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Abstract

The success of embryo development and implantation depends in part on the environment in

which the embryo evolves. However, the composition of the uterine fluid surrounding the embryo

in the peri-implantation period remains poorly studied. In this work, we aimed to develop a new

strategy to visualize, collect, and analyze both blastocoelic liquid and juxta-embryonic uterine fluid

from in vivo peri-implantation rabbit embryos. Using high-resolution ultrasound biomicroscopy,

embryos were observed as fluid-filled anechoic vesicles, some of which were surrounded by a

thin layer of uterine fluid. Ultrasound-guided puncture and aspiration of both the blastocoelic

fluid contained in the embryo and the uterine fluid in the vicinity of the embryo were performed.

Using nuclear magnetic resonance spectroscopy, altogether 24 metabolites were identified and

quantified, of which 21 were detected in both fluids with a higher concentration in the uterus

compared to the blastocoel. In contrast, pyruvate was detected at a higher concentration in

blastocoelic compared to uterine fluid. Two acidic amino acids, glutamate and aspartate, were not

detected in uterine fluid in contrast to blastocoelic fluid, suggesting a local regulation of uterine

fluid composition. To our knowledge, this is the first report of simultaneous analysis of blastocoelic

and uterine fluids collected in vivo at the time of implantation in mammals, shedding new insight

for understanding the relationship between the embryo and its local environment at this critical

period of development.

Summary sentence: Development of an innovative technique coupling ultrasound biomicroscopy,

guided puncture, and nuclear magnetic resonance to characterize the in vivo uterine and blasto-

coelic microenvironment of the peri-implantation rabbit embryo.
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Introduction

The use of assisted reproductive technology (ART) has increased over
the last decades, with ART infants representing nowadays more than
2.3% of birth in Europe [1]. Despite a great improvement in embryo
transfer procedures, the pregnancy rate remains low, with 25% of
transfers resulting in a birth [1]. The last years have been character-
ized by a marked increase of a single embryo transferred per cycle
(representing 25.6% of treatment cycles in 2015 [1] as compared to
18.9% in 2005 in Europe [2]) to avoid multiple pregnancies. Thus,
the selection of the embryo with the highest chances for implantation
is the current challenge faced by reproductive biologists. The use of
morphological evaluation and, more recently, morphokinetic criteria
remains insufficient to predict successful implantation [3]. Strategies
for identifying potential biological markers using omics technologies
are being explored as alternative selectionmethods [4].Among those,
metabolomics studies are of major interest to identify biomarkers
present in culture media in order to predict quality, viability, survival,
and implantation potential of embryos [4, 5]. Promising and nonin-
vasive, metabolomics enables the detection of the elements produced
by the embryo and released into the culture medium. One of the
major limitations is, however, the difficulty to discriminate between
embryonic products and compounds originating from the culture
medium [6]. The blastocoelic fluid may represent an alternative
biological source for identifying biomarkers of embryo survival
[7–10]. Currently, the use of vitrification for cryopreservation of
human embryos is becoming widespread in human ART [1], with the
blastocoelic fluid being discarded as a waste product [11]. Indeed,
a previtrification artificial blastocyst shrinkage through blastocoelic
fluid volume reduction has been developed to limit ice crystal
formation and improved survival after warming [12, 13]. Proteins
have been recently detected using mass spectrometry analyses in
the blastocoelic fluid of in vitro produced human embryos [7–
10], with more than a hundred proteins identified, mostly involved
in metabolic process, developmental function, or immune response
[7, 8, 10]. Although studies aiming at characterizing the blastocoelic
fluid of the in vitro developed embryo are promising, knowledge

about the blastocoelic fluid composition of in vivo embryos around
the time of implantation is lacking.

The blastocoel cavity appears after compaction,when the embryo
moves from the oviduct to the uterus. At this time, undifferentiated
blastomeres begin to differentiate into the trophectoderm (TE) that
encircles a small group of cells, the inner cell mass (ICM), and secrete
fluid into the compacted embryo to create a fluid-filled cavity, the
blastocoel. TE gives rise to placental tissues, and ICM gives rise to
the developing embryo and can also be isolated to form pluripotent
embryonic stem cells with the potential to develop in vitro into
various lineages [14]. Mechanisms involved in the differentiation
of the first cell lineages have been extensively characterized [15].
Paradoxically, the blastocoelic fluid composition remains poorly
described. Its production relies on a ion gradient, resulting in influx
of water from the external milieu to form the blastocoel cavity. This
ion transport depends on the properties of the TE, mainly driven
by Na+/K+-ATPase localized at the basolateral membrane of this
epithelium [16]. Accumulation of blastocoelic fluid is dependent on
epithelial junctional complex and cell-to-cell adhesion between TE
cells [16]. The expression of transport systems in the apical and/or
basolateral cell membranes of TE cells leads to a specific ion, amino
acid, carbohydrate composition that differs from external milieu
[17]. In addition to the transcellular transfer, ICM and TE cells
release and secrete proteins [18].

The source for the formation of the blastocoelic fluid is the
embryonic environment, first the oviductal fluid up to the early
blastocyst stage and then the uterine fluid until implantation of
the blastocyst [19]. Both the oviduct and the uterus are bordered
by an epithelium that directly contributes to the formation of the
oviductal and uterine fluid, respectively, together with the tran-
sudation from systemic maternal circulation [20]. Oviductal and
uterine fluids’ composition is complex [20] and the volume of each
compartment varies according to the hormonal context, in order
to facilitate embryo transport, development, and implantation [19,
21]. Moreover, these fluids’ composition are also dynamic, with
concentrations of nutrients such as pyruvate, lactate, glucose, lipids,
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or amino acids but also of proteins varying throughout the oviduct,
in response to the endocrine status and/or the presence of embryo
[19–25]. A better knowledge of the composition of the uterine fluid
in the peri-implantation period is of major interest to characterize the
importance of this embryonic microenvironment and how it affects
blastocoelic fluid composition, crucial both in vivo and in vitro for
the conception of embryo culture media. Moreover, as successful
embryo-uterus interaction requires a competent blastocyst to be
transferred into the most receptive uterine environment, the analysis
of uterine fluid seems to be an indispensable source of information
to determine when the endometrium is more receptive to the embryo,
defining the appropriate time for transfer.

Ultrasound biomicroscopy or micro-ultrasound allows ultra-
sound visualization of living tissue at microscopic resolution [26].
In biomedical research focused on pregnancy, this technology is used
for noninvasive in utero imaging of live embryos, especially in small
animals [27]. Indeed, since the demonstration of its first use on
mouse embryos in 1995 [28], it has been widely used in mice to
noninvasively detect implantation sites [29], determine gestational
age [30], fetal resorption [27], and measure embryonic growth and
organs development [27, 29, 31]. Ultrasound biomicroscopy is a
real-time modality that can be used to guide in utero injections
of cells, tracer dyes, and adenoviral or retroviral vectors [32–36].
Ultrasound biomicroscopy could represent a great tool to visualize
the blastocyst and its microenvironment and to collect blastocoelic
and uterine fluids, in particular in rabbits. Highly suitable animal
model for studies in reproduction, the advantages of the rabbit model
are numerous, both in terms of physiological and molecular consid-
erations [37]. While the development of the rabbit embryo has been
extensively studied, in vivo description of blastocyst development is
scarce and characterizations were mainly performed by histology on
postmortem specimen [38].

It becomes crucial to improve the knowledge of the in vivo
composition of blastocoelic and uterine fluids during the peri-
implantation period. In this work, we aimed to develop a new
strategy to visualize, collect, and analyze both blastocoelic liquid
and juxta-embryonic uterine fluid from peri-implantation rabbit
embryos using ultrasound biomicroscopy and nuclear magnetic res-
onance (NMR) spectroscopy.

Methods

Ethics

Animal care and handling were carried out according to European
regulations on animal welfare. The animal holding facilities were
registered (agreement no. A78–3224 and A78–3221). EM, CR, ND,
MD and SC have the authorization to work with laboratory animals
from the departmental veterinary regulatory services. The local
ethical committee (Comethea) approved the experimental design.
The local ethical committee (Comethea, n◦45 in French National
register) approved the experimental design, which was registered
under n◦2015042115447836_v2.

Animals

Ten New Zealand White female rabbits (INRA 1077 Line) were
used. They were housed individually in one building maintained at
18–20 ◦C. The photoperiod was changed 1 week before artificial
insemination from 8 to 16 h of light per day and was maintained
at 16 h per day during the rest of the experiment. Does were
artificially inseminated with two of five males of the same breed, used

randomly. Ovulations were induced by an intramuscular injection of
gonadorelin (GnRH), 0.05 mL/kg (Fertagyl, Merck, France).

Before surgery, the supports to hold and immobilize the embry-
onic vesicles were prepared (Figure 1). Petri dishes were cut on the
side and a 1 cm diameter hole was cut out in the center of the dish,
and covered with a thick latex membrane.

At 168 h post insemination, general anesthesia was performed
in overnight fasted animals. Anesthesia was induced by intramus-
cular injection of xylazine (Rompun, Bayer, France) 0.05 mg/kg,
ketamine (Imalgene, Merial, France) 0.11 mg/kg and butorphanol
(Torbugesic, Zoetis, New Zealand) 0.05 mg/kg and anesthesia was
maintained by inhalation of a mixture of 1–5% isoflurane and 1–
1.5 L/min oxygen. Laparotomy was performed, and a small part
of one uterine horn was externalized and covered by preheated
ultrasound gel (Figure 2A, Supplementary Video 1). One embryonic
vesicle was isolated, maintained static using the previously described
customized holder and covered again by preheated ultrasound gel
(Figure 2B, Supplementary Video 1).The ultrasound probewas posi-
tioned on the embryonic vesicle to visualize the vesicle in real
time and guide the micropuncture. Micropuncture was performed
using needle (30G, length 8 mm) and syringe (BD Micro-fine™+,
BD, France) fixed on a micromanipulator and changed after each
puncture (Figure 2C, Supplementary Video 1). The same procedure
was repeated on all embryonic vesicles of the same horn. The uterine
horn was then replaced in the abdomen, and the same procedure was
repeated for the second uterine horn. After collecting fluids from all
embryonic vesicles, the ultrasound gel was wiped off and uterine
horns replaced into the abdomen. Ten milliliters of saline were
injected into the abdominal cavity before suturing the abdominal
wall and the skin. Total anesthesia never exceeded 2 h. Post-surgical
analgesia was achieved by an intramuscular injection of 0.05 mL/kg
of meloxicam (Metacam, Boehringer, Germany) and antibiotherapy
was performed with a subcutaneous injection of 0.5 mL/kg oxytetra-
cycline (Terralon 20% LA, Virbac, France) twice at 48-h intervals.

Ultrasound biomicroscopy imaging and puncture

All images were obtained with a micro-ultrasound platform
(Vevo2100, VisualSonics Inc, Toronto, Ontario, Canada) with the
70 MHz probe (MS-700). Providing a 30 micron resolution and
frame rates up to 740 fps.

Proton NMR spectroscopy measurements

Proton nuclear magnetic resonance (1H-NMR) samples were pre-
pared using 20 µL blastocoelic and uterine fluids diluted with 180 µL
of 0.2 M potassium phosphate buffer in deuterium oxide. The entire
diluted solution was then transferred to conventional 3-mm NMR
tubes and spectra were recorded at 298 K on a Bruker Ascend
600-MHz spectrometer equipped with a TCI cryoprobe (Triple
resonance Cryoprobe for Inverse detection). Standard NMR spectra
were obtained using a “cpmgpr1d” pulse sequence with a relaxation
delay of 25 s, number of scans of 256 on a time domain of 64 K data
points. Water suppression was achieved by presaturation during the
relaxation delay. Data were processed with 0.2-Hz line broadening
for the exponential decay function using TopSpin version 3.2 soft-
ware (Bruker Daltonik). Spectral assignments were done using the
free version of ChenomX 7.1 (ChenomX Inc., Edmonton, Canada),
an in-house database, and the humanmetabolome database (HMDB;
http://www.hmdb.ca/). Metabolite quantifications using the Elec-
tronic Reference To access In vivo Concentrations (ERETIC) peak as
a quantitative reference were obtained by the specific subroutine of
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Figure 1. In-house manufacture of the embryonic vesicle support holder. (A) Petri dish. (B) The edges and the bottom are cut according to the dotted lines. (C)

A 1 cm circle is cut in the bottom of the Petri dish, according to the dotted lines. (D) A piece of a thin latex membrane is placed over the hole, and a notch is

made in this piece. (E) A half-disc of thick latex is placed on the intact part of the dish. (F) This customized support is placed on the externalized uterine tract; an

embryonic vesicle is passed through the membrane to be gently immobilized. Covered with ultrasound gel, this vesicle is ready to be visualized.

Figure 2. Positioning the ultrasound biomicroscope probe on rabbit embry-

onic vesicle. On an externalized part of uterine horn (A), one embryonic

vesicle is maintained static using customized holder (B) to be accessible to

visualization using ultrasound biomicroscope probe to collect fluids using

needle/syringe fixed on a micromanipulator (C).

the Bruker TopSpin 3.2 program. The ERETIC signal was calibrated
using a known solution. Metabolite quantification was not possible
when the baseline was distorted by the presence of macromolecules,
or the peaks of interest were overlapped with others. The spectral
interval corresponding to the ultrasound gel was excluded from the
analysis.

Statistics

Differences between groups were compared using Wilcoxon signed
rank test for paired samples. The data from blastocoelic and uterine
fluids were analyzed by multivariate statistical data analysis, using
MetaboAnalyst. Sample normalization was performed using the
MetaboAnalyst procedure entitled “A pooled sample from group”.
In this procedure, an average of all blastocoelic fluids data was used
to normalize the data set. The data were scaled using autoscaling
mode (mean-centered and divided by the standard deviation of each
variable) of MetaboAnalyst. The data were analyzed using principal
component analysis (PCA), an unsupervised method and partial least

squares discriminant analysis (PLS-DA), a supervised method. The
overall quality of the models was judged by cumulative R2 defined
as the proportion of variance in the data explained by the model and
cumulative Q2, the class prediction ability of the model obtained by
cross-validation.

Results

Ultrasound biomicroscopy imaging of the rabbit

embryonic vesicle

As described in Methods, to make the embryonic vesicle accessible
for a puncture, the uterine tract of anesthetized rabbit was
externalized; one embryonic vesicle was isolated and stabilized
on an in-house made uterine horn holder; and the ultrasound
probe was positioned (Figure 2, Supplementary Video 1). Embryonic
vesicles were observed using ultrasound biomicroscopy (Figure 3).
The blastocoel was detected as a spherical hypoechogenic dark
zone (Figure 3A and A′). The embryonic disk was positioned in
the mesometrial side. The uterine cavity containing uterine fluid
was detected next to the endometrial reaction on the mesometrial
side (Figure 3A and A′). The different structures are schematized in
Figure 3B.

Of 55 embryonic vesicles observed, 37 were spherical, very
inflated, occupying the entire uterine space, with no detectable
uterine cavity (Figure 3C). The entire vesicle was scanned and the
maximum perimeter of each spherical blastocoelic cavity was mea-
sured.Themean perimeter of these spherical blastocoelic cavities was
15.0 mm ± 0.7 mm (n = 24 embryos, from 8 rabbits). The remaining
observed embryonic vesicles (n = 18) were not as well swelled and
the embryo was slightly (Figure 3D) or very collapsed (Figure 3E). In
these collapsed embryos, the uterine cavity was detectable between
the endometrium and the blastocyst (Figure 3D and E). In collapsed
embryos, antimesometrial implantation sites could be identified
as hyperechogenic zone in the endometrium (Figure 3E). In nine
embryonic vesicles, mostly deflated, one or two small (<0.5 mm)
hypoechogenic fluidic cavities were observed on themesometrial side
of the embryo (Figure 3F–H). They looked as if they were integrated
in the lateral membrane of the embryo, the embryonic disk.

Blastocoelic and uterine fluids puncture using

ultrasound biomicroscopy

Using real-time ultrasound biomicroscopy images for guidance
(Figure 4, Supplementary Videos 2–4), the needle tip was inserted

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/advance-article/doi/10.1093/biolre/ioab005/6103778 by guest on 07 M

arch 2021

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab005#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab005#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab005#supplementary-data


In vivo rabbit embryo metabolomic microenvironment, 2021 5

Figure 3. Ultrasound biomicroscopic images of rabbit embryonic vesicle. (A, B) Ultrasound biomicroscopic images of one embryonic vesicle in A, legended in

A′, and schematized in B. (C–E) Embryonic vesicle with a very inflated embryo and no detectable uterine cavity in C, a less inflated embryo and the detection of

a small uterine cavity in D, and a collapsed embryo with a large uterine cavity in E. (F–H) Detection of hypoechogenic fluidic cavities (red asterisk), one in F and

G and two in H, on the mesometrial side of the embryo.

through the uterus. Depending on the position of the embryo in
the embryonic vesicle, the turgidity of the blastocoelic cavity, and
the visibility of the uterine cavity, the needle was oriented for a
penetration either directly into the blastocoelic cavity to collect the
blastocoelic liquid (Figure 4A, Supplementary Video 2) or into the
uterine cavity in the vicinity of the embryo to collect the uterine
fluid (Figure 4B, Supplementary Video 3). Fifty embryonic vesicles
were punctured in 10 rabbits (Table 1). In 20 embryos, both the
blastocoelic and the uterine fluids were successively collected, the
uterine cavity became accessible for puncturing after blastocoelic
puncture (n = 18), or the blastocoelic cavity became accessible
for puncturing after uterine puncture (n = 2) (Table 1, Figure 4C,
Supplementary Video 4). For 14 embryos, mainly well-inflated
embryos, only the blastocoelic liquid was collected (5–60 µL)
(Table 1, Figure 4A, Supplementary Video 2). For 16 embryos,
rather collapsed embryos, only the uterine fluid was collected

(5–60 µL) (Table 1, Figure 4B, Supplementary Video 3). Blood taint
was observed in three blastocoelic liquids and in six uterine fluids
(Table 1). The penetration of needle induced collapsing of the
embryo in three cases. The collection of fluid induced an aspiration
of the embryonic vesicle in three cases.

Metabolomic profiling of blastocoelic and uterine

fluids using 1H-NMR
1H-NMR metabolomic profiling was conducted on blastocoelic and
uterine fluids collected sequentially on the same embryonic vesicle,
punctured from uncollapsed embryo, and exempt from blood. Fluids
from seven embryos (7 blastocoelic fluids and 7 uterine fluids)
collected from four different does were profiled. Blastocoelic and
uterine fluids were profiled using the same NMR sequence, to allow
comparison between fluids.
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Figure 4. Blastocoelic and uterine fluids puncture using ultrasound biomicroscopy. (A) Blastocoelic fluid puncture. (B) Uterine fluid puncture. (C) Blastocoelic

fluid and then uterine fluid puncture. For each panel, on the left is represented a schematic view of the collected fluid, on the middle the cavity before puncture,

and on the right the cavity after puncture.

Table 1. Number and category of collected fluids.

Cavity punctured Number of embryonic
vesicles

Number of
uncollapsed embryos
(% of embryonic

vesicles)

Number of samples

Total Without blood taint
(% of Total)

With blood taint
(% of Total)

Blastocoelic only 14 12 (86%) 14 12 (86%) 2 (14%)

Uterine only 16 6 (37%) 16 13 (81%) 3 (19%)

Blastocoelic
and Uterine

20 18 (90%) 20
20

19 (95%)
17 (85%)

1 (5%)
3 (15%)

Total
Blastocoelic liquid

Uterine fluid

50 36 (72%) 70 61 (87%)
31

30

9 (13%)
3

6
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Table 2. List of metabolites identified and quantified in blastocoelic liquid and uterine fluid

Compound HMDB KEGG Main associated pathway

Alanine HMDB00161 C00041 Alanine, aspartate and glutamate metabolism
Aspartate HMDB00191 C00049 Alanine, aspartate and glutamate metabolism
Asparagine HMDB00168 C00152 Alanine, aspartate and glutamate metabolism
Glutamate HMDB03339 C00217 Alanine, aspartate and glutamate metabolism
Methionine HMDB00696 C00073 Cysteine and methionine metabolism
Dimethylsulfone HMDB04983 C11142 Cysteine and methionine metabolism
Tyrosine HMDB00158 C00082 Tyrosine metabolism
Valine HMDB00883 C00183 Leucine, isoleucine, valine metabolism
3-hydroxyisobutyrate HMDB00023 C06001 Leucine, isoleucine, valine metabolism
3-methyl-2-oxovalerate HMDB00491 C03465 Leucine, isoleucine, valine metabolism
Creatine HMDB00064 C00300 Glycine, serine and threonine metabolism
Beta-alanine HMDB00056 C00099 Pyrimidine metabolism
Glucose HMDB00122 C00031 Glycolysis/gluconeogenesis
Pyruvate HMDB00243 C00022 Glycolysis/gluconeogenesis
Citrate HMDB00094 C00158 Citrate cycle (TCA cycle)
Succinate HMDB00254 C00042 Citrate cycle (TCA cycle)
2-oxoglutarate HMDB00208 C00026 Citrate cycle (TCA cycle)
Fumarate HMDB00134 C00122 Citrate cycle (TCA cycle)
Choline HMDB00097 C00114 Glycerophospholipid metabolism
o-acetylcholine HMDB00895 C01996 Glycerophospholipid metabolism
Ethanolamine HMDB00149 C00189 Glycerophospholipid metabolism
Malonate HMDB00691 C00383 Fatty acid biosynthesis
Dimethylamine HMDB00087 C00543 Methane metabolism
2-phenylpropionate HMDB11743

Metabolome analysis of blastocoelic and uterine fluids identified
69 spectral bins. Among those, 24 metabolites were identified,
including amino acids (alanine, aspartate, asparagine, glutamate,
methionine, tyrosine, valine), organic acids (citrate, pyruvate,
succinate), and organic compounds (3-hydroxyisobutyrate, 3-
methyl-2-oxovalerate, 2-oxoglutarate, 2-phenylpropionate, acetyl-
choline, beta-alanine, creatine, dimethylamine, dimethylsulfone,
choline, ethanolamine, fumarate, glucose, malonate) (Table 2).
These metabolites were associated with KEGG pathways including
five amino acid metabolism pathways, pyrimidine metabolism
pathways, glycolysis/gluconeogenesis, tricarboxylic acid (TCA)
cycle, glycerophospholipid metabolism, fatty acid biosynthesis,
and methane metabolism pathways (Table 2). Table 3 shows the
concentration of each identified metabolite from blastocoelic and
uterine fluids and the difference in concentrations between fluids.
Identified metabolites were mainly more concentrated in uterine
fluid than in blastocoelic fluid, except for pyruvate (Table 3).
Aspartate and glutamate concentrations were detectable only in
blastocoelic fluid, unlike tyrosine that was detectable only in
uterine fluids (Table 3). Blastocoelic fluid contains mostly alanine,
glutamate, glucose, and pyruvate and uterine fluid contains mostly
alanine, glucose, and pyruvate (Table 3). The quality of the spectra
was not sufficient to correctly identify and quantify leucine,
isoleucine, acetate, lactate, and threonine.

To determine the overall metabolic convergence/difference
between blastocoelic and uterine fluids, the 1H-NMR spectra and the
metabolite concentrations were processed by PCA (Figure 5A and C)
and PLS-DA (Figure 5B and D). PCA is an unsupervised method
allowing the visualization of similarities or discrepancies in the
datasets without any prior knowledge of sample classes. PCA of
1H-NMR spectra differentiated two clusters according to fluid
type; the first two principal components explained 44.1% of the

total variances (Figure 5A). Using metabolite concentrations, PCA
also differentiated two clusters according to fluid type; the first
two principal components explained 48.4% of the total variances
(Figure 5C). In contrast to PCA, PLS-DA analysis takes advantage
of class information in order to maximize the separation between
groups. Indeed, PLS-DA improved the analysis, as the model
displayed a good separation between blastocoelic and uterine fluids
using spectra (Accuracy = 0.93; R2 = 0.82; Q2 = 0.62) (Figure 5B)
and using metabolite concentrations (Accuracy = 0.93; R2 = 0.97;
Q2 = 0.74) (Figure 5D). Thus, both the global analyses using PCA
and PLS-DA showed differences in the 1H-NMR spectra and in the
metabolite concentrations according to fluid type.

Discussion

In this work, an original strategy was developed to study both
blastocoelic and uterine fluids from in vivo peri-implantation rabbit
embryos. 1H-NMR spectroscopy metabolic profiles were performed
in the collected fluids. Globally, out of 24 detected metabolites,
21 were detected in both fluids. Metabolites were mostly more
concentrated in uterine fluids compared to blastocoel. The high
concentration of glucose and pyruvate in the blastocoelic fluids
demonstrated the seminal role of these energy sources in blastocyst
development in vivo. Interestingly, the acidic amino acids (glutamate
and aspartate) were not quantifiable in uterine fluids, in contrast to
blastocoelic fluids, suggesting a local regulation of uterine fluid com-
position. To our knowledge, this is the first report of simultaneous
analysis of blastocoelic and uterine fluids at the time of implantation
in vivo in mammals.

The rabbit peri-implantation embryo was visualized on 7 days-
post-coïtum (dpc), using high-resolution ultrasound biomicroscopy.
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Table 3. Concentration of identified compounds in blastocoelic (n = 7) and uterine fluids (n = 7)

Identified compound Concentration in µM Wilcoxon rank sum test

Blastocoelic fluid Uterine fluid

Alanine 4519.1 ± 274.9 4684.7 ± 432.2 ns
Aspartate 290.2 ± 16.6 nd -
Asparagine 442.4 ± 37.9 554.1 ± 50.4 P < 0.05
Glutamate 1046.5 ± 65.1 nd -
Methionine 382.6 ± 30.4 522.9 ± 39.5 ns
Dimethylsulfone 77.8 ± 11.6 84.4 ± 13.7 ns
Tyrosine nd 118.4 ± 9.0 -
Valine 178.5 ± 19.7 216.0 ± 19.0 P < 0.05
3-hydroxyisobutyrate 48.0 ± 7.7 68.0 ± 6.8 P < 0.05
3-methyl-2-oxovalerate 30.6 ± 7.5 67.1 ± 9.3 P < 0.05
Creatine 151.0 ± 8.2 183.9 ± 10.3 ns
Beta-alanine 100.9 ± 12.1 131.8 ± 8.6 P < 0.05
Glucose 2595.2 ± 168.4 2926.3 ± 278.0 ns
Pyruvate 1398.1 ± 88.0 1088.4 ± 112.7 P < 0.05
Citrate 165.3 ± 20.8 250.9 ± 17.4 P < 0.05
Succinate 72.3 ± 4.4 106.2 ± 8.5 P < 0.05
2-oxoglutarate 200.8 ± 26.5 374.0 ± 39.6 P < 0.05
Fumarate 37.5 ± 3.0 40.4 ± 3.6 ns
Choline 16.9 ± 3.0 27.1 ± 1.9 P < 0.05
o-acetylcholine 66.3 ± 10.0 126.1 ± 11.9 P < 0.05
Ethanolamine 139.9 ± 16.3 287.4 ± 54.7 P < 0.05
Malonate 27.0 ± 7.8 63.5 ± 8.4 P < 0.05
Dimethylamine 11.0 ± 2.5 26.1 ± 2.6 P < 0.05
2-phenylpropionate 136.8 ± 17.9 223.1 ± 21.1 P < 0.05

Values are expressed as mean ± SEM. nd, no detection; ns, not significant.

We observed fluid-filled anechoic embryonic vesicles tightly sur-
rounded by the maternal endometrium. For approximately one third
of the studied embryos, the uterine cavity was clearly visualized
between the blastocyst and the mesometrial region of the uterus.
We never observed fluid spaces between the blastocyst and the
antimesometrial side of the uterus, suggesting that apposition was
effectively taking place on the antimesometrial side. These obser-
vations are consistent with histological studies describing that the
initial contact and the point of first attachment are antimesome-
trial at the opposite side of the embryonic disc on 7 dpc [38–
40]. Attachment occurs in restricted areas, called knobs, where
trophoblast-uterine cell fusion occurs [41]. Uterine secretions subse-
quently appear between uterine epithelium and TE on the embryonic
disc side, and then, the final chorioallantoic placenta develops [42].

In 15% of the visualized embryonic vesicles, one or two small
hypoechogenic circles were observed in the embryonic disk area,
appearing to be an accumulation of fluid between two layers. In
rabbits, gastrulation starts before implantation, at 6 dpc [37]. Seven
gastrulation stages have been identified. Stage 4 is characterized by
the appearance of the Hensen’s node at the tip of the primitive streak
and coincides with the time when implantation starts at 7 dpc [37]. In
stage 4 embryos,mesoderm cells start to migrate and ingress between
hypoblast and epiblast, inducing a disconnection between these two
layers [43]. Thus, we hypothesize that the small hypoechogenic areas
we observed could correspond to the visualization of the detachment
of hypoblast and epiblast layers.

One third of the embryonic vesicles observed were not perfectly
spherical, but more or less deflated. In many species, dynamic
collapse and re-expansion of the cavity are frequently observed in

cultured blastocysts before hatching [44]. To our knowledge, the
occurrence of these contractions in vivo has not been described.
It cannot be excluded that this deflation might be induced by the
experimental protocol. Indeed, embryonic vesicles could have been
subjected to osmotic and hydrostatic imbalances and temperature
variations inducing fluid movements [45].

In the present work, the objective was to use ultrasound
biomicroscopy-guided puncture to collect uterine and embryonic
fluids in vivo. So far, most analyses to characterize oviductal or
uterine fluids have been performed using postmortem samples
collected on flushed reproductive tracts [46]. Postmortem hypoxia
induces cell death and degradation products can be found in fluids
after flushing and squeezing. Flushing induces dilution difficult to
take into account and does not make it possible to characterize the
juxta-embryonic uterine microenvironment [46].

1H-NMR spectroscopy was used to determine metabolomic
profiles of blastocoelic and uterine fluids. Not knowing the impact
of deflation on these fluids composition, we only profiled samples
from fully inflated, noncollapsed embryos. 1H-NMR spectroscopy
is a robust metabolomics technique to identify and quantify low-
molecular-weight compounds [47]. It is widely used to determine
global metabolites profiles in biofluids and to noninvasively
identify biomarkers in diseases [48]. In embryo biotechnology in
reproductive medicine, 1H-NMR has been primarily used for
identifying biomarkers in embryo culture media [5, 49]. So far,
metabolomic studies of blastocoelic fluid are scarce and were
not performed in vivo. One study reports on carbohydrate and
amino acid contents in the blastocoel composition of in vitro
produced bovine embryos [50]. Liquid chromatography and mass
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Figure 5. Multivariate statistical data analysis of blastocoelic (1 B) and uterine (+ U) 1H NMR spectra (A and B) or metabolite concentrations (C and D) using

unsupervised PCA (A and C) or supervised partial least squares discriminant analysis (B and D).

spectrometry were used to determine the impact of maternal diabetes
on the blastocoelic fluid in ex vivo rabbit embryos (developed
in vivo and recovered by uterine flush on 6 dpc) [51]. A large
number of metabolites were detected, but not quantified, in this
very comprehensive study [51]. In terms of uterine fluids, more
data are available in humans and in other animal models [21, 23–
25]. These data are limited due to the diversity of studied maternal
conditions and to the fact that they reflect the main composition
of the fluids but not the local microenvironment surrounding the

embryo influenced by the embryo [21, 23, 46, 52]. The present study
aimed at deciphering the environment in the immediate vicinity of
the implanting embryo.

In blastocoelic and uterine fluids, more than 20 metabolites
were identified, including nutrients such as carbohydrates and amino
acids. In terms of carbohydrates, glucose and pyruvate were detected
at the highest concentrations. The mammalian blastocyst has an
important capacity to use glucose as an energy source, in contrast to
early embryos [53]. In both blastocoelic and uterine fluids, glucose
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was detected at equal concentrations, higher than those reported in
the literature, i.e., in blastocoelic fluids of in vitro bovine embryos
[50] and in uterine fluids of nonpregnant mice [54, 55], rabbits
[56] or women [48]. Glucose is derived from the reproductive tract
and is transported across membranes mainly using non-insulin-
dependent facilitated glucose transporters [25, 53, 57]. Pyruvate was
also present in both blastocoelic and uterine fluids at concentrations
close to those of glucose. As for glucose, pyruvate concentrations
were higher than those reported in blastocoelic and uterine fluids
from mice or nonpregnant women [48, 50, 54, 55]. Pyruvate is
essential for the early development of the preimplantation embryo
[58]. Exogenous pyruvate originates from the uterine fluid and is
subjected to a facilitated transport to embryo using monocarboxy-
late cotransporter [53, 59]. With the increasing demand of glucose
to reach the blastocyst stage, the current understanding is that
glucose becomes the primary energy source, through glycolysis, at
the blastocyst stage and that pyruvate is not essential any more
at this stage [53]. Very recently, however, the need for glucose to
achieve compaction and cavitation in mouse embryos was shown
to rely on glycolysis-independent glucose metabolism [58]. In mice,
glucose is critically important for progression to the blastocyst stage
by controlling the TE cell fate through hexosamine biosynthetic
and pentose phosphate pathways but exogenous pyruvate continues
to contribute to the TCA and to represent the main source of
energy for the blastocyst [58]. In the present study, pyruvate was
detected in the uterine fluid at a lower concentration than in the
blastocoel. Moreover, TCA intermediates such as citrate, succinate,
2-oxoglutarate, and fumarate were detected at lower concentrations
in the blastocoelic fluid than in the uterine fluid. High pyruvate
and low TCA intermediates may reflect low pyruvate feeding to
Krebs cycle [53]. Unfortunately, lactate could not be detected due to
spectral defect and the pyruvate/lactate ratio could not be determined
[53].

Amino acids act as source of energy and they are crucial for
optimal development in preimplantation embryos. They are used
for protein synthesis and play a role in osmoregulation and in the
regulation of intracellular pH buffer [60]. Themammalian blastocyst
possesses several transporters for amino acids [61, 62]. Alanine,
the most concentrated metabolite detected, was present at similar
concentrations in uterine and blastocoelic fluids. Alanine is present
in high concentrations in oviductal and uterine fluids in human [63],
mouse [54], bovine [55], and rabbit [64]. It is transported across
the TE through system B0,+ [62] and has also been detected in
the blastocoel of ex vivo rabbit [64] and in vitro produced bovine
embryos [50]. In vitro studies in the bovine species have highlighted
an embryonic production of alanine both by ICM and TE, suggesting
that alanine detected in blastocoelic and uterine fluids could have an
embryonic origin [50]. Alanine regulates pH and plays an important
role in the detoxification of ammonia generated by amino acid
metabolism [65, 66].

Glutamate and aspartate were detected in blastocoelic fluids in
concentrations consistent with that previously described in blasto-
coelic fluids of in vitro bovine embryos [50]. Surprisingly, glutamate
and aspartate were not detected in uterine fluids. In contrast, both
were shown to be present in the uterine fluids of nonpregnant
women [63] and also in rats [46], mice [67], and heifers [68]
around implantation. Although it cannot be excluded that the lack
of detection in uterine fluids may be due to sensitivity limitations,
it could be hypothesized that glutamate and aspartate detected in
the blastocoel are endogenous products. A reduction in glutamate
and aspartate concentrations at the time of implantation has been

highlighted in the mouse blastocyst [69]. Since in the present study,
only the microenvironment was analyzed, a local variation in the
aspartate and glutamate transport systems activities might explain
the observed results [69]. Aspartate and glutamate being acidic
amino acids, these local changes could contribute to local pH vari-
ations, reported in other species to be mainly induced by lactate,
to favor implantation [69, 70]. Nevertheless, it cannot so far be
excluded that this is a species-specific phenomenon.

Creatine, a substrate for amino acid production and an energy
reservoir, has been detected in both blastocoelic and uterine fluids.
Creatine has been detected in the rabbit [71] and mouse blastocyst
[72], in rabbit embryo blastocoelic fluid [51], and in the reproduc-
tive tract fluid in mice [73] and cattle [74]. Creatine kinase, the
enzyme involved in the conversion of creatine to phosphocreatine
and inversely, has been detected in rabbit and mouse blastocysts [71,
72]. Finally, tyrosine was detected at low concentrations in uterine
fluid but was not identified in the blastocoelic fluid. As tyrosine was
shown to be present at lesser concentrations in blastocoelic fluids
compared to uterine fluids in bovine [50] and rabbit [64] embryos,
this lack of detection may be due to sensitivity limitations in the
present case.

In conclusion, by developing an innovative technique coupling
ultrasound biomicroscopy, guided puncture, and NMR, the preim-
plantation embryo was visualized in vivo in its microenvironment,
and both intra- and extra-embryonic fluids were collected and ana-
lyzed. The in vivo visualization of the implanting embryo confirmed
previously described developmental stages based on histological
observations but also provided further precision on the timing and
localization of events. Further use of this technology in rabbits
or other species could improve our understanding of anatomical
events occurring during implantation. Further optimization of the
technique, such as adjusting fluid volume collection and reducing
the duration of surgery and genital tract externalization, could help
improve fetal survival, as survival was only partial at 18 dpc (data
not shown). Metabolomic analyses first highlighted the potential
importance of pyruvate for the implanting blastocyst and under-
lined the necessity for studying the local embryo environment and
interactions with the endometrium. Indeed, a better understanding of
local regulations may provide seminal information for the refinement
of ART. The methods developed here for the first time in the
rabbit model could be implemented in other species and also allow
other analyses, including proteomic, lipidomic, and microvesicle
investigations.
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