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ARTICLE INFO ABSTRACT

Key words: Mares resume ovarian activity rapidly after foaling. Besides follicle-stimulating hormone (FSH) and luteinizing
Horse hormone (LH), the pituitary synthesizes prolactin and growth hormone which stimulate insulin-like growth

Postpartum ovulation factor (IGF) synthesis in the liver. We tested the hypothesis that follicular growth is initiated already antepartum,

iﬁﬁiﬁl — mares with early and delayed ovulation differ in IGF-1 release and that there is an additional IGF-1 synthesis in
IGF-1 & the placenta. Plasma concentrations of LH, FSH, IGF-1, IGF-2, activin and prolactin. IGF-1, IGF-2, prolactin and

their receptors in placental tissues were analyzed at the mRNA and protein level. Follicular growth was deter-
mined from 15 days before to 15 days after foaling in 14 pregnancies. Mares ovulating within 15 days post-
partum formed group OV (n=5) and mares not ovulating within 15 days group NOV (n=9). Before foaling,
follicles with a diameter >1 cm were present in all mares and their number increased over time (p<0.05). Follicle
growth after foaling was more pronounced in OV mares (day p<0.001, group p<0.05, day x group p<0.05) in
parallel to an increase in LH concentration (p<0.001, day x group p<0.001) while FSH increased (p<0.001)
similarly in both groups. Plasma concentrations of IGF-1 and prolactin peaked one day after foaling (p<0.001).
The IGF-1 mRNA abundance was higher in the allantochorion but lower in the amnion of OV versus NOV mares
(group p=0.01, localization x group p<0.01). The IGF-1 receptor mRNA was most abundant in the allanto-
chorion (p<0.001) and IGF-1 protein was expressed in placental tissue without differences between groups. In
conclusion, follicular growth in mares is initiated before foaling and placental IGF-1 may enhance resumption of
ovulatory cycles.

1. Introduction

Horse mares resume cyclic ovarian activity rapidly after foaling and
much faster than other domestic animal species. Despite nursing a foal,
more than 80% of mares ovulate within 14 days after foaling and
continue to cycle thereafter [e.g., 1-4]. The anterior pituitary plays a key
role in stimulating ovarian function and besides follicle-stimulating
hormone (FSH) and luteinizing hormone (LH) also synthesizes and re-
leases growth hormone (GH). This in turn stimulates hepatic production
and secretion of insulin-like growth factor-1 (IGF-1). In early pregnancy,
IGF-1 is important for fetal growth and detectable in the allantochorion
[5,6]. With progressing pregnancy, however, the expression of IGF-1 in
the allantochorion decreases [7].

In mares, the intrafollicular IGF-1 concentration is positively

correlated with follicle size [8,9]. Together with intrafollicular estradiol,
activin-A and inhibin-A, IGF-1 is involved in the regulation of follicular
deviation [10,11]. The IGF-1 concentration in plasma increases in the
last weeks before foaling [12] and together with an abrupt peripartum
release of prolactin [12-15] has been suggested to stimulate follicular
growth after foaling. In contrast, prolactin alone appears to be without
direct effects on follicular growth in postpartum mares [16]. Its main
function in the peripartum period in horses is the induction of galacto-
genesis [17].

In ruminants, key adaptations of early lactation include an increase
in the release of GH and a decrease in plasma IGF-1 concentrations.
These endocrine changes are beneficial for energy metabolism but
suppress reproductive functions [18,19]. Growth hormone, besides its
function on growth and development, stimulates ovarian activity. Parts
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of these actions are mediated via IGF-1 released from the liver in
response to GH [20,21]. Directly or via IGF-1, GH stimulates ovarian
steroidogenesis, either independent from gonadotrophins or by poten-
tiating the stimulatory effects of gonadotrophins [22]. In cattle, the
number of growing follicles is closely associated with plasma IGF-1
concentrations [21,23].

In pigs, the release of GH and prolactin also increases after parturi-
tion [24,25], but different from dairy cows, sows can meet the energy
demands of lactation with adequate feed intake [26]. In this species, an
increased IGF-1 concentration postpartum may be a consequence of
elevated GH release. Concentration of IGF-1 in plasma then decreases
throughout lactation [27]. The IGF-1 plasma concentration correlates
with its concentration in follicular fluid and the degree of oocyte
maturation [28,29]. Feed restriction or a marked depletion of body
energy stores during lactation result in decreased IGF-1 concentration at
weaning and a subsequent reduction in follicle growth and oocyte
quality [29,30].

This study followed the hypothesis that in mares, follicular growth is
initiated already before foaling, and mares with early and delayed onset
of postpartum ovarian cyclicity differ in somatotrophic hormone syn-
thesis and release. We therefore determined the concentrations of pro-
lactin and somatotrophic hormones in blood and their abundance in
placental tissue of peripartum mares. Ovarian follicular growth was
assessed before and after foaling.

2. Materials and methods
2.1. Animals

The study included seven pregnant Haflinger mares over two
consecutive pregnancies; thus 14 complete data sets were analyzed. At
the beginning of the study, mares were between 4 and 15 years old (9.6
+3.7 years) with a body weight between 505 and 565 kg (540+18 kg)
before foaling and 451 and 504 kg (473413 kg) after foaling. Body-
weight was determined once weekly. All mares had been bred by natural
cover to different stallions selected by their owner. During pregnancy,
they were housed in individual boxes with daily groupwise access to an
outdoor paddock on a private Haflinger stud. On day 300 of pregnancy,
mares were transported to Vetmeduni Vienna (16 km) where they were
kept similar as in their home stable and were allowed 10 days without
experimental procedures for habituation. Mares were kept under
ambient light, i.e., no light program was applied. They were fed hay and
mineral supplements to their individual requirements. Water was freely
available at all times.

2.2. Experimental design

The study was approved by the Austrian Federal Ministry for Edu-
cation, Science and Research (license number BMBWF-68.205/00211-
V/3b/2018).

From day 310 of pregnancy onwards, transrectal ultrasonographic
examinations of the ovaries and uterus were performed at five-day in-
tervals. The number and size of detectable follicles on both ovaries was
determined and the combined thickness of uterus and placenta (CTUP)
was measured following routine procedures. Follicle size was defined as
the mean follicle diameter in two perpendicular dimensions [31]. When
an increase in follicular size occurred between two ultrasound exami-
nations, examinations were continued at daily intervals. After foaling,
follicle numbers and size were determined daily until either the first
postpartum ovulation or until day 15 postpartum, whatever occurred
first. Blood samples were collected with each ultrasound examination.
Based on the date of the first postpartum ovulation date, mares were
assigned to two groups: mares which ovulated within 15 days after
foaling formed group OV (n=>5) and mares not ovulating within 15 days
after foaling were assigned to group NOV (n=9).

All foalings were observed and uneventful without obstetrical
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intervention. Time from rupture of the amnion to compete delivery of
the foal (stage 2 of labor) ranged from 5 to 19 min (9.1+3.9 min) and did
not differ between groups. After foaling, mares were dewormed (200 pg
Ivermectin and 1.5 mg Praziquantel; Equimax, Virbac, Carros, France)
and the foals were checked for general health and for signs of prema-
turity. Foals received tetanus antitoxin s.c. (Equilis Tetanus-Serum;
3.000 IU, MSD, Unterschleissheim, Germany) and at 18 hours of life,
the IgG concentration in foals’ plasma was measured by Densimeter
(Model 590a, Animal Reproduction Systems, Ontario, CA, USA). Foals
did not show any signs of prematurity and IgG concentration in plasma
was adequate in all foals (1957+115 mg/dL). All mares and foals were
healthy throughout the study period. As soon as the placenta was
expelled, it was weighed and measured, and placental tissue samples
were collected (see below). An endometrial swab was collected imme-
diately after shedding of the placenta and submitted to bacteriological
culture to exclude placentitis. No pathogenic agents were detected in
any of the mares.

2.3. Blood sampling and endocrine analyses

Blood was collected from the jugular vein into lithium heparin and
serum vacutainer tubes (Vacuette, Greiner, Kremsmiinster, Austria),
centrifuged immediately after collection at 3000 x g for 10 min at 4°C
and stored at —20°C until analysis. Serum FSH and LH concentrations
were analysed by radioimmunoassays at Endolytics (Fort Collins, CO,
USA), previously validated for horses [13,32]. The intra-assay co-
efficients of variation were 3.2% and 6.7%, and the interassay co-
efficients of variation were 11.0% and 18.8% for LH and FSH,
respectively. The sensitivity of the assay was 0.98 ng/mL for LH and 2.3
ng/mL for FSH. Plasma activin A concentration was measured by a
sandwich ELISA validated for equine plasma [33] (DAC0OOB, R&D Sys-
tems, Minneapolis, MN, USA). Concentrations of activin A were
expressed in terms of recombinant human activin A. The sensitivity of
the assay was 5.0 pg/mL and the intra-assay and interassay coefficients
of variations were 13.2 and 27.5%, respectively. The concentration of
IGF-1 in plasma was measured with an insulin-like growth factor bind-
ing proteins (IGFBP) blocking ELISA (IGF-1 ELISA DEE 020, Demeditec
Diagnostics, Kiel, Germany). After neutralization of the sample, the
IGF-2 present in high excess occupies the IG binding sites of the binding
proteins. This makes the now free IGF-1 detectable. The sensitivity of the
assay was 0.64 ng/mL and the intra- and interassay coefficients of var-
iations were 4.0 and 2.9%, respectively. Similarly, IGF-2 concentration
was measured with an ELISA (IGF-2 ELISA DEE 030, Demeditec Di-
agnostics, Kiel, Germany) using two specific and highly affine anti-
bodies. First, the IGFBPs were diluted and then blocked by the IGF-1
excess. Because of the low cross-reactivity of the IGF-2 antibody with
IGF-1, the high excess of IGF-1 does not interfere with the specific
interaction with IGF-2. The sensitivity of the assay was 0.3 ng/mL and
the intra- and interassay coefficients of variations were 2.4 and 2.2%,
respectively. Prolactin concentration in plasma was measured with an
ELISA (Prolactin ELISA DE 1291, Demeditec Diagnostics, Kiel, Germany)
validated for horse plasma in the authors’ laboratory. The sensitivity of
the assay was 0.17 ng/mL and the intra- and interassay coefficients of
variations were 11.0 and 14.6%, respectively.

2.4. Placenta sampling and analyzing

Directly after explusion, the placental weight was determined, and
the surface area measured as described previously [34]. The chorioal-
lantois was checked for abnormalities in color, thickened areas, presence
of exudate and areas devoid of villi. Eight full thickness samples (3 x
3cm) were collected from the amnion and five from the chorioallantois
(cervical star area, cranial uterine body, base and tip of both uterine
horns, umbilical cord) as described previously [35], fixed in 4% neutral
buffered formaldehyde for 48 hours and thereafter stored in 70%
ethanol before tissue embedding in paraffin. Samples for real-time



M. Melchert et al.

quantitative polymerase chain reaction (QPCR) were collected from the
same locations, immersed in liquid nitrogen and transferred to a -80°C
freezer for further storage.

2.5. Real-time qPCR

Tissue samples were cut into pieces of approximately 3 x 3 x 3 mm
size and placed into 2-mL screw cap tubes pre-filled with 1.4 mm
ceramic beads (Qiagen, Hilden, Germany) and 600 uL TRI Reagent
(Zymo Research, Irvine, CA, USA). The samples were homogenized with
a MagNA Lyser instrument (Roche, Rotkreuz, Switzerland) at 6500 rpm
for 30 sec. RNA extraction and DNase treatment were conducted with
the Direct-zol RNA Miniprep Kit (Zymo Research) according to the
manufacturers protocol. The RNA concentrations were measured on a
DS-11 FX+ spectrophotometer (DeNovix, Wilmington, DE, USA) and
RNA integrity was assessed on a 4200 TapeStation with the RNA
ScreenTape assay or the High Sensitivity RNA ScreenTape assay (Agi-
lent, Santa Clara, CA, USA) for lowly concentrated samples. Reverse
transcription (RT) using 1 ug total RNA was performed with the High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher, Waltham,
MA, USA) following the recommended protocol. No-RT controls
(without RT enzyme) were included to monitor the amplification of
contaminating DNA. RT-qPCR was done in 15-pL reaction volumes
including 1x HOT FIREPol EvaGreen qPCR Mix Plus (ROX) (Solis Bio-
Dyne, Tartu, Estonia), 200 nM of each primer and 20 ng cDNA. Primer
sequences [36] are listed in Table 1. The PCR reactions were pipetted in
384-well plates with the epMotion 5075 automated pipetting system
(Eppendorf, Hamburg, Germany). The samples were analyzed in tripli-
cates on a qTOWER3 84 real-time PCR cycler (Analytik Jena, Jena,
Germany) with the following temperature profile: 95°C for 12 min, 40
cylces of 95°C for 15 s and 60°C for 1 min, followed by a melting curve
analysis step (60°C - 95°C). Four candidate reference genes (ACTB,
GAPDH, PSMB4 and SNRPD3) were included for normalization [36].
The RefFinder tool [37] was used to evaluate the reference gene sta-
bility, identifying PSMB4 and SNRPD3 as the most stably expressed
genes. Target gene Cg-values were corrected for PCR reaction effi-
ciencies and normalized to the geometric mean of PSMB4 and SNRPD3.
Relative expression changes were calculated with the comparative
2745€T method [38].
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2.6. Immunohistochemistry

Formaldehyde fixed samples were embedded in paraffin and cut at 3
um. Paraffin sections were deparaffinized and rehydrated. Staining of
IGF-1 and prolactin receptor was done in the amnion and both uterine
horns of the chorioallantois. For IGF-1 staining, a polyclonal primary
antibody (GroPep, Adelaide, Australia) was used at 1:50 dilution. For
immunohistochemical staining, endogenous peroxidases were inhibited
with 0.6% H305 in methanol for 15 minutes at room temperature, af-
terwards samples were washed with tap water 10 times. Thereafter in-
cubation in 1.5% normal goat serum (Sigma Aldrich) in PBS for 30
minutes was used to minimize non-specific antibody binding. Sections
were incubated with the primary antibody (IGF-1) overnight at 4°C. The
next day, sections were washed in PBS solution and treated with sec-
ondary antibody (BrightVision Poly-HRP-anti-rabbit; ImmunoLogic,
Duiven, Netherlands) for 30 minutes at room temperature. Subse-
quently, sections were washed and developed in diaminobenzidine
substrate (Quanto, Richard Allan Scientific) according to the manufac-
turer’s information for 5 minutes at room temperature. Thereafter,
sections were washed in distilled water and counterstained with Mayers
haemalaun. A negative control was incubated with PBS instead of the
primary antibody to assess unspecific binding of the secondary antibody
(rabbit). The antibody was previously validated for IGF-1 staining in
equine embryos [39]. For immunohistochemical staining of the pro-
lactin receptor (PLR), monoclonal mouse-anti-prolactin receptor (Clone
U5, Invitrogen) was used. Endogenous peroxidases were inhibited with
0.5% Hy05 in distilled water for 15 minutes at room temperature.
Thereafter samples were washed ten times with tap water. Antigen
retrieval was performed by incubating the slides in Tris-EDTA pH 9.0 for
30 minutes using a steamer. Afterwards slides were allowed to cool
down for 30 minutes. Incubation in 1.5% normal goat serum (Sigma
Aldrich) in PBS for 30 minutes was used to minimize nonspecific anti-
body binding. Sections were incubated with the primary antibody at a
dilution of 1:500 in PBS overnight at 4°C. On the next day, sections were
washed with PBS and incubated with the secondary antibody (Bright-
Vision Poly-HRP-anti-mouse, ImmunoLogic, Duiven, The Netherlands)
for 30 minutes at room temperature. Subsequently, sections were
washed in PBS and incubated in DAB-Solution (Quanto Richard Allan
Scientific, TA-125-QHDX) for 5 minutes. Thereafter, sections were
washed in distilled water and counterstained for 3 minutes with Mayers
Haemalaun, washed with tap water for 10 minutes, dehydrated, and
mounted with DPX (Sigma Aldrich).

Table 1
RT-qPCR assay details.
Gene NCBI accession number Primer sequence (5° - 3°) Amplicon PCR Reference
symbol Forward Reverse size (bp) am'p%iﬁcation
efficiency (E)
IGF1 XM_005606469.3; XM_005606470.3; CGCTCTTCAGTTCGTGTGT AGTACATCTCCAGCCTCCTC 146 0,95
XM_005606471.3; XM_005606472.3
IGF1R XM_023651179.1 GTGGACTGATCCTGTGTTCTTC TAACCAACCCTCCCACTATCA 113 0,99
IGF2 NM_001114539.2; XM_023653770.1; GATACCCTCCAGTTTGTCTGTG AACAGCACTCTTCCACGATG 100 1
XM_023653771.1; XM_023653772.1;
XM_023653773.1; XM_023653774.1;
XM_023653775.1; XM_023653776.1;
XM_023653777.1; XM_023653778.1;
XM_023653779.1; XM_023653780.1;
XM_023653781.1; XM_023653782.1;
XM_023653783.1
IGF2R XM_005608119.3; XM_023632974.1 GACCAGCACTTCAGTAGGAAAG CACTTAGAGGATGAGGCAAACA 98 1,01
PRLR XM_001500104.4 CATGGTATCCTGCATCCTTCC CAGGGCACTCAGTAGTTCTTC 103 0,99 -
ACTB NM_001081838.1 CGGGACCTGACGGACTA CCTTGATGTCACGCACGATT 94 0,91 Scarlet
etal., 2015
GAPDH NM_001163856.1, XM_008513936.1 GGCAAGTTCCATGGCACAGT CACAACATATTCAGCACCAGCAT 129 0,9 Scarlet
etal., 2015
PSMB4 XM_001492317.4, XM_005610132.1, CTTGGTGTAGCCTATGAAGCCC CCAGAATTTCTCGCAGCAGAG 82 0,93 Scarlet
XM_008515015.1, XM_005613704.1 etal, 2015
SNRPD3 XM_001489060.4, XM_008511652.1 ACGCACCTATGTTAAAGAGCATG  CACGTCCCATTCCACGTC 120 0,99 Scarlet

etal., 2015
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The slides were evaluated with an Axio Imager Z2 light microscope
(Carl Zeiss, Jena, Germany) at 50x (NA 0.16) and 200x (NA 0.8)
magnification connected with the software Zeiss Zen blue edition (Carl
Zeiss, Munich, Germany), and images were recorded in tiff format. In
amniotic tissue, five randomly chosen sections were examined at 200x
(NA 0.8) magnification. The chorioallantois was differentiated into the
microvilli and endothelial region. From both areas, 10 sections were
evaluated. For quantitative immunohistology, sections of chorioallan-
tois, both uterine horns and the amnion were analyzed using the open-
source image processing software Fiji [40]. From all fields, the
non-tissue regions were excluded to obtain the actual total tissue area.
After assessment of the fields, a mean value was calculated and
expressed in um? and % of the stained tissue, respectively.

2.7. Statistical analysis

Statistical analysis was performed with the IBM SPSS statistics soft-
ware (version 29; IBM, Armonk, NY, USA). Parameters determined
repeatedly over time (follicular size, hormone concentrations) were
analysed by GLM (general linear model) repeated measures ANOVA
with time as within subject factor and group as between subject factor.
Parameters determined by qPCR or immunohistochemistry at foaling
but analyzed in different placental tissues were compared by GLM uni-
variate analysis with both group and localization as fixed effects. Data
obtained at one time point only such as day of foaling or gestation length
were compared between groups by Wilcoxon signed rank test. For all
comparisons, a p-value <0.05 was considered significant. Data are given
as mean and standard error (SEM).

3. Results
3.1. Foaling and postpartum ovulation

In the two years of the study, five mares ovulated within 15 days
after foaling and nine mares did not ovulate within 15 days after foaling.
Two mares ovulated within 15 days after foaling in both years and one
mare ovulated within 15 days after foaling in the first year of the study.
Out of the five OV mares, one ovulated on day 11, two on day 12 and one
each on days 14 and 15 after foaling.

Mares which did not ovulate until day 15 postpartum (Group NOV)
foaled earlier in the year (range: January 29% to March 25™) than mares
that did ovulate (range: February ot o April 25 during that time
(p<0.05; Table 2). Gestation length, placental weight, placental surface,
and time from foaling until shedding of the placenta did not differ be-
tween groups.

3.2. PFollicular growth

Already 15 days before foaling, follicles with a size larger than 1 cm
in diameter were present on both ovaries in all mares. The number of
follicles with a diameter between one and 2.5 cm increased from 15 days
before to 5 days after foaling (p<0.05; Fig. 1a,b). The diameter of the
largest follicle increased markedly after foaling in mares of both groups.
On the left ovary, NOV mares had a larger follicle than OV mares from

Table 2

Foaling date, gestation length, placental weight, placental surface, and time
until placental shedding in mares ovulating within (OV) or after 15 days post-
partum (NOV; n=9).

Group OV (n=5) NOV (n=9)
Foaling date (day of the year and range) 84429 (40-115) a 50+20 (25-85) b
Gestation length (days) 33217 338+9

Placental weight (kg) 4.2+0.8 4.0+0.5
Placental surface (m?) 1.3+0.2 1.3+0.1

Time to placental shedding (min) 53+26 75+37

a,b p<0.05
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day 5 after foaling (day p<0.001, group p<0.05, day x group p<0.05).
In NOV mares, size of the follicle continued to grow and in OV mares,
follicle size decreased. Ovulation in mares that ovulated within 15 days
after foaling always occurred on the right ovary. On the day before
ovulation, the largest follicle had a size of 4.83+0.3 cm. On this ovary,
size of the largest follicle increased in both groups from the day of
foaling (day p<0.001, group p<0.05, day x group p<0.01). The domi-
nant follicle in NOV mares was smaller than in OV mares over the entire
observation period.

3.3. Endocrine analyses

The average concentration of LH was constantly low before foaling
and increased continuously after foaling in all mares irrespective of
group (Figure 2a; p<0.001). This increase was more pronounced in
mares that ovulated within 15 days postpartum than in mares that did
not ovulate (day x group p<0.001). The concentration of FSH increased
transiently one day after foaling in mares of both groups and subse-
quently decreased again (Figure 2b; p<0.001). From day 12 after foaling
onwards, FSH concentration increased again in mares that ovulated
within 15 days postpartum. Activin A concentration increased before
foaling, peaked on the day of foaling and decreased rapidly thereafter
(Figure 2c; p<0.001). Activin A concentration did not differ between OV
and NOV mares.

The concentration of IGF-1 in plasma increased during the last days
before foaling in mares of both groups (p<0.001, Fig. 2d). An increase in
plasma IGF-2 concentration was less pronounced than in IGF-1
(p<0.001, Fig. 2e). Plasma prolactin concentration increased rapidly
during the last five days before foaling, peaked on day one after foaling
and had returned to baseline values on day 3 after foaling (Figure 2f;
p<0.001).

3.4. Quantitative mRNA analysis

The IGF-1 mRNA abundance was greater in the allantochorion but
decreased in the amnion of OV compared to NOV mares (group p=0.01,
localization x group p<0.01; Fig. 3a). Abundance of IGF-2 mRNA
differed neither between OV and NOV mares nor between the amnion
and allantochorion (Fig. 3b). The IGF-1 receptor mRNA was more
abundant in the allantochorion than in the amnion irrespective of mare
group (p<0.001; Fig. 3c) whereas IGF-2 receptor mRNA differed neither
between amnion and allantochorion nor between OV and NOV mares
(Fig. 3d). The mRNA abundance for the prolactin receptor differed
neither between groups OV and NOV nor between the amnion and
allantochorion (Fig. 3e).

3.5. Immunohistochemistry

The IGF-1 protein was expressed in the allantochorion and amnion
with no differences between mare groups. Expression of IGF-1 protein
tended to be more pronounced in the allantochorion than in the amnion
(p=0.05; Fig. 4a, Fig. 5). The prolactin receptor was expressed in the
amnion and allantochorion with most pronounced expression in the
allantochorionic microvilli (p<0.001; Figure 4b; Fig. 5). Prolactin re-
ceptor protein expression in the allantochorion and amnion did not
differ between OV and NOV mares.

4. Discussion

Results of our study indicate that growth of ovarian tertiary follicles
in mares is re-initiated well before foaling. The number of antral follicles
with a diameter of more than 10 mm increased during the last two weeks
before foaling and at the same time the largest follicle detectable by
ultrasound doubled its diameter. The rapid resumption of ovulatory
cycles in postpartum mares is thus enabled by follicular growth occur-
ring already in late pregnancy and thus at a time when mares are still
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Fig. 1. (a,b) Number of follicles with a diameter of 1-2.5 cm and (c,d) size of the largest follicle on the (a,c) left and (b,d) right ovary from 15 days before to 15 days
after foaling in mares ovulating until day 15 days after foaling (OV, n=>5) and not ovulating until day 15 days after foaling (NOV, n=9). Significant differences are

indicated in the figures.
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not ovulating until day 15 days after foaling (NOV, n=9) from 15 days before to 15 days after foaling. Significant differences are indicated in the figures.

under the influence of progestogens derived from the fetoplacental unit.
Follicle diameter increased further after foaling. Already before foaling,
follicular growth was more pronounced in mares that ovulated within 15
days postpartum than in mares with delayed ovulation. We have no
explanation for the fact that all detected ovulations occurred on the right
ovary, and this may be a coincidence due to a relatively small number of
animals where ovulations occurred.

To the best of our knowledge, follicle growth has not been analyzed

towards the end of equine gestation so far. Follicular waves continue in
early equine pregnancy with irregular minor and major waves [41] but
from day 70 of gestation onwards follicular activity decreases with fol-
licles no longer exceeding a diameter of 20 mm [42]. Similar observa-
tions have been reported from cows, although follicular waves persist
longer in pregnant cows than mares [43].

In agreement with the rapidly increasing growth of follicles after
foaling, there was a transient increase in FSH release until five days
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postpartum and a continuous rise in mean LH concentration during the
first two weeks after foaling. The marked FSH release agrees with pre-
vious studies [44,45]. As in our study, serum FSH concentration early
postpartum did not differ between mares with an early or a delayed first
postpartum ovulation [45]. In mares with a diameter of the largest
follicle less than 20 mm, a delayed decrease in FSH concentration has

been reported [45] suggesting reduced negative feedback on FSH
release. Because all mares in our study had larger follicles, reduced
negative feedback on FSH release was not evident. In mares of both
groups, plasma activin A concentration peaked one day before foaling
and then decreased. Activin promotes the release of FSH [46,33] and
thus most likely stimulates the postpartum rise in plasma FSH
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concentration.

The increase in average serum LH concentration was more pro-
nounced in mares that ovulated within 15 days after foaling compared to
mares with delayed ovulation. As expected, in the mares with early
ovulation, also growth of the largest and presumably dominant follicle
was more pronounced. This is in agreement with positive feedback be-
tween estradiol synthesis increasing with follicle size and LH release.
Mares that did not ovulate within 15 days postpartum had foaled on
average one month earlier in the year than ovulating mares. Differences
in follicular growth and ovulation rate between the mare groups are
most likely caused by the increased stimulatory effects of daylight in the
mares that foaled later in the year. Mares foaling early in the year are
exposed to the contradictory effects of parturition (a stimulatory effect
on ovulation) and the anovulatory season (a suppressive effect on
ovulation). A delayed onset of foal heat in mares foaling earlier in the
year has been reported previously [3] and is due to
photoperiod-regulated, reduced LH release in winter [47]. In the ma-
jority of horse mares [1-4] but only in a small percentage of pony mares
[48], the stimulatory endocrine effect of parturition that was also
investigated in the present study is sufficient to overcome the effects of
season. The present results demonstrate that Haflinger mares are,
however, more similar to ponies in this regard. Light programs [49] or
light masks emitting blue LED light [50] initiated approximately 60 days
before foaling could be used to advance postpartum ovulations in such
mares.

Confirming several previous studies [12-16,49], concentrations of
IGF-1 and prolactin in plasma of mares increased before foaling and
peaked on day 1 after foaling. Based on mRNA and protein expression,
our present data indicate that IGF-1, at least in part, is synthesized by the
allantochorion and amnion of late pregnant mares until foaling.
Together with the antepartum increase in plasma IGF-1 concentration,
also placental expression of IGF-1 may increase. Although placental
IGF-1 mRNA abundance was lower in mares ovulating within 15 days
postpartum than in mares with delayed ovulation, neither IGF-1 protein
expression nor expression of the IGF-1 receptor or concentration of
IGF-1 in plasma differed between groups.

During gestation, prolactin release in the mare is inhibited by
endogenous opioids but this inhibition ceases after foaling and allows
the pronounced increase in prolactin release [51]. Prolactin alone ap-
pears to be without direct effects on follicular growth in mares [16] but
together with IGF-1 has been suggested to stimulate postpartum follicle
growth [12]. The present findings with regard to prolactin receptor
protein expression and mRNA abundance in the allantochorion of mares
suggest a responsiveness of placental IGF-1 synthesis to prolactin.

A positive effect of IGF-1 on gonadotropin synthesis and release and
ovarian activity has been demonstrated in several species, including pigs
[27,29] and cattle [52]. In dairy cows, reduced IGF-1 release mainly
reflects energy balance [53,54]. In sows, IGF-1 release is stimulated by
growth hormone during a state of nutritional energy deficiency allowing
sows to compensate a deficient metabolic state much better than cows
[54]. Concentrations of IGF-1 are reduced in mares exposed to restric-
tive feeding [55]. With adequate feeding as in the present study, post-
partum mares meet the metabolic demand of lactation without going
through a phase of negative energy balance [3,12]. The difference be-
tween groups in time until first ovulation is therefore more likely an
effect of season than energy balance and IGF-1 concentration.
Concomitant with increased IGF-1 release in early postpartum mares,
there is at the same time also a decrease in plasma leptin concentrations
[3,56]. Reduced leptin concentrations may stimulate feed intake in early
lactating mares, resulting in adequate energy uptake.

There was only a small increase in plasma IGF-2 concentration at
foaling and no differences between groups in plasma IGF-2 concentra-
tion, placenta IGF-2 protein expression and mRNA abundance. In sheep,
as in the mares of the present study, the receptors for IGF-1 and IGF-2 are
strongly expressed in the placenta. A paracrine action of placental IGF
protein on placental function and fetal development has therefore been

Domestic Animal Endocrinology 88 (2024) 106852

suggested in this species [54]. Such effects are mediated, however,
predominantly via the IGF-1 receptor and the IGF-2 receptor has been
suggested to function at least in part as an IGF-2-specific binding protein
[57]. There is only little evidence to support a signaling function for
growth-promoting effects of IGF-1 and IGF-2 [58].

In conclusion, ovarian follicular growth in mares is initiated already
before foaling, enabling mares to resume cyclic ovarian activity rapidly
after foaling. Development of follicles to a preovulatory stage occurs,
however, with a marked increase in first FSH and then LH release after
foaling. This is reduced in mares foaling early in the year and may thus
suppress ovulation. On the other hand, resumption of ovulatory cycles
may be enhanced by prolactin-stimulated IGF-1 synthesized at least in
part by the placenta until foaling.
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