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Contributed by Zena Werb, May 27, 2013 (sent for review April 3, 2012)

The pregnancy complication preeclampsia (PE), which occurs in
approximately 3% to 8% of human pregnancies, is characterized by
placental pathologies that can lead to significant fetal and maternal
morbidity andmortality. Currently, the only known cure is delivery of
the placenta. As the etiology of PE remains unknown, it is vital tofind
models to study this common syndrome. Here we show that matrix
metalloproteinase-9 (MMP9) deficiency causes physiological and
placental abnormalities in mice, which mimic features of PE. As with
the severe cases of this syndrome, which commence early in
gestation, MMP9-null mouse embryos exhibit deficiencies in tropho-
blast differentiation and invasion shortly after implantation, along
with intrauterine growth restriction or embryonic death. Reciprocal
embryo transfer experiments demonstrated that embryonic MMP9 is
a major contributor to normal implantation, but maternal MMP9 also
plays a role in embryonic trophoblast development. Pregnant MMP9-
null mice bearing null embryos exhibited clinical features of PE as
VEGF dysregulation and proteinuria accompanied by preexisting
elevated blood pressure and kidney pathology. Thus, our data show
that fetal and maternal MMP9 play a role in the development of PE
and establish the MMP9-null mice as a much-needed model to study
the clinical course of this syndrome.

ectoplacental cone | fetus

Preeclampsia (PE) is one of the most common pregnancy
complications worldwide, affecting ∼3% to 8% of all preg-

nancies, and is a leading cause of perinatal and maternal mor-
bidity and mortality (1). PE is characterized by placental
hypoperfusion and shallow trophoblast invasion of uterine blood
vessels (2) that is particularly evident in the severe cases that
commence early in pregnancy (3). Adequate trophoblast invasion
is vital to provide the embryo with access to oxygen and nutrients,
and, in human and mouse, the placenta is thereby in direct con-
tact with maternal blood. The clinical diagnostic criteria of this
syndrome include widespread maternal endothelial dysfunction
as evidenced by hypertension, proteinuria, and peripheral and/or
cerebral edema (4). In addition to the maternal signs, PE is also
frequently associated with intrauterine growth restriction
(IUGR) and prematurity (5). The etiology of PE is unclear and
the only known cure is delivery of the placenta. The upstream
regulatory mechanisms remain elusive, as do the downstream
consequences that lead to the maternal signs. Nevertheless, there
is substantial evidence for contributing factors including abnor-
mal placentation, particularly the invasive component. Restricted
invasion is thought to be a reflection of defects in the cyto-
trophoblast (CTB) differentiation pathway that is required for
uterine interstitial and endovascular invasion. Specifically, CTBs,
which are epithelial cells of ectodermal origin, acquire vascular-
like properties, and this transformation is dysregulated in PE (3,
6). The rudimentary endovascular invasion is thought to lead to
the release of pathologic factors such as vasculogenic and an-
giogenic substances and their inhibitors into the maternal circu-
lation (2). These factors can induce an inflammatory response as

well as generating reactive oxygen and nitrogen species within the
vasculature, resulting in the maternal symptoms of PE.
Among the factors that may facilitate trophoblast invasion are

matrix metalloproteinases (MMPs) (7). MMPs are well-estab-
lished mediators of tissue remodeling and angiogenesis, several
of which exhibit modified expression in placentas of patients with
PE. MMPs target the extracellular matrix (ECM) and are in-
volved in normal physiology and in various pathologies. MMPs
are secreted as inactive proenzymes that are activated when
cleaved by extracellular proteinases (8). A remarkably broad
spectrum of MMPs and tissue inhibitors of MMPs are expressed
at the human fetomaternal interface, specifically by uterine nat-
ural killer cells, decidual cells, and trophoblasts (9). Their sig-
nificance in mediating placental development is bolstered in
results of in vitro experiments that used a broad-spectrum phar-
macological MMP inhibitor (10). MMP9 (92-kDa gelatinase B or
type IV collagenase) is a key effector of ECM remodeling that
degrades types IV, V, and IX collagens, denatured collagens
(gelatin), and elastin (8). Active MMP9 is highly expressed at the
embryo implantation site by human and mouse trophoblasts, and
is implicated in their invasive behavior (10, 11). Multiple lines of
evidence point to a role for MMP9 in PE, as CTBs in PE produce
less MMP9 (12) and MMP9 inhibition or gene silencing blocks
CTB invasion in vitro (13). MMP9 is also consistently deficient in
the plasma of patients with PE (14), and, recently, an MMP9
variant was shown to be a useful biomarker of susceptibility to
severe PE and its early onset (15).
Accordingly, we investigated the role of embryonic and ma-

ternal MMP9 in embryo implantation and placentation.

Results
MMP9-Null Placentas and Fetuses Exhibit Severe Abnormalities. We
first confirmed the previously reported fertility disorders associated
with MMP9 insufficiency (16) in several mouse backgrounds. For
pure or mixed 129SV/J backgrounds, we observed as much as a 20%
reduction in litter size in MMP9-null homozygous matings. For
C57BL/6J, we observed as much as a 50% reduction in litter size in
homozygous × heterozygous matings, similar to that observed for
homozygous matings (16). Heterozygous matings resulted in the
expected Mendelian frequency for all genotypes in all backgrounds
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tested, similar to that of C57BL/6 and pure 129SV/J (16). In keeping
with the previous observations, we conclude that MMP9 should be
eliminated from maternal and fetal sides to observe subfertility
characterized by reduced litter size.
We examined MMP9-null placentas at embryonic day (E) 10.5,

the first time point during pregnancy at which the mature placenta
is fully formed with its two distinct layers: labyrinth and junctional
zone, which are integrated with the decidua (2). To eliminate the
contribution of maternal MMP9, we studied MMP9 null × null
matings. We observed runted, pale, and poorly developed MMP9-
null embryos (Fig. 1 A and B). The implantation chambers were
reduced in size, and the runted embryos exhibited significantly re-
duced weight characteristic of IUGR (Fig. 1C). We also observed
many resorptions in MMP9-null litters but rarely in WT litters.
Placentas from the runted conceptuses were significantly smaller

(Fig. 1 D and F; quantified in Fig. 1H). WT placentas had a single
layer of trophoblast giant cells (TGCs; Fig. 1 G and E) that was
significantly expanded to multiple layers in MMP9-null placentas

(Fig. 1G; quantified in Fig. 1I). In contrast, the spongiotrophoblasts
(STs) and the labyrinthine layer were significantly reduced in the
runted placentas (Fig. 1 E and G; quantified in Fig. 1I).

Before Placental Maturation, MMP9 Null Mice Exhibit Abnormalities
in Embryonic Development and Formation of the Maternal–Fetal
Interface. MMP9 production by TGCs and its subsequent acti-
vation is a prerequisite for trophoblast invasion in vitro. Our
group showed previously that MMP9 is produced by the blas-
tocyst and is first detected at the E5.5 implantation site (10). Its
expression peaks in TGCs invading the decidua between E7.5
and E8.5 (17) and then decreases to low but detectable levels at
E10.5 (18). To determine whether the delayed development
evident in MMP9-null placentas at E10.5 stems from an earlier
defect, we examined the initial stages of trophoblast invasion.
Considering that severe cases of PE are characterized by shallow
trophoblast invasion and IUGR, which commences as early as the
second trimester in humans (19), we examined E7.5 implantation
sites (Fig. 2). MMP9-null implantation sites and the embryos
proper were significantly reduced in size. By using timed preg-
nancies from mice that were mated and plugs checked during a
2-h time window, followed by a morphometric analysis of histo-
logical sections of implantation sites, we observed that embryos in
all null implantation sites (Fig. 2 C, E, and G) lagged 6 to 12 h
behind their WT counterparts (Fig. 2A; quantified in Fig. 2I).
As the first migratory cell type in the mouse embryo, parietal

endoderm (PED) cells synthesize and deposit components of the
Reichert membrane, a basement membrane that lies between the
PED and the trophectoderm. As the embryo continues to grow
(after PED ceases migration at E6.5), new PED cells are derived
from the transdifferentiation of borderline visceral extraembry-
onic endoderm cells. PED is a source for MMP9 secretion, and
MMP9 regulates PED differentiation and migration (20). We
observed impaired PED migration and expansion along with that
of the visceral endoderm in MMP9-null embryos (Fig. 2 A and B
vs. C–H). Thus, impaired PED and visceral endoderm migration
may hamper the migration of trophoblasts from the extraem-
bryonic ectoderm to the base of the EPC and play a role in the
developmental delays observed for E7.5 MMP9-null embryos.
TGCs have intense phagocytic activity, leading to the erosion

and displacement of the uterine epithelial and decidual cells (21).
In the absence of MMP9, the matrix surrounding the decidual
cells that is normally engulfed by TGCs failed to be cleared,
leading to excessive debris. We detected misoriented ectopla-
cental cones (EPCs) accompanied by blood pools around the
EPC areas that were filled with debris between the tip of the EPC
and the mesometrial decidua in MMP9-null embryos (Fig. 2B vs.
D, F, and H), similar to fibrin accumulation typical of PE pla-
centas (22). Moreover, among various characteristics indicative of
the depth of trophoblast invasion, MMP9 nulls exhibited 34%
smaller EPC areas than WT (Fig. 2I).

MMP9 Deficiency is Associated with Impaired Trophoblast Dif-
ferentiation and Maternal Vascular Defects. Next, we examined
MMP9-null EPCs to determine the cause of these early defects
in trophoblast invasion. The EPC commences its growth from
the extraembryonic ectoderm at E5.5. The base of the EPC
comprises precursor cells that, as they migrate to the tip of the
cone, differentiate first into intermediate cells, then into sec-
ondary giant cells and later into STs (23). TGCs make initial
contacts with the maternal blood sinuses that form in the decidua
at E7.5 (21). We did not observe significant differences in pro-
liferation (Fig. 3A and Fig. S1A) or apoptosis (Fig. 3B and Fig.
S1B) of MMP9-null EPCs compared with age-matched WT
EPCs. As the cells migrated from the base of the cone and began
to differentiate into invasive trophoblasts, they increased in size.
The secondary giant cells that will form connections with the
maternal blood sinuses not only enlarge, but cease to proliferate,
form focal adhesions, and undergo endoreduplication of their
DNA (24). We observed that differentiation of MMP9-null E7.5
EPCs was impaired, as the trophoblast vascular bed length was

Fig. 1. Placental abnormalities in E10.5 MMP9-null placentas. Animals were
mated for 2 h/d to synchronize embryonic development. Representative
E10.5 embryos from MMP9 WT × WT (+/+) (A) and from null × null (−/−) (B)
matings, inside the yolk sac and resting on top of the placenta. The embryos
are depicted with a black line. (C) A total of 18.4% of the embryos from −/−

matings were runted compared with embryos from +/+ matings at E10.5 (n =
6 null and n = 4 WT pregnant mice). (D and F) Placental transverse mid-
sections of WT and runted null E10.5 embryos, respectively. Box demarcates
the enlarged area seen in E and G, respectively. D, decidua; FBS, fetal blood
sinus; HD, head; L, labyrinth; MBS, maternal blood sinus; P, placenta; YS, yolk
sac. Arrows indicate multiple layers of TGCs in runted −/− vs. single normal
layer in +/+ placentas. (H) Pie charts of placenta (labyrinth, STs, TGCs) vs.
decidua lengths calculated from the total length of implantation chambers
of each genotype. The −/− placentas were 20% of the entire length of the
implantation chamber vs. 27% in +/+ (*P = 0.002, n = 6 placentas per ge-
notype). (I) Length of labyrinth and ST layers relative to total placental
length of each genotype was significantly decreased in −/− placentas; the
opposite was for TGC (*P < 0.02).

11110 | www.pnas.org/cgi/doi/10.1073/pnas.1309561110 Plaks et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1309561110/-/DCSupplemental/pnas.201309561SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1309561110/-/DCSupplemental/pnas.201309561SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1309561110/-/DCSupplemental/pnas.201309561SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1309561110


significantly reduced in length (Fig. 3C). This was corroborated
by significantly reduced platelet endothelial cell adhesion
molecule-1 (PECAM-1/CD31) immunostaining in MMP9-null
embryos (Fig. 3D). We also observed that WT E7.5 implanta-
tion sites lost E-cadherin expression in EPC cells (Fig. 3E). By
contrast, MMP9-null embryos represented a more immature
phenotype, as E-cadherin–positive cells were significantly present
throughout the entire EPC, except the periphery and the base,
where only faint expression was observed. Likewise, in normal
human (and rat) pregnancy, invasive trophoblasts that remodel
the spiral arterioles down-regulate E-cadherin expression (25),
which is maintained in severe PE (26).
Differentiation delays of the MMP9-null embryos were sub-

sequently reinforced at E8.5, as we observed defective expression
of transcription factors that are markers of chorion and ST dif-
ferentiation (Fig. S1 C–J). In addition, we observed accumulation
of the MMP9 substrate, collagen IV, in the primary giant and
decidual cell layers surrounding the embryo (Fig. S2). Taken to-
gether, we conclude that trophoblasts in the MMP9-null EPC are
restricted in their developmental potential, which likely contributes
to the placental defects and runted embryos observed at E10.5.

Maternal MMP9 Deficiency Contributes to Disordered Early
Placentation. Elimination of maternal and embryonic MMP9
from the implantation site had a significant impact on placental
development that was observed already at the early stages of EPC
formation. To explore the specific role of maternal MMP9 during
early embryonic development, we performed reciprocal embryo
transfers as indicated in Table S1. Our data indicate that maternal
MMP9 could not rescue the low implantation rates of MMP9-null
embryos (Fig. 4A), as the implantation rates of the null embryos
transferred into null or WT females were significantly reduced, and
these were accompanied by some reduction in the pregnancy rates.
Histological examination of the implantation sites indicated

that null embryos transferred into WT or null females exhibited
shallow invasion of the mature trophoblasts from the EPC into the
maternal decidua, as indicated by the presence of small EPCs,
blood pools, and debris plugs blocking the invasion of the EPC
into the mesometrial pole of the decidua (Fig. 4B). The debris
plugs were probably caused by the inability of the immature cells at
the tips of the EPCs to phagocytose the debris. In this respect,
maternal MMP9 was insufficient to rescue the phenotypes caused
by the lack of embryonic MMP9 expression. Even WT embryos
transferred into null females exhibited higher rates of debris ac-
cumulation thanWT embryos transferred into WT females, which
may suggest that a critical amount of MMP9 is needed—mostly
embryonic but also maternal. The presence of blood pools further
reinforced the role of maternal MMP9, as null or WT embryos
transplanted into null females exhibited increased accumulation of
blood around the EPC compared with null or WT embryos
transplanted into WT females. The overall rate of abnormal em-
bryos, which included twisted, contorted, or constrained embryos,
was also reduced for null embryos transferred into WT females vs.
those transferred into null females. Fully resorbed embryos were
only detected when null embryos were transferred into null
females. Taken together, this analysis indicates that normal em-
bryonic trophoblast development requires MMP9 expression by
embryo and mother. However, WT embryos were likely to survive
and develop with fewer problems in a null background than in the
reciprocal setup, as exemplified by histologic findings (Fig. 4C).

MMP9-Null Mothers Carrying Null Fetuses Exhibit Clinical Diagnostic
Features of PE. Our study shows that both maternal and embryonic
MMP9 play roles in contributing to adequate trophoblast invasion

Fig. 2. MMP9-null pregnancies exhibit impaired embryonic development
and maternal-to-fetal connections as early as E7.5. Midtransverse sections
through E7.5 WT × WT (+/+) and null × null (−/−) implantation sites were
stained with H&E. (A) WT embryo with EPC (star), the network of blood
channels forming between embryonic trophoblasts and maternal blood
sinuses shown (black arrow). (B) Enlargement of the EPC area from A. The
black arrowhead points to mature trophoblasts and the white arrow indi-
cates the trophoblast stem cell layers at the base of the EPC. (C, E, and G)
Embryos from MMP9 −/− implantation sites at E7.5. (D, F, and H). Enlarge-
ments of EPCs from embryos in C, E, and G, respectively. The embryo in C and
D shows the twisted alignment of the EPC and embryo within the implan-
tation site but near-normal development of the blood channels around the
cone. The embryo in E and F exhibits normal alignment but an EPC area with
few mature cells forming blood channels (black arrow). The asterisk indi-
cates a debris plug that may block the formation of trophoblast to maternal
blood sinus connections. The embryo in G and H shows the null phenotype
with respect to EPC development. (H) Arrowhead shows more mature
trophoblasts in the EPC, but a poorly developed network of blood channels.
In all null embryos, the visceral endoderm and Reichert membrane plus PED
were abnormal (red arrows show tips of visceral endoderm and green

arrowheads show tips of Reichert membrane and PED). (I) Morphometric
analysis of E7.5 embryos, deciduas, and EPCs. Cartoon indicates the param-
eters measured (n = 10 embryos each for −/− and +/+; *P < 0.007). Percentages
are relative to +/+ embryo plus EPC (F) length for all and relative to +/+ area
for EPC area (G).
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and placentation. We next focused on the effect that MMP9 de-
ficiency has on the pregnant mother. Taking into account that the
maternal effect was more pronounced in C57BL/6J (Materials and
Methods), we chose a mating scheme that aimed for the mothers to
carry equal frequencies (50%) of heterozygous versus null (i.e.,
MMP9-deficient) or WT (i.e., MMP9-sufficient) fetuses. The het-
erozygous fetuses were especially important in the MMP9-deficient
group, to potentially maintain pregnancy so that we could examine
parameters relevant to a pregnancy state even if the null mothers
carried defective MMP9-deficient conceptuses.
We first confirmed the placental and fetal phenotype in this

background. At the end of pregnancy (E20.5), ∼30% of MMP9-
null fetuses were found dead. Relating these data to fetal demise
in PE, the fetuses had not been dead for more than 24 h. Mac-
roscopically, these fetuses appeared pale and smaller than their
healthy littermates. Resembling characteristics of PE, placentas
of dead MMP9-null fetuses had significantly reduced numbers of
TGCs at the border region between the labyrinth and the STs
(Fig. 5A; quantified in Fig. 5C) as well as at the border region
between the STs and the decidua (Fig. 5B; quantified in Fig. 5D).
We also confirmed the early manifestation of placental MMP9-

null impaired phenotype in this background at E8.5 (Fig. S3A).
We then correlated the placental phenotype with changes in
maternal serum VEGF and urine protein levels. VEGF is criti-
cally involved in placental vascular patterning and invasion of
CTBs. The perturbed VEGF levels found in PE are attributed to
the dysfunctioning placenta (27). At present, the most promising
biomarkers for PE are the soluble forms of the type-1 VEGF
receptor (sFlt1) and endoglin, which increase dramatically in the
blood of affected women weeks before the onset of clinical
symptoms (28). A relative concomitant decrease in VEGF and
placental growth factor has also been reported (29). In mice, low
levels of circulating VEGF induce proteinuria (i.e., increased
urine protein levels), both of which are indicative of PE in
women (30). We observed that pregnant MMP9-null dams had
lower serum levels of total VEGF at E12.5 of pregnancy that
returned to normal levels by postpartum day (P) 10 (Fig. 5E). As
previously observed for down-regulated circulating VEGF (30),
MMP9-null mice exhibited gestational proteinuria by E13.5 that
peaked at E18.5 and returned to baseline levels by P10 (Fig. 5F).
Moreover, elevated blood pressure (BP) in MMP9-null females
was exhibited throughout the pregnancy, but also before im-
plantation, and correlated with lack of born pups (Fig. 5G).
Significantly increased systolic BP was also exhibited in the
preimplantation phase of MMP9-null females that had pups, but
did not persist, supporting the fact that elevated BP is associated
with fetal loss in this cohort. Furthermore, MMP9-null females
exhibited significantly elevated systolic BP before pregnancy
(123.4 ± 0.02 mm Hg) vs. MMP9+/− (115.5 ± 0.72 mm Hg; P =
0.003). Indicative of kidney pathology similar to glomerular
endotheliosis, the null females exhibited reduced percentage of
glomeruli with open capillaries (Fig. 5H), without significant
impairment of their size or density (Fig. S3 B and C). We con-
clude that numerous pathologies exhibited in PE and IUGR are
phenocopied in MMP9-null pregnant mice (Table S2).

Fig. 3. MMP9-null conceptuses exhibit changes in the vascular bed length
and delayed differentiation but no significant perturbations in trophoblast
proliferation and apoptosis. (A) BrdU staining (brown) postincorporation
into WT ×WT (+/+) and null × null (−/−) implantation sites determined at E6.5.
EPCs are marked by stars. EMB, embryo. (B) TUNEL staining (green) of E7.5 +/+

and −/− implantation sites. Nuclei are stained with propidium iodide (red). EPCs
marked by stars (n = 10 EPCs for each genotype). (C) The trophoblast vascular
bed (length of vascular invasion) of null embryos was quantified from the
whole mounts, with blood as a measure for functional vessels. The white line
depicts the parameter measured. (D and E) Immunostainings of E7.5 implan-
tation sites are visualized with FITC (green) and nuclei are counterstained with
DAPI [blue; n = 5 for each genotype (−/−, +/+)]. (D) CD31/PECAM-1 immunos-
taining. Star indicates area enlarged (Insets) to show difference in cell mor-
phology (*P < 0.005). (E) E-cadherin immunostaining. Asterisk indicates the
area of the cone nearest the embryo where E-cadherin–positive cells are
located (*P < 0.005).

Fig. 4. Maternal MMP9 contributes to the establishment of the maternal-to-
fetal connections. (A) Pregnancy rates (Left, X-marked columns; percentage of
pregnant females among total females transferred with embryos) and implan-
tation rates (Right; percentage of implantation sites detected among total
embryos transferred) of null embryos transferred intoWT or null females exhibit
lower values than WT embryos (*P < 0.0001). (B) Implantation sites from em-
bryos transfers between WT and null females exhibit multiple abnormalities
including shallow trophoblast invasion resulting in blood pools around the EPCs
and embryos, debris plugs resulting in abnormal embryos, and resorptions.
(*Twisted, contorted, and constrained.) (C) Histological sections exemplify the
defects of WT and null embryo transfers into females of the reciprocal geno-
type, with a severe phenotype in null embryos, exhibiting shallow invasion of
immature-appearing trophoblasts. Number of EPCs and embryos analyzed by
histology: WT intoWT, n = 15/45; WT into null, n = 5/63; null into WT, n = 24/33;
null into null, n = 15/33.
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Discussion
Our data answer a longstanding question regarding the role of
MMP9 in trophoblast invasion and placental development.
Moreover, we phenotypically connect MMP9 insufficiency to early
manifestation of PE, characteristic of the more severe cases of this
syndrome. Placental defects associated with MMP9 deficiency in
mice were evident early, during EPC formation, and attributable
to defective trophoblast differentiation. Similar to MMP9-null
mice that exhibit impaired embryo development, early-onset
forms of PE in women are almost always associated with IUGR
and early manifestation of reduced placental volume. Moreover,
MMP-null pregnant mice exhibit diagnostic criteria for PE as
VEGF dysregulation and proteinuria, on the background of pre-
existing elevated BP and signs of kidney pathology.
At E7.5, before the placenta had formed, all MMP9-null

embryos exhibited delayed development linked to impaired en-
dometrial decidualization and trophoblast invasion, resulting in
poorly developed maternal–fetal vascular connections. The ob-
served morphological and molecular alterations, which included
delayed PED and Reichert membrane migration and expansion,
likely contributed to the developmental delays of the MMP9
embryos and mirror defects in CTB invasion observed in PE (3).
These early effects of the absence of MMP9 probably con-

tributed to the IUGR features of these runted and resorbing
embryos detected at E10.5. Although all cell layers were present
in the placentas of runted MMP9-null embryos, the TGC layer
was significantly enlarged at the expense of the labyrinth and the
ST layers. Because, at E10.5, MMP9 is mostly expressed in TGCs
(18), its absence may correspond with this abnormal phenotype,
although it can also be a compensatory effect for the loss of the
labyrinth. The poorly developed labyrinth probably contributed
to the runting of MMP9-null embryos by restricting nutrient and
gas exchange.

Reciprocal embryo transfers indicated that, although embry-
onic MMP9 is more dominant, normal embryonic trophoblast
invasion and differentiation also require maternal MMP9. These
experiments were instrumental in differentiating the role of
embryonic from maternal MMP9 because, in most heterozygous
matings, in which maternal blood in the decidua contains MMP9,
null pups are rescued as they appear in their expected Mendelian
frequency. However, given the secreted, non–cell-autonomous
nature of MMP9, it is also possible that MMP9 provided by the
heterozygous and WT embryos in these heterozygous matings
add to threshold levels of MMP9 that, in turn, enabled sufficient
vascular development to help sustain the null embryos, resulting
in this Mendelian frequency. The suggested threshold MMP9
levels needed to sustain normal litter size were further reinforced
in C57BL/6J homozygous × heterozygous matings, which yielded
50% reduction in the size of litters, not all of which were the null
fetuses (as analyzed at E20.5).
Our data also demonstrate that, during later stages of preg-

nancy, the lack of maternal and fetal MMP9 led to decreased
serum VEGF, possibly as a result of diminished ECM degrada-
tion and failure to release stored VEGF (31). This phenomenon
could also contribute to deficient trophoblast endovascular in-
vasion. There is circumstantial evidence that antagonism of
VEGF and placental growth factor may have a pathogenic role in
the appearance of hypertension and proteinuria. The deficiency
in total VEGF may therefore be reflected in an increase in sFlt1,
thus leading to the observed proteinuria and hypertension (32). In
fact, angiogenic factors are now used to predict PE (1). In addi-
tion to sFlt1 as a predictive marker for PE, other markers, which
rely on VEGF levels, are being discovered, such as VEGF165b,
an antiangiogenic splice variant of VEGF165 that may blunt some
of the endothelial effects of VEGF165 (28). This could also ex-
plain why the concentration of free, biologically active VEGF

Fig. 5. PregnantMMP9-null mice
exhibit clinical diagnostic features
of PE. Cytokeratin staining of TGCs
(arrows) from E20.5 placentas in
control (+/−) and MMP9-null (−/−)
mice on (A) the inner border of the
ST layer (labyrinth border) or (B)
the outer border of the ST layer
(decidual border). Number of TGCs
found in the placentas of the im-
paired −/− fetuses at (C) the laby-
rinth border or (D) the decidual
border was significantly reduced
(*P = 0.04 and P = 0.02, respec-
tively). L, placental labyrinth.
[*Aborted, dead after Caesarean
(C) section.] (E) Total VEGF165
levels in sera collected from preg-
nant mice were significantly re-
duced in −/− at E12.5 and returned
to control levels at P10. (F) Urine
protein/creatinine level ratio
(U-P/U-Cr) was significantly ele-
vated in −/− at E13.5 and E18.5 but
back to control levels by P10. (G)
BP measurements reveal that −/−

mice exhibit elevated BP during
the pregnancy time period as-
sociated with lack of pups (C-sec-
tioned on E18.5); pre-, before
implantation until E4.5; early-, E4.5
to E7.5; mid-, E12.5 to E15.5; late-,
E17.5 to E18.5. MMP9+/− and
MMP9−/− are pregnant females that had pups on E18.5 [n = 7MMP9+/− (7.2 pups plus 0.3 resorptions per female), n = 2 MMP9−/− (five pups plus one resorption
per female), and n= 9MMP9−/− plugged, no pups]. (H) Percentage of open glomerular capillaries in kidneys of females inGwas significantly reduced, especially
in the −/− plugged, no pups mice but also in −/− that had pups (*P < 0.0001). Representative H&E glomeruli images are included (lower-magnification images in
Fig. S3C).
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decreases in PE, but total VEGF in PE is still in a large access
compared with sFlt1.
We also suggest that MMP9-null mice are a model of PE with

preexisting hypertension and kidney pathology. Often, women
with a history of hypertension are more susceptible to developing
PE upon pregnancy. There is evidence showing that preexisting
hypertension can lead to complications of pregnancy such as pla-
cental abruption (33), IUGR, and perinatal death (34). Moreover,
someMMP9-null mice exhibit kidney pathology and are also more
prone to nephritis (35), possibly rendering their kidneys as more
sensitive to a challenge like pregnancy.
In summary, as we show here, the cumulative decreases in

MMP9 involving mostly the fetal but also the maternal con-
tributions phenocopy aspects of PE accompanied by IUGR in
the mouse, and suggest that a threshold level of MMP9 at the
maternal–fetal interface is required for normal placentation. So
far, no therapy exists that may cure defective trophoblast in-
vasion in women with PE. The discovery of MMP9 as a regulator
of this process may offer therapeutic insights to this condition.
Even though the mouse and the human maternal–fetal interfaces
are morphologically different, they are physiologically similar,
hereby suggesting the MMP9-null mice as a model for de-
lineating the yet unknown aspects of PE pathophysiology.

Materials and Methods
MiceMating Schemes.All animal experiments were approved by the University of
California, San Francisco, Institutional Animal Care and Use Committee.
Timed pregnancies. Plug day was set as E0.5. Homozygous matings were
used to study the effect of MMP9 total elimination during early pla-
centation using 129SV/J pure or mixed backgrounds, which putatively
have a milder phenotype. The effect of MMP9 on the mother, which was
more profound in the C57BL/6J background, was examined in MMP9-null
females mated with heterozygous males compared with heterozygous
females mated with WT males. Additional details are provided in SI
Materials and Methods.

Reciprocal embryo transfers. Blastocysts were harvested from pregnant MMP9-
null or WT females and reciprocally transferred into day-2.5 pseudopregnant
hosts, after which the implantation sites were analyzed, as described in SI
Materials and Methods.

Proliferation and Apoptosis Assays. BrdU incorporation and TUNEL staining
were performed by using kits from Zymed laboratories and Trevigen, re-
spectively, as indicated in SI Materials and Methods.

Immunohistochemistry and Morphometric Analysis. Stainings were performed
by using antibodies and kits from Zymed Laboratories, Pharmingen, Invi-
trogen, Molecular Probes, and DAKO, and quantified as indicated in SI
Materials and Methods.

Serum VEGF and Urinary Protein Measurements. The total serum VEGF levels
(Quantikine ELISA Mouse VEGF Immunoassay; MMV00; R&D Systems) and
urine protein levels (colorimetric assay; Sigma) were measured as previously
described (30).

Tail Cuff BP Measurement and Analysis. Mouse BP was measured by using
a conventional tail-cuff method as indicated in SI Materials and Methods.

Statistics. Significance was determined at P < 0.05 by unpaired Student t test
for datasets with two groups and by one-way ANOVA followed by Tukey
multiple comparison test for datasets with three or more groups.
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