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Abstract

The ovarian and endocrine characteristics of mares related to seasonal changes in
reproduction are well-documented. Further elucidation of the physiological mechanisms driving
these seasonal changes is needed. Two experiments were conducted in an attempt to further our
understanding of seasonality in mares. In other seasonal species, such as sheep and goats, simply
exposing anestrous females to sexually active males increases gonadotropin secretion within
minutes, followed by ovulation 2 to 8 d later. This “male effect” was investigated in anestrous
mares. In late February, mares were stratified by parity and age and assigned randomly to 1 of 3
treatments (n=7 per treatment): (1) DXP (direct exposure; mares housed adjacent to stallion and
allowed direct contact for 2 h on 3 d/wk by placing the stallion into a cage in the center of a tease
pen); (2) IXP (indirect exposure; mares housed adjacent to stallion but not allowed direct
contact); and (3) CON (control; mares housed away from stallion and not allowed direct or
indirect exposure). Ovarian activity was monitored thrice weekly until ovulation. During the
first, third, and fifth days of treatment, blood was collected hourly for 8 h beginning just before
treatment initiation for later analysis of LH and PRL. Interval from treatment initiation to
ovulation did not differ (P > 0.05) among treatments. No effect (P > 0.05) of treatment was
detected for LH or PRL concentrations, but a significant effect of day (P < 0.05) was observed
with LH concentrations being greater on the fifth exposure day compared with the first and third.

Endogenous opioid peptides have been shown to be involved in seasonal regulation in
mares, both at the hypophysis and ovarian levels. The objective of this second study was to
investigate the effects of an opioid antagonist, both alone and in combination with a GnRH
agonist, on gonadotrophic hormone concentrations in transitional mares exposed to various

progesterone environments. Seventeen stock-type, transitional mares were treated orally with



altrenogest for 15 days. Mares were stratified by age and parity and assigned randomly to 3
treatments: (1) NAL (0.5 mg/kg BW naloxone hydrochloride 1V, n = 5); (2) DES (1.8 mg
deslorelin acetate IM, n = 6); or (3) N&D (naloxone hydrochloride followed by deslorelin acetate
after 45 min, n = 6). Assigned treatment was administered 3 times during the study: (1) phase 1
(P1) occurred on the last day of altrenogest; (2) phase 2 (P2) occurred upon detection of a follicle
> 35 mm; and (3) phase 3 (P3) occurred 7 d post-ovulation. Interval from P1 to P2 was shorter (P
< 0.05) for N&D compared with NAL, but not for any other treatment combinations. Interva
from P2 to ovulation was not different (P > 0.05). Significant effects of phase and time were
identified, with treatment initiating a greater (P < 0.05) LH response during P3 compared with
P1 and P2. The FSH response to treatment was greater (P < 0.05) during P1 and P3 compared
with P2. Regardless of phase, deslorelin increased both gonadotropins whereas naloxone alone

only resulted in a biologically significant increase in gonadotropins during P3.
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Abstract

The ovarian and endocrine characteristics of mares related to seasonal changes in
reproduction are well-documented. Further elucidation of the physiological mechanisms driving
these seasonal changes is needed. Two experiments were conducted in an attempt to further our
understanding of seasonality in mares. In other seasonal species, such as sheep and goats, simply
exposing anestrous females to sexually active males increases gonadotropin secretion within
minutes, followed by ovulation 2 to 8 d later. This “male effect” was investigated in anestrous
mares. In late February, mares were stratified by parity and age and assigned randomly to 1 of 3
treatments (n=7 per treatment): (1) DXP (direct exposure; mares housed adjacent to stallion and
allowed direct contact for 2 h on 3 d/wk by placing the stallion into a cage in the center of a tease
pen); (2) IXP (indirect exposure; mares housed adjacent to stallion but not allowed direct
contact); and (3) CON (control; mares housed away from stallion and not allowed direct or
indirect exposure). Ovarian activity was monitored thrice weekly until ovulation. During the
first, third, and fifth days of treatment, blood was collected hourly for 8 h beginning just before
treatment initiation for later analysis of LH and PRL. Interval from treatment initiation to
ovulation did not differ (P > 0.05) among treatments. No effect (P > 0.05) of treatment was
detected for LH or PRL concentrations, but a significant effect of day (P < 0.05) was observed
with LH concentrations being greater on the fifth exposure day compared with the first and third.

Endogenous opioid peptides have been shown to be involved in seasonal regulation in
mares, both at the hypophysis and ovarian levels. The objective of this second study was to
investigate the effects of an opioid antagonist, both alone and in combination with a GnRH
agonist, on gonadotrophic hormone concentrations in transitional mares exposed to various

progesterone environments. Seventeen stock-type, transitional mares were treated orally with



altrenogest for 15 days. Mares were stratified by age and parity and assigned randomly to 3
treatments: (1) NAL (0.5 mg/kg BW naloxone hydrochloride IV, n = 5); (2) DES (1.8 mg
deslorelin acetate IM, n = 6); or (3) N&D (naloxone hydrochloride followed by deslorelin acetate
after 45 min, n = 6). Assigned treatment was administered 3 times during the study: (1) phase 1
(P1) occurred on the last day of altrenogest; (2) phase 2 (P2) occurred upon detection of a follicle
> 35 mm; and (3) phase 3 (P3) occurred 7 d post-ovulation. Interval from P1 to P2 was shorter (P
< 0.05) for N&D compared with NAL, but not for any other treatment combinations. Interva
from P2 to ovulation was not different (P > 0.05). Significant effects of phase and time were
identified, with treatment initiating a greater (P < 0.05) LH response during P3 compared with
P1 and P2. The FSH response to treatment was greater (P < 0.05) during P1 and P3 compared
with P2. Regardless of phase, deslorelin increased both gonadotropins whereas naloxone alone

only resulted in a biologically significant increase in gonadotropins during P3.
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Chapter 1 - Review of the Literature

Chronobiology of Reproduction

The science of biological timekeeping or the natural physiological rhythms and cyclical
phenomena is known as chronobiology. Many organisms are dependent on chronobiological
patterns as an adaptation for survival. Ability of organisms to respond to fluctuating light and
dark cycles allowed them to predict cyclic changes in their environment. This capability to
predict environmental conditions and make physiological adjustments gave them an advantage
for survival, particularly regarding reproductive success. Seasonal rhythms in reproduction allow
for species to give birth when the probability of offspring survival is at its peak, such as
favorable weather conditions and greater availability of food resources [1].

Regulation of reproduction in mares, seasonally polyestrous long-day breeders, is
dictated by various periodicities. There are circannual changes, which occur during the course of
approximately 1y, infradian changes, which have durations longer than 24 h but less than 1y,
and circadian rhythms that occur in an approximately 24-h period. The circannual reproductive
rhythm in mares is broadly divided into two seasons, the breeding season and the non-breeding
season. Furthermore, these circannual changes can be more specifically divided into 4 periods:
breeding season proper, autumnal transition, winter anestrus, and vernal transition [2]. These 4
periods will be discussed in greater detail in the following sections. During the breeding season
proper, infradian reproductive rhythms occur in the form of estrous cycles which are
approximately 22 d in duration [3]. These cycles are regulated by hormonal and utero-ovarian
events. Circadian rhythms of hormonal secretion, including hypothalamic, pituitary, and steroid

hormones, affect reproductive functions, such as ovulation and parturition [1].



Light perception is the primary driver of seasonality in horses. Light is perceived through
the retina where retinal ganglion cells capture photic stimuli. Retinal ganglion cells contain both
melanopsin and pituitary adenylate cyclase activating polypeptide and form the
retinohypothalamic tract, which monosynaptically innervates the suprachiasmatic nuclei (SCN)
[4]. The SCN processes the photic input received through the retinohypothalamic tract and
utilizes CLOCK genes for photoentrainment. The SCN has been termed a self-sustaining
oscillator that acts as a “tuning fork” by which homeostatic needs can be adjusted [5]. Fibers
from the SCN pass down through the superior cervical ganglia via a complex network to the
pineal gland where terminal axons closely associate with pinealocytes [5]. Melatonin is then
synthesized from serotonin in the pineal gland in the absence of light [6]. The rate-limiting
enzyme for this conversion, N-acetyltransferase, reaches peak concentrations during dark periods
and is in lowest concentration during light periods; therefore, melatonin concentrations are
greatest during dark hours and lowest during light hours [7].

Availability of literature investigating the exact mechanisms by which melatonin interacts
with the hypothalamic-pituitary-gonadal axis to regulate seasonal reproductive activity in horses
is limited. Melatonin receptors have been identified in the pituitary of horses, to the greatest
extent in the pars tuberalis, but also in the pars intermedia and pars distalis, whereas no binding
occurred in the hypothalamus [8]. Because gonadotropin-releasing hormone (GnRH) neurons are
not localized in the same areas as the putative melatonin binding sites and because other
neurotransmitters interact with GnRH neurons, it is suspected that melatonin interaction with
GnRH neurons is indirect and possibly mediated through other neuronal systems [9].
Investigation of the exact relationship between melatonin and GnRH is difficult to study because

of the wide range of physiological effects elicited by melatonin. Furthermore, observations made



in other species, such as sheep, cannot be extrapolated to horses because of species-specific
actions of melatonin. Further research is needed in this area to contribute to the existing body of

knowledge of seasonal regulation of reproduction in horses.
Breeding Season Proper

The breeding season proper is the period of time in which mares undergo regularly
occurring estrous cycles. Average date of first ovulation for mares in the Northern hemisphere is
April 7 +£ 9.1 d, after which mares will resume normal estrous cycles [10]. The breeding season
proper extends from April through approximately September in the Northern hemisphere, with
considerable variation in the cessation of regular estrous cycles [2]. The estrous cycle of the mare
is 21 to 23 d in duration for horses [11,12]. The estrous cycle can be separated into two phases,
the luteal phase and the follicular phase, both of which will be discussed hereafter in further
detail.

Luteal Phase

The luteal phase of the estrous cycle lasts 15.8 + 2.5 d and is generally characterized by a
lack of ovulation or estrual behavior [11]. The luteal phase begins after ovulation has occurred,
at which point both luteinizing hormone (LH) and estradiol (E2) concentrations are declining. In
contrast to other species, theca cells of the ovulatory follicle begin to degenerate and do not serve
as precursors for small luteal cells, whereas granulosa cells begin to luteinize 10 h after ovulation
[13]. Synthesis of progesterone (P4) by the corpus luteum (CL) begins just after ovulation with
maximal concentrations of P4 (8 to 16 ng/mL) reached by 8 d post-ovulation [14,15]. Eliciting a
negative feedback at the level of the hypothalamus, P4 acts through higher brain areas to slow
the pulsatile release of gonadotropin-releasing hormone (GnRH) to a pulse interval of

approximately 120 min, which subsequently suppresses LH release [16]. Therefore, LH begins to



decline approximately 1 d post-ovulation when P4 secretion reaches a threshold of 2.0 ng/mL
[17]. Secretion of follicle-stimulating hormone (FSH) is not suppressed by elevated P4
concentrations, likely because lesser frequency pulses of GnRH favor FSH secretion and
feedback from other hormones, such as activin and inhibin [18]. A surge of FSH occurs just after
ovulation, with the specific day of the cycle differing among individual mares. Although the FSH
surge initiates with a follicular wave, diestrus ovulations rarely occur [19]. Basal concentrations
of estrogen conjugates are reached by 1 to 2 d post-ovulation [20]. Estrogen conjugates, either
from diestrus follicles or secretion from the CL, begin to increase again 3 d post-ovulation [21].
By 14 to 15 d post-ovulation, estrogen conjugate concentrations return to basal levels either
because of regressing diestrus follicles or luteolysis [20].

Approximately 15 to 17 d post-ovulation, luteolysis begins to occur and is marked by a
decrease in circulating P4 followed by structural regression of the CL [22]. Prostaglandin F2,
(PGF2,) is released from the endometrium, and unlike ruminants, travels through the peripheral
circulation to bind to receptors on the CL. It is postulated that the equine CL has a greater
affinity for PGF2,, thus eliminating the need for a countercurrent exchange system [23]. In
ruminants, oxytocin is secreted from the CL to stimulate the release of PGF2, from the
endometrium. In contrast, unlike other species, luteal oxytocin synthesis does not occur in the
mare, but rather there are specific cells within the endometrium that secrete oxytocin to stimulate
PGF2.. Therefore, a paracrine-autocrine relationship between PGF2, and endometrial oxytocin
controls luteolysis in mares [24].

Follicular Phase
Once the inhibitory effects of P4 are removed after luteolysis, continued follicular growth

occurs, as well as increases in both LH and E2. The follicular phase lasts 7.7 +£ 2.9 d in mares



and becomes shorter in duration as the summer solstice approaches [11]. A secondary surge in
FSH occurs approximately 10 d before ovulation, during the mid-luteal phase, which triggers the
growth of a cohort of follicles. Unlike the first FSH surge, this subsequent surge produces the
future ovulatory follicle [18]. Estrogens secreted from the developing follicles begin to increase
6 to 8 d before ovulation and peak 2 d before ovulation [17,25]. Concentrations of LH begin to
increase 2 d after the beginning of the decline in P4 associated with luteolysis. The increase in
LH during the follicular phase is biphasic, as it increases more slowly (0.4 ng/mL/d) between 14
and 22 d post-ovulation, but at a faster rate (1.8 ng/mL/d) between d 22 post-ovulation and 1 d
after the subsequent ovulation. The shift between the two phases of increased LH secretion
coincides with the peak of the preovulatory surge in E2 [17]. It is suggested that the initial
increase in LH following removal of negative feedback by P4 is moderated by the negative
effects of E2, thus LH increases at a greater rate as E2 begins to decline just before ovulation.
Alternatively, treatment of dominant follicles with human chorionic gonadotropin (hCG) in cattle
is associated with a decrease in aromatase mMRNA expression [26]. This indicates that E2
production may be downregulated once a threshold level of LH binding occurs within the
dominant follicle.

Follicular Development

Follicular development occurs in major and minor waves in some monovular species,

such as the cow and mare. Dominant follicles are only produced by major waves [27].
Folliculogenesis is characterized by 5 phases: recruitment, emergence, selection, deviation, and
dominance [28]. Recruitment is defined as the phase in which a cohort of primordial follicles
begins to grow and become increasingly dependent on gonadotropins [27,28]. Emergence is

defined retrospectively as the last day before the future dominant follicle reached 6 mm in



diameter [27,28]. On average, the future dominant follicle in mares emerges approximately 1 d
before the largest future subordinate follicle [29]. Emergence marks the beginning of a follicular
wave; therefore, the duration of a follicular wave is defined as the period from emergence in the
first follicular wave to emergence of the second follicular wave [30]. Selection is a common-
growth phase lasting approximately 6 d, during which between 7 and 11 follicles continue to
grow in response to FSH [27,28,31].

The beginning of deviation corresponds with the end of selection. Near the end of
selection, if the largest follicle is ablated, the second largest follicle will establish dominance;
therefore, all follicles in a cohort during selection are capable of establishing dominance [27].
The future dominant follicle is the one that reaches the greatest diameter by the end of the
common-growth phase [27]. Peak FSH concentrations are generally observed when a follicle
reaches approximately 13 mm in diameter [27]. There is typically a 3-d period between peak
FSH concentrations and the beginning of deviation. During this pre-deviation period, all follicles
in the cohort contribute to increasing concentrations of E2 and inhibin, which results in a decline
in FSH concentrations. This leads to a “survival of the fittest” situation, whereby the largest
follicle has the advantage because of its increased responsiveness to lesser concentrations of FSH
during the decline and its responsiveness to LH via upregulated LH receptors in granulosa cells
compared with smaller follicles, thus enabling its survival while the subordinate follicles are
starved [27].

Beginning of deviation has been defined as a retrospective concept, being the observation
period before an apparent change in diameter between the first and second largest follicle [27].
On average, this change in diameter occurs when the largest and second largest follicles are 22.5

and 19 mm in diameter, respectively. Ginther et al. (2003) noted that the beginning of deviation



may be difficult to define if all subordinate follicles in the cohort are small. Furthermore,
defining deviation may be even more difficult in the mare because of overlapping non-ovulatory
waves [27]. Periodic ablation of follicles that are not participating in the ovulatory wave makes it
easier to define the occurrence of deviation; however, ablation is not a technique used by
industry professionals and is generally only conducted in a research setting.

Approximately 1 d before deviation, the largest follicle begins to secrete increasing
quantities of E2, which works both independently and synergistically with inhibin to reduce FSH
secretion. Ablation of the largest follicle at the expected onset of deviation results in a reduction
in E2 concentrations and a resultant increase in circulating FSH, whereas ablation of only the
second largest follicle fails to produce this response [27]. Total inhibin concentrations increase
just before the decline in FSH. Therefore, inhibin likely suppresses FSH secretion during the first
2 d of the FSH decline following a wave-inducing FSH surge, with E2 playing an increasingly
greater role in FSH suppression starting 1 d before deviation [32]. Luteinizing hormone also
plays an important role in deviation, as evidenced by the appearance of LH receptors on
granulosa cells around the time of diameter deviation. Experimentally reduced concentrations of
LH in mares near the time of deviation produced dominant follicles with smaller diameters and
decreased circulating concentrations of E2 and inhibin compared with follicles under the
influence of normal physiological LH concentrations [33]. Luteinizing hormone activates P450
side-chain cleavage enzyme (P-450scc), the enzyme responsible for conversion of cholesterol to
pregnenolone. An increase in steroid acute regulatory (StAR) protein, P-450scc, and 33-HSD
protein content of granulosa cells during and after deviation has been reported [34].
Intrafollicular factors such as E2, IGF-1, activin-A, and inhibin-A all play a role in increasing

sensitivity of the dominant follicle to LH and FSH, facilitating deviation [27].



Dominance is the phase whereby the dominant follicle grows at a rate such that it creates
an environment unfit for subordinate follicles to continue growing [35]. Dominance has occurred
once all subordinate follicles in the wave have stopped growing and the dominant follicle is 1 to
2 mm larger in diameter than the next largest follicle [36]. Because mares are not suited for
birthing more than one foal per pregnancy, ideally only one dominant follicle is produced per
cycle to avoid the risk of a twin pregnancy.

Ovulation

Unique aspects of ovulation exist in mares because of the inverted structure of the ovary
necessitating a common region for follicular rupture, known as the ovulation fossa. After
deviation, the dominant follicle generally grows at a rate of approximately 3 mm/d until it
reaches a plateau at approximately 41 mm in diameter 2 d before ovulation, which coincides with
the peak of E2 [37]. As mentioned previously, it is at this point that LH rises more sharply and
initiates a chain of events that ultimately results in ovulation of the dominant follicle.

The exact threshold of LH required for ovulation to occur is unknown and probably
varies from mare to mare, but increased LH triggers a cascade of events via a CAMP-mediated
protein kinase system that result in ovulation [38]. An increase in synthesis and secretion of
prostaglandin E2 (PGE-2) production causes hyperemia of the ovary and, more specifically, of the
dominant follicle. This increase in PGEz2, along with an increase in histamines, bradykinins, and
mast cell infiltration of the tissues surrounding the follicle causes significant edema, increasing
intrafollicular pressure [38,39,40]. Although not to the magnitude observed during luteolysis,
PGF2, is synthesized and secreted to initiate ovarian smooth muscle contractions, thus
contributing to increased intrafollicular pressure [38]. Concurrently, other prostaglandins

(thromboxanes and leukotrienes), cause local vasoconstriction at the apex of the follicle and



contractions of the smooth muscle components of the ovary, both of which increase follicular
pressure and decrease the tensile strength of the follicular wall [38,39,40]. The preovulatory LH
surge causes a shift from E2 to P4 production by theca interna cells [38,39]. Increasing
intrafollicular P4 concentrations increases the production of collagenase, which aids in
degradation of the follicle wall [38]. Increasing LH concentrations also stimulate an increase in
plasminogen activator in the follicular fluid, which converts plasminogen to plasmin. Plasmin,
along with collagenase, proteases, and lysosomal enzymes cause the proteolysis of collagen,
which decreases the tensile strength of the follicular wall [38,39,40]. Mechanical rupture
involves evacuation of the majority of follicular fluid from the antrum of the follicle through the
ovulation fossa. This process can take between 5 and 90 s, although some residual fluid may
remain in the antrum [41]. The time required for complete apposition of the follicular wall ranges

from 30 min to 5 h after the initial evacuation of follicular fluid [42,43].
Autumnal Transition

The autumnal transition period is one that is generally characterized by inconsistent
estrous cycles and erratic estrual behavior. Its onset and duration is variable, but is most
commonly considered to be the period of time between September through November in the
Northern hemisphere [44]. The onset of anestrus is variable, however, and has been shown to be
equally distributed across November, December, and January, thus indicating that the duration of
the autumnal transition period is itself, highly variable [45]. In fact, based on the accepted
definition of anestrus as having both hormonally and structurally quiescent ovaries with a lack of
follicles growing beyond 20 mm, some mares do not become fully anestrous, but rather they just

go through a period of persistent but anovulatory follicular growth until recrudescence of



ovulatory follicular growth occurs the following spring [46,47]. Factors that may be responsible
for the differences observed in seasonality will be discussed in further detail later in this chapter.

The process of the autumnal transition is gradual during the course of at least 60 d and
can be characterized by distinct ovarian and endocrine events, which are quite muted initially
[44]. Beginning with the estrous cycle occurring after the summer solstice, average luteal P4
secretion begins to decline in each subsequent cycle leading up to anestrus. Furthermore, in one
study mares lacking a declining pattern in P4 secretion continued to cycle through the winter
months [48]. Despite this decline in P4 secretion, no changes in diameter, echogenic structure, or
macroscopic appearance of the CLs have been observed, thus suggesting no changes in luteal
cell proliferation, but rather changes in luteotropic factors as the likely precursor [44,45].
Although LH has been suggested as a contributor in luteal growth in mares, a decline in
circulating LH concentrations is not observed until much later in the progression of the autumnal
transition [49]. Indeed, it has been reported that pituitary LH content in mares declines between
July and October; however, a temporally associated decline in circulating LH was not noted [50].
There is potential involvement of prolactin (PRL) in the decline in P4 secretion, being that it is
luteotropic in other species and the seasonal decline in PRL is closely associated with the decline
in P4 [51,52]. Furthermore, PRL receptors have been located in the CL in mares, but a direct
association has not been investigated [53]. In conjunction with declining P4 secretion, the
lifespan of CL is progressively shortened with each subsequent ovulation in autumn [54,55].
Furthermore, luteolysis is prolonged at a greater rate during autumn compared with summer [55].
Failure of sufficient PGF2, secretion does not seem to be the cause for the increased incidence of
these cycles with a spontaneously prolonged corpus luteum (SPCL), as PGF2, metabolite

concentrations were not different between SPCL cycles compared with normal cycles or summer
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compared with fall cycles [56]. It seems that dopamine may play a role in the increased
incidence of SPCL cycles during the autumnal transition, because mares administered the
dopamine D2 receptor antagonist, domperidone to mares in an attempt to prevent or delay the
autumnal transition exhibited a decreased incidence of SPCL cycles, 4 to 6% incidence
compared with 24% in control mares [56]. The typical incidence of SPCL cycles in mares during
the breeding season is 8 to 10% [44]. Given that dopamine and PRL have an inverse relationship
and dopamine D1 and D2 receptors have been located on equine CLs, it is plausible that
dopamine may play a direct role in the luteal dysfunction seen during the autumnal transition
[57, 58].

Near the autumnal equinox, steroidogenic capacity of follicles begins to decline [54].
Regardless of size, fall transitional follicles produce less E2 per mm than follicles of comparable
size in the summer [3]. The follicular growth pattern during the autumnal transition does not
change much until cessation of ovulation before entering anestrus [59]. In fact, the diameter of
the largest follicle in the first follicular wave that fails to produce an ovulation does not differ in
size from previous waves. Afterwards there is a steady decline in the diameter of the largest
follicle produced by each subsequent wave until ovarian quiescence occurs in anestrus [60].

There are 3 different states from which a mare can enter anestrus from the autumnal
transition. The first of which is a case where there are waves of follicular growth and atresia
following failure to ovulate the dominant follicle. This is how the majority of mares,
approximately 40-60%, enter anestrus. This period of growth and atresia has been dubbed the
receding phase. Alternatively, the mare may have a normal luteal phase followed by lysis of the
CL but no follicular growth, which occurs in approximately 25-35% of mares. Lastly, the mare

may move into ovarian quiescence following the gradual decline in P4 from a SPCL which
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occurs in approximately 20-30% of mares [45]. A decline in ovarian weight between July and
October, followed by an increasing rate of decline from October through December, has been
noted [49].

Despite ovarian follicular dysfunction and a decline in follicular steroidogenesis and LH
secretion, hypothalamic GnRH content remains unaffected during the initial stages of the
autumnal transition. In contrast, GnRH content declines later during the autumnal transition
period, from October through December [49]. Further evidence indicating that ovarian activity is
not altered by GnRH during the autumnal transition was provided by a study that found that
continuous GnRH administration during the autumnal transition did not alter the timing of
anestrus [61]. Because LH declines during the autumnal transition but it is not preceded by a
decline in GnRH content, and pituitary GnRH receptor content remains unchanged, it is
suspected that pituitary sensitivity to GnRH may be altered [49,62]. Given that changes in E2
precede alterations in LH secretion during both the autumnal transition and the vernal transition,
it is plausible that alterations in pituitary sensitivity to GnRH may be altered by gonadal steroid
feedback. Alternatively, production of gonadotropin-inhibiting hormone (GnIH) is mediated by
melatonin and has been shown to inhibit LH response to GnRH [44]. In contrast, timing of the
decline in LH during the autumnal transition was not different between ovariectomized pony
mares exposed to long-day artificial lighting compared with those maintained under ambient
photoperiod, thus indicating that photoperiod, and therefore melatonin, are not responsible for
the suppression of LH secretion [63].

Pituitary LH content declines between July and October, followed by a more precipitous
decline between October and December [49]. The decline in LH has been characterized by two

profiles during the autumnal transition, the first of which is a successive decline during the
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course of 2 to 3 cycles, eventually resulting in anovulation. The second profile was more abrupt
in that LH concentrations during the preovulatory surge of the first anovulatory cycle was less
than half of what was observed in the previous ovulatory cycle [50]. Pulse frequency of LH
remains unchanged with the seasons however, pulse amplitude and mean LH is reduced during
autumnal transition and anestrus [64].

Pituitary FSH content is not altered by season [49,62,65]. In contrast, the FSH surge
pattern is altered from two peaks during the estrous cycle early in the autumnal transition to a
single peak deeper into the transition [66]. Surges in FSH continue past anovulation in most
mares and even continue throughout anestrus in some mares [66,67,68]. In mares that cease to
have FSH surges during anestrus, the amplitude of the surges gradually declines with each
successive wave as the anestrous period progresses [50]. Cessation of major and minor follicular
waves occurs despite continued FSH secretion [67]. Lower quantities of FSH receptor mMRNA
have been found in ovaries during anestrus compared with ovaries harvested during summer;
however, a decline in FSH receptor content during the autumnal transition has not been
investigated [58]. Unlike LH, FSH does not seem to be affected by ovarian steroids during the
fall transition or anestrus [44].

Relatively little attention has been paid to investigating the mechanisms involved in the
autumnal transition because, from a practical standpoint, most breeders are concerned with the
vernal transition period because early (January through March) foals are desired. However, with
advances in oocyte and embryo freezing, breeding mares after the peak of the competition season
to harvest oocytes and embryos is becoming more commonplace. In addition to expanding our
knowledge regarding seasonality mechanisms in mares, further research to elucidate the

autumnal transition is warranted as interest in fall breeding increases. Furthermore, having a
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better understanding of the hormonal events in the autumn transition may help to explain the
variability of the vernal transition and aid in the development of novel protocols to advance the

onset of the season.

Anestrus

The period of ovarian quiescence that occurs during winter months is referred to as
seasonal anestrus; however, this may be somewhat of a misnomer in the sense that some mares
will display erratic, short-lived bouts of estrual behavior in the absence of corresponding
follicular activity. In this sense, it may be more appropriate to describe this period as
anovulatory, rather than anestrus. Other forms of anestrus beyond seasonal have been observed
in mares, including nutritional and lactational. Lactational anestrus is relatively uncommon,
occurring in only 3 to 4% of mares in adequate body condition and approximately 15% of mares
in poor body condition [69,70]. The focus of this section, however, will be on seasonal anestrus.

In general, gonadotropin input is required for folliculogenesis to persist beyond a
diameter of approximately 20 mm [71]. Without sufficient input of circulating FSH,
steroidogenesis is hindered and further follicular development cannot occur [72]. As discussed in
the previous section, follicular activity of mares beyond the last ovulation during the fall
transition can be variable among individuals. Some mares continue to develop large follicles (>
25 mm) that fail to ovulate and subsequently regress whereas others display a more abrupt
pattern with no follicular growth beyond 25 mm following the last ovulation [27,50]. Follicular
waves still occur during anestrus but significant growth beyond the diameter associated with the

beginning of deviation is uncommon [32]. Deep anestrus is considered to occur during the period
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of time when the number of follicles > 15 mm is reduced and growth of the largest follicle does
not exceed 21 mm [32].

Endocrine profiles of mares during anestrus are far less perplexing than profiles observed
during the autumn and vernal transitions. Both hypothalamic GnRH content and GnRH secretion
are reduced significantly during anestrus [73,74,75]. During anestrus, the pituitary is depleted of
LH content [49]. In fact, the ability of the pituitary to synthesize LH is hindered during anestrus,
as evidenced by the absence of mMRNA for the LH p subunit [76]. In contrast, pituitary content of
FSH is unchanged during anestrus [49]. Although peripheral FSH concentrations are reduced
during anestrus, they are not reduced to the extent as observed with LH [63]. Despite
continuation of follicular waves, E2 concentrations remain basal throughout anestrus. The
authors noted that small statistical fluctuations in E2 concentrations occurred during anestrus but
they were not necessarily associated temporally with increased follicular growth [32]. These
small increases in E2 may be responsible for the unseasonal displays of estrus unaffiliated with
follicular growth that are occasionally observed in anestrus mares [32,77,78]. Involvement of
adrenal steroids have been suggested as a cause for these occurrences of estrus behavior, so it is
possible that the slight increases in circulating E2 observed during anestrus may not be derived
from the ovaries [79,80]. Figure 1.1 illustrates the relationships of these ovarian follicular and

hormonal events during anestrus and the vernal transition period.
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Figure 1.1 — Follicular and hormonal changes associated with anestrus and the vernal transition

period in mares. Data presented as mean + S.E.M. daily values for a) number of follicles > 15
mm (closed circle) and diameter of the largest follicle (open circle), b) circulating FSH (closed
circle) and LH (open circle), and c) circulating inhibin (closed circle) and estradiol (open circle).
Data were normalized to the beginning of vernal transition (day 0). Data for the last 14 days of

the vernal transition were normalized to the day of ovulation. Within endpoints, different letters
(x and y) are different (P < 0.05). From Donadeu and Ginther (2007) [32].

Vernal Transition

The vernal transition is best described as a series of events that lead to the return of
reproductive competence in mares. This period can be a source of frustration for breeders
because of erratic follicular activity and sexual behavior that are often not in agreement with one
another. Attempts to breed during the vernal transition can be futile and costly as conception

rates on transitional follicles are low and early embryonic losses are common because of failed

16



CL maintenance [81]. For these reasons, the bulk of research on seasonal manipulation in mares
has been dedicated to the vernal transition period.

During the vernal transition, several successive follicular waves will yield a large (>30
mm) follicle, which subsequently regresses rather than ovulates. On average, a mare will have 3
to 4 anovulatory follicular waves separated by approximately 12 d before the first ovulation of
the year [82,83,84]. Early anovulatory transitional follicles grow at a slower rate (2 mm/d)
compared with late transition and breeding season proper follicles (6-8 mm/d), which can be a
useful observation for those examining mares during this time of year [85]. Furthermore, early
transition follicles show less vascularization and fewer mural granulosa cells compared with
follicles produced later in transition [85].

It has been demonstrated previously that vascularity is positively related to the
steroidogenic capacity of individual follicles [86,87]. Indeed, steroidogenic capacity of early
transition follicles is reduced compared with those produced later in transition, as evidenced by
greater circulating and follicular fluid E2 concentrations at the time of the third consecutive
follicle >30 mm and the ovulatory follicle compared with the first and second consecutive
follicles >30 mm [88]. Furthermore, intrafollicular P4 concentration is low in early transition
follicles and steadily increases as the transition period progresses [89]. This can be explained by
the fact that steroid acute regulatory (StAR) protein and steroidogenic enzymes are less abundant
in early transition compared with later transition follicles, particularly 17a - hydroxylase and
P450scc enzymes [90]. Seemingly in disagreement with these findings, mares often display either
erratic or continuous estrual behavior during the vernal transition period. The physiology behind

this phenomenon has not yet been elucidated and warrants further investigation.
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The exact neuroendocrine events that initiate recrudescence of the hypothalamic-
pituitary-ovarian axis function have yet to be elucidated; however, there is evidence for
opioidergic and dopaminergic involvement, in addition to evidence of upstream peptide hormone
function. These will be discussed in detail in the next section, as this section will focus on the
body of work downstream from GnRH. The first known endocrine event is an increase in both
hypothalamic content and secretion of GnRH, which was observed just 2 wk after the winter
solstice [91]. In support of this statement, GNRH secretion increases by 2 wk after anestrus mares
are exposed to artificially lengthened photoperiod [74]. Presumably in response to the increased
GnRH, circulating FSH begins to increase in early January [63,92]. Each of the anovulatory
follicular waves during the vernal transition period is preceded by an increase in FSH secretion
before follicular emergence when the follicle is between 15 and 23 mm in diameter [32,93].
Circulating FSH remains quite variable throughout the vernal transition and declines just before
the first ovulation in response to increasing inhibin and E2 [32]. The negative association
between FSH and inhibin is still demonstrated during these anovulatory follicular waves;
however, concentrations of inhibin were greater during growth of the preovulatory follicle
compared with the transitional anovulatory follicles [Fig. 1.1; 82].

On the contrary, LH significantly lags behind FSH and is the reason for ovulatory failure
during transitional follicular waves. As such, it is typically the primary hormone of interest when
investigating external manipulations during this time. Both LH subunit mRNA and LH content in
the pituitary remains basal during early and mid-transition [49,76,93]. Consequently, LH
secretion remains low throughout most of the vernal transition [63,94]. It is this LH-deficient
environment that produces immature, steroidogenically incompetent, anovulatory follicles.

Indeed, circulating E2 concentrations remain low throughout the majority of the vernal

18



transition. A nearly simultaneous increase in LH and E2 occurs approximately 5 d before the first
ovulation [Figure 1.1;2]. It is tempting to assume there is a causal relationship, particularly
considering that administration of E2 to ovariectomized mares during early transition results in
increased mRNA encoding for the LHf subunit and LH secretion [92,93]. Circulating LH
increases, however, in ovariectomized mares at the same time as intact mares in the absence of
exogenous E2, thus challenging the notion of a causal relationship [63,91,95].

Despite increasing GnRH secretion 2 wk after the winter solstice, LH content and
secretion does not increase until just before the first ovulation, which occurs approximately 2 to
4 mo after the winter solstice. The profile of LH secretion from anestrus through the vernal
transition has been called the crux of seasonal recrudescence [2]. The next section will discuss
areas of research that aim to both increase LH secretion and hasten the vernal transition period.

Mediation of Seasonality
Kisspeptin

Kisspeptins are a relatively “new” area of interest, as they were discovered less than 25 y
ago. Kisspeptins are a family of peptides encoded by the Kiss1 gene and derived from a 145-
amino acid precursor. The longest kisspeptin (Kp54) is 54 amino acids in length. Although
shorter variations are thought to be products of degradation, they are still biologically active.
Highly conserved among mammals, Kp54 shows little variation in the last 10 amino acids [96].
Kisspeptin neurons are located in both the preoptic area and the median eminence, with a high
density of cell bodies located in the arcuate nucleus in mares [97,98]. Furthermore, in these
locations kisspeptin neurons were found in close proximity to approximately 34% of GnRH
neurons, suggesting direct communication between the two [98]. Because of the location of

kisspeptin neurons and evidence in sheep indicating that not only does content of Kiss1 change
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with season, but administration of kisspeptin causes ovulation in anestrus ewes, Kisspeptin
became a target of research attempting to elucidate seasonality mechanisms in mares [99,100].
When rodent Kp10 was administered to diestrous mares, an increase in LH occurred by
10 min after its administration, with peak concentrations between 20 and 30 min post-
administration and concentrations returned to values within 2 standard deviations from baseline
by 4 h post-treatment. Analysis of FSH was performed less frequently than LH, but
concentrations of FSH also increased within 1 h post-treatment and returned to baseline by 4 h
post-treatment [98]. These same authors administered the rodent Kp10 to estrual mares upon
detection of an ovulatory follicle and uterine edema in an attempt to evaluate its efficacy as an
ovulation-inducing agent; however, no differences in the interval from treatment to ovulation or
in the number of mares ovulating by 48 h of treatment administration were observed between the
Kp10 and saline-treated mares [98]. In an attempt to investigate whether repeated injections
would sustain LH, mares in diestrus were given an equine Kp10 (eKP10) injection every 4 h for
48 h total. The initial two-fold acute increase in LH was not sustained by repeated injections and
responsiveness to eKpl0 decreased over time so the authors concluded that repeated
supraphysiologic doses of eKp10 depleted GnRH content [101]. In contrast, both repeated
injections (every 4 h for 48 h total) and continuous infusion of eKp10 for 3 d (6 h/d during the
follicular phase) resulted in sustained increase in LH and no evidence of a decrease in
responsiveness [101,102]. A further study investigated repeated (every 4 h) eKp10 injections at
different times during both early and late follicular phase in an attempt to shorten the
interovulatory interval. Although they found no differences in LH or FSH secretion,
interovulatory interval, diameter of the ovulatory follicle, or P4 secretion by the CL after

ovulation between either eKP10 treatments or saline-treated controls, an interesting change in
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behavior was noted. A decrease in sexual receptivity scores of the mares was observed by 48 h
after treatment with eKp10, with the decline being more pronounced in late follicular phase
mares. At 72 h post-treatment, normal estrual behavior was resumed. The negative change in
sexual receptivity observed in mares receiving eKp10 was correlated with a decrease in
circulating E2 [103]. In multiple species, ovariectomy results in increased expression of Kissl
MRNA in the arcuate nucleus [104]. Chronic administration of E2 or P4 following ovariectomy
abates this increase [105]. In mice, there is a corresponding increase in LH following
ovariectomy, but not in Kiss1 receptor knockout mice [106,107]. Furthermore, administration of
a kisspeptin antagonist after gonadectomy inhibits the increase in LH [107]. Based on these data
and the location of kisspeptin cells, it has been suggested that kisspeptin likely regulates, at least
in part, ovarian steroid feedback on tonic and pulsatile GnRH secretion.

Decourt et al. (2014) examined the effects of eKp10 perfusion (6 mg/h for 6 h) during the
early (follicle diameter < 17 mm), mid- (follicle diameter 20 to 25 mm), and late (follicle
diameter 32 to 35 mm) follicular phase. Concentrations of LH were increased by eKp10 during
all stages of the follicular phase but a greater response was observed when perfusion began in the
early follicular phase. Concentrations of FSH increased during the early and mid- follicular
phase only, with a greater response noted during the early follicular phase. Stage of follicular
phase had no effect on the timing of ovulation and none of the eKp10-treated mares differed
from saline-treated controls. The authors then sought to determine if elevation of LH and FSH
would be sustained with perfusion of eKp10 for 72 h when initiated during the early follicular
phase. Concentrations of LH returned to basal concentrations by the end of the 72-h period and
FSH returned to basal concentrations by 36 h. Estradiol concentrations were greater in the

eKpl0-treated mares compared with vehicle-treated controls, but the timing of ovulation did not
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differ. The authors then investigated whether depletion of gonadotropin content in the pituitary
had been depleted by the perfusion of eKp10 by administering either a bolus of eKp10 or GnRH
analog 20 h after the end of perfusion. The eKp10 bolus failed to increase LH but tended to
increase FSH, whereas the GnRH analog elicited robust increases in both gonadotropins, thus
indicating that a decrease in sensitivity to Kisspeptin rather than depletion of pituitary stores was
responsible for the lack of sustained gonadotropin secretion [108]. The inability of eKp10 to
sustain elevated LH concentrations is a likely explanation for its failure to induce ovulation in
mares, given that the ovulatory LH surge is more prolonged in mares compared with other
species, such as ewes, that ovulate in response to Kp10.

To date, two studies investigating the role of kisspeptin in seasonality of mares have been
reported. In anestrous mares, administration of two successive doses of eKp10 induced rapid
increases in both LH and FSH by 5 min post-treatment [108]. Administration of GnRH analog 2
h after the second eKp10 also induced significant increases in LH and FSH; however, the AUC
among the 3 injections was greater in response to the GnRH analog for FSH, but not different for
LH. To test whether the increase in gonadotropins could be sustained, perfusion with 3 mg/h
eKp10, 6 mg/h eKpl0, or 20 ug/h GnRH was performed in anestrus mares. Peak LH
concentrations were attained by 2 h after beginning the perfusion in all 3 treatments and peak
concentrations did not differ among treatments. In contrast, FSH failed to increase in response to
the lower dose of eKp10 but was significantly increased by both the 6mg/h dose of eKp10 and
GnRH. Over the course of the 72-h perfusion, LH remained elevated in all 3 treatments
compared with the vehicle control; however, after the peak was reached, LH declined to and
remained at intermediate concentrations whereas LH increased steadily in the GnRH-treated

mares. In contrast, FSH quickly returned to basal concentrations after the peak where they

22



remained for the duration of the perfusion [108]. The results of the former study were mirrored
when anestrous mares were given a continuous rate infusion of eKp10 for 30 h at two dosages.
Although an increase in LH was elicited by eKp10, an LH surge was not detected and
subsequently the date of ovulation did not differ from saline-treated controls [109].

Although not yet demonstrated in the horse, continuous exposure to Kp10 in other
species leads to desensitization or internalization of Kiss1 receptors [110,111]. The acute effect
of eKp10, regardless of physiological state, coupled with the inability of a bolus of eKp10 to
induce an increase in gonadotropins during eKp10 perfusion, supports the notion that the horse
may be similar in this regard. The differential secretion patterns of LH and FSH following
treatment with eKp10 during anestrus could potentially be explained by the fact that suppression
of FSH during anestrus is far less pronounced than LH. Although not fully explained in horses,
there is a temporal relationship between E2 and LH in seasonal recrudescence. Ovarian
Kisspeptin receptors have been identified in multiple species, including another seasonal, long-
day breeder — the Siberian hamster. Furthermore, the kisspeptin receptors were found in
steroidogenic cells and increased with exposure to increasing photoperiod [112]. This has not yet
been investigated in mares but certainly warrants attention. Unfortunately, little information
regarding the role of kisspeptin in seasonal regulation of mares has been produced. Although
much clearer relationships have been defined in sheep (for review see [113]), this information
cannot and should not be extrapolated to horses because of known differences in physiologic
pathways, particularly regarding seasonality. Rather than whole-animal in vivo studies, it is the
opinion of the author, that functional relationships at the cellular level, based on work in other
species, should be the focus of future research investigating kisspeptin as a regulator of

seasonality in horses.
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Gonadotropin-inhibiting Hormone

Gonadotropin-inhibiting hormone (GnlH) is a RF amide-related peptide (RFRP) shown
to have involvement with gonadotropin secretion and seasonality in birds. The mammalian
homologue, RFRP3, has been shown to suppress LH and modulate gonadotrope sensitivity to
GnRH [114]. Studies utilizing RFRP3 to inhibit LH secretion have produced ambiguous results.
The investigation of this neuropeptide in horses is relatively new and at first, did not seem
promising.

The first study investigating the ability of RFRP3 to suppress LH secretion was done in
vitro [115]. Gonadotrope cells were harvested from anestrous mares that had been treated daily
with GnRH to stimulate physiologic LH concentrations as observed during the breeding season.
The cells were then cultured in either media alone, GnRH, or GnRH and RFRP3. No differences
in LH content were noted between the positive control (GnRH) and RFRP3-treated media, thus
indicating that RFRP3 does not reduce the responsiveness of gonadotrope cells to GnRH [115].
A concurrent series of experiments investigated RFRP3 in vivo. When administered to GnRH-
treated mares by d 2 post-ovulation, RFRP3 failed to alter LH secretion. During the follicular
phase, an intracavernous sinus (ICS) catheter was placed and mares received repeated injections
of either RFRP3 or saline, followed by a GnRH challenge. No differences were noted in mean
LH, pulse frequency, pulse amplitude, or GnRH-induced AUC for LH. And lastly, GnRH-treated
anestrous mares were ICS catheterized and received a single injection of either RFRP3 or saline.
Again, RFRP3 failed to alter the release pattern of LH [116,117]. The combination of these
experiments indicated that RFRP3 did not regulate LH secretion in horses, as demonstrated in
other species. Furthermore, adenohypophyseal RFRP3 receptor content in the mare does not

change with season or with stage of the estrous cycle [117].
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Infusion of RF9, a RFRP3-signaling antagonist, into anestrous mares induced a robust
and sustained increase in LH, but did not alter pituitary responsiveness to GnRH compared with
saline-treated controls [117]. Because of this, the authors postulated that RF9 may elicit its
effects upstream of the pituitary by either stimulating or disinhibiting GnRH secretion. A
subsequent study examined the effects of E2 pretreatment on the ability of PF9 to elicit an
increase in gonadotropin concentration in anestrous mares and found that both the LH and FSH
responses were greater in mares that had been pretreated with E2 [118]. It has since been
recognized that the effects of RF9 on LH secretion are actually mediated through excitation of
the Kiss1 receptor, rather than working as an antagonist to the GnlIH receptor [119,120]. The
authors of the E2 pretreatment study postulated that E2 may mediate the ability of RF9 to work
via GnRH release to regulate gonadotropin secretion by either increasing the sensitivity of the
pituitary to GnRH or upregulating Kiss1 receptors on GnRH neurons [118].

Clearly, as evidenced by the misconception upon which receptors RF9 takes action on,
more work is needed to understand the exact mechanisms of action of RF9. The more recent
understanding of RF9 interacting with Kiss1 receptors rather than RFRP3 receptors at least
provides clarity in the differential response on gonadotropin secretion between RFRP3 and RF9
in mares. Although it is unlikely that RF9 will have merit in a practical setting because of its
short (40 min) half-life in the mare, continued research utilizing RF9 could be valuable in
elucidating the physiological mechanisms involved in seasonality [118].

Melatonin
Because the physiology of melatonin is discussed in the first section of this chapter and

the use of artificial lighting to manipulate endogenous melatonin secretion will be described in
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the next section, the current section will focus on the use of exogenous melatonin in anestrous
and transitional mares.

When anestrous mares are given melatonin orally, either before sunset or before sunrise,
the interval from the start of treatment to ovulation was greater in mares receiving melatonin in
the evening compared with morning melatonin or controls [121]. This indicates that exogenous
melatonin is not able to override light perception, but if given in alignment with the dark phase,
could delay recrudescence of cyclic ovarian activity [121]. This delay was later confirmed when
melatonin implants inserted during anestrus delayed the first ovulation of the year when mares
were exposed concurrently to short-day photoperiod, but failed to do so if mares were kept under
long-day photoperiod [122]. The inability of melatonin to override photoperiod indicates that
either photoperiod also elicits effects on reproductive rhythms independent of melatonin
pathways or that other biological rhythms outside of photoperiod are also responsible for
seasonality.

Continuous implantation of melatonin just before the summer solstice does not prevent or
delay the onset of anestrus [123]. However, continuous melatonin beginning in June and
continuing through mid-February advanced the date of first ovulation in the subsequent breeding
season while failing to alter the onset of anestrus [122]. In contrast, implanting melatonin
beginning at the summer solstice, followed by removal 4 wk later, tended to delay the timing of
the last ovulation of the year and delayed the first ovulation of the subsequent breeding season
[95]. These findings support the notion that light:dark (L:D) cycles cannot necessarily override
endogenous biological rhythms, and that melatonin, as a proxy for day length, is not the

overarching determining factor in seasonality, but rather a piece in a much larger puzzle.
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Artificial Lighting

Experimentation with artificial lighting and ovarian recrudescence was first described
more than 80 years ago [124]. Artificial lighting is and has been a popular option for breeders to
prepare their mares for early breeding. Maintaining mares under lights, however, can be time-
consuming and expensive. Although head masks utilizing artificial lighting are now available so
that mares can be maintained on pasture, their cost is a limiting factor. Not understanding the
physiological requirements of successful artificial lighting programs leads many mare owners to
employ lighting protocols improperly. Many owners will keep mares under long-day photoperiod
year-round, leave lights on all night, or start the lighting regimen at inappropriate times of the
year, which leads to variable and inconsistent results. The ability of artificial lighting to advance
the onset of the breeding season depends on a state of refractoriness, photoperiodic history, and a
photosensitive phase during dark hours [125].

If mares are kept under constant stimulatory or inhibitory photoperiodic conditions,
whether long-day or short-day, a condition known as refractoriness will occur in which mares
can no longer respond to photic input and annual reproductive rhythms will be resumed
regardless of photoperiod conditions [126,127,128]. In some species, photorefractoriness can be
delayed or prevented by regularly alternating between light and dark cycles [129,130]. In
ovariectomized mares, alternating between light and dark cycles prevented the decrease in LH
associated with the anestrous period [131]. In contrast, frequent alteration of photoperiod failed
to prevent anestrus in intact mares [125].

Anestrous mares exposed to a long-day photoperiod will ovulate on average 70 d after
beginning exposure. The current recommendation is to provide between 14.5 to 16 h of light/d

by supplementing natural photoperiod with artificial lighting either before sunset and into the
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evening or in the early morning hours before sunrise. Photoperiodic history has been
demonstrated as an important factor in response to artificial lighting in sheep. A 13 h
photoperiod will induce stimulatory effects if utilized following a 16L:8D lighting scheme. In
contrast, a 13-h photoperiod is inhibitory if it follows prolonged exposure to a 10 h photoperiod
[132]. Unfortunately, this has not yet been investigated in the mare.

Mares, as in other species, have a photosensitive phase during the dark hours. This is
evidenced by the fact that after 9.5 to 10 h of darkness, a short burst of light 1 to 2 h in duration
can stimulate ovarian activity in anestrous mares [127,133,134]. Two studies compared
interrupted lighting schemes (8L:9.5D:1L:5.5D and 4L:9.5D:1L:9.5D) with non-interrupted
long-day schemes (16L:8D and 14.5L.:9.5D) and found that, despite the interrupted schemes only
providing 5 and 9 h total of light/d, all schemes yielded similar ovarian results [127,133].
Therefore, it seems that total duration of light versus dark is not necessarily what drives an
ovarian response, but rather whether or not there is light after approximately 9.5 h of darkness.
With all of these nuances determining how mares respond to light, it is important for owners to
not be haphazard in its application.

Gonadotropin-Releasing Hormone

Supplementation of exogenous GnRH or GnRH agonists is a logical place to start in
managing the anestrous mare considering it is the suppression of GnRH secretion that stifles LH
secretion, resulting in an anovulation. Copious research has been conducted over the last 40 y
investigating the ability of GnRH and its analogs/agonists to alter seasonality in mares. Although
effective, GnRH comes at a high cost which prohibits most from utilizing it in their programs.

The first reports of GnRH administration to acyclic mares yielded differing results.

Initially, GnRH administered twice daily to transitional mares stimulated ovulation [135]. In
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contrast, when administered to deep anestrous mares, a high percentage ovulated but
subsequently failed to develop a functional CL [136]. Hourly infusion of GnRH at doses as low
as 2 pug to anestrous mares results in increased LH and FSH by 24 h, growth of a follicle > 25
mm by 1 wk and ovulation by 2 wks [137]. Although treatment was ceased 1 d post-ovulation,
neither CL function nor duration of the luteal phase, as assessed by P4 secretion, was affected.
Continuous infusion elicited the same effects as pulsatile infusion on FSH secretion, but
increased LH secretion to a lesser extent compared with pulsatile infusion. Furthermore, mares
receiving pulsatile GnRH ovulated 3 d sooner than mares receiving continuous GnRH [138].
Additional reports have shown that continuous GnRH administration is effective at inducing
ovulation in transitional mares, but not as effective in deep anestrous mares [139,140]. In
addition, one study noted a rapid decline in P4 after cessation of continuous infusion [140]. The
hormonal milieus are different throughout the autumnal transition, anestrus, and into the vernal
transition, thus necessitating accurate classification of mares when interpreting data. Perhaps the
ability of the pituitary to respond to GnRH is decreased in deep anestrous mares relative to the
vernal transition, as evidenced by the depletion of LHf subunit mRNA. Furthermore, although
mares may be induced to ovulate, other physiological events, such as luteal maintenance, must
take place in order for pregnancy to be established. Given that the mare has a protracted and
prolonged LH surge, not peaking until 1 d post-ovulation or reaching its nadir until
approximately 3 d post-ovulation, cessation of GhnRH immediately after ovulation, and thereby
prematurely decreasing LH, takes for granted the luteotrophic effects of LH. In one study,
however, timing of ovulation using human chorionic gonadotropin (hCG) after GnRH-induced
development of a large follicle in anestrous mares may abate this decrease in luteal function

[141].
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Following successful use of native GnRH, the use of GnRH analogs and agonists became
an attractive area of research because of their comparatively longer half-life. The GnRH agonists
that have been investigated in this capacity include deslorelin, buserelin, and goserelin. One of
the earlier reports utilizing twice-daily buserelin injections compared with a buserlin-releasing
subcutaneous implant in transitional mares found that 50 and 64% of mares ovulated by 30 d of
treatment initiation, respectively, compared with 0% of control mares [142]. Timing of treatment
initiation is a determining factor for efficacy. One study found that twice daily administration of
deslorelin was more effective at inducing ovulation in transitional mares with active ovaries
(70%) compared with deep anestrous mares with inactive ovaries (20%). Furthermore,
concentrations of LH, FSH, and P4 were lower in mares treated during deep anestrus compared
with transitional mares. Although the pregnancy rate at 11 d post-ovulation was not different
between the groups, the risk for embryo loss was 9 times greater in the deep anestrous mares
(64%) compared with transitional mares (7%) [81]. Follicular activity at the time of treatment
also will also affect outcomes, as demonstrated by an increasing percentage of mares ovulating
in response to treatment twice daily with deslorelin as diameter of the largest follicle increased
[143]. Another study compared native GnRH with buserelin administered at different times
during the anovulatory season and found that the number of mares ovulating in response to
native GnRH was similar among mares treated in January, February, and March, whereas the
number of mares ovulating in response to buserelin was drastically lower in mares treated in
January compared with February and March [144]. The authors also noted that LH concentration
in response to treatment was greater in mares treated with native GnRH compared with buserelin
across all time points. Furthermore, regardless of treatment, all mares induced to ovulate in

January or February returned to anestrus after cessation of treatment.

30



Ability of GnRH or its analogs/antagonists to reliably induce ovulation in anestrous
mares depends on the individual mare’s ovarian status, thus requiring careful monitoring in order
to employ its use at the appropriate time (i.e., transitional versus anestrus). As many mares in the
Northern hemisphere are still in deep anestrus in January and February, despite investing a
considerable amount of time and money to treat them with GnRH, the breeder still may not be
able to produce a foal born in January or February. Therefore, the cost to benefit ratio in terms of
getting the mare bred earlier in the year must be determined by each breeder based on their
individual programs. Furthermore, if breeders attempt to induce ovulation in deep anestrous
mares, based on the evidence of reduced CL function and embryonic loss, breeders might need to
consider maintaining the mares on synthetic progestins at least until endometrial cup
development, further adding to the financial commitment. In addition to being cost-prohibitive,
using osmotic pumps or twice daily injections of GnRH for several weeks are not easily
accessible or convenient. Unfortunately, unfavorable or inconsistent results have been produced
from utilizing subcutaneous GnRH agonist implants, which would be more affordable and
practical [142,145,146]. Because of these effects, other options have been investigated.

Dopamine and Prolactin

The anterior pituitary hormone, prolactin (PRL) is produced by lactotropes (Type | and
I1) as well as mammosomatotropes, which produce both prolactin and growth hormone [147]. In
mares, PRL affects mammary development and lactation [148]. It is also associated with
seasonality in mares. Circulating PRL is positively correlated with day length, being greatest in
the summer and least in the winter months [149]. Secretion of PRL is primarily regulated by
suppressive dopaminergic input from the hypothalamus [150]. For this reason, dopamine

antagonists (DA) have been a popular subject in anestrous and transitional mare research.

31



Dopamine antagonists are commonly used to induce lactation in agalactic mares,
particularly those that are pastured on fescue grass because they are susceptible to fescue
toxicosis. Domperidone has a strong affinity for dopamine receptors, D2 and D3, and is one of
the more commonly used DAs. Beginning on January 15 and continuing through the first
ovulation, anestrous mares housed under natural photoperiod receiving 1.1 mg/kg BW daily of
domperidone had a greater number of follicles > 20 mm by 14 d and ovulation occurred an
average of 27 d after treatment initiation, 78 d earlier than untreated controls [151]. Furthermore,
75% of domperidone-treated mares maintained normal interovulatory intervals after the first
ovulation. Concentrations of LH and estrogen conjugates were increased by 28 d after treatment
began; however, FSH concentrations were not affected. Stimulation of follicular growth in the
absence of increased FSH indicates that either PRL or dopamine may have effects directly at the
ovarian level. To support this notion, dopamine receptors have been found in both theca and
granulosa cells in addition to the observation of seasonal shifts in dopamine concentrations in the
follicular fluid of follicles > 20 mm [152,153]. Furthermore, PRL receptors have recently been
identified in follicles of all stages, CL, and oocytes in mares and content seems to change in
accordance with season [154]. Although domperidone has been shown to be effective in
hastening the vernal transition in some studies, other authors have reported no effect of
domperidone employed at the same dose [155,156].

Sulpiride is a D2 receptor antagonist that has been commonly studied in anovulatory
mares. Sulpiride has been shown to hasten the date of first ovulation in anestrous mares with a
subsequent functional CL and luteal phase in some studies [157,158]. In contrast, a number of
reports indicate that sulpiride is not effective in hastening the first ovulation or increasing

circulating gonadotropins [159,160,161]. When dopamine and sulpiride were directly compared,
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sulpiride, but not domperidone, increased follicular growth and hastened the date of first
ovulation [162]. Regarding clinical efficacy, some practitioners recommend a combination of
artificial lighting and DA to reduce the amount of variation in response [155].

Considering that E2 administration to ovariectomized mares results in increased PRL
secretion, researchers hypothesized that insufficient E2 concentration in anestrous and
transitional mares could be the reason for the inconsistency in response to DA [163].
Pretreatment of anestrous mares with E2 every other d beginning 11 d before initiation of
sulpiride enhanced PRL secretion two-fold and increased the date of first ovulation compared
with sulpiride alone [164]. The effects of E2 pretreatment were repeated when used in
conjunction with domperidone [165]. A recent study indicated that mares with greater body
condition score (BCS), body weight, and leptin concentrations responded to the E2 + sulpiride
treatment scheme at a greater rate compared with less-nourished mares [166]. Although sulpiride
alone increases PRL, the effect is short-lived and decreases with each subsequent treatment,
whereas E2 pretreatment extended the PRL response beyond 24 h [159,164].

Attempts to utilize PRL directly, rather than indirectly through DAs, have been made.
Recombinant porcine PRL induces ovulation in anestrous mares 22 d after treatment initiation
without an increase in LH secretion [167]. It has been hypothesized that DAs hasten the date of
first ovulation, not by increasing LH, but rather by increasing PRL which then increases LH
receptor content in the ovaries [168]. Although this has not yet been demonstrated in mares,
supporting evidence in mice includes the report that PRL-deficient mice have complete
reproductive failure because of reduced LH receptor content in CL [169]. Administration of a
PRL antagonist or a dopamine agonist to mares and subsequently harvesting the ovaries to

quantify LH receptor content would provide a better understanding of how PRL might affect
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reproduction at the ovarian level. Further research is warranted to elucidate the exact
physiological mechanisms by which PRL and dopamine influence seasonality in mares,
particularly at the cellular level.

Endogenous Opioid Peptides

The family of endogenous opioid peptides (EOP) encompasses 3 families of peptides that
are the result of cleavage of large protein precursors: 3-endorphin (derived from
proopiomelanocortin, POMC), enkephalins (derived from proenkephalin), and dynorphins
(derived from preprodynorphin). Given that morphine and other opiates were known to cause
reproductive issues, investigation into the mechanism of action ensued. It has been demonstrated
that EOP suppress LH secretion across multiple species, including humans [170], primates [171],
cattle [172], sheep [173], pigs [174], and rats [175]. The EOP act at the level of the
hypothalamus on GnRH neurons to suppress GnRH secretion, thereby suppressing LH secretion
[176,177]. The influence of EOP on GnRH receptors is apparently moderated in part by gonadal
steroids, as has been demonstrated in both males and females of various species [178]. The
following section will focus on what is known about EOP involvement in the estrous cycle and
regulation of seasonality in mares.

The initial investigation of opioid involvement in mare cyclicity involved the use of the
opioid antagonist, naloxone, during the luteal and follicular phases in lactating and non-lactating
mares. Although naloxone failed to elicit any effects on gonadotropins during the follicular
phase, both LH and FSH were increased in response to naloxone administered during the luteal
phase [179,180]. These results were in agreement with those observed in other species and
indicated that EOPs may be at least partly responsible for the mediating the suppressive effects

of P4. Progesterone alone, however, is not sufficient to activate the suppression of gonadotropins
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by the EOP system. This lack of suppression is evidenced by the effects of naloxone in
ovariectomized mares that were pretreated with either P4 or estradiol benzoate for 8 d. Both LH
and PRL were increased in response to naloxone in mares receiving estradiol benzoate, but
naloxone failed to increase LH or PRL in mares pretreated with P4 alone or ovariectomized
control mares not receiving any pretreatment [181]. Following the initial experiment, mares were
pretreated with a combination of P4 and estradiol benzoate for 8 d and administered either
naloxone or saline. An increase in LH was observed for all naloxone-treated mares, but the
effects were greater in mares that had previously been pretreated with estradiol compared with
those pretreated with P4 [181]. These results indicate that prolonged exposure to estradiol can
activate the EOP-mediated inhibition of LH and that the alteration of P4 and estradiol
dominance, similar to the innate fluctuations of the estrous cycle, mediate the EOP-suppression
of LH. In support of this notion, estrogens upregulate P4 receptor expression in opiate neurons
that synapse with GnRH neurons in rats, thus indicating that EOP neurons must be first exposed
to estrogens before they can respond to P4 [182].

Seemingly in contrast to observations in cyclic mares, naloxone induces an increase in
LH in mares during the anovulatory season despite the lack of steroid hormone input, given that
the increase in LH was unaltered by degree of follicular activity [183]. This indicates that opioid
inhibition of LH is active during the anovulatory season and this inhibition may be independent
of steroid hormone influence. When comparing dose of naloxone with effects on gonadotropin
secretion during anestrus and diestrus, a larger dose (0.1 mg/kg BW) failed to elicit a greater
gonadotropin response than the smaller dose (0.04 mg/kg BW) during diestrus, which is in
contrast to anestrus in which the larger dose elicited a greater gonadotropin response compared

with the smaller dose [180,184]. These results indicate that opioidergic inhibition of LH
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secretion may be more prominent during anestrus compared with the luteal phase during the
breeding season. Because some mares maintain cyclicity throughout winter, the same group
sought to determine if opioidergic tone was reduced among this subset compared with mares that
are anestrous. During the non-breeding season in March, mares exhibiting anestrus and luteal
phase mares that had continued to cycle throughout the non-breeding season were administered
naloxone at the rate of 0.1, 0.05, or 0.25 mg/kg BW [185]. An increase in both LH and FSH was
observed in winter-cycling mares at all dosages employed. In contrast, FSH increased only in
response to the intermediate and larger dose of maloxone and LH failed to increase at any dose
in anestrous mares. The authors concluded that opioidergic tone is greater during the non-
breeding season compared with the breeding season and that this shift in tone does not occur in
mares that continue to cycle throughout the winter.

Evidence of opioidergic involvement during seasonal anestrus at the level of the ovary
also has been reported. Not only was the p-opioid receptor identified in oocytes, cumulus cells,
and granulosa cells, but receptor content was greater in ovaries harvested during anestrus
compared with those harvested during the breeding season, with decreasing content noted as
follicle size increased during the breeding season [186]. The authors then performed in vitro
oocyte maturation of oocytes harvested from anestrous and transitional mares using media
supplemented with either 3-endorphin or naloxone. Oocyte maturation rate was decreased with
the addition of B-endorphin and was increased with the addition of naloxone, thus indicating that
EOP may be involved in seasonal regulation of meiotic competence of oocytes [186].
Unfortunately, no additional research of EOP involvement in seasonal regulation at the level of

the ovary has been reported in mares since this finding.
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Exploration of the shift in EOP tone during the vernal transition period has yet to be
reported. Because of its effects on LH in anovulatory mares, perhaps the addition of an opioid
antagonist could hasten the vernal transition; however, because of the relatively high cost of
naloxone and limited accessibility, it is unlikely that repeated administration over a long period
of time would become a commercially feasible option for breeders. In spite of this limitation,
because of the inhibitory influence of EOPs extending beyond the hypophysis to include the
ovary, addition of an opioid antagonist to existing treatments may prove to be beneficial. In
addition to potentially improving transitional mare management, the investigation of interactions
could further our understanding of the seasonal regulation of the hypothalamic-pituitary-ovarian
axis, particularly with regard to the hierarchal order of events.

Progestins

The application of P4 or exogenous progestins during the vernal transition has been
thoroughly investigated. Estrual behavior can last from 15 to 30 d during the vernal transition
period in mares, which can present challenges for both those riding mares and those breeding
mares. Prolonged periods of estrus are frustrating for those who ride and compete with mares
because they tend to experience a decrease in performance resulting from increased irritability
and distractedness of the mare. It can be frustrating for breeders because of confusion about
whether or not the mare is ready to breed if breeders are not regularly monitoring mare ovarian
activity.

One of the initial studies examining the effects of the synthetic progestin, allyl
trenbolone, set out with the objectives of determining if estrus could be induced following
treatment with allyl trenbolone in anestrous mares and whether estrus could be suppressed in

transitional mares to avoid the extended displays of estrual behavior. Although the 12-d
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treatment with progestin failed to induce estrus or ovulation in anestrous mares, treatment of
transitional mares resulted not only in estrus suppression during treatment, but a decrease in the
duration of post-treatment estrus, interval from treatment cessation to ovulation, and interval
from estrus onset to ovulation were observed compared with untreated controls [187]. In a larger
study utilizing allyl trenbolone in deep anestrous and transitional mares, ovulation occurred in
84% of mares by 18 d of treatment cessation, but the risk of ovulatory response rate was
decreased in deep anestrous mares compared with transitional mares [188].

The putative mechanism by which progestins are able to hasten ovulation was known as
the “rebound effect,” whereby stored LH content accrued during the progestin treatment period
and was subsequently released in greater quantities following withdrawal of the progestin.
Altrenogest is a common progestin used in equine reproduction for estrus suppression,
pregnancy maintenance, and transitional mare management. Similar to the results using allyl
trenbolone, daily oral altrenogest hastened estrus and ovulation in transitional mares, but not in
deep anestrous mares [189]. Furthermore, LH and P4 concentrations were unaffected by
treatment, but FSH concentrations were greater in treated mares compared with controls during
the 15-d treatment period. To further refute the “rebound effect” hypothesis, another study
detected no difference in LH response to administration of GnRH between progestin-treated and
control mares [190]. Thus indicating that releasable LH content was not accrued in the pituitary
in response to progestin treatment.

In addition to daily oral progestins, both a long-acting (7 to 10 d) intramuscular P4
injection and an intravaginal P4-releasing insert have been investigated regarding their efficacy
in transitional mares. Similar to results using oral progestins, the long-acting P4 injection failed

to hasten estrus or ovulation in deep anestrous mares [191]. In contrast, in transitional mares
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there was a shorter treatment to ovulation interval compared with that of controls with a greater
percentage ovulating by 24 d after treatment administration (83 vs 25% for control mares),
respectively).

Intravaginal P4-releasing inserts have been used for decades in cattle and have been
examined for use in horses. Use of the bovine controlled intravaginal drug releasing device
(CIDR-B) inserts release P4 intravaginally in transitional mares and were effective in hastening
the first ovulation in mares; however, a large proportion of mares presented with vaginitis after
device insertion, discouraging the use of the CIDR-B in the horse industry [192,193]. More
recently, an intravaginal P4-releasing insert was developed for mares and tested for efficacy.
When this equine-specific P4-releasing device was inserted and kept in place for 10 d in
transitional mares, the interval from removal to ovulation was shorter compared with controls
[194,195,196]. Furthermore, use of this device caused little discomfort and a small incidence of
vaginitis; however, it is not approved for use in the U.S. at this time.

Progestin treatment combined with artificial lighting in transitional mares can be quite
effective. When exposing mares to a 16-h photoperiod for 60 d beginning December 1, followed
by altrenogest administration for 12 d, the interval to estrus is 3.4 d on average with a greater
number of mares ovulating by 12 d after progestin withdrawal [187]. Another study investigated
the efficacy of an injection of sustained-release P4 to mares that had failed to respond to 60 d of
artificial lighting and found that 57% of P4-treated mares ovulated by 4 wk of treatment
compared with 7% of untreated mares [197].

The mechanisms whereby P4 or progestin administration hasten the onset of estrus and
ovulation in transitional mares is not understood at this time. Because of the influence of gonadal

steroids on several of the neurotransmitters mentioned previously in this section, it is the opinion
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of the author that progestin treatment may alter the environment of the hypophysis in such a way
that allows it to be more responsive to changes in the hormonal milieu. Considering that
P4/progestin treatment is ineffective in deep anestrous mares, when inhibitive mechanisms
would be exerting their strongest influence, but is relatively reliable (albeit variable in response
among individuals) in transitional mares when estradiol is increasing, the above hypothesis may
be plausible. Because of the variability in response to progestin in individual mares, combination
therapies beyond artificial lighting are warranted. Such investigations could not only produce a
more reliable method of transitional mare management, but could further our understanding of

the seasonal changes in the hypothalamic-pituitary-ovarian axis.
Summary

Management of the transitional mare can be frustrating and expensive for breeders.
Current methods to hasten the vernal transition come with a cost, in addition to the fact that
many breeders attempt to breed after large follicles have been observed during this period that
are not destined to ovulate, resulting in further financial losses associated with breeding and
veterinary fees, shipping costs, labor, etc. For these reasons, research involving the transitional
mare has been abundant during the last 40 y; however, it has decreased in intensity during the
last decade. Although we have identified certain practices that aid in the management of
transitional mares, responses are variable as a result of different levels of ovarian activity and
also among individual mares. This variability is in part due to the fact that our understanding of
the interactions among the physiological mechanisms involved in seasonality of the mare is
poorly understood. Equine reproductive physiologists should push forward for the sake of both

the advancement of knowledge and practical application by breeders. Conducting studies that
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examine these interactions from basic and applied perspectives is needed and now is not the time

to “leave well-enough alone.”
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Chapter 2 - Stallion exposure fails to alter the onset of cyclicity in

seasonally anestrous mares

Introduction

Ability of male presence to hasten the onset of estrous cycles during the non-breeding
season (NBS) in females has been well-established in short-day, seasonally anovulatory species,
such as sheep and goats [198,199]. Introduction of photo-stimulated rams to seasonally
anovulatory ewes induced an increase in luteinizing hormone (LH) concentrations within
minutes in addition to a simultaneous increase in follicle-stimulating hormone (FSH), leading to
a preovulatory LH surge approximately 36 h after ram introduction [200,201]. Approximately 48
h after the onset of ram exposure, ovulation occurs in the absence of estrual behavior [202].
Similarly, exposure of seasonally anovulatory does to a photostimulated buck resulted in an
immediate increase in plasma LH concentrations, followed by ovulation 2 to 8 d later [203]. It
has been proposed that the presence of sexually active males induces an initial increase in
gonadotropin-releasing hormone (GnRH), resulting in increased LH secretion, thereby
stimulating follicular growth which then results in increased estradiol (E2) production by
developing follicles. This presumed increase in estradiol is what leads to the preovulatory LH
surge and thus ovulation [199].

To date, only 1 study has investigated this socio-sexual phenomenon in horses. During a
2-y study, Wespi et al. (2014) utilized two groups of anestrous mares housed in identical stables
to investigate whether spatial proximity to stallions induced the onset of cyclicity. The authors

found that mares exposed to stallions ovulated earlier in the breeding season, regardless of
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individual contact time, stallion identity, or diameter of the largest follicle at the beginning of
treatment [204].

The previous study [204] examined ovarian traits, but did not investigate the effect of
socio-sexual stimuli on pituitary gonadotrophic hormone concentrations. The objectives of the
current study were to determine if 2 different levels of socio-sexual stallion stimuli under natural
photoperiod could hasten the vernal transition period and advance the date of first ovulation in
mares. Furthermore, this study aimed to elucidate the effects of stallion exposure on LH and
prolactin (PRL) concentrations. We hypothesized that the date of first ovulation would be
hastened for mares directly exposed to the stallion, compared with mares that were indirectly
exposed or with mares that had no stallion exposure. Furthermore, we hypothesized that LH and

PRL would increase shortly after the onset of stallion exposure.

Materials and Methods

This experiment was conducted from February through May of 2016 at Kansas State
University’s Horse Teaching and Research Unit (39.225705° N, 96.600015° W). The
experimental procedures described herein were approved by the KSU Institutional Animal Care

and Use Committee.

Animals and Housing

Non-lactating, stock-type, anestrous mares (n = 21) were enrolled in the experiment, in
addition to 1 Quarter Horse stallion. Age of mares used in this experiment ranged from 3to 17 y,
with an average of 4.4 £ 0.9 y. The average weight and BCS of mares used in this experiment
were 490.9 + 8.7 kg and 5.1 £ 0.1, respectively. Mares were housed in dry lots without covering

and allowed ad libitum access to brome grass hay and water. A commercial concentrate (Purina
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Strategy, Purina Mills, St. Louis, MO) was provided to mares once daily to meet NRC
requirements. Natural lighting was the only light source for the dry lot pens in which the mares
were housed. Average duration of daylight at this location was 10.8, 12.0, and 13.3 h for
February, March, and April, respectively. Mean daily temperature for each month was 39.2,
50.0, and 57.4°F for February, March, and April, respectively.
Experimental Design

Beginning February 15th and continuing through the first ovulation of the year for each
mare, follicular activity was evaluated thrice weekly (M, W, F) via transrectal ultrasonography
(Medison Sonovet SV- 600, Universal Medical Systems, Inc., Bedford Hills, NY) to confirm
anestrous status and monitor follicular development. Anestrous was defined as the absence of
follicles > 20 mm in diameter coupled with the absence of a corpus luteum. Upon confirmation
of anestrus, mares were stratified by parity and age and assigned to 1 of 3 treatments (n =
7/treatment): (1) DXP (direct exposure; mares housed adjacent to stallion and allowed direct
contact for 2 h thrice weekly); (2) IXP (indirect exposure; mares housed adjacent to stallion but
not allowed direct contact); and (3) CON (control; mares housed on opposite side of facility from
stallion with no stallion contact). Mares in the DXP and IXP treatments were kept in dry lot pens
adjacent to the stallion with a 3-m gap between fence lines. The DXP mares did not have direct
contact with IXP mares. One IXP mare was not in anestrus so she was removed from the study.

Beginning February 23 (d 0), the stallion was placed thrice weekly (T, Th, Sa) ina 3.1
m x 3.1 m stallion cage in the center of a 21.6 m x 22.6 m dry lot tease pen and the DXP group
was moved into the tease pen for 2 h beginning at 0800 h. Mares could move freely in the tease
pen and interact with the caged stallion during the 2 h period. The design of the stallion cage

within the larger tease pen allowed the stallion to make direct contact (sniffing, licking, or biting)
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with mares, but not mount the mares. Control and IXXP mares remained in their pens during the
treatment sessions. During the direct exposure sessions, the activity and behavior of the DXP
mares and stallion was monitored constantly by the same observer to ensure safety of the animals
and observe estrual behaviors. Once DXP mares ovulated, the individual mare was no longer
moved into the tease pen during direct exposure sessions but remained housed in the DXP pen.
Ovwulation, defined as the disappearance of the dominant follicle and subsequent confirmation of
a CL, served as the study end-point for each mare.

Sample Collection and Analysis

Blood samples were collected from all mares during the first, third, and fifth DXP
exposure sessions (Feb. 23, Feb. 27, and Mar. 3). Beginning at 0800 h, just before DXP mares
were moved into the tease pen, and continuing until 1500 h, 10 mL blood samples were collected
once per h from each mare into evacuated, heparinized tubes (Vacutainer, Beckton, Dickson, and
Company, Franklin Lakes, NJ) via jugular venipuncture. Samples were refrigerated immediately
after collection at 4 °C until centrifugation. Whole blood was centrifuged at 1400 x g at room
temperature for 15 min to separate plasma. Plasma was pipetted into 1.5 mL microcentrifuge
tubes and frozen at -18°C for later analysis of LH and PRL.

Quantification of LH and PRL concentrations were performed at Louisiana State
University using established radioimmunoassay techniques [205,206]. Intra-assay and inter-assay
coefficients of variation and assay sensitivity were 6%, 9%, and 0.2 ng/mL, respectively, for LH;
7%, 12%, and 0.2 ng/mL, respectively, for PRL. To begin the 3-d protocol, 100 uL of sample
plasma is added to 100 pL of a PBS gel solution with 0.05% Triton X 100. A set of systems
tubes also was added to the beginning and the end of the assay. These tubes include: a total count

tube (radiolabeled hormone only), non-specific binding (radiolabeled hormone added to normal
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rabbit serum), buffer control (radiolabeled hormone and antibody added to O standard control), 8
sets of standards tubes (eight-point curve generated from an equine pituitary preparation), and
high and low internal controls of known hormone concentration. All tubes (samples and systems)
were duplicated in order to obtain the intra-assay coefficient of variation. Once all tubes were
prepared, 200 pL of specific primary antibody was added. The primary antibody for LH was a
rabbit anti-ovine LH and the PRL antibody was rabbit anti-porcine PRL. The tubes were then
incubated at room temperature overnight. The following day, 200 uL of radiolabeled hormone
was added and incubated at room temperature overnight. On the final day, 200 uL of the
precipitating second antibody (anti-rabbit gamma globulin) was added. Samples were then
incubated for 90 min at room temperature. After incubation, cold phosphate-buffered saline
(PBS) with polyethylene glycol (PEG) was added and samples were centrifuged for 30 min and
the supernatant was decanted. Addition of PBS with PEG, centrifugation, and decanting was
performed a second time, then the radioactivity of the remaining pellet was measured in a
gamma counter.
Statistical Analysis

All statistical analyses were performed using SAS v 9.3 (SAS Inst., Cary, NC). Data were
considered significant when P <0.05 and a trend was noted if 0.05 <P < 0.10. Continuous
numeric response outcomes (interval from the first day of stallion exposure to ovulation, number
of follicular waves, and diameter of the ovulatory follicle) were analyzed via ANOVA as a one-
way treatment structure in a completely randomized design. Results are reported as least squares
means + SEM and P-values derived from ANOVA F-tests.

Concentrations of LH and PRL were analyzed as a one-way treatment structure in a

completely randomized design with repeated measures using the MIXED procedure.
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Autoregressive of order 1 (AR-1) was chosen as the repeated measures analysis for LH and PRL
concentrations because it yielded the lowest AIC. The model included treatment (n = 3),
exposure d (n = 3), hour nested within d, and mare (n = 20) as a random effect. Treatments were
tested by the split-plot error term (mare within treatment) and all interactions were tested by the
whole-plot error. Results from the MIXED procedure include least squares means + SEM for
treatment and treatment by time interactions, and P-values derived from ANOVA F-tests.

Results

Ovulatory Data

Diameter of the ovulatory follicle assessed during the last observation before ovulation
did not differ (P > 0.05) among treatments (Table 2.1). The interval from the first d of stallion
exposure (d 0) to ovulation did not differ (P > 0.05; Table 2.1) among treatments. The average
date of first ovulation was March 30t for DXP and IXP mares and April 12" for CON mares.
The number of follicular waves, defined as emergence of a follicle > 25 mm that subsequently
regressed, from the onset of treatments to ovulation did not differ (P > 0.05; Table 2.1) among
treatments. During each direct exposure session, mares were constantly observed to determine
degree of interaction with the stallion. When analyzed separately, the 4 individuals that
monopolized the majority (> 85%) of direct exposure time with the stallion, termed Alpha DXP,
had a shorter (P < 0.05) intervals (23.8 + 3.2 d) from initiation of treatment to ovulation
compared with the remaining DXP mares (53.0 + 6.8 d) that got little, if any, direct contact with
the stallion during direct exposure sessions, termed Beta DXP. Furthermore, Alpha DXP mares
had fewer (P < 0.05) follicular waves from the start of treatment to ovulation compared with

Beta DXP mares, having 1.75 + 0.5 and 4.0 + 0.6 waves, respectively.
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Table 2.1 — Ovulatory data for anestrous mares housed on opposite side of farm from the stallion
and not allowed visual or direct contact (CON), housed adjacent to a stallion but not allowed
direct contact (IXP), or housed adjacent to, and allowed direct contact with, a stallion for 2 h
thrice weekly (DXP).

Parameters (units) Treatments!

CON IXP DXP
QV Interval (d)? 48.314.2 42.844.2 36.316.7
FW (#)3 3.740.4 2.7+0.4 2.71£0.6
OFD (mm)* 44.842.3 46.5+2.9 42.1+3.3

IDXPand CON (n=7), IXP (n=6)
2Interval from the first d of stallion exposure (Feb. 23) to ovulation.
3Number of follicular waves from the first d of stallion exposure until ovulation.

“Ovulatory Follicular Diameter of the first ovulation.

Hormonal Data

No significant effects of treatment or h on LH concentrations were identified. A
significant exposure d effect was identified, with LH concentrations being greater (P < 0.05) on
the fifth exposure d compared with the first and third (Fig. 2.1). Concentrations of LH averaged
0.36 £ 0.18, 0.38 £ 0.18, and 0.87 + 0.17 ng/mL for the first, third, and fifth exposure d,
respectively.

A significant interaction between treatment, day, and h was identified for PRL. Average
concentrations of PRL across all 3 exposure days were greater (P < 0.05) in IXXP compared with
DXP and CON, being 3.1 + 0.4, 5.3 + 0.5, and 3.6 + 0.4 ng/mL for DXP, IXP, and CON,
respectively (Fig. 2.2). Greater (P < 0.05) PRL concentrations were observed on the third
exposure day (5.6 + 0.4 ng/mL) compared with the first (3.1 + 0.4 ng/mL) and fifth days (3.4 +

0.4 ng/mL).

48



a -+ CON
1.0+ -= |XP
- -o- DXP
E
- 0.54
I
-1
0-0 T 1 T L T L] T T
b .
1.04
)
£
g: ]
— 0.5-
I i
-
0-0 L L T L L] L T T
C 2.5' *
2.0 *
)
E 15]
o
£
- 1.04
|
0.5+

0800 0900 1000 1100 1200 1300 1400 1500
Time

Figure 2.1 - Concentrations of plasma LH for anestrous mares housed adjacent to, and allowed
direct contact with, a stallion for 2 h thrice weekly (DXP; n = 7), housed adjacent to a stallion
but not allowed direct contact (IXP; n = 6), or housed on opposite side of farm from the stallion
and not allowed visual or direct contact (CON; n = 7) on the first (Feb. 23; a), third (Feb. 27; b),
and fifth (Mar. 3; ¢) exposure d. The stallion and DXP mares were moved into the tease pen after
the sample collection at 0800 and they were removed from the tease pen and returned to regular
housing after the 1000 sample collection. “CON was greater than DXP and IXP (P < 0.05).
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Figure 2.2 - Concentrations of PRL for anestrous mares housed adjacent to, and allowed direct
contact with, a stallion for 2 h thrice weekly (DXP; n = 7), housed adjacent to a stallion but not
allowed direct contact (IXP; n = 6), or housed on opposite side of farm from the stallion and not
allowed visual or direct contact (CON; n =7) on the first (Feb. 23; a), third (Feb. 27; b), and fifth
(Mar. 3; c) exposure d. The stallion and DXP mares were moved into the tease pen after the
sample collection at 0800 and they were removed from the tease pen after the 1000 sample
collection. *IXP greater than DXP and CON (P < 0.05); **IXP and CON were greater (P < 0.05)

than DXP.
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Discussion

The effects of socio-sexual stimuli on anestrous females has been well-documented in
short-day breeders, such as sheep and goats. The first report of male introduction stimulating
ovulation in anestrous females, or the “ram effect,” was documented nearly 75 years ago [207].
The effects of socio-sexual stimuli in anestrous mares, however, has not been studied until
recently, as most socio-sexual research in horses has focused on hormonal changes and ejaculate
quality of stallions in response to intact mares or mare urine collected during different phases of
the estrous cycle.

The first ovulation following ram introduction to anestrous ewes usually occurs by 30 to
72 h with an average of 50 to 65 h [208,209,210]. Glven that mares have a much larger
preovulatory follicle diameter compared with ewes, we anticipated a longer interval from the
start of exposure to ovulation. With the exception of 2 DXP mares that had but one follicular
wave before ovulation, all mares had 2 to 5 follicular waves between the start of treatment to
ovulation. The average number of follicular waves that occur in transitional mares preceding the
first ovulation is 3 to 4 waves [77]. In this study, the average number of follicular waves was
slightly lower in both the DXP and IXP mares, whereas the average for CON mares corroborated
with previous reports. Ewes that are within 2 to 4 wk of spontaneous ovulation respond more
efficiently to male exposure compared with ewes in deep anestrous [210,211]. In the current
study, stallion exposure began 6 wk from the average date of first ovulation for mares in the
Northern hemisphere (Apr 7) and 2 mo after the winter solstice; therefore, it is unlikely that
treatment was initiated while mares were considered to be in deep anestrus [212].

Exposure to stallions significantly advanced the date of first ovulation by approximately

20 d in anestrous mares and consequently resulted in a greater number of ovulations during the
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observational period compared with unexposed controls [204]. Several noteworthy differences in
experimental design existed between the aforementioned and current study [204]. The first major
difference was in housing scheme. Mares in the previous study [204] were housed indoors in two
identical barns for 21 h per day and were exposed to both natural and artificial lighting, whereas
the mares in the current study were housed outdoors under natural lighting only. The exact
artificial lighting program used in the previous study was not mentioned. Evidence exists that
environmental temperature influences the date of first ovulation and that mares housed indoors
may have an earlier onset of estrus compared with mares housed outdoors, presumably because
of the difference in ambient temperature [213,214]. Differences in housing between the two
studies could explain why a significant difference in date of first ovulation was only observed in
the previous study [204].

The exposure protocol also differed notably between the two studies. The earlier study
[204] utilized a teasing protocol that allowed the stallion to move freely down the corridor of the
barn, whereas the current study utilized a stallion cage and mares were allowed to freely move
toward and interact with the stallion. Furthermore, the previous study limited direct contact with
a metal grate in between the mares and stallion, whereas the design of the stallion cage in the
present study allowed for the stallion to lick, sniff, or bite the mares. Another major difference
between the two studies was that the prior study was conducted during 2 different years,
resulting in a greater number of replicates, whereas the current study was conducted during a
single year. Had the present study utilized a greater number of mares, it is possible that a
significant difference in the date of first ovulation between exposed mares and controls could

have been detected.
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In goats, the risk for ovulation was increased and time to ovulation was decreased after
buck exposure among does that were more dominant in the social hierarchy. Does that ranked
higher on the displacement index spent more time with and interacted sooner with bucks than
those that ranked lower [215]. In the current study, among the 7 DXP mares, the 4 mares
classified as Alpha DXP monopolized the majority (>85%) of the stallion’s time during the
direct exposure sessions by remaining at the stallion cage throughout the session and
discouraging the Beta DXP mares from approaching. Of the 3 mares classified as Beta DXP, two
were never observed spending time in direct contact with the stallion. The dominance status of
the mares observed during the direct exposure sessions was maintained during times when the
mares were not allowed direct contact with the stallion. For example, the Alpha DXP mares
displayed more agonistic behavior towards their pen-mates, such as displacing, kicking, and
biting, than the Beta DXP mares in the group housing scenario. The differential amount of time
spent in direct contact with the stallion between the two subgroups might provide an explanation
for the decreased interval from the start of treatment to ovulation observed in the Alpha DXP
mares. The observation that Alpha DXP mares had fewer follicular waves during the interval
from treatment initiation to ovulation compared with Beta DXP mares coincides logically. This
observation may indicate that direct (i.e., tactile and olfactory inputs) rather than indirect contact
(i.e., auditory and visual) may be more critical to hastening the first ovulation.

In anestrous ewes [216,217] and goat does [218,219], basal LH concentration and LH
pulse frequency increases within minutes following exposure to sexually active males. The
preovulatory LH surge occurs in anovulatory ewes approximately 22 to 26 h after ram
introduction [211]. This phenomenon was not observed in the present study with mares.

Frequency of sampling in the present study was not designed to detect changes in LH pulse
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frequency. Despite mares, ewes, and does all being seasonally polyestrous, there seems to be
physiological differences between mares and small seasonal ruminants with regard to strength of
stimuli provided by male presence. Several studies have shown that olfactory cues alone are
sufficient to stimulate anestrous ewes and that deprivation of smell significantly impairs the
effects of rams on anestrous ewes [220,221]. Wax and wool, but not urine, from the rams were
sufficient to stimulate anestrous ewes [222]. To the author’s knowledge, research regarding
reproductive traits and the effect of olfactory communication between stallions and mares has
been limited to feces and urine, rather than any potential communication via coat, hair, or sweat
glands, to which mares had access to during this study. It is possible that pheromone detection in
equids is mostly limited to excreta, which the mares did not have direct access to during the
study.

Considering the lack of a treatment by day interaction, the greater LH concentrations
observed on the fifth exposure d, which was 9 d after the beginning of treatment, most likely
resulted from the slight progressive increase in LH as the transition period advanced. In mares,
slight increases (< 2.0 ng/mL) in LH occur as the mare moves into mid- to late transition [32].
On the fifth exposure day, the elevated LH observed in CON mares compared with IXP and
DXP at 1000 and 1300 h may be random or because of the infrequent sampling. Concentrations
of PRL did not differ between the treatments at any time during the sampling periods. In
contrast, greater PRL concentrations were observed during the third exposure session in IXP and
CON mares compared with the first and the fifth. Given that there was only an effect of day and
not a treatment by day interaction, some external factor outside of the study design is the likely
explanation. Several environmental factors have been shown to alter PRL concentrations in

horses, including season, feeding, exercise, sexual excitement, disease, stall confinement,
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trailering, and various other stressful stimuli [65]. No notable differences in the management
routine of the mares were detected during any of the 3 sampling periods. Two IXP mares were
observed continuously pacing the fence line while displaying signs of estrus during the direct
exposure sessions and had greater PRL concentrations at the 1100 and 1200 time points
compared with other mares, which could provide an explanation for the elevated PRL
concentrations observed in that treatment on the third exposure day. The stressful stimuli of
blood collection could be another explanatory factor, as certain mares in both the CON and IXP
groups become more refractory to being restrained for blood collection as the experiment
progressed. If refractoriness to sample collection, however, was the cause of the elevated PRL on
the third exposure d, we would expect PRL to also be elevated on the fifth exposure d. On the
other hand, a noteworthy difference between the 3 sampling periods was ambient temperature.
The average daily temperature was 11, 22, and 14 °C on the first, third, and fifth exposure d.
Reports in heifers have demonstrated that plasma PRL concentration increases as the temperature
increases [223,224]. Therefore, it would be plausible that the difference in PRL concentrations
observed during the third exposure session could be explained by the increased ambient
temperature, but the same degree of elevation was not observed in all 3 treatments.

Conclusions

Direct or indirect exposure of anestrous mares to a stallion, directly or indirectly, failed to
elicit an increase in basal LH or PRL concentrations. Further research with more frequent
sampling is warranted to determine if LH pulse frequency is altered by exposure, as
demonstrated in other seasonally polyestrous livestock species. The limited research
investigating the male effect in anestrous mares is conflicting with regard to advancing the date

of first ovulation, although the present study may have been in agreement with the previous
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report had a higher statistical power been obtained. Based on the differences observed between
the Alpha DXP and Beta DXP mares, additional research investigating the physiological
differences between species with regard to socio-sexual stimuli is warranted. Group teasing
might not be effective if subordinate mares get little, if any, direct contact time with the stallion.
Individual teasing may be more beneficial; however, more research must be conducted to
investigate the duration and frequency of contact, as well as timing of treatment initiation,

necessary to elicit a hastening of ovulation.
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Chapter 3 - An opioid antagonist, either alone or in combination
with a GnRH agonist, alters gonadotropin and ovarian responses in

transitional mares exposed to various progestin environments

Introduction

The physiological mechanisms controlling seasonality in horses, particularly mares, are
poorly understood. Several management and pharmaceutical techniques have been investigated
during the last 40 years, not only to improve our understanding of the seasonal changes in the
secretion patterns of the hypothalamic-pituitary-gonadal axis, but also to help breeders become
more efficient in producing foals that are born earlier than the natural foaling season so that they
may have a competitive advantage when competing against their age-matched cohorts.

The use of progesterone and progestins in transitional mares for durations of 7 to 15 d has
resulted in estrus within 3to 10 d and subsequent ovulation by 12 to 21 d after withdrawal,
however, the response rate was variable [187,188,191]. For this reason, P4/progestin therapy is
usually combined with other therapies, such as artificial lighting or GnRH agonists, in a clinical
setting. Although relatively effective in transitional mares, progestin therapy does not result in a
return to estrus or ovulation in deep anestrous mares [187,191]. Given that progestin treatment is
only effective in transitional mares, it seems that changes in inhibitory tone on the hypophysis
may be requisite.

Endogenous opioid peptides (EOP) have been shown to be inhibitory to gonadotropin
secretion at the level of the hypophysis and potentially at the ovarian level [179,180].
Furthermore, opioidergic tone changes throughout the estrous cycle and differs among

reproductive seasons of the mare [179,180,184]. Changes occurring in opioidergic tone during
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the estrous cycle seem to be dependent on gonadal steroids [180,181]. In contrast, inhibition of
gonadotropins by EOP is greatest during deep anestrus and seems to be independent of steroid
hormone input from the ovaries [183,184,185]. Evidence of involvement of EOP in seasonality
at the ovarian level also has been indicated by the seasonal fluctuation of p-opioid receptor
content in oocytes, cumulus cells, and granulosa cells [186]. Furthermore, it has been
demonstrated that addition of B-endorphin to media containing oocytes harvested from anestrous
and transitional mares retards their rate of maturation rate of oocytes harvested from anestrous
and transitional mares in vitro [186]. Although more is known about opioidergic inhibition
during anestrus and the breeding season, little is known about the shift in opioidergic tone
associated with the vernal transition period.

Because EOP antagonists elicit a gonadotropin response during diestrus, which is
characterized by a high progesterone and low E2 environment, 1 objective of this study was to
determine if the gonadotropin response to an opioid antagonist would occur in transitional mares
administered an exogenous progestin. Furthermore, we aimed to compare that response to an
opioid antagonist administered to transitional mares during a low progesterone/high E2 milieu,
just before the first ovulation of the year, and under a high endogenous progesterone milieu
during the first luteal phase. In order to assess pituitary responsiveness, a second objective of this
study was to determine if gonadotropin and ovarian responses differed between mares
administered the opioid antagonist, a GnRH agonist, or a combination of both under the 3

different steroid hormone milieus.
Materials and Methods

This experiment was conducted during March through May of 2017 at Kansas State

University’s Horse Teaching and Research Unit (39.225705° N, 96.600015° W). The
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experimental procedures described herein were approved by the Institutional Animal Care and
Use Committee of Kansas State University.
Animals

Seventeen non-lactating, stock-type mares between the ages of 4 and 15 y were utilized
in this study, with an average age of 8.8 + 3.9 y. Seven of the mares were nulliparous. At the
beginning of the experiment, average body weight was 533.4 + 27.7 kg with an average body
condition score (BCS) of 5.4 + 0.5 on a scale of 1 to 9 as described by Henneke et al. (1983).
Mares were group-housed in 2 adjacent dry lots and allowed ad libitum access to brome grass
hay and water. Mares were fed a commercial concentrate (Purina Strategy, Purina Mills, St.
Louis, MO) once daily to meet NRC requirements.

Experimental Design

At the start of the trial, follicular activity was monitored for all mares thrice weekly via
transrectal ultrasonography using a Chison ECO 5 ultrasound machine (Chison Medical Imaging
Co., Jiangsu, China) with a Chison 7.5 MHz probe (Chison Medical Imaging Co., Jiangsu,
China). A mare was considered to be transitional when at least 3 follicles > 20 mm were
observed. Upon attainment of transitional status, mares received 0.044 mg/kg oral altrenogest
(Regu-Mate, Merck Animal Health, Madison, NJ) per os daily between 0700 and 0900 h for 15
consecutive d. Average start date of altrenogest treatment was March 20 + 9.3 d.

At the conclusion of altrenogest treatment, mares were stratified by age and parity and
assigned to 3 treatments: (1) DES (1.8 mg of desorelin acetate IM; Sucromate®, Thorn
Bioscience, LLC, Louisville, KY; n =6); (2) NAL (0.5 mg/kg BW naloxone hydrochloride
dihydrate 1V; Sigma, St. Louis, MO; n =5); or (3) N&D (0.5 mg/kg BW naloxone hydrochloride

dihydrate IV and 1.8 mg deslorelin acetate IM; n = 6). Naloxone was administered at 0 min to

59



NAL and N&D mares. Deslorelin was administered at 45 min to DES and N&D mares. Mares
received their assigned treatment 3 times during the experimental period. Phase 1 (P1) treatment
occurred on the last d of altrenogest administration (3 h after altrenogest was given). Phase 2
(P2) treatment occurred upon first detection of a follicle > 35 mm in diameter after concluding
the 15-d altrenogest treatment. Phase 3 (P3) treatment occurred 7 d post-ovulation. During the
experimental period, follicular activity was monitored every other d until P2 treatment
administration, at which point follicular activity was monitored every 12 h until ovulation.
Presence of a corpus luteum was confirmed 48 h post-ovulation. Two mares, 1 DES and 1 N&D,
ovulated by 48 h after P1 treatment, and therefore did not receive P2 treatment; however, P3
treatment still occurred for those mares.

Beginning 24 h after P2 treatment administration, mares were bred via artificial
insemination using fresh semen from one stallion of known fertility. Semen was extended at a
1:1 ratio using INRA 96 (IMV Technologies, Normandy, France) at a dose of 500 million
progressively motile sperm. Mares were bred every 48 h until ovulation occurred. Pregnancy
diagnosis was performed 14 d post-ovulation, marking the conclusion of the experimental period
for each mare.

Sample Collection and Analysis

During all phases of treatment, indwelling jugular catheters were placed in mares using a
lidocaine bleb for local analgesia at least 1 h before sample collection began. For mares in all
treatment groups, 10 mL of whole blood were collected from the catheters every 15 min
beginning 60 min (-60 min) prior to naloxone administration (0 min) to NAL and N&D mares
and continuing through 300 min post-treatment, for a total of 6 h. Whole blood was collected

into heparinized, evacuated blood tubes (Vacutainer, Becton, Dickson, and Company, Franklin
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Lakes, NJ) containing 142 USP units of freeze-dried sodium heparin. Samples were refrigerated
immediately after collection at 4 °C until centrifugation. Whole blood was centrifuged at 1400 x
g at room temperature for 15 min to harvest plasma. Plasma was pipetted into 1.5 mL
microcentrifuge tubes and frozen at -18 °C for later analysis of LH and FSH concentrations.
Furthermore, progesterone concentrations were quantified in all -60 min samples from each
phase and the 0 min samples were analyzed for E2 concentrations. Whole blood was collected
via jugular venipuncture prior to the start of altrenogest to assess progesterone and confirm the
absence of luteal structures.

Quantification of LH and FSH concentrations were performed at Louisiana State
University using established radioimmunoassay (RIA) techniques [205]. Intra-assay and inter-
assay coefficients of variation and sensitivity were 6%, 9%, and 0.2 ng/mL, respectively, for LH;
7%, 11%, and 1.4 ng/mL, respectively, for FSH. Quantification of progesterone concentrations in
pre-altrenogest samples, P1 (-60 min), P2 (-60 min) and P3 (-60 min) were analyzed using a
commercially available kit (ImmunoChem Double Antibody 1'% RIA Kit, MP Biomedicals,
LLC, Orangeburg, NY). Quantification of E2 concentrations was performed on ether-extracted
samples using a commercially available kit (17p-Estradiol Double Antibody RIA Kit, MP
Biomedicals, LLC, Orangeburg, NY). The intra-assay CV was 8.4% for E2.

Statistical Analyses

All data were analyzed using SAS v. 9.3 (SAS Inst. Inc., Cary, NC). Data were
considered significant when P < 0.05 and a trend was noted if 0.05 <P <0.10. Continuous
numeric response variables (interval from P1 to P2 and interval from P2 to ovulation) were
analyzed via ANOVA as a one-way treatment structure in a completely randomized design.

Results reported are least squares means + SEM and P-values for treatment contrasts were
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derived from ANOVA F-tests. Count responses, number of mares ovulating by 48 h of P2
treatment administration and number of mares with a positive pregnancy diagnosis were
analyzed as a chi-square test for homogeneity by the FREQ procedure using the exact option to
account for small sample size. Results reported are counts and percentages with P-values for chi-
square tests.

Concentrations of LH and FSH were analyzed as a one-way treatment structure in a
completely randomized design with repeated measures using the MIXED procedure.
Autoregressive of order 1 (AR-1) was chosen as the repeated measures analysis for LH and FSH
concentrations because it yielded the lowest AIC. The model included treatment (n = 3), phase (n
= 3), sampling time (min) nested within phase, and mare (random effect). Additional analysis of
P2 LH and FSH concentrations included pretreatment E2 concentrations as a covariable in the
model. Additional analysis of P3 LH and FSH concentrations included progesterone
concentrations as a covariable in the model. Results from the mixed procedure include least
squares means + SEM for treatment by phase by time interactions and P-values derived from

ANOVA F-tests.

Results

Ovarian Data

One N&D and one DES mare developed large follicles during altrenogest treatment and
ovulated 48 h after P1 treatment administration. These mares did not receive P2 treatment to
avoid any potential carryover effect from P1 treatment, but did receive P3 treatment 7 d post-
ovulation. These mares were not included in the analysis for interval from P1 to P2 or interval

from P2 treatment to ovulation.
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The interval from P1 to P2 treatment was shorter (P < 0.05) for N&D mares compared
with NAL mares, but was not different (P > 0.05) between N&D and DES or DES and NAL
mares (Table 3.1). The interval from P2 treatment to ovulation did not differ (P > 0.05) between
the treatment groups (Table 3.1). The percentage of mares ovulating by 48 h of P2 treatment did
not differ (P > 0.10; Table 3.1). Across all treatments, a greater (P < 0.001) number of mares
ovulated by 48 h of treatment when pretreatment E2 concentrations were greater than the mean
(6 of 7 mares) compared with mares that had pretreatment estradiol concentrations below the
mean (1 of 8 mares). Diameter of the dominant follicle at the last observation before ovulation
after P2 treatment did not differ (P > 0.05) between the groups (Table 3.1). Pregnancy rate was

not different (P > 0.10) among treatments (Table 3.1).

Table 3.1 - Transitional mare ovulatory and follicular traits after treatment with deslorelin
acetate (DES), naloxone hydrochloride (NAL), or a combination of both (N&D) on the last day
of altrenogest administration (Phase 1) and again upon detection of a 35 mm follicle (Phase 2).

Parameters (units) Treatments!

DES NAL N&D
P1 to P2 interval (d) 10.0+£3.5% 12.0+3.9° 7.0+1.02
P2 to OV interval (h) 184.8+81.6 105.6+24.7 112.84+40.6
QV 48 (%)? 60 20 60
OFD (mm)? 42.245.9 44.612.6 48.615.9
Pregnant (%)* 80 80 60

Values presented as mean + SEM.

IN&D 0.5 mg/kg BW naloxone hydrochloride IV at 0 min followed by 1.8 mg deslorelin acetate IM at 45 min: DES
1.8 mg deslorelin acetate IM at 45 min: NAL 0.5 mg/kg BW naloxone hydrochloride 1V at 0 min.

2Percentage of mares ovulating within 48 h of Phase 2 treatment administration.

3Ovulatory Follicular Diameter.

“Percentage of mares pregnant 14 d post-ovulation.

abv/alues in a row lacking a common superscript differ (P < 0.05).
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Steroid Hormones

Progesterone concentrations for all mares before P1 and P2 treatment were either below
detectable limits (< 0.1 ng/mL) or biologically insignificant (< 0.14 mg/mL, n = 2). Progesterone
concentrations 7 d after ovulation before P3 treatment did not differ between groups (P > 0.05).

As expected, there was a significant effect of phase on pretreatment E2 concentrations,
with P2 mares having greater (P < 0.01) concentrations of E2 compared with P1 and P3.
Treatment tended (P = 0.09) to affect E2 concentrations. Pretreatment E2 concentrations did not
differ (P > 0.1) between treatments before P1 treatment (Fig. 3.1). Mares in the N&D and NAL
groups had greater (P < 0.01) E2 concentrations before treatment in P2 compared with DES
mares (Fig. 3.1). Mares in the N&D group tended (P = 0.08) to have greater E2 concentrations

compared with DES and NAL mares before P3 treatment (Fig. 3.1).
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Figure 3.1 — Pretreatment estradiol-17( concentrations in transitional mares treated with
deslorelin (DES), naloxone (NAL), or a combination of both (N&D) on the final d of a 15-d
altrenogest supplementation period (P1), upon first detection of a follicle > 35 mm (P2), and 7 d
post-ovulation (P3). Estradiol concentrations did not differ (P > 0.05) among treatments before
P1 treatment. *Estradiol concentrations for mares receiving NAL and N&D were greater (P <
0.05) than DES before P2 treatment. **Estradiol concentrations tended (P = 0.08) to be greater
in N&D mares compared with NAL, but not DES before P3 treatment.

Pituitary Hormones

Significant (P < 0.05) effects of phase and time on LH concentrations were identified,
with treatment eliciting a greater response in P3 compared with P1 and P2. During P1, treatment
with N&D increased (P < 0.05) and DES tended (P < 0.1) to increase LH concentrations,
whereas NAL did not (P > 0.1; Fig. 3.2). During P2, LH was increased (P < 0.05) by treatment
with N&D and DES, but not NAL (P > 0.1; Fig. 3.3). All 3 treatments resulted in an increase (P

< 0.05) in LH during P3 treatment (Fig. 3.4).
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Significant effects of treatment (P < 0.05), phase (P < 0.01), and time (P < 0.01) on FSH
were identified. A greater (P < 0.05) FSH response to treatment was observed during P1 and P3
compared with P2. During P1, FSH increased to a greater (P < 0.05) extent in both N&D and
DES compared with NAL mares (Fig. 3.5). During P2 and P3, a greater (P < 0.05) FSH response

was observed in DES compared with NAL, but not N&D (Figs. 3.6, 3.7).
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Figure 3.2 — Concentrations of LH in transitional mares after treatment with deslorelin (DES),
naloxone (NAL), or a combination of both (N&D) on the last d of 15-d altrenogest
supplementation period (P1). Naloxone was administered to NAL and N&D mares at 0 min.
Deslorelin was administered to DES and N&D at 45 min. Treatment with N&D increased (P <
0.05) and DES tended (P < 0.1) to increase LH concentrations, whereas NAL did not (P > 0.1).
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Figure 3.3 - Concentrations of LH in transitional mares after treatment with deslorelin (DES),
naloxone (NAL), or a combination of both (N&D) upon detection of a follicle > 35 mm in

diameter (P2). Naloxone was administered to NAL and N&D at 0 min. Deslorelin was
administered to DES and N&D mares at 45 min. Treatment with N&D and DES increased (P <

0.05) LH, but not NAL (P > 0.1).
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Figure 3.4 - Concentrations of LH in transitional mares after treatment with deslorelin (DES),

naloxone (NAL), or a combination of both (N&D) 7 d post-ovulation (P3). Naloxone was
administered to NAL and N&D at 0 min. Deslorelin was administered to DES and N&D mares

at 45 min. All 3 treatments resulted in an increase (P < 0.05) in LH.
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Figure 3.5 - Concentrations of FSH in transitional mares after treatment with deslorelin (DES),
naloxone (NAL), or a combination of both (N&D) on the last d of altrenogest administration
(P1). Naloxone was administered to NAL and N&D at 0 min. Deslorelin was administered to
DES and N&D mares at 45 min. FSH increased to a greater (P < 0.05) extent in both N&D and

DES compared with NAL mares.
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Figure 3.6 - Concentrations of FSH in transitional mares after treatment with deslorelin (DES),
naloxone (NAL), or a combination of both (N&D) upon detection of a follicle > 35 mm in
diameter (P2). Naloxone was administered to NAL and N&D at 0 min. Deslorelin was
administered to DES and N&D mares at 45 min. A greater (P < 0.05) FSH response was
observed in DES compared with NAL, but not N&D.
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Figure 3.7 - Concentrations of FSH in transitional mares after treatment with deslorelin (DES),
naloxone (NAL), or a combination of both (N&D) 7 d post-ovulation (P3). Naloxone was
administered to NAL and N&D at 0 min. Deslorelin was administered to DES and N&D mares
at 45 min. A greater (P < 0.05) FSH response was observed in DES compared with NAL, but not

N&D.

Discussion

In an elevated exogenous progestin environment, naloxone alone failed to elicit an
increase in LH and FSH. Previous studies administering naloxone to anestrous mares resulted in
an increase in both of the gonadotropic hormones [183,184]. The dose of naloxone used in the
current study was the same as or greater than the doses utilized in the previous studies. This
indicates that opioidergic inhibition of gonadotropin hormones during the vernal transition may

be largely reduced from that during anestrus. Because E2 concentrations before both P1 and P2
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treatment administration did not differ, it does not seem that the E2 environment was responsible
for the lack of gonadotropin response during P1. Therefore, altrenogest may not interact with the
opioidergic system in the same manner as endogenous P4. The relative binding activity of
altrenogest is only 45 and 20% in the hypothalamus and pituitary, respectively [198]. It is
possible that altrenogest is not able to sufficiently mimic at the level of the hypophysis the
elevated P4 environment typical of the luteal phase of the estrous cycle.

Although the interval from P1 to P2 was shorter in N&D mares compared with NAL
alone, it was not different from DES, which was intermediate. Therefore, it does not seem that
short-term suppression of EOP alone is sufficient to hasten estrus in transitional mares exposed
to altrenogest. Naloxone alone did not result in increased LH or FSH concentrations during P2
treatment. These results are consistent with reports showing no gonadotropin response to
naloxone during the follicular phase in cyclic mares [179,180]. The criteria for P2 treatment,
development of a follicle > 35 mm, would place mares in the category of late transitional. Thus,
the results might indicate that the opioid inhibition of gonadotropin secretion is largely removed
by this point. Consistent with reports in luteal phase mares, both LH and FSH were increased in
response to naloxone in N&D and NAL [179,180]. This observation indicates that the EOP-
mediated suppressive effect of P4 on gonadotropic hormones during the first luteal phase of the
season is functional.

Deslorelin, either alone or in combination with naloxone, increased LH and FSH during
all phases. Furthermore, with the exception of LH during P1, a more robust LH and FSH
response was observed in DES compared with N&D. A study in cyclic mares using the GnRH
analogue buserelin 2 h after administration of naloxone or saline demonstrated that the

magnitude of response to buserelin was not different between mares that had previously been

72



given naloxone or those that had received saline in either the luteal or follicular phases [179].
Therefore, it does not seem likely that prior naloxone treatment elicits any suppressive effects of
gonadotropin release in response to the GnRH agonist. Because pituitary LH content decreases
through the fall transition into anestrus, and remains low throughout the vernal transition, it is
possible that the intermediate LH response to deslorelin observed in the N&D group could be a
result of less pituitary LH content being available for release after the initial increase in response
to naloxone.

Regardless of treatment, mares ovulated on average 11 to 18 d after progestin
withdrawal. These results are similar to reports in the literature utilizing various natural or
synthetic progestin sources in transitional mares with a return to estrus approximately 7 to 10 d
after withdrawal and ovulation occurring 12 to 24 d after P4 or progestin removal [187,188,191].
Therefore, the addition of a single treatment with deslorelin, naloxone, or a combination of both
does not hasten the interval from withdrawal of progestin compared with progestin alone. One
study [225] enrolled a large number of transitional mares with pregnancy risk as an outcome
after intravaginal P4 treatment for 12 d, followed by either hCG or subcutaneous deslorelin
implant upon detection of a 30-mm follicle and subsequent insemination. The authors reported
an overall pregnancy risk of 56% in mares from the first breeding following administration of
hCG or deslorelin compared with 44% of mares that ovulated unassisted following P4 removal
[225]. Although the overall pregnancy risk was greater in that study at 73%, it likely resulted
from mares being bred every 48 h until ovulation rather than just once. Pregnancy risk obtained
in the present study indicates that treatment with naloxone or deslorelin did not negatively

impact subsequent fertility of the first ovulation of the year.
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Opioids have been shown to have suppressive effects on E2 secretion in women [226]
and female rats [227]. Furthermore, administration of opioid antagonists reverses the suppressive
effects of EOP on E2 [228,229]. Localization of u-opioid receptors in the ovaries of mares,
particularly in the granulosa cells, cumulus cells, and in the oocyte itself has been reported [186].
Furthermore, receptor content fluctuates with season, with greatest concentrations being
observed during winter anestrus. Using oocytes harvested from mares during anestrus and the
vernal transition period, one group noted that addition of EOP to the culture resulted in a slower
rate of maturation, indicating that EOP are suppressive to the meiotic competence of oocytes
[186]. The current study found that E2 concentrations were greater before P2 treatment in N&D
and NAL mares compared with DES, and tended to be greater in the combination-treated mares
before P3 treatment compared with both DES and NAL. It is possible that EOP may have a
suppressive effect on steroidogenesis; however, this has not yet been studied in the mare. Based
on previous work and the potential interaction between EOP and E2 observed in the current
study, further investigation is warranted. Additional post-treatment samples from P2 and P3 are
currently being analyzed for estradiol to determine if treatment with naloxone had any acute
effects on E2 secretion.

Conclusions

Inhibition of gonadotropin hormones by EOP seems to wane as mares progress from
anestrus through the vernal transition, as indicated by the lack of gonadotropin response to
naloxone alone during both P1 and P2 treatment. Furthermore, an elevated exogenous progestin
milieu in transitional mares does not produce the same response to naloxone as the high
endogenous P4 environment during the luteal phase. Although the combination of naloxone and

deslorelin failed to elicit a greater LH and FSH response compared with deslorelin alone, it did
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result in a shorter interval from progestin removal to development of a 35-mm follicle.
Compared with progestin treatment alone, it does not seem that deslorelin, naloxone, or a
combination of the two hastens ovulation after progestin removal. It is unlikely that naloxone
itself would be beneficial in an applied setting for transitional mares unless repeated injections
proved to be more effective, which in any case would be cost-prohibitive. Nevertheless, further
elucidation of how opioidergic systems interact with the hypothalamic-pituitary-axis would
further our understanding of the physiological mechanisms involved in endocrine changes

associated with seasonality in the mare.
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