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Inflammation in rat pregnancy inhibits spiral
artery remodeling leading to fetal growth
restriction and features of preeclampsia
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Fetal growth restriction (FGR) and preeclampsia (PE) are often associated with abnormal
maternal inflammation, deficient spiral artery (SA) remodeling, and altered uteroplacental
perfusion. Here, we provide evidence of a novel mechanistic link between abnormal mater-
nal inflammation and the development of FGR with features of PE. Using a model in which
pregnant rats are administered low-dose lipopolysaccharide (LPS) on gestational days 13.5-
16.5, we show that abnormal inflammation resulted in FGR mediated by tumor necrosis
factor-a (TNF). Inflammation was also associated with deficient trophoblast invasion and
SA remodeling, as well as with altered uteroplacental hemodynamics and placental nitrosa-
tive stress. Moreover, inflammation increased maternal mean arterial pressure (MAP) and
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was associated with renal structural alterations and proteinuria characteristic of PE.
Finally, transdermal administration of the nitric oxide (NO) mimetic glyceryl trinitrate
prevented altered uteroplacental perfusion, LPS-induced inflammation, placental nitrosa-
tive stress, renal structural and functional alterations, increase in MAP, and FGR. These
findings demonstrate that maternal inflammation can lead to severe pregnancy complica-
tions via a mechanism that involves increased maternal levels of TNF. Our study provides a
rationale for the use of antiinflammatory agents or NO-mimetics in the treatment and/or
prevention of inflammation-associated pregnancy complications.

Preeclampsia (PE) is a serious condition that af-
fects 3—10% of all pregnancies (Lyall and Belfort,
2007), and 1s characterized by the development
of maternal hypertension (>140/90 mm Hg)
and proteinuria (2300 mg/24 h; Redman and
Jefferies, 1988). PE usually develops after 20 wk
of gestation, and is difficult to treat except by
early delivery, which can result in neonatal com-
plications. In addition to increasing the maternal
and fetal risk of morbidity and mortality, the
pathological processes associated with PE can
restrict fetal growth and impair development.
Fetal growth restriction (FGR) occurs when
the fetus fails to achieve its genetically predeter-
mined growth potential (Gardosi et al., 1992).
It is the second leading cause of fetal death and
is often associated with PE (Peleg et al., 1998;
Vatten and Skjaerven, 2004).

Although the precise mechanisms leading
to the development of FGR/PE remain un-
known, there is evidence that these complica-
tions are associated with an aberrant maternal
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inflammatory response. Women afflicted by
FGR/PE exhibit a heightened inflammatory
state; proinflammatory cytokines and chemo-
kines, such as TNE IL-6, and MCP-1, are ele-
vated systemically and locally in the placenta
(Redman et al., 1999; Borzychowski et al., 2006;
Jain et al., 2007; LaMarca et al., 2007; Szarka
et al., 2010). This abnormal inflammatory re-
sponse leads to oxidative and nitrosative stress
associated with decreased nitric oxide (NO) bio-
availability (Roggensack et al., 1999; Lowe, 2000;
Borzychowski et al., 20006).

It is widely recognized that the placenta
plays an important role in the pathophysiology
of FGR/PE (Page, 1939; Koga et al., 2010). In
the two-stage model of PE initially proposed by
Redman (1991), deficient placental perfusion
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(stage one) leads to the release of vasoactive factors that pre-
cipitate the onset of the maternal syndrome (stage two) (Roberts
and Gammill, 2005). Placental perfusion is dependent on
adequate remodeling of the uterine spiral arteries, a process
whereby endovascular trophoblast cells invade and replace the
endothelium and vascular smooth muscle of these vessels (Boyd
and Hamilton, 1970). Hence, a deficiency in this remodeling
process is thought to account for the poor placental perfusion
associated with FGR/PE.

Despite the strong association between abnormal mater-
nal inflammation and FGR/PE, it is not known whether
inflammation is causally linked to the deficient spiral artery
(SA) remodeling that characterizes these pregnancy compli-
cations. Reister et al. (1999) examined vessels from preeclamp-
tic pregnancies and found that an increase in the distribution
of macrophages around the spiral arteries was associated with
impaired trophoblast invasion. Moreover, our in vitro studies
revealed that activated macrophages inhibit trophoblast inva-
sion by secreting TNF at subapoptotic levels (Renaud et al.,
2005). Other studies have additionally described an inhibitory
role of TNF in the regulation of trophoblast motility and mi-
gration (Todt et al., 1996; Renaud et al., 2007;Venegas-Pont

et al., 2010). Using a rat model, we describe a novel mecha-
nism by which abnormal maternal inflammation results in
deficient SA remodeling and altered uteroplacental perfusion.
Our study also reveals that this inflammation-induced defi-
ciency in vascular adaptation is associated with FGR and fea-
tures of PE.

RESULTS

LPS administration induces a systemic and local
inflammatory response and results in TNF-mediated FGR

To assess whether LPS administration affects in utero growth,
we defined FGR in our rats as a fetal weight falling below the
10th percentile for gestational age.To determine the thresh-
old of FGR, we evaluated the distribution of all fetal weights
from the saline-treated control cohort (n = 22 dams; n = 305
fetuses; mean fetal weight = 0.9244 + 0.007 g); fetuses with
weights <0.8071 g (lower 10th percentile) were designated as
FGR (Fig. 1 A). Daily LPS administration on gestational day
(GD) 13.5-16.5 significantly decreased fetal weight measured
on GD 17.5 (n = 28 dams; n = 258 fetuses; mean fetal weight =
0.8421 + 0.006 g; Fig. 1 A and Table 1). None of the rats
treated with LPS experienced preterm birth. To determine
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Table 1. Fetal weights assessed on GD 17.5
Saline LPS Eta + LPS GTN + LPS Eta + Saline GTN + Saline
Average FWe (g) 0.9244¢ 0.8421 0.9284¢ 0.8794° 0.9192¢ 0.8971¢
(0.910-0.935) (0.831-0.854) (0.917-0.940) (0.866-0.893) (0.904-0.935) (0.882-0.912)
No. of dams 22 28 16 16 6 10
No. of fetuses 305 258 174 187 88 134

aData are represented as mean (lower 95% confidence interval-upper 95% confidence interval). FW, fetal weight.

5P < 0.001 versus LPS.
P < 0.0001 versus LPS.

whether LPS administration induced a maternal inflamma-
tory response, we evaluated circulating plasma levels of TNE
As early as 2 h after the initial LPS injection (10 pg/kg), TNF
levels were detectable and elevated compared with levels in
saline-treated controls (Fig. 1 B and Table 2). On GD 15.5,2 h
after the third LPS injection, TNF levels were still detectable,
though decreased, compared with GD 13.5 (Fig. 1 B). Im-
portantly, white blood cell (WBC) counts performed on
whole blood taken on GD 17.5 (24 h after the final LPS
injection) were significantly elevated compared with WBC
counts from blood of saline-treated control rats (Fig. 1 C and
Table 2). Differential cell counts revealed increased numbers
of circulating granulocytes (Table 2), lymphocytes (Table 2),
and monocytes (Fig. 1 D and Table 2) contributing to the ele-
vated WBC count in dams exposed to LPS. The presence of
local uteroplacental macrophages in LPS-treated rats was
revealed by immunohistochemistry against the lysosomal
marker for activated macrophage CD68. On GD 17.5, CD68
immunostaining density was significantly higher in the meso-
metrial triangles (MTs) associated with growth-restricted

fetuses from LPS-treated dams compared with normal-growth
fetuses from saline-treated control dams (Fig. 1 E). Interest-
ingly, LPS administration to nonpregnant animals revealed a
pregnancy-specific effect: WBC counts in blood from non-
pregnant LPS-treated animals were not significantly different
from WBC counts in blood from saline-treated nonpregnant
control animals (Table 2). Moreover, TNF levels measured 2 h
after LPS (10 pg/kg) administration to nonpregnant animals
were substantially lower than TNF levels measured from preg-
nant animals (Table 2).

To determine whether increased TNF levels are involved
in the development of FGR, we administered the TNF inhibi-
tor etanercept (Eta; 10 mg/kg; n = 16 dams; n = 174 fetuses)
on GD 13.5 and 15.5, 6 h before injecting LPS. Compared
with litters from LPS-treated animals, which exhibited a mean
of ~40% FGR (Fig. 1 F), treatment with Eta completely pre-
vented LPS-induced FGR, indicating that TNF may be a key
cytokine in the pathogenesis of inflammation-induced FGR
(Fig. 1 F). The mean fetal weight from animals treated with Eta
alone (n = 6 dams; n = 88 fetuses; mean fetal weight = 0.9192 +

Table 2. Assessment of parameters of inflammation?
Saline® LPS® Eta + LPS GTN + LPS NP Saline NP LPS
No. of WBC¢ 3.52 (1.4-4.6)" 6.29 (3.4-8.5) 4.03 (1.3-5.8)¢ 3.06 (1.2-5.9)" 3.55 (2.5-4.8)9 2.23 (1.1-3)"
No. of monocytes® 0.31(0.1-0.6)c  0.57 (0.2-1.0) 0.31 (0.1-0.5)¢ 0.25 (0.1-0.5)9 0.42 (0.2-0.6) 0.2 (0.1-0.3)¢
No. of granulocytes® 2.2 (1.0-2.9)" 4.1 (2.2-5.7) 2.76 (0.9-3.9)¢ 2.06 (0.8-3.1)" 1.55 (1.4-1.8)' 1.2 (0.4-1.8)
No. of lymphocytes® 1.01 (0.3-1.6)f 1.61(0.7-2.6) 0.95 (0.3-1.4)f 0.75 (0.3-1.4)¢ 1.58 (0.9-2.7) 0.83 (0.4-0.9)f
No. of animals (CBC 10 11 8 8 6 4
analysis)
No. animals (TNF analysis) 7 7 5 6 4 4
Plasma TNF (pg/ml)¢ undetectable (0) 1285 2132 (0-8377.2)  111.1 (0-127.3) undetectable (0) 61.05 (0-240.8)
(0-33643)¢

3WBC, white blood cells; NP, non-pregnant.
®Some data are represented in Fig. 1, B-D.

°CBCs were performed on GD 17.5, 24 h after the last LPS injection. Data are expressed as mean (range).
dPlasma was collected 2 h after saline/LPS administration to NP animals or 2 h after saline/LPS administration to pregnant animals on GD 13.5. Data are repre-

sented as median (range).

P < 0.1 versus LPS.
P < 0.05 versus LPS.
9P < 0.01 versus LPS.
"P < 0.001 versus LPS.

P < 0.0001 versus LPS.
JP < 0.05 versus saline.
kP < 0.01 versus saline.
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0.008 g) did not significantly differ from the mean fetal weight
from saline-treated rats and did not result in significant FGR
(Fig. 1 F and Table 1).

LPS-induced FGR is linked to deficient
interstitial trophoblast invasion and impaired
endovascular SA remodeling
Establishment and maintenance of adequate uteroplacental
perfusion is necessary to support fetal growth and develop-
ment. Because impaired trophoblast-mediated SA remodeling
is often linked to FGR/PE, we examined whether abnormal
maternal inflammation is associated with deficient vascular
remodeling. Immunohistochemistry for cytokeratin (to identify
trophoblasts) and a-actin (to identify smooth muscle) revealed
evidence of trophoblast infiltration in the spiral arteries of all
treatment groups (Fig. 2 A). However, the mean cross-sectional
area of spiral arteries from uteroplacental units associated with
LPS-induced FGR was significantly smaller than the cross-
sectional area of vessels from uteroplacental units associated
with normal fetal growth in saline-treated control rats (Fig. 2,
A and B). Eta treatment prevented the LPS-induced reduc-
tion in mean SA cross-sectional area (Fig. 2, A and B).
Assessment of interstitial trophoblast invasion was exam-
ined using image analysis software. Specifically, the total area

occupied by cytokeratin-positive trophoblast cells invading
into the MT was expressed as a percentage of the total MT area
(Fig. 2 C). LPS administration significantly decreased tropho-
blast invasion through a mechanism that may be dependent
on TNF (Fig. 2 D). Moreover, the degree of interstitial tropho-
blast invasion was significantly and positively correlated with
SA cross-sectional area across all treatment groups (Fig. 2 E).

LPS administration alters uteroplacental perfusion

and is associated with placental nitrosative stress,

whereas glyceryl trinitrate (GTN) prevents
inflammation-induced FGR

The uteroplacental and fetoplacental vasculatures were visual-
ized by ultrasound biomicroscopy (Fig. 3 A). At each of 3—4
implantation sites per animal, Doppler waveforms were re-
corded and analyzed offline by a blinded observer. The aver-
age SA resistance index (RI) from LPS-treated dams was
significantly increased compared with control and Eta + LPS-
treated animals (Fig. 3 B). This elevated SA RI in the LPS-
treated cohort was negatively correlated with umbilical artery
peak systolic flow velocity (PSV; Fig. 3 C). Across all treat-
ment groups, SA RI was positively correlated with maternal
channel RI (Fig. 3 D).These data, combined with evidence of
nitrosative stress (measured by ELISA) in placentas from the
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Figure 2. TNF is causally linked to deficient trophoblast invasion and SA remodeling associated with FGR. Spiral arteries from all treatment
groups exhibited evidence of remodeling, including the presence of cytokeratin-positive endovascular trophoblast cells (black cells) resting on a fibrinoid
layer (arrows) and the absence of a-actin* (brown stain) smooth muscle (A). Effect of LPS administration on SA remodeling (A and B). Mean SA cross-
sectional area in uteroplacental units (B). Interstitial trophoblast invasion into the MT was quantified as the percent area of the MT infiltrated by cyto-
keratin-positive trophoblast cells (C and D). Correlation of interstitial trophoblast invasion and mean spiral artery cross-sectional area for all treatment
groups (E). n = 1-2 implantation sites for 5-9 animals/group; MT, mesometrial triangle; P, placenta; TBC, trophoblast cells. @, P = 0.0530; * P < 0.05. Bars:
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LPS-treatment group (Fig. 3 E), indicate that inadequate SA
perfusion has measurable downstream effects.

Given that NO acts as a vasodilator, we evaluated whether
administration of the NO-mimetic GTN could prevent LPS-
induced increases in SA RI, thereby improving perfusion
and preventing FGR. Transdermal GTN administration (GD
12.5-17.5) to LPS-treated rats normalized SA RI and de-
creased the detection of placental nitrotyrosine (Fig. 3, B and E).
Because several of the placentas analyzed from all treatment
groups had levels of nitrotyrosine that fell below the detection
limit of the assay, we could not correlate fetal weights to ni-
trotyrosine levels. Interestingly, we found that GTN adminis-
tration also prevented the increase in maternal plasma TNF
levels measured 2 h after the initial LPS injection on GD 13.5
(Table 2). These data support the concept that normalization
of uteroplacental perfusion attenuates TNF release after LPS
administration. Furthermore, compared with rats treated with
LPS alone, rats that were additionally administered GTN
exhibited significantly reduced WBC counts, including de-
creased circulating lymphocyte, monocyte, and granulocyte
numbers by GD 17.5 (Table 2). Importantly, treatment with

GTN prevented LPS-induced FGR (15.73% FGR offspring/
litter = 5.28% for rats treated with LPS + GTN compared with
40.78% FGR oftspring/litter = 5.60% for rats treated with
LPS alone; P < 0.01). Treatment with GTN alone did not
affect mean fetal weight (0.8942 + 0.008 g; Table 1) and did
not result in FGR (9.10% FGR offspring/litter = 3.87%).
Together, these results provide evidence that inflammation
and FGR in LPS-treated rats are linked to inadequate utero-
placental perfusion.

LPS administration increases mean arterial pressure (MAP)
through a mechanism dependent on TNF

MAP was assessed by radiotelemetry (n = 5 dams/group). To
determine the effect of LPS on MAP, 24-h time point data
were normalized to GD 11 (the GD before treatments were
initiated). There was no difference in MAP profiles between
any of the treatment groups from GD 0 to 11. Administration
of LPS resulted in increased A MAP compared with saline-
treated controls (Fig. 4 A). Eta treatment completely prevented
the elevation in MAP associated with LPS administration
(Fig. 4 A). Moreover, treatment with GTN partially attenuated
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Figure 3. LPS-induced FGR is linked to uteroplacental hemodynamic alterations associated with nitrosative stress. Ultrasound biomicroscopy
was used to visualize the vasculature within implantation sites, including spiral arteries, maternal channels, and the corresponding fetal umbilical artery (A).
Mean SA Rl measured from implantation sites (2-3 spiral arteries measured from 3-4 implantation sites per animal; n = 6-7 dams per group; B).
Correlation of mean SA Rl with the corresponding umbilical artery PSV from LPS-treated animals (C). Correlation of mean SA Rl with the corresponding
maternal channel Rl across all treatment groups (D). Detectable nitrotyrosine (shaded box) in placentas from rats treated with saline, LPS, or LPS + GTN (E).

*, P <0.05; P <0.01. UmbA, umbilical artery; MC, maternal channel; MT, mesometrial triangle; P, placenta; SA, spiral artery. Whiskers in B represent the
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the LPS-induced alterations in MAP (Fig. 4 A). Whereas rats
treated with saline, Eta + LPS, or GTN + LPS exhibited
a progressive and significant decrease in MAP relative to base-
line (GD 11) throughout the duration of the study, MAP
from LPS-treated animals was significantly elevated on GD 13
and GD 14 and remained at baseline levels thereafter (Fig. 4 B).
Compared with rats in all the other treatment groups, overall,
MAP of rats treated with LPS alone was significantly ele-
vated (Fig. 4 C).

To determine whether LPS affected fetal weight beyond
GD 17.5, the pups born to dams instrumented with radio-
telemetry transducers were weighed on postnatal day (PD) 1.5
and 7.5. Pups born to LPS-treated mothers were significantly
smaller than those from all other treatment groups on PD 1.5

A LPS administration Birth
12- ¥
of A
4

(Fig. 4 D); however, by PD 7.5 the weights of pups from
LPS-treated animals were not significantly different from the
weights of pups from saline-treated animals (Fig. 4 E). Eta and
GTN administration normalized pup weight measured on
PD 1.5,and by PD 7.5 pups born to Eta-treated mothers were
significantly larger than pups from both saline-treated and
LPS-treated animals (Fig. 4 E).

Nonpregnant rats (n = 4) were instrumented with radio-
telemetry transducers to determine whether the effects of
LPS on MAP are pregnancy specific. All animals were admin-
istered four saline injections, followed by four LPS injections
with a 3-d rest period between treatments. Analysis revealed
a significant elevation in MAP after the second LPS injection
when compared against the second saline injection (Table 3).
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Figure 4. Elevated MAP is causally linked to increased maternal TNF levels and is associated with FGR at birth. To observe the treatment-
specific effects on MAP, all animals were normalized to GD 11. Change in MAP corresponding to saline (n = 5 dams) or LPS (n = 5 dams) administration
on GD 13.5-16.5 (dashed vertical lines) and Eta (n = 5) or GTN administration (n = 5) to LPS-treated animals (A). Full gestational MAP profiles (GD 0-PD 7)
in rats from all treatment groups (n = 5 for each group; B). Mean overall change in MAP spanning GD 11-PD 7 in rats from all treatment groups (C).
Weight of pups assessed on PD 1.5 (D) and 7.5 (E); saline, n = 45 pups; LPS, n = 35 pups; Eta + LPS, n = 56 pups; GTN + LPS, n = 53 pups. ®, P < 0.1;

* P <005;" P<001; P<0.001; ™ P <0.0001. Symbols in A denote significant differences from LPS-treated animals; asterisks and asterisks within
brackets in B denote significant differences at each day compared with baseline (GD 11); shaded regions in A and B represent the day of birth for all dams;
points in A and C represent mean + SEM; points in B represent 24-h mean MAP + SEM; whiskers in D and E represent the 10th and 90th percentiles.
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However, this LPS-induced increase in MAP in nonpregnant
rats was of a lower magnitude (3.7 mmHg) than the increase
in blood pressure observed in pregnant rats after the second
LPS injection (~~8.7 mmHg).

LPS administration induces renal alterations

and proteinuria associated with alterations in MAP
Maternal kidneys harvested on GD 17.5 were analyzed and
the degree of glomerular pathology was assessed by a blinded
observer using a scoring system (0—4; 0, no pathology; 4, se-
vere pathology). Glomeruli from LPS-treated dams exhibited
mesangial hypercellularity and occlusion of capillary loops
and the urinary space (Fig. 5 A) resulting in a significantly
higher histopathological score (Fig. 5 B). Ultrastructural
analysis revealed a significant thickening of the glomerular
basement membrane (GBM; Fig. 5 C). Treatment with Eta
prevented the LPS-induced renal histopathological alterations
and trended (P = 0.0562) toward preventing the thickening
of the GBM (Fig. 5,A—C).Treatment with GTN was most effec-
tive at preventing the LPS-induced renal pathologies associated
with inflammation-induced FGR (Fig. 5, A-C). Glomeruli
from nonpregnant animals (n = 4) receiving the same sched-
ule of LPS injections did not show signs of renal pathology
and were not different from glomeruli of control animals (un-
published data). These results indicate that the effects of LPS
on renal alterations are pregnancy specific.

To determine whether structural renal alterations were asso-
ciated with functional and measurable changes, proteinuria (total
protein/creatinine) was assessed in urine collected from the
animals instrumented with radiotelemetry transducers. In
the LPS-treatment group, changes in the protein/creatinine
ratios calculated from baseline (mean protein/creatinine on GD
10.5-12.5) trended to correlate positively with changes in MAP
(P = 0.0536; Fig. 5 D). A correlation between the change in
MAP and the change in urine protein/creatinine ratios was not
observed with any other treatment group. Overall, LPS admin-
istration significantly elevated the protein/creatinine ratio and
this effect was prevented with GTN or Eta treatment (Fig. 5 E).

DISCUSSION
The main novel findings of this study are that abnormal mater-
nal inflammation impairs SA remodeling, alters uteroplacental
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perfusion, and leads to FGR associated with some features
of PE in a rat model. Our findings also reveal that the effects
of maternal inflammation on the deficient vascular remodeling
and altered uteroplacental perfusion associated with FGR/PE
are largely mediated by TNE

Circulating TNF levels are increased in a large proportion
of women with FGR/PE (Conrad et al., 1998; Germain et al.,
2007; Peracoli et al., 2007; Zhou et al., 2012). Interestingly,
TNF levels were reported to be significantly higher in pre-
eclamptic pregnancies complicated by FGR compared with
those with normal fetal growth in the third trimester (Tosun
et al.,2010). Moreover, levels of TNF and its stable soluble re-
ceptor p55, were increased early in pregnancies subsequently
complicated by PE (Hamai et al., 1997; Williams et al., 1998).
In our model, maternal TNF levels increased substantially
within 2 h of LPS administration on GD 13.5 and remained
detectable after three subsequent injections of LPS by GD
15.5. The diminished TNF response to LPS on GD 15.5 is
likely the result of tolerance. A similar phenomenon occur-
ring after repeated LPS exposure has been previously described
(Faas et al., 2004). Nevertheless, despite attenuated TNF levels
after subsequent injections of LPS, immune maladaptation
persisted at least up to GD 17.5, as indicated by results show-
ing increased circulating numbers of lymphocytes, granulo-
cytes and monocytes, as well as high numbers of CD68-positive
activated macrophage cells in the MTs of FGR uteroplacental
units at this GD. Monocytes and activated macrophages are
primarily responsible for TNF release (Hunt, 1989; Renaud
et al., 2005) and have been localized in greater proportions
around inadequately remodeled spiral arteries from preeclamp-
tic pregnancies (Reister et al., 2001).

In addition to exerting systemic effects on cell survival,
vascular permeability, neutrophil activation, and various cyto-
kine cascades, TNF has also been shown to interact with the
TNF receptor-1 present on invasive extravillous trophoblasts
(Knofler et al., 1998; Renaud et al., 2009). Previous work from
our laboratory described the TNF-mediated release of mono-
cyte chemoattractants from extravillous trophoblasts, which
may further amplify the proinflammatory cascade (Renaud
et al., 2009). We and others have also shown that macrophage-
derived TNF inhibits trophoblast invasion in vitro (Bauer et al.,
2004; Renaud et al., 2005; Otun et al.,2011).To our knowledge,

Table 3. MAP changes in nonpregnant rats after saline and LPS administration?

Day 1 Day 2 Day 3 Day 4

Saline® —0.35 0.60 2.07 —0.75
(—0.75-0.18) (—0.13-1.44) (1.30-2.81) (—1.71-0.31)

LPS® 1.32 3.68¢ 0.21 —1.04
(—0.03-3.64) (0.74-6.81) (—1.29-1.89) (-3.46-1.31)

aData were obtained from four non-pregnant animals receiving both saline and LPS injections; doses of saline and LPS were the same as the doses

administered to pregnant rats.

®Data are represented as mean and (range) of MAP changes from baseline; baseline was calculated for each rat using the mean MAP recorded over

the 2-d before the initiation of each treatment.

°P < 0.01 compared with the corresponding day of saline treatment.
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our study provides the first evidence of an inhibitory role of
TNF on interstitial trophoblast invasion in vivo. Few studies
have quantitatively reported deficient interstitial trophoblast
invasion in women with PE (Kadyrov et al., 2003; Naicker
et al., 2003). However, the migration and invasion of inter-
stitial trophoblast cells is an event that Vercruysse et al. (2006)
described as being intimately associated with the maternal
vascular network. It has been proposed that interstitial tro-
phoblast cells play a role in the destruction of the tunica media

A

of spiral arteries as part of the conditioning process required
to accommodate endovascular trophoblast invasion and remod-
eling (Pijnenborg et al., 1983; Kam et al., 1999). Furthermore,
intravasation of interstitial trophoblast cells into the spiral arter-
ies is an important aspect of the vascular modification necessary
for a healthy pregnancy (Kaufmann et al., 2003). Interestingly,
our study also revealed that the extent of interstitial tropho-
blast invasion was positively correlated with cross-sectional area
of spiral arteries.
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Figure 5.

Gestational/Postnatal Day

LPS-induced renal alterations and proteinuria are causally linked to TNF and can be prevented by GTN. Glomerular pathology of

maternal kidneys from LPS-treated animals including hypercellularity, occlusion of the urinary space (arrows), and thickening of the GBM (yellow aster-
isks; A). Degree of glomerular pathology (mean of 20 glomerulifanimal; n = 5-6 animals/group; B) and assessment of GBM thickening across all treat-
ment groups (C). Correlation between the change in MAP and change in urinary protein/creatinine from LPS-treated dams (D). Mean protein/creatinine
ratio from urine collected on GD 10.5-16.5. 17.5, 19.5 and PD 7.5 across all treatment groups (E). The curves in E were generated using the mean + SEM
protein/creatinine ratios from urine collected from 3-5 rats/treatment group over the indicated GDs. Because of missing values and variability in the
baseline protein/creatinine ratios before initiation of treatments, statistical analysis in (E) was performed on the changes in protein/creatinine ratios
rather than on the actual raw values using ANOVA followed by Bonferroni post-hoc test. @, P = 0.0562; *, P < 0.05; **, P < 0.01. Bars: (top row) 50 um;

(oottom row) 500 nm.
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In humans, early-onset PE, defined as arising before the
34th week of gestation, is often associated with the develop-
ment of FGR (Valensise et al., 2008). Studies describing early-
onset FGR/PE cite defective placentation and deficient SA
remodeling as a leading cause of the inadequate uteroplacental
perfusion and oxidative stress that characterize this pathology
(Burton and Jauniaux, 2011). Here, we provide evidence that a
deficiency in SA remodeling mediated by inflammation is as-
sociated with abnormal uteroplacental hemodynamics. Spe-
cifically, Doppler analysis revealed an increase in the RI of
the spiral arteries from dams exposed to LPS compared with
saline-treated controls. Moreover, we found that the effect of
LPS on vascular resistance was mediated by TNE given that Eta
administration to LPS-treated animals normalized this parame-
ter. Additionally, umbilical artery PSV was negatively corre-
lated with SA RI only in LPS-treated animals. The premature
reduction in umbilical artery PSV in fetuses from LPS-treated
dams may be linked to placental dysfunction associated with
poor fetal growth (Acharya et al., 2005). Furthermore, we ob-
served a positive correlation between SA RI and maternal
channel RI across all treatment groups. This finding indicates
that alterations in perfusion may propagate downstream through
vessels directly leading to the fetal-maternal interface. Clini-
cally, umbilical and uterine artery velocimetry is used in screen-
ing for FGR and PE (van Asselt et al., 1998; Valensise et al.,
2008; Byun et al., 2009). Fortunately, the unique vasculature
of the rat uteroplacental network affords an opportunity to
visualize and quantify SA flow in vivo using ultrasonography.
This is an important feature lacking reliability and reproduc-
ibility in human cases (Collins et al., 2012).

In our study, FGR was clearly evident at GD 17.5 (4 d
after the first LPS injection) and persisted at least until birth.
However, by PD 7.5 the weights of pups from LPS-treated
rats were not significantly different from the weights of pups
from saline-treated rats. This finding is similar to what has
been previously observed in humans, whereby children who
are born growth restricted experience rapid catch-up growth
during the first year of postnatal life (Boersma and Wit, 1997).
Interestingly, by PD 7.5, pups from rats treated with Eta +
LPS were significantly larger than pups from rats treated with
either saline or LPS alone. The mechanism underlying this ef-
fect of Eta on postnatal growth requires further investigation.

While impaired fetal growth and development are the
main consequences of placental insufficiency, the maternal
response to altered perfusion may eventually manifest as PE.
The two-stage hypothesis of PE proposes that placental oxi-
dative/nitrosative stress causes the release of pro-inflammatory
molecules central to the disease process (Borzychowski et al.,
2006; Roberts and Gammill, 2005). Hypoxia/reoxygenation
of chorionic villi explants increased TNF release and resulted
in the activation maternal endothelial cells (Hung et al., 2004).
Targeted inhibition of TNF in a model of myocardial isch-
emia reduced endothelial dysfunction and superoxide gen-
eration (Gao et al., 2008). Our study showed that abnormal
placental perfusion mediated by excessive inflammation was
associated with placental oxidative/nitrosative stress. This is a
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phenomenon also observed in human cases of early-onset PE
associated with FGR (Yung et al., 2008). Interestingly, nor-
malization of uteroplacental perfusion with the NO mimetic
GTN (as revealed by Doppler ultrasonography) attenuated
the accumulation of nitrotyrosine in the placenta and pre-
vented FGR. Moreover, this normalization of uteroplacental
perfusion in rats treated with GTN + LPS was closely associ-
ated with a dampened inflammatory response, as revealed by
the much decreased circulating maternal TNF levels. Thus, we
propose that the exaggerated inflammatory response that fol-
lows administration of low-dose LPS is a consequence of an
inadequately perfused placenta. This concept is supported by
the observation that LPS administration did not contribute to
an exaggerated inflammatory response in nonpregnant rats.

Our data also indicate that the increases in MAP and the
renal alterations observed in LPS-treated dams are a result of
the inflammatory response triggered by LPS. Radiotelemetry
experiments revealed that in saline-treated rats, MAP progres-
sively decreased throughout gestation and remained low rela-
tive to baseline up to 7 d postpartum. Others have reported
a similar MAP gestational profile in the rat (Dechend et al.,
2005; Lau et al., 2013). Although the differences in MAP be-
tween LPS- and saline-treated rats were not very large, the
magnitude observed was similar to that reported by others
using instrumented pregnant Wistar rats injected with tro-
phoblast cell debris (Lau et al., 2013).

In contrast to the blood pressure profile of women with
PE, rats treated with LPS in our study did not exhibit a pro-
gressive increase in blood pressure toward the end of gestation
after the initial acute rise in MAP. However, compared with
the other treatment groups, MAP remained higher in LPS-
treated rats until the postpartum period. For the majority of
women with PE, hypertension resolves soon after birth; how-
ever, the timing of resolution is unclear and often debated.
A recent study of >200 preeclamptic women revealed that at
the time they were discharged from hospital, 78% were still
hypertensive. Moreover, hypertension was found in 54% of
women at 6 wk postpartum and in 39% of women by 3 mo
postpartum (Berks et al., 2009).

The reduced uteroplacental perfusion (RUPP) model of
PE is characterized by elevated blood pressure, and studies
using this model revealed a physiological role for TNF as a key
molecule mediating the elevation in blood pressure (LaMarca
et al., 2005). In our study, administration of LPS resulted in a
significant elevation in MAP that was mediated by TNE High
levels of TNF are known to play an inhibitory role in endo-
thelium-dependent and NO-mediated vasodilation (Zhang
et al., 2009). Moreover, there is evidence that TNF induces the
release of the potent vasoconstrictor endothelin-1 (ET-1) from
bovine aortic endothelial cells in a time- and concentration-
dependent manner (Marsden and Brenner, 1992). Thus, we
propose that Eta prevents the increase in MAP observed
in LPS-treated pregnant rats, at least partly, by inhibiting
TNF-mediated release of ET-1 by the maternal endothelium.
Furthermore, our data revealed that transdermal administra-
tion of GTN attenuated the LPS-induced increase in MAP.
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Studies indicate that the blood pressure lowering eftects of
NO donors are at least partly due to inhibition of ET-1-
mediated vasoconstriction (Bourque et al., 2011; Bourque
et al., 2012). Moreover, it has been reported that endothelium-
derived NO inhibits the release of ET-1 from the porcine
aorta (Boulanger and Liischer, 1990) and that exogenous
administration of NO inhibits ET-1 gene transcription
(Kourembanas et al., 1993). Therefore, it is likely that GTN
prevents the increases in MAP observed in LPS-treated preg-
nant rats by interfering with a mechanism of vasoconstriction
involving TNF-induced ET-1 activity. Through this mecha-
nism GTN may also ensure adequate placental perfusion,
thereby preventing the development of an exaggerated in-
flammatory response to LPS and the downstream sequelae. In
addition to these indirect antiinflammatory actions of GTN,
it is also possible that GTN has direct antiinflammatory prop-
erties. We have preliminary results indicating that GTN can
inhibit in vitro TNF release by LPS-activated THP-1 cells, a
monocytic cell line (unpublished data). Nevertheless, to our
knowledge, the present study provides the first evidence that
GTN can inhibit acute proinflammatory eftects of LPS.

The critical role of the kidneys in the regulation and
maintenance of blood pressure suggests that the maternal renal
abnormalities, characteristic of PE, are closely linked to blood
pressure alterations. Our rat model revealed that treatment
with LPS resulted in renal alterations similar to those present
in women with severe PE. These alterations included mesan-
gial hypercellularity, occlusion of the capillary loops and uri-
nary space, and thickening of the GBM. Renal abnormalities
were not observed in dams treated with Eta + LPS or GTN +
LPS. Our data agree with a recent study that mechanistically
linked high levels of TNF and subsequent oxidative stress to
hypertension and renal abnormalities in a mouse model of the
chronic inflammatory autoimmune disorder systemic lupus
erythematosus (Venegas-Pont et al., 2010).

Our conceptual model proposes that during pregnancy,
an otherwise mild inflammatory stimulus causes severe restric-
tions in uteroplacental perfusion leading to FGR and an ex-
aggerated maternal inflammatory response characterized by
increased circulating TNF levels, increased MAP, and renal
structural alterations. Whereas administration of LPS to non-
pregnant rats led to a small increase in MAP, LPS administra-
tion to nonpregnant animals did not cause renal alterations
and did not result in substantial increases in circulating WBCs
and TNF levels.

Although we focused on investigating the role of abnor-
mal inflammation in SA remodeling, we cannot rule out the
possibility that other inflammation-related factors contribute
to the pathogenesis of pregnancy complications. For example,
abnormal inflammation may be linked to FGR/PE via dis-
ruption of hemostasis (Pijnenborg et al., 2006; Cotechini et al.,
2012; Falcon et al., 2012), release of other proinflammatory
molecules (Borzychowski et al., 2006), local placental damage
(Burton et al., 2009), and/or syncytiotrophoblast micropar-
ticles (Knight et al., 1998) that may induce systemic endothe-
lial dysfunction.
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In addition to the nonpathological, low-grade inflamma-
tory state of healthy pregnancy, normal pregnant women are
more susceptible to infections compared with their non-
pregnant counterparts (Mor and Cardenas, 2010). Indeed, our
study and other studies found the effects of LPS to be preg-
nancy specific (Faas et al., 1994, 1995). Our study indicates
that TNF levels in nonpregnant rats, measured 2 h after LPS
administration, were not significantly different from TNF
levels measured in saline-treated rats during pregnancy. The
excessive inflammation characteristic of women afflicted by
PE may therefore be an exacerbation of an underlying in-
flammatory pathology. Obesity, urinary tract infections, peri-
odontal disease, and viral infections are associated with the
development of PE (Conde-Agudelo et al., 2008; Rustveld
et al., 2008; Chaparro et al., 2013). Based on our conceptual
model, we propose that deficient placental perfusion is a
critical aspect of the pathophysiology of FGR and PE associ-
ated with abnormal inflammation.

The use of LPS to trigger inflammation is well described
and has been used to study the pathophysiology of various dis-
ease states including Parkinson’s disease (Liu and Bing, 2011),
acute lung injury (Rittirsch et al., 2008), and pathological preg-
nancies (Faas et al., 1994). Recently, Lin et al. (2012) reported
that the endogenous antiinflammatory molecule Lipoxin A(4)
could alleviate LPS-induced PE-like symptoms in pregnant
Sprague—Dawley rats. The authors of that study did not report
FGR, possibly because a single, lower dose of LPS was used.
Although LPS is often used to induce sepsis, the doses used in
our model were much lower than those required to induce
septic shock in rodents (McDonald et al., 2000; Nemzek et al.,
2008). In other studies, LPS has been used to induce preterm
labor in mice (Salminen et al., 2008; Shynlova et al., 2013);
however, with the low doses of LPS used in our study, we did
not observe preterm labor.

Modulation of inflammation may have therapeutic bene-
fit in the prevention and management of FGR/PE. Despite
low transplacental transfer, Eta is currently classified as a cate-
gory B drug by the United States Federal Drug Administra-
tion and is not routinely prescribed to pregnant women due
to a lack of well-controlled prospective studies (Berthelsen
et al., 2010). Two recent retrospective studies examining the
safety of Eta use during pregnancy were conflicting. One
study linked Eta to the development of congenital malforma-
tions (Carter et al., 2009), whereas the most recent report did
not find increased incidence of malformations when com-
pared with acceptable rates in Western countries (Viktil et al.,
2012).The results of our study also highlight the potential use
of NO-mimetics as antiinflammatory agents in the preven-
tion of FGR/PE.The safety and use of GTN in obstetrics as
a tocolytic agent are well characterized (Smith et al., 1999; de
Pace et al., 2007).

In summary, our study demonstrates a novel mechanism
by which abnormal maternal inflammation decreases SA re-
modeling associated with deficient uteroplacental perfusion
and the development of FGR/PE. Given the similarities of he-
mochorial placentation between humans and rats, in particular
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the pattern of deep intrauterine trophoblast invasion and SA
remodeling (Soares et al., 2012), we believe that our rat model of
LPS-induced FGR/PE is useful for the study of inflammation-
associated pregnancy complications. The results of our study
indicate that judicious management of inflammation, either
systemically or by blocking the release of placental proinflam-
matory molecules, is a potential strategy for the prevention
and/or treatment of FGR/PE.

MATERIALS AND METHODS

Animals. Studies were conducted in accordance with the guidelines of the
Canadian Council on Animal Care and protocols were approved by the
Queen’s University Animal Care Committee. Virgin female Wistar rats (3—6
mo old; Charles River Laboratories) were housed in a light- and humidity-
controlled environment and fed ad libitum with free access to tap water.
Vaginal smears were performed the morning after females were housed over-
night with a fertile male at a 2:1 ratio. The presence of spermatozoa in the
vaginal lavage confirmed pregnancy and was designated GD 0.5.

Experimental protocol. Pregnant rats received i.p. injections of saline
or LPS (Escherichia coli serotype 0111:B4; Sigma-Aldrich) on GD 13.5, 14.5,
15.5,and 16.5 of a 22-d gestation.To induce an inflammatory response, dams
received a single low dose (10 pg/kg) of LPS on GD 13.5, followed by higher
doses (40 pg/kg) daily until GD 16.5 (n = 28). Control animals (n = 22)
received saline (1 ml/kg) injections on the corresponding GDs. Rats received
5 ml of lactated ringers subcutaneously with each injection. Dams were
sacrificed 24 h after the last LPS/saline injection on GD 17.5. Animals used
in the radiotelemetry experiments (see below) were sacrificed on PD 7.5. After
euthanasia, fetal weights were measured and recorded in conjunction with
the pup’s location along the length of the uterine horn.To evaluate the role
of TNF on the development of FGR, dams additionally received i.p. injec-
tions of the TNF inhibitor Eta (10 mg/kg; Enbrel; Amgen and Wyeth Phar-
maceuticals) on GD 13.5 and 15.5, 6 h before administration of LPS (n = 16).
To determine whether the effects of LPS are pregnancy specific, nonpregnant
rats were exposed to the same doses of LPS as pregnant animals over 4 d
(10 pg/kg followed by 40 pg/kg) and sacrificed on the fifth day, 24 h after the
last LPS injection. To examine the acute effects of LPS, additional experi-
ments were performed on rats 2 h after the initial LPS (10 pg/kg) injection.
For these studies, maternal blood was collected at euthanasia from rats across
all treatment groups on GD 13.5, 2 h after LPS administration (n = 5-7).
Corresponding experiments were performed on nonpregnant rats 2 h after
saline or LPS administration (n = 4).

Administration of GTN. To assess a potential role of deficient NO signal-
ing in the pathogenesis of inflaimmation-induced FGR/PE, pregnant dams
(n = 16) receiving LPS were additionally treated with the NO-mimetic
GTN. This was accomplished via daily application and replacement of Mini-
tran transdermal patches (Graceway Pharmaceuticals) starting on GD 12.5
and ending on GD 16.5. Patches (cut to a surface area of 1.7 cm?, providing
a GTN steady-state delivery rate of 25 pg/h) were placed on the nape of the
neck and were covered with a thin layer of New Skin Liquid Bandage (Pres-
tige Brands Inc.). The last patch was removed at euthanasia on GD 17.5.

Tissue preparation. Rats were sacrificed on GD 17.5 via an i.p. injection
(40-50 mg/kg) of sodium pentobarbital (Ceva Santé Animale). Following
euthanasia, the wet weight of each fetus was measured and recorded in com-
bination with its location along the length of the respective uterine horn.
Implantation sites (uterus + placenta) were placed in 4% paraformaldehyde
for at least 24 h. Before tissue processing, implantation sites were carefully
bisected (through the MT and placenta) to ensure that the mid-portion of
each unit was used for further analysis. Tissues were subsequently transferred
to 70% ethanol and were processed and embedded in paraffin according to
standard procedures. Serial sections (5 pm) were cut from each uteroplacen-
tal unit for immunohistochemical analysis.
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Identification of trophoblast and smooth muscle cells. Trophoblast
cells were identified by immunohistochemistry for cytokeratin using mouse
monoclonal anticytokeratin antibody (DAKO) and the method described
by Vercruysse et al. (2006). Negative controls consisted of sections in which
the primary antibody was substituted with an equal concentration of mouse
IgG (DAKO).

Immunohistochemistry for a-actin was used to identify vascular smooth
muscle cells. In brief, tissues were rehydrated using a graded ethanol series
and sections were subsequently blocked using 10% normal horse serum
(NHS) + 0.1% Tween-80 (Thermo Fisher Scientific) for 20 min followed by
serum-free DAKO block for 7 min. Sections were then incubated for 30 min
in the presence of antibody against smooth muscle a-actin (Sigma-Aldrich;
1:400 in 2% NHS); this was followed by incubation with biotinylated anti—
mouse IgG antibody (1:200 in 1% NHS + 3% normal rat serum; 30 min;
Vector Laboratories). A Vectastain ABC Elite kit (Vector Laboratories) and
diaminobenzidine (DAKO) were used to detect antigenic sites. Tissues were
counterstained with Gill's hematoxylin (Thermo Fisher Scientific), dehydrated,
and mounted. Negative controls consisted of sections incubated with an equal
concentration of mouse IgG (DAKO) in place of the primary a-actin antibody.

Identification of tissue macrophages using CD68 immunohisto-
chemistry. After rehydration, proteinase K antigen retrieval in sections of
implantation sites was performed, and endogenous peroxidase was quenched
using 3% H,O, + 0.3% Triton X-100 (Bio-Rad Laboratories) in PBS. Non-
specific sites in sections were subsequently blocked using 10% NHS for 20 min,
followed by serum-free DAKO block for 7 min (DAKO). Primary antibody
(AbD Serotec; 1:250 in 2% NHS) was added overnight at 4°C. Secondary
antibody (1:200 in 1% NHS;Vector Laboratories) was added for 30 min and
detected using the Vectastain ABC Elite kit (Vector Laboratories). Sections
were developed using diaminobenzidine (DAKO), counterstained with Gill’s
hematoxylin (Thermo Fisher Scientific), dehydrated, and mounted. Negative
controls consisted of sections in which primary antibody was substituted
with equal concentrations of mouse IgG (DAKO).

Image analysis. Assessment of activated macrophage localization, interstitial
trophoblast invasion, and SA remodeling was performed on slides scanned at
20X using an Aperio ImageScope system and software (Aperio). A positive
pixel count was used to quantify labeled cells in the MT to assess the pres-
ence of activated macrophages. Interstitial trophoblast invasion was calculated
as the total area occupied by cytokeratin-positive interstitial trophoblast cells
within the MT. Only sections exhibiting the “break through” of interstitial
trophoblast cells through the giant cell layer were used to quantify interstitial
invasion for consistency (Bridgman, 1948). The cross-sectional area of spiral
arteries exhibiting endovascular trophoblast cells was measured by a blinded
observer and confirmed by a second investigator. Specifically, the fibrinoid
layer around spiral arteries and/or the basal surface of cytokeratin-positive or
endothelial cells were used as the boundary with which to manually delin-
cate the luminal contour of each vessel.

Doppler ultrasonography. Doppler ultrasonography was used to evaluate
maternal and fetal hemodynamic alterations on GD 17.5 using a previously
described method (Renaud et al., 2011) adapted from Mu and Adamson
(2006). In brief, abdominal hair was removed from anaesthetized (~3% iso-
flurane in oxygen by nose cone) dams using a mechanical shaver followed, by
application of a chemical depilatory. Maternal heart rate and breathing were
monitored constantly to ensure surgical plane for the duration of the mea-
surements. The high frame rate 707B 30 mHz scanhead was used in Doppler
mode to obtain pulse-wave recordings for offline analysis. Data acquisition
was performed on 3—4 viable implantation sites per dam; measurements were
recorded from an implantation site located adjacent to the bladder and a site
in close proximity to the ovary within each horn. Doppler waveforms were
recorded for 23 spiral arteries and the corresponding fetal umbilical artery
for each implantation site. After acquisition, a blinded observer performed
analysis. PSV and end diastolic flow velocity (EDV) of each SA was measured
to determine the mean SA RI of the implantation site based on the following
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equation (RI = [PSV — EDV]/PSV). Umbilical PSV of the corresponding
implantation site was also measured.

Complete blood cell counts (CBCs). Whole blood was collected by car-
diac puncture into tubes containing ethylenediaminetetraacetic acid (EDTA)
for CBC analysis. Blood samples (12 pl) were analyzed using the ABC Vet
Animal Blood Counter (Scil Animal Care Company) according to the manu-
facturer’s instructions.

Analysis of maternal plasma TNF. To confirm that LPS administration
induced maternal inflammation, plasma levels of TNF were quantified by
ELISA (R&D Systems) according to the manufacturer’s instructions. Levels
falling below the minimum detectable dose of the kit (5 pg/ml) were con-
sidered undetectable. At euthanasia, maternal blood was collected via cardiac
puncture into EDTA-containing syringes to prevent clotting. Blood samples
were obtained from dams at the following time-points: 2 h after saline or
LPS * Eta/GTN administration at GD 13.5; 2 h after LPS administration at
GD 15.5; 2 h after LPS administration to nonpregnant animals.

Implantation of radiotelemetry transducers. Continuous assessment of
MAP was achieved through femoral implantation of PA-C40 radiotransmit-
ters (Data Sciences International). In brief, virgin female rats were anaesthetized
using ~~3.0% isoflurane in oxygen by nose cone. The left thigh was shaved,
and a 2-cm incision was made to expose the femoral vessels and nerve. Using
a dissection microscope, the femoral artery was carefully retracted, and a per-
manent occlusion suture was placed around the vessel. Proximal to the occlu-
sion ligature, a 26-gauge needle was used to puncture the vessel to facilitate
the insertion of the tip of the transmitter catheter. Cannulation forceps were
used to advance the catheter tip into the abdominal aorta, whereupon sutures
were used to hold the device in place. Transmitters were secured subcutane-
ously over the right flank and the incision was closed with staples. Postopera-
tive care consisted of administration of meloxicam (1 mg/kg), dexamethasone
(0.05 mg/kg), and tramadol (20 mg/kg) in 10 ml of subcutaneous lactated
ringers administered daily for 4-7 d as needed. Dams were allowed to recover
for at least 14 d before overnight mating. Pregnant animals were randomized
into the four treatment groups (n = 5/group): saline, LPS, Eta + LPS, and
GTN + LPS. Dams and pups were euthanized on PD 7.5.

Radiotelemetry data acquisition and representation. Upon recovery,
continuous 24-h data were collected for 30 s every 8 min using Dataquest
A.R.T.Acquisition System (Data Sciences International, version 4.1) until the
study endpoint at PD 7.5. All values from a 24-h period (midnight-midnight)
were used to calculate a daily 24-h mean data point for each GD. Although
absolute MAP values exhibited a normal range of variability among groups
before treatments started, importantly, MAP profiles did not differ significantly
between animals before treatment initiation (GD 0-11).To evaluate the effect
of treatment on changes in blood pressure, MAP measured on GD 11 was set
as baseline for each animal, and the delta value was calculated for subsequent
GDs/PDs.To determine whether the effects of LPS on MAP are pregnancy-
specific, we performed an additional set of experiments on nonpregnant
animals. Animals in the nonpregnant study group (n = 4) were instrumented
with radiotelemetry transducers, as previously described. After recovery, all
animals were subjected to the following procedures: 2 d of baseline recording;
four saline injections (once/day); 1 d of rest; 2 d of baseline recording; four
LPS injections (10—40 pg/kg/day, as per the doses used in the pregnancy
studies). For each experimental animal, MAP recorded over the 2 d preced-
ing the onset of each treatment was set as baseline, and the delta value was
determined for subsequent experimental days. Baseline MAP before the
onset of saline treatment was not significantly different than baseline MAP
before LPS administration.

Urine analysis. Urine was collected from animals instrumented with radio-
transmitters on GD 10.5-17.5, GD 19.5,and PD 7.5 using a modified meta-
bolic cage technique. For all days of urine collection that corresponded with
injection days, urine was collected in the morning, before animals received
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any treatment. In brief, dams were placed in cages lined with 96-well plates
for 3—4 h on the morning of collection. Urine was collected from the plates
and centrifuged (300 ¢, for 5 min) before storing at —80°C for future analysis.
Total protein concentration was determined using a protein assay (Bio-Rad
Laboratories) and was normalized against total creatinine concentration
(Cayman Chemical Company) to assess proteinuria. Because each animal had
different protein/creatinine ratios before the onset of any treatment, a base-
line protein/creatinine measurement for each rat was determined by taking
the mean protein/creatinine values from urine collected each day from GD
10.5 to 12.5.This baseline protein/creatinine ratio was used to calculate the
change in proteinuria from urine collected on subsequent days after initia-
tion of treatments. To determine whether proteinuria correlates with changes
in MAP, changes in protein/creatinine ratios were matched against corre-
sponding changes in MAP for all animals in each treatment group.

Assessment of postnatal pup weight. Pups from all treatment groups were
weighed on PD 1.5 and 7.5. It has recently been suggested that the standard-
ization of litter sizes is beneficial to account for litter size—induced effects (i.e.,
physical space restraints and access to maternal milk supplies), which would
otherwise dilute the ability to detect treatment-related outcomes on fetal
growth and postnatal development. Given that pup weight assessment was
performed several days after treatment was administered and may have affected
litter sizes, we applied a correction factor to standardize pup weights based on
litter size as described by Chahoud and Paumgartten (2009).

Histopathological analysis of kidneys. Kidneys harvested from dams on
GD 17.5 were fixed, processed, sectioned (3 um), and stained with hema-
toxylin and eosin and periodic acid-Schiff for histopathological assessment of
renal alterations. The degree of glomerular pathology was assessed by a
blinded observer based on criteria and scoring methods adapted from other
studies (Strevens et al., 2003; Li et al., 2007), and after consultation with an
experienced renal pathologist at Kingston General Hospital. For each kidney,
20 glomeruli were individually scored and the severity of glomerular pathol-
ogy was determined from the mean score for each kidney. Confirmatory
scoring was performed on each section by an additional blinded observer to
ensure that mean scores for each section were consistent. Glomeruli from
nonpregnant animals exposed to the same doses of LPS (n = 4) were addi-
tionally assessed as previously described.

Electron microscopic analysis of renal ultrastructure. Glutaraldehyde-
fixed 1-mm? cortical samples from kidneys were processed, embedded in
epon, and cut into ultra-thin (90-nm) sections. Images captured by a blinded
observer were later used to evaluate ultrastructural alterations of the GBM.
Quantitative assessment of GBM thickness (GBM area/GBM length) was
performed using Image-Pro Plus version 6.0 software.

Quantitative analysis of placental nitrotyrosine. Placental nitrotyrosine
levels were quantified by ELISA using a commercially available kit (Millipore).
As previously described (Roberts et al., 2009), placentas randomly chosen from
all treatment groups were homogenized in lysis buffer on ice using a Polytron
tissue homogenizer (Biospec Products Inc.). Homogenates were centrifuged
(20,000 g, for 5 min) and the supernatant was transferred to separate tubes.
A modified Lowry assay (DC Protein Assay; Bio-Rad Laboratories) was used
to measure and subsequently adjust protein concentrations between samples.
Samples (saline, n = 9 from seven mothers; LPS, n = 21 from nine mothers;
LPS + GTN, n = 9 from seven mothers) were assayed in duplicate.

Statistics. Data were analyzed using GraphPad Prism 6.0 Software (Graph-
Pad). Parametric data are presented as mean + SEM and were analyzed using
two-tailed Student’s  test (two groups), one-way ANOVA (three or more
groups), or two-way ANOVA (two-variables). Significant differences be-
tween individual treatment groups were determined using the Bonferroni
post-hoc test when comparing fewer than five groups, or Tukey’s multiple
comparison post-hoc test when comparing more than five groups. Kruskal-
Wallis followed by Dunn’s multiple comparison post-hoc test was used to
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assess alterations in maternal plasma TNF levels, as these did not follow a
normal distribution. 2 was used to analyze data obtained from nitrotyrosine
determination experiments. For the radiotelemetry studies in pregnant animals,
changes in MAP relative to baseline (GD 11) were analyzed using repeated
measures two-way ANOVA, followed by Bonferroni post-hoc test to assess
for statistical differences between groups. Within each treatment group, dif-
ferences in raw MAP from baseline (GD 11) were determined by repeated
measures two-way ANOVA, followed by Dunnett’s multiple comparisons
test. Expectation maximization imputation was performed for data points
missing at random (a total of six data points) from the radiotelemetry experi-
ments using SPSS Statistics software. This method has been previously used
and validated for imputation of missing data in rat studies using small sample
sizes (Rubin et al., 2007). Changes in MAP relative to baseline in nonpreg-
nant animals were analyzed using repeated measures two-way ANOVA, fol-
lowed by Bonferroni post-hoc test to assess for statistical differences between
groups. To compare overall differences in proteinuria, the mean change of
the protein/creatinine ratio was calculated for each day of urine collection
and analyzed using one-way ANOVA, followed by Bonferroni post-hoc
test. Nonlinear, nonparametric data were assessed by Spearman correlation,
whereas linear parametric data were assessed by Pearson correlation. For all
statistical tests, P < 0.05 was considered significant, whereas P < 0.1 was
considered a trend toward significance.
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