventricular wall; av, atrioventricular valve; c, endocardial cushion;
l, left ventricle; m, mitral valve; r, right ventricle; ra, right atrial chamber; s, interventricular septum; t, tricuspid valve; V, ventricular chamber.

In) and numerous focal hematomas throughout the brain sue in newborn mutants suggests that the ultimate fate
of the committed tissue is dependent upon a functional(data not shown). While the primary cause of these hem-

orrhages is unclear at this point, they are likely to con- PPARg gene product. This implication is in line with
the postulated hierarchical position of PPARg in thetribute to the rapid deterioration of the mutant pup. To-

gether with the body of data presented above, they adipogenic program in vitro (Spiegelman and Flier,
1996), which is downstream of earlier adipogenic mark-implicate PPARg as impacting on development and or-

ganogenesis in a surprisingly diverse fashion. ers, such as C/EBPb, but precedes the emergence of
late adipogenic factors like C/EBPa.

The PPARg-deficient mouse develops fatty liver atDiscussion
birth, reminiscent of established animal models and clin-
ical cases of lipodystrophy (Seip and Trygstad, 1996;PPARg and Adipogenesis

PPARg has emerged in recent years as a pivotal regula- Moitra et al., 1998; Shimomura et al., 1998). It is postu-
lated that this syndrome is precipitated primarily by detor of lipid metabolism in various tissues. It has been

tightly linked to the induction of adipogenesis (Tontonoz novo lipogenesis in hepatocytes, presumably in re-
sponse to insulin resistance-induced hyperinsulinemiaet al., 1994a; Forman et al., 1995) and inferred as a

systemic insulin sensitizer through its mediation of anti- in the lipodystrophic setting (Shimomura et al., 1998).
We suggest that a similar chain of events, combineddiabetic drug activity (Forman et al., 1995; Lehmann et

al., 1995). PPARg appears to play an equally important with a failure to store and process triglycerides from
maternal milk in adipose tissue, lead to the developmentrole in the differentiation of macrophages into foam cells

and in the mechanisms of oxidized LDL clearance and of fatty liver in the PPARg null mouse.
accumulation by macrophages (Nagy et al., 1998; Tonto-
noz et al., 1998). Here, using homologous recombination,
we demonstrate that a PPARg mutant mouse is deficient Placental Functions of PPARg

We elucidate here a previously unexpected essentialfor all forms of fat. Thus, we establish that PPARg pro-
motes adipogenesis not only in cultured cells (Tontonoz role for PPARg in the structure and function of the cho-

rioallantoic placenta. This conclusion is supported byet al., 1994a; Forman et al., 1995) but also in vivo.
Interestingly, a PPARg-expressing domain, which three lines of evidence. First, genetic ablation of PPARg

demonstrates that its presence is indispensable at thelikely represents an early predecessor of the brown fat
pad, can be identified in PPARg null embryos. This ob- earliest developmental stage requiring a functional pla-

centa—E9.5. Second, at the time of lethality, and for atservation indicates that PPARg is not required for the
initial stages of adipogenesis involving lineage commit- least 3–4 additional gestation days, the only embryonic

tissue expressing detectable levels of PPARg is thement. However, the absence of discernable adipose tis-
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all other vascular processes in the null embryos are
normal, including the establishment of yolk sac circula-
tion, the formation of vitellin vessels and major arteries,
and chorioallantoic fusion. Therefore, PPARg-depen-
dent trophoblast functions are obligatory for placental
vascularization.

The nature of such functions is suggested by the ultra-
structural features of the trophoblast in the PPARg-defi-
cient presumptive labyrinth. This tissue fails to undergo
the terminal differentiation associated with its barrier
functions, resulting in a probable decrease in metabolite
exchange. Shutoff of the syncytial/epithelial program
may have adverse effects on trophoblast–endothelium
interactions, as well as on the integrity of the tropho-
blast-lined maternal blood sinuses, thus potentially con-
tributing to the observed vascular defects. It is notewor-
thy that PPARg is expressed in other epithelial cells,
such as those of the mammary gland, the colonic mu-
cosa, and the urinary bladder (Jain et al., 1998; Saez et
al., 1998), as well as additional secretory glands (Y. B.,
unpublished data). It is tempting to speculate a common
function for PPARg in these epithelial tissues and the
placenta.

Our data further indicate that PPARg is required for
the accumulation of lipid droplets by the labyrinthine
trophoblast. The apparent dependence of this phenom-
enon on intact PPARg signaling is consistent with the
role of the receptor in coordinating lipid uptake and
storage elucidated previously in adipocytes and macro-
phages (Tontonoz et al., 1994a, 1998; Nagy et al., 1998).
It thus expands the range of tissues in which PPARg is
known to regulate these processes.

Figure 6. Lipodystrophy, Fatty Liver, and Intestinal Hemorrhage in PPARg–RXR Relationships In Vivo
PPARg Null Mice This study reveals striking similarities between the
(A and B) Rear views of PPARg1/2 (A) and PPARg null (B) tetraploid- PPARg null and RXR null phenotypes. These findings
rescued pups. Note the presence of a conspicuous brown adipose underscore the obligatory role of heterodimerization
tissue (BAT) in the heterozygote and its complete absence in the with RXR for PPARg signaling in vivo. This conclusion
null (an asterisk marks the projected location of the missing tissue).

is a natural extension of earlier studies showing RXR-(C and D) Transverse sections of whole-mount X-gal stained
dependence of PPARg DNA binding and transactivationPPARg1/2 (C) and null (D) tetraploid chimeras at E15.5. Both pups
functions and the potency of RXR-specific ligands inexhibit an essentially similar staining pattern, indicative of the initial

establishment of a PPARg-expressing brown adipose lineage. enhancing biological activities mediated typically by
(E and F) Visceral views of the PPARg1/2 (E) and PPARg null (F) PPARg (Kliewer et al., 1992b; Mukherjee et al., 1997;
rescued pups. The liver (Li) of the mutant is extremely pale and Tontonoz et al., 1997, 1998). Surprisingly, our observa-
distended. The intestine (In) is black, as a result of a massive bleed-

tions define the loss of PPARg signaling as the probableing into its lumen (data not shown).
cause of placental, and perhaps also cardiac, defects in(G and H) Histological sections of the livers shown in (C) and (D),
RXR-deficient mice, replacing earlier candidate partners,respectively. Note the abnormally hypertrophic, lipid-laden appear-

ance of the mutant hepatocytes (H). such as the retinoic acid receptors or RXR homodimers.
Still, we cannot entirely rule out potential contributions
to the latter phenotype by additional RXR-dependent
nuclear receptors. Such complexity could account forplacenta. Finally, and most importantly, PPARg null em-
what seem to be earlier and more severe cardiac andbryos are rescued by tetraploid chimeras, demonstrating
placental pathologies in RXRa/RXRb compound mu-that PPARg dependency resides within extraembryonic
tants (compare with Kastner et al., 1997; Wendling ettissues.
al., 1999).At the whole tissue level, the vascular structures of

PPARg null placentas are disarrayed. Fetal vessels only
rarely traverse the chorionic plate into the presumptive Placental Defects and Thin Myocardial

Wall Syndromelabyrinth, and the few that succeed fail to flank the ma-
ternal blood pools. This anomaly alone most likely com- Cardiomyopathies are the most frequent reason for fa-

talities during the first year of infancy and are probablypromises maternal–fetal exchange. The observed vas-
cular defects are clearly trophoblast autonomous and the leading cause of spontaneous miscarriage, espe-

cially at late gestation. According to recent estimates,vessel nonautonomous, considering the trophoblast-
restricted expression of PPARg, as well as the success- around 1 in 200 human newborns suffers from a life

threatening cardiomyopathy, with around one-third offul phenotypic rescue by tetraploid chimeras. Moreover,
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finger coding region, generating in-frame fusion between lacZ andthese exhibiting a morbidly thin myocardium and/or an
a short N-terminal fragment of PPARg. The remainder of that exonincomplete ventricular septum (Friedman, 1988). While,
and a short piece of flanking intron were concomitantly deleted. Afor a small fraction of patients, a cardiac-autonomous
herpes simplex virus thymidine kinase gene (TK) was attached to

congenital defect has been identified as the underlying the targeting cassette, and the construct was electroporated into the
cause of the disease, the etiology of most cases remains J1 mouse ES line followed by a conventional 7 day positive–negative

selection scheme. Surviving colonies were screened for homolo-obscure (Chien, 1993; Olson and Srivastava, 1996; Ros-
gous recombination events by Southern blot hybridization of BamHIsant, 1996). Here, we present evidence for the existence
digested DNA with a probe lying outside the 59 homology arm (seeof a placenta–heart axis, whose disruption precipitates
Figure 1A for maps). Positive clones (7 out of 108) were furtherthin myocardial wall syndrome. The ability to achieve
verified using a 39 external probe.

complete reversal of the cardiac phenotype of PPARg Germline chimeras were derived from four independent targeted
null embryos through selective replacement of their tro- clones. PCR genotyping was carried out using one common and

two allele-specific oligonucleotides at the 59 junction of the target-phoblast lineage by tetraploid chimera methodology
ing cassette as follows: AGGCCACCATGGAAAGCCACAGTTCCTCsupports this notion. Thus, our study suggests that
(Common, 39 part of intron 3); TCCCCACAGACTCGGCACTCAsome inborn human cardiomyopathies could be the re-
ATGGC (wild type–specific, 39 portion of exon 4); GCTGGCGAAAGsult of placental abnormalities and, by extension, that
GGGGATGTGCTGCAAG (null-specific, 59 part of lacZ). Genomic

PPARg/RXR heterodimers and their ligands might affect DNA (0.5 mg) was amplified through 35 cycles of: 948C, 20 s; 608C,
the function of this axis. 30 s; 728C, 55 s. Reaction products approximately 200 and approxi-

mately 230 bp long represent the wild type and the mutant allele,Whatever the nature of the critical placental defect is,
respectively.the heart seems to be the only tissue affected by it, as

neither the growth nor the develpoment of other organ
systems are compromised in mutant embryos by the RNA Detection and Analysis

Northern blots, RNase protection, and in situ hybridization wereoriginal time of death (data not shown). In this context,
carried out as described (Tontonoz et al., 1998; Barak et al., 1994;a previous study found a tissue-specific decrease in the
Schaeren-Wiemars and Gerfin-Moser, 1993, respectively). An ap-ATP content of ventricular cardiomyocytes from RXRa
proximately 800 bp BglII fragment from the 39 part of PPARg cDNA,null embryos relative to wild-type siblings, suggesting not expressed in the null configuration, was used as a probe in

failure of the heart to produce sufficient energy in the Northern blots and in situ hybridization. The RNase protection tem-
setting of that mutation (Ruiz-Lozano et al., 1998). Since plate covered the PPARg2 isoform–specific sequence (Tontonoz et

al., 1994b) plus first 187 nucleotides (nt) common to both isoforms.the RXRa2/2 ventricular phenotype likely represents an
PPARg2-specific protection yielded the expected 292 nt long band,attenuated manifestation of PPARg deficiency, we sus-
whereas PPARg1 was simulated by a 187 nt long protectedpect that an even more severe metabolic failure of the
fragment.heart occurs in PPARg2/2 embryos. Consistent with this

interpretation, we find increased incidence of abnormal
Histology and Electron Microscopymitochondria in ventricular cardiomyocytes from PPARg
Whole-mount X-GAL staining is described elsewhere (Hogan et al.,null embryos, which could indicate an attempted adap-
1994). For placenta histology, 5 mm thick sections of paraffin-

tive response of these cells to energy deficiency, as in embedded concepti were stained with hematoxylin and eosin. Ge-
classical mitochondrial cardiomyopathies (Sengers et notypic identity of each embryo was determined by the in situ hybrid-
al., 1984). This set of correlations suggests that a meta- ization pattern of adjacent sections with PPARg and lacZ. Placentas

hybridizing with either PPARg or lacZ are wild type or PPARg null,bolic deficit may underlie myocardial thinning in PPARg
respectively, whereas those hybridizing with both probes are hetero-and RXR null embryos and perhaps also in human em-
zygous. Histology of isolated embryos was carried out using stan-bryos exhibiting idiopathic ventricular or septal hypo-
dard procedures.

plasia. For electron microscopy, whole E9.5 fetuses or whole E9.5 placen-
tas were fixed overnight in cold phosphate buffer saline (PBS) con-

Conclusion taining 3% glutaraldehyde. Tissues were washed and equilibrated
with 1% osmium tetroxide, followed by overnight staining with 2%We describe two temporally distinct functions of PPARg
uranyl acetate. Samples were washed and dehydrated in ethanolin vivo. First, PPARg has an obligatory role in adipose
series, infiltrated with Durcupan ACM resin and polymerized for 24tissue formation, and its absence leads to complete
hr at 608C. Thin sections (100 nm) were cut using a Reichert Ultracut

lipodystrophy. Second, PPARg regulates terminal epi- E, stained with lead acetate, and examined using a JEOL 100CX
thelial differentiation of the trophoblast, which, given electron microscope at 80 KeV.
the ubiquitous expression of PPARg in epithelia of endo-
crine and exocrine tissues, could apply to additional

Generation of Tetraploid Embryos
organs. Most importantly, we unravel the existence of Procedure followed a published protocol (Nagy and Rossant, 1993)
a previously unrecognized functional link between the with some modifications. Briefly, two-cell stage blastomers were
placenta and the developing heart, which could shed recovered from superovulated CB6F1 females fertilized by CB6F1

males. The blastomers were fused in 0.3 M mannitol drops using anew light on the origins of congenital cardiomyopathies.
CF150 electrofusion apparatus (Biochemical Laboratory Services,Together, these results expand the known spectrum of
Budapest, Hungary), and the resulting tetraploid embryos were incu-physiological processes orchestrated by PPARg, un-
bated overnight at 378C, 5% CO2 in KSOM medium. Following two

covering a broader and more complex role for this nu- cell divisions, four-cell tetraploid morulas, as well as diploid six- to
clear receptor, and by implication its ligands, than pre- eight-cell stage morulas recovered freshly from PPARg1/2 3
viously anticipated. PPARg1/2 matings were treated with acid Tyrode’s solution to re-

move the zona pellucida. Subsequently, overnight aggregates of
one diploid embryo with two tetraploids were assembled in KSOM-Experimental Procedures
covered microdepressions in a cell culture incubator. Aggregation-
derived blastocysts were implanted into pseudopregnant ICR fe-Generation and Analysis of PPARg Mutants
males, and chimeric embryos were either recovered for analysis orA lacZ-PGKneo cassette was inserted into genomic PPARg DNA

isolated from 129/Sv strain–derived library upstream of the first zinc allowed to develop to term.
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