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ABSTRACT

In a previous study, 10-day estradiol implant treatment
truncated the FSH peaks that precede follicular waves in sheep,
but subsequent ovine FSH (oFSH) injection reinitiated wave
emergence. The present study’s objectives were to examine the
effects of a 20-day estradiol and progesterone treatment on FSH
peaks, follicle waves, and responsiveness to oFSH injection.
Also, different estradiol doses were given to see whether a model
that differentially suppressed FSH peaks, LH pulses, or basal
gonadotropin secretion could be produced in order to study
effects of these changes on follicular dynamics. Mean estradiol
concentrations were 11.8 6 0.4 pg/ml, FSH peaks were
truncated, wave emergence was halted, and the number of
small follicles (2–3 mm in diameter) was reduced (P , 0.05) in
cyclic ewes given estradiol and progesterone implants (experi-
ment 1). On Day 15 of treatment, oFSH injection failed to
induce wave emergence. With three different estradiol implant
sizes (experiment 2), estradiol concentrations were 5.2, 19.0,
27.5, and 34.8 (64.6) pg/ml in control and treated ewes,
respectively. All estradiol treatments truncated FSH peaks,
except those that created the highest estradiol concentrations.
Experiment 2-treated ewes had significantly reduced mean and
basal FSH concentrations and LH pulse amplitude and frequen-
cy. We concluded that 20-day estradiol treatment truncated FSH
peaks, blocking wave emergence, and reduced the small-follicle
pool, rendering the ovary unresponsive to oFSH injection in
terms of wave emergence. Varying the steroid treatment created
differential FSH peak regulation compared with other gonado-
tropin secretory parameters. This provides a useful model for
future studies of the endocrine regulation of ovine antral
follicular dynamics.

corpus luteum, estradiol, follicle-stimulating hormone, follicular
development, luteinizing hormone

INTRODUCTION

Prior to the use of ultrasonography, earlier studies on the
endocrine regulation of the growth of ovarian antral follicles
(2–3 mm or more in diameter) in sheep led to the conclusion
that these follicles were gonadotropin dependent [1–4]. It was
generally concluded that growth of these follicles was largely
FSH dependent, but some level of basal LH secretion appeared
essential, and if pulsatile LH secretion was present, final
growth and maturation could become LH dependent [1–5].

With the use of ultrasonography, it was found that during
the ovine estrous cycle, one to three antral follicles emerge or
grow from a pool of small antral follicles (1–3 mm in diameter)
every 4 to 5 days [6–9]. These follicles grow to a diameter of 5
mm or more in diameter before regression or ovulation [6–9].
Each wave of follicle growth is preceded by a transient peak of
FSH secretion [6–10]. The role of basal FSH secretion (peaks
and pulses excluded) in ovine antral follicle wave dynamics is
unknown, as is the precise role of basal or pulsed LH secretion.
The frequency of LH secretory pulses changes across the
estrous cycle, largely regulated by the pattern of progesterone
secretion during the genesis and regression of the corpus
luteum (CL) [1, 11–17], but changes in LH pulse frequency do
not appear to be correlated with or functionally related to
specific phases of the growth or regression of follicle waves
[10, 18]. This is interesting, as there are changes in LH pulse
frequency around the time of follicular deviation in a follicular
wave in cattle [19, 20]. Suppression of LH pulse frequency
decreases growth of the dominant follicle after deviation, but
deviation does not require this increase in pulsed LH secretion
[21]. Dominance is the process in which one antral follicle
growing in a wave exceeds others in growth rate and size and
suppresses the growth of other subordinate follicles, probably
by way of suppressive follicular secretory products [22].
During each follicular wave in sheep, serum concentrations of
estradiol peak at the end of the growth phase of the largest
follicle of the wave [7, 23]. Inhibin tends to be produced by a
wide size range of antral follicles [24–28]. However, ovarian
secretory products (i.e., ovarian steroids and inhibin) may not
regulate the peaks in serum concentrations of FSH that precede
antral follicular waves, and follicular dominance would not
appear to be as marked in the ewe as in cattle [9, 29, 30].

It would be useful to further develop specific experimental
models in which we could examine the individual roles of basal
gonadotropin secretion, FSH peaks, and pulsatile LH secretion
in governing follicular wave development. The GNRH1
agonists and antagonists affect both LH and FSH secretion
[31, 32]. Although inhibin specifically suppresses FSH
secretion, it is not clear whether this is an effect on basal
secretion, peaks, or both. In addition, the maintenance of a
constant inhibitory affect of inhibin would be experimentally
challenging. Steroid-releasing implants have been widely used
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in ovariectomized ewes to study estradiol and progesterone
feedback regulation of gonadotropin secretion [33–35]. The
effects of steroids on LH secretion were dose dependent, but on
FSH secretion they were variable; the possibility of differential
effects on basal gonadotropin secretion versus LH pulses and
FSH peaks has not been fully addressed.

In a recent study from our research group [36], we created
an experimental model in which only the amplitude and peak
concentration of the periodic peaks in mean serum FSH
concentrations that precede follicular waves were altered using
10-cm-long estradiol-releasing implants left in place for 10
days in cyclic ewes. Pulsed LH secretion was not affected. The
10-cm estradiol implants had little effect on mean and basal
serum FSH concentrations. Supraphysiologic concentrations of
estradiol-17b suppress follicle wave development by truncating
FSH peaks in cyclic ewes; in addition, injection of physiologic
concentrations of ovine FSH (oFSH) reinitiates follicle
emergence [36]. Maintenance of the 2- to 3-mm follicle pool
does not appear to require regular secretion of FSH peaks.

For the current studies, we hypothesized that: 1) a longer-
term treatment (20 days) of cyclic ewes with progesterone and
estradiol would maintain suppression of follicle wave emer-
gence and FSH peaks but would not affect the pool of small
antral follicles (2–3 mm in diameter), and exogenous oFSH
treatment of ewes with this treatment would induce follicle
wave emergence; and 2) varying the dose of estradiol released
from subcutaneous implants in cyclic ewes in the presence of
progesterone from the CL could result in differential regulation
of LH and FSH secretion, leading to differential effects on
ovarian function. This approach may also allow targeted
manipulation of basal gonadotropin secretion, LH pulses, and/
or FSH peaks.

The objective of the first experiment was to see: 1) whether
longer-term treatment of cyclic ewes with progesterone and
estradiol would maintain suppression of follicle wave emer-
gence and FSH peaks and 2) what effect this would have on the
remaining small-follicle pool and its responsiveness to oFSH.
Exogenous oFSH was given to induce an FSH peak similar in
height to endogenous FSH peaks; such a treatment has been
shown to result in follicular wave emergence within 12 to 24 h
in both cyclic and seasonally anestrous ewes experiencing
normal follicular waves [9]. The purpose of the second
experiment was to see whether different doses of exogenous
estradiol administered during the luteal phase in the ewe would
differentially affect pulsatile LH secretion, FSH peaks, or
baseline serum gonadotropin concentrations.

MATERIALS AND METHODS

Animals

Care and handling of experimental animals were done according to the
Canadian Council on Animal Care’s published guidelines. Sexually mature,
clinically healthy, cyclic Western White Face (WWF) ewes were kept outdoors
in sheltered paddocks. Ewes were fed a maintenance diet of hay, and cobalt
iodized saltlicks and water were freely available. The WWF is a cross between
the Columbia and Rambouillet breeds. The mean ovulation rate of WWF ewes
during the midbreeding season is 1.8 6 0.2 [7].

Ultrasound Technique

Ovarian antral follicular dynamics were monitored in all ewes by transrectal
ovarian ultrasonography (scanning) using a 7.5-MHz transducer stiffened with
a hollow plastic rod and connected to a B-mode, real-time echo camera (Aloka
SSD-900; Overseas Monitor, Richmond, BC, Canada). This technique has been
validated for monitoring ovarian follicular dynamics and CL detection in sheep
[37–39]. All images were viewed at a 1.53 magnification with constant gain
and focal point settings. Ovarian images were recorded (Panasonic AG 1978;
Matsushita Electric, Mississauga, ON, Canada) on high-grade videotapes (Fuji

S-VHS, ST-120 N; Fujifilm, Tokyo, Japan) for later examination. The relative
positions and dimensions of follicles and luteal structures were also sketched on
ovarian charts.

Experimental Design

Experiment 1. Twelve randomly selected ewes were monitored daily for
estrus with vasectomized, crayon marker-harnessed rams. All ewes received
subcutaneous silastic rubber implants containing 10% estradiol-17b (w/w; 10 3
0.33 cm; Sigma Chemical Co., St. Louis, MO) 4 days after ovulation (Day 0¼
day of estradiol implant insertion) and 10% progesterone (w/w; 22 3 0.48 cm;
Sigma-Aldrich, Oakville, ON, Canada) 6 days after ovulation. The purpose of
this progesterone treatment was to maintain progesterone concentrations above
baseline to facilitate and maintain estradiol feedback effects on FSH secretion
for the duration of estradiol treatment [40]. To make the implants, liquid silastic
rubber (A-101 medical grade silicone elastomer; Factor II Inc., Lakeside, AZ)
was mixed with the steroid, and a curing catalyst was added (Catalyst; Factor II
Inc.). The estradiol mixture was injected into silastic tubing (Silastic laboratory
grade tubing; 0.34 cm i.d. 3 0.47 cm o.d.; Dow Corning, Midland, MI), and the
progesterone mixture was injected into Tygon tubing moulds (0.48 cm i.d.;
Norton Plastics, Akron, OH). Once cured, the progesterone implants were
removed from the moulds, and all steroid implants were cut into the desired
lengths. Implants were soaked in sterile 0.9% (w/v) saline for 48 h at room
temperature (estradiol implants) or at 378C in a water bath (progesterone
implants) before insertion. Lidocaine hydrochloride (2%; Xylocaine; AstraZe-
neca Canada Inc., Mississauga, ON, Canada) was used as a local anesthetic. A
1.5-cm incision was made in the axillary region with a scalpel, the implant was
inserted using a trochar, and the incision was closed with wound clips (9-mm
MikRon AUTOCLIP; Becton Dickinson Primary Care Diagnostics, Sparks,
MD). On Day 15 after implant insertion (19 days after ovulation), 6 of 12 ewes
were injected with oFSH (0.5 lg/kg s.c.; NIDDK-oFSH-18; 1 mg has a biologic
FSH potency equal to 65.63 NIH-oFSH-S1 or 1640 IU and a biologic LH
potency equal to 0.13 NIH-oLH-S1 or 106 IU) prepared in saline with 0.05%
bovine serum albumin (w/v; Sigma Chemical) and 50% polyvinylpyrrolidone
(w/v; Sigma); control ewes received only the vehicle. The same dose of oFSH
was injected 8 h after the initial injection. Ewes were bled every 6 h for 36 h
after the first oFSH injection. All implants were removed from all ewes on Day
20 (24 days after ovulation). To determine the secretory pattern of LH, blood
samples were collected every 12 min for 6 h (intensive sampling) on Days 9 and
14 from all ewes. For both groups, daily scanning and blood sampling started on
the day of estrus at the beginning of the ovulatory cycle in which treatments
were given and continued until ovulations were detected after treatment.

Experiment 2. Sixteen ewes were monitored daily for estrus with
vasectomized, crayon marker-harnessed rams. At the beginning of the
ovulatory cycle in which treatments were given, daily scanning started on the
day of estrus and ended when the associated ovulations were detected. Twelve
ewes received subcutaneous silastic rubber implants containing 10% estradiol-
17b (w/w; Sigma Chemical Co.) on Day 4 after ovulation (Day 0 ¼ day of
estradiol implant insertion); separate groups of four ewes received 10-cm (10 3

0.34 cm), 15-cm (15 3 0.34 cm), or 20-cm (20 3 0.34 cm) implants. Four
sham-operated control ewes received no implants. Implant handling and
insertion procedures were the same as in experiment 1. All implants were
removed from all ewes on Day 10 after estradiol implant insertion, after the
second period of intensive blood sampling. To determine the secretory pattern
of LH, blood samples were collected every 12 min for 6 h (intensive sampling)
on Days 6 and 10 from all ewes. Daily blood samples were taken from all ewes
starting on the day of estrus at the beginning of the ovulatory cycle in which
treatments were given and continuing until ovulations were detected after
treatment. Daily scanning was done on all ewes from implant removal until
ovulations were detected after treatment.

Follicular Data Analyses

A follicular wave was defined as one or more Graafian follicles that 1)
increased in size from 2 or 3 mm in diameter to 5 mm or more in diameter and
2) emerged from the pool of 2- to 3-mm follicles within a maximum period of
48 h [41]. The growth, static, and regression phases of a follicular wave have
been defined previously [41]. Ovulation was detected with ultrasonography as
the collapse of a large follicle (�5 mm in diameter). Follicular data were
integrated for both ovaries of each animal.

Blood Sampling and Hormone Analysis

Blood samples (10 ml) taken daily and every 6 h were collected by jugular
venipuncture into vacutainers (Becton Dickinson, Franklin Lakes, NJ). For
intensive sampling, blood was collected via indwelling jugular catheters (5 ml
per sample; vinyl tubing, 1.0 mm i.d. 3 1.5 mm o.d.; SV70; Critchley Electrical
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Products Ltd., Auburn, Australia). All samples were permitted to clot at room

temperature for 18–24 h. These samples were then centrifuged for 10 min at

1500 3 g, and serum was removed and kept at �208C until assayed.

Progesterone [40], estradiol [42], FSH [43], and LH [44] concentrations

were measured in serum samples by validated radioimmunoassay procedures.

Gonadotropin concentrations are expressed in terms of NIAMDD-oFSH-1 and

NIAMDD-oLH-24. The assay sensitivities (defined as the lowest concentration

of a hormone capable of significantly displacing radiolabeled hormone from the

antibody) were 0.03 ng/ml (progesterone), 1.0 pg/ml (estradiol), and 0.1 ng/ml

(FSH and LH). The ranges of standards were 0.1–10 ng/ml, 1.0–100 pg/ml,
0.12–16.0 ng/ml, and 0.06–8.0 ng/ml in the progesterone, estradiol, FSH, and
LH assays, respectively. A concentration equivalent to the sensitivity of the
assay was assigned to serum samples with hormone concentrations lower than
the assay sensitivity. Serum samples were collected daily both prior to and
during the period implants were in place and were analyzed for concentrations
of estradiol, FSH, and progesterone. All serum samples collected every 12 min
were analyzed for concentrations of FSH and LH. All serum samples collected
every 6 h were analyzed for concentrations of FSH.

For experiment 1, the intraassay and interassay coefficients of variation
(CVs) were 7.4% and 13.5% or 6.1% and 14.9% for reference sera with mean
estradiol concentrations of 10.0 or 24.4 pg/ml, respectively. For experiment 1,
the intraassay and interassay CVs were 10.7% and 17.8% or 6.6% and 13.1%
for reference sera with mean FSH concentrations of 0.24 or 1.28 ng/ml,
respectively. For experiment 1, the intraassay and interassay CVs were 6.8%
and 14.8% or 8.6% and 11.2% for reference sera with mean progesterone
concentrations of 0.12 or 0.66 ng/m, respectively. For experiment 1, the
intraassay and interassay CVs were 10.7% and 15.3% or 8.1% and 11.9% for
reference sera with mean LH concentrations of 0.11 or 0.73 ng/ml, respectively.

For experiment 2, the intraassay and interassay CVs were 8.5% and 14.8%
or 6.7% and 12.7% for reference sera with mean estradiol concentrations of 5.5
or 25.0 pg/ml, respectively. For experiment 2, the intraassay CVs were 3.6% or
9.2% for reference sera with mean FSH concentrations of 0.76 or 3.06 ng/ml,
respectively. For experiment 2, the intraassay and interassay CVs were 10.3%
and 15.2% or 7.0% and 8.5% for reference sera with mean progesterone
concentrations of 0.27 or 1.04 ng/ml, respectively. For experiment 2, the
intraassay and interassay CVs were 7.9% and 9.2% or 7.3% and 15.0% for
reference sera with mean LH concentrations of 0.40 or 2.68 ng/ml, respectively.

The PC-PULSAR program [45] was used to assess mean and basal serum
LH concentrations as well as LH pulse frequency and amplitude in blood
samples collected every 12 min for 6 h.

Peaks of FSH in blood samples taken daily were identified using cycle
detection software [46]. A fluctuation or cycle was defined as a progressive rise
and fall in hormone concentrations that encapsulated a peak concentration
(nadir-to-peak-to-nadir [46]). Mean basal FSH concentrations were determined
by averaging the lowest points between peaks (nadirs). FSH peak concentration
was defined as the concentration of FSH observed at the apex of the FSH peak.
FSH peak amplitude was defined as the difference between the FSH peak
concentration and the nadir before the peak concentration.

Statistical Analyses

Follicular waves were suppressed in all ewes except one in experiment 1;
the latter ewe was dropped from further statistical analysis (implant-alone
group). Daily hormone concentrations and numbers of follicles in size classes
were normalized to the day of estradiol implant insertion and analyzed from the
first estrus to the mean day when ovulations were detected after treatment
(Days�5 to 26 [experiment 1] or Days�5 to 19 [experiment 2] from estradiol
implant insertion) or were analyzed for the period of implant treatment (Days 0
to 20 [experiment 1] or Days 0 to 10 [experiment 2] from estradiol implant
insertion). In experiment 1, daily FSH concentrations were also normalized to
the time of the first oFSH injection and were analyzed for 36 h after the first
oFSH injection. Two-way repeated-measures ANOVA (SigmaStat7 for
Windows Version 2.03, 1997; SPSS Inc., Chicago, IL) was used to assess
differences in daily hormone concentrations and numbers of follicles in size
classes over time and among the groups of ewes (i.e., experiment 1: with or
without exogenous oFSH; experiment 2: treated with 10-cm, 15-cm, 20-cm, or
no implants). Two-way ANOVA was used to assess differences in LH secretory
characteristics from blood samples collected every 12 min (i.e., mean and basal
concentrations, pulse frequency, and pulse amplitude) among treated and
control ewes and between intensive sampling days. One-way ANOVA was
used to assess differences in characteristics of FSH peaks (see Tables 2 and 4)
and ovarian parameters (i.e., interovulatory interval, ovulation rate, interval
from implant removal to ovulation, number of follicle waves during the
interovulatory interval and period of implant treatment, and interval from
implant removal to the emergence of the ovulatory follicle wave) among treated
and control ewes. If the main effects or the interactions were significant (P ,
0.05), Fisher protected least-significant difference was used as a post-ANOVA
test to detect differences between individual means. Data are expressed as mean
6 SEM.

RESULTS

Experiment 1

Mean daily serum estradiol concentrations. When daily
serum estradiol concentrations were normalized to the day of

FIG. 1. Mean 6 SEM daily serum estradiol concentrations during the
implant period in cyclic WWF ewes treated with estradiol and
progesterone releasing silastic rubber implants (subcutaneously) with
(open circles; n¼ 6) or without (closed circles; n¼ 5) an oFSH treatment
(indicated by the arrow) on Day 15 after estradiol implant insertion (Day
19 after ovulation). Implants containing 10% estradiol-17b (10 3 0.34 cm)
or progesterone (22 3 0.48 cm) were in the ewes for 20 days (Days 4 to 24
after ovulation) or 18 days (Days 6 to 24 after ovulation), respectively.
Data were normalized to the day of estradiol implant insertion (Day 0) in
all ewes.

FIG. 2. Mean 6 SEM daily serum progesterone concentrations during
the implant period in cyclic WWF ewes treated with estradiol and
progesterone releasing silastic rubber implants (subcutaneously) with
(open circles; n¼ 6) or without (closed circles; n¼ 5) an oFSH treatment
(indicated by the arrow) on Day 15 after estradiol implant insertion (Day
19 after ovulation). Implants containing 10% estradiol-17b (10 3 0.34 cm)
or progesterone (22 3 0.48 cm) were in the ewes for 20 days (Days 4 to 24
after ovulation) or 18 days (Days 6 to 24 after ovulation), respectively.
Data were normalized to the day of estradiol implant insertion (Day 0) in
all ewes. Asterisks (*) indicate differences between groups (P , 0.05).
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estradiol implant insertion and analyzed for the period of
implant treatment, there was a time effect (P , 0.05), but there
was no treatment effect (P . 0.05), nor was there interaction of
treatment by time (P . 0.05; Fig. 1). For both treatment
groups, serum estradiol concentrations increased from Day 0 to
Day 1 after estradiol implant insertion and declined from Day
15 or 17 to Day 18 or 20. There was also a decline in serum
estradiol concentrations from Days 1 to 2 in the ewes treated
with the implants and oFSH. The mean serum estradiol
concentration for the period of implant treatment was 11.8 6
0.4 pg/ml.

Mean daily serum progesterone concentrations. When
daily serum progesterone concentrations were normalized to
the day of estradiol implant insertion and analyzed for the
period of implant treatment, there was a time effect (P ,
0.001) and an interaction of treatment by time (P , 0.05), but
there was no treatment effect (P . 0.05; Fig. 2). Serum
progesterone concentrations were highest 6 or 7 days after
estradiol implant insertion in control and FSH-treated ewes,
respectively, and were decreasing after the peak. Comparison
of individual means showed that mean serum progesterone
concentrations were significantly higher in ewes treated with
implants and oFSH compared with ewes treated with the
implants only on Day 7 after estradiol implant insertion (Fig.
2).

Ovulations. The ovulation rate before and after implant
treatment, mean duration of the interovulatory interval, and the
interval from implant removal to ovulation did not differ
between treatment groups (P . 0.05; Table 1). One animal
treated with implants and oFSH ovulated a follicle 2 days after
the estradiol implant was inserted and formed a CL that existed
for 11 days.

Antral follicle development. One ewe treated with
implants and oFSH had an abnormally large follicle (12 mm)
at the time of estradiol implant insertion. This follicle grew
from 6 to 12 mm in diameter in 3 days. This follicle developed
into a luteinized follicle 5 days after estradiol implant insertion
and existed for 8 days as a luteinized follicle until regression.
The maximum diameter of this follicle was 12 mm.

The number of follicle waves per animal during the period
of implant treatment did not differ between treatment groups (P
. 0.05; Table 1). Nine ewes had no follicle waves emerging
between Days 0 and 17 from estradiol implant insertion. Only
one ewe from each treatment group had follicle waves emerge
between Days 0 and 17 from estradiol implant insertion; waves
emerged on Days 8 and 15 in the oFSH-treated ewe and on
Day 9 in the ewe treated with vehicle. The interval from the
time of the first injection of oFSH to the next follicle wave
emergence did not differ between treatment groups (overall
average interval: 5.3 6 0.7 days, range: 0–8 days; P . 0.05).
Follicle wave emergence around the time of implant removal
did not differ between treatment groups (overall average day of
emergence from estradiol implant insertion: 21.3 6 0.4 days; P
. 0.05). The interval from implant removal to ovulatory wave
emergence did not differ between treatment groups (P . 0.05;
Table 1).

When the number of follicles ,2, 2, 3, or 4 mm in diameter
was normalized to the day of estradiol implant insertion and
analyzed from the first estrus to the mean day when ovulations
were detected after treatment, there was a time effect (P ,
0.001) but no treatment effect (P . 0.05; Fig. 3). For both
treatment groups, the number of 2- and 3-mm follicles declined
from about Day�3 to Day 14 or Day 15 after estradiol implant
insertion in control and FSH-treated ewes, respectively. The
number of 2-mm follicles subsequently increased from Day 14
or 15, whereas the number of follicles 3 mm in diameter

increased from Day 17 or Day 14 in control or oFSH-treated
ewes, respectively. The number of follicles 4 mm in diameter
decreased markedly from Day 3 or 4 to Day 6 or 7 after
estradiol implant insertion and increased from Day 19 or 21 to
Day 24 or 22 in oFSH-treated or untreated ewes, respectively.

When the number of follicles ,2, 2, 3, or 4 mm in diameter
was normalized to the day of estradiol implant insertion and
analyzed from the first estrus to the mean day when ovulations
were detected after treatment, there was an interaction of
treatment by time for 3-mm follicles (P , 0.01; Fig. 3C). On
Days�1, 21, and 23 relative to estradiol implant insertion, the
number of 3-mm follicles was significantly higher in ewes
treated with implants only compared with ewes treated with
implants and oFSH, whereas the opposite was observed for the
treatment groups on Days 17 and 18 (Fig. 3C).

Characteristics of serum LH concentrations. When mean
and basal serum LH concentrations were analyzed for samples
taken every 12 min for 6 h, there was no difference between
treatment groups during either sampling period (P . 0.05).
Mean and basal serum LH concentrations were higher during
the first intensive sampling period (Day 9 after estradiol
implant insertion: mean, 0.31 6 0.02 ng/ml; basal, 0.29 6
0.02 ng/ml) compared with the second (Day 14: mean, 0.14 6
0.02 ng/ml; basal, 0.11 6 0.02 ng/ml) in ewes treated with or
without oFSH (P , 0.001). Luteinizing hormone pulse
amplitude and frequency did not differ between treatment
groups or intensive sampling periods (amplitude overall mean:
0.22 6 0.01 ng/ml; frequency overall mean: 2.2 6 0.3 pulses
per 6 h; P . 0.05).

Characteristics of serum FSH. The mean peak concentra-
tion and amplitude for endogenous FSH peaks did not differ
between treatment groups (P . 0.05). The mean peak
concentration for endogenous FSH peaks was higher before
implant insertion and after implant removal compared with
during the implant period (P , 0.05; Table 2). The mean peak
amplitude for endogenous FSH peaks was higher after implant
removal compared with before implant insertion and during the
implant period (P , 0.005; Table 2).

TABLE 1. Follicle waves and ovulations in cyclic WWF ewes treated with
estradiol and progesterone releasing silastic rubber implants with or
without an oFSH treatment on Day 15 after estradiol implant insertion
(Day 19 after ovulation).

End points
Vehicle
(n ¼ 5)*

oFSH
(n ¼ 6)*

Ovulation rate (before implant treatment) 1.6 6 0.2 1.5 6 0.2
Ovulation rate (after implant treatment) 1.4 6 0.3 1.5 6 0.4
Inter-ovulatory interval (day) 30.0 6 0.8 29.8 60.6
Interval from implant removal to

ovulation (day)
6.0 6 0.8 5.8 6 0.6

No. of follicle waves per ewe during
implant treatment period

0.6 6 0.2 0.7 6 0.3

Interval from time of implant removal
to ovulatory wave emergence (day)

0.8 6 0.4 1.4 6 0.7

* Data are presented as mean 6 SEM.

TABLE 2. Endogenous FSH peaks before, during, and after implants.

End points (ng/ml)
Before

implants*
During

implants*
After

implants*

Mean peak concentration 2.24 6 0.31a 1.60 6 0.08b 2.43 6 0.21a

Peak amplitude 0.66 6 0.12a 0.56 6 0.06a 1.45 6 0.16b

* Data are presented as mean 6 SEM.
a,b Different letters within rows denote a significant difference (P , 0.05).
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When mean serum FSH concentrations were normalized to
the time of the first oFSH injection and analyzed for 36 h after
the first oFSH injection, there was a treatment effect (P ,
0.05), time effect (P , 0.05), and interaction of treatment by
time (P , 0.01; Fig. 4). Mean serum FSH concentrations were
significantly higher in ewes treated with oFSH (2.65 6 0.20
ng/ml) compared with ewes treated with implants only (1.70 6
0.22 ng/ml). Serum FSH concentrations were highest at 0.5
days after the first oFSH injection in ewes treated with oFSH.
Comparison of individual means showed that serum FSH
concentrations from 0.25 to 1.25 days after the first oFSH
injection were significantly higher in ewes given oFSH
compared with the ewes treated with vehicle (Fig. 4).

When mean basal serum FSH concentrations were analyzed
during the implant treatment period, there was a treatment
effect (P , 0.001), time effect (P , 0.01), and interaction of
treatment by time (P , 0.001). Mean basal serum FSH
concentrations were significantly higher in ewes treated with
implants only (1.26 6 0.02 ng/ml) compared with ewes treated
with implants and oFSH (1.01 6 0.02 ng/ml). Overall, mean
basal serum FSH concentrations increased over time.

Experiment 2

Mean daily serum estradiol concentrations. When daily
serum estradiol concentrations were normalized to the day of
implant insertion and analyzed for the period of implant
treatment, there was a treatment effect (P , 0.005), time effect
(P , 0.001), and interaction of treatment by time (P , 0.001;
Fig. 5). Mean serum estradiol concentrations were significantly
higher in ewes treated with 20-cm implants (34.8 6 4.6 pg/ml)
compared with control ewes (5.2 6 4.6 pg/ml) and ewes
treated with 10-cm implants (19.0 6 4.6 pg/ml). Mean serum
estradiol concentrations were significantly higher in ewes
treated with 15-cm implants (27.5 6 4.6 pg/ml) compared with
control ewes. Mean serum estradiol concentrations tended to be
higher in ewes treated with 10-cm implants compared with
control ewes (P¼ 0.056). For the ewes treated with 15-cm and
20-cm implants, mean serum estradiol concentrations increased
from Day 0 to Day 1 and declined from Days 1 to 10 after
implant insertion. Comparison of individual means showed that
mean serum estradiol concentrations were significantly higher
in ewes treated with 20-cm implants compared with the control
ewes and the ewes treated with 10-cm implants from 0 to 9
days and 1 to 5 days after implant insertion, respectively (Fig.
5). Mean serum estradiol concentrations were significantly
higher in ewes treated with 15-cm implants compared with the
ewes treated with 10-cm implants on Day 1 and the control
ewes from 1 to 5 days and Day 9 after implant insertion (Fig.
5). Mean serum estradiol concentrations were significantly
higher in ewes treated with 10-cm implants compared with the
control ewes on Days 0, 1, and 7 after implant insertion (Fig.
5).

Mean daily serum progesterone concentrations. When
mean daily serum progesterone concentrations were normal-

FIG. 3. Mean 6 SEM daily numbers of
follicles ,2 mm (A), 2 mm (B), 3 mm (C),
and 4 mm (D) in diameter from the first
estrus to the mean day when ovulations
were detected after treatment in cyclic
WWF ewes treated with estradiol and
progesterone releasing silastic rubber im-
plants (subcutaneously) with (open circles;
n ¼ 6) or without (closed circles; n ¼ 5) an
oFSH treatment (indicated by the arrow) on
Day 15 after estradiol implant insertion
(Day 19 after ovulation). Implants contain-
ing 10% estradiol-17b (10 3 0.34 cm) or
progesterone (22 3 0.48 cm) were in the
ewes for 20 days (Days 4 to 24 after
ovulation) or 18 days (Days 6 to 24 after
ovulation), respectively. Data were normal-
ized to the day of estradiol implant insertion
(Day 0) in all ewes. Asterisks (*) indicate
differences between groups (P , 0.05).

FIG. 4. Mean 6 SEM serum FSH concentrations during the 36 h after the
first oFSH injection in cyclic WWF ewes treated with estradiol and
progesterone releasing silastic rubber implants (subcutaneous) with (open
circles; n¼6) or without (closed circles; n¼ 5) an oFSH treatment on Day
15 after estradiol implant insertion (Day 19 after ovulation). Implants
containing 10% estradiol-17b (10 3 0.34 cm) or progesterone (22 3 0.48
cm) were in the ewes for 20 days (Days 4 to 24 after ovulation) or 18 days
(Days 6 to 24 after ovulation), respectively. Data were normalized to the
time of the first oFSH injection (Day 0) in all ewes. Asterisks (*) indicate
differences between groups (P , 0.05).
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ized to the day of implant insertion and analyzed for the period
of implant treatment, there was a treatment effect (P , 0.01),
time effect (P , 0.001), and interaction of treatment by time (P
, 0.001; Fig. 6). Mean serum progesterone concentrations
were significantly higher in control ewes (2.39 6 0.23 ng/ml)
compared with ewes treated with 10-cm, 15-cm, or 20-cm
implants (1.40 6 0.23 ng/ml, 1.06 6 0.23 ng/ml, and 1.34 6
0.23 ng/ml, respectively). Serum progesterone concentrations
were highest at 5, 1, 1, or 3 days after the time of implant
insertion and were decreasing by 8, 2, 2, or 4 days in the
control ewes and ewes treated with 10-, 15-, and 20-cm
implants, respectively. Comparison of individual means
showed that mean serum progesterone concentrations were
significantly higher in ewes treated with 10-cm implants
compared with the control ewes on Day 1 and ewes treated
with 15-cm implants on Days 6 and 7 after implant insertion
(Fig. 6). Mean serum progesterone concentrations were
significantly higher in control ewes compared with ewes
treated with 10-cm and 15-cm implants on Days 2, 5, 7, 8, and
9 and Days 5 to 9 after implant insertion, respectively (Fig. 6).
Mean serum progesterone concentrations were significantly
higher in control ewes compared with ewes treated with 20-cm
implants from Days 4 to 9 after implant insertion (Fig. 6).

CLs that were present before implant removal were
maintained after implant removal in three ewes treated with
20-cm implants until their next ovulation(s), which occurred
13–14 days after implant removal. The largest size of these
CLs, as determined through ultrasonography after implant
removal, was 10 mm in diameter. These ewes had an increase
in serum progesterone concentrations from implant removal to
a peak concentration at 6 or 8 days after implant removal,
followed by a decline.

Ovulations. The ovulation rate, before and after implant
treatment, did not differ among the treatment and control
groups (P . 0.05; Table 3). However, the mean duration of the
interovulatory interval and the interval from implant removal to
ovulation was longer in the ewes treated with 20-cm implants
compared with the control ewes and the ewes treated with 15-
cm implants (P , 0.05; Table 3). The mean duration of the

interovulatory interval and the interval from implant removal to
ovulation was longer in the ewes treated with 10-cm implants
compared with the control ewes (P , 0.05; Table 3).

Antral follicle development. One ewe with a 20-cm
implant formed two cystic follicles (CFs). One CF formed 6
days after implant removal and developed into a luteinized
follicle (LF) 15 days after implant removal. The other CF
formed 9 days after implant removal and developed into an LF
12 days after implant removal. Both follicles existed until the
end of the experiment, and the maximum diameter of these
CFs/LFs was 13 mm.

The first ovulatory or anovulatory follicle wave to emerge
after treatment in all ewes treated with implants had an average
day of emergence of 12.7 6 0.4 days from implant insertion.
The interval from the end of treatment to emergence of the
ovulatory wave did not differ among the ewes treated with
implants (P . 0.05; Table 3).

Characteristics of serum LH concentrations. When LH
pulse amplitude, frequency, and mean serum LH concentra-
tions were analyzed for samples taken every 12 min for 6 h,
control ewes had higher concentrations and more pulses
compared with ewes treated with implants (P , 0.001; Fig.
7). Mean and basal serum LH concentrations were higher
during the second intensive sampling period (Day 10 after
estradiol implant insertion) compared with the first (Day 6) in
control ewes (P , 0.01; Fig. 7). During the first intensive
sampling day (Day 6), mean serum LH concentrations were
higher in control ewes compared with ewes treated with 10-cm
and 15-cm implants (P , 0.05; Fig. 7). During the second
intensive sampling day (Day 10), control ewes had higher
mean serum LH concentrations compared with all ewes treated
with implants (P , 0.001) and higher basal serum LH
concentrations compared with ewes treated with 15-cm and 20-
cm implants (P , 0.01; Fig. 7).

Characteristics of serum FSH. When mean daily serum
FSH concentrations were normalized to the day of implant
insertion and analyzed for the period of implant treatment,
there was a treatment effect (P , 0.05), time effect (P ,
0.001), and interaction of treatment by time (P , 0.001). Mean

FIG. 5. Mean 6 SEM daily serum estradiol concentrations during the
implant period in cyclic WWF ewes treated for 10 days (Days 4 to 14 after
ovulation) with no implants (control, closed circles; n ¼ 4) or silastic
rubber implants (subcutaneously) containing 10% estradiol-17b 10 cm (10
3 0.34 cm; open circles; n¼4), 15 cm (15 3 0.34 cm; closed triangles; n¼
4), and 20 cm (2030.34 cm; open triangles; n¼4). Data were normalized
to the day of implant insertion (Day 0) in all ewes. Different letters (a–c)
within a day denote a significant difference (P , 0.05).

FIG. 6. Mean 6 SEM daily serum progesterone concentrations during
the implant period in cyclic WWF ewes treated for 10 days (Days 4 to 14
after ovulation) with no implants (control, closed circles; n¼ 4) or silastic
rubber implants (subcutaneously) containing 10% estradiol-17b 10 cm (10
3 0.34 cm; open circles; n¼4), 15 cm (15 3 0.34 cm; closed triangles; n¼
4), and 20 cm (2030.34 cm; open triangles; n¼4). Data were normalized
to the day of implant insertion (Day 0) in all ewes. Different letters (a–c)
within a day denote a significant difference (P , 0.05).
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serum FSH concentrations were significantly higher in control
ewes (1.04 6 0.11 ng/ml) compared with ewes treated with 10-
cm, 15-cm, and 20-cm implants (0.55 6 0.11 ng/ml, 0.49 6
0.11 ng/ml, and 0.63 6 0.11 ng/ml, respectively). For the
control ewes, mean serum FSH concentrations decreased from
Days 1 to 9 after implant insertion. For the ewes treated with
10-cm or 15-cm implants, mean serum FSH concentrations
decreased from Day 0 to Day 1 or Day 2 after implant
insertion, respectively. For the ewes treated with 20-cm
implants, mean serum FSH concentrations decreased from
Days 0 to 5 after implant insertion, increased from Days 5 to 7,
and declined from Days 7 to 10. Comparison of individual
means showed that mean serum FSH concentrations were
significantly higher in control ewes compared with all ewes
treated with implants on Days 1 to 5 after implant insertion
(Fig. 8). Mean serum FSH concentrations were significantly
higher in control ewes compared with ewes treated with 15-cm
implants on Days 6 to 8 after implant insertion (Fig. 8). Mean
serum FSH concentrations were significantly higher in control
ewes compared with ewes treated with 10-cm implants on Day
8 after implant insertion (Fig. 8). On day 0, mean serum FSH
concentration in ewes treated with 20-cm implants were
significantly higher compared with control ewes and ewes
treated with 10-cm implants; on Day 8, mean serum FSH

concentrations in ewes treated with 20-cm implants were
significantly higher compared with ewes treated with 15-cm
implants. (Fig. 8). Mean basal FSH concentrations were higher
in control ewes (0.79 6 0.07 ng/ml) compared with ewes
treated with 10-cm (0.40 6 0.04 ng/ml), 15-cm (0.29 6 0.04
ng/ml), or 20-cm (0.42 6 0.06 ng/ml) implants (P , 0.001);
however, there was no difference among the ewes treated with
implants (P . 0.05).

During the implant treatment period and as identified by the
cycle detection software, the number of FSH peaks and FSH
peak duration did not differ among treatments (P . 0.05; Table
4). The interpeak interval was longer in ewes treated with 10-
cm implants compared with ewes treated with 15-cm (P ,
0.05) and 20-cm implants (P , 0.005; Table 4). The interpeak
interval was longer in control ewes compared with ewes treated
with 20-cm implants (P , 0.05); however, there was no
difference between ewes treated with 10-cm and 15-cm
implants compared with control ewes (P . 0.05; Table 4).
Mean FSH peak concentration was lower in ewes treated with
10-cm and 15-cm implants compared with control ewes and
ewes treated with 20-cm implants (P , 0.005); however, there
was no difference between ewes treated with 20-cm implants
and control ewes (P . 0.05; Table 4). Mean FSH peak
amplitude was lower in ewes treated with 10- and 15-cm

FIG. 7. The characteristics of pulsatile LH
secretion (mean and basal serum LH con-
centrations and LH pulse amplitude and
frequency; mean 6 SEM) determined from
serum samples collected every 12 min for 6
h on Days 6 (black bars; n ¼ 4) and 10
(white bars; n ¼ 4) after estradiol implant
insertion (Days 10 and 14 after ovulation) in
cyclic WWF ewes treated for 10 days (Days
4 to 14 after ovulation) with no implants
(control, n ¼ 4) or silastic rubber implants
(subcutaneously) containing 10% estradiol-
17b 10 cm (10 3 0.34 cm; n ¼ 4), 15 cm
(15 3 0.34 cm; n ¼ 4), and 20 cm (20 3
0.34 cm; n ¼ 4). Pound symbols (#, ##)
indicate differences between treatment
groups regardless of sampling day (P ,
0.001). Asterisks (*) indicate differences
between sampling days within treatment
group (P , 0.005). Letters indicate differ-
ences between treatment groups within
sampling day (a,b: P , 0.05; c,d: P , 0.01).

TABLE 3. Follicle waves and ovulations in cyclic WWF ewes treated for 10 days (Day 4 to 14 after ovulation) with no implants (control) or silastic rubber
implants containing 10% estradiol-17b.

End points
Control
(n ¼ 4)*

10 cm
(n ¼ 4)*

15 cm
(n ¼ 4)*

20 cm
(n ¼ 4)*

Ovulation rate (before implant treatment) 1.8 6 0.3 1.5 6 0.3 1.8 6 0.3 1.8 6 0.3
Ovulation rate (after implant treatment) 1.5 6 0.3 1.3 6 0.3 1.5 6 0.3 1.3 6 0.3
Inter-ovulatory interval (day) 17.3 6 0.5a 26.0 6 2.9bc 21.5 6 0.5ab 27.7 6 0.3c

Interval from implant removal to ovulation (day) 3.3 6 0.5a 12.0 6 2.9bc 7.5 6 0.5ab 13.7 6 0.3c

Interval from time of implant removal from
treatment ewes to ovulatory wave emergence (day)

ND� 6.3 6 3.1 2.8 6 0.6 6.3 6 1.8

* Data are presented as mean 6 SEM.
� ND, not determined. Follicle wave emergence occurred during the implant period and ovarian ultrasonography was not done during this period.
a–c Different letters within rows denote a significant difference (P , 0.05).
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implants compared with ewes treated with 20-cm implants (P
, 0.005; Table 4). Mean FSH peak amplitude was lower and
tended to be lower in ewes treated with 15-cm (P , 0.05) and
10-cm (P , 0.09) implants compared with control ewes,
respectively (Table 4). In ewes treated with 10-cm and 15-cm
implants, there was a 42% and a 36% reduction in mean FSH
peak concentration and FSH peak amplitude, respectively,
compared with control ewes.

DISCUSSION

The estradiol implants used in experiment 1 produced serum
estradiol concentrations that were 2.3-fold higher than in the
control ewes of experiment 2. In experiment 2, the animals
treated with 10-, 15-, and 20-cm estradiol implants had
concentrations of estradiol that were 3.7-, 5.3-, and 6.7-fold
higher than the control ewes, respectively. In experiment 1, the
animals had mean serum estradiol concentrations that were
comparable to those ewes treated with 10-cm estradiol implants
in our previous study [36]. The 10-cm estradiol implants used
in experiment 2 produced serum estradiol concentrations that
were 1.6-fold higher than the 10-cm estradiol implants used in
experiment 1. The two studies were done in the same breeding
season, but two separate batches of implants were used.

In both of the present studies, FSH peaks were objectively
identified by cycle detection software. In experiment 2, the

estradiol implants had no effect on the number or the duration
of the FSH peaks that preceded follicular waves, but 15- and
20-cm implants reduced the interpeak interval. In experiments
1 and 2, the 10- and 15-cm implants clearly truncated the FSH
peaks; both peak concentration and amplitude were reduced in
experiment 2, and peak concentration was reduced in
experiment 1. Surprisingly, the 20-cm implants in experiment
2 had no effect on the FSH peak concentration or amplitude
compared with controls. In our previous study [36], the 10-cm
estradiol implants clearly truncated the FSH peaks by reducing
peak concentration and amplitude; serum estradiol concentra-
tions were similar to implant-treated ewes in experiment 1 of
the present study. In experiment 1, treatment with estradiol
implants resulted in increased basal serum FSH concentrations
over time during the implant period. However, in experiment 2,
with higher serum concentrations of estradiol, the estradiol
implants reduced basal and mean serum FSH concentrations. In
our previous study in cyclic ewes [36], 10-cm estradiol
implants had no significant effect on basal or mean serum
FSH concentrations. In experiment 1 of the current study, the
10-cm implants were in place for twice as long as they were in
the ewes of our previous study in cyclic ewes [36]. In
experiment 2 of the present study, the 10-cm implants
produced higher-than-expected serum concentrations of estra-
diol but were present for a shorter time period than they were in
experiment 1. In other studies on the negative feedback
regulation of FSH secretion by estradiol, only mean serum FSH
concentrations were measured [27, 42, 47]. In these studies,
mean serum FSH concentrations were reduced [27, 42] or
unaffected by estradiol treatment [47]. Bartlewski et al. [7]
showed that Finn ewes have significantly higher mean serum
concentrations of estradiol and that the peaks in concentration
during follicular waves were greater compared with WWF
ewes throughout the estrous cycle. However, the majority of
FSH peak characteristics examined in that study did not differ
between breeds, with the exception that the FSH peak
concentration of the first peak of the cycle was higher in Finn
ewes compared with WWF ewes. In the current study, when
serum estradiol concentrations were increased in WWF ewes
compared with those seen in Finn ewes, FSH peaks were
truncated. In experiment 1 of the present study, similar to our
previous results [9, 36], treatment with exogenous oFSH
created a physiologic FSH peak in every animal. In summary,
basal serum FSH concentrations were reduced by very high
serum estradiol concentrations (19.0–34.8 pg/ml) or increased
over time with long-term (20-day) treatment with moderately
high serum estradiol concentrations (11.8 pg/ml). In addition,
these various estradiol implant treatments reduced FSH peak
concentration, amplitude, and/or interpeak interval.

The estradiol implants used in experiment 2 significantly
reduced mean LH concentrations and LH pulse amplitude and
frequency. A dose-dependent decline in basal LH concentra-
tions was only observed on Day 10 after implant insertion in

FIG. 8. Mean 6 SEM daily serum FSH concentrations during the implant
period in cyclic WWF ewes treated for 10 days (Days 4 to 14 after
ovulation) with no implants (control, closed circles; n ¼ 4) or silastic
rubber implants (subcutaneously) containing 10% estradiol-17b 10 cm (10
3 0.34 cm; open circles; n¼4), 15 cm (15 3 0.34 cm; closed triangles; n¼
4), and 20 cm (2030.34 cm; open triangles; n¼4). Data were normalized
to the day of implant insertion (Day 0) in all ewes. Different letters (a–c)
within a day denote a significant difference (P , 0.05).

TABLE 4. Endogenous FSH peaks during the implant period in cyclic WWF ewes treated for 10 days (Day 4 to 14 after ovulation) with no implants
(control) or with silastic rubber implants containing 10% estradiol-17b.

End points
Control
(n ¼ 4)*

10 cm
(n ¼ 4)*

15 cm
(n ¼ 4)*

20 cm
(n ¼ 4)*

Number of peaks per ewe 2.3 6 0.5 2.0 6 0.0 1.5 6 0.5 1.3 6 0.6
Inter-peak interval (day) 4.0 6 0.3ab 4.5 6 0.3a 3.0 6 1.0bc 2.0 6 0.0c

Peak duration (day) 4.6 6 0.5 4.0 6 0.3 4.0 6 0.9 3.6 6 0.9
Mean peak concentration (ng/ml) 1.35 6 0.11a 0.67 6 0.07b 0.46 6 0.10b 1.49 6 0.34a

Peak amplitude (ng/ml) 0.63 6 0.12ab 0.27 6 0.06bc 0.18 6 0.04c 1.09 6 0.36a

* Data are presented as mean 6 SEM.
a–c Different letters within rows denote a significant difference (P , 0.05).
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ewes treated with estradiol implants in experiment 2. The lower
serum estradiol concentrations created in our previous study
(9.9 pg/ml [36]), compared with experiment 2 of the current
study (19.0–34.8 pg/ml), had no effect on the endogenous LH
secretory patterns. Overall, during the period of implant
treatment, the estradiol implants used in experiment 2
abolished LH pulsatility, whereas those used in experiment 1
did not affect the endogenous LH secretory pattern. Therefore,
a clear threshold was seen for the suppression of LH secretory
pulses by estradiol, whereas a wider range of estradiol
concentrations, encompassing the concentrations at which LH
pulses were suppressed, truncated the FSH peaks that preceded
follicle waves. The various estradiol implant treatments used in
the present study differentially regulated LH and FSH
secretion—this may allow for targeted manipulation of basal
gonadotropin secretion, LH pulses, and/or FSH peaks in future
studies.

Cyclic ewes treated daily from Days 3 to 21 after ovulation
with injections of estradiol (0.5–2.5 mg/day) had suppressed
follicle development [48, 49]. Concentrations of FSH were not
measured in these two studies. FSH is required for follicles to
develop to an ovulatory size [1, 3–5] and, above physiologic
FSH concentrations, both the length of FSH exposure and FSH
concentration determine the number of follicles that grow [5].
However, in the studies described here only gross follicle
numbers and sizes were recorded, based on postmortem or one-
time observations. In experiment 1 of the present study,
similarly to the two experiments of our previous study [36],
one of the most profound effects of the 10-cm estradiol implant
treatment was on follicle development. In these three
experiments, the estradiol concentrations created by the 10-
cm implants significantly blocked follicular wave emergence.
Because the FSH peak concentrations were reduced, follicles
present in the 2- to 3-mm follicle pool failed to receive the
appropriate FSH signal to stimulate their entry into a follicle
wave. In other words, there appears to be a threshold FSH
concentration that a FSH peak must reach or exceed to induce
the emergence of a follicle wave. However, it is interesting that
the 10-cm implants in our previous study [36] had no effect on
the number of follicles in the small follicle pool (2–3 mm in
diameter), whereas the number of follicles in the small-follicle
pool was reduced in experiment 1 of the current study. In the
present study, when a physiologic FSH peak was created in
ewes with generally suppressed follicle wave emergence, a new
follicle wave did not emerge until about 5 days after injection,
but there was an increase in the number of 3-mm follicles for
about 5 days after injection. In the previous study [36], when a
physiologic FSH peak was created in ewes with suppressed
follicle wave emergence, a new follicle wave emerged 1.5 days
after injection. When a physiologic FSH peak is created during
the interwave interval in normal anestrous ewes, a follicle wave
emerges within about 24 h after injection [9]. In other words, in
experiment 1, injected oFSH did not elicit a follicle wave. In
experiment 1 of the present study, perhaps the reduced
population of follicles in the small-follicle pool and/or a
decreased responsiveness of this pool to oFSH resulted in the
failure of the exogenous oFSH to stimulate follicle wave
emergence. We did not follow antral follicle development
during the implant period of experiment 2. In summary, the
estradiol implants of experiment 1 reduced FSH peak
concentration to a point where follicle wave emergence was
virtually suppressed and the extended period of treatment (20
days), compared with our earlier study (10 days [36]), reduced
the small-follicle pool (1- to 3-mm follicles). The injection of a
physiologic dose of oFSH failed to stimulate follicle wave
emergence. It would appear that over an extended period of

time (20 days), periodic peaks in serum concentrations of FSH
are required to maintain the pool of small follicles that can
respond to a peak in FSH to produce a follicular wave; basal
serum concentrations of FSH are not sufficient for maintaining
the growth of small antral follicles.

Another interesting observation from experiment 1 that is
similar to our previous study [36] is that FSH peaks continued
to occur in the absence of follicle wave development in most
ewes. These peaks were of reduced concentration, but they
nevertheless were identified by the objective cycle detection
software. It appears that the FSH peaks may be entrained
independently of the growth and regression of previously
developing follicular waves in the ewe. If secretory products
from follicular waves were important for entraining the FSH
peaks, then obviously, based on the present results, estradiol
could not be a candidate. The other most obvious candidate
would be inhibin [50]. Both inhibin and estradiol do suppress
FSH secretion in the ewe, but the effects of inhibin on FSH
peaks have not been studied directly. Most inhibin is produced
from the larger follicles of a wave (88% by follicles �4 mm in
diameter [26, 51]); however, up to 12% could be produced by
follicles ,4 mm in diameter [26, 51]. Inhibin secretion does
increase as the follicles of a wave grow during the breeding
season [6, 52], but not during anestrus [53]. The regular
follicular waves and antecedent FSH peaks must occur
independently of any influence of inhibin in anestrous ewes
[53]. With no follicular waves emerging during 18 consecutive
days of the implant treatment period in the nine ewes in
experiment 1 of the present study, it is difficult to see how
changes in secretory products of the follicles of a wave could
have entrained the second, third, fourth, and/or fifth reduced
FSH peaks observed during the implant period. The present
and previous findings do beg the question as to whether some
mechanisms other than ovarian follicular feedback govern the
timing of the FSH peaks proceeding follicle wave emergence in
the ewe. It is interesting that ovariectomized ewes appear to
maintain the generation of FSH peaks with a periodicity similar
to the intact ewe [30].

In both of the present studies, ovulatory wave emergence
appeared to be delayed in ewes treated with implants compared
with the control ewes of a previous study [36]. This may be due
to the lack of an adequate FSH signal for follicle wave
emergence until removal of the implants. Ovulatory wave
emergence appeared to occur around the same time in
experiment 1 of the present study and in ewes treated with
10-cm estradiol-releasing implants in a previous study [36].
However, in the present study, ovulatory wave emergence
appeared to be delayed longer in ewes with higher serum
estradiol concentrations (experiment 2) compared with ewes
with lower estradiol concentrations (experiment 1). The
interval from implant removal to ovulation appeared delayed
in experiment 1 compared with the control ewes of experiment
2 of the present study; these intervals are similar to previous
observations [36]. In experiment 2 of the present study, the
interval from implant removal to ovulation was delayed in
treated ewes compared with control ewes—this may have been
a reflection of the timing of ovulatory wave emergence. Timing
of ovulation delay was longest in ewes treated with 20-cm
implants, because the CLs of three of four of these ewes were
maintained for a significantly longer period of time than those
from other ewes. In both experiments, the ovulation rate did
not differ among treatment groups or over time, which is
similar to what we observed previously [36]. Cyclic ewes
treated from Days 3 to 21 with daily injections of very high
estradiol concentrations fail to ovulate [48]. Cyclic ewes
treated with estradiol implants have lower ovulation rates [54].
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However, Finn ewes have a higher ovulation rate with higher
circulating estradiol concentrations compared with WWF ewes
[7]. Atkinson et al. [47] found that the ovulation rate of cyclic
ewes was unaffected by implants releasing estradiol (0.57 lg/
day for 19 days and 1.90 lg/day for 2, 4, and 6 days). In the
present studies, the implants delayed ovulatory wave emer-
gence and the timing of ovulation without having a significant
affect on ovulation rate.

When serum progesterone concentrations were declining
during the implant period in the control ewes of experiment 2,
there was an increase in mean and basal serum LH
concentrations and LH pulse frequency. In experiment 1,
progesterone treatment was designed to maintain progesterone
concentrations above baseline to facilitate and maintain
estradiol feedback effects on FSH secretion for the duration
of estradiol treatment; this was achieved. During the implant
period of experiment 2, serum progesterone concentrations
were significantly higher and sustained for longer in control
ewes compared with ewes treated with implants. This decrease
in progesterone production in ewes treated with implants was
probably due to the significantly reduced LH support for the
CL. LH is required for luteal function and luteal growth [55–
58]. Interestingly, when the 20-cm estradiol implants were
removed, CLs were rescued from regression and progesterone
concentrations increased in three ewes of that treatment group.
Perhaps the removal of the very high estradiol concentrations
resulted in a significant increase in serum LH concentrations
that maintained the CLs. Unfortunately, the LH secretory
pattern after implant removal was not determined in experiment
2 of the present study.

In summary, concentrations of estradiol-17b that were 2.3-
fold higher than control ewes for 20 days (ewes treated with
10-cm implants in experiment 1) suppressed follicle wave
development by truncating FSH peaks in cyclic ewes, and
injection of physiologic concentrations of oFSH on Day 15
after estradiol implant insertion failed to induce follicle wave
emergence. Concentrations of estradiol that were 2.3-fold
higher than control ewes for 20 days (ewes treated with 10-cm
implants in experiment 1) reduced the small follicle pool (2–3
mm in diameter). Maintenance of the small-follicle pool over a
20-day period would appear to require regular secretion of FSH
peaks. Perhaps the reduced population of follicles in the small-
follicle pool and/or a decreased responsiveness of this pool to
oFSH resulted in the failure of the exogenous oFSH to
stimulate follicle wave emergence. The data presented also
bring into question the involvement of secretory products from
the follicles of a wave in entraining the FSH peak that initiates
the subsequent follicular wave. In experiment 1, basal serum
FSH concentrations increased over time in ewes with serum
estradiol concentrations that were 2.3-fold higher than control
ewes for 20 days (ewes treated with 10-cm implants); pulsed
LH secretion was not affected. In experiment 2, basal serum
FSH concentrations were reduced, LH pulsatility was abol-
ished, and progesterone production was altered in ewes with
serum estradiol concentrations that were 3.7-, 5.3-, and 6.7-fold
higher (ewes treated with 10-cm, 15-cm, and 20-cm estradiol
implants, respectively) than control ewes. In addition, FSH
peak concentration and amplitude were decreased in ewes with
serum estradiol concentrations that were 3.7- and 5.3-fold
higher (ewes treated with 10-cm and 15-cm estradiol implants,
respectively) than control ewes. Ewes with serum estradiol
concentrations that were 6.7-fold higher (ewes treated with 20-
cm estradiol implants) than control ewes had no change in FSH
peak concentration or amplitude compared with control ewes.
The interpeak interval of FSH peaks was shortened in ewes
with serum estradiol concentrations that were 5.3- and 6.7-fold

higher (ewes treated with 15-cm and 20-cm estradiol implants,
respectively) than control ewes. The various estradiol implant
treatments used in this study differentially regulated LH and
FSH secretion, which could allow for the development of
useful gonadotropin suppression and replacement models for
the further study of the endocrine regulation of ovarian
follicular waves in the ewe.
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