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Abstract

Mechanisms of bovine corpus luteum (CL) maintenance during the second month of pregnancy
have not been adequately investigated, despite significant reproductive losses. In the first month,
interferon-tau is believed to suppress oxytocin-stimulated prostaglandin F,, (PGF) production, yet
there are conflicting reports of circulating PGF metabolite (PGFM). In this study, characterization
of PGFM and P4 occurred through continuous bihourly blood sampling in cows undergoing CL
regression (day 18-21, n = 5), and during the first (day 18-21, n = 5) and second month (day
47-61; n = 16) of pregnancy. Cattle in the second month were assigned to control (n = 8) or
oxytocin treatment (n = 8; three pulses to mimic luteolysis) to evaluate if oxytocin receptors
were active. All cows but one (which had elevated PGFM prior to oxytocin treatment) maintained
the pregnancy. Basal PGFM concentrations were low (11.6 + 0.7 pg/mL) in the first month but
increased 2.54-fold in the second month. Few (0.26 4 0.12 pulses/day) PGFM pulses with low peak
concentrations (28.8 + 3.1 pg/mL) were observed during the first month of pregnancy, similar to
cows not undergoing regression. However, in the second month, frequency (1.10 & 0.26 pulses/day)
and peak concentration (67.2 4 5.0 pg/mL) of PGFM pulses increased, displaying similar frequency
butlower peak PGFM than seen in regression (1.44 +0.14 pulses/day; 134.5 &+ 18.9 pg/mL). Oxytocin
treatment increased likelihood of PGFM pulses post-treatment and increased peak concentration
(89.7 £ 10.1 pg/mL) in cows during the second month. Thus, cows have more PGFM pulses
during second than first month of pregnancy, possibly induced by endogenous oxytocin, indicating
suppression of PGF production is an important mechanism for CL maintenance during first but not
second month of pregnancy.
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Summary Sentence

Low basal PGFM concentration and minimal pulsatile activity are observed in first month of preg-
nancy before increasing during second month of pregnancy, suggesting different mechanisms

maintain the CL in the first vs second month of pregnancy.
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Introduction

In cows, normal maintenance of pregnancy requires a functional
corpus luteum (CL) through at least day 180-200 of gestation, yet
little is known about CL maintenance past day 25 [1]. Instead, fo-
cus has been primarily on understanding mechanisms that suppress
the luteolytic pathways that occur in nonpregnant cows from day
16-25 of pregnancy, resulting in maintenance of the CL and luteal
progesterone (P4) production during this critical time of pregnancy.
However, after the first month of pregnancy, mechanisms maintain-
ing the CL are not yet defined, despite substantial pregnancy losses
during the second month in dairy cattle (12%) and embryo transfer
recipients (16%) [2, 3].

In cycling cattle, ovulation provides an opportunity for concep-
tion. However, should pregnancy fail to be initiated, regression of
the CL in response to oxytocin-induced uterine prostaglandin F2«
(PGF) [4] decreases circulating P4, allowing subsequent ovulation
and another opportunity to conceive [5, 6]. In early pregnancy,
interferon-tau (IFNT) from the elongating embryo blocks the nor-
mal luteolytic process through a variety of mechanisms [7-9]. Early
research indicated that IFNT reduced uterine PGF production by the
uterus, preventing luteolysis by lack of exposure to the luteolytic
substance [10, 11]. Another mechanism that has been proposed is
that increased secretion of PGE exerts an anti-luteolytic effect on the
CL [12, 13], while a third proposed mechanism, evaluated in sheep,
is that there is an endocrine effect of IFNT directly on the CL to
promote luteal maintenance [14, 15]. There is evidence supporting
all three mechanisms, with the possibility that multiple mechanisms
occur simultaneously.

In support of the first mechanism, hysterectomy of ruminants
results in maintenance of the CL indefinitely due to lack of uterine-
secreted PGF [16]. Thus, pregnancy could act similarly by preventing
uterine PGF production. Indeed, intrauterine infusion of IFNT or the
presence of an elongating embryo reduces expression of the estradiol
receptor, ESR1, which prevents the upregulation of endometrial oxy-
tocin receptors seen in nonpregnant ruminants near the end of the
estrous cycle [17, 18]. Thus, the absence of uterine oxytocin receptors
during early pregnancy can prevent the pulses of PGF in ruminants
that would cause luteolysis during this time in nonpregnant animals
[19]. Early studies of circulating PGF (uterine vein) and PGFM (sys-
temic) in cattle are somewhat consistent with reduced PGF secretion
from the uterus during early pregnancy [20-23]. However, continual
blood sampling for PGFM was reported in only one heifer that was
pregnant by artificial insemination [22] and four cows that remained
pregnant after transferring older embryos (day 16 embryos) [23]. In
these early pregnant animals, there was a relative lack of PGFM
pulses compared to the distinct PGFM pulses that were present in
nonpregnant animals during this same time period. In ewes, there
are reports of low circulating PGF or PGFM in pregnant animals
[24-27] and one report of elevated basal PGF in early pregnant ewes
[28]; however, these studies did not monitor PGF or PGFM with suf-
ficient frequency to monitor pulses. Additionally, there is one report
of elevated basal PGFM and distinct PGFM pulses in early preg-
nant ewes during continual blood sampling [29]. In cattle, a recent

study [30] used 8-h windows of continual blood sampling on day
16, 17, and 18 post-ovulation to compare PGFM patterns in preg-
nant and nonpregnant heifers, and reported similar frequency but
reduced amplitude of PGFM pulses during early pregnancy. Hence,
there is still substantial discrepancy in results among studies, with
few reports using continual sampling of pregnant ruminants during
the period of normal luteolysis. Thus, in our study, we monitored
PGFM concentrations in multiple cows continuously for 3 days dur-
ing early pregnancy to directly compare basal and pulsatile PGFM
in pregnant and noninseminated animals.

The evidence for IFNT in maintenance of the CL during the
first month of pregnancy is convincing [7, 8]. However, most stud-
ies indicate an absence of IFNT during the second month of preg-
nancy in ruminants [31-33] due to a dramatic decrease in embry-
onic IFNT mRNA associated with trophectoderm attachment to the
uterus [34, 35]. Further, in contrast to the lack of uterine oxy-
tocin receptors and oxytocin responsiveness reported during early
pregnancy, oxytocin receptor was detected on day 50 of pregnancy
and exogenous oxytocin treatment increased circulating PGFM on
day 50 and 150 of pregnancy [36-38]. Therefore, it appears lack
of IFNT in the second month of pregnancy may allow acquisi-
tion of the molecular machinery involved in producing uterine PGF
pulses.

Another relevant observation is that accessory CL, induced on
the contralateral side from the pregnancy, generally regress, provid-
ing evidence for a local effect of pregnancy on maintenance of the
CL [39]. The timing of CL regression is particularly intriguing as
the majority (74.4%) of contralateral CL that regressed underwent
regression between day 33 and 67 of pregnancy, after having main-
tained both original and contralateral CL through the first month.
This leads to the intriguing hypothesis that the contralateral CL
is maintained during the first month due to the actions of IFNT,
whereas during the second month another mechanism maintains the
original CL through local mechanisms but fails to maintain the con-
tralateral accessory CL in many cows [3, 39].

Together, the incidence of contralateral accessory CL regression
during the second month, combined with the increase in oxytocin
responsiveness of the uterus, led to interest in PGFM profiles in the
second month of pregnancy in comparison with the first month.
Therefore, two experiments were designed to investigate PGFM
patterns during the first and second months of pregnancy, as well as
during luteal regression. The first experiment investigated the first
month of pregnancy, with blood samples collected from day 18-21
in cows that received Al (pregnant cows in some cases) or did not
receive Al (nonpregnant cows either undergoing or not undergoing
CL regression in the study period). In the second experiment, PGFM
and P4 profiles were determined in cows during the second month
of pregnancy in animals that were treated or not treated with an
oxytocin challenge designed to mimic the pattern of PGFM pulses
observed during luteolysis. We hypothesized that (1) nonpregnant
animals would display multiple distinct PGFEM pulses during CL
regression, associated with a decrease in circulating P4; (2) there
would be low PGFM secretion and no PGFM pulses in animals
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during the first month of pregnancy; (3) there would be greater
basal PGFM concentrations accompanied by PGFM pulses during
the second month of pregnancy; and (4) cows in the second month
would respond to oxytocin administration with PGFM pulses
indicating the presence of responsive uterine oxytocin receptors in
the second month of pregnancy.

Materials and methods

All procedures were approved by the University of Wisconsin-
Madison Animal Care and Use Committee. All cows were housed in
a tie stall barn and milked twice per day.

Experiment 1: Characterization of PGFM in CL
regression and early pregnancy

Multiparous Holstein cows were synchronized with an Ovsynch [40]
or a Double-Ovsynch [41, 42] protocol during a total of 32 cycles,
and either bred or not according to the assigned group. Cows were
no longer used in the same group (bred or nonbred) after having
successfully become pregnant or undergoing regression during the
sampling window. The day of breeding (day after GnRH) was con-
sidered day 0. Cows were only included in the pregnant group if
pregnancy was confirmed via ultrasound on day 28. Cows were
considered part of the regressed group if they had not been bred
and achieved P4 concentrations below 1 ng/mL by the end of the
sampling period.

Jugular catheters were placed in all cows on day 17 of the cycle.
Catheters consist of 0.07-inch exterior diameter and 0.04-inch in-
terior diameter Tygon tubing (14171287, Saint-Gobain PPL Corp.,
Courbevoie, France). These were threaded through a 12 g sterile
needle (J-174EE, JorVet, Loveland, CO, USA) into the jugular vein.
Eighteen-gauge luer stub adaptors (427563, Becton, Dickinson, and
Company, Franklin Lakes, NJ, USA) were attached to facilitate sam-
ple collection, and catheters were routinely flushed with heparinized
saline (10,000 IU per 1 L 0.9% sodium chloride, NDC 0409-7983-
09, Hospira Inc., Lake Forest, IL, USA) to prevent blood clots from
forming.

Blood samples were collected every 2 h into 10 mL vacutainers
containing K2 EDTA (368589, Becton, Dickinson, and Company)
from jugular catheters starting at 7 AM on day 18 of the estrous
cycle and continuing for 74 h (9 AM on day 21 in most cows). For
one cow in the nonbred group blood sampling continued through
5 PM on day 21 since luteolysis appeared imminent via ultrasound.
All blood samples were centrifuged, and serum were collected and
stored at —20°C until assayed.

Experiment 2: Characterization of PGFM in the second
month of pregnancy

Sixteen Holstein cows were bred and confirmed pregnant on day
32, and again on the first day of sample collection by ultrasound
evaluation of fetal heartbeat. Cows were between days 47 and 61 of
pregnancy on the first day of sample collection. Cows were paired
with another cow on a similar day of pregnancy, and one cow from
each pair assigned to the treatment group.

All cows received a jugular catheter 1 day before the beginning
of sample collection, in the same manner as in experiment 1. Blood
samples were collected every 2 h from jugular catheters starting at 9
AM and continuing for 52 h of continuous sampling.

Cows in the treatment group received three IM administrations
of oxytocin: the first of 15 IU 8 h after blood collection had begun,

the second of 15 IU 24 h later, and a third of 30 IU approximately
12 h after the second treatment. Dose of oxytocin and timing of
oxytocin administration were selected to match physiologic PGF
pulses in cyclic animals undergoing CL regression that were observed
in experiment 1. An additional blood sample was collected 1 h after
administration of oxytocin to better monitor responses to oxytocin.
All blood samples were centrifuged, and serum were collected and
stored at —20°C until used in assays.

Hormone assays

Concentrations of PGFM were measured via an ELISA based on the
method used by Ginther et al., with some modifications [43]. Plates
were coated with goat anti-rabbit IgG (4050-01, Southern Biotech,
Birmingham, AL, USA) (stock 2 ug/mL diluted 1:1000 in a 0.05 M
sodium carbonate buffer, pH 9.6), and left overnight at 4°C. Stan-
dards from 9.8 to 625 pg/mL were prepared in prostaglandin-free
plasma from flunixin meglumine-treated cows [44]. All samples and
standards were adjusted to pH < 3 with 3M hydrochloric acid, and
250 uL of sample was combined with diethyl ether (2 mL), vortexed
for 3 min, and allowed to separate for 3 min before submerging vials
in a methanol-dry ice bath to freeze the aqueous layer before ether
was poured into new tubes. Subsequently, ether was evaporated at
room temperature overnight, and 250 uL of assay buffer added to re-
suspend the extracted material. Samples were then placed on a plate
shaker for an hour. The coated ELISA plate was washed four times,
primary antibody was added (1:16,000 dilution, gift of Dr Thatcher,
University of Florida), and plate was placed on a shaker for 1.5 h at
room temperature. The plate was washed four times, and 100 uL of
sample was added in duplicate to wells and incubated for 20 min at
room temperature before addition of 50 uL of PGFM-HRP conju-
gate (1:20,000 dilution). After 1-h incubation at room temperature,
the plate was washed four times and 125 uL of substrate solution
added. Color developed for 15 min and the reaction was stopped
with 50 L 0.5 M sulfuric acid before optical density was read at
450 and 600 nm wavelengths. The intra- and interassay CV were
6.7% and 15.0%, and sensitivity was 9.9 pg/mL.

Progesterone concentrations were evaluated using a commercial
kit, CT Progesterone (07-270105, MP Biomedicals LLC, Solon, OH,
USA), following the manufacturer’s instructions. The intra- and in-
terassay CV were 7.7% and 3.7%, and sensitivity was 0.04 ng/mL.

PGFM and P4 normalization

Progesterone and PGFM concentrations were normalized to account
for baseline animal variation. Concentrations of PGFM were ad-
justed to percentage of basal PGFM. Progesterone was adjusted to
percentage of baseline. The mean basal PGFM concentration was cal-
culated as the average concentration of the lowest 50% of samples.
When comparing cows in experiment 1 to controls in experiment 2,
baseline consisted of the average P4 in all samples from the first 24 h
of the experiment. In experiment 2, baseline consisted of the average
P4 in all samples prior to the time when treated animals received
oxytocin.

Pulse identification and statistical analyses

All PGFM values that were below the sensitivity of the assay were set
at sensitivity (9.9 pg/mL). Analyses of whether a sample was part of a
pulse were based on statistical criteria that compared the coefficient
of variation for a given sample to three times the interassay CV. The
interassay CV was 0.15 for the PGFM assays in this study; therefore,
three times the interassay CV was 0.45. A sample was considered
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part of a pulse if two criteria were met. First, the interassay CV
for the mean concentration of the sample and the two preceding
samples needed to be greater than 0.45. Second, the interassay CV
for the sample and basal concentration of PGFM for the individual
animal needed to be greater than 0.45. In both these criteria, the
mean value of the concentration was used and duplicate values that
were evaluated in the assay for each sample were not included in the
calculations.

In other words, if Z is the concentration of the sample being
evaluated to determine if it is part of a pulse, Y and X are the two
samples preceding Z, and B the basal PGFM concentration for the
individual animal being evaluated, then if both of the following were
true the sample was considered part of a pulse.

045 < SD(X,Y,Z)

SD(Z, B)
. - 4
Average(X,Y,Z) 045 <

' Average(Z, B)

Statistical differences were analyzed using PROC MIXED in SAS.
The F statistic was used to determine if there were differences be-
tween groups, and Student ¢ test was used to determine differences
within the groups if the F statistic was significant.

All tests were two sided for experiment 1 and comparisons be-
tween experiments 1 and 2. In experiment 2, number of pulses per
day, basal PGFM, and number of animals displaying pulses were
analyzed with a two-sided test, while analysis of peak amplitude,
concentration, and pulse frequency were done with a one-sided test
since it was anticipated that oxytocin treatment would lead to in-
creases in these measurements.

Values were considered significantly different for P < 0.05 and
tended to be different when P < 0.10 and P > 0.05. Data are pre-
sented as mean (=SEM).

Results

Experiment 1: Characterization of PGFM during CL
regression and the first month of pregnancy

Of 16 bred animals, 5 were confirmed pregnant by ultrasound on day
28. Of 14 enrolled in the experiment as nonbred animals, 5 cows
underwent luteal regression during the sampling period, 3 under-
went luteal regression prior to sampling, and 6 regressed normally
after sampling ended. Two animals that regressed after the sampling
period were recycled through the protocol resulting in samples from
two cycles for these animals. Animals which underwent luteal re-
gression prior to the beginning of sampling were dropped from the
trial.

Figure 1 shows the profiles of P4 and PGFM in nonbred cows
that underwent CL regression after the sampling period ended but
not during the 3-day sampling period. These cows are representative
of the late luteal phase of the cycle (LLP) without CL regression. The
patterns for the two cows that were repeated in separate luteal phases
are shown on the bottom (6788 #1 and #2; 7443 #1 and #2). All
cows showed at least one PGFM pulse during the 72-h sampling pe-
riod but most of the pulses were small (peak amplitude < 50 pg/mL
in 12/15 detected peaks). Reanalysis of PGFM peak concentrations
and reanalysis of a random subset of basal samples produced re-
sults similar to the first assay. Circulating P4 remained elevated in
all cows with high variability. Reanalysis of P4 showed fluctuations
were repeatable, and not due to assay variation. No LLP cows un-
derwent CL regression, based on circulating P4, during the sampling
period, although cow 7346 had decreased P4 (P < 0.05) after the
large PGFM pulse at hour 60. For all subsequent analyses of LLP

animals, only the first 48 h of sampling were used to calculate basal
concentrations and pulses to allow valid comparison to pregnant
and regressed groups. This ensured that all cows in LLP were more
than 24 h from beginning of functional CL regression, as measured
by P4.

Figure 2 shows PGFM and P4 profiles for five cows that were
not bred and underwent CL regression during sampling (left side,
A-E) and for five bred cows confirmed pregnant at day 28 (right
side, F-J). One cow, 7613, was first evaluated in the nonbred group
and subsequently was bred and became pregnant. All cows in the
CL regressed group had a decrease in circulating P4 from > 5 ng/mL
to less than 0.5 ng/mL during the 72-h period. The decrease in cir-
culating P4 was accompanied by a distinct PGFM pattern. One or
more small PGFM pulses were observed, accompanied by no change
in circulating P4. These small pulses were followed in ~24 h by a
large PGFM pulse (>100 pg/mL) that was accompanied by a clear
decrease in circulating P4, generally followed by other large PGFM
pulses in the presence of low P4. In contrast, only three of five preg-
nant cows had PGFM pulses and these pulses were very small, <50
pg/mL, with no decrease in circulating P4 (Figure 2F-]).

Data were normalized to the peak of a PGFM pulse (hour 0), and
concentrations of P4 were analyzed 4 h before and after the peak
(Figure 3). Pulses of PGFM during regression were split into large
and small pulses and evaluated separately, with a cut off between the
two groups at 100 pg/mL. This cutoff was selected by looking at the
largest pulse in each animal that underwent CL regression, where it
was observed that the lowest PGFM concentration associated with
a PGFM pulse associated with CL regression was 100.9 pg/mL (in
7076 at hour 64, Figure 2C). Furthermore, it was observed that
pulses of PGFM that were <100 pg/mL did not lead to significant
changes in circulating P4 (P > 0.10) in the regressing, pregnant,
and late luteal phase groups. On average, there was a decrease from
78 £ 6% circulating P4 at 4 h before the peak of the PGFM pulse
to 19 + 5% of baseline P4 at 4 h after the peak of the pulse. Thus,
circulating P4 was decreased at hours 0, 2, and 4 compared to hours
-2 and -4 (P < 0.05).

Table 1 shows a comparison between the three groups in ex-
periment 1: pregnant (day 18-21), CL regression (day 18-21), and
LLP (day 18-21) with no CL regression. Basal PGFM was similar
between the three groups (P > 0.10) and close to the sensitivity of
the PGFM assay (9.9 pg/mL). Although all cows in the LLP and
CL regression group had detectable PGFM pulses during the sam-
pling period, two of the LLP cows had no pulses in the first 48 h,
when the evaluation was performed. The characteristics of PGFM
were similar for first month pregnant and LLP cows including max-
imum and average peak concentrations, and maximum and average
pulse amplitude (Table 1). In contrast, both pregnant and LLP cows
had reduced PGFM pulses compared to animals that underwent
regression, as determined by any of the measures of peak concentra-
tions or pulse amplitude. The maximum pulse amplitude was only
~20 pg/mL in pregnant or LLP cows, which is about 15% of the
pulse amplitude in cows that had CL regression (129.5 pg/mL). Sim-
ilarly, pregnant and LLP cows were much lower than cows with CL
regression in maximum PGFM concentration (~19%), maximum
pulse concentrations (~23%), average pulse concentrations (~30%),
and average pulse amplitude (~38%) (Table 1; Figures 1 and 2).
Thus, although basal PGFM was similar in all groups and there
were some PGFM pulses detected in pregnant and LLP cows, it was
clear that PGFM pulses were much larger and distinct in cows that
underwent CL regression using any of these various classification
methods.
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Figure 1. Cows that were not inseminated and failed to regress the CL during sampling period. Hour zero corresponds to 7:00 AM on day 18 of the cycle. Two
animals were re-synchronized and recycled through the protocol due to lack of luteolysis in the sampling window. Two different cycles are shown for those

cows (6768: E and F, 7443: G and H). Asterisks denote identified PGFM pulses.

Experiment 2: Characterization of PGFM in the second
month of pregnancy

Cows were between day 47 and 61 of pregnancy at the start of blood
sampling in experiment 2 (Figure 4: control and Figure 5: oxytocin-
treated). All control and all but one treated cow remained pregnant
through 2 weeks after the end of the experiment. One treated cow
lost the pregnancy (Figure SH) during the oxytocin treatments with
placental membranes observed protruding from the vulva at hour
42 (3:00 PM, day 3). Prior to the first oxytocin administration, this
cow already had a PGFM concentration of 239 pg/mL, a concen-
tration greater than that observed in any other pregnant cow at any

time during this study, including other treated cows, and contin-
ued to have high PGFM pulse peaks throughout the sampling pe-
riod (average peak concentration 275.8 + 41.9, which was greater
than the average maximum PGFM peak concentration for all other
treated cows; P < 0.01). It seems likely that this cow had already
begun to lose the pregnancy prior to the start of the experiment.
This animal was not used in any further analyses. The number of
cows that maintained pregnancies did not differ between groups
(P =0.37).

Basal PGFM did not differ between groups (P = 0.15, control:
29.5 £+ 5.1, oxytocin-treated: 24.8 + 5.4 pg/mL). A total of 87.5%
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Figure 2. On the left: PGFM and P4 concentration in cows that were not inseminated and underwent luteolysis in the sampling period. On the right: cows
confirmed pregnant at day 28 via ultrasound. Hour zero corresponds to 7:00 AM on day 18 of the cycle. Asterisks denote identified PGFM pulses.

(7/8) of control cows displayed at least one pulse of PGFM (Figure 4).
The only control cow, 7884, without a detected PGFM pulse had ele-
vated basal PGFM (57.7 pg/mL, 1.9 times greater than average basal
concentration for the control group), and this may have reduced
statistical power to detect pulses using our criteria. All oxytocin-

treated cows had detectable PGFM pulses during sampling period
(Figure 5). Maximum PGFM concentration tended to be greater for
oxytocin-treated animals than controls (P = 0.09; 123%) as did av-
erage pulse concentration (P = 0.09; 124%). Oxytocin-treated cows
were greater than controls for maximum pulse amplitude (P = 0.02;
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Figure 3. PGFM concentrations and P4 as percentage of baseline. Hour zero corresponds to the peak of an identified pulse. Asterisks denote P4 values that are
significantly different than values at hour -4 (P < 0.05). (A) All pulses less than 100 pg/mL in cows that underwent regression, n = 5, total of 11 pulses. (B) First
pulse over 100 pg/mL in cows that underwent regression n = 5, total of 5 pulses. (C) All pulses in cows in the first month of pregnancy, n = 3, total of 4 pulses.
(D) Pulses in the late luteal phase, n = 6, total of 11 pulses (LLP only includes pulses from the first 48 h of sampling).

146%) and maximum peak concentration (P = 0.01; 133%) when
considering cows with pulses (Table 2).

There were three treatments with oxytocin, two of which oc-
curred within an hour after milking. Number of PGFM pulses per
day tended to be greater in oxytocin-treated cows than controls
(P = 0.07). However, number of PGFM pulses detected within 3 h
after treatment was much greater (P < 0.001) in oxytocin-treated
compared to control cows. A total of 76 % of oxytocin treatments in-
duced a detectable PGFM pulse in oxytocin-treated animals (16/21),
whereas only 8.3% (2/24) of treatment times were followed by a
PGFM pulse in control cows (P < 0.001).

When results were normalized to basal PGFM and baseline P4,
there was a greater concentration of PGFM in treated animals at
1 and 2 h after treatment, though this was not accompanied by

any difference or change in P4 between groups or within groups
(Figure 6).

In cows with CL regression in experiment 1, pulses > 100 pg/mL
were associated with a decline in P4. In second-month, control an-
imals there were no pulses > 100 pg/mL, and only five pulses in
three animals in the oxytocin-treated animals. Three of five pulses
over 100 pg/mL occurred during hourly sampling, and two occurred
during bihourly sampling. Therefore, PGFM and P4 concentrations
in samples before and after the pulse peak were combined to obtain
a composite PGFM/P4 profile for these pulses, regardless of whether
this sample was 1 or 2 h away from pulse peak. There was no
change in P4, measured as percentage of baseline, in control second-
month cows (pulse peaks < 100 pg/mL) or associated with PGFM
pulses > 100 pg/mL in oxytocin-treated cows (Figure 7).

Table 1. Quantification and comparison of PGFM (pg/mL) pulse characteristics during CL regression, first month of pregnancy, or late luteal

phase without CL regression.

Characteristic measured Pregnant CL regressed Late luteal phase* P-value
Basal PGFM 11.6 £ 0.7 11.6 £ 1.0 9.9 £ 0.0 0.17
Number of cows displaying pulses 3/5 NA 5/6

Pulses/day 0.26 + 0.122 1.44 + 0.14° 0.63 + 0.15* 0.0002
Maximum concentration, all cows 25.1 £+ 3.8° 134.5 + 18.9" 25.6 £ 3.3° <0.0001
Maximum peak amplitude, those with pulses 18.2 £ 2.12 129.5 + 19.8° 23.0 + 4.0° 0.0003
Maximum peak concentration, those with pulses 28.8 £ 3.1° 134.5 + 18.9" 32.9 + 4.0° 0.0002
Average peak amplitude, those with pulses 18.22 £ 2.1 66.6 + 13.5° 20.5 + 4.32 0.0076
Average peak concentration, those with pulses 28.8 + 3.12 79.3 + 14.7° 30.4 £ 4.32 0.0089

*Late luteal phase cows did not undergo CL regression between days 18 and 21, values are from first 48 h to ensure cows were at least 24 h away from

functional regression

4 bWhen superscripts are different across a row values are different (P < 0.05).
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Figure 4. PGFM and P4 concentrations in individual cows in the second month of pregnancy in the control group. Asterisks denote identified pulses.
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Average P4 concentrations during the sampling period tended to

be greater in control than oxytocin-treated groups (8.7 vs 6.0 ng/mL;

P = 0.08). However, this difference was also observed in samples
taken prior to oxytocin treatment (8.8 vs 6.5 ng/mL; P = 0.19),
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with no difference in the change in P4 concentration in the sam-

ples prior to treatment compared to the samples taken after treat-
ment (control: difference of —0.2 £ 0.7 ng/mL, treated: difference of

-0.7 +

0.9 ng/ml, P = 0.44).
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Figure 5. PGFM and P4 concentrations in individual cows in the second month of pregnancy treated with oxytocin. Vertical dotted lines display when oxytocin
was administered. Asterisks denote identified PGFM pulses. Panel H shows a pregnant cow that underwent CL regression during the sampling period. The data
from this cow were not included in subsequent analyses.
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Table 2. Quantification and comparison of PGFM (pg/mL) pulse characteristics in control and oxytocin-treated cows in the second month

of pregnancy.

Characteristic measured Control Oxytocin treated P-value
Basal PGFM 29.5 £ 5.1 248 £ 5.4 0.15
Number of cows displaying pulses 7/8 717

Pulses/day 1.10 £ 0.26 1.65 £ 0.22 0.07
Number of pulses after treatment time 0.25 £ 0.25 2.29 £ 0.29 0.0001
Maximum concentration, all cow 72.8 £ 7.1 89.7 £ 10.1 0.09
Maximum peak amplitude, those with pulses 50.8 £ 5.0 744 £ 9.1 0.02
Maximum peak concentration, those with pulses 67.2 £ 5.0 89.7 + 10.1 0.01
Average peak amplitude, those with pulses 415 + 6.6 543 £ 7.8 0.12
Average peak concentration, those with pulses 61.0 £ 6.2 75.8 £ 8.6 0.09
% Baseline P4 post-treatment 99 £ 3 92 £ 4 0.16

(A) PGFM Response to Treatment
400 & Control *
-o- Oxytocin

w

=3

o
1
*

PGFM (% of basal)
-ch N
8 8

o

-6 -4 2 0 2 4 6
Hours from Treatment

(B) P4 Response to Treatment
1504 -8 Control
-o- Oxytocin

100+

P4 (%of baseline)
3

o
v

T T T

-6 -4 -2 0 2 4 6
Hours from Treatment

e

Figure 6. Average normalized PGFM (A) and P4 (B) concentrations before and
after oxytocin treatment during three oxytocin challenges. Asterisks indicate
differences between treated and control groups (P < 0.05). Oxytocin was
administered in treated cows immediately after the sample was taken at hour
zero.

Dynamics of PGFM, month 1 vs month 2 of pregnancy

Control second month pregnant cows were compared with first-
month pregnant cows and those which had undergone CL regres-
sion during day 18-21 (Table 3). Basal PGFM concentrations were
~2.5-fold greater (P < 0.01) in cows during the second month of
pregnancy than during the first month of pregnancy or in cows that
underwent CL regression. More PGFM pulses were observed in cows
during the second month of pregnancy (1.10 pulses/day) than during
the first month of pregnancy (0.26 pulses/day), and cows in the sec-
ond month were similar in pulse frequency to cows undergoing CL
regression (1.44 pulses/day). There were similar average pulse am-
plitudes and concentration in second-month pregnant animals and
animals undergoing regression, though the maximal concentration
and amplitude were greater in animals undergoing regression than
second-month pregnant animals. Second-month pregnant cows had
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Figure 7. Response of P4 (as percentage of baseline) to PGFM pulses in the
second month, with time zero set to the peak of the observed PGFM pulse.
There were no differences in P4 in the hours prior to and after the PGFM pulse
peak. (A) All pulses in cows in the second month of pregnancy control group.
All observed PGFM pulses were < 100 pg/mL, n = 7, total of 18 pulses. (B)
PGFM pulses > 100 pg/mL in the second month of pregnancy. All observed
peaks over 100 pg/mL were in oxytocin-treated cows, n = 3, total of 5 pulses
(Three of these pulses occurred during the extra sample taken after oxytocin
administration, two were observed during bihourly sampling). Thus, samples
were normalized to pulse peak and an average taken of samples directly
before or after the peak (sample -1 and 1 on the graph) or two samples
before and after the peak (-2 and 2).

greater PGFM pulses (both amplitude and peak concentration, both
maximal and average) than first-month pregnant cows, although no
second-month control cows aborted (Table 3).

Transient fluctuations in P4 were noted in both the first and
second month of pregnancy. However, there was no difference in
amount of variation when P4 was normalized as a percentage of
baseline for each cow (P = 0.56). Additionally, there were no de-
tectable changes in P4 concentrations correlated with PGFM pulses
from 4 h before or 4 h after a pulse in LLP, first-month pregnant,
and second-month pregnant cows (both PGFM pulses less than or
greater than 100 pg/mL), as well as in cows which would eventually
undergo CL regression when only evaluating PGFM pulses that were
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Table 3. Quantification and comparison of PGFM (pg/mL) pulse characteristics during CL regression and the first and second month of

pregnancy.

Characteristic measured First month pregnant Second month pregnant First month regressed P-value
Basal PGFM 11.6 £ 0.72 29.5 + 5.1° 11.6 + 1.0* 0.0062
Number of cows displaying pulses 3/5 7/8 515

Pulses/day 0.26 + 0.122 1.10 + 0.26° 1.44 4+ 0.14° 0.01
Maximum concentration, all cows 25.1 + 3.8 72.8 + 7.1° 134.5 + 18.9¢ <0.0001
Maximum peak amplitude, those with pulses 18.2 + 2.12 50.8 + 5.0° 129.5 + 19.8° 0.0003
Maximum peak concentration, those with pulses 28.8 + 3.12 67.2 + 5.0 134.5 + 18.9° 0.0003
Average peak amplitude, those with pulses 18.2 + 2.1° 41.5 + 6.6° 66.6 + 13.5° 0.0265
Average peak concentration, those with pulses 28.8 + 3.12 61.0 + 6.2 79.3 + 14.7° 0.0293

b, eYWhen superscripts are different across a row values are different (P < 0.05).

less than 100 pg/mL. The only situation in which P4 concentrations
changed, when evaluated relative to a PGFM pulse, was in animals
that underwent CL regression during the first pulse over 100 pg/mL
(Figures 3 and 7).

Discussion

The mechanisms involved in maintaining pregnancy entail intriguing
biology and are of prime economic significance for dairy and beef
cattle operations and in embryo recipients [45]. Therefore, it was
surprising that PGF, the key hormone involved in CL regression,
had not been well characterized in cattle during the second month
of pregnancy. Reports in the literature were also surprisingly incon-
sistent in ruminants for PGF production during the first month of
pregnancy. However, in the second month of pregnancy, while there
were no published reports of PGFM profiles during multiple days
there was an intriguing study which showed exogenous oxytocin led
to PGFM production on day 50 of pregnancy [36]. Thus, this study
was designed to characterize PGFM profiles during the first month
of bovine pregnancy, compared directly to PGFM profiles in non-
bred cattle undergoing CL regression during this same time period.
In addition, our recent results on contralateral CL regression during
the second month of pregnancy [39] provided an intriguing rationale
for investigating the dynamics of PGFM secretion during the second
month. To our knowledge, this is the first published report of PGFM
profiles during the second month of pregnancy. This characteriza-
tion, along with the oxytocin challenge that was done in this study,
has led to proposal of a novel physiologic model for PGF secretion
throughout pregnancy, based on the absence and later presence of
oxytocin receptors in the uterus of pregnant cows (Figure 8).

Oxytocin B

Pulses

Non-Pregnant:
Low Basal PGFM

Interferon-tau

Low Basal PGFM

Oxytocin  No PGF2a
Pulses

15 Month Embryo:

Unsurprisingly, we accepted our first hypothesis, that PGFM
pulses are present during CL regression, consistent with the bulk
of the literature on CL regression in ruminants [22, 23, 27, 29, 46,
47]. Basal PGFM concentrations were low in all cows (nonbred with
or without CL regression, pregnant) during this time period (day
18-21) and were not elevated in cows that ultimately underwent CL
regression during our sampling interval. In all cows that underwent
CL regression during our sampling period, there was at least one,
and often multiple, small PGFM pulses (<100 pg/mL) that preceded
the larger luteolytic PGFM pulses. These pulses clearly preceded re-
gression of the CL and were found to have no effect on circulating P4
concentrations (Figure 3A). Most previous studies have reported that
the decrease in circulating P4 was associated with multiple PGFM
pulses in ruminants, some of smaller amplitude [27, 29, 46, 48]. In
contrast, all five cows that underwent CL regression during the sam-
pling period in this study had a single, larger (=100 pg/mL) PGFM
pulse associated with almost all of the decrease in circulating P4
associated with CL regression (Figure 2).

Previous animal models with intrauterine infusions of multiple,
low-amplitude pulses of PGF also suggest that multiple PGF pulses
are required for complete CL regression [49-51]. Nevertheless, as
best illustrated in Figure 3B, the cows that underwent CL regression
in our study experienced a large drop in P4, to an average of 19%
of initial P4 concentrations within 4 h after the first PGFM pulse
greater than 100 pg/mL. This all-or-nothing response, at least in
terms of circulating P4, may be related to distinctive PGFM profiles
in lactating dairy cows or the timing of sampling in our study. Still,
it is striking how rapidly the P4 decline occurs in our study and how
closely the P4 decline was associated with the larger PGFM pulse.
This result emphasizes the need for future studies to determine the

Oxytocin

Increased blood flow prevents
efficient transport of PGF2a to
ovarian artery
2% Month Fetus:
No Interferon-tau
Increased Basal PGFM

Figure 8. Proposed model for CL maintenance during pregnancy. In the first month of pregnancy, IFNT prevents PGF secretion and therefore the CL does not
regress. In the second month of pregnancy, oxytocin receptors become active, and PGF pulses and basal PGFM concentrations increase. However, increased
blood flow to the uterus prevents efficient transfer of PGF from the uterine vein to the ovarian artery, resulting in insufficient PGF exposure to induce luteolysis.
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role, or lack of role, for smaller PGF pulses to prime responsiveness
of the CL to subsequent larger PGF pulses. However, it is important
to note that even without a decrease in circulating P4, smaller in-
trauterine PGF pulses can induce changes in luteal gene expression,
including transcription factors such as the early response genes FOS,
JUN, NR4A1, and EGR1, consistent with these small pulses begin-
ning the luteolytic process prior to dramatic decreases in circulating
P4 [50].

The average interovulatory interval in dairy cattle is 22.9 £ 0.7
days, with luteolysis preceding ovulation by 5.2 + 0.2 days [52].
Thus, we chose to sample from days 18-21. However, fewer ani-
mals than anticipated underwent CL regression during the sampling
period, resulting in nonbred cows that did not undergo luteolysis
during the sampling period (LLP cows). These cows either had no or
low PGFM pulses during the first 48 h, when luteolysis clearly was
not yet occurring. It seems likely that cows with delayed luteolysis
were cows with three follicular waves and that cows that underwent
CL regression within our sampling period had two follicular waves,
although this was not explicitly tested in our experiment. This ob-
servation highlights the importance of considering individual cows
rather than average values in studies of CL regression [53].

Our second hypothesis that PGFM pulses would be absent during
the first month of pregnancy accompanied by low basal circulating
PGFM was generally supported, consistent with (1) other studies
evaluating PGFM profiles in early bovine pregnancy using continual
sampling [22, 23], (2) the decrease in PGF secretion associated with
intrauterine recombinant IFNT administration in cattle [19], and
(3) lack of oxytocin responsiveness and oxytocin receptors during
early pregnancy, potentially preventing PGFM pulses [18, 54]. Our
results contrast with the report in ewes of prominent PGFM pulses
during early pregnancy [29] and a recent report of similar frequency
of PGFM pulses with reduced amplitude (65% concentration) in
early pregnant compared to nonpregnant heifers [30]. Thus, our
study provides additional evidence consistent with the hypothesis
that PGFM pulses are more infrequent and of much lower amplitude
in early pregnant cows compared to nonpregnant cows. However,
future studies may need to sample more frequently (hourly) and
for a longer time interval to assure that any PGFM pulses are not
overlooked during early pregnancy, particularly considering the wide
window in which CL regression occurs in nonpregnant cows.

The low basal concentrations of PGFM were near the limit of
detection for our assay (9.9 pg/mL) and similar during early preg-
nancy (11.6 + 0.7 pg/mL) and in cows undergoing CL regression
(11.6 £ 1.0 pg/mL) during similar days of the cycle. This is consis-
tent with similar basal concentrations of PGFM observed in three
previous studies that compared mean PGF concentrations in the
uterine/utero-ovarian vein of ewes [25, 26, 55]. Analysis of only
PGF and not PGFM, combined with the timing of sample collection
(single sample on day 15 [55], samples every 3 h from day 14-17
[26], or samples every 30 min during a 4-h period on day 10-14
[25]), makes it likely that values represent basal concentrations since
peaks of PGF would have been unlikely to be detected, given the
short half-life of PGF [56]. Thus, our results in cattle support the
view that uterine PGF secretion is low under basal conditions dur-
ing early pregnancy and during a similar stage of nonpregnancy and
that PGF pulses, induced by oxytocin in nonpregnant cows, are sup-
pressed during early pregnancy, likely due to direct effects of IENT
on uterine endometrial cells [57].

Our third hypothesis that PGFM pulses would increase coinci-
dent with elevated basal concentrations of PGFM during the second
month of pregnancy was supported. Basal PGFM during the second

month was 2.5-fold greater than basal PGFM in the first month of
pregnancy. Additionally, consistent with our fourth hypothesis, oxy-
tocin treatments were capable of inducing PGFM pulses. This result
suggests that endogenous oxytocin may be responsible for PGFM
pulses observed during the second month of pregnancy.

These conclusions are consistent with a working physiologic
model of PGF secretion during pregnancy (Figure 8). In the first
month of pregnancy, embryonic IFNT inhibits an increase in uter-
ine oxytocin receptors and thereby suppresses luteolytic pulses of
PGF that would occur during the estrous cycle in nonpregnant cows.
However, as pregnancy progresses into the second month, there is
a cessation of IFNT production, and uterine oxytocin receptors in-
crease, allowing endogenous oxytocin pulses to be a stimulus for
uterine PGF production. There is substantial research that supports
the mechanisms proposed for the first month of pregnancy, whereas
the model of PGF secretion during the second month is more spec-
ulative. While there has been an analysis of oxytocin receptors in
the second month, this study lacked cows from the first month to
provide a true comparison [18]. Additionally, our study and the pre-
vious study using an oxytocin challenge on day 50 of pregnancy are
unable to determine the origin of the PGF that is measured as circu-
lating PGFM. Uterine endometrial cells are a likely source for PGF;
however, PGF secretion by the embryo and placental tissues has also
been reported in ruminants [58, 59]. Thus, the timing of induction,
cellular origin, hormonal stimulator, and physiologic function, if
any, for basal PGFM and PGFM pulses during the second month of
pregnancy remain to be defined.

Regardless of the source of PGF, clearly there are pulses of PGFM
during the second month, unlike our results during the first month
of pregnancy. Since IFNT is no longer present during the second
month, this raises the question of what maintains the CL after the
first month [31]. Three potential mechanisms that maintain the CL
after IENT are (1) a circulating substance coming from the pregnancy
protects the CL from regression; (2) there is insufficient PGF pulsatile
activity, either in frequency, amplitude, and/or peak concentration
to induce CL regression; or (3) uterine PGF does not reach the CL.
These mechanisms, if present, are not necessarily mutually exclusive
and could be simultaneously occurring to maintain the CL during
the second month of pregnancy.

Data in ewes are not consistent with a circulating luteoprotective
factor during the second month of pregnancy [3, 60, 61], although
this idea has not been validly tested in cattle. The possibility that
peak PGF concentrations or frequency of PGF pulses are insufficient
to induce luteolysis during the second month cannot be discounted
at this time. While the average pulse amplitude and concentration
is similar during the second month as observed during the time of
luteolysis, the maximal concentrations and amplitude of the largest
PGFM pulses were more than 2-fold greater in cows undergoing re-
gression compared to cows in the second month of pregnancy. In
cows that underwent CL regression, PGFM pulses under 100 pg/mL
were insufficient to cause any detectable change in circulating P4,
and all pulses were under 100 pg/mL in control cows during the
second month of pregnancy. Nevertheless, in oxytocin-treated cows
there were PGFM pulses above 100 pg/mL (five pulses with aver-
age of 116.26 £ 6.05 pg/mL) and no detectable changes in P4. This
suggests PGFM pulses that were sufficient to cause luteolysis in non-
pregnant cows were not adequate to produce luteolysis during the
second month of pregnancy. Thus, cows during the second month
of pregnancy have similar number of PGFM pulses as cows under-
going CL regression and, in oxytocin-treated cows, the amplitude of
PGFM pulses was in the luteolytic range, yet stable P4 during these
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pulses suggests the CL is not being exposed to these pulses during
the second month of pregnancy.

Considering the available evidence, a lack of efficient PGF trans-
port from the uterus to the ovarian artery appears to be the most
parsimonious explanation for maintenance of the CL ipsilateral to
the pregnancy in the second month despite the uterine production of
potentially luteolytic PGFM pulses, as previously suggested [3, 39].
Further support of this model comes from the dramatic increase in
uterine blood flow, particularly in the horn with the pregnancy, after
day 20 of pregnancy [62, 63], combined with evidence in ewes that
intrauterine infusion of a nitric oxide donor to induce vasodilation
(and thus, increase blood flow experimentally) during the normal
time of CL regression prevents luteolysis, as evidenced by elevated
P4 and maintenance of CL volume compared to nontreated controls
[64]. This increase in blood flow may be related to the high concen-
trations of estrogens present in the allantoic fluid of the conceptus
located in the uterine horn ipsilateral to the ovary bearing the CL
[65]. This could provide a mechanism by which a local increase in
vasodilation [66] is achieved in the horn with the pregnancy. Thus,
our favored explanation continues to be that elevated blood flow
in the uterine vein results in inefficient local transport of PGF into
the ovarian artery on the ipsilateral side to the pregnancy, although
contralateral accessory CL regress during the second month of preg-
nancy due to insufficient contralateral uterine blood flow [39]. Dur-
ing luteolysis, most PGF arrives at the CL via local mechanisms [67,
68], and therefore inefficient local transport of PGF could act as a
luteal protective mechanism during pregnancy (Figure 8).

Another interesting observation was the dramatic fluctuation in
P4 that was observed in all cows, regardless of pregnancy status, con-
sistent with multiple previous reports of fluctuations in P4 [46, 69].
These fluctuations are clearly not entirely related to PGFM, as we
saw no detectable effect of small PGFM pulses on P4, and these fluc-
tuations in P4 are noted in cows without detectable PGFM pulses.
Fluctuations in P4 are known to be correlated with LH pulses [69,
70], although treatment with a GnRH antagonist that eliminated
LH pulses did not eliminate P4 fluctuations, suggesting other poten-
tial regulatory mechanisms [71], such as changes in P4 metabolism
which could be associated with changes in liver blood flow related to
feed intake [72, 73]. Understanding the physiologic origin and conse-
quences of these large fluctuations in P4 could have implications for
successful maintenance of pregnancy since nadir P4 concentrations
were generally less than 50% of peak P4 and were below 5 ng/mL
during some times in almost all pregnant cows.

In summary, in this study we determined there was a decrease in
frequency and amplitude of PGFM pulses in pregnant cows during
the normal time of CL regression in nonpregnant cows. In cycling
cows, PGFM pulses were observed that coincide with luteolysis, yet
basal PGFM concentrations were low and similar in pregnant cows
as in cows that underwent CL regression during this period. In con-
trast, during the second month of pregnancy, there is an increase in
basal PGFM (2.5-fold) and PGFM pulses are observed, likely due
to stimulation of endometrial oxytocin receptors, as evidenced by
increased PGFM in response to exogenous oxytocin. Despite the
presence of PGFM pulses, no pregnancies were lost in the control
group in the second month. Thus, our results indicate that suppres-
sion of PGF pulses is an important mechanism for maintaining the
CL during the first month of pregnancy but that suppression of PGF
secretion is unlikely to be the primary mechanism maintaining the
CL during the second month of pregnancy, and perhaps during even
later stages of pregnancy. Rather, it seems clear there is a differ-
ent mechanism maintaining the CL after IFNT is no longer present.

Further research to understand this mechanism of pregnancy mainte-
nance could result in physiologically informed strategies to mitigate
pregnancy losses during the second month, potentially increasing
reproductive efficiency in ruminants and perhaps other species.
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