
CALL FOR PAPERS Systems Biology and Polygenic Traits

Preeclampsia, of mice and women

Jenny L. Sones1 and Robin L. Davisson2,3

1Veterinary Clinical Sciences, School of Veterinary Medicine, Louisiana State University, Baton Rouge, Louisiana; and
2Biomedical Sciences, College of Veterinary Medicine, Cornell University, Ithaca, New York; and 3Cell and Developmental
Biology, Weill Cornell Medical College, New York, New York

Submitted 29 December 2015; accepted in final form 3 June 2016

Sones JL, Davisson RL. Preeclampsia, of mice and women. Physiol Genomics 48:
565–572, 2016. First published June 3, 2016; doi:10.1152/physiolgenomics.00125.2015.—
Preeclampsia (PE) is a devastating disorder of pregnancy that affects up to 8% of
pregnant women in the United States. The diagnosis of PE is made by the
presentation of new-onset hypertension, �140 mmHg systolic blood pressure (BP)
or �90 mmHg diastolic BP, and either proteinuria or another accompanying
sign/symptom, such as renal insufficiency, thrombocytopenia, hepatic dysfunction,
pulmonary edema, or cerebral/visual. These signs can occur suddenly and without
warning. PE that presents before 34 wk of gestation is considered early onset and
carries a greater risk for perinatal morbidity/mortality than late-onset PE that occurs
at or after 34 wk of gestation. At this time there is no cure for PE, and the only
effective treatment is delivery of the baby and placenta. If allowed to progress to
eclampsia (PE with neurologic involvement), seizures will occur and possibly death
through stroke. PE also carries the risk of significant fetal and neonatal morbidity/
mortality in addition to long-term health risks for mother and child. Despite
significant research efforts to accurately predict, diagnose, and treat PE, a cure
eludes us. Elucidating the pathophysiological mechanisms that can cause PE will
aid in our ability to accurately prevent, manage, and treat PE to avoid maternal and
fetal losses. Intense research efforts are focused on PE, and the mouse has proven
to be a useful animal model for investigating molecular mechanisms that may hold
the key to unraveling the mysteries of PE in women.
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EPIDEMIOLOGY OF PE

WHILE PREECLAMPSIA (PE) characterizes �300,000 pregnancies
per year in the United States (42), it affects up to 10% of
pregnancies worldwide (19). Shockingly, PE is also responsi-
ble for 42% of maternal deaths worldwide, killing an estimated
76,000 women every year (49, 57). There appears to be a
disparity in the incidence of maternal death associated with PE
in developing countries with 99% occurring in low- to middle-
income nations (42). Although genetic susceptibility cannot be
ruled out, this discrepancy may simply be due to differences in
perinatal care available in those countries. Even though peri-
natal care in developed countries is constantly improving, the
incidence of PE is rising. From 1987 to 2004, the prevalence
of PE diagnosis from admission to labor increased by 25%
according to a United States National Hospital Discharge
Survey (24).

In an effort to positively predict which women may develop
PE during pregnancy, a number of conditions have been
labeled as risk factors (Fig. 1). Pre-existing maternal conditions

include advanced age, African-American race, higher body
mass index (BMI), pregestational diabetes, chronic hyperten-
sion, renal disease, autoantibody disease (i.e., antiphospholipid
antibody syndrome and systemic lupus erythematosus), family
or personal history of PE, and lack of smoking (24). The
presence of prepregnancy chronic hypertension can greatly
complicate the diagnosis of PE, and it is important to distin-
guish between the two for perinatal management (4). Super-
imposed PE, or worsening hypertension along with an accom-
panying clinical feature of PE, can occur in up to 26% of
pregnant women with chronic hypertension (4). Pregnancy-
specific factors include nulliparity, partner-related factors (i.e.,
new paternity, limited sperm exposure, barrier contraception),
multifetal gestation, and hydatidiform mole (24). When all of
these pre-existing conditions and risk factors are considered,
the increasing prevalence of PE could be attributed to a number
of shifting trends in the United States and other countries.
Women are looking to become pregnant later in life, and this
often necessitates fertility treatments that result in multifetal
gestations. Also, with the increased incidence of obesity world-
wide, we see more women of childbearing age that have higher
BMIs, diabetes, and hypertension as well as subfertility (24).
However, the fact that an estimated two-thirds of all PE cases
occur in first pregnancies that develop beyond the first trimes-
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ter is staggering (15). These data strongly point toward defects
in maternal adaptions to pregnancy that may be associated with
first exposure of paternal antigens. The most surprising risk
factor is the lack of smoking. This has been attributed to its
effect on angiogenic factors (25); however, smoking before or
during pregnancy would never be advised.

PE tends to have a familial disposition (7). For example, the
frequency of PE in daughters is reported to be two to five times
greater than in daughters-in-law (39). Studies to identify a
simple acting dominant gene have been unrewarding due in
part to the heterogeneity of disease presentation with PE
having early or late onset and symptoms ranging from mild to
moderate to severe (19). Thus, PE is considered a complex trait
with inputs from environmental factors as well as fetal (pater-
nal) genes (7, 39). Genome-wide searches are underway, and
again variations are seen among and between populations (39).
Determining the genetic mechanisms of PE have been compli-
cated and frustrating.

Importantly, there is evidence that PE predisposes women to
further health risks later in life. In a Scandinavian population of
healthy nulliparous women with severe PE that necessitated
preterm delivery, the risk of developing cardiovascular disease
increased eightfold (23). A 24 to 36 yr follow-up of maternal
health status in PE-affected women in Jerusalem reported a
twofold increase in mortality rate from cardiovascular-related
causes (1, 24). Hypertension, dyslipidemia, insulin resistance,
endothelial dysfunction, and vascular impairment have all been
diagnosed in women with a history of PE as early as months,
and even years, after pregnancy (33). It is unclear whether PE
is the primary insult in these otherwise healthy women or if PE
exacerbated an underlying pathology. Regardless of the trigger
for subsequent cardiovascular disease, these women have to be
monitored closely for the rest of their lives.

CONSEQUENCES OF PE ON OFFSPRING

While PE presents with the signs of maternal hypertension
and proteinuria, there are significant consequences on the
offspring from PE pregnancies including perinatal, neonatal,
and infant morbidity/mortality (2). Often the only means to halt
the progression of PE is delivery of the placenta and baby,
which is often preterm. In fact PE is responsible for 15–20% of
preterm births per year (24). Prematurity often leads to neona-
tal or infant morbidity and mortality as the baby is not yet
developmentally competent to live outside the uterus. One of
the most serious outcomes of preterm birth is respiratory
complications (2). PE is also one of the leading causes of fetal
growth restriction (FGR) with �12–25% of growth restricted
and small-for-gestational age (SGA) babies attributed to PE
(24). Fetal growth is a useful marker for in utero fetal well-
being, and when intrauterine FGR is present the risk of peri-
natal mortality rises (2). Birth weight that is below the 10th
percentile, as is the case with SGA babies, has been linked to
increased neonatal and infant mortality (2). Sadly, PE is also a
risk factor for fetal demise and stillbirth at an estimated rate of
21 per 1,000 (2). In cases of PE where the offspring are born
and survive infancy, children still have an increased risk of
stroke, coronary heart disease, and metabolic syndrome in
adult life (54). One phenotypic modification that has been
associated with FGR is reduced nephron number, which has
been linked to development of hypertension later in life (21).

Thus, PE itself represents a significant risk factor for the
development of cardiovascular disease in mothers affected as
well as the babies born to them. There is a strong genetic
component as females born to PE-affected mothers have a
greater chance of developing PE during their own pregnancies
(2). The epidemic-like nature of PE and its associated diseases
warrant intense research efforts into the pathophysiology of
this disorder and how it exerts its long-term effects.

HISTORICAL PERSPECTIVES ON PE AND ECLAMPSIA

Interestingly, the maternal signs of PE/eclampsia have been
observed and described for centuries. In ancient times, Hippo-
crates recorded the concept of eclampsia as “headache accom-
panied by heaviness and convulsions during pregnancy” (2).
Unfortunately any advances in understanding PE/eclampsia
were halted with the rise of Christianity and opposition to
scientific and medical discovery during the Middle Ages (3).
Therefore, PE/eclampsia was not classified as a disorder of
pregnancy until the Renaissance period (2). During this time
anatomists and artists accurately described and depicted the
female reproductive tract. It is Fallopius who is credited with
naming the ovaries, uterine tubes (Fallopian tubes), and the
placenta (3). In the 17th century, men such as Francois Mau-
riceau entered the field of obstetrics and established it as a
specialty (3). It is Francois Mauriceau who is credited with the
first systemic description of eclampsia and the idea that primi-
gravidas are at a greater risk for convulsions than multigravi-
das. By the end of the Renaissance period, convulsions of
pregnancy were labeled more uniquely different than epilepsy
from other causes (i.e., the head, stomach, and chilled extrem-
ities), and the word “eclampsia” first appeared in Varandaeus’
treatise on gynecology (3). Nineteenth-century physicians such
as Demanet, John Lever, Robert Johns, Vaquez, and Nobecourt
made observations of the premonitory symptoms of the

Risk factors:
Advanced age
African-American race
High BMI
Pre-gestational diabetes
Chronic hypertension
Renal disease
Autoantibody disease

Fetal outcomes:
Death
Preterm birth
Growth restriction
Cardiovascular disease 
(later in life)

Maternal outcomes:
Death
Stroke
Hypertension
Dyslipidemia
Insulin resistance
Endothelial dysfunction

Fig. 1. Predisposing risk factors and maternal/fetal outcomes of preeclampsia
(PE). The pregnancy-specific disorder PE occurs spontaneously and without
warning. Maternal conditions pre-existing before pregnancy are thought to
significantly increase the risk of developing PE; however, the incidence is still
unpredictable. Signs of PE resolve upon delivery of the placenta; therefore, it
is considered the causative organ. This dysregulated placenta masterminds its
potent effects on the fetus and mother during pregnancy but can also leave
lasting detrimental effects on the health of both mother and offspring.

Review

566 PREECLAMPSIA, OF MICE AND WOMEN

Physiol Genomics • doi:10.1152/physiolgenomics.00125.2015 • www.physiolgenomics.org
Downloaded from journals.physiology.org/journal/physiolgenomics (106.051.226.007) on August 8, 2022.



eclamptic convulsions: edema, proteinuria, headaches, and
hypertension, respectively (3). Finally, the concept of PE was
widely recognized. The “preeclamptic” state began appearing
in textbooks in 1903 (3). Over the last 50 yr, PE has been
placed in several different categories of pregnancy disorders.
First, it was considered a toxemia of pregnancy and was often
referred to as “pregnancy toxemia” (3). After that it was
categorized as a hypertensive disorder of pregnancy, and its
placement in this category was later refined as pregnancy-
induced hypertension and specific criteria were defined to
distinguish mild-moderate from severe PE (3). Although there
are some discrepancies in the field regarding the criteria, any
evidence of hypertension during pregnancy is treated as emer-
gent. In this regard, there is a need for uniformity of diagnostic
criteria and early biomarkers of PE are essential to manage
these women with the goal of halting the maternal hypertension
as well as preventing the need for preterm delivery.

PE, A DISEASE OF THEORIES

Given the longevity of PE in the medical literature and the
mortality associated with it, PE has received significant atten-
tion as understanding its pathogenesis is crucial. The signs of
PE resolve after delivery, and thus pathologies with the pla-
centa may hold the key to unraveling this complex syndrome.
Placentae from cases of severe PE where the baby is delivered
preterm are small, whereas placental weights from late-gesta-
tion PE are variable (5). However, certain placental micro-
scopic pathologies are hallmarks of PE (5). Several theories
exist to describe the possible link between placental disease
and development of the maternal syndrome.

A two-stage disease model has been proposed to describe the
pathogenesis of PE (5). The first stage involves abnormal
placentation characterized by poor trophoblast invasion, in-
complete vascular remodeling of spiral arteries, and placental
hypoxia. The second stage is manifested as the maternal
syndrome of hypertension and proteinuria with systemic endo-
thelial dysfunction. The transition between the two stages is
thought to be due to the release of factors from the abnormally
developed placenta into the maternal circulation (48). Recent
evidence points toward an imbalance of pro- and antiangio-
genic factors (52), as well as an immune/inflammatory imbal-
ance in the pathophysiology of PE (20). However, the cause
and onset of these mechanisms are unknown.

ANGIOGENIC FACTORS IN PE

In early pregnancy, trophoblast cells plug arterioles to pro-
tect the conceptus from excessively high oxygen levels, and
thus placenta formation begins in a hypoxic state (30). The
redox-sensitive transcription factor, hypoxia-inducible factor
(HIF)-1�, plays a significant role in this process (31). Once the
intra-arterial plugs are removed, oxygenated blood perfuses the
newly formed placenta. Prolonged hypoxia can have damaging
effects, including induction of apoptosis, oxidative stress, and
expression of antiangiogenic factors, and this is hypothesized
to occur in PE (51). In fact, placental explants subjected to
hypoxic conditions secrete the antiangiogenic factor, soluble
fms-like tyrosine kinase 1 (sFlt) (31, 36, 38). Some PE patients
show increased levels of circulating sFlt early in pregnancy,
and this is thought to induce a state of angiogenic imbalance by
binding to the proangiogenic factors, vascular endothelial

growth factor (VEGF) and placental growth factor (PGF) (32).
Increased sFlt is not observed in all PE patients; therefore,
studies are ongoing to determine the origins of increased
antiangiogenic factors in PE and the apparent lack of proan-
giogenic factors. Inadequate uterine angiogenesis/vascularity
at the time of implantation has been suggested (53). However,
early pregnancy events, such as implantation, cannot be thor-
oughly investigated in human pregnancies.

IMMUNOREGULATORY MECHANISMS DURING PE

One of the most remarkable features of pregnancy is mater-
nal tolerance of the semiallogeneic fetus (12, 34). The uterine
environment undergoes significant physiological adaptations to
ensure survival of the developing conceptus. Embryo-uterine
interactions trigger the recruitment and activation of key im-
mune cells, such as decidual natural killer (dNK) cells, at the
maternal-fetal interface that will facilitate spiral artery trans-
formation and ensure proper placental blood flow (12, 20).
Pregnancies characterized by PE have inadequate trophoblast
invasion and remodeling of spiral arteries within the decidua,
resulting in poor placental perfusion and hypoxia (5). Placental
ischemia during PE results in an increase in proinflammatory
immune cells and cytokines as well as a decrease in regulatory
immune cells and anti-inflammatory cytokines leading to un-
restrained inflammation (20).

The most abundant immune cells at the maternal-fetal inter-
face, dNK cells, secrete angiogenic factors, VEGF and PGF, as
well as the cytokine interferon-� (IFN-�) (12, 35). VEGF and
PGF promote angiogenesis beginning in early pregnancy,
while dNK cell-derived IFN-� is thought to directly modify
and promote vasodilation of decidual spiral arteries (35).
Women with PE are reported to have fewer mature dNK cells
(58). Furthermore, an association of impaired chemoattraction
of trophoblasts by dNK cells from pregnancies that had high
uterine artery Doppler resistance index (RI), an indicator of
impaired spiral artery remodeling, has been demonstrated (55).
These data hold promise as women with high uterine artery RI
have increased risk of developing PE (55). Therefore, dNK
cells likely play a prominent role in the pathogenesis of PE.

In addition to playing a crucial role in placental angiogenesis
and vascular remodeling, dNK cells also work at the maternal-
fetal interface to dampen local inflammation (14). One pro-
posed mechanism by which dNK cells mediate this is the
antagonism of T helper 17 (Th17) cells and the expansion of T
regulatory cells (14). Preeclamptic women have been shown to
have a decrease in circulatory T regulatory cells and an
increase in Th17 cells as well as proinflammatory cytokines,
including interleukin (IL)-17, IL-6, and tumor necrosis fac-
tor-� (56). This robustly proinflammatory status observed
during PE is thought to contribute to the activation of the
maternal syndrome via increased trophoblast cell death, in-
creased endothelial activation and dysfunction, increased pro-
duction of reactive oxygen species (ROS), and amplified re-
sponsiveness to components of the renin-angiotensin system
(RAS) (20). Intense research effort is focused on investigating
perturbations of these immunoregulatory pathways, including
the role of inflammatory cells, cytokines, and angiogenic fac-
tors involved at the maternal-fetal interface during PE. The
rodent models described below are valuable in understanding
these critical pregnancy mechanisms.
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RODENT MODELS TO INVESTIGATE PE

The initiation of fetoplacental pathologies has been extraor-
dinarily difficult to study in humans because of logistical and
ethical challenges associated with examining the first trimester.
Therefore, animal models of PE are critically important for
longitudinal investigation of early events that are essential for
healthy pregnancy outcomes (Fig. 2). Despite some differences
in pregnancy physiology, rodents have been widely used for
studying human pregnancy disorders, such as PE. Some rodent
models of PE involve surgical or pharmacological induction of
the maternal syndrome at mid- to late gestation (18, 32), thus
making it impossible to study key early pregnancy events that
drive placenta formation. Recently, several transgenic mouse
strains have been developed that phenocopy the maternal
syndrome along with other key features of PE (10, 37). These
mice allow the opportunity to investigate early pregnancy
events in the context of PE; however, due to the heterogeneity
of the disease presentation it is unlikely that a single gene is
responsible for its development.

Rat Model of Placental Ischemia, Reduced Uterine Perfusion
Pressure

Remodeling of spiral arteries during early pregnancy is
essential to deliver adequate blood flow to the developing
fetoplacental unit. In the case of PE, evidence points toward
incomplete remodeling of spiral arteries by invasive tropho-
blast cells and thus inadequate uteroplacental blood flow to the
placenta and fetus (5). To mimic reduced uteroplacental per-
fusion in vivo, Crews and colleagues (6) developed the reduced
uterine perfusion pressure (RUPP) rat model of PE. At embry-
onic day (e)14.5, silver clips are placed around the aorta
proximal to the iliac bifurcation and also around the right and
left uterine arcade to prevent compensatory blood flow to the
placenta. Blood flow to the gravid uterus is reduced by 40%
(28). This surgical intervention results in late gestational
(�e18.5) hypertension and proteinuria as well as decreased
litter sizes and evidence of FGR. In addition to these maternal
and fetal consequences of PE, the RUPP rat model also
recapitulates the angiogenic imbalance seen in women with
PE, including increased antiangiogenic factors sFlt1 and solu-

ble endoglin (sENG) as well as decreased VEGF and PGF (16,
17). Importantly though, these rodents do not have abnormal
placentation (28). Therefore, the RUPP rat model provides a
useful tool for studying placental ischemia and late gestational
outcomes, including potential therapeutic approaches for man-
aging the maternal syndrome, but not necessarily the origins of
placental defects.

Adoptive Transfer Model

PE is often described as an inflammatory process with
increased expression of proinflammatory cytokines locally in
the placenta as well as systemically in the maternal circulation
(20). Therefore, animal models that can mimic this scenario
specifically during pregnancy are of great value. Zenclussen et
al. (60) described the adoptive transfer model of PE, which
involved intravenous injection of activated Th1-switched
splenocytes on e10.5 and e12.5 of interstrain pregnancy
(BALB/c females mated with C57/BL6 males). This induced
an abrupt increase in maternal blood pressure and urinary
protein excretion during pregnancy that was not seen when
adoptive transfer was performed on nonpregnant female mice
(60). However, pregnant female mice were already prehyper-
tensive on day 1 of pregnancy (mean systolic BP of 125
mmHg); thus, this model may fall into the category of super-
imposed PE. Injection of Th1-switched splenocytes provoked
unspecific activation of the immune system in female pregnant
mice leading to the rapid migration of immune cells to the
kidney and maternal-fetal interface (60). Importantly, placental
pathologies were observed after adoptive transfer, such as
thickening of decidual vessels (60). Further studies showed
increased expression of RAS receptors, similar to what is seen
in women with PE, in the maternal kidney (44). Although this
model supports the critical role of immunoregulatory mecha-
nisms in the development of the maternal PE presentation, it is
limited to late gestation investigations as injection of activated
Th1-switched splenocytes occurs at time points in mouse
gestation after the placenta has been formed (see Fig. 2).
Therefore, it could not be utilized to examine the origins of PE
but rather possible novel interventions after the diagnosis of PE
has been made.

Chronic Arginine Vasopressin Infusion Model

The arginine vasopressin (AVP) pathway has recently been
brought forward as a focus for PE investigation. AVP-depen-
dent hypertension is characterized by low circulating renin-
angiotensin system activity, which is also seen in preeclamptic
women relative to nonpreeclamptic pregnant women (42).
Chronic infusion with AVP beginning at the onset of preg-
nancy (e0.5) until e16.5 was sufficient to induce the PE
phenotype in normal healthy C57 female mice. Systolic BP and
urinary protein excretion were increased at e15.0/16.0 and
e17.0, respectively. This was associated with robust renal
glomerular endotheliosis, a pathognomonic finding in PE (42).
There were also data to support FGR in AVP-infused pregnan-
cies. Fetal masses measured at late gestation (e18.5) were
significantly smaller after chronic AVP infusion (42). This
model supports the novel concept that central mediators of
hypertension are activated in early pregnancy, and thus it has
the potential to be an exciting new tool for elucidating the
origins of PE. Chronic AVP infusion during pregnancy war-

0.5    3.5    5.5      7.5        10.5 20.5
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Decidualization
Implantation
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HUMAN 

Fig. 2. Timeline of mouse gestation and analogous trimester demarcations in
human pregnancy. Mice have a relatively short length of gestation (�20 days)
compared with humans at 9 mo. Important 1st-trimester early pregnancy
milestones leading up to placenta formation make up half of the gestation
length in mice. A thorough understanding of the significance of each day in
mouse gestation leading up to embryonic day 10.5 is crucial to translating these
findings to the human PE disease process.
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rants further exploration to determine if inhibition of AVP
secretion or activation can prevent and/or treat PE.

STOX1-overexpressing Mice

While animal models that mimic the maternal syndrome
provide a tool for investigating late gestation pathologies and
end-stage treatment strategies, they provide little insight into
the origins of PE. Transgenic mouse models that phenocopy
the maternal syndrome are emerging; one such is the STOX1-
overexpressing model (10). STOX1 has been found to be
overexpressed in first-trimester placenta from pregnancies that
went on to develop PE (13). The human STOX1 cDNA was
used to generate transgenic mice, and hSTOX1 was preferen-
tially overexpressed in the placenta (10). Wild-type (WT)
female mice crossed with transgenic males were used to restrict
transgene expression to the fetoplacental unit. A steady rise in
systolic BP was observed in STOX1-overexpressing pregnan-
cies beginning at e0.5, peaking at delivery, and rapidly return-
ing to baseline within days after parturition. Pregnant females
also exhibit increases in urinary albumin/creatinine ratios at
mid- and late gestation. In addition to displaying the cardinal
features of the PE maternal syndrome, WT female mice car-
rying fetuses expressing the transgene had elevations in circu-
lating levels of sFlt1 and sEng and significant renal pathologies
at e16.5 compared with WT � WT females. As is often seen
in human cases of PE, these transgenic mice appeared to suffer
from fetal demise, as evident by smaller litter sizes, and
structural abnormalities of the placentae. Interestingly, chronic
aspirin therapy ameliorated the maternal syndrome in WT
female mice carrying fetuses expressing the transgene (10).
Because this model does not require intervention to provoke
the maternal syndrome, it provides a tool to assess treatment
strategies beginning early in pregnancy. However, PE is a
multifactorial disease that is unlikely to be monogenic, and this
must be considered when making any conclusions from these
results.

Matrix Metalloproteinase 9-null Mice

Animal models that mimic the maternal PE syndrome with-
out intervention during pregnancy are critical to understanding
the early origins of this disorder. Single gene mutations can be
engineered in mice that then develop distinct pregnancy-asso-
ciated pathologies, such as the matrix metalloproteinase 9
(MMP9)-null mouse that has been shown to phenocopy fea-
tures of PE and intrauterine growth restriction (IUGR) (37).
MMP9-null mice were generated by a functional knockout of
the active and zinc-binding domain of MMP9 (11). Homozy-
gous matings between MMP9-null mice resulted in pregnan-
cies with resorptions and poorly developed fetoplacental units
at midgestation (e10.5), which was attributed to impaired
differentiation of trophoblast cells (37). MMP9 production by
trophoblast giant cells is needed for proper trophoblast inva-
sion into the decidua; therefore, it was an important finding that
MMP-null implantation sites had inadequate remodeling of the
decidua and morphologically abnormal maternal-embryonic
connections at e7.5 (37). These seminal results are important in
shifting the focus of PE research on the origins of this disease
process rather than the late-gestational development of the
maternal syndrome, which is believed to occur long after the
initiating pathologies. However, MMP9-null mice exhibit in-

creased systolic BP compared with heterozygotes at pre-, early,
mid- and late gestation without a significant rise from prepreg-
nancy to any stage of pregnancy (37). Furthermore, they have
pre-existing renal pathologies including the pathognomic-PE
sign of glomerular endotheliosis (37). These two signs may
complicate studies where interventions are made early in preg-
nancy prior to the onset of the maternal syndrome. Interest-
ingly, increased maternal BP early in pregnancy has been
linked to lower birth-weight and SGA babies in women with
PE (29), so this model may be promising for investigating not
just PE but also FGR.

Mice Deficient for IDO

Transgenic mouse models are widely used to study human
disease states by systemically altering one gene at a time.
Recently, experts in the field have engineered indoleamine 2,
3-dioxygenase (IDO-KO) mice to study PE (41). Placentae
from women with PE have demonstrated reduced IDO mRNA
and activity (26). IDO has been shown to be expressed at the
maternal-fetal in early pregnancy in mice and may be essential
for mediating essential T cell functions (50) at the level of the
placenta. Together, this led the authors to hypothesize that IDO
deficiency may play a role in the pathogenesis of PE. To test
their hypothesis, they utilized Cre-Lox recombination technol-
ogy to generate IDO-KO mice by deleting the majority of the
IDO coding region in C57/Bl6 mice (41). Importantly, while
IDO deletion was confirmed in a number of tissues, it was not
reported to be deleted in the placenta. Thus, pregnant IDO-KO
mice were shown to “partially phenocopy PE” with proteinuria
and pathognomonic glomerular endotheliosis at gestational day
(GD) 17 and 18, respectively, but without maternal hyperten-
sion as measured by systolic BP recordings (41). However,
pregnant IDO-KO mice do exhibit pregnancy-specific endo-
thelial dysfunction and IUGR. Histological analyses of the
placenta were comparable between IDO-KO and control
C57Bl/6 mice. This mouse model highlights the heterogeneity
of PE disease presentation and the observation that this preg-
nancy-specific disorder is unlikely to be monogenic. Targeted
gene deletion prior to pregnancy was hypothesized by the
authors to trigger chronic compensatory mechanisms that
would prevent the fulminant PE presentation. Introducing rel-
evant environmental stressors, such as high-fat diet, during
pregnancy in a single gene transgenic model, e.g., the IDO-KO
mouse, could be very useful in elucidating the mechanisms
underlying PE if the partial PE model would become complete.

BPH/5 Mouse Model of PE

Our laboratory discovered the first strain of mice to sponta-
neously recapitulate the maternal syndrome of PE, BPH/5 (8).
These mice were one of several mouse strains developed at the
University of Kansas by the geneticist Dr. Gunther Schlager
(43). Hypotensive and hypertensive mice were generated by
inbreeding eight different strains of normotensive mice and
selecting for low and high BP over 23 generations. This
resulted in two new and distinct genetically inbred strains of
mice, BPL (Blood Pressure Low)/1 and BPH (Blood Pressure
High)/2. Several sublines of BPH/2 were further developed
with varying intermediate blood pressures. BPH/5 mice exhib-
ited a mildly elevated baseline BP profile, and because this is
a known risk factor in the development of PE in women,
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Davisson et al. (8) hypothesized that BPH/5 mice would
develop the maternal syndrome of PE during gestation.

Discovery of a novel spontaneous mouse model of PE,
BPH/5. BPH/5 mice are prehypertensive, without signs of renal
disease, prior to pregnancy (8). Beginning at e14.0, pregnant
BPH/5 mice display a significant rise in mean arterial pressure
that returns to baseline after delivery of the pups and placentae.
These mice also exhibit late-gestational proteinuria with renal
histopathological findings consistent with glomerulosclerosis
(8). Similar to PE in people that experience perinatal morbid-
ity/mortality, BPH/5 mice also have small litter sizes due to in
utero fetal demise at midgestation. Pups that are born live have
low birth weight compared with C57 control mice, indicative
of FGR (8). Another feature of the maternal PE syndrome is
widespread endothelial dysfunction (40). Importantly, endo-
thelium-intact mesenteric arteries taken from BPH/5 pregnant
females at e19.5 showed diminished relaxation in response to
acetylcholine, suggestive of systemic endothelial dysfunction
(8). Because BPH/5 females are chronically prehypertensive
before pregnancy, they may more accurately be described as a
model of superimposed PE. However, superimposed PE, with
worsening of pre-existing hypertension, is associated with the
same adverse maternal and fetal outcomes as classical PE (4).
Thus the BPH/5 mouse emerged as a novel spontaneous
genetic model with a PE-like phenotype that recapitulates-key
pathophysiological findings seen in women with PE and their
offspring.

Fetoplacental abnormalities in the BPH/5 mouse model. It is
widely accepted that the placenta plays a causal role in the
pathogenesis of PE (7). In addition to the cardinal features of
PE, BPH/5 mice also develop placental pathologies that pre-
cede the maternal syndrome (9). Between e9.5 and e14.5,
BPH/5 pregnant mice have a 40–50% reduction in placental
mass compared with C57 placenta (9). Also, fetal weight is
significantly decreased in BPH/5 pregnant females at e12.5,
e14.5, and e18.5 vs. C57 (9). Therefore, the lower-birth-weight
pups first documented by Davisson et al. (8) are a result of in
utero FGR. Histological analyses of the BPH/5 placentae at
e10.5 revealed inadequately remodeled decidual vessels with
thickened walls that retained actin-positive cells and thus
narrowed lumens compared with C57 decidual vessels (9).
Placentae at e12.5 show decreased depth of trophoblast inva-
sion into the maternal decidua and a decrease in the fractional
area occupied by the junctional zone (9). Both these findings
are indicative of impaired endovascular invasion and intersti-
tial invasion, respectively. These two pathologies of the BPH/5
placenta would suggest reduced placental perfusion, and in-
deed this was reflected with Doppler ultrasound (9). Uterine
arteries from BPH/5 mothers at e16.5 had elevated pulsatility
index, which indicates placental vascular insufficiency and
impairment of the maternal-fetal circulation compared with
C57 (9). Furthermore, the labyrinth region in BPH/5 placentae
at e12.5 had attenuated and irregular branching morphogenesis
and reduced expansion (9). Therefore, defects in both the fetal
and maternal compartments characterize the BPH/5 placenta,
and this occurs in pregnancy before the onset of the maternal
syndrome.

BPH/5 mice have oxidative stress and an angiogenic imbal-
ance during pregnancy. BPH/5 mice demonstrate the cardinal
signs of the maternal PE syndrome (8), as well as placental
abnormalities identified in women with PE (8, 9). After this

PE-like phenotype was characterized, studies were undertaken
to demonstrate a causal role for pathways implicated in the
pathogenesis of PE. First, oxidative stress and ROS were
investigated during BPH/5 gestation. BPH/5 midgestation pla-
centae have increased levels of superoxide and reduced levels
and activity of the antioxidant enzyme superoxide dismutase
(SOD) (22). Placental oxidative stress was attenuated by
chronic Tempol (SOD mimetic) treatment, and this was asso-
ciated with a decrease in BPH/5 resorptions, an increase in
BPH/5 litter size, and normalization of BPH/5 placental and
fetal weights (22). Furthermore, Tempol treatment ameliorated
the maternal syndrome of late-gestational hypertension and
proteinuria (22). These findings provide evidence for a causal
role of oxidative stress in the pathogenesis of the maternal PE
syndrome as well poor pregnancy outcomes, such as fetal
demise and poor fetoplacental development.

Next, angiogenic factors were considered as a potential
mechanism behind the maternal syndrome of PE and poor
fetoplacental outcomes in this model. BPH/5 females were
found to have decreased circulating and placental levels of
VEGF protein at early and midgestation (59). Another proan-
giogenic factor, PGF, was measured and found to be decreased
in the circulation and in placental mRNA abundance at early
gestation (59). However, this was not associated with an
increase in the antiangiogenic factor sFlt but, rather, a decrease
in plasma and placental mRNA (59). Delivery of an adenovirus
encoding VEGF121 (Ad-VEGF) early in gestation at e7.5
blunted the maternal syndrome in BPH/5 females while also
decreasing midgestation resorptions and improving litter size at
term vs. C57 (59). Interestingly, serum collected at e12.5 from
BPH/5 Ad-VEGF-treated mothers showed a marked improve-
ment in angiogenic potential as measured by the endothelial
tube formation assay (59). These data highlight the importance
of angiogenic factors in the BPH/5 mouse model and support
the hypothesis that VEGF plays a key role in the maternal PE
syndrome as well as fetal outcomes. Moreover, delivery of
Ad-VEGF early in pregnancy provides strong rationale for
investigating early pregnancy events and their relationship to
downstream pregnancy outcomes in BPH/5.

Abnormalities during the peri-implantation period in the
BPH/5 mouse model. The spontaneous BPH/5 mouse model
provides us with the opportunity to interrogate early pregnancy
events prior to the onset of the maternal syndrome. Thus we are
able to assess any stage of pregnancy and probe for dysregu-
lated events that may have ripple effects that promote poor
pregnancy outcomes. In this model, we have recently identified
key defective embryo-uterine interactions during the peri-
implantation period that were preceded by aberrant ovarian
hormone signaling (47). Abnormal peri-implantation immuno-
regulatory events, including natural killer cell activation at the
maternal-fetal interface, have also been described in BPH/5
mice (46). We have recently published data supporting the
central role of Cox2 and IL-15 overexpression at the maternal-
fetal interface and adverse pregnancy outcomes in BPH/5
mice, including maternal hypertension and poor fetoplacental
development (45). Ongoing studies in the BPH/5 model in-
clude restoration of critical peri-implantation signaling events
in early pregnancy and amelioration of adverse pregnancy
outcomes.
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SUMMARY

PE is a widely recognized multifactorial disorder of preg-
nancy. While the diagnosis of PE is made by the clinical
presentation of the maternal syndrome, the origins of PE occur
much earlier in pregnancy. Even though this devastating dis-
order of pregnancy has been described for thousands of years,
the mechanisms involved in PE still baffle clinical and basic
scientists alike. Placenta formation occurs in the first trimester
of pregnancy, so this very critical time point in gestation may
hold the key to the dysregulated events that lead to PE. The use
of certain animal models affords researchers the opportunity to
investigate key early pregnancy events, such as uterine angio-
genesis during implantation and decidualization that may con-
tribute to the development of PE. No one single animal model
is perfect for studying PE, but through the use of unique rodent
models that utilize surgical, pharmacological, and genetic ma-
nipulations, significant strides are being made in the field to
understand the mechanisms that regulate this tragic disease of
pregnancy and beyond.
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