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The canine corpus luteum (CL) is the main source of reproductive steroids during
dioestrus in the dog and remains active even in the absence of pregnancy (non-
pregnant dioestrus, physiological pseudopregnancy). Whereas the biological effects
of 17p-oestradiol (E2) in the canine CL remain unclear, the transcriptional availability
of oestrogen receptors, ESR1 and ESR2, as well as other modulators of local avail-
ability of E2, for example, HSD17B7 (converts oestrone into oestradiol), SULT1E1
(inactivates E2 binding capacity to its own receptors through sulphonation) and
STS (reverts E2 sulphonation), were previously detected in the CL of non-pregnant
bitches. The aim of the present work was to evaluate the mRNA amounts of these
factors involved in luteal sensitivity and metabolism of E2 in the canine CL during
the course of non-pregnant dioestrus (days 10, 20, 30, 40, 50 and 60 post-ovulation,
n = 5/group) and at different stages of pregnancy (n = 4-6/group): pre-implantation
(days 8-12), post-implantation (days 18-25), mid-gestation (days 35-40) and prepar-
tum luteolysis. During pregnancy, the availability of ESR1, HSD17B7, SULT1E1 and STS
decreased from mid-pregnancy to prepartum luteolysis. The main findings during
non-pregnant dioestrus were as follows: increased ESR2:ESR1 ratio on days 40 and
50 after ovulation, decreasing during luteal regression (day 60); increased STS at day
30 when SULT1E1 levels decreased; increased availability of SULT1E1 transcripts dur-
ing luteal regression; and decreased amounts of HSD17B7 mRNA in early dioestrus,
increasing towards later stages. These results suggest that E2 signalling and biologi-
cally active local concentrations could diverge in response to time and pregnancy
status of the bitch.
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TAVARES PEREIRA ET AL.

1 | INTRODUCTION

In the domestic dog, the reproductive cycle differs from that of
other domestic mammals. Among several peculiarities is the lack
of a luteolytic signal in the absence of pregnancy, contrasting with
the placental PGF2a release prior to parturition (Gram et al., 2013;
Hoffmann et al., 1992; Kowalewski, 2014; Kowalewski et al., 2010;
Luz et al., 2006). Instead, luteal activity in non-pregnant bitches is
long, frequently surpassing pregnancy itself, and is terminated with
a slow luteal regression (reviewed in Kowalewski, 2014). This long
life span of the corpus luteum (CL) in the absence of pregnancy re-
sults in a physiological pseudopregnancy (non-pregnant dioestrus).
The functional importance of the CL is further highlighted by the
absence of steroidogenic activity in the canine placenta (Hoffmann
et al., 1994; Nishiyama et al., 1999) rendering the CL the only major
source of circulating reproductive steroids during pregnancy.
Accordingly, the expression of the respective steroidogenic ma-
chinery was confirmed in the canine CL, including the steroidogenic
acute regulatory (STAR) protein, 3p-hydroxysteroid dehydrogenase
(HSD3B1) and P450 aromatase (CYP19A1) (Kowalewski et al., 2009;
Kowalewski & Hoffmann, 2008; Nishiyama et al., 1999; Papa &
Hoffmann, 2011).

E2 is predominantly secreted by granulosa and luteal cells and
is involved in a wide range of physiological and pathological mecha-
nisms, with special importance in the reproductive system (reviewed
in Fuentes & Silveyra, 2019; Jia et al., 2015). For its production, cho-
lesterol, the substrate for steroid synthesis, needs to be converted
into progestogens and androstanes, the latter undergoing aroma-
tization into oestrogens in enzymatic steps mediated by CYP19A1
(Miller, 2017). To obtain the predominant, biologically active E2, the
17B-hydroxyl group of oestrone (E1), or of the non-aromatized an-
drostenedione, needs to be oxidized by hydroxysteroid 17p dehy-
drogenases (HSD17Bs), such as HSD17B1 and HSD17B7 (reviewed
in Luu-The, 2001; Miller, 2017; Stocco et al., 2007).

The effects of E2 are predominantly mediated by its two nuclear
receptors, oestrogen receptor o (ERa/NR3A1, encoded by ESR1) and
-p (ERB/NR3A2, encoded by ESR2) (Fuentes & Silveyra, 2019; Jia
et al., 2015). The availability of oestrogens in target cells can also be
modulated through the sulphatase pathway. This pathway involves
sulphotransferases, such as the sulphotransferase family 1E mem-
ber 1 (SULT1E1), that converts active oestrogens into biologically
inactive oestrogen sulphates, and the steroid sulphatase (STS) that
reverts this mechanism, that is, activates E2 (Purohit et al., 1998;
Rizner, 2016; Secky et al., 2013; Song, 2001). In this way, E2 sig-
nalling in target tissues can be regulated at different levels, that is,
through the modulation of its synthesis or through its sulphonation,
thereby affecting E2 availability for specific receptors or, finally, by
regulating the local availability of the respective receptors.

Local regulation, that is, autocrine and paracrine, plays an exten-
sive role in maintaining luteal function and involves several factors,
including PGE2 and P4. This also applies to the dog (Kowalewski
et al., 2013, 2015; Zatta et al., 2017). Regarding E2, it was in-

volved in the release of pituitary prolactin (PRL) in several species
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(Reymond & Lemarchand-Béraud, 1976; Stone et al., 1977; Vician
et al,, 1979). This includes the dog (Jones & Boyns, 1976), where cir-
culating amounts of PRL increase with the progression of the luteal
phase, becoming the predominant luteotropic factor in the second
half of the canine dioestrus (Okkens et al., 1986, 1990; Onclin &
Verstegen, 1997; Onclin et al., 2000). Interestingly, effects of oes-
trogens in the CL appear to vary among different species, depending
on their concentration and local availability. Thus, for example, in
the rat and rabbit, oestrogens have luteotropic potential, whereas
exogenous administration of oestrogens in rhesus monkeys shortens
luteal life span (Hassani et al., 1978; Karsc & Sutton, 1976; Miller
& Keyes, 1978; Townson et al., 1996; Tripathy et al., 2016). In the
guinea pig, E2 effects appear to be time-dependent, as administra-
tion of oestrogens in early dioestrus induces uterus-mediated lu-
teolysis, while application after day 9 of dioestrus prolongs luteal
function (lllingworth & Perry, 1973). Interestingly, none of this is
known for the dog, a species fully dependent on luteal steroids for
the maintenance of pregnancy.

During the canine reproductive cycle, the amount of circulating
E2 peaks prior to ovulation (1-2 days before the LH surge), decreas-
ing to basal concentrations in early dioestrus (Concannon, 2009;
Feldman & Nelson, 2004; Kowalewski, 2018; Onclin et al., 2002;
Papa & Hoffmann, 2011). After the time of luteal formation,
that is, around day 10 post-ovulation (p.o.), plasma concentra-
tions of E2 increase again following increased expression of luteal
CYP19A1, but never reach values comparable with the preovula-
tory peak, and follow roughly the secretion patterns observed for
P4 (Kowalewski, 2018; Onclin et al., 2002; Papa & Hoffmann, 2011).
During luteal regression, the availability of luteal steroids, both P4
and E2, in peripheral plasma, starts to slowly decrease with the pas-
sive regression of luteal activity towards basal concentrations; this
slow decrease is only interrupted in pregnant animals where, in re-
sponse to prepartum luteolysis, P4 and E2 return abruptly to basal
concentrations (Concannon et al., 1989; Feldman & Nelson, 2004;
Hoffmann et al., 1992; Kowalewski, 2014; Onclin et al., 2002). In
contrast with what is observed in other species, no pregnancy and/
or parturition-related increase is observed in circulating plasma E2
concentrations (Concannon, 2011; Hoffmann et al., 1994; Holst
et al., 2015; Kowalewski, 2018). However, the high variation in
circulating E2 observed within and between different reports ap-
pears to be related not only to technical limitations (due to the low
amounts of circulating E2), but is also associated with individual and/
or possible breed divergences (Hoffmann et al., 1992, 1994; Holst
et al.,, 2015; Onclin et al., 2002; Papa & Hoffmann, 2011). At the
cellular level, the CL of non-pregnant bitches is sensitive to E2, as
luteal expression of both ERa and -p was previously demonstrated
(Hoffmann et al., 2004; Papa & Hoffmann, 2011; Tavares Pereira,
Gram, et al.,, 2019). Moreover, in a recent transcriptomic analysis
by our group, the expression of HSD17B7 increased after the mat-
uration of the CL in non-pregnant bitches, and luteal withdrawal of
prostaglandins presented stage-dependent effects in the expression
of SULT1E1, suggesting its involvement in local compensatory mech-

anisms (Tavares Pereira, Graubner, et al., 2019). Such observations
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suggest the presence of mechanisms in the canine CL that actively
regulate its own sensitivity to oestrogens during pseudopregnancy,
but nothing is known regarding pregnancy.

Therefore, the aim of the present work was to provide the first
insight into the presence of factors involved in E2 signalling and me-
tabolism in the canine CL. For that, we evaluated the availability of
transcripts encoding for both nuclear oestrogen receptors (ESR1 and
ESR2), HSD17B7 and enzymes involved in the sulphatase pathway
of oestrogens (SULT1E1 and STS) in the CL of pregnant and non-

pregnant bitches (i.e. during physiological pseudopregnancy).

2 | MATERIALS AND METHODS
2.1 | Tissue samples

Luteal tissue was obtained from 50 crossbred and clinically healthy
bitches aged 2-8 years by routine ovariohysterectomy at different
stages of pregnancy or non-pregnant dioestrus. All samples used in
the present work were derived from previous studies (Kowalewski
et al., 2009, 2010; Miskulin Cardoso et al., 2021). Animal experi-
ments were carried out in accordance with animal welfare ethical
principles and legislation, and approved by the responsible ethics
committees of the Justus-Liebig University Giessen, Germany (per-
mits no. Il 25.3-19¢20-15c Gl 18/14 and VIG3-19¢-20/15 Gl 18,14),
of the University of Ankara, Turkey (permits no. Ankara 2006/06
and 2008-25-124) and of the University of Sdo Paulo, Brazil (per-
mit no. 2718/2012). Furthermore, samples from animals that un-
derwent routine ovariohysterectomy at the Section of Small Animal
Reproduction, Vetsuisse Faculty, Zurich, Switzerland, were collected
after informed consent of the owners was obtained.

Animals were monitored for the onset of spontaneous oestrus
by vaginal cytology and/or observation of pro-oestrus bleeding.
Blood samples were then collected every 2 days and the day of
ovulation was considered to be when peripheral concentrations of
P4 exceeded 5 ng/ml. All samples were collected by routine ovari-
ohysterectomy. Those tissues from non-pregnant animals (n = 5
animals/group) were sampled on days 10, 20, 30, 40, 50 and 60 post-
ovulation (p.o.). Animals from pregnancy groups were mated 2 days
after ovulation (day O of pregnancy) and samples were collected at
pre-implantation (days 8-12 of pregnancy, n = 6), post-implantation
(days 18-25 of pregnancy, n = 5), mid-gestation (days 35-40 of preg-
nancy, n = 5) stages and at the time of prepartum luteolysis (n = 4).
Presence of pregnancy during the pre-implantation stage was con-
firmed by embryo flushing. The onset of the parturition cascade in
dogs is associated with trophoblast-derived PGF2«, which induces
the cessation of luteal activity (prepartum luteolysis), reflected in
a steep decline of circulating P4 levels (reviewed in Kowalewski
et al., 2020). Thus, to determine prepartum luteolysis, circulating P4
was measured every 6h from day 58 of pregnancy until the detected
levels were below 3ng/ml in three consecutive measurements.
Immediately after collection, CLs were dissected from surround-

ing tissues, immersed in RNALater (Ambion Biotechnology GmbH)

for 24h at 4°C and then stored at -80°C until extraction of total
RNA. For histological analysis, luteal tissue was fixed in 10% neutral
phosphate-buffered formalin for 24 hr, before being washed with
PBS, dehydrated and paraffin-embedded.

2.2 | Total RNA isolation, reverse transcription and
semi-quantitative real-time TagMan PCR

Total RNA isolation was performed by using the TRIzol reagent
(Invitrogen) following the manufacturer's protocol, and RNA concen-
tration and purity was assessed with a NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific AG Reinach). For each sample, 1 ug
of total RNA was purified from possible contaminating genomic DNA
with the RQ1 RNA-free DNase kit (Promega) and cDNA was obtained
with Superscript Il reverse transcriptase (Life Technologies) follow-
ing the protocol provided by the supplier. cDNA from each sample
was pre-amplified by mixing it with PreAmp Master Mix (Applied
Biosystems, Foster City, CA, USA) and pooled TagMan assays for all
target and reference genes, as previously described (Tavares Pereira,
Gram, et al., 2019). Table 1 presents the complete list of the self-
designed TagMan systems and 6-carboxyfluorescein (6-FAM) and
6-carboxytetramethylrhodamine (TAMRA) labelled probes (ordered
from Microsynth AG, Balgach, Switzerland), and predesigned com-
mercially available TagMan assays (Applied Biosystems). The com-
position of self-designed TagMan systems (targeting ESR1, ESR2 and
SULT1E1) was previously published and their efficiency was evalu-
ated to ensure each was approximately 100% (Kautz et al., 2014;
Tavares Pereira, Graubner, et al., 2019). The availability of mRNA
was evaluated by semi-quantitative real-time TagMan PCR using
an automated ABI PRISM 7500 Sequence Detection System (Life
Technologies) as previously described (Kowalewski et al., 2006,
2011). Briefly, reactions were run with TagMan Universal Master Mix
Il (Applied Biosystems) in duplicate in 96-well optical plates, using
autoclaved water or DNAse-treated RNA (minus-RT control) instead
of cDNA as negative controls. Relative quantification of mRNA ex-
pression was performed with the comparative Ct method (AACt),
calibrated to the average expression of all analysed samples and
normalized with three reference genes stably expressed in canine
reproductive tissue: PTK2, EIF4H and KDM4A (Nowak et al., 2020).

2.3 | Insitu hybridization (ISH)

Localization of the three enzymes involved in E2 metabolism, that
is, HSD17B7, SULT1E1 and STS, was performed at the mRNA level
with non-radioactive in situ hybridization (ISH), following previously
published protocols (Kowalewski et al., 2010; Kowalewski, Mason,
et al., 2006). For the synthesis of cRNA probes, cDNA produced
from luteal tissue was amplified with PCR using the canine specific
primers (ordered from Microsynth), listed in Table 1. PCR products
were separated by electrophoresis in a 2% agarose gel stained
with ethidium bromide, purified with the QIAquick Gel Extraction
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TABLE 1 List of genes, corresponding TagMan systems used for semi-quantitative real-time PCR and primers used for generation of tem-

plates for in situ hybridization (ISH)

Accession
Gene Name numbers
ERa/ESR1 Oestrogen receptor alpha NM_001286958.1
ERS/ESR2 Oestrogen receptor beta XM861041
SULT1E1 Sulphotransferase family 1E MK728829
member 1
STS Steroid sulphatase
HSD17B7 Hydroxysteroid 173 dehydrogenase 7
PTK2 Protein tyrosine kinase 2
EIF4H Eukaryotic translation initiation factor 4H
KDM4A Lysine (K)-specific demethylase 4A
Gene Accession numbers
SULT1E1 MK728829 Forward
Reverse
STS XM_038449341 Forward
Reverse
HSD17B7 XM_014111264.3 Forward
Reverse

Kit (Qiagen GmBH, Hilden, Germany), ligated into pGEM-T plas-
mids (Promega) and cloned in XL1-Blue Competent Cells (Agilent,
Waldbronn, Germany). After monoclonal selection and enrichment,
plasmids were isolated with the PureYield Plasmid Miniprep System
(Promega), submitted to control digestion with Notl and Ncol re-
striction enzymes (New England Biolabs, Frankfurt, Germany) and
submitted for Sanger sequencing (Microsynth) to ensure the speci-
ficity and identify the sense and anti-sense direction of the products
in the plasmids. Plasmids where then linearized either with Notl or
Ncol restriction enzyme and digoxigenin (DIG)-labelled cRNA probes
were synthesized with the DIG-RNA labelling kit (Roche Diagnostics
AG, Basel, Switzerland), following the provided protocol. Efficiency
of the synthesis of riboprobes was checked by semi-quantification
applying dot-blot analysis of serial dilutions on positively charged
nylon membranes (Roche).

Non-radioactive ISH was performed on 2um-thick sections

of formalin-fixed and paraffin embedded luteal tissue collected

Primer sequence for in situ hybridization

Primer and probe sequence for semi-quantitative real- Product
time PCR length (bp)
Forward 5'-CCC ATG GAG GAG ACA AAC 93

CA-3'
Reverse 5'-CCC TGC CTC GGT GAT ATA-3'

TagMan probe 5'-CAC GGG CCC AAC TTC ATC

ACATTC C-3'
Forward 5'-CCC AGC CCCTTC A-3' 78
Reverse 5'-AAT CAT ATG CAC GAG TTC
CTT GTC-3'
TagMan probe 5'-CCT CCATGA TGA TGT CCC
TGA CC-3'
Forward 5'-AAC AGA TGG CAT CTC CTA 100
GAG TAG TG-3'
Reverse 5'-CGG CAA AGA TAG ATC ACC
TTA CAG T-3'

5-CCATCT GCCAGT TGAACT
TCT TCC AGC C-3'

TagMan probe

Applied Biosystems, prod. no. Cf03986178_m1 64
Applied Biosystems, prod. no. Cf02657821_m1 82
Applied Biosystems, prod. no. Cf02684608_m1 104
Applied Biosystems, prod. no. Cf02713640_m1 136
Applied Biosystems, prod. no. Cf02708629_m1 96
Product

length (bp)
5'- TGC AAA GAG GGT GAT GTG GAA-3' 272
5'- GGG TCT GGA TGA GCC GTT AT-3’

5'- TGC CCG AGG ACA GAATCATC-3' 272
5'- AAC ATC GAA GAG CAG TGG CG-3'
5'- CGT CTC GCA ATG CAA GGA AA-3’ 256

5'- TAA AGA GGG CGT GCA GAT GA-3'

from three animals on days 30-35 of pregnancy. After dewaxing
with xylol and rehydration in a graded ethanol series, tissue was
permeabilized by digestion with 70 ug/ml of proteinase K (Sigma-
Aldrich Chemie GmbH) at 37°C for 20 min, and post-fixed with
4% paraformaldehyde. Hybridization was performed overnight at
37°C in the presence of formamide. The sense probe was used
as negative control. For the detection of DIG-labelled cRNA, tis-
sue was incubated overnight at 4°C with alkaline phosphatase
(AP)-conjugated sheep anti-DIG Fab fragments antibody (1:5000,
Roche Diagnostics), while endogenous alkaline phosphatases
were inhibited with levamisole. Visualization of signals (i.e. of
the AP conjugated with anti-DIG antibody) was performed using
5-bromo-4-chloro-3-indolyl phosphate / nitroblue tetrazolium
colour development substrate (BCIP/NBT, Roche Diagnostics),
yielding blue/purple precipitates at the site of the reaction. After
stopping the reaction, slides where mounted with Mowiol 4-88

(Calbiochem, EMD Millipore Inc) and pictures were acquired using
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a Leica DMRXE light microscope equipped with a Leica Flexacam
C1 camera (Leica Microsystems).

2.4 | Statistical analysis

The relative amounts of mRNA of most factors did not follow a
normal distribution. Thus, data from all target genes were normal-
ized with a logarithmic transformation before statistical analysis.
Numerical results are presented as geometric mean + geometric
standard deviation (SD). Time-related changes in the mRNA levels
of investigated target genes, as well as in the ratio ESR2:ESR1, were
evaluated with the Kruskal-Wallis’ non-parametric ANOVA fol-
lowed, if it reported p < .05, by the Tukey-Kramer multiple compari-
sons test, using the software GraphPad3 (GraphPad Software Inc.).

p < .05 was considered as significant.

3 | RESULTS

The availability of all factors investigated was detectable in all ana-
lysed luteal samples from pregnant and non-pregnant animals. Levels
of ESR1 changed in a time-dependent manner in the CL of pregnant
animals (p < .0001, Figure 1a). Luteal availability of ESR1 transcripts
increased gradually from pre-implantation (Pre-Imp) towards mid-
gestation (p < .05), when the highest mRNA amounts were ob-
served, and then decreased significantly during prepartum luteolysis
(p < .001). However, during non-pregnant dioestrus, luteal expres-
sion of ESR1 displayed high individual variability, and no significant
changes were observed (p > .05, Figure 1b). An inverse situation was
observed for ESR2, which presented no stage-dependent changes in
its mMRNA abundance during pregnancy (p > .05, Figure 1c), but did in
the absence of pregnancy (p < .05, Figure 1d). In fact, non-pregnant
dioestrus was marked by a significantly higher availability of ESR2 at
day 40 post-ovulation (p.o.) than on days 10 or 20 (p < .05). Following
this, the ratio between the transcriptional availability of both oes-
trogen receptors was assessed and was found to be affected by the
progression of dioestrus both during pregnancy (p < .01, Figure 1e)
and non-pregnant luteal stage (p < .001, Figure 1f). In samples from
pregnant animals, the ESR2:ESR1 ratio significantly decreased to-
wards mid-gestation (p < .05), changing later and increasing during
prepartum luteolysis (p < .001). In the absence of pregnancy, the
ratio between ESR2 and ESR1 transcript levels was lower at day 10
p.o. than on days 30, 40 and 50 (p < .05). Furthermore, this ratio was
also significantly higher on day 40 than days 20 and 60 p.o. (p < .05).

The mRNA levels encoding for the three enzymes involved
in the regulation of E2 availability changed significantly in the CL
during pregnancy (p < .0001 for all factors) and non-pregnant dio-
estrus (p < .0001 for SULT1E1 and p < .001 for HSD17B7 and STS,
Figure 2). Neither HSD17B7 nor STS varied significantly during
pre-implantation and post-implantation, but the mRNA amounts
of both decreased in later stages of pregnancy, being the lowest

during prepartum luteolysis (p < .05, Figure 2a and e respectively). In

non-pregnant animals, luteal abundance of HSD17B7 was the lowest
on day 10 p.o., and was also decreased on day 20 when compared
with days 40 and 60 (p < .05, Figure 2b), apparently showing a differ-
ent dioestrus-related expression pattern than during pregnancy. The
absence of pregnancy was also associated with a higher STS mRNA
levels at day 30 than on days 10, 20 and 50 p.o. (p < .05, Figure 2f).
The luteal availability of SULT1E1 during pregnancy increased from
pre-implantation to post-implantation and mid-gestation (p < .01,
Figure 2c). However, similarly to HSD17B7 and STS, it was decreased
at the time of luteolysis (p < .01, Figure 2c). Conversely, in the ab-
sence of pregnancy, the levels of transcripts encoding for SULT1E1
decreased from day 10 p.o. to days 20 and 30 (p < .01, Figure 2d),
but were significantly increased during late dioestrus, that is, days
50 and 60 p.o., when compared with all previously analysed time-
points (p < .001, Figure 2d). The localization of HSD17B7, SULT1E1
and STS was performed at the mRNA level by ISH. Positive signals
for all enzymes were mainly detected in luteal cells (Figure 2g-i).
Furthermore, positive staining against HSD17B7 could also be ob-
served in endothelial cells (Figure 2g). There was no staining ob-
served in negative controls (sense riboprobes).

4 | DISCUSSION

Based on the luteal presence of oestrogen receptors described
previously (Hoffmann, Blisges, Engel, et al., 2004; Papa &
Hoffmann, 2011) and further elaborated in the present study, it
appears that E2 conveys autocrine/paracrine effects in the canine
CL. Considering the similarity between circulating profiles of P4
and E2 (Hoffmann et al., 1992; Onclin et al., 2002), possible luteo-
tropic effects were proposed for E2 within the canine CL (Papa &
Kowalewski, 2020). With all of this in mind, we felt prompted to
investigate the expression of factors involved in regulating me-
tabolism and possible signalling pathways of E2 in the canine CL.
Accordingly, here, we report for the first time the luteal levels of
transcripts encoding for ESR1, ESR2, HSD17B7, SULT1E1 and STS in
pregnant bitches. We also present the mRNA expression profiles of
these factors in the CL throughout non-pregnant dioestrus (physi-
ological pseudopregnancy). The samples included the following
developmental stages of the canine CL: developing CL (day 10 of
non-pregnant dioestrus and pre-implantation stage, that comprises
days 8-12 of pregnancy), mature CL (days 20 and 30 of non-pregnant
dioestrus and post-implantation stage, that comprises days 18-25 of
pregnancy), early regressing CL (day 40 of non-pregnant dioestrus
and samples representing mid-gestation, that comprises days 35-40
of pregnancy), late luteal regression (day 60 of pseudopregnancy)
and prepartum luteolysis (Hoffmann et al., 2004; Kowalewski, 2014).
There were no canine-specific and/or cross-reacting antibodies suit-
able for the study that would allow investigations at the protein
level. Thus, clearly, before any final functional conclusions can be
drawn, the respective information needs to be provided.
Nevertheless, time-dependent changes in the availability of ESR1

transcripts were observed during pregnancy, increasing towards
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FIGURE 1 Relative mRNA abundance of ESR1, ESR2 and the ESR2/ESR1 mRNA ratio determined by semi-quantitative real-time (TagMan)
PCRin the canine CL at selected stages of pregnancy and pseudopregnancy. Samples from pregnant animals were collected pre-implantation
(between days 8-12), post-implantation (days 18-25) and at mid-gestation (days 35-40) of pregnancy, or at the time of prepartum luteolysis.
Time-points from non-pregnant dioestrus refer to days post-ovulation. Data are presented as geometric mean + geometrical standard
deviation. In the case of the one-way ANOVA reporting p < .05, analysis was followed by a Tukey-Kramer multiple comparisons post-test.

Bars with asterisks differ at: * =p < .05, ** =p < .01, *** =p < .001

mid-term, whereas ESR2 amounts remained unaffected at selected
time points during pregnancy. In non-pregnant animals, no significant
changes of the transcript levels of ESR1 were observed in response to

the passage of time. On the other hand, there were higher amounts

of ESR2 transcripts on day 40 p.o., when compared with early lu-
teal stages (days 10 and 20), resulting in a higher ESR2/ESR1 ratio.
Apparently, the results we obtained for CL of non-pregnant dogs

are in contrast with previous observations showing time-dependent
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effects, for example, in the increased mRNA availability of ESR1
in mid-dioestrus (Papa & Hoffmann, 2011; Tavares Pereira, Gram,
et al., 2019). A possible explanation could be in the strongly varying
circulating E2 concentrations regulating the local availability of its
own receptors in a self-regulatory feedback loop, possibly similar to
what is observed, for example, with P4, which appears to regulate
the expression of its own nuclear receptor (Papa & Hoffmann, 2011).
Moreover, the different time points of tissue collection evaluated in
the present and previous works (Papa & Hoffmann, 2011; Tavares
Pereira, Gram, et al., 2019) could further explain some discrepancies
in the pattern of the herein and previously observed intraluteal ESR1
mMRNA availability.

An interesting observation from the present study arises from
the changes in the ESR2:ESR1 ratio. The role of oestrogen receptors
in the CL is still poorly understood, although some insights into pos-
sible functions are provided from other biological systems. Thus,
for example, in the murine uterus, ERa appeared to be related to
increased proliferative activity, whereas ERp showed antiprolifera-
tive effects (Weihua et al., 2000). These opposing effects were also
observed in other healthy and neoplastic tissues, with ERa being
more frequently associated with the promotion of cell growth and
proliferation and ERp blocking such mechanisms, probably associ-
ated with a differential regulation of factors involved in cell cycle
modulation like, for example, cyclin D1 (Fuentes & Silveyra, 2019; Liu
et al,, 2002; Lucas et al., 2014). Additionally, activated ERa and ERB
may form heterodimers that evoke ERa-related effects in the tran-
scription of target genes (Fuentes & Silveyra, 2019; Li et al., 2004).
The importance of the ESR2:ESR1 ratio for the functionality of the
canine CL has been indicated recently, with its variation possibly
being implicated in the regulation of proliferative and/or metabolic
mechanisms (Papa & Kowalewski, 2020). The decreased ESR2:ESR1
ratio observed here during mid-pregnancy suggested a dominance
of ERa signalling over ERB during the maintenance of pregnancy in
the dog that, apparently, is later reverted at the time of luteolysis.
This pattern highly contrasted with non-pregnant dioestrus, where
the abundance of ESR2 transcripts was higher than ESR1 transcripts
in mid-dioestrus, but not in the earlier stages or during late luteal
regression. While protein availability and functional studies are still
required for a full understanding of E2 signalling in the canine CL,
the present results suggest the occurrence of changes in the luteal
sensitivity to oestrogens induced by pregnancy in the dog, by affect-
ing not only the individual availability of each oestrogen receptor,
but mainly the relative proportions of ESR1 and ESR2.

The local availability of E2 is, in addition to the presence of oes-
trogen receptors, essential for the signalling of this steroid hormone.
With this in mind, we evaluated the abundance of transcripts encod-
ing for enzymes involved in the production of E2 (HSD17B7) or mod-
ulating the capacity of E2 to bind to its own receptors (SULT1E1 and
STS). The lowest availability of HSD17B7 during pseudopregnancy
occurred early, on days 10 and 20 p.o., in agreement with our previ-
ous observations (Tavares Pereira, Graubner, et al., 2019). HSD17B7
is the sole HSD17B enzyme in the corpus luteum of the rat, and its

luteal expression has also been described in species such as human

and ruminants (Nokelainen et al., 1998; Parmer et al., 1992). It can
convert oestrone into oestradiol, but not androstenedione into
testosterone (Luu-The, 2001; Marijanovic et al., 2003; Nokelainen
et al., 1998; Peltoketo et al., 1999; Torn et al., 2003). Thus, the
possible increased availability of HSD17B7 after the early luteal
stage, associated with the clearly abundant presence of CYP19A1
observed in mid-dioestrus (Papa & Hoffmann, 2011), implies the
contribution of HSD17B7 in the production of E2 during luteal
maturation. Furthermore, the abundance of the inactivator of E2
binding-capacity to its receptors, SULT1E1, appears to be increased
during late dioestrus, at days 50 and 60, implying its involvement
in the functional withdrawal of E2 in regressing CL. This possible
endocrine mechanism was also implied from previous transcriptomic
studies, in which the increased presence of SULT1E1 was reported
during luteal regression (Zatta et al., 2017). This mechanism appears
to be coordinated with the expression of STS, showing opposite
mRNA availability patterns, with the highest levels on day 30 p.o.,
when the presence of SULT1E1 was decreased, and lowered towards
day 50 p.o.. The overall gestational mRNA expression patterns of
HSD17B7, SULT1E1 and STS seemed to differ from those observed at
non-pregnant dioestrus. While presenting higher availability in ear-
lier pregnancy stages, the amount of mRNA of all three factors was
strongly decreased during the cessation of luteal function, that is, at
prepartum luteolysis. Taking into consideration that the natural or
antigestagen-mediated withdrawal of P4 leads to active termination
of luteal function, associated with strong apoptotic activity (Galac
et al., 2000; Kowalewski, 2014; Zatta et al., 2017), the termination
of steroidogenic activity in the CL during prepartum luteolysis is not
surprising. This situation contrasts with the passive luteal regres-
sion devoid of apoptotic activity observed in non-pregnant dogs
(Hoffmann, Blsges, Engel, et al., 2004; Sonnack, 2009). Indeed,
the ongoing luteal degeneration, and shortage in the provision of
steroidogenic substrate, were indicated as the rate-limiting steps
and the main cause of the functional withdrawal of luteal function
in pseudopregnant dogs (Hoffmann, Bisges, Engel, et al., 2004,
Kowalewski & Hoffmann, 2008). In this context, the decreased
expression of HSD3B1 was considered secondary (Kowalewski &
Hoffmann, 2008). Thus, the physiological differences in mechanisms
involved in the cessation of luteal function between pregnant and
non-pregnant dogs need to be taken into consideration when in-
terpreting the data presented here. Accordingly, otherwise, luteal
development and maintenance in both pregnant and non-pregnant
dogs were associated with elevated levels of HSD17B7 and STS, in-
volved in regulating the local availability of E2. Last but not least,
when the local, that is, intraluteal, activity of oestrogens is consid-
ered, the possible role of E2 in regulating the expression of the PRL
receptor (PRLR) should be taken into account. Such a mechanism has
been shown in other species and organs, for example, in the brain of
rats or human pituitary adenoma (DeVito et al., 1992; Shamgochian
etal., 1995; Xiao et al., 2020).

Finally, the expression of HSD17B7, SULT1E1 and STS was local-
ized in the canine CL by ISH. Samples from animals between days

30 and 35 of gestation (mid-gestation) were selected, because
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FIGURE 2 Relative abundance and localization of HSD17B7, SULT1E1 and STS mRNA in the canine CL. (a-f) Relative mRNA abundance
was determined by semi-quantitative real-time (TagMan) PCR. Samples from pregnant animals were collected pre-implantation (between
days 8-12), post-implantation (days 18-25) and at mid-gestation (days 35-40) of pregnancy, or at the time of prepartum luteolysis. Time-
points from non-pregnant dioestrus refer to days post-ovulation. Data are presented as geometric mean + geometrical standard deviation.
In the case of the one-way ANOVA reporting p < .05, analysis was followed by a Tukey-Kramer multiple comparisons post-test. Bars with
asterisks differ at: * = p < .05, ** = p < .01, *** = p < .001. (g-i) The luteal localization of transcripts encoding for HSD17B7, SULT1E1 and STS
was performed in mid-pregnant dogs by in situ hybridization (ISH). Positive signals for all factors were mainly observed in luteal cells (closed
arrows). mRNA encoding for HSD17B7 was further detected in endothelial cells (open arrowheads). No staining was observed in the negative

controls (sense probe; insets in figures, at the same magnification)

relatively high transcriptional availability of all factors was observed
during that time of gestation, ensuring required detection limits that
are frequently limiting for the application of ISH. Moreover, this
time period relates to a fully developed but not yet regressing CL.
Complementing previous descriptions of the localization of ERs in
lutein and non-lutein cells (Hoffmann, Bilsges, Engel, et al., 2004;
Papa & Hoffmann, 2011), HSD17B7 expression was observed in
both lutein and endothelial cells. The latter observation, that is,
the presence of HSD17B7 in endothelial cells of the CL, seems to
be an interesting finding. The role of HSD17B7 in angiogenesis
was previously suggested from observation in mice, where specific
HSD17B7 knockout resulted in embryonic death, associated with
decreased vascularization of yolk sac and altered differentiation of
cardiac tissue (Jokela et al., 2010). Clearly, however, the functional
role of HSD17B7 in the endothelium still needs further clarifica-
tion. SULT1E1 and STS signals were observed in lutein cells, similar
to other steroidogenic factors, that is, STAR, HSD3B1 and P450
aromatase (Kowalewski & Hoffmann, 2008; Kowalewski, Mason,
et al., 2006; Papa & Hoffmann, 2011). Considering this localization,
it appears that, in addition to be the main source of reproductive
steroids during dioestrus, lutein cells, and to some extend also luteal
endothelial cells, might be further involved in the activation/inac-
tivation of E2 produced by the CL. This implies not only auto- and

paracrine relevance, but possibly also a systemic significance.

5 | CONCLUSION

The signalling and, therefore, possible biological effects of E2 may
depend on the reproductive status of a bitch and the functional sta-
tus of the CL (late luteal regression versus. prepartum luteolysis).
ERpB-mediated signalling (which is possibly anti-proliferative) appears
to be more prevalent during mid-dioestrus. At that time STS is also
increased, and an active withdrawal of the local signalling of E2 in
the canine CL seems to be suggested by the increased availability
of transcripts encoding for SULT1E1 during luteal regression. In con-
trast, pregnancy appears to be associated with increased ERa sig-
nalling during luteal maintenance with active luteolysis changing the
ratio toward the dominance of ERp. Yet, the exact role of E2 in the
canine CL needs further clarification, involving post-transcriptional
regulatory mechanisms and functional studies. That said, the most
important findings from the present study suggest an active me-
tabolism of E2 in the canine CL, possibly involving auto- and par-

acrine mechanisms. Finally, clearly, any conclusions regarding the

physiological function of E2 in the canine CL should not be drawn

based on its strongly varying circulating amounts.
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