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Abstract

Incomplete maternal vascular responses to pregnancy contribute to pregnancy complications
including intrauterine growth restriction (IUGR) and preeclampsia. We aimed to characterize
maternal vascular dysfunction in a murine model of fetal growth restriction as an approach toward
identifying targetable pathways for improving pregnancy outcomes. We utilized a murine model
of late-gestation hypoxia-induced IUGR that reduced E18.5 fetal weight by 34%. Contrary to our
hypothesis, uterine artery blood flow as measured in vivo by Doppler ultrasound was increased in
mice housed under hypobaric hypoxia (385 mmHg; 5500 m) vs normoxia (760 mmHg; 0 m). Using
wire myography, uterine arteries isolated from hypoxic mice had similar vasodilator responses
to the two activators A769662 and acetylcholine as those from normoxic mice, although the
contribution of an increase in nitric oxide production to uterine artery vasodilation was reduced
in the hypoxic vs normoxic groups. Vasoconstrictor responses to phenylephrine and potassium
chloride were unaltered by hypoxia. The levels of activated adenosine monophosphate-activated
protein kinase (AMPK) were reduced with hypoxia in both the uterine artery and placenta as
measured by western blot and immunohistochemistry. We concluded that the rise in uterine
artery blood flow may be compensatory to hypoxia but was not sufficient to prevent fetal
growth restriction. Although AMPK signaling was reduced by hypoxia, AMPK was still receptive
to pharmacologic activation in the uterine arteries in which it was a potent vasodilator. Thus,
AMPK activation may represent a new therapy for pregnancy complications involving reduced
uteroplacental perfusion.
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Summary sentence

Late-gestation hypoxia in murine pregnancy induces fetal growth restriction while raising uterine
artery volumetric blood flow and reducing uteroplacental adenosine monophosphate-activated

protein kinase (AMPK) activation.
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Introduction

Maternal vascular responses to pregnancy are crucial contributors
to both short- and long-term outcomes for both the mother and
infant [1, 2]. During normal human pregnancy, uterine artery blood
flow increases at least 20-fold [3], thus serving to maintain adequate
nutrient and oxygen delivery to the developing fetus [4]. Insuffi-
cient oxygen delivery to the uteroplacental circulation and fetal
hypoxia adversely affect fetal growth and are common features of
the “great obstetrical syndromes” [5], including preeclampsia and
intrauterine growth restriction (IUGR). Despite the well-established
links between impaired maternal vascular adaptation to pregnancy
and poor pregnancy outcomes, the molecular mechanisms governing
uteroplacental blood flow are not well understood.

The chronic hypoxia of residence at high altitude (HA, >2500 m)
is among the many causes of IUGR and incomplete maternal vas-
cular responses to pregnancy. In humans, HA residence shifts the
entire birthweight distribution leftward, increasing the incidence of
IUGR threefold [6, 7]. Likewise, hypoxic exposure induces fetal
growth restriction in experimental animal models [8, 9]. In human
[10, 11] and experimental animal models [8, 9], hypoxia-induced
IUGR appears to result, in part, from incomplete maternal vascular
adaptation to pregnancy. More than 140 million persons live at HA
worldwide [12], of which 4+ million are likely pregnant at any one
time, thereby providing a natural laboratory in which to study the
physiologic and molecular links between uteroplacental hypoxia and
fetal growth restriction in the absence of overt pathology. For this
reason, we and others have used HA as a study design with which
to address the mechanisms, by which hypoxia influences maternal
physiological adaptation to pregnancy and fetal growth [13-16].

Our prior work implicates the adenosine monophosphate-
activated protein kinase (AMPK) pathway—a key metabolic
regulator and vasodilator—in the regulation of fetal growth under
hypoxic conditions. Specifically, Andeans HA residents, who are
relatively protected from HA-induced fetal growth restriction
[17-19], possess a higher frequency of gene variants predicted to
activate AMPK and whose presence was associated with larger
uterine artery diameter, implying greater blood flow, and less
altitude-associated reduction in infant birth weight [20]. Although
such variants were present at a greater frequency in Andeans, they
were not unique to the Andean population. Since other factors
(e.g., drugs such as metformin and nutritional substances such
as resveratrol) can activate AMPK, AMPK activation could be a
strategy for increasing uterine artery blood flow and improving fetal
growth in any population. The National Institutes of Health and
other agencies have called for new drugs for treating pregnancy
pathologies given that there has been limited development of drugs
that are both safe and effective during pregnancy.

We focus on the potential therapeutic role for AMPK signaling
since its activation is an ex vivo vasodilator of the murine uterine
artery [21], a drug—metformin—which activates AMPK has been
approved for use in pregnancy [22], and AMPK activation may be
a contributor to the protection afforded Andean highlanders from

hypoxia-associated fetal growth restriction. Here, we aimed to 1)
characterize the effects of hypoxia on the vasodilatory effects of
AMPK activation and on the levels of uterine artery and placental
AMPK activation and 2) determine the role of uterine artery blood
flow in hypoxia-induced, late-onset fetal growth restriction. We
hypothesized that the hypoxia-induced reduction of fetal weight was
due in part to reduced uterine artery blood flow resulting from
increased uterine artery contractility and/or decreased vasodilator
response, and that these uterine artery changes would be correlated
with reduced AMPK activation. Therefore, we exposed pregnant
mice to hypoxia or normoxia during the period of rapid late-
gestational fetal growth. We undertook studies to characterize the
effects of hypoxia exposure on uterine artery vasoreactivity ex vivo
by wire myography, uterine artery blood flow in vivo using Doppler
ultrasound, and AMPK activation in uterine arteries and placenta by
western blot and immunohistochemistry.

Materials and methods

Animals and study conditions

C57BIl/6 mice were obtained from Charles River (Wilmington, MA).
Female mice (20-25 g) were mated with males overnight, with
a copulatory plug interpreted as evidence of successful breeding
at embryonic day (E) 0.5. Animals were housed at the University
of Colorado Anschutz Medical Campus’s animal facility altitude
(Aurora, 1611 m) until E14.5, when the pregnant mice were placed
either in hyperbaric (barometric pressure, P, ~760 mmHg, 0 m,
n = 10) or hypobaric (P ~385 mmHg, 5500 m, » = 10) chambers
to simulate normoxia or hypoxia, respectively. Dam body weights
were obtained at E0.5, E14.5, and E18.5, and food intake measured
during the period of normoxic or hypoxic exposure. Animals were
euthanized by carbon dioxide asphyxiation and cervical dislocation
at E18.5 (term = 19.5 days). Right and left uterine arteries were
excised, and either used immediately for myography or placed in 4%
paraformaldehyde overnight and paraffin embedded within 24 h for
histological sectioning. Fetuses and placentas were obtained from all
animals, excised, fetal (excluding membranes) and placental weights
obtained, and placentas were immediately either placed in 4%
paraformaldehyde overnight and paraffin embedded for sectioning
within 24 h for histological sectioning, or flash frozen for protein
analysis. All animal procedures and protocols were completed in
accordance with NIH Guide for the Care and Use of Laboratory
Animals [23] and were approved by the Institutional Animal Care
and Use Committee at the University of Colorado.

Doppler ultrasound

Doppler ultrasounds were performed in the Cardiovascular Pre-
Clinical Core at the University of Colorado-Denver Anschutz Medi-
cal Campus (1611 m) on E17.5 pregnant mice while breathing room
air and under 1-2% isoflurane anesthesia using a 30-MHz pulsed
Doppler system (Vevo 2100, Visual Sonics, Toronto, ON). Aortic
stroke volume and heart rate were measured to calculate cardiac
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output (stroke volume in pl/min x heart rate in bpm). The uterine
artery was identified at the point where it appears to cross over
the external iliac artery (Supplementary Figure S1). Uterine artery
peak systolic velocity, end-diastolic velocity, and time-averaged mean
velocity were determined by manually tracing and then averaging the
values obtained from waveform tracings of good quality from three
consecutive cardiac cycles. Uterine artery pulsatility index (PI) was
calculated as (systolic — diastolic velocity)/systolic velocity. Uterine
artery diameter was approximated using B-mode color Doppler. For
each artery, three Doppler images were taken; the diameter was
measured in each and the three values were averaged. B-mode color
may have exaggerated the actual dimension and flow calculation,
and did not allow for differentiation between the lumen and artery
wall since the color image fills the entire vessel. Such effects were
considered uniform across animals and thus enabled comparisons of
uterine artery volumetric blood flow between groups. Uterine artery
volumetric flow was calculated as 7 x uterine artery radius® x uter-
ine artery mean velocity. One uterine artery was chosen at random
for study so volumetric uterine artery blood flow was multiplied by
two to approximate the total uterine artery blood flow. The uterine
artery index was calculated as total uterine artery blood flow/cardiac
output to determine the portion of cardiac output that was flowing
through the uterine arteries.

Uterine artery wire myography
Immediately following euthanasia, one or both main uterine arteries
were isolated in ice-cold phosphate-buffered saline (PBS), cleaned
of connective tissue, and cut into 2 mm segments. Segments were
mounted using two stainless steel 40 pm wires for each chamber of a
four-channel, small-vessel wire myograph (Danish Myo Technology
610 M, Ann Arbor, MI. The mounted vessels were continuously
maintained at 37°C and oxygenated (95% 02/5% CO;; Airgas,
Radnor, PA) while submerged in Krebs solution (118.5 mM NacCl,
from Sigma-Aldrich, St. Louis, MO; 25 mM NaHCOj3, 4.75 mM
KCl, 1.2 mM MgSO47H,0, 1.2 mM KH,POy, 2.5 mM CaCl,
11.1 mM D-Glucose, all from Thermo Fisher Scientific, Waltham,
MA). After a 30-min equilibration, the vessels were normalized
to an internal diameter of 0.9 of L3 31p,, and this diameter was
maintained for the rest of the protocol. Vessels were then equilibrated
for another 30 min before vasoreactivity studies began.

Viability was demonstrated by contractile responses of at least
2 mN to 60 mM potassium chloride (KCl) and 10 pM phenylephrine
(PE; Sigma-Aldrich), and intact endothelium was demonstrated in
preconstricted vessels by an 80% or greater vasodilator response
to 1 pM acetylcholine (ACh; Acros Organics, Pittsburgh, PA). The
full contractile response to PE was determined across a 1 nM-
100 pM range and repeated after incubation with the AMPK agonist
A769662 (30 nM; Tocris Bioscience, Bristol, UK) to determine the
effects of AMPK activation on PE contraction. PE response curves
were normalized to the maximum KCl response to control for the
length of each uterine artery segment being studied. Relaxation
directly by AMPK activation was tested by first contracting the
vessels with a submaximal (80% of maximal) PE concentration
and then determining the response to increasing concentrations of
A769662 (1-100 pM). To determine the contribution of nitric oxide
(NO) synthase and cyclooxygenase products to the relaxant effects
of A769662, the response to A769662 was tested after incubation
with 10 pM L-NG-nitroarginin methyl ester (L-NAME) (BioVision
Inc., San Francisco, CA) alone or together with 10 pM indomethacin
(Sigma-Aldrich), respectively. A769662 response curves were nor-
malized to the initial PE contraction.

Western blotting

At the time of euthanasia, the placenta corresponding to the fetus
weighing closest to the average fetal weight of each dam was
flash frozen. Protein extracts were prepared from the placental
homogenates in Meso Scale lysis buffer (150 mM NaCl, 20 mM
Tris pH 7.5, 1 mM ethylenediaminetetraacetic acid, 1 mM ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid), 1% Tri-
ton X-100) containing a protease and phosphatase inhibitor cocktail
(Halt Inhibitor Cocktail x100, Thermo Fisher Scientific), and the
protein concentration was determined using the Pierce BCA Protein
Assay Kit (Pierce Biotechnology, Rockford, IL). Proteins (15 pg/lane)
were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis on a 4-20% gradient gel and transferred to nitrocellulose
membranes. Li-Cor protocols were followed for membrane blocking
and incubations (Li-Cor Biosciences, Lincoln, NE). The membranes
were incubated with primary antibodies to B-actin, P-AMPK, and
AMPK. All primary antibodies were from Cell Signaling Technology
(Danvers, MA). After subsequent incubation with Li-Cor fluorescent
secondary antibodies (1:20,000), membranes were imaged and ana-
lyzed on a Li-Cor Odyssey CLx. Data are presented as fluorescent
signal of target protein normalized to B-actin.

Immunohistochemistry and immunofluorescence
Paraffin sections of uterine arteries and placentas were deparaf-
finized in xylene and rehydrated in decreasing concentrations of
ethanol (100-80%) and deionized water. For antigen retrieval, sec-
tions were submerged in 10 mM, pH 6.0 citrate buffer and boiled
in a pressure cooker for 30 min at 45°C. Sections were blocked in
1% bovine serum albumin (BSA) in x1 TBS for 30 min. Primary
P-AMPK antibody (Cell Signaling Technology) was diluted 1:50
in 1% BSA in x1 TBS and applied to sections overnight at 4°C.
Secondary anti-horseradish peroxidase antibody (Dako, Santa Clara,
CA) was applied for 1 h at room temperature. DAB substrate (Dako)
was then added and allowed to develop for 5 min. Sections were
then counterstained with hematoxylin for 1 min, dehydrated with
increasing concentrations of ethanol (70-100%) and xylene, and
then covered with cytoseal and cover slips.

To localize P-AMPK staining in uterine artery and placental
sections, immunofluorescence staining was performed for CD31
or wheat germ agglutinin (WGA) to identify endothelial cells, and
smooth muscle actin (¢-SMA) to identify vascular smooth mus-
cle cells in uterine arteries. Placenta was categorized by following
three major functional areas: decidual zone, junctional zone, and
labyrinthine zone with the decidual and labyrinthine zones having
dense CD31 staining and the junctional zone intermediate staining.
For immunofluorescence, paraffin sections of uterine arteries and
placentas were deparaffinized in xylene and rehydrated in decreasing
concentrations of ethanol (100-80%) and deionized water. Antigen
retrieval was carried out using a sodium citrate solution as described
above. Autofluorescence was blocked with 0.8% glycine in PBS at
room temperature for 30 min. Non-specific binding was blocked
with overnight incubation with 10% normal goat serum (NGS) and
10% BSA in PBS, followed by a 1-h incubation with 10% NGS and
0.1% saponin in PBS. Primary antibodies were diluted in 10% NGS
in PBS and incubated at 4°C overnight. Primary antibodies against
CD31 and a-SMA were obtained from Cell Signaling Technology
(Danvers, MA). Secondary antibodies were applied for 1 h at room
temperature, including Alexa Fluor 488 from Invitrogen (Carlsbad,
CA), DAPI from Sigma, and WGA-FITC from Invitrogen. Sections
are sealed with Hard Mount Aqueous Mount from Scytek Labora-
tories (Logan, UT) and dried overnight before imaging.
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Table 1. Growth parameters and uterine artery hemodynamics

Normoxic Hypoxic P-value
Growth parameters
Maternal daily food intake (g) 6.4+0.3 5.8+0.4 NS
Litter size, number of fetuses 8.7+0.3 8.240.3 NS
Resorption number 0.50 +£0.21 0.67 +0.30 NS
E0.5 Maternal weight (g) 23.3+£0.6 22.6 £ 1.1 NS
E18.5 Maternal weight gain (g (% increase)) 15.7 £ 0.9 (69) 10.9 £ 0.7 (51) 0.03
Uterine artery hemodynamics
UtA peak systolic velocity (mm/sec) 254 £+ 37 345 £ 40 NS
UtA end-diastolic velocity (mm/sec) 113 £ 21 169 £ 10 0.05
UtA mean velocity (mm/s) 148 + 21 208 £ 23 0.02
UtA PI 0.57 £0.03 0.49 £ 0.03 0.13
UtA diameter (mm) 0.63 £0.02 0.70 + 0.04 0.20
Cardiac output (ml/min) 31+3 35+3 NS
Stroke volume (pl) 64+6 677 NS
Heart rate (bpm) 486 £ 6 527+7 0.001

Data presented as mean + SEM NS = non-significant maternal daily food intake (g) 6.4 + 0.3 5.8 + 0.4 NS.

Statistical analysis

Ultrasound measures, dam weight, and fetal weight were compared
between normoxic and hypoxic groups using Student unpaired #-test
(Graph Pad software). Contractile response curves to PE as measured
using myography were expressed as relative to the maximal KCl
response in each uterine artery. The best-fit line for each PE curve was
compared using two-way analysis of variance (ANOVA) with Sidak
multiple comparisons. The ECs, which represents the concentration
of drug that gives a half-maximal response, was calculated for each
individual curve using GraphPad, averaged for a given animal and
then expressed as the mean + SEM for the normoxic and hypoxic
or other specific treatment groups. The maximum PE response and
ECso were compared using Sidak multiple comparisons. Response
curves to A769662 were expressed as a percentage of the initial,
80% maximally PE contraction before vasodilation with increasing
concentrations of A769662. As mentioned above, the best-fit line
for each curve was compared using two-way ANOVA with Sidak
multiple comparisons. Curves were further analyzed by comparing
maximum % relaxation, ECsg, and area under the curve (AUC) using
Sidak multiple comparisons. Significance was defined as a two-tailed
P < 0.05.

Results

Reduction of fetal weight with late-gestation

hypoxia exposure

E18.5 fetal weight was reduced in the hypoxia-exposed litters by an
average of 34% (Figure 1A). Maternal food intake, number of pups,
and resorptions per litter were similar in the normoxic and hypoxic
groups (Table 1), suggesting that the dams tolerated the hyperbaric
and hypobaric chambers equally well but that clearly fetal growth
was reduced. The lesser maternal weight gain under conditions of
hypoxia (Table 1) was likely due to the reduction in fetal growth
as judged by the similarity in maternal weight at E18.5 minus the
total weight of the excised fetuses and placentas (29.3 £ 0.8 vs
27.8 £ 0.8 g, respectively, P = NS). In contrast to the reduction
in fetal weight, placental weight was ~7% higher in the hypoxia-
exposed group (Figure 1B), leading to a lower placental efficiency as
expressed as the ratio of fetal to placental weight (Figure 1C).

Doppler indices of uterine artery blood flow and
cardiac output

Uterine artery blood flow was increased by 110% in the hypoxic
compared to normoxic dams (Figure 1D). This was due largely to
increased uterine artery end-diastolic velocity, which resulted in a
higher uterine artery mean flow velocity (Table 1). The hypoxia
group’s larger (by 67 pm) uterine artery diameter also contributed,
although it did not reach significance (Table 1). Heart rate was
significantly higher in the hypoxic mice but did not result in greater
cardiac output (Table 1). The uterine artery index (i.e., the ratio of
uterine artery volumetric blood flow to cardiac output) was doubled
in hypoxic mice (Figure 1E), indicating that a greater proportion of
total blood flow was directed to the uterus with hypoxia exposure.

Effects of hypoxia and ex vivo AMPK activation on
uterine artery contractility

We evaluated the effects of hypoxia on isolated uterine arteries
by small-vessel wire myography. The contractile response to PE,
normalized to the maximum KClI response in each vessel, was similar
in uterine arteries from normoxic and hypoxic mice whether assessed
by comparing the whole curve (Figure 2A), the maximum PE con-
tractile response, or the ECs of the PE response curves (Figure 2E).
The maximum contractile response to KCl was also similar in the
normoxic and hypoxic groups (Figure 2E).

AMPK activation by A769662 blunted sensitivity to PE in uterine
arteries from both normoxic (Figure 2B) and hypoxic (Figure 2C)
mice and did so similarly (Figure 2D). AMPK activation thus
increased the ECsy in both groups while maximum PE response
remained unaltered (Figure 2E).

Effect of hypoxia on uterine artery vasodilation

In uterine arteries preconstricted to 80% of their maximal PE
response, AMPK activation by A769662 resulted in similar
dose-dependent vasodilation in the normoxic and hypoxic mice
(Figure 3A). In uterine arteries from normoxic mice, inhibition
of NO synthase by L-NAME reduced the maximum vasodilatory
effects of AMPK activation by 42%, indicating that some but
not all AMPK-induced vasodilation was dependent on increased
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Figure 1. Effects of late-gestation (E14.5-18.5) hypoxia on fetal growth and uterine artery blood flow. A) E18.5 fetal weight was reduced, B) placental weight was
increased, and therefore C) the ratio of fetal to placental weight was lower indicating a selective reduction in fetal growth; n = 10 normoxic, 10 hypoxic dams.
D) Uterine artery volumetric blood flow was increased with late-gestation hypoxia, and E) uterine index, the ratio of uterine artery blood flow to cardiac output,
was higher; n =7 normoxic, 6 hypoxic dams. Data are presented as mean = SEM and analyzed by Student unpaired t-test.

endothelial NO production. The addition of indomethacin to inhibit
production of cyclooxygenase products did not further decrease the
vasodilatory effects of AMPK activation in the normoxic animals,
indicating that there was little, if any, contribution of vasodilator
prostaglandins (Figure 3B). In hypoxic mice, inhibition of NO

synthase by L-NAME blocked the vasodilatory effects of AMPK
activation by 29%, and the addition of the cyclooxygenase inhibitor
indomethacin further blunted the effects of AMPK activation by an
additional 18%. This indicated that the production of both NO and
vasodilator prostaglandins contributed to AMPK activation-induced
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Figure 2. Uterine artery contractility measured by wire myography and the effect of AMPK activation on blunting the contractile response. A) The contractile
response to PE was similar in uterine artery from normoxic and hypoxic mice. A769662 blunted the PE response in both B) normoxic and C) hypoxic mice. D)
The magnitude of A769662 effects on blunting PE response was similar in both groups. E) Neither the maximum KCI response nor the maximum response
to PE was changed by hypoxia or A769662, but sensitivity to PE was reduced by A769662 in vessels from both normoxic and hypoxic groups. The contractile
response to PE was normalized to the maximum KCI response in each vessel studied. Data are presented as mean + SEM and NS = non-significant. Different
italicized letters represent significant differences using either the overall result using two-way ANOVA or two-way ANOVA with Sidak multiple comparisons.
CON = control untreated. N = Norm CON: 8 mice, 12 vessels; Norm +A769662: 8 mice, 12 vessels; Hx CON: 7 mice, 8 vessels; Hx + A769662: 7 mice, 7 vessels.

vasorelaxation in hypoxic mice (Figure 3C). In other words, since
the effect of L-NAME on blunting AMPK-induced vasodilation was
significantly greater in normoxic compared to hypoxic mice, the
vasodilator role of NO synthase was greater in the uterine arteries
from the normoxic than hypoxic group. L-NAME and indomethacin
blunted the vasodilatory effects of AMPK activation both by
reducing the maximum percent relaxation and the overall sensitivity
to the effects of AMPK activation as measured by AUC (Figure 3D).
The remaining vasodilatory effects of AMPK activation may be due
to endothelium-derived hyperpolarizing factor or smooth muscle
factors.

The vasodilatory responses to ACh were similar in uterine arteries
from both normoxic and hypoxic mice (Supplementary Figure S2).
In normoxic mice, L-NAME significantly blunted ACh vasodilation,
as analyzed by the maximum % relaxation and the AUC of the ACh
response curves. However, L-NAME did not significantly blunt ACh
vasodilation in hypoxic animals, indicating that hypoxic exposure
decreased the contribution of increased NO production to ACh-
stimulated uterine artery vasodilation. Further mechanisms such
as cyclooxygenase products or endothelial-derived hyperpolarizing
factor could be augmented by hypoxia to maintain a similar ACh
vasodilation as in the normoxic group.
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comparisons. NS = non-significant. CON = control untreated. N = Norm CON: 7 mice, 9 vessels; Norm +L-NAME: 7 mice, 8 vessels; Norm +L-NAME +INDO: 3

mice, 3 vessels; Hx CON: 7 mice, 8 vessels; Hx + LNAME: 7 mice, 7 vessels; Hx + L-NAME +INDO: 6 mice, 6 vessels.

Less AMPK activation in uteroplacental tissues

with hypoxia

Immunostaining for P-AMPK in uterine arteries from normoxic mice
indicated AMPK activation in the endothelial cells, while P-AMPK
immunostaining was not present in the uterine artery from hypoxic
mice (Figure 4A). Qualitative assessment of the uterine artery WGA
and a-SMA staining suggested that the normoxic (7 = 3) compared
to hypoxic (7 = 4) mice had layers of fibrocollagenous tissue within

the tunica intima, as there was a distinctive layer between the
endothelium and smooth muscle layer.

We also evaluated changes in placental AMPK signaling. P-
AMPK was localized to the junctional zone of the placenta from
normoxic mice and not detectable in placenta from hypoxic mice, as
visualized using immunohistochemistry (Figure 4B). P-AMPK pro-
tein expression was higher in the placenta from normoxic compared
to hypoxic dams, while total AMPK protein expression levels were
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Figure 4. Characterization of placental and uterine artery AMPK activation. A) By immunohistochemistry, APAMPK was pronounced in the uterine arterial smooth
muscle cells from normoxic mice (n = 3) but not visible in the uterine artery from hypoxic mice (n = 4). In normoxic mice, there was a distinctive layer between
the vascular smooth muscle cells («-SMA, green staining) and endothelium (stained in red with WGA), pointed to by white arrows. B) Immunohistochemistry
staining for placental P-AMPK revealed high AMPK activation in the labyrinthine zone of placentas from normoxic mice but was largely absent from hypoxic
placentas. C) By western blot, AMPK activation was lower in the total placental homogenate from hypoxic compared to normoxic mice, as compared by Student

unpaired t-test (n = 6 each).

unchanged, as measured by western blot of total homogenized
placenta (Figure 4C).

Discussion

This is, to the best of our knowledge, the first report of volumetric
uterine artery blood flow in a murine, hypoxia-induced model of
late-gestation fetal growth restriction. We found that late-gestation
hypoxia reduced fetal weight and increased uterine artery blood
flow. Neither of these changes is associated with alterations in uterine
artery contractile responses to PE nor dilator responses to AMPK
activation or ACh but were paralleled by lesser AMPK activation in
uterine arteries and placental tissues. Our observations suggest that
while the rise in uterine artery blood flow under hypoxic conditions
may serve to partially compensate for reduced ambient oxygen
availability, it is insufficient to prevent fetal growth restriction.
Consistent with other studies of hypoxic rodent pregnancy [21,
24], we saw a 34% reduction in E18.5 fetal weight with late-
gestation hypoxia equivalent to 10.5% inspired O;. Profound
hypoxia is necessary to induce IUGR in small animal models as
shown by inspired oxygen levels of 12 or 16 % (equivalent to 4500 or
2100 m respectively) failing to reduce fetal weight in pregnant guinea
pigs or mice [25, 26]. Conversely, in humans, marked reductions in
birth weight are seen at such altitudes [6, 27, 28] with grading

effects being seen with increasing altitude [19]. Similar to previous
reports, we found a slight increase in placental weight [25, 26] and
a reduction in placental efficiency, calculated as the ratio of fetal to
placental weight, with hypoxia [24]. Human studies of gestational
hypoxia, on the other hand, report inconsistent changes in placental
weight, with increases [29], decreases [30, 31], or no change [32, 33]
reported.

Based on prior human work demonstrating that HA residence
decreases the pregnancy-associated rise in uterine artery blood flow
and correlates with reduced fetal weight [10] and uterine artery
diameter [11, 34], we expected our murine model of hypoxia-
induced fetal growth restriction to show lower uterine artery blood
flows. In contrast, volumetric uterine artery blood flow was greater
in dams exposed to hypoxia compared to their normoxic coun-
terparts despite a 34% lower E18.5 fetal weight. Greater uterine
artery blood flow among hypoxic dams was not due to increased
cardiac outputs but was associated with higher end-diastolic velocity
and a lower PI, resulting in almost twice as great a proportion of
the cardiac output flowing through the uterine artery. This is the
opposite of what has been seen in normotensive high- vs low-altitude
pregnant women [34] or in early-onset, high-altitude preeclamptic
women in whom there was less uterine artery relative to total blood
flow [35] than seen in normotensive low-altitude or normotensive
high-altitude pregnant women respectively. Other differences among
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species and the timing and duration of hypoxia also likely affect
vascular responses to pregnancy given that the decreased PI we
observed was consistent with a rat model of early-onset hypoxia-
induced IUGR [36] but unlike a report using guinea pigs in which
mid gestation-onset hypoxia-induced fetal growth restriction and
was accompanied by an increased PI [24].

In terms of the effects of hypoxia on uterine artery vasoreactivity,
like other reports we found that neither the contractile response to PE
nor the vasodilator response to ACh was affected by hypoxia [9, 21,
37]. However, while hypoxic exposure exaggerated the vasodilator
response to AMPK in mice exposed to 10% oxygen in a previ-
ous study [21], we found no such effect. Consistent with previous
experimental animal [9, 36, 38] or human [39] observations, we
found that AMPK- or ACh-induced vasodilation was less dependent
on increased NO production, indicating that the greater uterine
artery blood flow seen in our hypoxic mice was not likely due to
upregulation of NO signaling.

To determine whether differences in uterine artery structure
may have contributed to the hypoxia-associated increase in uterine
artery blood flow and larger uterine artery diameter observed,
we qualitatively assessed the number of cell layers in the uterine
arteries from the hypoxic and normoxic mice. We noted that there
were fewer cell layers in the intimal layer surrounding the vessel
lumen in hypoxic mice, suggesting less fibrocollagenous cells and
possibly a more distensible phenotype with hypoxia. Strengthening
this possibility, previous studies by our group in guinea pigs found
that chronically-hypoxic animals had more than twice as much
uterine artery distensibility or half the stiffness when compared to
normoxic pregnant animals [40]. We speculate that the increased
uterine artery blood flow we observed at HA may be due, in part,
to increased uterine artery distensibility and provide a rationale for
future study on the effects of hypoxia on uterine artery compliance.
Downstream vascular remodeling is also another and perhaps more
likely a possibility given that neither uterine artery diameter nor
the PI were significantly altered in the hypoxic compared to the
normoxic group, which would have been expected had distensibility
been greater.

Our study benefited from certain strengths but also had limita-
tions. First, utilizing a murine model allowed for tight control of the
severity and duration of hypoxia exposure without other pregnancy
complications. While this late-gestation hypoxia model does not
fully mimic the human HA condition since the hypoxic exposure
was initiated late in pregnancy, our protocol has the advantage
of enabling having pregnancies for study since, in our experience,
hypoxia throughout gestation in the murine model frequently results
in resorption of the entire litter. Additionally, the timing of our
late-gestation model more closely resembles hypoxic disorders of
pregnancy insofar as IUGR and preeclampsia are thought to involve
uteroplacental hypoxia beginning mid- or late-gestation [41] and
therefore may be more clinically relevant. Second, we were able
to determine uterine artery diameter using B-mode color Doppler,
therefore allowing for calculation of volumetric uterine artery flow,
for which we believe that these were the first such measurements
in hypoxia-exposed mice. Prior to initiating our study, we carefully
considered the possibility that color Doppler ultrasound might over-
estimate vessel diameter as the color appears to “bleed” over the
non-color image. However a prior study compared B-mode color
Doppler measurements of murine uterine artery diameter to those
obtained from vessel casts, and concluded that these two methods
yielded similar values [42], suggesting that our values were not
overestimates. Moreover, even if there were an overestimation of

vessel diameter, this would be similar in both normoxic and hypoxic
groups and thus would not prevent their comparison. Disadvantages
of our study, however, were that given the small size of murine
vessels, we were unable to study vessels downstream of the main
uterine artery that are the primary sites of uterine vascular resistance.
Future studies in humans or larger animal models will be beneficial
to determine the contribution of downstream vessels to hypoxia-
associated alterations in uterine artery blood flow. Finally, a technical
limitation of both the ultrasound and myography measurements
was that these measurements were done under moderate altitude
(Aurora, CO, 1611 m) and hyperoxia (95% 02/5% CO, bubbling
in the chambers), respectively, rather than keeping the mice or their
uterine arteries under study conditions; however, this is standard
protocol [21, 24, 42].

One factor that may be contributing to the fetal growth restric-
tion that we observed with hypoxia is the inhibition of the mechanis-
tic target of rapamycin (mTOR), thought to be involved in regulating
fetal growth in response to maternal nutrient and oxygen availability
[43]. Although AMPK can inhibit mTOR [44], we did not find ele-
vated AMPK activation but rather, less AMPK activation in placenta
tissues in the presence of reduced fetal growth, suggesting that the
lesser AMPK activation in the placenta was not protective. However,
since mTOR can be downregulated by hypoxia independently of
P-AMPK [45, 46], evaluation of mTOR signaling is justified to
determine whether upregulation of mMTOR may be contributing to
the hypoxia-associated fetal growth restriction observed such as has
been reported in human pregnancy [47]. Another factor that may
be contributing to hypoxia-induced fetal growth restriction is higher
placental vascular resistance; although uterine artery resistance was
reduced with hypoxia, it is possible that placental resistance might
be greater, so that the higher uterine artery blood flow with hypoxia
was not actually reaching the fetuses. Consistent with this possibility,
we measured lower P-AMPK in placentas of hypoxic mice compared
to normoxic mice, which could indicate a loss of P~-AMPK-induced
vasodilatory effects in the placenta.

Overall, our studies demonstrated that despite an increase in
uterine artery blood flow, fetal weight was reduced by late-gestation
hypoxia in mice. There was no change in uterine artery vasoreactivity
but, based on an apparent reduction in the number of layers of
fibrocollagenous tissue within the uterine artery tunica intima, we
speculate that there was greater downstream vascular remodeling
and possibly greater uterine artery compliance with hypoxia. As in
a previous study, AMPK activation ex vivo opposed vasoconstric-
tion [21]. Although we found here that hypoxia reduced AMPK
activation in the uterine artery and placental tissues, the uterine
arteries remained responsive to ex vivo AMPK activation, indicating
that these pathways were still functional and could be targeted
pharmacologically. Ongoing studies will evaluate whether in vivo
AMPK modulation affects fetal growth in our model of hypoxic
murine pregnancy and, if so, whether such effects are accompanied
by changes in uterine artery blood flow or other vascular parameters.

Supplementary data

Supplementary data are available at BIOLRE online.
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