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Abstract
Preeclampsia is a major obstetric problem defined by new-onset hypertension and proteinuria
associated with compromised placental perfusion. Although activation of the complement system
is increased in preeclampsia compared to normal pregnancy, it remains unclear whether excess
complement activation is a cause or consequence of placental ischemia. Therefore, we
hypothesized that complement activation is critical for placental ischemia-induced hypertension.
We employed the reduced utero-placental perfusion pressure (RUPP) model of placental ischemia
in the rat to induce hypertension in the third trimester and evaluated the effect of inhibiting
complement activation with a soluble recombinant form of an endogenous complement regulator,
human complement receptor 1 (sCR1; CDX-1135). On day 14 of a 21-day gestation, rats received
either RUPP or Sham surgery and 15 mg/kg/day sCR1 or saline intravenously on days 14–18.
Circulating complement component 3 decreased and complement activation product C3a
increased in RUPP vs Sham (p<0.05), indicating complement activation had occurred. Mean
arterial pressure (MAP) measured on day 19 increased in RUPP vs Sham rats (109.8±2.8 mmHg
vs 93.6±1.6 mmHg). Treatment with sCR1 significantly reduced elevated MAP in RUPP rats
(98.4±3.6 mmHg, p<0.05) and reduced C3a production. Vascular endothelial growth factor
(VEGF) decreased in RUPP compared to Sham rats, and the decrease in VEGF was not affected
by sCR1 treatment. Thus, these studies have identified a mechanistic link between complement
activation and the pregnancy complication of hypertension apart from free plasma VEGF and have
identified complement inhibition as a potential treatment strategy for placental ischemia-induced
hypertension in preeclampsia.
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1. Introduction
The pregnancy-specific condition preeclampsia is a leading cause of maternal and fetal
morbidity and mortality (Steegers et al., 2010). Preeclampsia is hallmarked by new-onset
hypertension (systolic blood pressure of >140 mmHg or a diastolic blood pressure of >90
mmHg) and proteinuria (>300 mg/L) over a period of 24 hours. The initiating event of
preeclampsia is unknown. Inadequate trophoblast invasion is postulated to impair maternal
spiral artery remodeling in the placenta that is necessary to accommodate increased blood
flow required for pregnancy. This impaired spiral artery remodeling results in placental
ischemia, accompanied by imbalances in angiogenic factors including vascular endothelial
growth factor (VEGF) and soluble fms-like tyrosine kinase-1 (sFlt-1) (Baker et al., 1995;
Maynard et al., 2008), oxidative stress (Hubel, 1999; Mistry et al., 2013), endothelial
dysfunction (Gilbert et al., 2008) and inflammation with excessive complement activation
(Lynch and Salmon, 2010). The impaired placental perfusion leads to hypertension,
proteinuria and intrauterine growth restriction of the fetus (Steegers et al., 2010). Although
many factors have been identified as contributors to this condition, delivery of the placenta
remains the only definitive treatment and new treatment strategies are needed.

In pregnancy, maternal mechanisms are evoked to prevent an immune response against the
fetus and involve both innate and adaptive immunity (Denny et al., 2013; Lynch and
Salmon, 2010), including the complement system. The complement system is an enzymatic
amplification system composed of endogenous plasma proteins that normally operates at a
low steady state. The components are sequentially activated by any of three pathways
(classical, mannose-binding lectin, and alternative) to function in host defense and
inflammation and lead to pathogen opsonization and/or lysis. Central to all three pathways is
formation of a C3 convertase that cleaves complement component 3 (C3) into C3a, a fluid
phase inflammatory product, and C3b, a larger fragment that covalently binds to surfaces
and is an essential part of the enzyme C5 convertase. Cleavage of C5 into C5a and C5b by
C5 convertase can lead to formation of membrane attack complex, C5b-9, and lysis of the
target. In uncomplicated pregnancies, a heightened inflammatory state is evident with the
cleavage product C3a normally increasing in circulation as gestation progresses (Lynch and
Salmon, 2010) and the acute phase protein C3 increasing (Baines et al., 1974).

Regulation of this complement activation is important for a successful pregnancy as
demonstrated by the inability of offspring to survive if mice lack the normal membrane-
bound complement regulator Crry (Xu et al., 2000). In addition, complement component
C1q is necessary for normal placental development since C1q-deficient mice exhibit
abnormal trophoblast migration and remodeling of spiral arteries and do not develop a
normal placenta (Singh et al., 2011). In the rat, C3 synthesized in the uterus is necessary for
normal fetal development and has been identified as an early post-implantation
embryotrophic growth factor (Usami et al., 2010).

Though complement is necessary for a normal pregnancy, excessive activation of
complement and generation of active fragments may be an important contributor to adverse
pregnancy outcomes such as spontaneous miscarriage and preeclampsia. In mouse models of
spontaneous miscarriage and antiphospholipid syndrome, complement activation product
C5a is important in fetal loss and growth restriction (Girardi et al., 2003; Girardi et al., 2006;
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Holers et al., 2002; Qing et al., 2011). In preeclamptic pregnancies, elevated concentrations
of complement activation products Bb, C3a and C5a have been observed both early in
pregnancy as well as near term (Denny et al., 2013; Derzsy et al., 2010; Lynch et al., 2011;
Lynch and Salmon, 2010). It is unclear whether this excessive complement activation
contributes to placental ischemia and/or placental ischemia causes complement activation
and contributes to hypertension. Since complement system activation has also been
implicated in pathogenesis of ischemia/reperfusion injury in many different organs (Gorsuch
et al., 2012) and the complement cleavage products C3a and C5a are vasoactive (Proctor et
al., 2009; Regal and Klos, 2000), we hypothesized that complement activation occurs as a
result of placental ischemia and leads to pregnancy-induced hypertension. To test this
hypothesis, we used the well-established reduced utero-placental perfusion pressure (RUPP)
model of placental ischemia-induced hypertension in rat that mimics features of
preeclampsia. In the RUPP model, placental ischemia is induced in the third trimester of
pregnancy resulting in a reduction in blood flow to the uteroplacental units and hypertension
in the mother. Our studies were designed to determine if complement system activation is
increased due to placental ischemia in the RUPP model and to evaluate the effectiveness of
complement inhibition using a soluble form of an endogenous complement regulator,
soluble complement receptor 1 (sCR1), to attenuate hypertension seen in this model.

2. Materials and Methods
2.1 Reduced utero-placental perfusion pressure (RUPP) procedure and sCR1
administration

The reduced utero-placental perfusion pressure (RUPP) procedure was employed to achieve
chronic placental ischemia in the pregnant rat as described previously (Alexander et al.,
2001; Crews et al., 2000; Gilbert et al., 2007a; Granger et al., 2006). In brief, surgical
procedures were performed with timed pregnant Sprague Dawley dams (Crl:CD IGS,
Charles River Laboratories, Portage, MI) under isoflurane anesthesia. All animal
experiments were submitted to and approved by the University of Minnesota Institutional
Animal Care and Use Committee and conformed to National Institutes of Health guidelines.
On day 14 of pregnancy, the jugular vein was cannulated and the cannula exteriorized to the
back of the neck. Heparin was not used in cannulas due to its complement inhibitory
properties, and a 25% dextrose lock solution was used to maintain cannula patency. For
RUPP surgery under isoflurane anesthesia, a vertical midline incision was made, the lower
abdominal aorta isolated and a sterile silver clip (0.203 mm ID) placed around the aorta
above the iliac bifurcation. This procedure reduces uterine perfusion pressure in the gravid
rat by ~40%. Since compensation of blood flow to the placenta occurs in pregnant rats
through an adaptive increase in ovarian blood flow, both right and left uterine arcades are
clipped at the ovarian end, right before the first segmental artery using a silver clip (0.100
mm ID). All control dams underwent a sham operation, differing only in the absence of
clips. sCR1 or saline vehicle (15 mg/kg/day in a volume of 2.6 ml/kg) was administered
intravenously every 24 hours beginning 15–30 min prior to RUPP or Sham surgery. Selected
experiments used 30 mg/kg/day sCR1. sCR1 (CDX-1135; Celldex Therapeutics, Needham,
MA) was prepared under endotoxin-free conditions, dialyzed against nonpyrogenic normal
saline, and aliquoted and stored at −80°C. Rats were randomly assigned to one of four
experimental groups based on surgical procedure and drug treatment: 1) RUPP surgery
receiving a normal saline vehicle (RUPP Saline); 2) RUPP surgery receiving sCR1 (RUPP
sCR1); 3) sham surgery receiving a normal saline vehicle (Sham Saline); 4) sham surgery
receiving sCR1 (Sham sCR1).
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2.2 Measurement of mean arterial pressure and tissue collection
An intra-arterial carotid catheter was placed on gestation day 18 under isoflurane anesthesia
for measurement of mean arterial pressure (MAP) in unanesthetized restrained animals on
day 19 of gestation. Serum, plasma, and carotid arteries were harvested on day 19 as
described previously (Alexander et al., 2001; Gilbert et al., 2007a; Gilbert et al., 2007b;
Gilbert et al., 2010). The uterus was exteriorized, the total number of viable and resorbed
pups counted and the pups and placentae of the right horn weighed to determine placental
efficiency (fetal weight/placental weight). From the left horn, select utero-placental units
from the ovarian, middle, and cervical uterine regions were fixed in 10% neutral buffered
formalin for histological analysis.

2.3 Complement measurements
C3a—Serum concentrations of C3a were measured by Western immunoblot as previously
described for guinea pig C3a (Regal and Klos, 2000). The primary antibody used for
immunodetection was IgG fraction of rabbit polyclonal antibody to the 9 carboxy-terminal
amino acids of rat C3a (Research Genetics, Inc., Huntsville, AL). The blot was probed with
a 1:2,500 dilution of primary antibody followed by 80 ng/mL of goat anti-rabbit IgG
coupled to horseradish peroxidase (Pierce, Rockford, IL). Images were acquired as
described previously (Gilbert et al., 2012) using incubation with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific, Rockford, IL) for 5 minutes,
image capture with FluoroChem camera (AlphaInnotech, San Leadro, CA), and pixel
density quantification with Un-Scan-It Gel Analysis Software (Silk Scientific, Orem, UT).
Dilutions of a standard pool of rat serum complement-activated by yeast were used to
construct a standard curve on each gel and a regression equation was used to calculate the
relative amount of C3a in the unknown samples. Relative amounts of C3a in each sample
were expressed as C3a units/μl based on signal intensity of 1 μl of standard pool of rat
serum activated by yeast.

C3 ELISA—C3 was determined as previously described for mouse C3 (Taktak and
Stenning, 1992) with modifications for rat using goat anti-rat C3 IgG fraction (MP
Biomedicals, LLC. Solon, OH) as the capture antibody and a peroxidase-conjugated goat
IgG fraction to rat complement C3 antibody for detection (1:8,000, MP Biomedicals, LLC.
Solon, OH). The concentration of C3 in each sample was expressed relative to a rat serum
standard with one C3 unit/μl representing the optical density of a 1:4,000 dilution of that
standard.

Total complement hemolytic activity—The inverse dilution of serum that causes 50%
hemolysis of sensitized sheep erythrocytes (CH50) was determined as an indicator of total
complement pathway function as previously described (Larsen et al., 2001).

2.4 Carotid artery myography
Uncannulated carotids were excised during necropsy, cleaned of adipose tissue, and a 1–2
mm segment cut from each carotid for myography. Carotid segments were placed in Krebs-
Henseleit buffer (Regal et al., 1980) in DMT system baths (Model 610M, Danish Myo
Technology, Aarhus, Denmark), normalized to transmural pressure of 100 mmHg, and
equilibrated for 60 minutes with 3–4 washes of Krebs-Henseleit buffer as previously
described (Gilbert et al., 2010). Segments were pre-contracted with thromboxane mimetic
U46619 (5.7×10−7 M), followed by addition of half-log increments of acetylcholine
(1.38×10−8 M to 4.14×10−4 M) to assess endothelial-dependent relaxation. After washing,
vessels were again contracted with U46619 and relaxed in response to half-log doses of
sodium nitroprusside (1.0×10−8 M to 1.12×10−3 M) to assess endothelial-independent
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relaxation. Finally, after washing, a cumulative concentration response curve to U46619
verified vessel reactivity at the end of the experiment.

2.5 Plasma VEGF and sFlt-1 assays
Circulating free VEGF and sFlt-1 concentrations in EDTA plasma collected on day 19 of
gestation were measured using commercially available kits for Mouse VEGF and Mouse
sVEGF R1 from R&D Systems (Quantikine, Minneapolis, MN) according to manufacturer’s
directions and as described previously (Gilbert et al., 2007b; Gilbert et al., 2010).

2.6 Statistical analyses
Data are presented as mean or geometric mean ± SE, and differences were considered
significant when p<0.05. Data were analyzed using two-way ANOVA with three individual
contrasts considered most relevant for comparison of means: Sham Saline vs RUPP Saline,
RUPP Saline vs RUPP sCR1, and Sham Saline vs Sham sCR1. C3a, CH50 and VEGF values
were logged to meet model assumptions.

3. Results
3.1 sCR1 significantly inhibits placental ischemia-induced increase in MAP

MAP increased in RUPP Saline compared to Sham Saline dams (Figure 1). 15 mg/kg/day
sCR1 treatment on days 14–18 markedly attenuated the elevated MAP in the RUPP group
with no difference between the two Sham groups. Selected experiments were conducted
using 30 mg/kg/day sCR1 on days 14–18 with a similar significant inhibition of MAP
(p<0.05 vs RUPP Saline; RUPP sCR1 at 30 mg/kg MAP 100.3±4.6 mm Hg).

3.2 sCR1 inhibits placental ischemia-induced complement activation
With excessive complement activation, the cleavage of C3 can outpace new synthesis of
protein leading to reduced C3. As seen in Figure 2, the RUPP procedure results in
significantly decreased C3 in the circulation, suggesting excessive complement activation
occurred and C3 substrate was being consumed. To more directly assess complement
activation and the effect of sCR1, C3a in circulation was determined. Placental ischemia
induced a significant increase in C3a when compared to controls (Figure 3). However, sCR1
effectively inhibited this complement activation as evidenced by decreased C3a
concentrations in RUPP sCR1 animals. As previously reported (Balta et al., 2011) and
confirmed in our studies, RUPP surgery with clip placement in a non-pregnant female rat
did not increase blood pressure. In addition, C3a did not significantly change over a 5 day
period in a non-pregnant female with RUPP surgery and clip placement (C3a change of
0.05±0.07 units/μl).

The efficacy of sCR1 in inhibiting the complement system in vivo was also evaluated by
measuring the ability of serum collected on gestation day 19 to lyse antibody-coated sheep
erythrocytes via a total hemolytic complement assay. Total hemolytic complement activity
was not different in RUPP Saline and Sham Saline groups, but treatment with sCR1
significantly decreased the CH50 in serum from both RUPP and Sham animals (Figure 4). In
fact, CH50 was significantly less in Sham sCR1 animals compared to RUPP sCR1 animals
suggesting that it was a more effective inhibitor in control animals.

Placentae of RUPP and Sham animals were examined in all treatment groups by
immunohistochemistry using a polyclonal anti-rat C3 antibody to determine if C3 deposition
was evident. No difference in intensity or location of immunoreactive C3 was detected
between the two groups (data not shown).
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3.3 sCR1 does not affect the VEGF decrease observed in placental ischemia
Hypertension following placental ischemia is associated with a decreased free plasma VEGF
and increased sFlt-1, and infusion of VEGF attenuates placental ischemia-induced
hypertension (Gilbert et al., 2010). No increase in circulating sFlt-1 was observed in RUPP
vs Sham (118.4±19.4 pg/mL vs 114.9±20.4 pg/mL) with measured values near the detection
limit of the assay. VEGF significantly decreased with placental ischemia (Figure 5) and no
restoration of VEGF was evident in RUPP animals with sCR1 treatment. The sFlt-1/VEGF
ratio did not differ amongst treatment groups (data not shown).

3.4 sCR1 alters endothelial-independent arterial relaxation
The contractile response to submaximal concentration of thromboxane mimetic U46619 did
not differ between RUPP and Sham animals. The RUPP procedure did not significantly alter
endothelial-dependent acetylcholine-induced relaxation of the carotid artery (Figure 6A).
Histological analysis of select vessels clearly showed intact endothelium. Dilation in
response to the endothelial-independent vasodilator sodium nitroprusside (SNP) was also
not altered in RUPP compared to Sham (data not shown). In carotid arteries from either
RUPP or Sham animals treated with sCR1, the vasodilatory response to SNP was enhanced
(Figure 6B) with no effect on acetylcholine-induced relaxation (data not shown). sCR1 itself
did not relax an isolated carotid artery from a pregnant animal or cause relaxation of an
artery pre-contracted with U46619 (data not shown). In addition, presence of sCR1 in the
myography bath did not significantly alter vasodilation to either acetylcholine or SNP in
carotid artery from a normal pregnant rat (data not shown).

3.5 sCR1 does not affect the RUPP-induced increase in fetal resorptions
Fetal resorptions were significantly increased in RUPP Saline and RUPP sCR1 groups
compared to Sham Saline or Sham sCR1 groups with no significant sCR1 treatment effect
(Figure 7). Neither average placental weights nor placental efficiencies (fetal weight/
placental weight) were significantly different amongst any of the treatment groups (data not
shown).

4. Discussion
Our studies are the first to demonstrate that inhibition of complement activation attenuates
development of high blood pressure following placental ischemia in pregnancy, indicating
that complement activation is a critical event leading to placental ischemia-induced
hypertension. Using the RUPP model, we established that complement activation occurs in
concert with placental ischemia-induced hypertension and that sCR1 effectively inhibits
complement activation to attenuate this hypertension. Previous studies had indicated an
important role for angiogenic imbalance in mediating the blood pressure increase (Gilbert et
al., 2010), but inhibition of complement activation attenuated placental ischemia-induced
hypertension regardless of concurrent decreases in free plasma VEGF. These studies provide
evidence for an important pathway leading to hypertension distinct from angiogenic
imbalance and highlight the potential utility of inhibiting complement activation to manage
hypertension in pregnancy.

Numerous mediators have been implicated in the pathogenesis of pregnancy-induced
hypertension including TNFα, sFlt-1, endothelin, oxidative stress, CD4+ T cells and
agonistic autoantibody to angiotensin II type 1 receptor (Li et al., 2012). Many animal
models of preeclampsia have been described using a single mediator as a discrete initiating
event leading to symptoms of preeclampsia. However, preeclampsia is a heterogeneous
disorder with varying degrees of angiogenic imbalance and autoantibody production, so we
chose to use a model that employs placental ischemia as the initiating event for the wide
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range of characteristics that mimic preeclampsia to determine the role of complement
system activation. Placental ischemia is a consistent finding in preeclampsia and does not
presume the mechanistic pathways leading to the hypertension. In addition, placental
ischemia as the initiator of hypertension allows concurrent inflammatory and angiogenic
pathways to operate in situ resulting in hypertension. The RUPP procedure is an established
and effective means of inducing hypertension following placental ischemia in animal models
and closely mimics many characteristics of preeclampsia (Li et al., 2012) without inducing
symptoms of severe preeclampsia (Balta et al., 2011).

During pregnancy, complement activation has been implicated in pathogenesis of
hypertension in two different studies in mice; abnormal placental development (C1q
deficiency) or infusion of autoantibody to angiotensin II type 1 receptor. The C1q-deficient
model investigates events leading to placental ischemia as well as resulting from placental
ischemia. Mice deficient in C1q exhibit abnormal placental development during pregnancy
resulting in preeclamptic symptoms including high blood pressure. Thus C1q early in
pregnancy is essential for normal placentation and to maintain normal blood pressure
throughout pregnancy (Singh et al., 2011). In third trimester pregnant mice with the placenta
already formed, adoptive transfer of human autoantibodies to the angiotensin II type I
receptor (AT1-AA) results in symptoms resembling preeclampsia including increased blood
pressure. A C3a antagonist prevents the AT1-AA-induced hypertension indicating that
excessive complement activation during pregnancy mediates hypertension initiated by the
immune complex formation of AT1-AA with its receptor (Wang et al., 2012; Zhou et al.,
2008). Whether complement activation following placental ischemia involves AT1-AA is a
subject of future investigations.

Inhibition via sCR1 targets complement activation products C3b and C4b to promote their
degradation and accelerate decay of convertase enzymes in the complement cascade. sCR1
has been extensively used to assess the importance of complement system activation in
numerous rodent models of autoimmune and inflammatory diseases (Goodfellow et al.,
1997; Piddlesden et al., 1994) and was clearly effective in inhibiting both C3a production
and resultant hypertension in the RUPP model. The sCR1 reduction in CH50 at day 19 was
significant but not as marked as some previously published studies. sCR1 effectiveness in
inhibiting total hemolytic complement activity may be limited by the 5 day treatment course
in our study, consistent with the observations made by Pratt et al (Pratt et al., 1997) who
demonstrated rat anti-human sCR1 antibody production after several days that limits
effectiveness. sCR1 is also known to bind C1q (Klickstein et al., 1997) and MBL (Ghiran et
al., 2000) and thus may affect processes beyond inhibition of the complement cascade at the
level of the C3 and C5 convertases. In our rat studies, sCR1 treatment does not begin until
day 14 of gestation so any possible effects on C1q would be restricted to those occurring
after placentae are established. Our studies address the role of complement activation
downstream of placental ischemia as opposed to the previously reported role for
complement upstream of placental ischemia in a C1q-deficient mouse (Singh et al., 2011).

Clearly, inhibition of complement activation has the potential to increase susceptibility to
infection and limits its usefulness for long term therapy. Any human use of sCR1 or other
complement inhibitors would employ appropriate immunizations and close monitoring
similar to that used with the anti-C5 antibody eculizumab for treatment of paroxysmal
nocturnal hemoglobinuria (Kelly et al., 2010). A recent case report using eculizumab in a
woman with preeclampsia/HELLP syndrome successfully normalized lab values and
prolonged pregnancy by 17 days suggesting that therapeutic manipulation of the
complement system during pregnancy may be feasible (Burwick and Feinberg, 2013).
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Data from previous investigations show significant changes in circulating pro- and anti-
angiogenic factors following the RUPP procedure; specifically, RUPP rats exhibit decreased
VEGF and increased sFlt-1 compared to Sham (Gilbert et al., 2007b; Gilbert et al., 2010). A
decrease in free plasma VEGF was apparent in our studies, but was not restored with sCR1
treatment, indicating that complement activation mediates hypertension regardless of
changes in free plasma VEGF. This is in contrast to studies of fetal rejection and growth
restriction in the mouse where inhibition of C5 resulted in an increase in plasma free VEGF
and a decrease in sFlt-1 (Girardi et al., 2006). In our study, inhibiting complement activation
did not restore VEGF but attenuated hypertension introducing the possibility that low VEGF
may result in increased complement activation. A recent report (Keir, 2012) suggests that
decreased VEGF in the kidney might allow excessive complement activation to occur due to
a decrease in complement regulators.

Unlike other studies in the RUPP model, heparin was not used in our experimental protocol
due to its demonstrated ability to inhibit complement activation (Girardi et al., 2004). It is
known that heparin treatment in coronary angiography results in elevated sFlt-1 and that
sFlt-1 increases in the circulation of mice treated with heparin (Searle et al., 2011). In a
recent abstract, heparin is also reported to displace sFlt-1 from rat placenta and increase
circulating sFlt-1 (George, 2012). Thus, it is possible that the lack of increased circulating
sFlt-1 in our study may be due to its continued sequestration in the placenta in absence of
added heparin in the experimental protocol. Regardless, hypertension following placental
ischemia was evident in the absence of changes in circulating sFlt-1.

A difference in endothelial-dependent relaxation of aorta or carotid from RUPP rats vs Sham
was not detected in our study suggesting that endothelial dysfunction of the larger blood
vessels did not occur. This is in contrast to the spectrum of impaired endothelial-dependent
relaxation of carotid and aorta reported in Sprague Dawley rats obtained from Harlan
following RUPP surgery (Crews et al., 2000; Gilbert et al., 2010). In light of previous
findings that inhibition of NO synthase increases blood pressure more in Sprague Dawley
rats from Harlan compared to Charles River, our data support the possibility of differences
in the relative contribution of endothelium-derived NO to carotid artery function in Charles
River rats compared to Harlan (Buhimschi et al., 2001; Pollock and Rekito, 1998). In
addition, more recent studies (Griffin et al., 2012) have also reported differences in
nephropathy susceptibility and systemic and renal hemodynamic responses to the NO
synthase inhibitor L-NAME in rats from the two suppliers. Therefore, differences in the
effect of the RUPP procedure on endothelial-dependent relaxation may be due to strain
differences in Sprague Dawley rats obtained from different distributors. Treatment with
sCR1 in vivo resulted in greater carotid relaxation in both the RUPP and Sham groups in
response to SNP, indicating complement may be acting independently of endothelium;
however, sCR1 itself did not have direct effects on the vessel so further investigations are
warranted.

Our data are first to demonstrate that inhibiting complement system activation may be a
novel therapeutic strategy for managing hypertension following placental ischemia in
preeclampsia. Using a well-characterized and highly relevant model of preeclampsia in the
rat, we have demonstrated a mechanistic link between complement activation and
hypertension in pregnancy. Our data suggest that placental ischemia, a consistent feature of
preeclampsia, leads to complement activation and hypertension in the rat by a pathway
distinct from VEGF. General complement inhibition may not be an optimal therapeutic
strategy for preeclampsia, however, because of the potential increased risk of maternal and
fetal infection. Certainly, further research is necessary to identify how complement is
activated following placental ischemia and to determine the complement activation
product(s) (e.g. C3a, C5a, C5b-9) responsible.
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Highlights

Complement activation is critical for hypertension caused by reduced placental
blood flow

Inhibiting complement activation with sCR1 attenuates placental ischemia-induced
hypertension

Role of complement in placental ischemia-induced hypertension does not depend on
VEGF

Inhibiting complement activation may offer a therapeutic avenue in preeclampsia
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Figure 1.
sCR1 significantly inhibits placental ischemia-induced increase in mean arterial pressure
(MAP). The increase in MAP in RUPP Saline (n=22) compared to Sham Saline rats (n=19)
was significantly inhibited by daily iv administration of 15 mg/kg sCR1 (RUPP sCR1, n=9).
MAP did not differ between Sham sCR1 (n=6) and Sham Saline groups. Values represent
mean ± SE of MAP measured day 19 of gestation (term=21 days). *p<0.05 for indicated
comparisons.
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Figure 2.
Complement component C3 is reduced in serum obtained day 19 of gestation in RUPP
Saline (n=10) compared to Sham Saline rats (n=12). Units of C3 are relative to a rat serum
standard as described in Materials and Methods. *p<0.05 vs Sham.
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Figure 3.
sCR1 significantly inhibits placental ischemia-induced increase in C3a. C3a concentrations
increased in RUPP Saline (n=13) compared to Sham Saline dams (n=12). Treatment with 15
mg/kg/day sCR1 decreased C3a serum concentrations in both RUPP (n=5) and Sham (n=6)
groups compared to RUPP Saline. Values represent geometric mean ± SE of C3a units/μl in
serum obtained day 19 of gestation. Units of C3a are relative to a standard pool of yeast
activated rat serum as described in Materials and Methods. *p<0.05 for indicated
comparisons, #p<0.05 comparing Sham Saline to Sham sCR1.
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Figure 4.
Treatment with 15 mg/kg/day sCR1 for 5 days significantly reduced CH50 in serum of
RUPP and Sham animals. The CH50 in RUPP Saline (n=12) and Sham Saline (n=12) groups
were not different. Treatment with sCR1 significantly decreased CH50 in serum collected on
day 19 from RUPP sCR1 (n=5) and Sham sCR1 (n=6) compared to controls. Values
represent geometric mean ± SE of CH50 in serum collected day 19 of gestation. *p<0.05 for
indicated comparisons, #p<0.05 comparing Sham Saline to Sham sCR1. Sham sCR1 vs
RUPP sCR1 was also tested for this outcome and was statistically different, p<0.05.
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Figure 5.
sCR1 treatment did not reverse RUPP-induced decrease in free VEGF concentrations in
plasma. RUPP Saline animals (n= 21) had a decrease in VEGF compared to Sham Saline
animals (n= 19). VEGF concentrations did not change in RUPP sCR1 animals (n=9)
compared to RUPP Saline animals. Concentration of VEGF did not differ in Sham Saline
and Sham sCR1 (n=6) animals. Values represent geometric mean ± SE of free VEGF
measured by ELISA in plasma obtained from animals day 19 of gestation. *p<0.05 for
indicated comparisons.
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Figure 6.
Effect of placental ischemia and sCR1 on relaxation responses of carotid artery in vitro.
Values represent mean ± SE of the fraction relaxation of arteries pre-contracted with
thromboxane mimetic U46619. A. Carotid arteries isolated from RUPP Saline (n=16) or
Sham Saline (n=13) animals relaxed to increasing concentrations of acetylcholine with no
significant treatment effect. B. sCR1 enhances endothelial-independent relaxation in carotid
arteries isolated from RUPP and Sham animals. Carotid arteries isolated from animals either
treated with saline or sCR1 were pre-contracted with U46619 and the fraction relaxation to
increasing concentrations of sodium nitroprusside (SNP) determined. *Repeated measures
ANOVA demonstrated a significant sCR1 effect in carotid arteries from RUPP and Sham
animals. Values represent geometric mean ± SE of 6–16 animals is each group.
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Figure 7.
sCR1 treatment did not affect RUPP-induced fetal resorptions. RUPP Saline animals (n= 22)
had an increase in resorptions compared to Sham Saline animals (n= 19). The fraction of
fetal resorptions did not change in RUPP sCR1 animals (n=9) compared to RUPP Saline
animals. Values for Sham Saline did not differ compared to Sham sCR1 (n=6). Values
represent mean ± SE of the fraction of resorbed fetuses on day 19 of gestation. *p<0.05 for
indicated comparisons.
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