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Abstract

Circulating prostaglandin F2a metabolite (PGFM) after an oxytocin challenge was evaluated
throughout the first 2 months of pregnancy in lactating Holstein cows. On day 11, 18, and 25 after
artificial insemination (Al), and on days 32, 39, 46, 53, and 60 of pregnancy, cows were challenged
with 50 IU oxytocin, i.m. Blood was collected before (0 min), 30, 60, 90, and 120 min after oxytocin
for plasma PGFM concentrations. Ultrasound evaluations were performed for pregnancy diagnosis
on day 32-60 post-Al. Nonpregnant (NP) cows on day 18 were designated by a lack of interferon-
stimulated genes in peripheral blood leukocytes and Pregnant (P) based on day 32 ultrasound.
On day 11, P and NP were similar with low PGFM and no effect of oxytocin on PGFM. On day
18, oxytocin increased PGFM (3-fold) in NP with little change in P cows. Comparing only P cows
from day 11 to 60, basal circulating PGFM increased as pregnancy progressed, with day 11 and
18, lower than all days from day 25 to 60 of pregnancy. Oxytocin-induced PGFM in P cows on day
25 was greater than P cows on day 18 (2.9-fold). However, oxytocin-induced PGFM was lower on
day 25 compared to day 53 and 60, with intermediate values on day 32, 39, and 46 of pregnancy.
Thus, the corpus luteum (CL) of early pregnancy (day 11, 18) is maintained by suppression of PGF,
as reflected by suppressed PGFM in this study. However, during the second month of pregnancy,
uterine PGF secretion was not suppressed since basal PGFM and oxytocin-induced PGFM secretion
were elevated. Apparently, mechanisms other than suppression of oxytocin receptors maintain CL
after day 25 of pregnancy.
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Summary Sentence

On day 18 of pregnancy, there is suppressed PGF production in response to oxytocin; however, at day 25-60 of pregnancy, there is increased
basal PGF and increased oxytocin-induced PGF indicating the presence of oxytocin receptors and different mechanisms maintaining CL of

pregnancy after day 25.
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Introduction

Luteolysis involves dynamic functional and structural changes in
the corpus luteum (CL) that result in the elimination of luteal
progesterone (P4) production in about a 24 h period and a complete
breakdown of CL integrity, blood flow, and tissue volume [1-3]. In
ruminants, the secretion of prostaglandin F,, (PGF) from the uterus
clearly underlies the luteolytic process, with multiple distinct pulses
of uterine PGF observed during luteolysis [1, 3-7]. These PGF pulses
are initiated by oxytocin pulses secreted from the posterior pituitary
gland [3, 8-10]. The acquisition of uterine oxytocin responsiveness
is key to the timing of luteolysis in ruminants. The expression of
oxytocin receptors in the endometrium occurs just before the time
of normal luteolysis, initiated by follicular estradiol-178 binding to
ESR1 (estrogen receptor alpha) in the endometrial cells [11-14].
Expression of endometrial oxytocin receptors allows oxytocin to
activate a cascade of enzymes that release arachidonic acid from
membrane phospholipids and convert it into PGF that is secreted
in pulses [3, 15, 16]. Some of the PGF from the oxytocin-induced
pulses is transported locally from the utero-ovarian vein to the
ipsilateral ovarian artery and these PGF pulses induce the luteolytic
process [3, 7, 17, 18]. Thus, oxytocin pulses, endometrial oxytocin
responsiveness, and oxytocin-induced pulses of PGF are central to
the process that eliminates the CL in a nonpregnant (NP) ruminant
and leads to initiation of a new estrous cycle.

During early pregnancy, there is a blockade of the luteolytic
process due to the secretion of interferon-tau (IFNT) by the elon-
gating embryo. The IFNT is an antiviral, antiproliferative, and
immunomodulatory molecule that is secreted by the trophectoderm
of the ruminant conceptus, but only during a limited stage of
pregnancy, with maximal secretion between day 17 and 20 after
breeding [19-23]. Early reports showed that early pregnancy or
intrauterine infusion of IFNT inhibited the normal induction of
endometrial oxytocin receptors, probably by inhibiting expression
of endometrial estrogen receptors [14, 24, 25]. In addition, IFNT
stimulates the expression of specific genes, including a group of
characteristic genes, termed the interferon-stimulated genes (ISGs).
The ISGs have been detected during early ruminant pregnancy in
many tissues including endometrium, CL, and peripheral blood
leukocytes (PBL) [26]. The detection of ISGs in PBL has been used
as a marker of early pregnancy [27-32]. Nevertheless, there is a
dramatic decrease in ISGs that are detected in PBL by day 25 of
pregnancy [27, 32], reflecting the loss of IFNT expression in the
embryo by day 25 [19, 33]. Consistent with this idea, intrauterine
infusion of ovine embryonic homogenates from day 14-15 extended
CL lifespan, while homogenates of day 21-25 embryos did not alter
CL lifespan [34, 35]. Thus, IFNT is critical for blocking luteolysis
and maintaining the CL of early pregnancy but is not present and is
likely not responsible for maintaining the CL in the second month of
pregnancy.

The mechanisms that maintain the ruminant CL during the
second month of pregnancy have not been adequately investigated.
Recently, pulsatile PGF patterns have been found during the second

month of pregnancy in dairy cattle suggesting that inhibition of
uterine PGF secretion may not be the mechanism responsible for
maintaining the CL after the first month of pregnancy [36]. The
measurement of secreted PGF or PGFM after an oxytocin challenge
has been an important method for evaluating uterine oxytocin
responsiveness in P and NP ruminants [11, 25, 37-39]. Treatment
with oxytocin on day 18-20 of the cycle or pregnancy increased
circulating PGFM in NP heifers, however, in P heifers this response
was suppressed [37, 40, 41]. A similar suppression of oxytocin-
induced PGFM has been observed when IFNT is infused into the
uterus [42, 43]. Few studies have evaluated oxytocin action or oxy-
tocin receptor expression after the first month of bovine pregnancy
[44, 45]. One study reported that 100 IU of oxytocin, i.v. increased
circulating PGFM on day 50 of pregnancy but the response was
much greater in cows treated with oxytocin on day 150,250, and 280
of pregnancy [44]. Similarly, the oxytocin receptor was detectable
but low on day 50 of pregnancy and increased 6-fold by day 280
of pregnancy [44]. In addition, endometrial oxytocin receptors were
reported to be low on day 20 (165 fmol/mg protein) and day 50
(344 fmol/mg) of pregnancy but increased during later pregnancy
[45]. No previous studies have systematically evaluated the changes
in oxytocin responsiveness of the uterus during the first and second
month of pregnancy.

Therefore, we hypothesized that oxytocin responsiveness, in
terms of circulating PGFM profile after an oxytocin challenge,
changes during the first 2 months of pregnancy in cattle. Our first
specific hypothesis was that an oxytocin challenge would induce a
much smaller increase in circulating PGFM on day 18 of pregnancy
compared to day-18 NP cows. Our second hypothesis was that the
PGFM response to an oxytocin challenge would increase as the
pregnancy progressed with day 18 being lower than day 25 and
subsequent increases in PGFM response to oxytocin on day 32 until
day 60 of pregnancy. Thus, the main objective of this study was to
evaluate and characterize the profile of PGFM before and during
an oxytocin challenge, using a week-by-week systematic approach,
throughout the first 60 days of pregnancy in lactating dairy cows.

Material and methods

Experimental procedures

The experiment was conducted at Arlington Agricultural Research
Station—University of Wisconsin-Madison, Arlington, WI. Animals
were handled in accordance with the United States Department
of Agriculture Guide for Care and Use of Agricultural Animals
in Research, under an animal protocol that was approved by the
Animal Care and Use Committee of the University of Wisconsin—
Madison (RARC# A05712-A01). A total of 171 lactating Holstein
cows (7 = 14 primiparous and 7 = 157 multiparous), at 170.9 + 4.1
DIM (ranging from 85 to 289), were enrolled in the experiment.
Cows received the same TMR to meet or exceed the nutrient require-
ments for a lactating Holstein cow producing 50 kg of milk/d with
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Figure 1. Schematic experimental design showing the measurements that were performed on different days and the timing of oxytocin treatment and blood

sample collection.

3.5% fatand 3.1% true protein when DM intake was 24 kg/day [46].
Cows were submitted to an Ovsynch protocol (GnRH—7 days—
PGF—1 day—PGF—32 h—GnRH—16 h—artificial insemination
(AI) [47]) and all cows received Al at a fixed time. On specific days
after AL day 11 (n = 23), day 18 (n = 23), day 25 (n = 30), day 32
(n=13),day 39 (n = 13),day 46 (n =12),day 53 (n = 13), and day
60 (n = 12), cows were enrolled in the experiment.

Independent of the day after Al all cows were submitted to an
oxytocin challenge as described in Figure 1. A blood sample was
collected by puncture of the coccygeal vein or artery, at time 0, before
the challenge, in order to obtain basal circulating concentration of
PGFM, P4, and pregnancy-specific protein B (PSPB). After collection
of the first blood sample, cows received 50 IU i.m. of oxytocin
(Agrilab, St. Joseph, MO) as described by Macuhova et al. [48] and
had serial blood samples collected at times 30, 60, 90, and 120 min
after challenge, respectively. This treatment was chosen in order to
provide an oxytocin challenge greater than what normally occurs
during milking, however not as acute and high as if oxytocin were
given i.v. and in higher doses.

Blood samples were collected into heparinized tubes (Vacutainer;
Becton Dickinson, Franklin Lakes, NJ) that were placed on ice and
kept refrigerated until transported to the laboratory within 4 to 5 h
for processing. Blood tubes were centrifuged at 1700 x g for 15 min
at 4°C for plasma separation. Aliquots of plasma were frozen at
—20°C until assayed.

On day 18 for cows from groups, day 11 and 18, blood samples
were collected into a Tempus™ blood RNA tube (Applied Biosys-
tems, Foster City, CA) following manufacturer’s instructions for ISGs
analysis. On days 32, 39, 46, 53, and 60 after Al, a transrectal
ultrasound exam using a real-time B-mode ultrasound scanner (Ibex
Pro+Lite, E. I. Medical Imaging, Loveland, CO) equipped with a
7.5 MHz linear-array transducer was performed in all cows by
the same technician, in order to identify the amniotic vesicle and

heartbeat of the embryo/fetus as pregnancy diagnosis. For day 25,
analyses were only done with cows that were diagnosed pregnant on
day 32 and day 60. Information for cows that were collected on day
25 but were NP was not used.

Hormone assays

Plasma samples were assayed for PGFM by an ELISA assay that
was previously validated for use in bovine plasma [49] with some
modifications as described by Ochoa et al. [50]. The intra- and inter-
assay CVs were 4.7% and 15.3%, respectively, and the sensitivity of
the assay was 5.5 pg/mL.

Concentrations of P4 were determined using a solid-phase
RIA kit containing antibody-coated tubes and 125I-labeled P4
(ImmuChem Coated Tube P4 125 RIA Kit, MP Biomedicals, Costa
Mesa, CA) as described previously for mares [51] and validated for
bovine plasma in our laboratory [52]. The intra- and inter-assay CVs
and the sensitivity were 4.4%, 8.1%, and 0.08 ng/mL, respectively.

The PSPB concentrations were analyzed on day 25 to day
60 of pregnancy at time 0 (before the challenge) and on day 53
for all samples during the oxytocin challenge. A commercially
available quantitative ELISA assay was used (Biopryn, BioTracking
LLC, Moscow, ID) as previously described [53]. The inter- and
intra-assay CVs were 2.3% and 2.2%, respectively for the two
plates.

All cows from day 11 and 18 had whole blood collected into
evacuated tubes for evaluation of ISGs in PBL (Tempus Blood
RNA tubes, Applied Biosystems, Foster City, CA). After collection,
samples were stored at —20°C until RNA extraction and DNAse
treatment was performed using a commercial kit (Tempus, Spin RNA
isolation kit, Cat. No. 4380204, Applied Biosystems, Foster City,
CA) according to the manufacturer’s instructions. Isolated RNA was
evaluated for concentration and purity using a NanoDrop 2000
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Table 1. Gene, primer orientation, primer sequence (5 — 3’), and National Center for Biotechnology Information (NCBI) access number

and sequence for primers used in RT-gPCR assay.

Gene Primer Sequence (5" — 3') NCBI sequence

ACTB Forward CTGGACTTCGAGCAGGAGAT AY141970
Reverse GATGTCGACGTCACACTTC

ISG15 Forward GGTATCCGAGCTGAAGCAGTT NM_174366
Reverse ACCTCCCTGCTGTCAAGGT

RPL19 Forward ATTGACCGCCACATGTATCA NM_001040516
Reverse GCGTGCTTCCTTGGTCTTAG

MX2 Forward CTTCAGAGACGCCTCAGTCG NM_173941
Reverse TGAAGCAGCCAGGAATAGTG

spectrophotometer (Thermo Scientific, Rockford, IL). A total of
250 ng of RNA were reverse transcribed to complementary DNA
using a commercial kit (iScript reverse transcription supermix for
RT-qPCR, Cat. No. 1708841, BioRad, Hercules, CA) following
manufacturer’s instructions. After an initial activation at 60°C for
2 min followed by denaturation at 95°C for 10 min, the amplification
protocol followed 40 cycles of 95°C for 15 s and 60°C for 1 min.
Each sample was evaluated in triplicate, and the specificity for
amplification was verified by melting curve analysis. Four genes were
investigated (Table 1), including the two reference genes, beta-actin
(ACTB) and ribosomal protein L19 (RPL19), and two target genes,
ISG15 and MX2.

Data handling and statistical analysis
The ISGs data were analyzed using the AAC; method and blood
samples from cows on day 11 and 18 were used to confirm NP
cows. Data from day 11 were used as a negative control for ISGs.
On day 18, the expression of ISGs from cows confirmed pregnant
by ultrasound on day 32 was used as a positive control. The highest
value of ISG15 and MX2 expression in fold change on day 11 was
determined as a cutoff value (2.5 and 2.3, respectively). Cows on
day 11 with confirmed absence of any sign of an embryo on day
32 were considered NP, although because all cows had been bred,
a conceptus could have been present on day 11 but died prior to
pregnancy diagnosis. Cows on day 18 that were diagnosed NP on
day 32 and that had higher expression of ISG15 and MX2 mRNA
than the cutoff value were excluded from subsequent analyses. Cows
were only considered NP if they had low expression of ISGs on day
18 with confirmed absence of any sign of an embryo on day 32.
For groups day 25, 32, 39, 46, 53, and 60, cows were diagnosed for
pregnancy on day 32 and had pregnancy confirmed weekly.

Continuous data were tested for normality of residuals using
the UNIVARIATE procedure according to Shapiro-Wilk test. Data
with residuals not normally distributed were transformed to loga-
rithm, square root, or inverse scale before analysis if the residual
distribution was improved. In addition, outliers were removed when
necessary, and then data were analyzed using the MIXED procedure
of Statistical Analysis System (SAS, Version 9.4 for Windows, SAS
Institute Inc., Cary, NC). Tukey honest significant difference test was
performed to determine differences.

For P4, data were analyzed before oxytocin challenge (time 0)
to obtain the basal concentrations. The P4 data on day 11 and 18
at time 0 were analyzed separately to compare potential differences
between P and NP cows. The model included the effect of pregnancy
and day after Al and their interaction. Another comparison was
made for P cows from day 25 to 60 and included the effect of day of
pregnancy.

In order to detect the effect of oxytocin on circulating P4, data
were analyzed as repeated measures over time. The same compar-
isons and models used for basal P4 were performed, but included
time (before and after oxytocin) as the repeated statement in which
before was the circulating P4 at time 0 and after was the average of
P4 concentration on 30, 60, 90, and 120 min after challenge.

In order to evaluate week-to-week differences in circulating
PGFM in response to oxytocin challenge, comparisons were per-
formed between specific days of pregnancy, in which challenge time
(0, 30, 60, 90, and 120 min) was considered the repeated statement,
and the effects of the day, pregnancy, and their interaction were
evaluated. Comparisons that were made included: day 18 and 11
for P vs NP cows, day 18-P vs 25, day 25 vs 32, day 32 vs 39, day
39 vs 46 vs 53 vs 60.

To characterize the variation in circulating PGFM for day 18 NP
cows, the distribution of PGFM before (time 0) and after challenge
(average of 30, 60, 90, and 120 min) was presented with data
organized for each cow numbered from 1 to 8.

The basal PGFM, considering the circulating concentration at
challenge time 0, was compared among groups. The model was
composed of fixed effects of pregnancy, day and their interaction.

Another analysis evaluated circulating PGFM concentration in
response to oxytocin, comparing the groups (day 11 [P or NP], day
18 [P or NPJ, day 25, 32, 39, 46, 53, and 60 [P]). In order to obtain
the isolated effect of oxytocin challenge, the baseline concentration
of PGFM at time O (before challenge) was subtracted from averaged
results of 60 to 120 min after oxytocin. Mean responses were
compared among groups. In this analysis, the effects of day and preg-
nancy status, as well as their interaction, were included in the model.

The basal PSPB before the challenge (time 0) was compared
among days of pregnancy, from day 25 to 60. For this analysis, the
effect of day was included.

To demonstrate the potential effect of the oxytocin challenge on
circulating PGFM, P4, and PSPB, the circulating concentrations of
all three variables from cows on day 53 of pregnancy were analyzed
during challenge times (0, 30, 60, 90, and 120 min). In this case,
data were analyzed as repeated measures, using time as the repeated
statement. However, since the analysis was performed using a single
day, only the effect of challenge time was considered in the model.

Differences were considered significant for P < 0.05, whereas a
tendency was designated when P < 0.10 and P > 0.05. Data are
presented as least squares means + SEM.

Results

Three cows from day 18 that were diagnosed as NP on day 32,
had elevated ISGs on day 18 and, therefore, were excluded from
the analyses. One cow from the NP group, had low P4 on day
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18 (<0.15 ng/mL), indicating that this cow had already undergone
luteolysis and this cow was not used in the analyses of PGFM.
Basal circulating P4 (Time 0) tended to be greater for day 18
compared to day 11 (Figure 2A; P = 0.06) but there was no effect
of pregnancy (P = 0.53). After day 25 there was no effect of day
(P = 0.76) on basal circulating P4 (Figure 2B). Challenge time 30
to 120 was averaged and compared to 0 min (basal concentration)
to evaluate the effect of oxytocin challenge on circulating P4. As
shown in Figure 3A, on day 18 (before and after challenge), the cows
had greater P4 than on day 11 (P = 0.01); however, there was no
effect of oxytocin challenge (challenge time; P = 0.13) or pregnancy
(P = 0.92) on circulating P4. Interactions among factors were not
significant (see legend; P > 0.10). A similar comparison of circulating
P4 after day 25 of pregnancy (Figure 3B) detected no effect of day of
pregnancy (P = 0.72) and no interaction between challenge time and
day of pregnancy (P = 0.97). Curiously circulating P4 tended to be
slightly greater after oxytocin challenge (P = 0.09), although there

were no detectable differences before and after challenge for any day
of pregnancy (analyzed within a day).

In Figure 4A, on day 11 (P or NP), pregnancy (P = 0.12) and time
had no effect (P = 0.93) on circulating PGFM, and there was no inter-
action of challenge time and pregnancy (P = 0.84), indicating that
PGFM concentrations were constant before and after the oxytocin
challenge. In contrast, on day 18, there was an effect of challenge time
(P < 0.0001), pregnancy (P < 0.001), and interaction of pregnancy
and challenge time (Figure 4B, P = 0.05) on circulating PGFM. For
example, at 30 min after oxytocin treatment on day 18, NP cows
had a 3.6-fold increase in circulating PGFM concentration compared
to basal concentrations (50.2 4 13.5 vs 13.8 & 2.3, P = 0.0001),
and continued to be greater than basal concentrations at all other
times (P < 0.001): 3.2-fold greater at 60 min (44.7 + 12.2), 5.7-
fold at 90 min (79.4 + 34.4), and 7.6-fold greater at 120 min
after oxytocin (105.7 £ 35.3). On the other hand, P cows on day
18 had a minimal increase in PGFM concentrations after oxytocin
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Figure 5. Individual profiles for NP cows from day 18. Data demonstrate the
variation in circulating PGFM in response to oxytocin for individual cows.
Cows that were pregnant on day 32 or that had high Interferon-stimulated
gene (ISG) expression on day 18 are not included.

challenge with only the 30 min challenge time being different from
basal concentrations (25.4 £+ 4.1 vs 9.6 & 1.2, P < 0.01). Con-
centrations of PGFM at all times after oxytocin challenge were
greater in day 18-NP than day 18-P from 30 min until 120 min after
oxytocin.

A comparison of P cows on day 18 vs 25 (Figure 4C) showed
that there was an effect of challenge time (P < 0.0001) and day of
pregnancy (P = 0.006) but no interaction (P = 0.51). The oxytocin-
induced PGFM in P cows on day 25 (Figure 4C; 48.3 + 8.6) was
greater than in P cows on day 18 (16.7 + 2.9; P = 0.006), especially
at 60 min after challenge (P = 0.01) when values were 2.9-fold
greater on day 25 than day 18. Similarly, day 32-P cows had greater
circulating PGFM than day 25-P cows (Figure 4D), as indicated by
an effect of day of pregnancy (P = 0.002), with both groups having
an increase in PGFM after oxytocin (P = 0.002). For example,
there was more than a 2-fold increase in PGFM by 30 min after
oxytocin compared to basal (day 25 = 49.9 + 7.3 vs 22.6 + 3.7;
day 32 = 68.7 £ 10.5 vs 30.6 &+ 4.8; P = 0.02). In contrast, there
was no effect of day of pregnancy when comparing day 32 vs 39-P
cows (P = 0.55; Figure 4E) or day 39, 46, 53, and 60 of pregnancy
(P = 0.38; Figure 4F), although there was an effect of time after
oxytocin challenge in all groups.

Individual profiles for NP cows on day 18 before and after
challenge (average of 30, 60, 90, and 120 min combined) are shown
in Figure 5. The variation in oxytocin-induced PGFM in individual
cows is evident as shown by three cows having more than a 7-
fold increase in PGFM after oxytocin compared to basal PGFM
(#3 = 10.6X, #4 = 8.1X, and #5 = 7.1X), three cows having
intermediate values (#2 = 2.4X, #6 = 3.9X, and #7 = 3.5X), and
two cows having a low response with less than a 2-fold increase
after oxytocin challenge (#1 = 1.4X and #8 = 1.6X). Moreover,
even before the challenge, substantial variation in basal PGFM is
apparent, ranging from 5.5 to 46.4 pg/mL.

An analysis of circulating PGFM prior to the oxytocin challenge
(0 min) indicated that baseline PGFM (Figure 6A) was affected by
pregnancy (P = 0.05) and day of pregnancy (P < 0.0001), but there
was no interaction (P = 0.94). Pregnant cows from day 11 and
day 18, had lower basal PGFM (day 11-P = 9.5 + 2.3 and 18-
P = 9.6 £ 1.2) than all groups of P cows after day 25. In addition,

NP cows on day 11 and 18 were lower (day 11-NP = 13.7 2.8 and
day 18-NP = 13.8 £ 2.3) than P cows on all days of pregnancy after
day 25, except day 46 which had similar basal PGFM concentrations
(22.7 £ 3.9) as found in NP cows on day 11 and 18. From day 25
to 60 of pregnancy (day 25 = 22.6 &+ 3.7; day 32 = 30.6 &+ 4.9; day
39 = 27.9 + 2.7; day 46 = 22.7 + 3.9; day 53 = 29.0 + 4.5; day
60 = 28.0 + 4.2) there was no difference among days of pregnancy
(P > 0.05) for basal PGFM concentrations (Figure 6A).

Overall PGFM response to oxytocin increased throughout ges-
tation and there was an interaction between the day of pregnancy
and challenge time (P < 0.001). To determine the increase in PGFM
after the oxytocin challenge, the PGFM concentrations at 60, 90,
and 120 min after oxytocin challenge were averaged for a given
d after Al and the baseline PGFM was subtracted to provide an
average oxytocin-induced response (Figure 6B). Minimal responses
to oxytocin were observed for P and NP cows on day 11 and for P
cows on day 18. In addition, the PGFM response in P cows on day
25 P was intermediate and not different from day 11-P, 11-NP, and
18-P, but it was also not different from day 18-NP and 32-P. The
greatest PGFM response to oxytocin was observed on day 53 and
60 of pregnancy. The PGFM response to oxytocin was similar for
day 18-NP and P cows on day 25, 32, 39, and 46 (Figure 6B).

The PSPB concentrations were evaluated throughout pregnancy
(Figure 7). On day 25, PSPB was at the lowest concentrations,
although day 46 and 60 were not different from day 25. The PSPB
on day 32 and 39 were greater than day 25, 46, and 60 and tended
to be greater than day 53 (P < 0.08).

Since day 53 had the most impressive response in PGFM after the
oxytocin challenge (Figure 6B), the profiles for PGFM, P4, and PSPB
were evaluated before and after the oxytocin challenge (Figure 8).
Circulating PGFM was greater than 0 min (26.9 £ 4.6) at 30 min
(76.7 &£ 12.6; P < 0.0001), 60 min (136.5 & 19.3), and 120 min
(137.1 £ 22.2) after oxytocin (Figure 8A). In contrast, there was no
effect of the oxytocin challenge on P4 (P = 0.55; Figure 8B) or PSPB
(P = 0.40; Figure 8C) concentrations.

Discussion

The uniqueness of this study was that we could determine the precise
timing during pregnancy when the uterus ends refractoriness and
initiates responsiveness to oxytocin, as measured by increases in
circulating PGFM in response to an exogenous oxytocin challenge.
As expected, the uterus was unresponsive to oxytocin during the
time period of early pregnancy when normal luteolysis occurs in
NP cows, consistent with previous studies [37, 39-41, 54]. These
data are also somewhat consistent with results in heifers without
oxytocin stimulation in which pregnant heifers had lower average
PGFM concentration and less prominent peaks of PGFM compared
to NP heifers at the expected time of luteolysis (day 16 to 18)
[55]. However, as production of embryonic IFNT wanes by day
25 of pregnancy [19], there was an increase in basal circulating
PGFM and responsiveness to oxytocin began to increase. Indeed,
responsiveness to oxytocin was similar in P cows after day 25
as observed in NP cows during the normal luteolytic period (day
18). After day 50 of pregnancy, cows had even greater oxytocin
responsiveness, as measured by circulating PGFM, compared to NP
cows on day 18. These results provide critical insights that will help
in designing future experiments on the physiological mechanisms
regulating CL function during ruminant pregnancy and are likely to
be of considerable practical value in providing physiological targets
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for overcoming the substantial pregnancy losses that occur during
this period in dairy cattle [56], beef cattle [57], and recipients of
embryos [58].

The first hypothesis, that oxytocin responsiveness would be sup-
pressed during early pregnancy (day 18), was clearly supported by
our results and by previous studies [37, 38, 40, 41]. The underlying
physiological basis for these results depends on embryonic IFNT
[34, 59, 60] suppressing PGFM response to oxytocin [40-43] due
to the suppression of endometrial expression of oxytocin receptor
[61-63]. In contrast, NP cows have detectable endometrial oxytocin
receptor [41] and a 3-fold greater response to oxytocin compared
to pregnant cows on day 16 after Al [37]. Nevertheless, there
was substantial variation among animals in the magnitude of the
oxytocin-induced PGFM increase perhaps indicating differences in
endometrial oxytocin receptor between individuals. Previous studies
have shown substantial variation in timing of luteolysis in individual
cows, particularly in cows with two vs three follicular waves [64,

65]. Induction of endometrial oxytocin receptors likely occurs in
response to activation of ESR1 by estradiol secreted by the dominant
follicle of either the second or third follicular wave [13, 65, 66].
Thus, in our study NP cows that were likely to have earlier luteolysis,
associated with two follicular waves, probably had much greater
uterine oxytocin responsiveness than cows that had not yet obtained
sufficient oxytocin responsiveness, that is, cows that were likely to
have three follicular waves.

Our second hypothesis, that oxytocin responsiveness would
increase as the pregnancy progressed, was clearly supported by
our results. There was a minimal increase in circulating PGFM after
oxytocin treatment on day 18 but increased basal and oxytocin-
induced PGFM secretion by day 25 with further increases by day
53 of pregnancy. A previous study [44] reported increased PGFM
response to oxytocin challenge as pregnancy progressed (50, 150,
250, or 280 days) with a 7-fold greater increase in circulating PGFM
on day 280 than on day 50. In addition to the oxytocin challenge,
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presence of intercaruncular endometrial oxytocin receptors was
found on day 50 of pregnancy [44]. Our results extend these previous
findings by demonstrating that there is an increase in basal PGFM
and oxytocin-induced PGFM within the first few days after loss of
IFNT secretion by the embryo, day 25 of pregnancy in our study.
The previous study focused on the elevation in PGFM and oxytocin
responsiveness as parturition approached, whereas our study focused
on the timing of oxytocin-induced PGFM during the first 2 months
of pregnancy in order to understand how the CL is maintained after
IFNT secretion declines.

A previous study also detected PGFM in the posterior vena
cava in pregnancies maintained by exogenous progestins or by an
accessory CL that was induced during the second month of preg-
nancy [67]. The animals in our study all had pregnancy maintenance
after the oxytocin challenge and did not have an accessory CL or
treatment with exogenous progestin. Hence, our results, as well

as some previous results are consistent with an increase in basal
circulating PGFM during the second month of pregnancy, although
they do not provide information on the source of PGF that leads to
this increased basal PGFM during pregnancy.

The effects of exogenous oxytocin on circulating PGFM were
dramatic during the second month of pregnancy with oxytocin-
induced PGFM reaching concentrations that were as high or higher
than those observed near the time of normal luteolysis in NP cows.
Remarkably, in spite of the striking effect of oxytocin on circulating
PGFM, there was no detectable effect on circulating P4 and none
of the pregnancies were lost after the oxytocin challenge. Previous
studies have shown clear decreases in circulating P4 during a similar
timeframe after the administration of exogenous PGF [1, 4]. Thus,
the pregnant uterus acquires clear oxytocin responsiveness during
the late stages of the first month of bovine pregnancy with clear
increases in this oxytocin responsiveness during the second month
of pregnancy. The lack of CL regression in the face of PGFM pulses
that are of a magnitude that would be expected to be luteolytic in NP
cows indicate that the CL during the second month of pregnancy is
maintained by mechanisms other than suppression of uterine oxy-
tocin receptors and corresponding PGF secretion, as occurs during
early bovine pregnancy. Other data have previously suggested that
a parsimonious explanation for the lack of CL regression in spite of
uterine PGF secretion is that PGF does not reach the CL through
local mechanisms due to the elevated blood flow in the uterine horn
ipsilateral to the pregnancy during the second month of pregnancy
[58]. This physiologic model may also explain the regression of the
contralateral accessory CL during 33-60 days of pregnancy, but
continued maintenance of the pregnancy and ipsilateral CL [68]
because blood flow in the uterine horn contralateral to the pregnancy
increases at a slower rate than in the ipsilateral horn [69]. Thus,
a local mechanism exists during the second month of pregnancy
that protects the CL that is ipsilateral but not contralateral to the
pregnancy.

Potential practical benefits could result from the future applica-
tion of this fundamental research. Pregnancy loss prior to day 35
appears to be initiated by the death of the embryo [70]; however,
during the second month of pregnancy, little is known how much is
primarily related to embryonic death and what percentage is caused
by inappropriate regression of the CL. It seems possible that the
increase in uterine oxytocin responsiveness and PGFM secretion
during the second month of pregnancy may be excessive in certain
circumstances and that animals in these conditions may benefit from
treatments directed at reducing PGF secretion. For example, it is well-
established that recipients of cloned embryos have extremely high
pregnancy loss during the second month of pregnancy with placental
abnormalities and vascular problems being implicated as causative
factors [71, 72]. In addition, pregnancy loss is substantial during the
second month of pregnancy in lactating cattle and in recipients of
in vitro-produced embryos [56, 73]. It seems likely that some of the
pregnancy loss is due to inappropriate CL regression attributable to
inadequacies in mechanisms maintaining the CL during this second
month of pregnancy [74]. A delay in the mechanisms protecting
the CL, such as a delayed increase in uterine blood flow, may
result in inadequate inhibition of the increasing PGFM secretion
that occurs at day 25 of pregnancy and beyond and untimely CL
regression. The development of physiologically rational methods to
overcome this pregnancy loss could lead to substantial increases in
reproductive efficiency [75]. Unfortunately, no studies have clearly
differentiated if a defective embryo or inappropriate CL regression
underlies pregnancy loss in the second month of pregnancy, which
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could more effectively focus future research on the root cause of
pregnancy losses in cattle.

In conclusion, consistent with the hypothesis in this study and
previous reports, the CL of early pregnancy is maintained due to
the suppression of uterine oxytocin receptors and PGF secretion
likely resulting from actions of embryonic IFNT. However, during
the second month of pregnancy, uterine PGF secretion was not
suppressed since basal PGFM and oxytocin-induced PGF secretion
was greatly elevated (equal or greater than in day 18-NP cows).
These results indicate that there are alternative mechanisms for
maintenance of the CL during the second month of pregnancy that
do not involve suppression of uterine PGF secretion.
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