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Simple Summary: The in vitro production of equine embryos, using ovum pick-up (OPU) and
intracytoplasmic sperm injection (ICSI), is gaining popularity for breeding sport horses. However,
the results of this complicated procedure are variable and hard to predict. Therefore, the aim of this
study was to evaluate anti-Müllerian hormone (AMH), a factor which has been linked to reproductive
success in human and cattle, as an indicator of the OPU-ICSI outcome in horses. Therefore, for
103 mares subjected to commercial OPU-ICSI, the AMH level was measured in the blood at the
moment of OPU and linked to the number of oocytes and embryos produced by ICSI. We found
that mares with a high level of AMH gave rise to a better oocyte collection and a higher number
of embryos. However, since mares with a low AMH value could also produce embryos, a single
measurement of the AMH in the blood is not sufficient as an independent predictor of the OPU-ICSI
outcome in the horse.

Abstract: Anti-Müllerian hormone (AMH) reflects the population of growing follicles and has been
related to mammalian fertility. In the horse, clinical application of ovum pick-up and intracytoplasmic
sperm injection (OPU-ICSI) is increasing, but results depend largely on the individuality of the mare.
The aim of this study was to assess AMH as a predictor for the OPU-ICSI outcome in horses. Therefore,
103 mares with a total follicle count above 10 were included in a commercial OPU-ICSI session and
serum AMH was determined using ELISA. Overall, the AMH level was significantly correlated with
the number of aspirated follicles and the number of recovered oocytes (p < 0.001). Mares with a
high AMH level (≥2.5 µg/L) yielded significantly greater numbers of follicles (22.9 ± 1.2), oocytes
(13.5 ± 0.8), and blastocysts (2.1 ± 0.4) per OPU-ICSI session compared to mares with medium
(1.5–2.5 µg/L) or low AMH levels (<1.5 µg/L), but no significant differences in blastocyst rates were
observed. Yet, AMH levels were variable and 58% of the mares with low AMH also produced an
embryo. In conclusion, measurement of serum AMH can be used to identify mares with higher
chances of producing multiple in vitro embryos, but not as an independent predictor of successful
OPU-ICSI in horses.

Keywords: anti-müllerian hormone; mare; OPU; ICSI

1. Introduction

During the last decade, considerable progress has been made in the production of
embryos by combining ovum pick-up (OPU) with oocyte in vitro maturation (IVM) and
subsequent intracytoplasmic sperm injection (ICSI) in sport horses [1–3]. This methodology
provides a solution for subfertility in both mares and stallions [1,4] and might lead to a
more efficient and economically profitable use of fertile mares. The advantages include the
necessity for only a small amount of scarce and expensive semen [2,5], the production of
embryos at any moment of the year, without compromising sport engagements, and the
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possibility to determine the gender of the embryo before cryopreservation and transfer [1].
Individuality of the mare and the number of retrieved oocytes come across as the two main
parameters influencing a successful outcome of OPU-ICSI [5,6], though male factors have
to be considered too [7].

Anti-Müllerian hormone (AMH), also known as Müllerian inhibiting substance (MIS),
is a dimeric glycoprotein identified as a member of the transforming growth factor β
superfamily of growth and differentiation [8]. Anti-Müllerian hormone is exclusively
expressed by male and female gonadal somatic cells in mammals [8,9]. Its fundamental
function is to inhibit the development of the paramesonephric ducts (Müllerian ducts)
during fetal sex differentiation in the male [10]. In females, expression of AMH is detected
after birth, in the granulosa cells of early primary, preantral and small antral follicles [9].
In the postnatal ovary, AMH appears to play an important role in the recruitment of
primordial follicles by preventing them from entering the pool of growing follicles prior to
selection, and consequently avoiding the premature depletion of the ovarian reserve [11].
Furthermore, AMH also modulates follicular development by decreasing the sensitivity of
the pre-antral follicle to FSH [12].

A single measurement of the AMH level in the blood appears to be a reliable marker
of the reproductive capacity in women [13] and domestic animals [14]. Indeed, since AMH
is secreted into the circulation by the ovary, serum concentration of this hormone is used to
assess the ovarian reserve among species [15] and highly reflects the pre-antral and early
antral follicle population in the ovaries of women [16,17], mice [18], cattle [19], bitches [20],
and mares [21,22]. The relationship between AMH concentration and follicle population
is species-specific. Circulating AMH levels are strongly linked to the number of 2–6 mm
diameter follicles in women [23], 3–7 mm in cattle [24], and 1–5 mm in goats [25]. In mares,
follicles sized between 6 and 20 mm diameter appear to be most reflective of serum AMH
concentrations [26].

In women, AMH measurements are used for many clinical applications, such as
assessment of ovarian damage after therapy or estimation of the ovarian reserve in women
suffering from polycystic ovary syndrome (PCOS) [27]. Moreover, the AMH concentration
appears to be a good predictor of the oocyte quality [28] and has been positively associated
with outcomes of in vitro fertilization, including live birth rates [29,30]. In cattle and goats,
measurement of the circulating AMH concentration provides practical information to
detect donors with the capacity to produce low or high numbers of in vivo embryos after
super-ovulatory treatment [25,31,32]. Similar results have been observed for production of
in vitro embryos in Holstein cows [31]. In swine, a single measurement of serum AMH is
positively linked to gonadotropin responsiveness and subsequent fertility [33,34].

In horses, the AMH concentration is used as an endocrine marker of reproductive
disorders in both mare and stallion [35,36]. In cryptorchid stallions, determination of serum
AMH levels increases the diagnostic accuracy when testosterone concentrations are incon-
clusive [37]. In mares, measurement of AMH to diagnose a granulosa theca cell tumor ap-
pears to be more specific than inhibin, testosterone, and progesterone concentrations [35,38].
Assessment of AMH levels in prepubertal mares has also been shown to predict the ovarian
reserve after puberty [39]. Likewise, circulating AMH represents a good endocrinologi-
cal marker to assess ovarian function following immunocontraception in mares with the
porcine zona pellucida vaccines (pZP) [40]. Recently, Ball et al. [41] observed a positive
correlation between serum AMH concentration and pregnancy rates after natural mating.

Finally, serum AMH levels seem to be repeatable within individual normal cyclic
mares and are not affected by the reproductive stage [35,41]. Although it is worth men-
tioning that wide variations of serum AMH levels are observed between mares [35,42], the
repeatability of the circulating AMH concentration makes this hormone a candidate as a
prospective diagnostic tool for the outcome of commercial OPU-ICSI sessions.

Against this background, and in order to better advise customers in their expectations,
a retrospective study was designed to determine whether a single measurement of serum
AMH at the time of OPU could be a useful tool to predict the OPU-ICSI outcome in mares.
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2. Materials and Methods
2.1. Animals

A total of 103 different warmblood mares between 2 and 24 years old who were
presented for a commercial OPU-ICSI session at our clinic between September 2019 and
March 2021 were included in the study. Out of these 103 mares, 14 were subjected to
three repeated OPU-ICSI procedures. Mares were previously monitored by transrectal
ultrasonography (7.5-MHz transducter, transrectal linear probe, MyLabOne, Esaote, Genoa,
Italy) and only selected for OPU when the total follicle count was above 10, regardless of
the stage of the reproductive cycle. All follicles with a diameter between 5 and 25 mm were
counted.

Following the OPU procedure, ICSI was performed with frozen-thawed semen of
29 different warmblood stallions (min. 1, max. 26). Sessions using semen subjected to
thawing, dilution, and refreezing were not included in the analysis.

2.2. Transvaginal Ultrasound-Guided Follicle Aspiration

Peri-operative treatment consisted of administration of benzylpenicillin (Penikel, Kela,
Sint Niklaas, Belgium, 20,000 IU/kg) and flunixin meglumin (Wellicox, Ceva Santé Ani-
male, Naaldwijk, The Netherlands, 1.1 mg/kg). During the procedure, mares were under
sedation with detomidine hydrochloride (Domidine, Eurovet Animal Health BV, Bladel,
The Netherlands, 0.01 mg/kg) and butorphanol tartrate (Dolorex, MSD Animal Health,
Sint-Lambrechts-Woluwe, Belgium, 0.01 mg/kg). N-butylscopolammonium bromide (Bus-
copan, Boehringer Ingelheim, Brussel, Belgium, 0.3 mg/kg) was administered to prevent
bowel contractions. The urine bladder was not routinely cannulated during the procedure.
After aseptic preparation of the perineal zone, the transvaginal probe was inserted into
the vagina. The ovary was then manipulated and fixed by rectal palpation against the
vaginal wall. A 12-G double-lumen needle, connected to a prewarmed collection bottle,
was guided by a channel of the transvaginal probe into the antral follicles. All visible
follicles were punctured, aspirated, and flushed eight times with 1 to 3 mL of prewarmed
flushing medium (Equiplus, Minitube, Tiefenbach, Germany), depending on the follicle
size. When the follicles were collapsing, the follicle wall was scraped by rotating the needle.
Once all the follicles from one ovary were aspirated, the collection bottle was brought
directly to the laboratory.

Clinical follow-up was ensured by ultrasound if considered necessary. All mares
underwent the OPU procedures well without any complications.

2.3. In Vitro Maturation and ICSI

Follicular fluid was poured through a sterile 70 µm oocyte filter (Cell strainer, BD Bio-
sciences, Falcon®, Erembodegem, Belgium) and cumulus-oocyte-complexes (COCs) were
collected in Medium 199 with Hank’s salts (Gibco, Life Technologies, Merelbeke, Belgium).
For 47 mares, oocytes were kept overnight in a commercially available holding medium
(Emcare, Agtech, Zulte, Belgium (n = 38) or Syngro, Vetoquinol, Belgium (n = 9)) at room
temperature (22 ◦C) prior to in vitro maturation (IVM) in order to organize subsequent
ICSI. For the other 56 mares, oocytes were transferred directly to maturation medium
(Medium 199 with Earl’s salts (Gibco) containing 10% (v/v) FBS (Gibco), 9.4 µg/mL follicle
stimulating hormone, and 1.88 µg/mL luteinising hormone (Stimufol, Reprobiol, Ouffet,
Belgium)). Maturation was performed in groups of 2–21 COCs in 100–500 µL maturation
medium under oil (CooperSurgical, Venlo, The Netherlands) at 38.5 ◦C in 5% CO2 in air for
30 h on average (min. 26.5 h; max 32.3 h). Semen was prepared by thawing a small piece of
a straw in 1 mL of preheated (38.5 ◦C) G-MOPS (Vitrolife, Londerzeel, Belgium), followed
by washing in 5 mL of G-MOPS. After centrifugation for 10 min at 400× g at 26 ◦C, the
supernatants were removed and the sperm pellet was resolved in 200 µL of G-MOPS. Im-
mediately before ICSI, a small volume of the sperm suspension was added to a 5 µL droplet
of 7.5% polyvinylpyrrolidone (CooperSurgical, Venlo, The Netherlands). Oocytes were
denuded by pipetting in 0.1% hyaluronidase (Sigma-Aldrich, Bornen, Belgium) in Medium
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199 with Hank’s salts with 10% FBS. Intracytoplasmic sperm injection was performed as
described previously [43] with slight modifications. Mature oocytes (MII), indicated by an
extruded polar body, were injected by piezo drill assisted intracytoplasmic sperm injection
(PrimeTech, Nakamukaihara Tsuchiura Ibaraki, Japan; speed 3–4, intensity 6–8). Presumed
zygotes were cultured in groups of 1 to 16 in 20 µL droplets of DMEM/F-12 (Gibco) with
10% (v/v) FBS under oil at 38.2 ◦C in a humidified atmosphere of 5% O2, 5% CO2, and 90%
N2. Cleavage rate was evaluated 2 or 3 days after ICSI and blastocyst development was
monitored daily from day six onwards until day 13.

2.4. AMH Assay

Blood samples were obtained by jugular venipuncture at the start of the OPU pro-
cedure using standard sampling tubes without separating gel. Sera were directly sent
to an external specialized laboratory (Algemeen Medisch Laboratorium (AML), Sonic
Healthcare Benelux, Antwerp, Belgium) and samples were maintained at 2–8 ◦C until
analysis. Anti-Müllerian hormone concentrations were determined using a commercial kit
Elecsys AMH Plus (Roche Diagnostics, Risch-Rotkreuz, Switzerland), a one-step sandwich
method based upon electrochemiluminescence immunoassay for the in vitro quantita-
tive determination of AMH. The electrochemiluminescence immunoassay was performed
with cobas e411 (Roche Diagnostics, Risch-Rotkreuz, Switzerland) immunoassay ana-
lyzer. The analyses were performed no more than 24 h after collection and according to
the manufacturer’s instructions. Briefly, 50 µL of the tested sample was incubated for
nine minutes with a biotinylated monoclonal mammalian AMH-specific antibody and a
monoclonal mammalian AMH-specific antibody labeled with a ruthenium complex (Tris
(2,2-bipytidyl)ruthenium(II)-complex[Ru(bpy)3]2+) to form a sandwich complex. The com-
plex was then incubated with streptavidin microplarticles for another nine minutes. The
microparticles of the reaction mixture were then magnetically captured onto the surface of
an electrode and unbound substances were removed. Removal of the unbound substances
was performed by washing the streptavidin-coated microparticles with the solution Pro-
Cell, Elecsys, cobas (Roche Diagnostics, Risch-Rotkreuz, Switzerland). Chemiluminescent
emission was induced through application of a voltage to the electrode and then measured
by a photomultiplier. Results were determined via a calibration curve generated by 2-point
calibration and a master curve provided by the manufacturer. The analyzer provides auto-
matically the AMH concentration of each sample. Controls are realized for each analysis.
Kit controls were provided by the company and the lower and upper limits of each control
were determined by the company and were read into the device via the control barcode.
The intra- and inter-assay precision of the kit were ≤1.3% and ≤4.1%, respectively. The
limits of blank, quantitation and detection were, respectively 0.007 ng/mL, 0.030 µg/L
and 0.010 µg/L. The method was standardized against the Beckman Coulter AMH Gen II
ELISA assay.

2.5. Statistical Analysis

For the general analysis, data from 103 OPU-ICSI sessions of different warmblood
mares were analyzed. The relation between OPU-ICSI outcome, including numbers of
follicles aspirated, numbers of oocytes recovered, and numbers of blastocysts produced,
and serum AMH concentration was examined by linear regression. Association of the AMH
concentration with the number of follicles aspirated and number of oocytes recovered was
evaluated using Spearman’s correlation coefficient by rank. For the categorical variables,
a chi-squared test was carried out. Comparisons among means were performed using
the Bonferroni adjustment. Effect of individual stallions on the blastocyst rate and in the
number of blastocysts produced per OPU-ICSI session was determined using the Kruskal–
Wallis test. For the analysis of the variation within individual mares, data from 42 OPU-ICSI
sessions were included (three OPU-ICSI sessions of 14 mares). Repeated-measures ANOVA
was used to analyze changes in AMH average concentration with OPU session. The
nonparametric test of Friedman was performed to detect differences in blastocyst rate



Animals 2021, 11, 2004 5 of 15

across the OPU-ICSI sessions. Statistical analysis was performed by the Statistical Package
for the Social Sciences for Windows (SPSS, Armonk, NY, USA), version 27. Differences
with p < 0.05 were considered significant. All data are presented as mean ± standard error
of the mean (SEM), except for the correlation studies.

3. Results

Anti-Müllerian hormone ranged from 0.6 to 4.1 µg/L (2.0 ± 0.1 µg/L) with a median of
1.8 µg/L. Overall, on average of 19.3 (±0.6) follicles were aspirated, 10.7 (±0.4) oocytes were
recovered, 7 (±0.3) oocytes were subjected to ICSI, 4.5 (±0.2) injected oocytes were cleaved,
and 1.4 (±0.2) blastocysts were produced per OPU session. From the 103 individual OPU-
ICSI sessions, 712 mature oocytes were injected and 61.2% of the mares yielded at least
one embryo.

In conformity with literature [44], holding of the oocytes prior to IVM did not signif-
icantly affect the maturation rate (p = 0.83), nor the cleavage (p = 0.78) or blastocyst rate
(p = 0.78). The average AMH concentration of mares for which oocytes were subjected to
holding prior to IVM was similar to the AMH level of mares whose oocytes were matured
without prior holding.

The effect of the individual stallion on the blastocyst rate and on the number of
blastocysts produced per OPU-ICSI session was not significant either (p = 0.07 for both).

A total of 64 OPU sessions were performed during Winter (from 21st of December
to 20th of March), 37 during Autumn (from 21st of September to 20th of December) and
2 during Spring (from 21st of March to 20th of June). The season did not significantly affect
the blastocyst rate or the number of blastocysts produced per OPU-ICSI session (p = 0.08
and p = 0.33, respectively). The effect of the season on the AMH concentration was not
significant either (p = 0.76).

3.1. AMH and OPU-ICSI Outcome

In Figure 1, a positive relationship between the AMH levels and both the number
of aspirated follicles and the number of recovered oocytes can be observed. The linear
regression was found to be highly significant (p < 0.001) for both models.
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The AMH concentration was also positively associated with the number of in vitro
embryos produced per OPU-ICSI session (Figure 2). Although it was significant (p < 0.05),
the positive linear relationship observed remained weak (R2 = 0.078).

To further explore the link between the circulating AMH concentration and the ICSI
outcome, mares were divided according to serum AMH levels in the following three
categories: Group 1 included the mares with AMH levels lower than 1.5 µg/L (n = 31
mares); Group 2 included the mares with AMH levels between 1.5 and 2.5 µg/L (n = 46
mares); Group 3 included the mares with AMH values above 2.5 µg/L (n = 26 mares). Mares
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whose AMH concentration was above 2.5 µg/L yielded significantly greater numbers of
aspirated follicles, retrieved oocytes, mature oocytes, and cleaved embryos compared to
mares with lower AMH concentrations (Table 1). Besides, mares from Group 3 produced
significantly greater numbers of blastocysts per OPU-ICSI session compared to mares
whose AMH concentration was below 1.5 µg/L. However, no significant differences were
observed between groups for oocyte recovery rate, maturation rate, cleavage rate, or
blastocyst rate.
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Table 1. Effect of serum AMH concentration on the OPU-ICSI outcome in mares.

AMH Group Group 1
(<1.5 µg/L)

Group 2
(1.5–2.5 µg/L)

Group 3
(>2.5 µg/L)

Age 12.3 ± 1.1 10.8 ± 0.8 11.5 ± 1.0
No. Aspirated Follicles 16.5 ± 0.8 a 19.2 ± 0.8 a 22.9 ± 1.2 b

No. Recovered Oocytes 8.6 ± 0.6 a 10.5 ± 0.5 a 13.5 ± 0.8 b

Recovery Rate 53.3 ± 3.1 55.2 ± 1.6 58.1 ± 2.8
No. MII Oocytes 5.5 ± 0.5 a 6.5 ± 0.3 a 9.3 ± 0.7 b

Maturation Rate (%) 66.4 ± 4.4 64.7 ± 2.8 68.9 ± 1.9
No. Cleaved 3.5 ±0.4 a 4.2 ± 0.2 a 6.2 ± 0.5 b

Cleavage Rate (%) 67.1 ± 7.4 69.5 ± 5.0 66.8 ± 3.6
No. Blastocysts 1.1 ± 0.3 a 1.2 ± 0.2 a, b 2.1 ± 0.4 b

Blastocyst Rate (%) 21.0 ± 5.2 20.5 ± 3.5 21.0 ± 3.4
AMH = anti-Müllerian hormone. OPU = ovum pick-up. ICSI = intracytoplasmic sperm injection. No = Number
of. MII Oocytes = Oocytes in Metaphase II. Cleaved = Cleaved embryos on Day 2–3. Recovery Rate = No. Oocytes
Recovered/No. Follicles Aspirated. Maturation Rate = No. MII Oocytes/No. Oocytes Recovered. Cleavage
Rate = No. Cleaved embryos/No. MII Oocytes. Blastocyst Rate = No. Blastocysts/No. MII oocytes. Data are
shown as mean value ± standard error of the mean (SEM). Within rows, different superscript letters (a,b) indicate
significant differences (p < 0.05). The absence of superscripts indicates the lack of statistical differences between
groups (p > 0.05).

In addition, we classified the OPU-ICSI outcomes into three different categories
according to the absolute number of blastocysts produced per OPU-ICSI session: no
blastocysts, one blastocyst, and at least two blastocysts. The percentage of mares classified
into the AMH groups and according to the absolute number of blastocysts produced
per OPU-ICSI session is presented in Figure 3. In Group 1 ([AMH] < 1.5 µg/L), 42% of
the mares produced no blastocysts following the OPU-ICSI procedure; 35.4% produced
one blastocyst and 22.6% produced at least two blastocysts. In Group 2 ([AMH] = 1.5
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to 2.5 µg/L), 37% of the mares produced no blastocysts, 28.2% produced one blastocyst,
and 34.8% produced at least two blastocysts. Finally, in Group 3 ([AMH] > 2.5 µg/L),
23% of the mares failed to produce any blastocysts, 11.6% produced one blastocyst, and
65.4% produced at least two blastocysts. The association between the AMH groups and the
categories of OPU-ICSI outcome was significant (p < 0.05) but weak (ϕc = 0.239).
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per OPU-ICSI session in three groups of mares with different serum AMH concentrations.

3.2. AMH and Maternal Age

Figure 4 shows the changes in AMH concentration by the age of the mares. Consid-
erable variation was observed between mares in all age categories. For instance, concen-
trations among mares between 2 and 4 years old ranged from 0.60 µg/L to 3.44 µg/L,
and concentrations among mares between 20 and 24 years old ranged from 0.62 µg/L to
3.14 µg/L. No correlation was found to be significant among circulating AMH concentra-
tion and the age of the mares.
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To evaluate possible effects of the mare’s age on other variables, mares were grouped
into three categories: young (2–8 years), middle-aged (9–16 years), and old (17–24 years)
(Figure 5). Strong and significant correlations were observed between the AMH concen-
tration and the number of follicles within each group (Figure 5a). The correlation was
slightly stronger in older mares, but no differences were found between the young and
middle-aged mares. Strong and significant correlations were found between AMH levels
and the number of oocytes retrieved in young and middle-aged mares (Figure 5b). The
Spearman correlation coefficient was higher in middle-aged mares than in young mares,
whereas correlation was found not to be significant in older mares.
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No significant differences were observed between maternal age categories regarding
the results after OPU-ICSI (Table 2).

Table 2. Effect of maternal age on OPU-ICSI outcome.

Age (years) 2–8 9–16 17–24

AMH (µg/L) 2.0 ± 0.1 2.1 ± 0.1 1.8 ± 0.2
No. Aspirated Follicles 19.2 ± 1.0 20.2 ± 0.8 17.1 ± 1.5
No. Recovered Oocytes 10.2 ± 0.6 11.0 ± 0.6 10.7 ± 0.4

Recovery Rate 53.7 ± 2.1 54.2 ± 1.9 61.8 ± 3.7
No. MII Oocytes 6.8 ± 0.5 7.1 ± 0.4 6.6 ± 0.7

Maturation Rate (%) 68.2 ± 3.1 65.5 ± 2.8 64.5 ± 5.1
No. Cleaved 4.4 ± 0.4 4.6 ± 0.3 4.4 ± 0.6

Cleavage Rate (%) 66.4 ± 3.8 70.4 ±5.9 65.0 ± 5.2
No. Blastocysts 1.5 ± 0.2 1.5 ± 0.2 1.6 ± 0.4

Blastocyst Rate (%) 20.8 ± 2.9 24.1 ± 4.1 12.6 ± 4.1
AMH: anti-Müllerian hormone. OPU: ovum pick-up. ICSI: intracytoplasmic sperm injection. No = Number of.
MII Oocytes = Oocytes in Metaphase II. Cleaved = Cleaved embryos on Day 2–3. Recovery Rate = No. Oocytes
Recovered/No. Follicles Aspirated. Maturation Rate = No. MII Oocytes/No. Oocytes Recovered. Cleavage Rate
= No. Cleaved embryos/No. MII Oocytes. Blastocyst Rate = No. Blastocysts/No. MII oocytes. Data are shown
as mean value ± standard error of the mean (SEM). The absence of subscripts indicates the lack of significant
statistical differences (p > 0.05) between age related groups of mares.



Animals 2021, 11, 2004 9 of 15

3.3. AMH and OPU-ICSI Outcome within Individual Mares

Fourteen of the 103 mares included in the study were presented in three consecutive
OPU sessions. Blood samples for determination of serum AMH concentration were ob-
tained at each procedure. In these 14 mares, over 42 OPU-ICSI sessions were performed
using 13 different stallions. The rank of the OPU cycle (first vs. second vs. third) did
not affect the AMH concentration (p = 0.6) or the blastocyst rate (p = 0.7). As descriptive
observations, the individual variation in blastocyst rates and corresponding circulating
AMH concentration over three consecutive OPU-ICSI sessions for 14 individual mares
is shown in Figure 6. While the AMH levels of the mares 1, 2, 3, 4, 5, 6, and 7 appeared
to be repeatable, a high variability of AMH levels over the OPU-ICSI cycles is observed
for the mares 8, 9, 10, 11, 12, 13, and 14. According to the results of mare No. 9, AMH
variation reflected the blastocyst rate (Cycle 1: AMH = 1.9 µg/L, blastocyst rate = 20%;
Cycle 2: AMH = 3.2 µg/L, blastocyst rate = 33.3%; Cycle 3: AMH = 2.3 µg/L, blastocyst
rate = 25%). However, while high variability in the AMH concentration of mare No. 8 was
noticed (Cycle 1: AMH = 4.1 µg/L; Cycle 2: AMH = 1.1 µg/L; Cycle 3: AMH 2.3 µg/L),
the blastocyst rate remained similar (Cycle 1: blastocyst rate = 25%; Cycle 2: blastocyst rate
= 16.6%; Cycle 3: blastocyst rate = 22.2%). In mare No. 11, 33.3% of the oocytes injected
became blastocysts while the AMH concentration was 1.4 µg/L. A blastocyst rate of 0%
was observed in the same mare when the AMH levels rose to 2.8 µg/L.
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4. Discussion

The overall OPU-ICSI results in this study are comparable to those reported else-
where [1,45] with 61.2% of the mares producing at least one embryo and with an average
of 1.4 (±0.2) blastocysts per session. Cuervo-Arango et al. [45] observed that a significantly
greater number of blastocysts was obtained per session of OPU-ICSI (1.1 ± 1.4) than with
embryo flush (0.64 ± 0.6). These competitive results lead to an increased popularity of
OPU-ICSI for breeding valuable horses. Yet, the OPU-ICSI procedure remains complex
and expensive. Therefore, establishment of a predictive model for OPU-ICSI outcome in
mares would represent a useful tool to support client counselling and management of ex-
pectations. The success of equine in vitro embryo production is significantly influenced by
many factors such as the identity of the donor stallions and mares, the antral follicle count,
the number of oocytes recovered, and notably the clinician and laboratory expertise [5,6].
The oocyte developmental capacity appears to be less affected by the sperm donor than
by the oocyte donor, leading to the hypothesis that a factor intrinsic to the mares could be
used as a marker for success [6].

In this retrospective study, AMH was explored as a potential marker, due to its
importance in folliculogenesis and its association with reproductive success in other mam-
mals [13,14]. Indeed, mares whose AMH concentration was above 2.5 µg/L had more
follicles aspirated, more oocytes recovered, and more in vitro embryos produced (2.1 ± 0.4
blastocysts). Overall, 77% of the mares from this category yielded at least one embryo after
one session. The relationship between AMH and fertility has been investigated previously
and results seem to be controversial. While thoroughbred mares with lower AMH values
appeared to have a lower pregnancy rate after mating [41], Traversari et al. [46] observed no
relationship between AMH concentration and pregnancy outcomes in warmblood mares.
The current study indicates that the number of blastocysts produced per OPU session was
significantly lower in mares whose AMH levels were below 1.5 µg/L. However, since no
significant difference was observed in the maturation rate and blastocyst rate, one can
assume that the greater number of blastocysts obtained in mares with higher levels of
AMH is primarily due to a higher number of aspirated follicles and recovered oocytes.

In women, a positive correlation between serum anti-Müllerian hormone and live
birth rate following IVF has been described [29,30]. It is worth noting that the influence
of maternal age and weight hamper the use of AMH concentration as the only parameter
to predict IVF outcome in women. Other researchers rejected the use of anti-Müllerian
hormone concentrations as an independent predictor of the success of assisted reproductive
therapy since acceptable pregnancy rates were obtained in patients with very low anti-
Müllerian levels [47]. Moreover, the relationship between AMH concentration and oocyte
quality is controversial in humans. Some studies observed a significant association between
AMH concentration and embryo quality [48,49]. Interestingly, both very low (<1.66 ng/mL)
and very high (>4.52 ng/mL) levels of AMH have been associated with a decrease in the
quality of the oocytes affecting the implantation rate and pregnancy outcome [28]. However,
the authors could not determine any basal AMH levels necessary to predict fertilization
success or embryo quality. In a recent study, no significant difference was found regarding
oocyte maturation or embryo quality in individuals with low AMH concentration (mean
0.67 ng/mL) when the number of retrieved oocytes was above seven [50]. Similarly, our
data indicated no association between AMH concentration and oocyte or embryo quality
since no significant differences were found between groups regarding maturation rate,
cleavage rate and blastocyst rate. In cattle, Rico et al. [31] were able to determine a cut-off
level of circulating AMH concentration, between 75 and 80 pg/mL, in order to discard
low embryo producing cows after ovarian stimulation. Although identification of good or
poor embryo donors might be possible, Vernunft et al. [51] dismissed the use of threshold
values to assess the suitability of a cow for OPU since correlations between AMH level and
success of a single OPU-IVF session were too low.

One should take into consideration that AMH levels, in women and domestic animals,
actually predict the ability of the ovaries to respond to hyperstimulation with gonadotropin
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treatment rather than the spontaneous ability of the donor to produce an embryo. In
women, maternal serum AMH concentrations display an important criterium to adapt the
gonadotropin medication dose for IVF treatment, in combination with the serum concen-
tration of follicle stimulating hormone (FSH) and the antral follicle count [52]. Interestingly,
no correlation was found between serum AMH levels and pregnancy rates in subfertile
women without medical therapy [53]. Likewise in sheep, plasma AMH concentrations
provide a good parameter to predict the responsiveness to FSH treatment but were not rep-
resentative of the follicular population in an ovary without gonadotropin stimulation [54].
To our knowledge, no study has been performed yet to determine the association between
circulating AMH concentrations and superovulation treatment in mares. As a matter of
fact, superovulation in mares remains a challenge [55]. Beneficial effects of eFSH treatment
are only observed in the early vernal transition, and super-ovulatory treatment might even
be related to impaired embryo quality [56,57]. Moreover, high individual variability in
response to eFSH treatment predisposes mares to overstimulation of the ovary and can
result in failure of ovulation or development of follicular cysts [55,58].

Measurement of circulating AMH as a marker of the ovarian function is often related to
the maternal age [17]. Previous studies observed that AMH concentrations are significantly
lower in older mares (16–27 years old), corresponding to a decline in the ovarian follicle
pool [26,41]. However, it is worth mentioning that Traversari et al. [46] did not find such a
relation and that Uliani et al. [42] observed a decrease in AMH concentrations only in mares
older than 20 years. In agreement with previous observations, the correlation between
the ovarian reserve and the amount of AMH in blood was shown to be stronger in older
mares [26,46]. AMH levels were also positively correlated with the number of oocytes
recovered in young and middle-aged mares. This association was not significant in old
mares, which may be due to the smaller sample size of this group (18/103). A decrease in
the number of aspirated follicles and recovered oocytes in a commercial OPU-ICSI program
was also established in mares with increasing age, although the blastocyst rate was not
affected [6,26]. The effect of the maternal age on AMH concentration, follicle and oocyte
number was not observed in our data. Considering that the average number of follicles
was similar in all age groups, due to selection of the mares prior to OPU, and that AMH
concentration is primarily linked to follicular count, this lack of a decline could be expected.
Similar to the aforementioned study, no effect of the maternal age on the reproductive
efficiency of OPU-ICSI was observed in the present study, even though a trend towards
lower blastocyst rate in older mares should be mentioned. It is worth emphasizing that
the strict selection of our mares, based upon an optimal follicular count before the OPU-
ICSI procedure, might mainly justify the lack of maternal age effect on circulating AMH
concentrations, follicular count, and oocytes recovered.

A large variation in circulating AMH levels was observed between mares, ranging
from 0.6 to 4.1 µg/L. This result is in agreement with previous studies where serum AMH
concentrations ranged from 0.22 ng/mL to 2.94 ng/mL in normal cycling mares [35], from
0.07 to 3.56 ng/mL in pre-ovulatory mares [46], and from 0.26 ng/mL to 15.47 ng/mL
in mares irrespective of the reproductive state [42]. Circulating AMH levels have been
suggested to be related to the population of follicles measuring 6 to 20 mm [26]. Although
all mares were selected to have at least 10 follicles between 5 and 25 mm, a high individual
variability in AMH concentration was observed. Previous reports suggested an influence on
the expression of AMH of the viability of the follicles that are lacking in atretic follicles [39].
Moreover, the reproductive stage may also affect the AMH concentration variability. Results
from various studies regarding the consistency of AMH concentrations throughout the
estrous cycle are inconclusive. Almeida et al. [35] found no significant difference in AMH
concentration measured three times a week throughout one inter-ovulatory period in
six normal cyclic mares, while Dal et al. [59] observed that AMH concentrations were
significantly higher in estrus than in diestrus in 25 mares. As our study was designed
retrospectively, from a clinical point view, and since AMH concentrations appear to be
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repeatable within individual normal cyclic mares [35,41], blood samples were obtained on
the day of the OPU session, regardless of the day of the estrous cycle.

Moderate to strong correlations of AMH concentrations were found within and across
breeding seasons for individual mares [41], and the in vitro embryo production capacity of
donor mares was shown to be repeatable across OPU-ICSI procedures [45]. In addition,
one recent abstract reported the usefulness of determination of AMH concentration as
a predictor of oocyte recovery and in vitro production of equine embryo in warmblood
mares [60]. Nonetheless, one caveat of the present study is the high variability between
individual mares regarding the association between AMH concentration and blastocyst rate.
The blastocyst rate is also affected by other factors, like semen quality [3]. Yet, the effect
of the individual stallion on the OPU-ICSI outcome is less prominent than the variation
between individual mares and no significant effect was observed in our study. Finally, even
though a high AMH level is associated with higher embryo production, mares with low
AMH values should still be considered suitable for commercial OPU-ICSI. In fact, in the
current study, 58% of the mares with a low AMH concentration were able to produce at
least one embryo. The high individual variation might limit the usefulness of serum AMH
measurement above antral follicular count by ultrasonography to select mares with a high
potential to produce equine in vitro embryos.

5. Conclusions

We conclude that a high AMH blood level at the moment of OPU is associated with a
high number of oocytes recovered and a high number of embryos produced in a commercial
OPU-ICSI program. However, the measurement of circulating AMH cannot be used as an
independent predictor of the OPU-ICSI outcome. Even with a low AMH level, mares were
able to produce at least one embryo. Selection of the mare by transrectal ultrasonography
and assessment of the follicle count stand to be the main criteria of suitability to undergo a
successful OPU-ICSI session.
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