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a  b  s  t  r  a  c  t

When  induced  to  ovulate  during  anoestrus,  ewes,  does  and  cows  frequently  develop  a short-
lived  corpora  lutea  (SLCL)  syndrome  associated  to  lack  of previous  progesterone.  Exogenous
progesterone  precludes  SLCL  by  blocking  oxytocin  endometrial  receptors,  thus  inducing
normal life-span  CL (NLCL).  Paradoxically,  circa  50%  of  unprimed  ewes  do  not  develop
SLCL.  We  report  results  from  3  trials  assessing  follicular,  oestrous,  ovulatory,  and  luteal
end-points  after  17�-oestradiol  or MAP  treatments.  Oestradiol  benzoate  (50  �g)  induced
follicular  turnover,  provoked  ovulation  in 40%  (24/60)  of  ewes  treated  (93%  of  which  devel-
oped SLCL),  but  did  not  affect  the  incidence  of  SLCL  (26/53)  after  an allogenic  sexual
stimulation  (ASS)  by rams  and  oestrous  ewes.  By  the  onset  of  the  ASS, most  NLCL  ewes
(26/27)  had  already  experienced  turnover  of  their  largest  follicle,  had  smaller  largest  and
second  largest  follicles,  and  ovulated  their  largest  follicle  more  frequently  than  SLCL  ewes
did.  Most  SLCL  ewes  (19/25)  did  not  ovulate  their  largest  follicles,  ovulating  instead  smaller
follicles  of  identical  size  to  those  of  NLCL  ewes.  Priming  (40  mg  of MAP  for 12  days)  was
partially  effective  at  preventing  SLCL  even  when  terminated  14  days  in  advance  of an  ASS,
but failed  at  completely  preventing  SLCL  when  terminated  6 or more  days  in  advance.

The  coupling  of  a timed  acquisition  of  full  steroidogenic  capability  before  ovulation  with  a
system  of  endometrial  oestradiol–progesterone–oxytocin  receptors  linked  in  an  unstable
equilibrium  controlling  the  amplification  of  the  luteolytic  feed-forward  loop  of  oxytocin
and  prostaglandin  F2� explains  occurrence  and  relative  incidences  of  both  NLCL  and  SLCL,
and links  proximate  and  ultimate  causes  of  the  SLCL  syndrome.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Females of a number of ungulate species, including
ewes, does and cows, induced to ovulate or spontaneously

resuming cyclicity after a period of anovulation, frequently
develop a short-lived corpora lutea (SLCL) syndrome. That
involves the formation of morphologically normal CL after
ovulation (usually silent for ewes and cows, preceded by

dx.doi.org/10.1016/j.anireprosci.2012.11.009
http://www.sciencedirect.com/science/journal/03784320
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oestrus in does), followed by anticipated luteolysis and a
second ovulation (still silent in ewes) resulting in the devel-
opment of CL of normal life-span (ewe: Oldham and Martin,
1978; doe: Camp et al., 1983; cow: Odde et al., 1980). In
domestic sheep the SLCL syndrome has been documented
at puberty (Berardinelli et al., 1980), at the resumption of
cyclicity after seasonal anoestrus (Yuthasastrakosol et al.,
1975), and following both GnRH- (McLeod et al., 1982) and
ram-induced (Oldham and Martin, 1978) ovulation during
seasonal anoestrus.

Some consistent features characterize the SLCL syn-
drome in ewes. Ewes ovulating either experience the
syndrome or develop CL of normal life-span (NLCL); the
occurrence of SLCL not followed by a subsequent ovulation
and formation of NLCL is rare. In addition, ewes devel-
oping SLCL have subsequent reproductive performances
comparable to those of ewes forming NLCL at first ovu-
lation (Oldham, 1980; Irazoqui et al., 1992). Those two
features suggest that the SLCL syndrome may  be part of the
‘normal’ female reproductive repertoire, rather than some
defective way of resuming cyclicity. Two other regular fea-
tures are the remarkably constant life-span of SLCL (3–4
days; Hunter, 1991) and the fact that NLCL rarely coexist
with SLCL in multiple ovulations (Chemineau et al., 2006).
The quite invariant life-span of SLCL suggests that the
syndrome is probably the consequence of anticipated lute-
olysis triggered as soon as CL become sensitive to PGF2�,
which in sheep occurs as early as 3–4 days after ovula-
tion (Acritopoulou and Haresign, 1980; Rubianes et al.,
2003). Thus, anticipated luteolysis seems to be the prox-
imate cause of the SLCL syndrome and this is supported
by its complete abolishment following post-ovulatory hys-
terectomy (Chemineau et al., 1993).

Progesterone priming offers a less radical way  of pre-
venting SLCL. A 5 mg  dose injected i.m. immediately before
a ram exposure (Cognié et al., 1982) precludes the syn-
drome although a 20 mg  dose is generally favoured on the
basis of better synchronization of oestrus at the subse-
quent cycle (Oldham et al., 1985). This standard 20 mg  dose
abolishes SLCL even when applied 5 days in advance of
an ovulation-inducing protocol (Pearce et al., 1987). The
effectiveness of these P4 treatments and the invariable
occurrence of NLCL after an SLCL episode indicates that
minimum pre-exposure to P4, both in concentration and
time-span, suffices to ensure CL normalcy in the ensuing
cycle. In line with this pharmacological and physiologi-
cal evidence, lack of exposure to P4 from a previous cycle
was originally suggested (Oldham and Martin, 1978) as
the cause of SLCL. However, that leaves unexplained the
paradoxical fact that a sizable proportion (30–70%) of ewes
successfully induced to ovulate after a ram exposure may
not experience the syndrome in spite of lacking previ-
ous CL. Clearly, lack of P4 from a previous cycle may  be
a factor, but it cannot be the ultimate cause of the syn-
drome. Inadequate follicular development or the ovulation
of either ‘immature’, ‘aged’ or somehow defective folli-
cles in some ewes along with ‘normal’ ones in other ewes

have also been proposed as alternative explanations for the
coexistence of both types of luteal response (e.g. Martin
et al., 1986; Legan et al., 1985; Chemineau et al., 2006). On
the other hand, even though both proximate and ultimate
uction Science 136 (2013) 268– 279 269

presumptive causes of the syndrome have been advanced,
the chain of events connecting them remains mostly
unknown (although see Chemineau et al., 2006 for a recent
proposal of a causative mechanism).

In a variety of ungulates, females may  be induced to
ovulate during seasonal anoestrus by suddenly exposing
them to allogenic sexual stimuli (ASS), i.e. socio-sexual
stimuli, generally originating from social partners, but not
directly involving the subject. Previous research in moder-
ately seasonal sheep established that ASS are best provided
by a small group of sexually active males and females
(Rodríguez Iglesias et al., 1991). In the first of three exper-
iments we attempted to manipulate follicle size patterns
before an ASS exposure with the objective of testing the
possibility that stage of follicle development by the time
of ovulation could be the putative causative factor in the
occurrence of SLCL. Although a previous report (Ungerfeld
et al., 2004) suggested otherwise, (1) the limited number
of ewes used in that trial could have compromised the
detection of even large effects and (2) oestrous and ovula-
tory responses reported for that study did not fit expected
patterns of ewes successfully induced to ovulate by
rams.

In two other experiments we aimed at identifying a time
frame for the P4 priming effect. Such information is lack-
ing for treatments applied more than 5 days in advance
of a ram exposure. Five days is a critical time boundary
because it approximates the average length of a follicular
wave in ewes. Any effects of priming in advance of such
a boundary would be suggestive of P4 not directly acting
upon gonadotrophin-dependent follicles and rather sup-
portive of a role for P4 in preventing PGF2� release from
the uterine endometrium, a process controlled by the inter-
play of E2, P4 and OT uterine receptors (McCracken et al.,
1999). As P4 priming is a critical component of most out-of-
season breeding protocols, time-enveloping its effects also
has direct practical implications.

2. Materials and methods

2.1. Location, animals, and management

The experiments were conducted at the Argerich Exper-
iment Station (latitude: 38◦44′S) during two  consecutive
anoestrous seasons. Experiments 1 and 2 were run con-
currently on the first year of the study, followed by
Experiment 3 in the subsequent year. Management and
protocols followed standards for the humane use and care
of experimental animals (Consortium for Developing a
Guide for the Care and Use of Agricultural Animals in
Agricultural Research and Teaching, 1999). In both years,
a Corriedale flock kept on a once-a-year lambing schedule
(early autumn mating) was sampled for adult ewes (2- to
6-year-old) to be used in the experiments. Ewes are man-
aged year round under range conditions except during late
gestation and early lactation when they graze winter crops.

All ewes were kept isolated (sight, sound, smell) from adult
males since the end of their previous mating period and
were either dry (Experiment 1) or recently weaned (Exper-
iments 2 and 3) by the time they were used.
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ollicle  mappings (‘FM’), exploratory laparoscopies (‘Lap’) and oestradiol i
nd  control of rump marks, respectively. See text for treatment descriptio

.2. Design and experimental procedures

Mature Corriedale ewes and vasectomized sexually
xperienced Milchschaf X Corriedale rams wearing mark-
ng harnesses (20 in Experiments 1 and 2, which were
un concurrently, 9 in Experiment 3) were used as ASS
or the experimental females. Ewes in the ASS groups
ere brought into standing oestrus as required by applying

ntramuscular injections of 500 �g of oestradiol propionate
ollowing a 6-day progestagen priming period (intravaginal
ponges impregnated with 40 mg  of medroxyprogesterone
cetate, MAP).

Mid  ventral laparoscopies were applied during the
ourse of the studies to assess follicular, ovulatory, and
uteal responses. Laparoscopies were performed under
ocal anaesthesia and by a highly trained operator. Veri-
ying the occurrence of ovulation, as determined by the
resence of corpora lutea, usually demanded less than a
inute; follicle mapping (Experiment 1, see below) took

etween 1 and 3 min.

.2.1. Experiment 1
Ninety anovular ewes, chosen out of a group of 100 dry

wes screened by laparoscopy in late November (92/100
ound acyclic), have their ovaries mapped (diagrammatic
ecording on paper) for the presence of follicles larger than

 mm in diameter (FM1, follicle mapping 1, performed on
ay −8 relative to the start of the ASS on Day 0 = December

; Fig. 1, Experiment 1). This was achieved with the help of a
tainless steel probe (3 mm in diameter) with a 1.5-cm-long
cale engraved at the tip and marked at 1 mm  intervals. The
robe, normally handled for manipulating uterine horns
l stimulation: ‘ASS’) displaying main events for Experiments 1, 2, and 3:
s (‘E2’). Greyed and striped segments indicate periods of sponge insertion

and ovaries, was used for the comparative assessment of
follicle dimensions to the closest mm.  Mapping was per-
formed for follicles sized 2 mm or larger; the presence of
smaller follicles (1 mm or less) on a given ovarian region
was  recorded but not mapped. The entire surface of each
ovary was diagrammatically depicted in 2D as two  ellipses
conjoined along the distal edge of the sagittal plane of the
ovary. Digital photography was  also used to better docu-
ment the appearance of ovarian surfaces, particularly when
a high number of follicles required mapping.

After the initial screening, ewes were randomly
assigned to three experimental groups of 30 anovular ewes
stratified by age (4 ± 1.8 years; mean ± s.d.), live weight
(57 ± 8.1 kg; mean ± s.d.), body condition score (2.7 ± 1.0,
mean ± s.d.; scale 1 [emaciated] to 5 [obese]; Jefferies,
1961), and follicle size distribution. Treatments applied to
these groups (Fig. 1, Experiment 1) were: i.m. injection of
50 �g of oestradiol benzoate (Burnet Laboratories, Buenos
Aires, Argentina) applied 7 (E2 −7) or 3 (E2 −3) days before
ASS exposure, or sham-injection (CTRL; untreated control).
The E2 dose was chosen on the basis of its apparent abil-
ity for altering follicular wave patterns while not inducing
ovulation (0 ovulations out of 11 treated ewes in Meikle
et al., 2001; 0 out of 7 in Ungerfeld et al., 2004; both stud-
ies using Corriedale ewes). The 90 anovular ewes were
exposed to 20 rams and 20 oestrous ewes (10 present at the
onset of ASS, another 10 added 24 h later) along with the
121 anovular ewes involved in Experiment 2 (see below).

Thus, the ratio of ASS animals relative to the total number
of anovular ewes exposed was approximately 1:5.

A second follicle mapping session (FM2) was performed
on the day before the onset of the ASS exposure period
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(Day −1, Fig. 1, Experiment 1). Both follicle mappings were
treatment-blind, but FM1  mappings were used as suppor-
ting information for FM2. Follicles mapped in both sessions
were classified (within subject and session, and on the
basis of diameter) to determine the largest, second largest,
and third largest follicle observed. Comparisons between
experimental groups were later performed for those three
classes.

By comparing relative sizes and locations of follicles
mapped in both sessions, we identified ewes in which a
single follicle, larger than the rest, was mapped occupying
different locations in both mapping sessions thus implying
turnover of a potentially ovulatory follicle. We  also identi-
fied ewes in which the largest follicle mapped on FM2  was
at the same location as on FM1; differences in relative size
between mappings were checked for consistency with the
notion that such a follicle was presumably the same.

Laparoscopies were also performed to assess ovula-
tion response (on Day 5), incidence of SLCL (on Day 11),
and occurrence of ovulation in ewes showing oestrus after
either a cycle of normal length (on Day 24) or a short
cycle followed by a normal length cycle (on Day 28). Ewes
showing corpora haemorrhagica or recently formed cor-
pora lutea (shinny, deeply red surface, Oldham and Lindsay,
1980) on Day 11 following a record of an initial silent
ovulation detected on Day 5, were considered as having
experienced a short luteal phase.

Ram exposure lasted for 28 days. During that period
animals were housed in a 1.5 ha enclosure and were daily
screened for oestrus occurrence (as indicated by rump
marks) from Days 0 to 5 and 11 to 28.

2.2.2. Experiment 2
Recently weaned adult ewes (n = 121) were random-

ized (after stratifying by age [4 ± 1.6 years; mean ± s.d.],
live weight [54 ± 5.8 kg; mean ± s.d.], and body condi-
tion score [2.4 ± 1.1, mean ± s.d.]) to three experimental
groups (Fig. 1, Experiment 2) that received intravaginal
sponges (40 mg  of MAP, Gador Laboratories, Buenos Aires,
Argentina) for 12 days starting either 38 (MAP −38; n = 38)
or 26 (MAP −26; n = 42) days before ASS exposure, or acted
as untreated controls (CTRL; n = 41). Anovulation in these
ewes was confirmed by the absence of any recent luteal
structures visible on the surface of the ovaries on the day
of sponge insertion. Ewes in the CTRL group were subjected
to laparoscopy with the same purpose on the day of sponge
insertion to the MAP  −38 group. The experimental groups
were managed as a single mob  grazing native pastures until
the start of the exposure period (Fig. 1, Experiment 2) when
they were merged with the anovular ewes in Experiment 1
(n = 90) and exposed to the same ASS group of 20 rams plus
20 oestrous ewes (see above). Thus, the ratio of ASS animals
relative to the combined number of anovular ewes in both
experiments was approximately 1:5. Oestrus monitoring
and additional laparoscopies were performed as described
for ewes in Experiment 1.
2.2.3. Experiment 3
Recently weaned adult ewes (n = 138) were randomized

(after stratifying by age [4 ± 1.8 years; mean ± s.d.], live
weight [50 ± 4.1 kg; mean ± s.d.], and body condition score
uction Science 136 (2013) 268– 279 271

[1.8 ± 0.4, mean ± s.d.]) to four experimental groups (Fig. 1,
Experiment 3) that received intravaginal sponges (40 mg
of MAP, Gador Laboratories, Buenos Aires, Argentina) for 6
days starting 24 (MAP −24; n = 34), 18 (MAP −18; n = 35),
12 (MAP −12; n = 34), or 6 days (MAP −6; n = 35) before an
ASS exposure. The MAP  −6 group acted as a positive con-
trol with a 0% expected incidence of SLCL (Oldham et al.,
1985). As in Experiment 2, anovulation (absence of any
luteal structure) was verified on the day of sponge inser-
tion to each experimental group. Ewes were joined to rams
(n = 9) and oestrous ewes (n = 10) on Day 0; in this exper-
iment the ratio of ASS animals relative to the number of
anovular ewes was approximately 1:7. Experimental ewes
were then monitored for oestrus occurrence until Day 5,
and examined by laparoscopy on days 5 and 11 (Fig. 1,
Experiment 3) to determine incidence of SLCL as described
above.

2.3. Statistical analyses

In the three experiments Chi-square tests were used
on categorical variables for the assessment of both over-
all effects and pre-planned comparisons of differences
between treatments; Fisher’s exact test was  applied
instead when the expected count for any cell was  less than
5. In Experiment 1 fixed-effect ANOVAs were applied to
test for differences in follicle sizes; confidence intervals
(0.05 family-wise error rate) were calculated to separate
paired differences using the Bonferroni method. After test-
ing for treatment effects, ewes were classified according to
their luteal responses (SLCL or NLCL) irrespective of treat-
ment. The resulting data set was  explored using ANOVA for
continuous variables and generalized linear models with
binomial errors and logit link function (McCullagh and
Nelder, 1989) for the binary response variable ‘occurrence
of NLCL or SLCL’. Results for continuous variables are pre-
sented as mean ± s.e. In Experiment 3, linear and quadratic
terms were fitted through linear regression to evaluate a
time trend in the occurrence of SLCL. Analyses and graphics
were programmed using S-Plus 2000 (MathSoft Inc., 2000).

3. Results

3.1. Experiment 1

Mean sizes of the three largest follicles classes mapped
at FM1  (Day −8) were similar across experimental groups
(P = 0.51–0.86; Table 1). A sizeable number of ewes had
recently formed corpora lutea by the time FM2  was per-
formed. Ewes ovulating in between FM1  and FM2 came
mostly (P = 0.001) from the E2 treated groups (24/60) rather
than the control (2/30), and occurred in a higher propor-
tion (P = 0.003) among early (E2 −7: 18/30) than late (E2
−3: 6/30) treated ewes. These recently ovulated ewes were
kept in the flock, and their luteal lifespans were assessed
(see below), but they were not considered for further anal-
yses.
The size of the largest, second largest, and third largest
follicles present on Day −1 in the remaining ewes (12 in E2
−7, 24 in E2 −3, 28 in CTRL), was affected by the treatments
(P = 0.043–0.001, Table 1). Confidence intervals (95%)
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Table 1
Experiment 1. Size-ranked follicle sizes, and largest follicle turnover assessment in ewes injected with 50 �g of oestradiol benzoate 7 (E2 −7) or 3 (E2 −3)
days  before an allogenic sexual stimulation (ASS), or sham-injected controls (CTRL).

E2 −7 E2 −3 CTRL P

Day −8a Day −1 Day −8 Day −1 Day −8 Day −1 Day −8 Day −1

n 30 12 30 24 30 28
Follicle sizes (mm  ± s.e.)

Largest 4.0 ± 0.22 5.2 ± 0.47 4.2 ± 0.22 3.7 ± 0.35 4.2 ± 0.22 3.9 ± 0.31 0.727 0.043
Second  largest 2.9 ± 0.18 3.7 ± 0.27 2.8 ± 0.19 2.6 ± 0.19 2.6 ± 0.18 2.6 ± 0.17 0.510 0.002
Third  largest 2.3 ± 0.13 3.2 ± 0.23 2.4 ± 0.13 2.0 ± 0.17 2.3 ± 0.13 2.2 ± 0.15 0.856 0.001

Ewes  in which location
of largest follicle
changed from Day

12/12 (100.0) 15/23b (65.2) 20/28 (71.4) 0.057
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a Relative to onset of ASS.
b Incomplete recording of follicle location prevented turnover assessm

eparated E2 −7 from the control group in the three fol-
icle size classes; in contrast, CTRL and E2 −3 ewes showed
imilar mean follicle sizes (Table 1). The proportion of ewes
n which the largest follicle observed in FM2  was located
n a different position than in FM1, i.e. ewes in which it
ould be safe to assume that turnover of the largest folli-
le had occurred, tended to differ among groups (P = 0.057;
able 1). This overall trend was traced to a higher (P = 0.027)
urn over incidence in E2 −7 (12/12) than in the other two
roups (35/51).

Comparable proportions of ewes ovulated across treat-
ents within 5 days of contact with the ASS group (Table 2).
one of those ewes displayed oestrus. Four ewes in E2 −7,

wo in E2 −3, and one in CTRL developed unruptured fol-
icles which were clearly filled with luteal tissue by the
ime ovulation response was assessed on Day 5. In one
2 −7 and one E2 −3 ewe the luteinized unruptured folli-
le (LUF) accompanied a morphologically normal CL. Most
UFs developed from follicles which were substantially
arger than average when last observed on Day −1: 6, 6,
, 8 (E2 −7), 5, 4 (E2 −3), and 8 (CTRL) mm.  The incidence of
UFs differed (P = 0.032) across treatments (Table 2) and
as higher (P = 0.022) in E2 −7 (4/12) than in the CTRL

roup (1/28). The combined luteal response calculated by
erging CL and LUFs responses was similar (P = 0.55) across

reatments (Table 2). No ewes were detected in oestrous

efore Day 14 of ram exposure. The proportion of ewes
arked over the 28 days of contact with the rams did not

iffer (P = 0.67) among treatments (Table 2); time to first
estrus detection was also similar.

able 2
xperiment 1. Ovulation and oestrous responses of ewes injected with 50 �g of o
timulation (ASS), or sham-injected controls (CTRL).

E2 −7 

Ewes ovulating (%)a 8/12 (66.7) 

Ewes  developing LUFsb (%) 4/12 (33.3) 

Total  luteal responses (%)c 11/12 (91.7) 

Ewes  marked (%) 10/12 (83.3) 

Interval to oestrus (Days ± s.e.)d 20.8 ± 1.14 

a Within 5 days of contact with the ASS group.
b Luteinized unruptured follicles.
c Ewes forming CLs plus ewes forming LUFs. One E2 −7 and one E2 −3 ewe  dev
d Days elapsed from onset of ASS to first detection of rump marks.
e E2 −3 ewe.

The proportion of ewes ovulating the largest follicle
present on Day −1 did not differ across treatments (P = 0.12)
but the mean size of such follicles did (P = 0.029, Table 3).
This overall effect was  due in part to smaller follicle sizes
(95% Bonferroni CI of the differences excluding zero) in
E2 −3 than in CTRL ewes (Table 3). In contrast, the mean
sizes of the three largest non-ovulated non-luteinized fol-
licles were homogeneous across treatments (P = 0.29–0.49,
Table 3).

The incidence of short luteal phases either associated
exclusively to SLCL or including the 4 LUF cases not asso-
ciated with concurrent CL (3 short-lived, 1 lasting for
the expected period), was  not affected by the treatments
(P = 0.93 and P = 0.66, respectively; Table 3). Limiting the
comparison to ewes in which turnover of the largest follicle
occurred before ASS exposure still did not reveal treatment
effects (P = 0.10, Table 3) and further narrowing the com-
parison to only ewes developing CL also failed (P = 0.37) at
exposing any treatment differences. Short-lived CL, in turn,
were the norm (10/11) among ewes not experiencing fol-
licular turnover, with comparable incidences in both E2 −3
and CTRL ewes (Table 3) although none of the persistent
largest follicles present in those 10 ewes on Day −1 was
ovulated.

Out of the 16 ewes in which the largest follicle recorded
in both mapping sessions was presumably the same (8 CTRL

and 8 E2 −3 ewes, Table 1), 4 (all CTRL ewes) did not respond
to the ASS, 11 ovulated, and 1 developed an LUF. Thus,
ewes not exhibiting follicular turnover before ASS expo-
sure showed a lower (P = 0.032) incidence of luteal response

estradiol benzoate 7 (E2 −7) or 3 (E2 −3) days before an allogenic sexual

E2 −3 CTRL P

22/24 (91.7) 23/28 (82.1) 0.193
2/24 (8.3) 1/28 (3.6) 0.032
23/24 (95.8) 24/28 (85.7) 0.553
17/24 (70.8) 23/28 (82.1) 0.668
18.6 ± 0.90 19.9 ± 0.77 0.287

eloping both CL and LUF were counted once for total response.
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Table 3
Experiment 1. Retrospective follicle patterns and luteal lifespan responses in ewes injected with 50 �g of oestradiol benzoate 7 (E2 −7) or 3 (E2 −3) days
before  an allogenic sexual stimulation (ASS), or sham-injected controls (CTRL).

E2 −7 E2 −3 CTRL P

Ewes ovulating the largest follicle present on Day −1 (%)a 2/8 (25.0) 6/21c (28.6) 13/23 (56.5) 0.123
Size  of largest ovulated follicle when measured on Day −1 (mm  ± s.e.)b 3.1 ± 0.35 2.2c ± 0.21 3.0 ± 0.21 0.029
Size  of non-ovulated follicles when measured on Day −1 (mm  ± s.e.)d

Largest 3.9 ± 0.55 3.6c ± 0.34 3.2 ± 0.32 0.486
Second  largest 2.7 ± 0.25 2.4c ± 0.16 2.3 ± 0.15 0.322
Third  largest 2.4 ± 0.21 2.0c ± 0.13 2.0 ± 0.12 0.293

Short  lived CL (%) 4/8 (50.0) 10/22 (45.5) 12/23 (52.2) 0.931
Total  short luteal phases (%)e,f 7/11 (63.6) 10/22 (45.5) 12/24 (50.0) 0.657
Total  short luteal phases after largest follicle turnover (%)e,f 7/11 (63.6) 3/14 (21.4) 8/20 (40.0) 0.099
Total  short luteal phases in ovulating, non-turnover ewes (%)e – 6/7 (85.7) 4/4 (100.0) 1.000

a Ewes with CL mapped on Day 5 in the same location previously occupied by the largest follicle identified on Day −1.
b Size of largest follicle mapped on Day −1 in the same position afterwards occupied by a CL on Day 5.
c Incomplete recording of follicle location prevented assessment in one E2 −3 ewe.
d Limited to ewes with CL and no LUFs on Day 5.

current 

 ASS (1 
e Includes luteal phases originating from LUFs not associated with con
persisted for the duration of the experiment.

f Two  ewes experienced follicular turn-over but did not respond to the

(75.0%, 12/16) than ewes in which follicle turnover did
occur (95.7%), i.e. in 45 (Table 3) out of 47 (Table 1) ewes,
with only 2 ewes not responding to the ASS, 1 in E2 −7 and
1 in E2 −3.

When ovulating ewes were classified according to luteal
response (NLCL or SLCL) irrespective of treatment (Table 4)
an association was apparent (P = 0.018) between the type
of response and the size of the largest follicle present on
Day −1. A similar trend (P = 0.076) was found for second
largest follicles. Further exploration of the size-response
association revealed a non-linear relationship between the
probability of occurrence of a luteal response of expected
duration and the size of the largest follicle present before
ASS. Both linear (P = 0.001 or P = 0.016) and quadratic
(P = 0.002 or P = 0.002) terms were required in the lin-
ear predictor to best describe the relationship either with
(results not shown) or without (Fig. 2) the inclusion of LUFs
with an informative lifespan record. Quite similar fits were

obtained in both cases with 25 and 21% of the null deviance
(the generalization of a total variance for non-normal error
distributions) explained by follicle size alone, with or with-
out the inclusion of LUFs, respectively. The shape of the

Table 4
Experiment 1. Follicular end-points and interval to oestrus in ewes developing CL
injection of 50 �g of oestradiol benzoate 7 (E2 −7) or 3 (E2 −3) days before an all

n 

Follicles sizes on Day −1 (mm  ± s.e.)
Largest 

Second  largest 

Third  largest
Ewes  in which location of largest follicle changed from Day −8 to Day −1 (%) 

Ewes  ovulating the largest follicle present on Day −1 (%) 

Size  of largest follicle ovulated when measured on Day −1 (mm  ± s.e.) 

Size  of largest non-ovulated follicles when measured on Day −1 (mm  ± s.e.)
Largest
Second  largest
Third  largest 

Interval to oestrus (Days ± s.e.)

a One E2 −3 ewe  developing a short-lived CL had an incomplete follicle record.
CL (3 in E2 −7, 1 in CTRL); excludes one E2 −3 ewe developing a LUF that

in E2 −7, 1 in E2 −3).

relationship (Fig. 2) was  primarily accounted for by a sharp
drop in the probability of expected lifespan for large-sized
follicles. In fact, the probability of expected lifespan was
similar (P = 0.54) for follicles of 2, 3, or 4 mm in diameter as
measured on Day −1.

The development of a CL of expected lifespan was
strongly associated to turnover of the largest follicle before
Day −1 (26 out of 27 cases, Table 4). Short-lived CL, in
contrast, developed in comparable proportions in ewes
both experiencing and not experiencing turnover (15 out of
25 cases); these two  response patterns differed (P = 0.002,
Table 4). Relative to NLCL, SLCL were also associated to a
lower (P = 0.026) frequency of ovulation of the largest fol-
licle present. Largest ovulating follicles originating either
SLCL or NLCL were of similar mean size (P = 0.85, Table 4).
In contrast, the size of the largest and second largest
non-ovulated follicles differed (P = 0.018 and P = 0.058)
according to CL lifespan. When the analysis was restricted

to ewes experiencing turnover before Day −1 (26 develop-
ing NLCL and 15 developing SLCL), trends for larger sizes
associated to SLCL were still detected for the largest folli-
cle present on Day −1 (4.1 ± 0.33 vs. 3.3 ± 0.25, P = 0.065)

 of expected or short lifespan irrespective of treatment. Treatments were
ogenic sexual stimulation (ASS), or sham-injection (CTRL).

Corpora lutea P

Expected lifespan Short-lived

27 25a

3.4 ± 0.27 4.4 ± 0.29 0.018
2.5 ± 0.15 2.9 ± 0.16 0.076
2.2 ± 0.14 2.4 ± 0.14 0.211
26/27 (96.3) 15/25 (60.0) 0.002
15/27 (55.6) 6/25 (24.0) 0.026
2.7 ± 0.20 2.7 ± 0.21 0.855

3.0 ± 0.28 4.0 ± 0.29 0.018
2.2 ± 0.13 2.6 ± 0.14 0.058
2.0 ± 0.11 2.1 ± 0.12 0.617
16.5 ± 0.30 22.7 ± 0.33 0.001
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nd for the largest non-ovulated follicle (3.6 ± 0.31 vs.
.9 ± 0.23, P = 0.09). Mean sizes of largest ovulated folli-
les (2.9 ± 0.28 vs. 2.7 ± 0.21, P = 0.49) remained similar
P = 0.49) between ewes developing NLCL (2.7 ± 0.21) or
LCL (2.9 ± 0.28).

As expected from ovulation response patterns, the
nterval to first oestrus in ewes experiencing the SLCL syn-
rome was delayed (P = 0.001) by approximately 6 days;
nset of oestrus varied from 21 to 25 days in SLCL ewes
nd from 14 to 20 days in NLCL ewes.

As indicated above, ewes ovulating in between the
rst and second mapping sessions were again screened
y laparoscopy on Day 5 to determine incidence of SLCL.
he combined incidence of SLCL among these ewes (15/16,
3.8%; 2/2 in CTRL, 5/6 in E2 −3, and 8 out of a random
ample of 8 taken from the original 16 E2 −7 ewes ovulat-
ng) was higher (P = 0.003) than that later recorded in their
ockmates after ASS exposure (26/53; 49.1%).

.2. Experiment 2

The proportion of ewes ovulating within 5 days of ASS
xposure was similar (P = 0.75) for MAP-treated and control

wes (Table 5). The incidence of SLCL differed across treat-
ents (P = 0.003); SLCL were less frequent (P = 0.022) in

wes exposed to MAP  from 26 to 14 days before stimulation
11/34) than in the untreated controls (22/35). No effect of

able 5
xperiment 2. Ovulation and oestrous response of ewes primed with progestage
38)  or 26 (MAP −26) days before an allogenic sexual stimulation (ASS) in late sp

MAP  −38 

Ovulating ewes (%)a 30/38 (78.9) 

Short  luteal phases (%) 22/30 (73.3) 

Oestrus and ovulation (%)b,c 27/27 (100.0) 

a Within 5 days of contact with the ASS group.
b Ewes were detected in oestrus from Day 16 to Day 25 after the onset of the A
c Seven ewes were not screened for ovulation due to excessive rumen fill.
nction of the size (s) of the largest follicle present in the ovaries on the
es. Dot sizes are proportional to the total number of follicles in each size

MAP  was apparent when a similar treatment was discon-
tinued 26 days in advance of the ASS exposure (P = 0.53
for the comparison between MAP  −38 and CTRL). No ewes
were detected in oestrus during the first 5 days of contact
with the rams but all ewes successfully stimulated were
eventually marked by the rams. Ewes experiencing oestrus
after NLCL or SLCL clustered around 17 ± 0.4 or 23 ± 0.3
days after the start of the ASS, respectively.

3.3. Experiment 3

As in Experiment 2, timing of MAP  treatment did not
affect (P = 0.39) the occurrence of ovulation within 5 days
of the ASS (Table 6). A high proportion of ewes exposed
to MAP  for the 6 days preceding the ASS (30/32) experi-
enced oestrus and were marked by the rams within 5 d;
that was a higher (P = 0.001) proportion than observed in
the other 3 groups combined (13/100). Unexpectedly, the
interval to oestrus was heterogeneous (P = 0.001) across
treatments; 95% CI separated MAP  −6 from each of the
other three groups. Approximately half of the ewes show-
ing oestrus in MAP  −24 (2/2), MAP  −18 (4/8), and MAP  −12
(1/3) developed SLCL.
The occurrence of SLCL was affected by the treat-
ments (P = 0.001); comparisons of individual treatments
against the positive control (MAP −6) were all significant
(P = 0.001). A decline (P = 0.001 for a linear trend, P = 0.058

n (40 mg of medroxyprogesterone acetate) for 12 days starting 38 (MAP
ring, or untreated controls (CTRL).

MAP  −26 CTRL P

34/42 (80.9) 35/41 (85.4) 0.749
11/34 (32.3) 22/35 (62.8) 0.003
31/31 (100.0) 34/34 (100.0) 1.000

SS.
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Table 6
Experiment 3. Ovulation, oestrous, and luteal lifespan responses of anovular ewes to a 6-day priming with 40 mg of medroxyprogesterone acetate started
24  (MAP −24), 18 (MAP −18), 12 (MAP −12) or 6 (MAP −6) days before an allogenic sexual stimulation (ASS) in early summer.

MAP  −24 MAP  −18 MAP −12 MAP  −6 P

Ovulating ewes (%)a 33/34 (97.1) 35/35 (100.0) 32/34 (94.1) 32/35 (91.4) 0.390
Marked  ewes (%)b 2/33 (6.1) 8/35 (22.9) 3/32 (9.4) 30/32 (93.8) 0.001
Interval to oestrus (Days ± s.e.) 5.0 ± 0.51 3.9 ± 0.26 4.3 ± 0.42 2.4 ± 0.13 0.001
Short  luteal phases (%) 24/33 (72.7) 21/35 (60.0) 11/32 (34.4) 0/32 (0.0) 0.001

xposure
a Within 5 days of contact with the ASS group.
b All ewes were detected in oestrus within 5 days of the onset of ASS e

for and additional quadratic term) in SLCL incidence was
detected as the period of treatment approached the day
of exposure to the ASS. However, complete suppression of
the SLCL syndrome was achieved only when the MAP  treat-
ment was discontinued immediately before the start of the
ASS.

4. Discussion

Ovulation and oestrus results from the 3 trials agreed
with known responses of anovular Corriedale ewes to an
ASS exposure in spring-summer (e.g. Rodríguez Iglesias
et al., 1991, 1992, 1996; Pevsner et al., 2010); ovulation
(88.6% overall average) and proportion of ewes marked
by the rams (92.0% overall average) were consistently
high across trials. The incidence of SLCL across treat-
ments approached 50% for dry ewes in Experiment 1,
in line with the typical response in moderately seasonal
breeds (Martin et al., 1986). In the other two trials SLCL
occurred more frequently in ewes either unprimed or
primed well in advance of the ASS which agrees with
previous observations (Pevsner et al., 2010). Oestrous dis-
tributions followed the expected biphasic pattern with
peaks around days 16–17 (NLCL ewes) and 22–23 (SLCL
ewes) after the onset of the ASS (Martin et al., 1986).
Also as expected, a 6-day progestagen priming discon-
tinued immediately before the ASS (MAP −6, Experiment
3) induced synchronized oestrus and was 100% effective
at preventing SLCL (Rodríguez Iglesias et al., 1996). In
contrast, ewes ovulating with oestrus after a P4 priming
terminated 6 to 18 days before the ASS (Experiment 3)
were a novel finding. Unprimed ewes induced to ovulate
during seasonal anoestrus rarely exhibit oestrus (Schinckel,
1954) and the responses observed in Experiment 3 (up to
23% in MAP  −18) largely exceeded what has been occa-
sionally reported in the literature (Martin et al., 1986). Two
possible explanations are a conserved effect of early MAP
priming promoting oestrus behaviour in some ewes, or the
occurrence of GnRH-supported rather than E2-supported
oestrus (Caraty et al., 2002). Although there is no sup-
porting evidence for any of those two possibilities, most
oestrous ewes (11/13) were marked by the rams after the
expected time of ovulation (i.e. around 50 h after the onset
of stimulation, Martin et al., 1986) which suggests a pos-
sible involvement of the residual GnRH release normally
following an LH surge (Caraty et al., 2002). Caraty et al.

(2002) characterized the phenomenon as a sequential pat-
tern of GnRH-supported following E2-supported oestrus
with P4 involved in both mechanisms. The GnRH secre-
tion support provided by the continuous presence of the
.

ASS group and the timing of the MAP  treatments may  have
triggered GnRH-supported oestrous in some ewes thus
explaining the incidence and timing of our observations.

In contrast to previous reports (Meikle et al., 2001;
Ungerfeld et al., 2004), we  observed a significant pro-
portion of ewes ovulating after E2 injections, which is in
agreement with other attempts at using E2 on anovular
ewes. Beck and Reeves (1973) reported 24% (6/25) of ovu-
lations and Barret et al. (2008) found 5 luteal responses
out of 12 treated ewes (i.e. a 42% incidence). Barret et al.
(2008) used a relatively high E2 dose (350 �g), but Beck and
Reeves (1973) and Reeves et al. (1974) showed that varying
E2 doses from 12.5 to 200 �g had very similar effects on LH
and FSH secretion patterns. As the ability of E2 to induce
ovulation is related to its effect on LH and FSH secretion
(Beck and Reeves, 1973; Reeves et al., 1974), it is likely
that the response threshold of the ewes used by Meikle
et al. (2001) and Ungerfeld et al. (2004) was  relatively high
due to either chronic ram presence (Meikle et al., 2001) or
low ram libido, transportation stress, and lack of adaptation
(Ungerfeld et al., 2004).

In our study exogenous E2 may  have head-started an
LH-E2 feed-forward loop ultimately triggering an LH surge
in ewes that were close to endogenously emerge from sea-
sonal anoestrus. The high incidence of SLCL recorded in
E2-injected ewes ovulating before the ASS (13/14, 93%) is
discussed below in relation to the possible mechanism of
the SLCL syndrome.

Oestradiol-induced ovulations were a nuisance and may
also have affected the recorded responses of E2 −3 ewes.
Some E2 −3 ewes might have been in course to ovula-
tion under the effect of injected E2 by the time they were
exposed to the ASS group. However, the similarity of follic-
ular size patterns in E2 −3 and CTRL ewes at FM2  suggests
that any effect of E2 on follicle size distributions would
probably take more than 2 but probably less than 6 days
(as in E2 −7) to develop. In addition of inducing ovulation
in some ewes, E2 had a marked effect on the mean size of
the three largest follicle classes in E2 −7 ewes. Assuming a
new follicular wave emerges 2.5–3 days after an E2 injec-
tion (Meikle et al., 2001; Ungerfeld et al., 2004; Barret et al.,
2008), and considering a combined average length of about
5 days for the growing and static phases of an average fol-
licular wave during anoestrus (Bartlewski et al., 1998), the
largest follicles in E2 −7 ewes should have reached their
maximum size by the time of FM2. Most ewes in E2 −3,

in contrast, should have had a cohort of follicles just start-
ing their growing phase under the effect of E2; some others
may  have being well into the regressing phase of a previous
wave. Ewes in the CTRL group, in turn, would be expected to
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isplay a random, non-synchronized pattern. Under these
ssumptions, larger mean follicle sizes would be expected
or E2 −7 rather than for E2 −3 or CTRL ewes and that was
hat we observed, thus supporting an E2 effect on follic-
lar wave emergence. The effect of E2 treatments on our
stimate of largest follicle turnover over the period elaps-
ng from FM1  to FM2  also supports the notion of E2-induced
ollicular turnover in E2 −7 ewes. Turnover in the other two
roups was somewhat lower than expected (65% and 71%)
onsidering the average duration of a follicular wave in sea-
onally anovular ewes (Bartlewski et al., 1998). This may
ave been due to the limitations imposed by the exper-

mental protocol (i.e. continuous follicle monitoring was
eyond consideration given the number of ewes involved
nd the likely discomfort to be imposed on the subjects)
nd to the conservative nature of the estimated turnover.

Behavioural oestrus and ovulation, and incidence of
LCL were not affected by the E2 treatments. The luteal
esponse, either limited to CL or including LUFs, was
omogeneous across experimental groups although the

ncidence of LUFs differed between treatments. Luteinized
nruptured follicles are uncommon findings after success-
ul stimulation of seasonally anovular ewes (e.g. only 1
ut of 288 ewes not treated with E2 and exposed to ASS
n our 3 trials combined) although they are frequently
bserved associated to poor responses to both ASS (e.g.
ngerfeld et al., 2004) and GnRH (e.g. Rubianes et al.,
997) protocols. Two common factors linked to LUF occur-
ence in Experiment 1 were E2 treatment (6 out of 7 cases,
able 2) and presence of a large follicle at the onset of
he ASS. These two factors, in turn, appeared associated
n a seemingly causative manner in the E2 −7 treatment

hich induced comparatively larger follicle sizes by the
ime ewes were exposed to the ASS and showed the highest
requency of LUFs across treatments. Thus the E2 treat-

ent most likely augmented the incidence of LUFs in E2
7 ewes via a follicle development effect which was timed
y design to the start of the period of increased LH pul-
atility triggered by the ASS. Large, antral, morphologically
ormal but hormonally impaired follicles may  persist on
he ovaries (Souza et al., 1997) and respond to a luteiniz-
ng stimulus. This may  explain the puzzling high incidence
f LUFs reported by Rubianes et al. (1997) when anovu-
ar Corriedale ewes with almost exclusively large (6 mm)
ollicles present were GnRH-challenged during seasonal
noestrus.

As assessed on Day −1, E2 treatments induced dif-
erent mean sizes of largest follicles eventually ovulated
Table 3). The comparatively smaller size of the largest
vulated follicles in E2 −3 supports the turnover effect
f E2 discussed above. Follicular turnover before the ASS
ffected the occurrence of short luteal phases. However,
odifying the pattern of follicle development did not affect

he incidence of SLCL, and post hoc comparisons between
wes with contrasting histories of follicular dynamics (e.g.
vulation of largest vs. smaller follicles) did not reveal
ny patterns. Ovulation or luteinization of the compara-

ively larger follicles present in E2 −7 on Day −1 effectively
emoved any differences in follicle sizes across treatments.
n other words, after accounting for size differences associ-
ted to ovulation and LUF formation, populations of follicles
uction Science 136 (2013) 268– 279

2 mm and larger originating before Day −1 were compara-
ble across treatments.

Experiments 2 and 3 were aimed at approximating a
time frame for exogenous progestagens to prevent SLCL
occurrence. A 12-day treatment terminated 14 days before
an ASS (MAP −26, Experiment 2) prevented SLCL in a sig-
nificant proportion of ewes. Anticipating the treatment
by 12 more days (MAP −38, Experiment 2) or short-
ening it to 6 days (MAP −18, Experiment 3) failed at
preventing the syndrome. Although partially successful,
anticipated treatments (MAP −26 in Experiment 2, MAP
−12 in Experiment 3) did not prevent SLCL completely
as the conventional short-term treatment did (MAP −6,
Experiment 3). Assuming that circulating MAP  will rapidly
dwindle after sponge removal, MAP  −26 (Experiment 2)
and MAP  −12 (Experiment 3) treatments bound partially
successful progestagen treatments below an upper limit
of 14 days (some SLCL prevented) and a lower limit of 6
days (highly, but not completely effective) in advance of
an ovulation-inducing treatment. Those boundaries would
be additionally dependent upon the duration of progesta-
gen exposure. At the lower end, complete prevention of
SLCL was only achieved when MAP  support was  kept in
place right up until the onset of the ASS protocol (MAP
−6, Experiment 3). Although there are no previous reports
on short-term progestagen treatments discontinued in
advance of an ASS, a single dose of 20 mg  of P4 injected 5
days before inducing ovulation was fairly effective at pre-
venting SLCL (0 out of 10 ewes exposed to rams by Pearce
et al. (1987);  2 out of 10 ewes treated with GnRH by Mann
and Haresign (2001)). Those findings, and the sharp decline
in SLCL prevention as MAP  treatment was progressively
anticipated in Experiment 3, suggest that around 5 days in
advance of an ovulation-inducing treatment lies some crit-
ical temporal boundary for the therapeutic effect of MAP.
Beyond that boundary beneficial effects still occur until a
second boundary is reached, somewhere within a 14- to
26-day bracket before an ovulation-inducing treatment.

Progesterone priming is associated with a decreased
PGF2� response to an OT challenge (Beard and Hunter,
1996) thus suggesting that the presence of functional uter-
ine OT receptors early in the induced cycle plays a critical
role in the advanced luteolysis mechanism responsible for
SLCL and that P4 acts primarily by blocking that process in
the uterus (Beard and Hunter, 1996; Wathes et al., 1996;
Kombé et al., 2003). On the other hand, upregulation of OT
uterine receptors by exogenous E2 develops very quickly
(Vallet et al., 1990). If that were the case for endogenous
E2, the emergence of a single wave of gonadotrophin-
dependent follicles after termination of a P4 priming would
drastically downgrade any priming effect. That may  explain
the increased incidence of SLCL from MAP  −6 (0%) to MAP
−12 (34%). The occurrence of successive follicular waves
would eventually erode any benefit of anticipated priming.

In comparison with ewes subsequently developing the
SLCL syndrome, by the onset of the ASS ewes later develop-
ing NLCL had mostly (26/27) experienced a recent turnover

of their largest follicle, had comparatively smaller largest
and second largest follicles present, and eventually ovu-
lated their largest follicle in a higher proportion than SLCL
ewes did. In contrast, in most SLCL ewes (19/25) the largest
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follicles present on Day −1 were not ovulated, smaller fol-
licles of an average size similar to those in the NLCL group
were instead selected for ovulation, and still these ewes
developed the SLCL syndrome. Thus our results seem to
support the observation that, in anoestrous ewes, ‘follicles
of similar size and [presumably] age can produce divergent
responses to a GnRH stimulus’ (Bartlewski et al., 2001).
However, the contrasting follicle dynamics in those two
response groups strongly suggests that a timing effect may
be the ultimate cause of the SLCL syndrome. Almost invari-
ably (10/11), lack of recent follicle turnover before the ASS
was associated to SLCL. However, the syndrome devel-
oped in spite of smaller, presumably younger follicles being
selected for ovulation. The simplest explanation for these
effects would be that a minimum and timed gonadotrophin
exposure may  be required for follicles to achieve a matura-
tional stage critical for developing into NLCL. Large follicles
could be replaced either naturally or through induced folli-
cle wave turnover (e.g. Meikle et al., 2001; Ungerfeld et al.,
2004; Barret et al., 2008) but that would not guarantee
that at least one follicle in the new cohort will develop
to synchronize to an eventual LH surge triggered by an
exteroceptive stimulus (e.g. exogenous E2 or GnRH, or ASS-
triggered GnRH).

Although minimum exposure to physiological P4
released by accident (e.g. Beard and Hunter, 1996) or to
exogenous P4 or progestagens applied by design (5 mg  of
P4, Cognié et al., 1982; 2.5 mg  of MAP, Rodríguez Iglesias
et al., 1992) can be 100% effective at preventing SLCL, it
is clear that early P4 production by the newly formed CL,
indistinguishable for NLCL and SLCL (e.g. Legan et al., 1985;
Hunter et al., 1988; Chemineau et al., 1993; Beard and
Hunter, 1994, 1996; Mann and Haresign, 2001; Bartlewski
et al., 2001), cannot explain the course of events conducive
to anticipated luteolysis. Progestagen treatment after ovu-
lation (e.g. Keisler and Keisler, 1989) does not decrease
the incidence of SLCL thus reinforcing the concept that
any therapeutic effect of exogenous P4 should occur before
rather than after ovulation takes place.

Concentrations of follicular receptors and E2, and
steroidogenic function have been reported to be altered
in follicles destined to form SLCL in both ewes and
cows (Hunter, 1991). Out-of-synchrony follicles, induced
by insufficient exposure to gonadotrophins before the
occurrence of an LH surge would be unable to develop
into steroidogenically normal follicles (White et al., 1987;
McNeilly et al., 1981; Murdoch and Van Kirk, 1998) capa-
ble of sustaining follicular P4 production before ovulation.
Follicular P4, in turn, would be critical to downregulate
the population of OT receptors in the endometrium thus
avoiding the anticipated luteolysis triggered by oestro-
genic stimulation of the normal luteolytic mechanism
(Beard and Hunter, 1994). Thus, we conjecture that, given
that follicular P4 does not reach peripheral circulation in
significant quantities (Murdoch and Dunn, 1982), local
counter-current links between ovary and uterus (Weems
et al., 1989; McCracken et al., 1999) should be the pathways

allowing for follicular P4 to reach the endometrium and to
act upon OT receptors before ovulation takes place. Both
genomic and nongenomic inhibition of OT binding may be
effected by follicular P4 after reaching the endometrium
uction Science 136 (2013) 268– 279 277

(Dunlap and Stormshack, 2004; Bishop and Stormshack,
2006). This is a critical link to be confirmed in order to
validate our hypothesis, but several lines of seemingly
unrelated evidence point towards a timing effect as the
most parsimonious explanation for SLCL syndrome.

In the first place, the only way  to avoid an anticipated
CL lysis seems to be the pre-ovulatory downregulation
of endometrial OT receptors up to a point in which the
establishment of an OT-PGF2� feed-forward loop involving
uterus and CL (McCracken et al., 1999) cease to be possible.
If that is not achieved, the amplifying effect of the feed-
forward loop will unavoidably seal the fate of the CL. Thus,
the exposure to a gonadotrophin milieu conducive to fully
functional follicular steroidogenesis in advance of an ovu-
latory stimulus, a temporally random process in anoestrous
ewes, is coupled to a basically chaotic system whose final
outcome (CL survival or lysis) will be determined by min-
imal initial differences in the balance of E2 and P4 uterine
receptors regulating, in turn, the population of OT receptors
in the endometrium (McCracken et al., 1999). In a system
driven by endometrial receptors linked in such an unstable
equilibrium, and in the absence of overriding exogenous
factor(s) like a GnRH bolus injection, the expected outcome
would be a random oscillation around a 50% of expected
lysis events. Thus, the puzzling, widely reported circa 50%
incidence of SLCL in anovular ewes exposed to rams (Martin
et al., 1986) may  turn out to be the most probable out-
come of a fail-safe CL life-span control system with coupled
ovarian and uterine components.

Additional evidence that timing of the ovulatory event
relative to the previous endocrine environment is a critical
factor comes from the widely reported differences between
the outcome of a single GnRH bolus injection (producing
almost exclusively SLCL) vs. that of a variety of protocols
designed to mimicking a pulsed gonadotrophin regime fol-
lowed by a bolus injection (mostly producing NLCL). Our
own results in the group of ewes ovulating soon after the E2
injection (93% SLCL) also fit the pattern of timing-induced
failure. In these two situations (GnRH bolus or E2 injection)
the chances for endogenous endocrine processes buffering
timing gaps (functional in the ASS model) approaches zero.
Consequently, the occurrence of SLCL in those two situation
should be expected to approach certainty.

A bolus GnRH injection inducing an anticipated LH
surge and ovulation in ewes primed with P4 before a
ram exposure restores the incidence of SLCL to the level
observed in unprimed ewes (Pearce et al., 1985). This result
was originally interpreted as suggestive that ‘progesterone
assures normality of corpora lutea by lengthening the
period of gonadotrophin priming of follicles before ovula-
tion’ (Pearce et al., 1985). Although the effect of P4 priming
is probably a different one (i.e. to preclude anticipated lute-
olysis at the point of action of OT in the endometrium),
arbitrarily shortening the period of gonadotrophin follicle
priming indeed had an effect on the life-span of induced
CL, as predicted from our ex post hypothesis.

At the temporal scale of an oestrous cycle, the proposed

unstable equilibrium system would be acting as a fail-safe
sieve assuring economy of resources by discontinuing the
reproductive process whenever it shows a less than ideal
prospect of achieving success.
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From an evolutionary perspective, the system could
e part of a mechanism of inter-oocyte competition ulti-
ately enhancing the chances of successful reproduction.
rowth factors secreted by the oocyte play key roles in

olliculogenesis, granulosa cell differentiation in particu-
ar (Gilchrist et al., 2004, 2008). Oocytes inside follicles
nable to fully and timely develop functional steroidogene-
is before ovulation would be eliminated whenever follicles
f a subsequent follicular wave trigger an anticipated CL
ysis via their own E2 release in response to the first post-
vulatory FSH wave (Hunter, 1991). Oocytes inside these
atter follicles would thus have a chance to pass on their
enes. Although that would rarely be the case in domes-
ic ewes (because first and second ovulations are normally
ilent), it is still possible in does, and it might have been
ossible in their common ancestor. For animals with year-
ound sexual segregation except during the rutting season,
ike most ungulates, developing early synchronous repro-
uction may  have been a critical factor for evolutionary
uccess.

Two key differences between Chemineau et al. (2006)
odel of SLCL occurrence and our ex post hypothesis are

hat (1) follicle failure would not be due to a systemic
ack of ‘sustained long-term gonadotrophin activity during
noestrus’ but rather to a very short-term timing effect pos-
ibly modulated by oocyte action and (2) although effected
fter ovulation, the fate of both ovulated oocyte and devel-
ping CL would be sealed before ovulation takes place.
lthough minor, those differences offer a better fit to well
nown features of the syndrome, and may  explain its evolu-
ion as a way of optimizing reproductive effort. On the other
and, if our hypothesis were correct, 100% NLCL responses
ithout P4 priming would be difficult to achieve in sheep, a

pecies that, unlike cattle, seem to lack a clear mechanism
f follicular dominance (Duggavathi et al., 2005), a prereq-
isite to induce follicular synchrony across individuals.

We conclude that the coupling of a timing-dependent
rocess, namely the acquisition of full steroidogenic capa-
ilities in advance of an ovulation stimulus, with a system
f uterine receptors for E2, P4 and OT linked in an unstable
quilibrium and controlling the amplification of a luteolytic
eed-forward loop involving OT and PGF2� (1) explains
he natural occurrence of both NLCL and SLCL, (2) links
roximate and ultimate causes of the SLCL syndrome, (3)
esolves the issue of seemingly similar follicles producing
ivergent responses to ovulation-inducing factors, and (4)
larifies the puzzling circa 50% incidence of SLCL in sheep
reeds of moderate seasonality induced to ovulate by ASS
uring anoestrus. A critical component of the hypothesis, a
athway for follicular P4 to reach the endometrium before
vulation, remains to be experimentally validated.
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