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Abstract

High follicle-stimulating hormone (FSH) doses during ovarian stimulation are detrimental to ovulatory follicle function and decrease live birth
rate in cattle and women. However, the mechanism whereby excessive FSH causes ovarian dysfunction is unknown. This study tested the
hypothesis that excessive FSH during ovarian stimulation induces premature luteinization of ovulatory-size follicles. Small ovarian reserve heifers
were injected twice daily for 4 days with 70 IU (N=7 heifers) or 210 IU (N =6 heifers) Folltropin-V [commercial FSH-enriched preparation of
porcine pituitary glands with minor (<1%) luteinizing hormone (LH) contamination, cpFSH]. Ovulatory-size (=10 mm) follicles were excised
from ovaries after the last cpFSH injection and hormone concentrations in follicular fluid (FF) were determined using ELISA. Luteinization was
monitored by assessing cumulus cell-oocyte complex (COC) morphology and measuring concentrations of estradiol (E), progesterone (P), and
oxytocin (O) in FE COCs were classified as having compact (cCOC) or expanded (eCOC) cumulus cell layers, and as estrogen-active (E:P in
FF >1), estrogen-inactive (El, E:P in FF <1 > 0.1), or extreme-estrogen-inactive (EEI, E:P in FF <0.1). A high proportion (72%) of ovulatory-size
follicles in 210 IU, but not 70 U, dose heifers displayed eCOCs. The high doses also produced higher proportions of El or EEI follicles which
had lower E:P ratio and/or E but higher P and/or O concentrations compared with the 70 IU dose heifers. In conclusion, excessive cpFSH doses
during ovarian stimulation may induce premature luteinization of most ovulatory-size follicles in heifers with small ovarian reserves.

Summary Sentence

Excessive doses of Folltropin-V (commercial FSH-enriched preparation from porcine pituitary glands with minor LH contamination) during ovarian
stimulation of heifers with small ovarian reserves reduce intrafollicular estradiol while inducing premature luteinization of most ovulatory-size
follicles.
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Introduction

The use of high gonadotropin doses in women undergoing
assisted reproductive technology (ART) causes high oocyte
and embryo wastage and decreases live birth rate [1, 2].
The mechanisms whereby high follicle-stimulating hormone
(FSH) doses impair ovulatory follicle function are poorly
understood.

Ovarian follicle development becomes progressively reliant
and ultimately dependent on gonadotropin (FSH and luteiniz-
ing hormone, LH) signaling to enhance growth and function.
In cattle, the transition of follicles to gonadotropin depen-
dence occurs in 1-3-mm antral follicles and continued follicle
growth and maturation are dependent on adequate support
from circulating FSH [3, 4]. FSH has a range of functions
within the follicle and interacts with many different signal-
ing pathways that contribute to ovulatory follicle function,
and oocyte development and quality. These include steroid
hormone synthesis, cell proliferation and survival, induction
of LH receptor expression, and FSH receptor downregulation

[5]. Given the broad, complex intrafollicular effects of FSH
on follicular function, the effects of exogenous FSH on ovu-
latory follicle function likely vary with dosage. For example,
estradiol secretion by bovine granulosa cells in response to
different FSH doses is curvilinear; estradiol production ini-
tially increases in a dose-dependent manner but the highest
FSH doses decrease estradiol production [6]. This supports
our recent observations of decreased estradiol production by
ovulatory-size follicles during ovarian stimulation of cattle
with high FSH doses [7]. Taken together, these observations
imply that high FSH doses during ovarian stimulation may be
detrimental to granulosa cell function in ovulatory follicles,
although the mechanism and potential impact of such an effect
on ovulatory follicle function and oocyte quality are unclear.

Ovarian stimulation is a method of ART designed to pro-
vide continued FSH support by exogenous administration of
FSH to promote development of the gonadotropin-dependent
follicles to ovulatory-size. Subsequent development and
completion of final maturation of ovulatory-size follicles in
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preparation for ovulation is dependent on the ability of
these follicles to respond to LH [8, 9]. Luteinization is
the process, regulated by LH, by which the ovulatory
follicle is remodeled following ovulation to form the corpus
luteum and concomitantly switch from primarily estradiol to
progesterone production [10].

Premature luteinization is a term applied to clinical obser-
vations of high circulating progesterone concentrations or
reduced estradiol:progesterone (E:P) ratio on the day of the
ovulatory stimulus in women [11-21]. Premature luteiniza-
tion impacts 12.3-46.7% of ART cycles in women con-
tributing to poor ART outcomes [22]. There is evidence that
premature luteinization can be induced by high doses of
recombinant FSH administered during ovarian stimulation in
patients undergoing ART [19,22,23] and ovarian stimulation
in animal models [24]. However, the impact of the altered
circulating endocrine profile on ART outcomes is contentious
and very few, if any, of the studies in women have directly
evaluated the ovulatory-size follicles developing in response
to ovarian stimulation, particularly with excessive FSH doses
(i.e., doses beyond what is needed to achieve a maximum
ovulatory response). Importantly, we observed that high doses
of FSH decrease estradiol production in vitro [6] and during
superovulation of cattle with a small ovarian reserve [7]. It
is unknown to what extent excessive FSH doses during ART
cause premature luteinization of ovulatory follicles, thereby
compromising oocyte quality and ART outcomes.

The present study, therefore, tests the hypothesis that
excessive FSH doses during ovarian stimulation can induce
premature luteinization of ovulatory-size follicles. To test this
hypothesis, we use the small ovarian reserve heifer (SORH)
model validated in our laboratory because it shares numerous
phenotypic characteristics of women with small ovarian
reserves including a diminished ovarian reserve and low antral
follicle count (AFC) [25], low circulating concentrations
of AMH [26], heightened FSH secretion [25], and reduced
responsiveness to ovarian stimulation [27]. Moreover, the
primary reason women seek ART is because they have a
small ovarian reserve [28]. However, it is unclear why high
FSH doses during ovarian stimulation of individuals with a
small ovarian reserve typically result in poor ART outcomes
[1, 2.

The present study used the SORH model to measure alter-
ations in well-established intrafollicular markers of luteiniza-
tion of ovulatory follicles in cattle including cumulus cell
expansion [29] and intrafollicular concentrations of estra-
diol [30-32], progesterone [30-32], and oxytocin [10] in
individual ovulatory-size follicles developing in response to
ovarian stimulation with either an industry standard (70 IU)
or excessive (210 IU) doses of Folltropin-V. Although recom-
binant hFSH is primarily used during ART in women [33],
recombinant bovine FSH is not available for studies in cattle.
Nevertheless, Folltropin-V is an FSH-enriched porcine pitu-
itary preparation with minor (<1%) LH contamination [34]
used globally for decades to superovulate cattle for embryo
transfer [35]. Hereafter, Folltropin-V is referred to as cpFSH.

Even though high cpFSH doses are used in cattle to min-
imize number of injections during ovarian stimulation [36—
39], the highest doses of cpFSH chosen for the present study
(3X industry standard 70 IU dose) are unlikely to be used
commercially to superovulate cattle. However, very high total
FSH doses ranging from <1000 IU to 20 000 IU [1, 2] are used
during ART cycles in some women. The cpFSH doses for the
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present study were selected based on our previous study show-
ing that ovarian stimulation with cpFSH doses only three-
fold higher than the industry-standard decreased estradiol
production and ovulation rate in the SORH model [7]. We
provide evidence in the present study that excessive cpFSH
doses induce premature luteinization of a high proportion of
the ovulatory-size follicles developing in response to ovarian
stimulation. Premature luteinization may also impair oocyte
quality, enhance oocyte wastage, and contribute to poor ART
outcomes in cattle with small ovarian reserves. These results
also indicate a possible need for caution in selecting high
gonadotropin doses for human ART.

Methods

Selection of heifers with a low antral follicle count
and small ovarian reserve, ovarian stimulation
protocol, excision of ovulatory-size follicles from
ovaries, and recovery of follicular fluid and cumulus
cell-oocyte complexes from ovulatory-size follicles
Selection of 14 heifers aged 11-12 months with a small
ovarian reserve and ovarian stimulation procedures were per-
formed as described [7]. Briefly, the number of antral follicles
(AFCs) >3 mm in diameter in two groups of 50 Holstein
heifers (Green Meadow Farms Inc., Ovid-Elsie, MI) was deter-
mined using ovarian ultrasonography. Animals were ranked
according to AFC and luteolysis was induced in the 25 heifers
with the lowest AFC in each group using two prostaglandin
Foi (PG; 12.5 mg/mL, Lutylase HighCon, Zoetis) injections
administered 10 days apart. AFC for each heifer was deter-
mined prior to each PG injection and 4 days after the final
PG injection. Individuals determined to consistently have an
AFC <15 (N =14 heifers; mean + SEM AFC=6.8+0.4) on
these days were selected for this study. We have previously
shown that age-matched heifers with an AFC <15 also have
an ovarian reserve (total number of morphologically healthy
follicles/oocytes in ovaries) 80% smaller than heifers with an
AFC > 25 [26]. Heifers in the present study were housed at the
Michigan State University Beef Cattle Teaching and Research
Center. All procedures described herein were sanctioned by
the Institutional Animal Care and Use Committee at Michigan
State University.

Heifers were injected with 70 IU (40 mg, N =7 heifers)
or 210 IU (120 mg, N=7) doses of cpFSH (Folltropin-V,
Lot# 499213, Vetoquinol USA Inc) per injection. As described
by the manufacturer, cpFSH contains 700 IU (equivalent to
400 mg of NIH-FSH-P1 with <1 mg NIH-LH-519) of FSH per
20-mL vial [34]. However, one heifer treated with the 210 IU
dose was excluded from the final analysis due to the absence
of a response to ovarian stimulation. The 70 IU and 210 IU
cpFSH doses were chosen as the industry standard and exces-
sive doses, respectively, based on our previous study [7]. The
210 IU cpFSH dose compared with the 70 IU dose is excessive
because it does not increase the number of ovulatory-sized
follicles but decreased circulating estradiol concentration and
ovulation rate following ovarian stimulation [7].

To synchronize estrous cycles and the day ovarian stimula-
tion began, heifers were administered PG injections 10 days
apart followed by a third PG injection 12 h later. On Days
1-2 of the estrous cycle, which is near the time of ovulation
and emergence of the first follicular wave (~36 h after last
PG injection), animals were randomly assigned to treatment
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Table 1. Antral follicle count (AFC, follicles >3 mm in diameter) prior to
ovarian stimulation and number, and diameter of ovulatory-size (>10 mm)
follicles developing in response to ovarian stimulation of heifers with the
industry standard, 70 IU, or excessive, 210 IU, cpFSH dose”

70 IU, cpFSH 210 IU, cpFSH  Significance

AFC prior to cpFSH 129+ 1.8 11.3+1.2 NSB
treatment

Number of 12.6 £3.3 19.1+ 4.4 NS
ovulatory-size follicles

Diameter (mm) of 12.2 +£0.9 11.4+0.3 NS

ovulatory-size follicles

AHeifers with a low AFC (<15 follicles) and small ovarian reserve were
subjected to PG injections to synchronize estrous cycles and injected with
70 IU (n=7 heifers) or 210 IU (=6 heifers) cpFSH during ovarian
stimulation as explained in Methods. AFC was determined prior to the first
cpFSH injection whereas number and diameter of ovulatory-size follicles
were determined 12 h after the last cpFSH injection. BNS =P > 0.05.

with either 70 TU or 210 IU cpFSH twice daily for 4 days.
PG injections were also administered coincident with the
seventh and eighth cpFSH injections to regress the newly
formed corpus luteum. Antral follicle size and number were
monitored by daily ovarian ultrasonography as previously
explained [7]. As depicted in Table 1, AFC prior to ovarian
stimulation did not differ between cpFSH doses.

Ovaries were collected from a single heifer per day alter-
nating between ¢cpFSH dose groups until the study was com-
pleted. Heifers were euthanized 12 h after the final cpFSH
injection and both ovaries were recovered. Note that in con-
trast to our previous study using this model [7], heifers were
not injected with LH or an LH-like stimulus (for example,
human chorionic gonadotropin; hCG) during the ovarian
stimulation regimen. Time from the euthanasia of heifers in
our study to the collection of ovaries was 33 + 3 min. In agree-
ment with our previous study [7], the number and diameter
of ovulatory-size follicles did not differ between cpFSH doses
(Table 1). Ovaries were rinsed with 70% ethanol, washed in
Dulbecco’s phosphate Buffered Saline (DPBS), and placed in
fresh DPBS for excision of ovulatory-size follicles. Follicu-
lar fluid (FF) was aspirated from all ovulatory-size follicles
(>10 mm). For a subset of follicles, the FF was immedi-
ately transferred to a separate dish and searched using a
dissecting microscope to find the cell-oocyte complex (COC).
Between 5 and 15 COCs were recovered from FF of ovulatory-
size follicles per heifer. Each COC was classified as having
compact or expanded layers of cumulus cells as depicted in
the representative images in Figure 1. Hereafter, COCs with
compact layers of cumulus cells are referred to as cCOCs
whereas COCs with expanded layers of cumulus cells are
referred to as eCOCs.

After the COC was removed from FF, the residual FF was
recovered, and the volume measured. A protease inhibitor
cocktail (cOmplete, EDTA-free Protease Inhibitor Cocktail,
Roche, USA) was added to each FF sample at a 1:10 dilution
to minimize protein degradation. The FF samples were cen-
trifuged to pellet cellular debris and 200-uL aliquots of the
supernatant were stored at —80°C. Thereafter, each remaining
ovulatory-size follicle on both ovaries was aspirated and the
FF processed as described above but without recovery of the
COC. The time elapsed from removal of ovaries, excision
of ovulatory-size follicles from ovaries, aspiration of FF, and
recovery and classification of COCs for each heifer ranged
from 2 to 5 h.

Estradiol (E), progesterone (P),

and oxytocin (O) assays

Concentrations of E and P were measured in FF of all
ovulatory-size follicles regardless of whether a COC was
recovered, whereas O was measured in a subset of ovulatory-
size follicles based on COC morphology and the ratio of
E:P in FF as explained in the Results section. Estradiol and
P concentrations were measured in the same aliquot of FF
from each ovulatory-size follicle using commercially available
ELISA kits (Cayman Chemical Company, MI, USA). The
inter- and intra-assay coefficients of variation for the E assays
were 9.3% and 7.0%, respectively, and 11.0% and 9.9%,
respectively, for the P assays. Oxytocin concentrations in FF
were determined using the Oxytocin ELISA kit (ENZO Life
Sciences, Inc). Serial dilutions of bovine serum and FF from
small (3-5 mm), medium (8-10 mm), and large (12-15 mm)
bovine follicles were evaluated against the standard curve to
confirm parallelism. The inter- and intra-assay coefficients of
variation were 7.5% and 7.9%, respectively.

Classification of ovulatory-size follicles
based on ratio of E:P in FF

Cattle typically have one or two non-ovulatory follicular
waves and one ovulatory follicular wave during a~21-day
estrous cycle [40]. We previously established that cattle have
both estrogen-active (EA) and estrogen-inactive (EI) follicles
during a follicular wave [30-32, 41]. EA follicles are healthy,
growing, dominant, non-ovulatory, or ovulatory follicles dur-
ing follicular waves, whereas EI follicles are either dominant
ovulatory follicles undergoing luteinization in response to the
preovulatory LH surge or dominant non-ovulatory follicles
destined for atresia at the end of a follicular wave [30-32,
41].1n the present study, ovulatory-size follicles were classified
based not only on whether the COC had compact or expanded
layers of cumulus cells, but also on the ratio of E:P concen-
trations in FF as follows: EA (E:P in FF >1), EI (E:P in FF
<1>0.1), or extreme-estrogen-inactive (EEIL E:P in FF <0.1).

Statistical analyses

All statistical analyses were performed using the Statistical
Analysis System (SAS 9.4) software [42]. Data were trans-
formed before analyses if not normally distributed. Specif-
ically, data for E, P, and O concentrations were log trans-
formed, while data for E:P ratios were arcsine transformed.
When overall treatment effects were significant (P <0.05),
Fisher LSD [42] was used to determine whether means differed
(P <0.05). Note that degrees of freedom during statistical
analyses were based on the number of heifers (N =7 heifers
treated with 70 IU cpFSH dose or 6 heifers treated with 210 IU
cpFSH dose), not the number of ovulatory-size follicles.

To assess whether the excessive, 210 IU, versus industry-
standard, 70 IU, ¢cpFSH doses during ovarian stimulation
induced premature luteinization of the ovulatory-size follicles,
five separate analyses were performed on the present data set.
First, Fisher’s exact test was used to determine whether the
proportion of ovulatory-size follicles with cCOCs or eCOCs
differed (P <0.05) between heifers undergoing ovarian stim-
ulation with the 70 IU versus 210 IU cpFSH doses. Second,
given that the industry standard dose did not yield any eCOC,
two t-tests were performed. The first t-test evaluated the effect
of dose by comparing the concentrations of E, P, O, and E:P in
compact follicles from the 70 TU versus 210 IU cpFSH dose.
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Figure 1. Representative images of cumulus cell-oocyte complexes (COCs) with compact (cCOC) or expanded (eCOC) layers of cumulus cells from
heifers treated with the industry-standard, 70 IU, or excessive, 210 U, cpFSH dose. Holstein heifers with a low AFC and small ovarian reserve were
injected with either the 70 IU or 210 IU cpFSH dose during ovarian stimulation and ovulatory-size follicles (>10 mm) excised from ovaries 12 h after the
last cpFSH injection as explained in the Methods section. COCs recovered from FF of each follicle were classified under the dissecting microscope as
having a compact-COC (two images on left) or expanded-COC (two images on right). The white scale bar in the bottom right corner of each image
represents 130 um, the diameter of the oocyte for an ovulatory-size follicle [77].

The second t-test evaluated the impact of COC expansion,
unique to the 210 U dose group, by comparing the concen-
trations of E, P, O, and E:P in the cCOCs 210 IU follicles to
those in the eCOCs 210 IU follicles. Third, analysis of variance
(ANOVA) was used to determine whether concentrations of
E, P, O, and E:P in FF of the ovulatory-size follicles differed
(P<0.05) between heifers treated with the 70 IU versus
210 TU cpFSH dose. Fourth, chi-square analysis was used to
determine whether proportion of ovulatory-size follicles clas-
sified as EA, EI, and EEI differed (P <0.05) between heifers
undergoing ovarian stimulation with the 70 TU versus 210 TU
cpFSH dose. Fifth, ANOVA was used to determine whether
concentrations of E, P, O, and E:P in FF of ovulatory-size
follicles with cCOCs or eCOCs differed (P <0.05) between
follicles classified as EA, EI, or EEI for the heifers undergoing
ovarian stimulation with 70 IU versus 210 IU cpFSH dose.

Results

Analysis 1: Effect of cpFSH dose during ovarian
stimulation on proportion of ovulatory-size follicles
in heifers with cCOC or eCOC

Only ¢COCs were observed in ovulatory-size follicles in
heifers undergoing ovarian stimulation with the 70 U
cpFSH dose whereas ovulatory-size follicles in heifers
treated with the 210 IU ¢pFSH dose had both ¢cCOCs and
eCOCs. As shown in Table 2, the heifers undergoing ovarian
stimulation with 210 IU versus 70 IU cpFSH dose had a
lower (P <0.001) proportion of ovulatory-size follicles with
cCOCs (28+3% vs. 100+ 0%, mean +SEM) but a higher
(P < 0.001) proportion of ovulatory-size follicles with eCOCs
(72+3% vs. 0%). Representative images of the cCOC and
eCOC phenotype are depicted in Figure 1. Although the
eCOCs are indeed expanded, the clumped appearance of the
cumulus cell mass (most right photo in Figure 1) is indicative
of poor oocyte quality [43].

Analysis 2: Relationship between COC morphology
(cCOC vs. eCOC) and concentrations of E, P, O, and
E:P in FF of ovulatory-size follicles for heifers
undergoing ovarian stimulation with the 70 IU or
210 IU cpFSH dose

This analysis was designed to determine whether concentra-
tions of E, P, O, or E:P in FF differed between the ovulatory-
size follicles with ¢cCOCs versus eCOCs for the heifers

undergoing ovarian stimulation with the 70 IU or 210 TU
cpFSH dose. Ovulatory-size follicles with cCOCs had similar
E, P, and O concentrations and ratio of E:P, regardless of
cpFSH dose (Figure 2). However, for heifers undergoing
ovarian stimulation with the 210 IU cpFSH dose, the
ovulatory-size follicles with eCOCs not only had a decreased
E and E:P ratio but also increased P and O concentrations
in FF compared with the ovulatory-size follicles with cCOCs
(Figure 2).

Analysis 3: Overall effect of cpFSH dose during
ovarian stimulation of heifers on concentrations of
E, P and O and E:P in FF

Estradiol concentrations and E:P in FF did not differ between
heifers treated with the 70 or 210 IU cpFSH dose (Figure 3).
In contrast, P and O concentrations were seven- and six-fold

higher, respectively, in heifers undergoing ovarian stimulation
with the 210 IU versus 70 IU cpFSH dose (Figure 3).

Analysis 4: Effect of cpFSH dose during ovarian
stimulation on diameter and proportion of
ovulatory-size follicles in heifers classified as EA,
El, and EEI

We examined whether cpFSH dose impacted the diameter and
proportion of ovulatory-size follicles classified as EA versus EI
or EEL As depicted in Table 2, the ovulatory-size follicles for
heifers stimulated with the 70 IU cpFSH dose were classified
as EA (79+£6%) or EI (21+6%), whereas the ovulatory-
size follicles for heifers stimulated with the 210 IU ¢pFSH
dose were classified as EA (54 +9%), EI (24 +8%), and EEI
(22 +3%). Diameters were similar among the EA, EI, and
EEI ovulatory-size follicles regardless of cpFSH dose or COC
morphology (Table 2). However, the heifers stimulated with
210 IU versus 70 IU cpFSH dose had a lower (P < 0.001) pro-
portion of ovulatory-size follicles classified as EA (54 +7%
vs. 79 £ 6%), a similar proportion classified as EI (24 +8%
vs. 21+6%) and a higher (P <0.001) proportion classified
as EEI (22 £+3% vs. 0%).

Analysis 5: Relationship between COC morphology
(cCOCs vs. eCOCs) and concentrations of E, P, O,
and E:P in FF of ovulatory-size follicles classified as
EA, El, or EEl in the heifers undergoing ovarian
stimulation with different cpFSH doses

Dominant follicles classified as EA [30, 32] and containing
cCOCs [44] are representative of ovulatory follicles in cattle in
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Figure 2. Effect of cpFSH dose (IU) and COC morphology (cCOC, eCOC) on concentrations of estradiol (E), progesterone (P), oxytocin (O), and ratio of
E:P in follicular fluid (FF). Holstein heifers with a low AFC and small ovarian reserve were injected with either the industry-standard, 70 1U, or the
excessive, 210 IU, cpFSH dose during ovarian stimulation and ovulatory-size follicles were excised from ovaries 12 h after the last cpFSH injection as
explained in the Methods section. COC morphology was assessed in 5-15 ovulatory-size follicles per heifer and the concentration of E, R and O was
measured in the FF of these follicles. Total number of ovulatory-size follicles in each cpFSH dose-COC morphology group of heifers for the E, R and E:P
measurements follows: 70 IU-cCOC =59; 210 IU-cCOC = 20; 210 IU-eCOC =51. For O, a random subset of ovulatory-size follicles was selected for
analysis in each cpFSH dose-COC morphology group of heifers as follows: 70 IU-cCOC =22; 210 IU-cCOC =12; 210 IU-eCOC = 36. Bars represent the
mean + SEM for heifers (not follicles). Lines above bars indicate which means were compared whereas asterisks (" P < 0.05, *"* P < 0.001) denote

differences between means for heifers. N =number of heifers.

study was caused by excessive FSH action, or alternatively
by an interaction of the excessive FSH with endogenous
secretion of LH or other unknown hormones, or with the
minor LH contamination in cpFSH was not established in
the present study. Nevertheless, although potential LH effects
on premature cumulus expansion of COCs in ovulatory-
size follicles cannot be completely ruled out in the present
study, several studies show that ovarian stimulation proto-
cols utilizing FSH (including the ¢pFSH preparation used
herein) reduce LH pulse frequency and mean peripheral LH
concentrations [49-51]. In addition, the half-life of LH in
the bovine [52] and other species [53] is only 20-30 min
compared with the 4-5 h half-life for FSH in cattle [54, 55]
which likely explains why others using LH assays that cross
react with both endogenous LH in cattle and porcine LH in
cpFSH report that cpFSH injections do not enhance over-
all circulating LH concentrations compared with untreated
controls [49-51]. In support of relatively low endogenous
LH concentrations during ovarian stimulation with cpFSH,
we confirmed in our previous study [7] that even with eight
injections at 12-h intervals of cpFSH doses three-fold higher
than the industry-standard dose during ovarian stimulation,
luteal production of progesterone is not enhanced nor did
early ovulation occur in the SORH model in the present or
previous study [7] as would be expected if the preparation
contained significant amounts of biologically active LH. In
our previous study [7], we also observed that the high cpFSH
doses did not increase circulating estradiol concentrations
compared with the industry-standard dose indicating that
LH-induced thecal production of androgens (estradiol sub-
strate) was also very likely not enhanced. These combined
observations indicate that cumulus cell expansion observed
in ovulatory-size follicles during ovarian stimulation of the
SORH model with high cpFSH doses in the present study is

likely caused by excessive FSH stimulation and unlikely to be a
primary response to significant endogenous or exogenous LH
signaling.

The ovarian stimulation protocol used here, coupled with
hormonal measurements and classification of individual
ovulatory-size follicles based on COC morphology and ratio
of E:P in FF, provides new insights into the impact of excessive
cpFSH doses on the development of ovulatory-size follicles.
For instance, the cpFSH injections in heifers were initiated
at the emergence of the first follicular wave (Day 1 of the
estrous cycle) when about a dozen 3-4-mm antral follicles
were present. These cpFSH injections were continued for
three additional days resulting in the development of ~13-
19 ovulatory-size follicles (>10 mm) during the ovarian
stimulation period. However, the excessive, compared with the
industry-standard, cpFSH dose did not increase the number
of ovulatory-size follicles, as observed previously using the
same heifer model [7]. Instead, it increased the heterogeneity
of the ovulatory-size follicles, which were separated into four
distinct phenotypes. The ovulatory-size follicles from heifers
undergoing ovarian stimulation with the industry-standard
cpFSH dose had mostly (79 £ 6%) EA ovulatory-size follicles
with ¢COCs. These are the hormonal and morphological
characteristics of normal ovulatory follicles in cattle [30, 32,
41]. In contrast, the heifers undergoing ovarian stimulation
with excessive cpFSH doses had ovulatory-size follicles with
relatively equal proportions of four distinct phenotypes.
One follicular phenotype (210 IU with ¢cCOCs and EA)
mimicked the control phenotype while the remaining three
follicular phenotypes exhibited one (expanded cumulus; EA
with eCOCs), two (expanded cumulus and high P in FF;
EI with eCOCs), or three (expanded cumulus and high P
and O in FF; EEI with eCOCs) phenotypic characteristics of
prematurely luteinized ovulatory-size follicles. Whether these
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Figure 3. Effect of cpFSH dose (IU) on concentrations of estradiol (E), progesterone (P), oxytocin (O), and ratio of E:P in follicular fluid (FF). Holstein
heifers with a low AFC and small ovarian reserve were injected with either the industry-standard, 70 IU, or the excessive, 210 IU, cpFSH dose during
ovarian stimulation and ovulatory-size follicles were excised from ovaries and FF aspirated 12 h after the last cpFSH injection as explained in Methods.
Concentrations of E and P in FF were measured in 5-24 follicles per heifer (n=a total of 93 ovulatory-size follicles from seven heifers) treated with 70 U
cpFSH and in 15-23 follicles per heifer (n= 114 ovulatory-size follicles from six heifers) treated with 210 IU cpFSH dose. Oxytocin was measured in two
to five follicles per heifer (n=22 of the 93 ovulatory-size follicles from the seven heifers) treated with 70 IU cpFSH and in seven to nine follicles per
heifer (n=48 of the 114 ovulatory-size follicles from the six heifers) treated with 210 IU cpFSH. N within bars indicates number of heifers treated with
each FSH dose and the bars represent the mean (=SEM) concentration of E, P, E:P ratio, and O for heifers (not follicles). Asterisks indicate differences

between means were significant (" P < 0.001).

four types of ovulatory-size follicles represented sequential
changes (for example, from an EA ovulatory-size follicle with
cCOCs into the EEI ovulatory-size follicle with an eCOCs)
or distinct trajectories that ovulatory-size follicles follow in
response to ovarian stimulation with excessive cpFSH doses,
is yet to be determined. Nevertheless, this heterogeneity very
likely contributes to the inverse relationship we have reported
between FSH doses during ovarian stimulation with oocyte
recovery and live birth rate during ART in women [1, 2] and
reduced estradiol production and decreased ovulation rate in
cattle [7].

However, the excessive cpFSH dose did not cause premature
luteinization of all the ovulatory-size follicles developing in
response to ovarian stimulation in the present study. In fact,
the control phenotype for ovulatory-size follicles was also
observed in 28 + 3% of ovulatory-size follicles in the heifers
that were stimulated with the excessive cpFSH dose. The
reason for this is unclear but may be explained by differences
in the capacity of the granulosa and cumulus cells in individual
ovulatory-size follicles to respond to the excessive cpFSH dose
or differences in exposure to serum FSH. In sheep, granulosa
cells from different follicles from the same individual have
varying capacities to respond to stimulation with FSH and
hCG as measured by in vitro cAMP production [56]. Further-
more, follicular development is hierarchical during follicular
waves in cattle [57]. Differences in ovarian vascular supply to
individual follicles [58, 59] may cause different distributions
of exogenous FSH administered during ovarian stimulation
to individual follicles. This unequal distribution of FSH to
individual follicles could explain why some ovulatory-size
follicles in heifers undergoing ovarian stimulation with the
excessive cpFSH dose in the present study did not undergo

premature luteinization and the observed heterogeneity of
follicles.

Expansion of the cumulus cell layers of the COCs is not
only the predominate symptom of premature luteinization,
but it can also occur independent of concomitant changes in
intrafollicular hormone concentrations in the ovulatory-size
follicles in heifers undergoing ovarian stimulation with the
excessive cpFSH doses in the present study. Nearly 30% of the
ovulatory-size follicles in heifers undergoing ovarian stimula-
tion with excessive cpFSH doses had COCs with an expanded
cumulus layer but no alterations in intrafollicular hormone
concentrations compared with not only the control follicle
group (70 IU, cCOCs and EA), but also the EA, ovulatory-
size follicles with COCs with a compact layer of cumulus cells
in heifers undergoing ovarian stimulation with the excessive
cpFSH dose. Although the implications of the premature
cumulus expansion phenotype are unknown, this suggests that
other maturational processes linked to cumulus cell expan-
sion, including for example, increased glucose utilization [60],
ovulation [47], oocyte maturation [61], and prevention of
luteinization and downregulation of FSHR and modulation of
FSH-induced steroidogenesis [62—64], and the developmental
potential of oocytes in cattle [45, 65] and other species [47,
66], may also be altered during ovarian stimulation of heifers
with excessive cpFSH doses. Clinical methods to distinguish
the EA ovulatory-size follicles with COCs with a compact
layer of cumulus cells from prematurely luteinized ones, have
not been developed, but may be necessary to improve ART
outcomes.

Our previous study using the same SORH model demon-
strated that excessive cpFSH doses decreased capacity of
ovulatory-size follicles to ovulate in response to an ovulatory



Z. Clark et al., 2022, Vol. 106, No. 5

stimulus [7]. However, it is unknown if premature expansion
of the COCs in ovulatory-size follicles developing in response
to the excessive cpFSH dose observed in the present study
also impairs responsiveness of these follicles to an ovulatory
stimulus like hCG or GnRH. If so, this could explain why we
observed a reduced ovulation rate in heifers undergoing ovar-
ian stimulation with excessive cpFSH doses in our previous
study [7].

Ovarian stimulation of heifers with the excessive cpFSH
dose in the present study altered intrafollicular production of
hormonal markers of luteinization. These include established
markers seen in cattle and other species including humans,
such as changes in estradiol [30, 32, 41], progesterone [30,
32, 41], and oxytocin [6, 67-69]. This observation provides
direct endocrine evidence, linked to the differences in COC
morphology, that excessive ¢cpFSH doses induce premature
luteinization in a large proportion of the ovulatory-size folli-
cles developing in response to ovarian stimulation. For exam-
ple, a higher proportion (46%) of the ovulatory-size follicles
in heifers undergoing ovarian stimulation with the excessive,
compared with the industry-standard, cpFSH dose in the
present study were classified as EI and EEI with COCs with
expanded layers of cumulus cells. These same ovulatory-
size follicles also had E:P ratio that were lower while pro-
gesterone concentrations in FF were higher compared with
the EA ovulatory-size follicles in heifers with COCs with
compact layers of cumulus cells undergoing ovarian stim-
ulation with the industry-standard cpFSH dose (control).
However, whether this intrafollicular shift from estradiol to
progesterone production by ovulatory-size follicles develop-
ing during ovarian stimulation of heifers with excessive cpFSH
doses also resulted in enhanced circulating concentrations of
progesterone, similar to that observed during ART in some
women [17,19, 21], was not determined in the present study.

Although beyond the scope of the present study, it is critical
to understand the mechanism whereby excessive FSH doses
during ovarian stimulation may induce premature luteiniza-
tion of the developing ovulatory-size follicles. High concen-
trations of purified FSH trigger ovulation in rodents and
primates [46]. In addition, in vitro maturation (IVM) experi-
ments demonstrate that high FSH alone induces cumulus cell
expansion [46], and this is particularly important, given the
absence of evidence for functional LH receptor expression in
the cumulus cells [70-72]. Even in vivo, cumulus cells rely on
a paracrine signaling loop to respond to the preovulatory LH
surge. Specifically, LH stimulates production of EGF-like fac-
tors in the granulosa cells which then signal via the EGF recep-
tor, expressed on the cumulus cells, mediating the effects of LH
on the cumulus cells [73]. However, FSH can also induce the
expression of EGF-like factors including AREG and EREG
in the granulosa and cumulus cells, and supplementation of
IVM media with AREG and EREG resulted in cumulus cell
expansion and oocyte maturation [74-76]. It is worth noting
in these and other in vitro embryo production experiments, the
proportions of COCs that underwent cumulus cell expansion
following IVM varied considerably, a further indication of
the heterogeneity in cumulus cell responsiveness to FSH [71,
74]. Based on the similarities in cumulus cell gene expression
profiles, others have suggested that in vitro, FSH signaling
mimics some of the downstream pathways induced by LH in
vivo [29]. Thus, the variable capacities of COCs to respond to
supraphysiological concentrations of FSH may explain why
most, but not all, of the ovulatory-size follicles in the heifers
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undergoing ovarian stimulation with the excessive cpFSH
doses had COCs with an expanded layer of cumulus cells
in the present study. The expanded cumulus cell phenotype
observed herein provides compelling evidence that excessive
cpFSH doses during ovarian stimulation of heifers with a low
AFC and small ovarian reserve induces premature luteiniza-
tion of a large proportion of the ovulatory-sized follicles.

In summary, the heifers undergoing ovarian stimulation
with the excessive, 210 IU, compared with the industry-
standard, 70 IU, cpFSH dose had ovulatory-size follicles con-
taining primarily COCs with expanded layers of cumulus cells
and classified as EI or EEL The EI and EEI ovulatory-size
follicles with COCs with expanded layers of cumulus cells in
the excessive dose heifers had a lower estradiol or E:P ratio
but higher progesterone or oxytocin concentrations compared
with ovulatory-size follicles in the 70 IU FSH dose heifers. The
excessive FSH doses used during ovarian stimulation are con-
cluded to induce premature luteinization of most ovulatory-
size follicles in heifers with small ovarian reserves. Whether
premature luteinization of ovulatory-size follicles also impairs
their capacity to ovulate in response to an LH stimulus, ini-
tiates atresia or alters oocyte maturation and quality thereby
contributing to oocyte wastage, is unknown. Moreover, it is
also unknown whether premature luteinization of ovulatory-
size follicles during ovarian stimulation with excessive cpFSH
doses is unique to heifers with a small ovarian reserve. The
answers to these questions are, however, critical to improving
the efficiency of ovarian stimulation protocols and ART out-
comes not only in cattle, but perhaps in other mono-ovulatory
mammals, like women. Finally, we acknowledge a limitation
of the current study was the LH contamination of the cpFSH
preparation utilized during ovarian stimulation. Although, we
provide evidence that this contaminating LH is unlikely to
contribute to the observed differences in COC morphology
and intrafollicular hormone concentrations, future studies
utilizing recombinant bovine FSH are required to confirm our
findings.
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