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Placental functions, including transport and metabolism, play
essential roles in pregnancy. This study assesses such processes
in vivo, from a hyperpolarized MRI perspective. Hyperpolarized
urea, bicarbonate, and pyruvate were administered to near-term
pregnant rats, and all metabolites displayed distinctive behaviors.
Little evidence of placental barrier crossing was observed for bi-
carbonate, at least within the timescales allowed by *3C relaxation.
By contrast, urea was observed to cross the placental barrier, with
signatures visible from certain fetal organs including the liver. This
was further evidenced by the slower decay times observed for
urea in placentas vis-a-vis other maternal compartments and val-
idated by mass spectrometric analyses. A clear placental localiza-
tion, as well as concurrent generation of hyperpolarized lactate,
could also be detected for [1-'3C]pyruvate. These metabolites also
exhibited longer lifetimes in the placentas than in maternal ar-
teries, consistent with a metabolic activity occurring past the tro-
phoblastic interface. When extended to a model involving the
administration of a preeclampsia-causing chemical, hyperpolarized
MR revealed changes in urea’s transport, as well as decreases in
placental glycolysis vs. the naive animals. These distinct behaviors
highlight the potential of hyperpolarized MR for the early, mini-
mally invasive detection of aberrant placental metabolism.

pregnancy | placental physiology | hyperpolarized *C MR |
dissolution DNP | preeclamptic models

he placenta is an essential organ that supports the developing

embryo by channeling nutrients, respiratory gases, anti-
bodies, and hormones from the maternal to the fetal blood and
by clearing fetal waste products back to the maternal circulation
(1, 2). Abnormalities in placental function and metabolism are
implicated in two thirds of fetal deaths (3). Thus, the early de-
tection of metabolic abnormalities associated with pregnancy
complications such as intrauterine growth restriction and pre-
eclampsia (PE) can play a fundamental role in managing pre-
delivery treatments and in taking delivery decisions (4-7).
Although ex vivo examination of placentas associated with still-
births or fetal deaths reveals a great deal about structural and
functional abnormalities (8-10), the ability to detect placental
dysfunctions noninvasively and in vivo is fundamental for im-
proving the prognosis and treatment of a distressed fetus. Ul-
trasound examinations are most commonly used in the clinic to
detect fetal growth restrictions (11), yet these only detect pla-
cental disturbances if the morphological changes associated to
the dysfunctions are substantial. Fetal magnetic resonance im-
aging (MRI) has thus evolved into an established complement to
ultrasound, to clarify the nature of fetal abnormalities (12-14).
MRI has the potential to identify placental dysfunction by re-
vealing both structural spatial details, as well as dynamic physi-
ological information on flow and metabolism (1, 15). H-based
NMR methods have thus been used to shed light on micro-
structural placental properties (16), to monitor placental/fetal
exchanges via water diffusivity experiments (17-19), to probe the
oxygenation of the fetoplacental unit by blood oxygen level-
dependent methods (20-22), to assess metabolic status via

Www.pnas.org/cgi/doi/10.1073/pnas.1715175115

magnetic resonance spectroscopy (16, 23), and to evaluate ma-
ternal/fetal blood flows (24-26). Still, given the fact that a fun-
damental function of placentas is to actively transfer molecules
from the maternal to the fetal side in out-of-equilibrium situa-
tions, a noninvasive imaging method capable of assessing pla-
cental permeability and metabolic activity could give valuable
additional insights. Transport-related in vivo assessments are
usually achieved by the administration of a tracer; in the case of
MRI these could include Gd-containing contrast agents, capable
of crossing the maternal-fetal barrier and thereby affect T;-
weighted NMR images. Although placental insufficiencies have
been visualized by use of exogenous molecules (27), the use of
chelates to visualize metabolites is difficult, and contrast-
enhanced clinical MRI studies appear remote due to the po-
tential toxicity of Gd (28). In addition, even in preclinical in-
vestigations, different mechanisms will mediate the transport
across the placental barrier of endogenous and exogenous mol-
ecules, ranging from passive diffusion to active transport trough
several cell layers (29). A tool for monitoring transport and
metabolic phenomena through the complex maternal/fetal vas-
culatures meeting in placentas would be most valuable.

This study explores the possibility of monitoring the behavior
of different metabolites reaching the placental barrier, via
hyperpolarized (HP) '*C MRI and MR spectroscopic imaging
(MRSI). Directly monitoring the metabolites in placentas by in
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vivo MR is very challenging, due to the inherently low concen-
trations of the molecules involved, coupled to the inherent low
sensitivity of MR techniques. A recent breakthrough emerged
with the introduction of dissolution dynamic nuclear polarization
(DNP) (30), a member of a growing family of nuclear hyperpo-
larization techniques (31, 32) that can increase by up to four
orders of magnitude the sensitivity of metabolic magnetic reso-
nance. Dissolution DNP yields, over timescales on the order of
the nuclear T (usually a minute or less), dramatic enhancements
in the signal-to-noise ratio of '*C-based experiments. During this
timescale, metabolites such as urea can be used as agents for
monitoring cardiac function (33), blood flow angiography (34,
35), or renal perfusion (36). In addition, a growing field relies on
administering HP precursors like [1-*CJpyruvate to monitor
metabolism and in particular the rates of glycolytic processes
(37-44). Recent work also demonstrated the feasibility of using
HP pyruvate to noninvasively examine fetoplacental transport in
guinea pigs and chinchillas (45, 46). The present study assesses
by HP DNP MR how different metabolites behave in the pla-
centas of naive and diseased pregnant rats. Distinct behaviors
were detected in the ways by which urea and bicarbonate reach
the healthy placenta; fetal, placental, and maternal metabolism
could also be clearly distinguished with HP [1-1*C]pyruvate at
late gestational stages. Dynamic '*C MRSI enabled to monitor
the spatial localization of these HP metabolites over time, re-
vealing distinct fluxes into the fetoplacental compartments.
Furthermore, distinctly different signatures could be detected
between healthy placentas and those associated to a preeclamptic
rat model.

Methods

Animal Model. All experiments were approved by the Institutional Animal
Care and Use Committee of the Weizmann Institute of Science under Pro-
tocols 34080217-3 and 36350617-1. Healthy Wistar pregnant rats (n = 25) and
preeclamptic Wistar rats (n = 13) at late pregnancy stages (E17 to E20) were
used in this study, with pregnancy timed at E0.5 on the morning following
overnight pairing of male/female pairs and after attesting for the mating. A
total of n = 49 HP '3C MRI/MRSI experiments were recorded on these ani-
mals, with the analysis centering mostly on signals from placentas (n = 58)
and from maternal compartments (n = 33). In some cases, the 3¢ image
resolution was increased to enable the analysis of fetal organs (e.g., livers).
Rats with PE symptoms were obtained by administration of No-Nitro-L-
arginine methyl ester hydrochloride (I-NAME) (Sigma-Aldrich) (47, 48). A
daily dose of 90-135 mg/kg body weight of I-NAME in PBS was administered
either IV or SC from day 14 or 15 of gestation. HP pyruvate and urea in-
jections on these animals (n = 9 and n = 10, respectively) were started at
least 2 d later.

MR Data Acquisition. All experiments were conducted on a 4.7-T Bruker
Biospec AV MRI scanner, using a dual-tuned "H/'3*C whole-body volume coil
(Bruker) in combination with a 20-mm "H/'3C surface coil (Doty Scientific)
with active decoupling on the '3C channel. 'H spin-echo (T,-weighted RARE)

4 End of the HP 13C-bicarbonate injection

and gradient-echo (FLASH) images were recorded before the 3C MR ac-
quisitions for locating the maternal and the fetal organs. Once these ma-
ternal compartments—usually kidneys and/or arteries—and units containing
the fetuses and the placentas were identified using 'H spin-echo and
gradient-echo sequences, HP 3C MRI/MRSI measurements were carried out
using one sagittal or two coronal slices (depending on the animal posi-
tioning, which was placed sidewise for the former cases and supine for the
latter). Hyperpolarization was achieved by microwave irradiation of a glassy
sample containing both the radical and the targeted '*C-labeled metabolite,
using a 3.35-T Hypersense polarizer (Oxford Instruments). After suitable
microwave irradiation the sample was suddenly dissolved, and the resulting
HP metabolite was injected into the tail vein of the rodent for subsequent
MRSI/MRI acquisitions. These data sets were recorded as a function of time
elapsed since injection, using a phase-encoded MRSI sequence based on a
centric k-sampling scheme preceded by a slice-selective pulse (49), and followed
by a free evolution acquisition. Slice thicknesses of 5 or 10 mm containing the
relevant maternal and fetoplacental compartments were targeted by these
experiments, and 4 x 4,5 x5, 0or6 x 6 mm? in-plane resolution was achieved
by sampling 12 x 12, 10 x 10, or 8 x 8 data matrices, respectively. Complete
descriptions of the methods involved in the animal handling, metabolites
hyperpolarization procedures, MRI experiments, and data processing are
given in S/ Appendix, section 1.

Results

HP 'C-Bicarbonate in Pregnant Rodents. Bicarbonate plays an es-
sential role in pH buffering of tissues, through the CO,/HCO;3~
equilibrium. To relieve CO,’s acidic by-product effects resulting
from fetal respiration, the transport of CO, and of bicarbonate
across the placenta become important homeostatic factors. Un-
like CO,, which can cross the placental membranes freely, the
charged HCO;™ requires an active carrying performed by a
family of anion exchange transporters (50, 51). To investigate
this process, 3 mL of 100 mM HP '*C-bicarbonate were injected
into the tail vein of pregnant rats (n = 7) in E17 to E20 stages.
The dynamic *C images presented in Fig. 1 show prototypical HP
3C-bicarbonate results; additional '*C MRI experiments recorded
after the injection of HP '*C-bicarbonate are given in SI Appendix,
Fig. S2. In general, "*C signals were clearly observed for ~16 s,
with the HP bicarbonate signature being strongest and lasting
longest in the maternal arteries. Signals were also observed from
placentas, but no responses were detected from fetal organs. Ef-
forts were invested in detecting a potential '*C peak from the
CO; in the hope of mapping maternal and placental pH in vivo
(52, 53), yet no such resonance was visible above the noise de-
spite the presence of carbonic anhydrase in rodents’ placentas
(54). This was also the case when the sodium salt was replaced
by cesium bicarbonate, which bein% approximately twice as soluble
gave substantially stronger HP '°C signals. In all cases, pla-
centas and maternal arteries exhibit intense '*C-bicarbonate
signals that undergo a monotonic decay dictated by an average

Tfﬂ of 9.2 + 1.8 s (n = 9) for the maternal kidneys/arteries and of
10.3 + 1.3 s for the placentas (n = 10). Although toxicity due to the
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Fig. 1. Representative '3C data obtained following the injection of HP '*C-bicarbonate into a pregnant rat (E19). (4) The '*Cimages (1.5 x 1.5 mm? in-plane
resolution, 5 mm slice thickness) recorded after the end of the injection, overlaid on the corresponding middle slice 'H MRI. The white circle shows the
maternal artery, and the two dashed curves show materialized placentas from different fetuses. (B) The '3C signal intensities integrated over the relevant
voxels over the full studied cohort for placentas (n = 10) and for maternal (kidney or maternal artery, n = 9) compartments. These averaged time courses have
signals normalized to the maximum intensity per time curve, and their best fits to a monoexponential function lead to T¢f = 10.3 + 1.3 s and 9.2 + 1.8 s for

placental and maternal compartments, respectively.
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large amount of cesium injected together with the bicarbonate
could have affected these numbers, experiments (n = 3) per-
formed upon ion exchanging the cesium with sodium before the
injection to avoid toxicity problems showed similar results. In
neither case could transport beyond the placental blood pool—
presumably the maternal component of it—be observed.

Urea’s Permeability in Pregnant Rodents by HP *C MRI. Urea crosses
the placental layers by passive diffusion as part of the fetal ex-
cretory processes (55), making it a good candidate to test HP '*C
NMR’s usefulness for probing placental permeability. Toward
this end, 'H MRI anatomical images were recorded on 10 preg-
nant rats at late embryonic days (E17 to E20), with suitable fields
of view also secured for double-resonance 'H/"*C surface coil
experiments. Fig. 24 shows a representative example of dynamic
13C MRI images collected after the iv. injection of HP urea
through the animal’s tail vein. Signals from a maternal kidney
and from three distinct placentas are clearly detected, with the
13C-urea signal observable over ca. 45 s. Fig. 2B summarizes the
dynamic features of these data, as reflected by the *C signal
intensity over time for voxels associated to the maternal kidney
and the placentas. In these measurements, maternal kidney ex-
hibits its strongest *C-urea signal on the first image and then
rapidly decays. This behavior was also often observed for other
maternal organs, particularly arteries and veins. By contrast the
most intense '*C-urea signal within the placentas was usually
observed ca. 12 s after the end of the injection, followed by a
slower subsequent decay. In general, minor differences in signal
intensities also arise between the multiple placentas observed in
each HP injection, reflecting the different extent to which these
organs were perfused in the experiment and/or captured by the
selected slice. Several additional examples of dynamic >C MRI

End of the HP '*C-urea injection
Time-course of single injection
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10 20 30 40
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data collected after the injection of HP '*C-urea are presented in
SI Appendix, Fig. S2.

To analyze these data, the behaviors seen for the maternal and
placental compartments were associated to a simple kinetics
given by

d U, d U,
_Um=__; _Up=_—P+I<in'Um’ [1]
dt T;ﬁ‘ dt Tj’ff

where U,,, reflect the signal intensities of urea in the maternal
and placental compartments, Tfﬁ is an effective longitudinal re-
laxation reflecting the hyperpolarization’s decay plus pulse-
related magnetization consumption and the vascular washout
of the HP metabolite from the compartment of interest, and
K;, is a kinetic rate reflecting urea’s transport from maternal
to placental compartments. The solution of this model is pre-
sented in SI Appendix, section 4, and fits for the time-dependent
experiments presented in Fig. 2 and SI Appendix, Fig. S3, are
given in SI Appendix, Fig. S7 and Table S1. Fig. 2C summarizes
graphically these results, by presenting averages of all of the
measurements taken for maternal (n = 12) and placental (n =
10) compartments. The best global fits of these measurements
reveal effective decay times Tfff of 11.3 + 1.1 s for the maternal
and 11.9 + 0.7 s for the placental compartments. Although these
values are slightly shorter than those displayed by *C-urea in
previous in vivo reports (38), the slightly longer lifetimes dis-
played by placentas probably reflect the faster washout rates
occurring in perfused maternal organs such as kidneys and ar-
teries. The experiments also provide best fits for the placental
inflow rate: K, ~ 0.094 + 0.014 s,

As complement to these injections on healthy animals, HP
urea was injected and monitored on pregnant rats that had been

o normalized "*C intensity =

O

Summary of all injections

W urea placenta
W urea maternal

‘ ‘ ‘ ‘ ‘ ‘ Q
10 15 20 25 30 35 40 45
Time elapsed since HP 3C urea injection (s)

Normalized integrated signal
o
(6]

Fig. 2. (A and B) Representative DNP "*C MRI result observed following the injection of 3 mL of a 115-mM HP '3C-urea solution into a pregnant rat (E19).
(A) The "*Ciimages (in color) recorded every 7 s on a 5-mm slice with a 1.5 x 1.5 mm? in-plane resolution following the injection of a HP sample, overlaid on the
corresponding middle slice "H MRI (gray scale). The rounded white contour (upper left) highlights the maternal kidney, the three lower dashed curves
highlight the placentas of different fetuses, and the green oval highlights a region chosen to estimate the >*C NMR noise. (B) Quantification of this injection
showing the dynamic 'C signal intensities observed for different organs vs. time. All '3C time curves are normalized to the maximum '3C intensity among the
different images and were integrated over relevant, indicated voxels. The noise reflects the average '3C signal intensity in the green circle shown on the
upper left image. (C) Summary of all HP '*C-urea injections observed for placentas (n = 10) and maternal compartments (kidneys and arteries, n = 12) of
healthy animals. The points show averaged time course signal normalized to their maximum intensity; the curves show the best fits obtained as described in
the text and in SI Appendix, section 4, for the placentas and the maternal compartments.
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administered I-NAME. The [-NAME-treated animals show
symptoms of hypertension, proteinuria, decreased fetal size and
litter size, renal damage, intrauterine growth restriction, and TNFa
production, which resemble many of the symptoms observed in PE
pregnancies (47). These symptoms were recapitulated in the
present study, including pups showing truncated limbs as has
been reported previously (SI Appendix, section 6) (48). Also the
anatomic 'H images of pregnant animals subject to I-NAME
treatment differed from their naive counterparts, in that they
included placentas exhibiting contrast and anatomical fine
structures as seen in healthy animals but also placentas that
displayed a darker contrast. These regular and dark-contrast
placentas occurred within the same animals, and we attribute
the latter’s presence to vasculature remodeling effects of the kind
that have been previously described on pregnant rabbits subject
to I-NAME (56). After giving birth the number of pups observed
for these animals was equal to the sum of dark and regu-
lar contrast placentas, and they all showed truncated limbs (S/
Appendix, Fig. S9).

Fig. 3 shows representative *C MRI results observed upon
injecting HP '*C-urea into these PE animals. Repeated experi-
ments (n = 5 animals, n = 16 placentas) revealed an accumula-
tion and eventual decay of the injected metabolite in the
placental area but with two distinct kinds of dynamics. For a
minority of placentas the buildup/decay processes were as ob-
served for the normal animals, with signals well localized on the
organ and lasting on the order of 30—40 s. By contrast a majority
of placentas in -NAME-treated animals showed an intense
initial '*C-urea response—approximately twice as strong as for
the naive species—followed by a rapid washout, in a behavior
that was reminiscent of the maternal organs. Fig. 3 summarizes
some of these features as reflected by selected experiments; a
more comprehensive set of results can be found in SI Appendix,
Fig. S12 and Table S1. Furthermore, inspection of the images
revealed for these cases a slight misregistration between the
maximum intensity voxel seen in the '>C MRI and the exact
placental location in the anatomical 'H data. Overall, this sug-
gests that in the PE model, there is a majority of placentas for
which urea arrives but fails to cross the maternal/fetal interface
and is thereby rapidly washed away, whereas another subset of
placentas exhibits a normal-like urea transport.

In addition to urea signatures from maternal and placental
compartments, evidence of >C-urea in fetal sites was also ob-
served in the healthy animals. ST Appendix, Fig. S4, illustrates the
presence of urea above the noise level, on positions corre-
sponding to fetal livers. Due to the relative weakness of these 1>C
signals, the ability of these experiments to quantify urea’s in vivo
transport into fetuses was limited. To better elucidate this aspect,
GC-MS analyses were done on organs and biofluids collected

after injection of '*C-urea, on both naive and -NAME-treated
animals (n = 2 for each). These were killed ca. 1 min after the
injection of the labeled urea to mimic the timescales of the DNP
MRI experiments; SI Appendix, section 2, summarizes the out-
come of the isotopic enrichments observed for each kind of
animal and for different organs. For normal pregnancies the
highest enrichment was observed on the maternal serum with a
1.11 3C/*C-urea ratio, followed by the maternal kidney (0.62)
and the placenta (0.4 + 0.1). The fetal liver >C/'*C-urea ratio
was 0.14 + 0.03, comparable to the enrichment present in the
maternal liver (0.17), whereas the '*C-urea enrichment in the
amniotic fluid was 0.09. For I- NAME-treated animals the *C/
'2C-urea ratio was 0.2 for maternal kidney, 0.18 + 0.08 for pla-
centas (n = 5), and 0.07 + 0.02 for fetal liver (n = 4). These
results are consistent with the trends of the in vivo DNP MR
experiments because the GC-MS evidences that within the time
scale of our experiments, BC-urea can accumulate in normal
placentas and even cross into fetal organs before depolarizing
and that a larger scattering and overall lower average of the '>C-
urea is found in the placentas and the fetal organs of the
PE animals.

The [1-*C]Pyruvate Metabolism in Pregnant Rats. As part of this
study we extended investigations that had been previously done
with HP pyruvate on pregnant guinea pigs (45), by monitor-
ing the response elicited by HP [1-"*C]pyruvate (3 mL, 80 mM)
on n = § pregnant rats at late gestational days (E17 to E20). Fig.
4 presents a typical >C MRSI series recorded after the injection
of HP pyruvate. The experiment’s sensitivity enables one to
follow the metabolism of pyruvate to [1-'*C]lactate, in both
maternal and placental voxels, for over 60 s. In some experi-
ments, [1-"*Clalanine could also be detected in the maternal
kidney and in the placentas; 13C-bicarbonate could also be ob-
served but without sufficient sensitivity for its localization (S
Appendix, Fig. S5). Pyruvate signals (Fig. 4 and SI Appendix, Fig.
S6) undergo a monotonic decay in the maternal compartments;
pyruvate is also readily observable in placentas, where it shows
an ~10-s-long buildup followed by a decay. Pyruvate — lactate
production is also sometimes observed in maternal compart-
ments such as kidney; when this is the case, lactate’s resonance
plateaus ca. 10 s after the HP injection and rapidly decays
thereafter. Lactate was much more readily observed in placentas,
with a buildup that plateaued ca. 25 s after injection and a decay
that is comparable to that in the maternal compartments.

To quantitatively interpret these data, the model in Eq. 1 was
expanded to account for the possibility of different pyruvate —
lactate metabolic conversion rates in the maternal and placental
compartments. This was accounted by the first-order differential
equations

Summary of these injections placenta 1: P1 @

placenta 2: P2 @
maternal artery 1: A1 @
placenta 3: P3 @
placenta 4: P4 @
maternal artery 2: A2 @
placenta 5: P5

lacenta 6: P6 @

normalized *C intensity
Normalized integrated signal {J

0 5 10 15 20 25 30 35 40
Time elapsed since HP "*C urea injection (s)

Fig. 3. (A-C) HP "3C-urea behavior observed for n = 3 pregnant rats treated with I-NAME as described in the text. Highlighted are maternal arteries and a
number of placentas showing dissimilar behaviors. (D) Time course of the regions indicated in A-C, normalized to their maximum intensities. Notice the
distinctly different behaviors shown by the placentas; that is, in P2 and P5, signals wash away as in the maternal arteries, whereas in P1 and P4 they last
for >40 s as in the normal cases illustrated in Fig. 2. Unlabeled 'C signals in C arise from placentas and other organs, in the periphery of the region detectable
with the surface coil used. See SI Appendix, section 6, Figs. S11 and $12, and Table S1, for further details of this kinetics.
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+End of the HP [143C]pyruvate injection

placenta 1: P1 pyruvate/10
placenta 2: P2 pyruvate/10
placenta 1: P1 lactate
placenta 2: P2 lactate
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Fig. 4. Representative '>C MRSI data collected every 9 s following the injection of HP [1-'3*C]pyruvate in a pregnant rat (E20), starting ca. 4 s after completion
of the metabolite’s injection. (A) The '*C MRSI series recorded on a 10-mm-thick slice with a 1.5 x 1.5 mm? in-plane resolution, overlaid on the corresponding
middle slice "H NMR image. The upper '>C images arise at the chemical shift of [1-'3C]pyruvate and the lower series at the [1-'3C]lactate shift. The dashed
curves highlight placentas from different fetuses; “A" indicates the strong signal associated to a maternal artery, and “N" indicates a region taken for noise
estimation. The top left spot observed in the initial lactate image is centered in one of the maternal kidneys. (B) The 'C signal intensities extracted as a
function of postinjection time from the voxels highlighted in the '*C images. The lines are meant to help visualizing the changes; signals were normalized as

indicated, to fit in a common plot.
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Here P,, /L, reflect the pyruvate/lactate signal intensities
emerging from the maternal and placental compartments, re-
spectively; T/TE are the effective longitudinal decays of pyruvate
and lactate that as in previous instances encompass genuine T
with pulsing and washout phenomena; K;, is a rate reflecting
pyruvate’s transport into the placenta; and Kerp1/Kineap are the
kinetics governing the Pyruvate — Lactate conversion in mater-
nal/placental compartments respectively, rates which in principle
we allowed to differ. Solutions for the time-dependent intensities
{Pm, Py, L.y, L,} predicted by these equations are given in SI
Appendix, section 5, which also illustrates in SI Appendix, Fig.
S8 and Table S2, the best fits that these solutions gave for data
arising from numerous measurements in independent maternal
and fetal compartments, respectively. Fig. 5 summarizes these results,
by presenting the animal-averaged kinetics of the [1-'*C]pyruvate
and [1-"*C]lactate signals arising from placental and maternal
compartments. These time traces indicate that ca. 25% of the
maximum maternal pyruvate translocates into the placenta at a
rate K;, = 0.21 + 0.03 s™' and that the resulting pyruvate is
metabolized into lactate at a rate K, = 0.085 + 0.008 s~*. This
is slightly slower that the 0.14 s rate found for maternal com-
partments, even if the uncertainty in the latter was difficult to
assess. All data could be satisfactorily fitted using 77 ~ 28 + 3 s
and TF ~ 20.5 + 2 s; these are slightly shorter T times than
literature values cited in vivo for pyruvate and lactate (57), prob-
ably reflecting the effects of pulsing and outflow in these systems.
When considering the various variables that could affect the
experiment also here, as with the urea, there is a remarkable
consistency in the absolute pyruvate signal intensity associated
to the fits.

HP [1-"*C]pyruvate was also monitored on pregnant rats that
had been subject to the -NAME treatment. By contrast to the
urea case, these injections showed similar placental pyruvate
intensities and time courses as observed in healthy animals.
However, although the bolus of HP pyruvate appeared to reach
the PE placentas in normal times and amounts, the levels of HP
3Clactate observed in these placentas turned out notably lower.
In fact, dynamic analyses using time traces of the kind shown in

Markovic et al.

Fig. 5 were only possible in a single case; in all other instances
the HP lactate sensitivity was insufficient to discern the in-
tensities of multiple data points. This successful dataset showed
lactate peaking ca. 20-25 s after the hyperpolarized injection
(Fig. 6 A and B), a timescale that coincides with the one seen in
healthy animals. Fitting these data revealed K;,, Keap, and Pyr
parameters on the lower-end range of what had been observed
for healthy animals (SI Appendix, Table S2). Although similar
kinetic analyses were not possible on the remaining datasets,
sensitivity could be sufficiently enhanced by averaging together
all of the postinjection images observed for the lactate reso-
nance. This allowed us to determine the overall *C-lactate and
13C.pyruvate intensities; SI Appendix, Fig. S13, shows these av-
eraged images for n = 8§ -NAME-treated animals. This in turn
allowed us to calculate the lactate/total carbon ratio for the
different PE placentas and compare these signal intensity ratios
with values derived from the data collected on healthy con-
trols. The HP data revealed a significant difference in the gly-
colytic rates of the -l NAME-treated animals, with total_lactate/
total_Carbon ratios shifting from 0.18 + 0.03 for healthy pla-
centas to 0.050 = 0.033 in PE ones (Fig. 6C). This is a significant
drop, which might in principle be associated with changes in
placental perfusion associated to the administration of -NAME,
a chemical known to inhibit NO production. Upon comparing
the total amount of hyperpolarized '*C signals emanating from

. pyruvate placenta
M lactate placenta*10
. pyruvate maternal
M lactate maternal*10

0.8
0.6
0.4

0.2

Normalized integrated signal

0 10 20 30 40 50 60 70 80
Time elapsed since HP [1-'3C] pyruvate injection (s)
Fig.5. Average '>Csignal intensities observed in n = 5 dissolution DNP MRS
experiments showing the progression and best fit of the pyruvate and lac-
tate intensities in the maternal and placental compartments of naive rats.

Spectral intensities have been multiplied by the factors indicated in Inset to
fit a common scale. See text and S/ Appendix, section 5, for further details.
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Fig. 6. HP '>C MRSI data collected on -NAME-treated pregnant rats. (A) Pyruvate and lactate images collected 5 s apart following the injection of HP
[1-"3CJpyruvate in a pregnant rat (E18), starting ca. 4 s after completion of the metabolite’s injection. The *C MRSI sets were recorded on a 10-mm-thick slice
with a 1.5 x 1.5 mm? in-plane resolution and are shown overlaid on the corresponding anatomical 'H MRI slice (obtained from the surface coil). The three
dashed curves highlight placentas from different fetuses; P1, the placenta that exhibits the highest '3C signal intensity, was used for the analysis shown in
B. (B) The "3C signal intensities extracted as a function of postinjection time from the voxel highlighted in the '*C images. The lines are best fits determined as
described in the text and summarized in S/ Appendix, Table S2. (C) Summary of the signal intensity ratios between the [1-'3C]lactate and the total *C signals
integrated from placentas for naive and I-NAME-treated rats, with n = 6 (naive) and n = 8 (I-NAME) separate injections. (D) Idem as in C but upon comparing
the ratios between total hyperpolarized '3C signals arising from within and from (within + without) placentas, in the same animal cohort.

within and from outside the placentas in animals that were sub-
ject to this chemical from animals that were not, no significant
restrictions on flow through the placentas could be noticed
(Fig. 6D).

Discussion

Placental functions, including passive and active transports and a
semiautonomous metabolism, play essential roles throughout a
pregnancy. Placentas mediate the exchanges of maternal blood
nutrients and of gases and the clearing of fetal waste, and are
involved in metabolic homeostasis. Throughout a pregnancy, the
increasing needs of the fetus are satisfied by changes in placental
vasculature; this maturation involves both blood vessel growth
due to angiogenesis and relaxation of the vessels due to loss of
vascular smooth muscle cells (58). Placental maturation is par-
alleled by an increase in surface area, which is in turn associated
with the development of a more complex villiar structure. Lying
at the center of these structures and dynamics are the giant
trophoblast cells, which mediate the exchanges of nutrients and
waste between the fetal capillaries and the maternal blood pools.

The purpose of this work was to assess in vivo aspects of
how metabolites behave throughout these various placental layers,
as viewed through the administration of HP BC-urea, 3C-
bicarbonate, and [1-"°Clpyruvate. These experiments were per-

E2434 | www.pnas.org/cgi/doi/10.1073/pnas. 1715175115

formed at late embryonic stages (E17-E20, just short of delivery),
to benefit from the easier imaging and kinetic measurement
conditions posed by larger fetuses and more mature placentas.
Working at these late gestation days, all three of the examined
metabolites displayed distinctive behaviors. Within the timescales
allowed by the loss of hyperpolarization, urea was observed to
reach the placenta and even cross its barrier, with signatures vis-
ible from certain fetal organs like liver. This suggests an active
transport aiding the free diffusion and a full crossing through the
placental trophoblasts. The slightly slower decay times observed
for HP urea in placentas vis-a-vis maternal counterparts such as
kidneys could reflect the fact that the former signals originate both
from the highly perfused maternal blood pools of the placentas
and from fetal capillaries present in the placental labyrinths (9).
This dynamics appeared affected in the - NAME-treated animals,
for which some placentas evidenced a fast washout of the HP urea,
hinting at a precluded crossing from the maternal to the fetal side.
The invasive but more sensitive mass spectrometric analyses that
were performed to quantify *C/"?C-urea ratios in various har-
vested organs (SI Appendix, section 2) provided independent
validation for the estimations afforded by the in vivo MR mea-
surements. Notice that these placental barrier-crossing measure-
ments are opposite to those which would naturally occur because
urea is a waste product normally traversing the placental barrier
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from the fetal to the maternal side. Still, being a neutral, small
molecule, this crossing would be driven by concentration gradients
through the cell layers making up the placental barrier. For in-
stance, aquaporins, water channels that increase permeability of
lipid membranes in response to osmotic or hydrostatic gradients
and which are present in the placental trophoblasts, are also
permeable to urea (59-61). The maternal — placental — fetal
urea translocation observed by HP MRI is therefore likely to give
insight into the in vivo rates of opposite barrier crossings as well.

By contrast to urea’s behavior, little or no evidence of pla-
cental barrier crossing during the timescale of the experiments
was observed for bicarbonate. This could reflect to some extent
the limitations imposed by bicarbonate’s faster depolarization
(53); yet even within these boundaries, differences arose between
the transport exhibit by this anion and that exhibited by urea.
In fact, the nearly identical decay rates evidenced by maternal
and placental compartments suggest that within the timescales
afforded by hyperpolarization, bicarbonate remains mostly in
the maternal blood pool. Furthermore, although HP *C-
bicarbonate could Provide insight about in vivo pH, we failed
to detect the HP '*CO, peak needed to perform such mea-
surements. Adding to this weakness was our inability to find a
suitable mass spectrometry protocol for accurately quantifying
the presence of labeled bicarbonate in harvested organs, owing
to this molecule’s volatility.

However, a third, distinct behavior was evidenced by
[1-'*C]pyruvate. In this case a clear localization in the placentas
could be detected—much clearer than in most of the maternal
organs and to some extent clearer than that reported by pre-
vious DNP MRSI experiments on guinea pigs (45). Aiding
these observation is the approximately threefold faster intra-
vasation rate Kj,, that HP pyruvate shows over urea, reflecting
in all likelihood the action of GLUT transporters that assist the
former but not the latter. Evident as well was the generation of
lactate from the HP pyruvate within the placenta, a pool that,
judging by its considerable lifetime, is protected from the
washout effects that one could expect from the rapid maternal
or even fetal perfusion occurring within the organ. Indeed,
within the assessed timescales, products that are in fast ex-
change with the small but rapidly perfused fetal blood pool
would wash out of the placenta and reveal themselves into fetal
organs. Because little evidence for either [1-*C]pyruvate or
[1-"*C]lactate appears in fetal organs, it seems that the active
generation of lactate observed in placentas is a product of
metabolic activity within the trophoblastic cells themselves. The
average rate K.,y observed for the pyruvate — lactate con-
version process in healthy placentas was ~0.08 s™', similar to
that reported for active muscles or tumors (49, 62, 63). Notably,
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this conversion process was found to be highly sensitive to
I-NAME-derived placental dysfunctions, boding well for the
potential of this technique in the characterization of placental
metabolism and for the diagnosis of PE-like diseases based on
hyperpolarized MR. Although the exact nature of these ob-
served metabolic changes remain to be discerned, measure-
ments associated to the distribution of the hyperpolarized >C
labels suggest that this discerning contrast is not related to
changes in placental perfusion of the injected pyruvate.

Conclusions

Noninvasive identification and characterization of placental
function is a main challenge in obstetrics. In this preclinical
study, the administration of '*C-labeled metabolites and their
monitoring by HP MRI and MRSI provided distinct insights into
placental physiology for the various species. The rich perfusion
and considerable permeability characteristic of placentas surely
contributed to the rapid localization of the hyperpolarized
compounds in these units; these high-vascularity and high-
perfusion features are preserved in human placentas, which
like their rodent counterparts share a hemochoriality that puts
maternal blood in direct contact with the outer fetal membrane.
This bodes well for extending this kind of minimally invasive
assessments into the clinic. Also promising was the clear dis-
crimination that HP precursors could make between normal and
abnormal placentas because the PE models revealed differences
both in the urea uptake and in the conversion of [1-'*C]pyruvate
into lactate. On the other hand, other valuable goals, like the
mapping of metabolism for different fetal organs and the de-
termination of in vivo placental pH, could not be achieved.
Ongoing efforts also include a more detailed characterization on
the origins of the metabolic changes observed in a PE model,
including more complex experiments that combine HP, diffu-
sivity and contrast perfusion MR measurements. Studies have
also begun to investigate other pregnancy-related dysfunction
models in rodents (48, 64, 65) and tests in human placenta ex-
plants of normal and high-risk pregnancies.
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