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ARTICLE INFO ABSTRACT

Keywords: Introduction: Rabbits are routinely used as a natural model of fetal growth restriction (FGR); however, no studies
Rabbit have confirmed that rabbits have FGR. This study aimed to characterize the fetoplacental unit (FPU) in healthy
Placenta . L pregnant rabbits using diffusion-weighted MRI and stereology. A secondary objective of the study was to describe
ﬁ:{rlauterme growth restriction the associations among findings from diffusion-weighted MRI (DW-MRI), fetal weight measurement and histo-
DW-MRI logical analysis of the placenta.

Methods: Pregnant rabbits underwent DW-MRI under general anesthesia on embryonic day 28 of pregnancy. MR
imaging was performed at 3.0 T. The apparent diffusion coefficient (ADC) values were calculated for the fetal
brain, liver, and placenta. The placenta was analyzed by stereology (volume density of trophoblasts, the maternal
blood space and fetal vessels). Each fetus and placenta were weighed. Two groups of fetuses were defined ac-
cording to the position in the uterine horn (Cervix group versus Ovary group).

Results: We analyzed 20 FPUs from 5 pregnant rabbits. Fetuses and placentas were significantly lighter in the
Cervix group than in the Ovary group (34.7 + 3.7 g vs. 40.2 & 5.4 g; p = 0.02). Volume density analysis revealed
that the percentage of fetal vessels, the maternal blood space and trophoblasts was not significantly affected by
the position of the fetus in the uterine horn. There was no difference in ADC values according to the position of
the fetus in the uterine horn, and there was no correlation between ADC values and fetal weight.

Discussion: The findings of a multimodal evaluation of the placenta in a rabbit model of FGR suggested is not a
natural model of fetal growth restriction.

Animal model

1. Introduction

The diagnosis of fetal growth restriction (FGR) is challenging
because placental insufficiency remains strongly difficult to characterize
during pregnancy in women due to the lack of understanding of the
mechanisms underlying FGR [1-3]. Animal experiments are still
necessary because of the evolution of the uteroplacental circulation and
fetal development, which can be examined with a flexibility in animals
that is unavailable in human investigations [4,5]. The rabbit seems to be
a relevant model animal for placental studies [5-10]. Finally, FGR can

be induced in rabbits by ligating the uterine artery of the bicornuate
uterus, which allows case—control studies to be performed [11].

The rabbit model is often described as a natural model of FGR due to
the difference in fetal weight according to the position of the fetus in the
uterine horn, a well-known phenomenon first described in 1936 [12,
13]. However, these statements are based only on observations showing
differences in fetal and placental weights between fetuses without
morphological or functional evaluations of the placenta.

Thus, we propose a multimodal evaluation of the rabbit model with
morphological characterization using placental stereology, which can
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quantify the proportion of trophoblasts, maternal blood space and fetal
vessels, and functional characterization using diffusion-weighted mag-
netic resonance imaging (DW-MRI), which can detect placental vascular
changes [10,14]. Indeed, the apparent diffusion coefficient (ADC) ob-
tained through DW-MRI can decrease in response to ischemic condi-
tions, making DW-MRI a complementary tool for detecting placental
insufficiency associated with FGR [14]. These two modalities,
morphological and functional, were compared between two groups
defined according to the position of the fetus in the uterine horn to test
the hypothesis that the rabbit model is a natural model of FGR associated
with placental insufficiency.

The main objective of this study was to characterize the fetoplacental
unit in healthy pregnant rabbits, a natural model of FGR, using diffusion-
weighted MRI and stereology. As a secondary objective, we aimed to
determine the associations among findings from diffusion-weighted
MR, fetal weight measurement and histological analysis of the placenta.

2. Methods
2.1. Ethics

Experiments were performed at Nancy CHRU in 2017 (research
agreement B-54-547-29 valid until December 01, 2017). The protocol
was approved by the local animal care and the regional ethical com-
mittees (“CELMEA”, approved under Number 66 in the National Reg-
istry of French Ethical Committees for Animal Experimentation) under
protocol number APAFIS#7207 version 1. All experiments were carried
out in accordance with the recommendations of the International
Guiding Principles for Biomedical Research involving Animals and in
accordance with the European Union Directive 2010/63EU. The authors
complied with the ARRIVE guidelines (Animal Research: Reporting of
the In Vivo Experiments available on htts://arriveguidelines.org/).

2.2. Animals

Five pregnant New Zealand white rabbits in physiological condition
at 28 days of gestation (embryonic day ED-28) were used. In rabbits, the
mean length of pregnancy is 31 days. We chose ED-28 for the experiment
because the difference in fetal weight depending on the position of the
fetus in the uterine horn increases as gestational age increases, as
described by Flake et al. [13]. Imaging procedures were performed
under general anesthesia induced by intramuscular injections of keta-
mine (0.11 mg/kg, Imalgenel000, Merial®, France), xylazine (0.05
ml/kg, Rompun®, Bayer, France) and butorphanol (0.05 ml/kg, Tor-
bugesic®, Zoetis, France) and maintained by gas anesthesia with iso-
flurane (5% for induction and 2.5% for infusion and 100% oxygen). An
IV line was placed in the marginal ear vein, and the animals were
monitored via pulse oximetry during all the experiments.

Dams and fetuses were euthanized directly after MRI using an
intravenous bolus of barbiturate (5 ml Dolethal®, Vetoquinol, France).
The number of fetuses in each horn was confirmed by an immediate
postmortem examination of each rabbit. The placentas and fetuses were
weighed. In the literature, the fetuses nearest to the cervix are described
as the smallest compared to the fetuses close to the ovary [12]. Thus, two
groups of fetuses were defined according to their position in the uterine
horn: for each rabbit, the fetus nearest to the cervix was assigned to the
“Cervix group”, and the fetus nearest to the ovary was assigned to the
“Ovary group”.

2.3. MR imaging and postprocessing

MR imaging was performed at 3 T (Magnetom Prisma, Siemens
Healthineers, Erlangen, Germany) using a knee coil. The MR protocol
included two sequences to enable slice positioning and fetal identifica-
tion. Two sets of images were acquired with good spatial resolution (40
2 mm-thick coronal slices, pixel size = 0.625 x 0.625 mmz, matrix =
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320%250). T2-weighted images were acquired with a turbo spin-echo
sequence (TE/TR = 73/3940 ms), and T1-weighted post-Gadolinium
injection images were acquired 15 min after contrast agent IV injection
(Gd 0.1 mmol/kg, Dotarem®, Guerbet, France), with a 3D flash
sequence with fat saturation (TE/TR = 7.5/766 ms). Diffusion weighted
imaging (DWI) was performed with a RESOLVE sequence (TE/TR = 53/
5600 ms, 6 directions, b-value = 1000, 2 mm-thick coronal slices, pixel
size =1.38%1.38 mmz, matrix = 174*174). The total acquisition time for
these MRI sequences was 1 h.

To perform an accurate analysis, it was crucial to properly identify
the position of each fetus in the uterine horn (Fig. 1). The first step was
the localization of the two uterine cervixes and the two ovaries, each of
which represented the extremities of the uterine horns (Fig. 1A and B).
Then, the continuity of the uterine horn between the fetuses from the
cervix to the ovary was confirmed by following the uterine wall on in-
dividual MR slices, and all the fetuses that were nearest to the ovary
were included in the “Ovary group” (Fig. 1C).

Postprocessing was performed using ORS Visual® software (Mon-
treal, Quebec), with a plug-in developed to perform quantitative anal-
ysis of diffusion data obtained with DW-MRI. For each fetus, T2-
weighted MR images were used to localize the fetoplacental units.
Then, a region of interest (ROI) was manually drawn for each placenta,
liver and brain on the DWI-MR sequence. For each ROI, the mean and
the standard deviation (SD) of the ADC pixel values ( x 1073 mm?/s)
were computed.

2.4. Immunohistochemistry and stereological analysis

After fixation in 10% buffered formalin, the placentas were dehy-
drated in ethanol solutions, cleared in xylene, embedded in paraffin and
then cut into 5 pm thick sections. Placental sections were immuno-
stained with a monoclonal mouse anti-vimentin antibody (IgG1, Clone
V9, Millipore France) to label fetal capillaries, and a biotinylated donkey
anti-mouse secondary antibody (Biotin-SP-conjugated AffiniPure
Donkey IgG, Jackson ImmunoResearch, France) was used as described
by Lecarpentier et al. [9] (Fig. 2). To amplify the stain, the sections were
incubated with an avidin-peroxidase complex (Elite-Vectastain HRPO
kit, Vector France). A black precipitate was developed at the site of the
anti-vimentin antibody through incubation with diaminobenzidine
(Sigma, France) and 2% ammonium nickel sulfate (Sigma, France). The
sections were counterstained with 1% toluidine blue alone [9].

All placental sections were scanned using a NanoZoomer Digital
Pathology System (NDP Scan U10074-01, Hamamatsu, Japan). Volume
fractions of all the components of the labyrinth area, i.e., fetal vessels,
labyrinthine trophoblasts, and maternal blood compartments, were
quantified by one-stop stereology using Mercator® software [15]. The
intersection of each category of cells with the probe estimator was
evaluated. In addition, the volume density was automatically calculated
by the software as described by Favaron et al. [16].

The person performing the analysis (I.R.) was blinded to the animal
group.

2.5. Statistics

Statistical analysis was performed using Stata software version 17.0
(Stata Corporation, College Station, TX). Continuous variables were
compared with a nonparametric Wilcoxon test, and each fetus was
considered independent of the dam. Quantitative data are expressed as
the mean + SD, and p < 0.05 was considered to indicate statistical
significance. Student’s t tests were used to compare continuous vari-
ables, and chi-square or Fisher’s exact tests were used, as appropriate, to
compare categorical variables. P < 0.05 was considered to indicate
statistical significance. Spearman correlations were used to analyze
correlations between fetal weight and stereological parameters.

The data are represented as box plots: in this representation, the
rectangle indicates the distribution, and the median is the line that
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Fig. 1. Identification of the fetuses. Anatomical localization of the rabbit cervix on T1-weighted fat-saturated MRI with gadolinium injection coronal slices (1 A).
Anatomical localization of the rabbit’s left ovary on T1-weighted fat-saturated MR image with gadolinium injection on coronal slices (1 B). Anatomical confirmation
of horn continuity in a pregnant rabbit on T1-weighted fat-saturated MRI with gadolinium injection. Yellow and orange dotted lines are fetal spines, and yellow and
orange areas are their respective placentas. The area in blue is the uterine horn. The area between the two white arrows shows the continuity of the uterine horn (1C).

divides the box into two parts. The first quartile (Q1) and the third
quartile (Q3) correspond to twenty-five and seventy-five percent of the
scores.

3. Results

Five rabbits were imaged, and since each rabbit bore multiple feto-
placental units (FPUs), we were able to analyze 20 FPUs (10 in the
“Ovary group” and 10 in the “Cervix group™). The mean fetal weight was
37.5 £+ 4.5 g. Fetuses were significantly lighter in the Cervix group than
in the Ovary group (34.7 + 3.7 g vs. 40.2 + 5.4 g; p = 0.02) (Fig. 3). The
mean placental weight was 6.2 + 0.24 g. Placental weight was signifi-
cantly lower in the Cervix group than in the Ovary group (5.6 + 0.3 g vs.
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6.6 + 0.3 g; p = 0.05) (Fig. 4). Spearman’s correlation revealed a pos-
itive correlation between placental weight and fetal weight (rho = 0.55,
p = 0.04). The placental/fetal weight ratio (P/F ratio) was similar in the
groups (6.3 & 0.9 for the Cervix group vs. 6.1 + 0.7 for the Ovary group;
p = 0.5).

Volume density analysis revealed that the percentage of fetal vessels,
maternal blood space and trophoblasts was not significantly affected by
the position of the fetus in the uterine horn (Fig. 5).

The mean ADC value was 1044.6 + 176.9 x 10~> mm?/s for the
placenta, 1170.2 + 99.4 x 10~2 mm?/s for the fetal brain and 908.9 +
243.7 x 102 mm?/s for the fetal liver. There was no difference in ADC
values according to the position of the fetus in the uterine horn (Fig. 6).

Spearman’s correlations demonstrated a positive correlation
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Fig. 2. Immunodetection of vimentin in rabbit placenta: a black precipitate is
located on fetal capillaries, counterstained with 1% toluidine blue. The yellow
arrow indicates the fetal vessels, and the red star indicates the maternal
blood space.
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Fig. 3. Weight (in grams) of fetuses according to their position in the uter-
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Fig. 4. Placental weight (in grams) according to the position of the fetus in the
uterine horn.
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between the volume density of fetal vessels and fetal weight (rho = 0.82,
p = 0.003) but not between the volume density of the trophoblastic layer
and fetal weight (rtho = —0.43, p = 0.11) or between the volume of the
maternal blood space and fetal weight (tho = —0.31, p = 0.27).

There was no correlation between the volume density of fetal vessels
and the placental ADC (rh = 0.23, p = 0.40) or between the volume
density of trophoblasts and the placental ADC (rho = 0.21, p = 0.45). A
negative correlation between the volume of the maternal blood space
and the placental ADC value (rho = - 0.59, p = 0.02) was found. There
was no correlation between the fetal weight and the placental ADC value
(rho = 0.04, p = 0.89).

4. Discussion

In the present study, advanced FPU characterization was performed
in pregnant rabbits using MRI and stereology. The results confirmed
previous data demonstrating a significant difference in fetal weight ac-
cording to the position of the fetus in the uterine horn, with fetuses
nearest the ovary having a higher weight than fetuses closest to the
cervix in litters with more than three fetuses [1,2]. These results suggest
that the rabbit model could be a natural model of FGR. Unfortunately,
there was no correlation between fetal weight and placental ADC values
or stereology except for fetal weight and the density of fetal vessels.

The placental weight is known to be a surrogate for placental func-
tion. The fetoplacental weight ratio has been suggested as a possible
indicator of the adequacy of placental reserve capacity in FGR [17]. The
present study revealed no difference between groups regarding the P/F
ratio, suggesting a similar placental reserve capacity.

There was no significant difference in placental morphology between
groups. Moreover, the histological analysis findings did not match the
findings obtained for human placentas from FGR fetuses. Indeed, in
humans, the placentas of FGR fetuses is known to exhibit maternal
vascular underperfusion with larger maternal blood spaces, which is not
found in the placentas of the smallest rabbit fetuses [18].

In terms of functional analysis using DW-MRI, there was no signifi-
cant difference between groups for placental, brain or liver perfusion.
These results challenge the hypothesis that the rabbit model is a natural
model of FGR since there is no characterized placental vascular insuf-
ficiency. Indeed, several studies have shown that placental ADC values
are significantly lower in FGR pregnancies than in healthy human
pregnancies, which was not found in the present model (8,22). This
could be explained by the fact that placentation differs between humans
and rabbits. In rabbits, the exchange area is the labyrinthine placenta
rather than the villous tree [3]. Additionally, there is no remodeling of
spiral arteries, as observed in women.

Moreover, DW-MRI has been used in several studies to assess cere-
bral changes in fetuses with FGR fetuses showing lower ADC in several
cerebral regions than healthy fetuses [19-21]. This difference was also
not observed in our study. The ADC is based on water diffusion on a
cellular scale, and we found a negative correlation between the volume
of the maternal blood space and the placental ADC value. This could be
due to the difference in the maternal space volume between placentas.

All these findings suggest that the rabbit model is not a natural model
of FGR and that small fetuses cannot be considered victims of placental
insufficiency but rather are simply small for gestational age SGA fetuses,
as described in humans [22]. The mechanism underlying this weight
difference between fetuses is not comparable to that of human FGR and
better corresponds to constitutionally healthy fetuses because of the
absence of histological and diffusion MRI differences. A similar rela-
tionship between fetal weight and the position of the fetus in the uterine
horn has been noted in pigs and guinea pigs [13]. The cause of this
finding is unclear, but it seems to have an anatomical origin that can be
explained by the vascularization supply, which may be different at the
two ends of the uterine horns: both the ovarian and uterine supply near
the ovary and only the vaginal supply near the cervix. This could
correspond to a lower collection upstream of the placenta without
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causing morphological or functional placental dysfunction.

The limitations of this study are the small sample size and the
absence of longitudinal data collected during pregnancy to analyze the
evolution of the parameters.

The strength of our study is its originality because to our knowledge,
this is the first study to characterize the fetoplacental unit both
morphologically and functionally to test the hypothesis that the rabbit
model is a natural model of FGR. Moreover, MRI data were based on
precise and reliable identification of the position of the fetus in the
uterine horn to make in vivo (MRI) and ex vivo (histology and fetal
weight) comparisons. This point is a real added value compared to other
studies on MRI in rabbits or rats where the mode of fetal identification
probably does not reflect the anatomical reality (the fetus seen on the
right is considered to be part of the right horn, which is not observed in
fact) [23].

In conclusion, DW-MRI and stereology are adapted tools that permit
the evaluation of the functional and morphological aspects of the
placenta in animal models. Using these tools, we suggest that the rabbit
model is not a natural model of fetal growth restriction because the
origin of FGR is more anatomical than functional and is unrelated to a
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characterizable placental insufficiency.
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