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Abstract

Mechanisms in the brain controlling secretion of gonadotropin hormones in pigs, particularly
luteinizing hormone (LH), are poorly understood. Kisspeptin is a potent LH stimulant that is
essential for fertility in many species, including pigs. Neurokinin B (NKB) acting through neurokinin
3 receptor (NK3R) is involved in kisspeptin-stimulated LH release, but organization of NKB and
NK3R within the porcine hypothalamus is unknown. Hypothalamic tissue from ovariectomized
(OVX) gilts was used to determine the distribution of immunoreactive kisspeptin, NKB, and
NK3R cells in the arcuate nucleus (ARC). Almost all kisspeptin neurons coexpressed NKB in the
porcine ARC. Immunostaining for NK3R was distributed throughout the preoptic area (POA) and
in several hypothalamic areas including the periventricular and retrochiasmatic areas but was
not detected within the ARC. There was no colocalization of NK3R with gonadotropin-releasing
hormone (GnRH), but NK3R-positive fibers in the POA were in close apposition to GnRH neurons.
Treating OVX gilts with the progestin altrenogest decreased LH pulse frequency and reduced mean
circulating concentrations of LH compared with OVX control gilts (P < 0.01), but the number
of kisspeptin and NKB cells in the ARC did not differ between treatments. The neuroanatomical
arrangement of kisspeptin, NKB, and NK3R within the porcine hypothalamus confirms they are
positioned to stimulate GnRH and LH secretion in gilts, though differences with other species
exist. Altrenogest suppression of LH secretion in the OVX gilt does not appear to involve decreased
peptide expression of kisspeptin or NKB.

Published by Oxford University Press on behalf of Society for the Study of Reproduction 2021.
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Summary sentence

Components of the KNDy system in the pig are characterized for the first time and pig-specific
features such as a lack of immunopositive NK3R expression in the ARC and resistance to inhibition
of kisspeptin protein expression by a progestin are identified.

Key words: gonadotropin-releasing hormone (GnRH), kisspeptin, neuropeptides, luteinizing hor-

mone (LH/LH receptor), neurokinin B, pig.

Introduction

The pig is a species of significant agricultural and biomedical impor-
tance and understanding mechanisms that control gonadotropin
secretion and reproductive cycles in gilts is critical for managing
their reproduction. Secretion of luteinizing hormone (LH), and to
a lesser extent follicle-stimulating hormone (FSH), in gilts is driven
by episodic secretory pulses of gonadotropin releasing hormone
(GnRH) from the hypothalamus [1-4]. The pulsatile secretion of
GnRH and gonadotropin hormones is absolutely essential for main-
tenance of reproductive cycles in pigs [5-8]. A group of neurons that
coexpress kisspeptin, neurokinin B, and dynorphin A (KNDy) have
been identified within the hypothalamic arcuate nucleus (ARC) of
laboratory animals and small ruminants [9-11], and these KNDy
neurons have been linked to the central regulation of GnRH pulse
secretion in these species [12-15]. In ewes, neurokinin B (NKB)
acts through neurokinin 3 receptors (NK3R) within the POA and
ARC to stimulate LH secretion [16], an effect that in nonhuman
primates requires kisspeptin signaling [17]. Within the ARC of ewes,
KNDy neurons express NK3R [18] but not kisspeptin receptors
[19]. The current proposed model for KNDy control of the GnRH
pulse generator is that a GnRH pulse is initiated when KNDy cells
release NKB, triggering a positive feedback loop through NK3R that
stimulates release of kisspeptin to induce secretion of GnRH [20].
Subsequently, dynorphin is secreted from KNDy cells and triggers
autoregulatory negative feedback through kappa opioid receptors
to inhibit release of kisspeptin and terminate the GnRH pulse. It is
unknown if this model is fully consistent with LH secretion in pigs.

In pigs, as in other species, kisspeptin is a potent stimulant of
LH secretion [21, 22] and loss of function mutation in kisspeptin
receptors results in hypogonadotropic hypogonadism and failure of
pigs to attain puberty [23]. A survey of recent literature, however,
demonstrates that an understanding of KNDy regulation of repro-
ductive neurobiology and gonadotropin secretion in pigs remains
largely unknown [24]. Insufficient secretion of gonadotropins can
lead to pubertal failure of gilts, failure of sows to resume cyclicity
after lactation, and seasonal infertility of breeding females [7, 25—
27]. The lack of understanding about regulatory mechanisms con-
trolling LH secretion is an important problem as it constrains the
ability to manage pig reproduction. To date, reports on the localized
expression of kisspeptin and NKB within the porcine hypothalamus
have focused exclusively on mRNA expression [28-30]. Localized
expression of kisspeptin and NKB protein within the POA and ARC
of the pig remains unconfirmed. Moreover, expression of NK3R in
the pig hypothalamus is completely unknown.

Both pulsatile and surge secretion of LH in pigs is controlled
by feedback actions of ovarian steroids at the hypothalamus [31-
33]. Though GnRH neurons do not express estrogen receptor «
and progesterone receptor, KNDy neurons do [34-36] and they are
generally believed to be involved in the mechanism by which gonadal
estrogens regulate gonadotropin secretion. Indeed, the KISS1 gene

in the ARC and POA of gilts demonstrates different patterns of
expression relative to the onset of an estradiol-induced ovulatory
surge of LH [28], suggesting that KNDy neurons in these areas
of the pig hypothalamus have different roles in mediating positive
and negative estradiol feedback in pigs. Altrenogest (17-a-allyl-
estratriene-4,9,11,178-0l-3-one) is a progestin that is widely used
to synchronize estrus and ovulation in breeding gilts because of
its ability to suppress LH secretion and follicle growth [37-40].
Progesterone inhibition of LH secretion in ewes has been shown
to involve the KNDy neuronal network [14, 36, 41], and it is thus
speculated that KNDy neurons are involved in altrenogest-induced
inhibition of LH secretion in gilts.

The objective of the present study was to fill critical knowl-
edge gaps about the role KNDy neurons have in regulating the
reproductive biology of gilts. Immunohistochemistry was used to
establish the localized expression of kisspeptin and NKB in the
porcine hypothalamus, and the hypothesis that kisspeptin and NKB
are colocalized in the porcine ARC was tested. Furthermore, the
distribution of NK3R in the POA of the gilt is established and the
neuroanatomical relationship of NK3R-expressing cells and fibers
with the GnRH neurons of the gilt is examined. Lastly, it was
hypothesized that altrenogest suppresses LH secretion by inhibiting
the expression of kisspeptin and NKB in gilts.

Materials and methods

Animals and treatments
Experiments were conducted in accordance with the Guide for the
Care and Use of Agricultural Animals in Agricultural Research and
Teaching [42] and approved by the U.S. Meat Animal Research Cen-
ter (USMARC) Institutional Animal Care and Use Committee. White
crossbred (Yorkshire x Landrace) prepubertal gilts from a resource
population at USMARC were used in two experiments. Gilts were
housed individually in pens (1.5 m?) in a climate-controlled facility
(21.8 &+ 0.3 °C) with 12-h light/dark cycles. Animals were fed a
corn-soybean meal diet twice daily (0800 and 1600 h) formulated
to meet nutrient requirements [43] and had ad libitum access to
water. The amount of feed was adjusted to maintain a daily gain of
0.33 £+ 0.02 kg/d. Gilts were ovariectomized (OVX) by midventral
laparotomy and fitted with an indwelling venous catheter to allow
collection of serial blood samples. The OVX was performed at
191.4 £+ 0.8 d of age and 122.2 + 0.7 d in experiment 1 and 2,
respectively. These ages correspond to the average age (experiment
1) and the youngest age (experiment 2) that puberty is attained in
the resource population. Gilts had not previously been exposed to
boars and their prepubertal state was confirmed by examination of
ovaries at OVX.

On day 0, animals were blocked by body weight and assigned to
one of two treatments; OVX control (OVX; n = 3, experiment 1;
n = 6, experiment 2) or OVX treated with altrenogest (OVX + A;
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Figure 1. Representative LH profiles for OVX control gilts and OVX gilts treated with the progestin altrenogest (OVX + A; top and bottom, respectively) from

experiment 1 and experiment 2. Solid circles indicate LH pulses.

n = 4, experiment 1; n = 6, experiment 2). Altrenogest (15 mg,
0.22% solution, Matrix, Intervet Inc., Millsboro, DE, USA) was top-
dressed once daily over the morning feed. This dose of altrenogest
suppresses gonadotropin secretion and prevents ovulation in pigs
[40]. On day 9 after the start of altrenogest treatment, serial blood
samples were drawn (every 12 min for 4.6 and 6 h in experiment 1
and 2, respectively). Serum was separated by centrifugation (2500 x
g, 30 min, 4°C) and stored at —20°C until analysis.

Gilts were euthanized with barbiturates according to established
guidelines for swine [44] on day 10 after the start of altrenogest
treatment. Gilts were 219.4 + 0.8 d of age and 146.3 + 1.0 d
of age at tissue collection in experiments 1 and 2, respectively:
corresponding to age at first mating (experiment 1) and average age
at start of boar exposure (experiment 2) in the resource population.
The head was immediately removed and perfused bilaterally through
the carotid arteries with 6 L of fixative (4% paraformaldehyde, PAF;
in 0.1 M phosphate buffered saline, PBS; 0.2 L/min). A block of tissue
containing the hypothalamus and POA was removed as described
[45] and placed in 700 mL of 4% PAF overnight at 4°C followed
by 20% sucrose in PBS at 4°C until the tissue sank. A freezing
microtome was used to cut tissue into 50 pm sections. Every fifth
section was collected in series (250 pm interval between sections),
and vials were separated into either the MBH or POA and stored in
cryoprotectant (30% sucrose, 1% polyvinylpyrrolidinone) at —20°C
until sections were subjected to immunohistochemistry.

Immunohistochemistry

All immunostaining procedures were performed using free-floating
sections. Sections were washed with 0.1 M PBS between all incuba-
tions and were treated with 1% H,O; for 10 min before incuba-
tion with primary antibodies unless otherwise indicated. Blocking

solution was 0.1 M PBS, 4% normal goat serum (NGS; Jack-
son ImmunoResearch, West Grove, PA, USA) and 0.4% TritonX-
100 (phosphate buffered saline Triton, PBST; Sigma-Aldrich, St.
Louis, MO, USA) unless otherwise specified. Tissue sections were
mounted on Superfrost microscope slides (Fisher Scientific, Pitts-
burgh, PA, USA) before being cover slipped using Eukitt Mounting
Reagent (Fisher Scientific). Immunohistochemistry was performed
for kisspeptin, NKB, NK3R, dynorphin, and GnRH. Preabsorbing
primary antisera with increasing concentrations of the specific pep-
tide antigen (10-50 pg/ml) abolished immunostaining. As explained
in the discussion below, immunohistochemistry for dynorphin A was
unsuccessful.

Kisspeptin

Tissue sections were evaluated from the ARC of OVX (7 = 9 animals)
and OVX + A (7 = 10 animals) gilts from both experiments and
were used to determine the influence of treatment on the number of
kisspeptin cells. Examination of POA sections revealed the presence
of very few detectable kisspeptin neurons in these OVX animals;
thus, kisspeptin cell numbers in the POA were not evaluated. Tissue
sections were selected from experiment 1 such that regional distri-
bution (rostral, medial, and caudal) of kisspeptin could be assessed.
Regions of the ARC were determined by the shape of the infundibular
stalk and third ventricle and location of the fornix and mammil-
lothalamic tract as described for the porcine hypothalamus [46-48].
Tissue was selected from the medial region for analysis in experiment
2 based on the outcome of the regional analysis and the fact that
puberty-related changes in LH pulse frequency are correlated with
changes in kisspeptin cell numbers within the medial ARC for sheep
[49]. Tissue sections were incubated for at least 1 h in a block-
ing solution containing 20% NGS before incubation with rabbit
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Figure 2. Mean (+SEM) (A) concentrations of LH and (B) LH inter-pulse
interval (IPl) for OVX control gilts and OVX gilts treated with the progestin
altrenogest (OVX + A) from experiments 1 and 2, respectively. Asterisk
indicates difference in overall means between treatments (P < 0.05).

anti-kisspeptin serum (Cat# AB9754; 1:2000; Millipore Sigma, Bil-
lerica, MA, USA) at room temperature for 16 h. After washing, tissue
sections were incubated successively with biotinylated goat anti-
rabbit IgG (Cat# BA-1000; 1:400; Vector Laboratories, Burlingame,
CA, USA) for 1 h, streptavidin horseradish—peroxidase conjugate
(Vectastain Elite ABC; 1:600; Vector Laboratories) for 1 h, and
3,3-diaminobenzidine (DAB; 10 mg; Cat# D5905 Sigma-Aldrich)
as a chromagen with 25 pl hydrogen peroxide (30% stock; Sigma-
Aldrich) in 0.1 M phosphate buffer (pH 7.4) for 10 min.

NKB

Tissue sections from OVX (# = 7 animals) and OVX + A (n = 8
animals) gilts from both experiments were used to assess the presence
of NKB cells within the ARC and the effect of altrenogest treatment
on the number of NKB expressing cells. The DAB immunostain-
ing protocol described for kisspeptin was used with the exception
that blocking solution contained 4% NGS. The primary antibody
was rabbit anti-NKB (Cat# NB300-102; 1:2000; Novus Biolog-
icals, Littleton, CO). The degree to which kisspeptin and NKB
colocalize in the ARC of the pig was assessed using dual-label
immunofluorescence. Three ARC sections from each of three OVX
gilts (experiment 2) were incubated with 10% H;0, in PBS for
10 min. After incubation in PBST with 20% NGS for 1 h, tissue
sections were incubated with rabbit anti-kisspeptin (1:50,000; Lot#
564; gift from Professor Alain Caraty, France) for 16 h at room

temperature before incubation with biotinylated goat anti-rabbit
secondary antibody (Cat# BA-1000; 1:400; Vector Laboratories,
Burlingame, CA, USA) for 1 h. Tissue sections were then placed
in Vectastain Elite ABC for 1 h before incubation with Biotinyl-
Tyramide (1:250; Cat# NEL700A; Perkin Elmer; Waltham, MA,
USA) and 3% H0, (1 pl Hy0,/ml solution) for 10 min. After
washing, sections were incubated with Alexa 555 conjugated to
streptavidin (1:100, Fisher Scientific) diluted in PBS for 30 min
and then incubated with guinea pig anti-NKB (1:1000; gift from
Dr. Philippe Cioffi, INSERM, Bordeaux, FR) for 16 h at room
temperature before being incubated for 1 h in anti-guinea pig Alexa
488 (1:100; Life Technologies, Carlsbad, CA, USA).

NK3R

To analyze the distribution of NK3R-containing cells within the
hypothalamus and POA, tissue was blocked with 4% NGS, then
incubated for 1 h with rabbit anti-NK3R (1:20,000; Cat# 300-
102; Novus Biologicals, Littleton, CO, USA) followed by DAB
immunostaining. Tissue sections were selected in a series spanning
the entire POA and hypothalamus using tissue from three OVX
gilts from experiment 2. Dual-label immunofluorescence was used to
ascertain whether GnRH neurons expressed NK3R or were apposed
by NK3R-containing fibers. After incubation with rabbit anti-NK3R
(1:1000), tissue sections were incubated with mouse anti-GnRH
antibody (1:1000; Cat # MBS2001271, MyBioSource; San Diego,
CA, USA) for 16 h at room temperature. Tissue sections were then
successively incubated with anti-rabbit Alexa 555 (1:200; 1 h; Cat
# A31572, Molecular Probes, Carlsbad, CA, USA) and anti-mouse
DyLight Green (1:200; 1 h, Cat # 35503, Fisher Scientific). To
determine whether NK3R fibers apposed GnRH neurons, NK3R-
positive contacts were counted via confocal microscopy for 10
randomly chosen GnRH neurons per animal in 3 to 4 medial POA
sections from OVX and OVX + A gilts (# = 3 animals each from
experiment 2).

Single-label immunofluorescence was used to assess the influ-
ence of altrenogest treatment on the number of NK3R-positive cell
numbers within the POA and the paraventricular nucleus (PVN),
retrochiasmatic area (RCh), and ARC from OVX (#z = 6 animals)
or OVX + A (n = 6 animals) gilts. Tissue sections were incubated
with rabbit anti-NK3R (1:1000;1 h), biotinylated goat anti-rabbit
IgG (Cat# BA-1000; 1:400; 1 h; Vector Laboratories, Burlingame,
CA, USA), and anti-rabbit DyLight green (Cat# 35553; 1:200; 1 h;
ThermoFisher Scientific).

Data analysis

Luteinizing hormone. Concentrations of LH in serum were deter-
mined at USMARC in serial samples using an RIA validated for
porcine serum [50]. Reference standard for LH (AFP-10506A) was
provided by Dr. A. E Parlow (Scientific Director for the NIH,
NIDDK, National Hormone and Peptide Program, Torrance, CA,
USA). Sensitivity (90% of Bo) was 0.08 ng/mL. Pools of porcine
serum with LH concentrations of 0.84, 1.74, and 5.64 ng/mL were
included in each assay and had an average intra-assay and inter-
assay CV of 7.5 and 11.9%, respectively. Mean concentrations of LH
were estimated using a mixed-model analysis of variance (ANOVA)
with repeated measures. The model included treatment, time, and
experiment as fixed effects. Animal within treatment was included
as the random effect. A compound symmetric function was used
to model the covariance structure for the repeated measure, and
degrees of freedom for the pooled error term were calculated using
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Figure 3. (A). Photomicrograpsh (10x) of kisspeptin immunostaining in the
ARC, 3V, third ventricle; SME, stalk median eminence. (B). Mean (+SEM)
kisspeptin-positive cell numbers per section in the rostral (R), medial (M),
and caudal (C) regions of the ARC in OVX control gilts and OVX gilts treated
with the progestin altrenogest (OVX + A) from experiment 1. Letters indicate
significant differences between regions (P < 0.05).

Kenward-Roger approximation. Post hoc comparisons were made
with Tukeys honestly significant difference (HSD) test. Pulses of LH
in serum were determined as described previously [51]. Briefly, three
criteria had to be met; the amplitude of the pulse had to be greater
than the sensitivity, the peak had to occur within two samples of
the nadir, and the LH concentration at the peak of the pulse had to
exceed the 95% confidence limit (based on overall assay variability)
of the concentration for the preceding and subsequent nadir. The
interval in minutes between LH pulses (inter-pulse interval; IPI) was
used to estimate differences in LH pulse frequency. If an animal did
not display a pulse, then the entire period of blood collection was
used as a conservative estimate of the IPI. A general least squares
ANOVA was used to test the effects of treatment and experiment
on IPI followed by a Tukeys HSD test for post hoc comparisons.
Difference between treatments in LH pulse amplitude in experiment
1 was estimated with Students t-test. Due to lack of LH pulses in
OVX + A gilts in experiment 2, treatment differences in LH pulse
amplitude could not be estimated for altrenogest-treated gilts in this
experiment.

Immunobistochemistry. An Olympus VS120 Slide Scanning micro-
scope was used to visualize immunopositive cells in tissue sections.
The total number of cells for each gilt was counted in a manner
that was blind to treatment using Olympus software (OlyVIA). The
total number of immunopositive cells in each section (n = § per
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Figure 4. Mean (£SEM) numbers of (A) kisspeptin-positive cells (B) or NKB-
positive cells per section in the ARC of the hypothalamus in OVX control
gilts and OVX gilts treated with the progestin altrenogest (OVX + A) from
experiments 1 and 2, respectively.

gilt) was determined and then averaged to generate an estimate for
total cell counts per section for each animal. Effects of treatment
were estimated by Students t-test with P < 0.05 considered sig-
nificant. Regional distribution of kisspeptin cell numbers and the
influence of altrenogest treatment on that distribution was deter-
mined by repeated measures ANOVA with region, treatment, and
the region x treatment interaction as main effects. Total number of
NK3R-positive cells was determined in each tissue section of the
DBB, POA, periventricular area (PeV), PVN, supraoptic nucleus
(SON), RCh, and ARC and averaged to generate an estimate for
each hypothalamic area for each gilt. The effect of treatment on the
number of NK3R containing cells in these hypothalamic areas was
estimated with Students t-test.

To determine the percentage of GnRH neurons that coexpressed
NK3R, images were captured using an Upright LSM 510 Violet
Confocal microscope (Zeiss) with a Plan Apochromat x 63/1.4 oil
objective. For assessment of close contacts, confocal Z-stacks were
taken at 1-pm intervals from a total of 9 to 10 GnRH neurons/animal
randomly selected from 3 to 4 medial POA sections. Each contact
was analyzed using Zeiss Zen software. Orthogonal views were
used to confirm that contacts were touching in all planes. The
average number of contacts per GnRH neuron was calculated for
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Figure 5. Panels A-C; photomicrograph showing coexpression of kisspeptin and neurokinin B (NKB) in the ARC. Dual immunofluorescence (viewed at 60x) for
two neurons in the ARC expressing kisspeptin (red, A) and NKB (green, B). The merged image (C) clearly demonstrates colocalization of the two peptides.
Panels D-E; photomicrograph showing the lack of colocalization for GnRH (green) and neurokinin 3 receptor (NK3R; red) at 20X (D) and 63X(E). Panels F-H;
photomicrographs showing NK3R-containing close contacts (red) on GnRH neurons (green). White arrowheads denote two NK3R-containing appositions in

contact with a single GnRH neuron.

each animal. Co-localization and number of close contacts between
NK3R and GnRH neurons, and estimated effects of altrenogest
on numbers of close contacts, were analyzed by Students t-test. A
chi-square analysis was used to compare the percentage of GnRH
neurons that expressed these contacts between treatments.

Results

LH secretion
Representative LH profiles for OVX and an OVX + A gilts in each
experiment are shown in Figure 1. Clear differences in LH pulse

patterns between treatments can be observed in both experiments.
Mean circulating concentrations of LH in each experiment are illus-
trated in Figure 2A. There were no three- or two-way interactions
between experiment, treatment, or time for mean LH (P > 0.50).
Altrenogest treatment decreased (P < 0.0001) overall mean cir-
culating concentrations of LH by 62% (1.67 + 0.15 ng/ml and
0.64 + 0.14 ng/ml for OVX and OVX + A, respectively). In both
experiments, altrenogest treatment reduced LH pulse frequency as
indicated by a greater IPI for OVX + A gilts compared with OVX
control gilts (P < 0.01; Figure 2B). There was an experiment by
treatment interaction (P < 0.01) for IPI resulting from a greater IPI
in OVX + A gilts in experiment 2 compared with OVX + A gilts in
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kisspeptin and NKB are colocalized.

experiment 1 (P < 0.0001; Figure 2B), but the IPI for OVX control
gilts did not differ between experiments. Only one LH pulse in a
single altrenogest-treated gilt was observed in experiment 2, which
contributed to the greater IPI of OVX + A gilts in this experiment. In
addition to fewer LH pulses in OVX + A gilts, altrenogest treatment
increased LH pulse amplitude in experiment 1 (1.42 & 0.22 ng/ml
vs 0.88 £ 0.07 ng/ml for OVX + A and OVX gilts, respectively;
P < 0.04).

Expression of kisspeptin, NKB, NK3R, and dynorphin cells in the
POA and hypothalamus.

As mentioned previously, kisspeptin neurons were not readily
observed in the POA or periventricular area in numbers that could
be meaningfully analyzed; however, in the ARC kisspeptin-positive
cell soma were evident (Figure 3A). Analysis of regional distribution
(Figure 3B) showed an effect of region (P < 0.02), with kisspeptin
cell numbers being highest in the rostral and middle portion of the
ARC. Although kisspeptin cell numbers were numerically higher in
every region for altrenogest-treated gilts, there was not a significant
effect of altrenogest treatment (P > 0.10) or region x treatment
interaction (P > 0.50). The number of kisspeptin and NKB-positive
cells did not differ between experiments (P > 0.10). When data
were pooled across experiments, there was a tendency (P = 0.06)
for kisspeptin cells in the ARC to be greater for OVX + A gilts.
The number of NKB-positive cells (Supplementary Figure S1) in the
ARC (overall mean 114.3 + 38.6 cells/section) did not differ between
treatments (P > 0.30; Figure 4B). Dynorphin immunostaining in the
hypothalamus was not detected (data not shown).

Dual immunofluorescence for kisspeptin and NKB (Figure 5A-C)
showed that virtually all (99.3 £ 0.4%) kisspeptin neurons
coexpressed NKB and that the vast majority of NKB neurons
(92.1 + 1.0%) coexpressed kisspeptin (Figure 6). In contrast,
there was no evidence for GnRH neurons colocalizing with
NK3R (Figure 5D-E). Nonetheless, NK3R-immunopositive neurons
were evident in close proximity to GnRH neurons in the POA.
Several GnRH neurons appeared to be contacted by NK3R-
positive appositions (Figure SF-H). There was no difference between
treatment groups in the percentage of GnRH neurons contacted by
NK3R cells (48 £ 16% for OVX and 34 + 18% for OVX + A gilts;
P > 0.90). The average number of NK3R-positive close-contacts
associated with each GnRH-positive neuron was low (1.0 £+ 0.3)
and not influenced by altrenogest treatment (P > 0.90).

Cells containing NK3R were distributed throughout the POA and
hypothalamus. These NK3R-positive cells were readily identified by

their robust cytoplasmic staining in all areas examined except for the
ARC (Figure 7A). The average number of NK3R cells (Figure 7B)
ranged from 150 to 900 cells in the DBB, POA, SON, PeV, PVN, and
RCh with numbers being greatest in the DBB and PVN. Altrenogest
did not affect (P > 0.10) the number of NK3R-containing cells in the
POA, PVN, and RCh (Figure 8).

Discussion

Neural mechanisms underlying pulsatile secretion of GnRH and LH
have been described, at least in part, for species such as laboratory
animals and small ruminants, where it is evident that KNDy neurons
in the ARC are involved [13, 15, 20]. In the KNDy model, it is
proposed that release of NKB from KNDy neurons triggers a positive
ultrashort feedback loop through NK3R, which stimulates release of
kisspeptin, that acting through its cognate receptor on GnRH neu-
rons, initiates a GnRH pulse. Almost simultaneously, KNDy neurons
are triggered to release dynorphin that initiates a negative feedback
loop through kappa opioid receptors (KOR) to suppress secretion
of kisspeptin and terminate the GnRH pulse. Despite the fact that
under numerous circumstances inadequate secretion of LH pulses
underlies and contributes to infertility and reproductive failure in
pigs, surprisingly little is known about KNDy neurons in swine or
how they function in regulating the reproductive biology of gilts [24,
52]. This is the first report of kisspeptin and NKB protein expression
and localization in the ARC of pigs. Additionally, expression of
NK3R in the POA of the pig hypothalamus is characterized for
the first time, and differences in the patterned expression of these
important components of the KNDy system in pigs from that in other
species are identified.

Previous studies on kisspeptin expression in the gilt hypothala-
mus have been focused exclusively on KISST gene expression [28—
30]. In the current study, numerous neurons expressing kisspeptin
peptide were observed within the ARC of the porcine hypothalamus.
The distribution of kisspeptin neurons in this area was generally
similar to that observed in sheep and cattle. Furthermore, it is our
experience that kisspeptin-containing neurons in the ARC of the ewe
often extend to the edge of the stalk median eminence [53]. However,
kisspeptin neurons in the pig hypothalamus were typically found
in the mediodorsal portion of the ARC and the distribution of cell
bodies did not usually extend to the medioventral border of the ARC
or stalk median eminence. Expression of NKB in the ARC of these
gilts followed a similar pattern of localization. These observations
confirm that the expression pattern of kisspeptin and NKB protein
in the porcine ARC is consistent with the recent report of the pattern
of either KISS1 or TAC3 (encodes NKB) gene expression in the gilt
ARC [30]. When sections dual labeled for kisspeptin and NKB were
examined, virtually all kisspeptin neurons in the ARC were found
to coexpress NKB. It has been previously noted in sheep and mice
that most kisspeptin neurons in the ARC coexpress NKB [9, 13],
and similar observations were reported in heifers [54].

Neurons that contained immunoreactive NK3R, the high affin-
ity receptor for NKB, were identified in several areas of the pig
hypothalamus including the POA, RCH, and PVN. Expression of
NK3R in these areas has also been observed in other species [18,
55-57]. The roles of NK3R in these various areas are unknown
in swine and have only been partly elucidated in other species.
Administration of senktide, an NK3R agonist, within either the POA
or RCH in sheep elicits surge-like secretion of LH [16]. The patterned
expression of NK3R within the PeV of the pig hypothalamus is of
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Figure 8. Mean number (== SEM) of NK3R cells per section in the POA, PVN,
RCh, and ARC of OVX control gilts and OVX gilts treated with the progestin
altrenogest (OVX + A).

particular interest in that it mirrors the expression pattern of the
KISS1 gene that is upregulated in the PeV of gilts experiencing an

estradiol-induced ovulatory surge of LH [28]. We did not observe
readily identifiable kisspeptin cells in this area, likely because gilts
in our study were not exposed to high levels of estradiol as would
be typical for inducing the GnRH surge. The identity of these NK3R
expressing cells in the PeV of the pig remains to be determined.
Evidence in sheep suggests that NK3R expressing cells in the
ARC are involved in tonic secretion of LH [58]. We have previously
determined that expression of TAC3R (the gene that encodes NK3R)
in the MBH is greater in peripubertal gilts than in prepubertal gilts
[45]. It was thus surprising to observe no NK3R-positive immunos-
taining in the ARC of gilts in the current study. Neither NK3R-
positive cells nor fibers were evident within the ARC, even though
ARC sections were run concurrently with sections from other areas
in which NK3R immunostaining was clearly present. In view of this
finding, several additional approaches were used in a further effort
to uncover the presence of NK3R immunostaining in the porcine
ARC. These additional approaches included increasing concentra-
tion of the antibody, inclusion of tyramide amplification, and antigen
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retrieval methods. The failure of these approaches to reveal any
NK3R immunostaining in the ARC, and the ample expression of
NKB3R in other areas of the gilt hypothalamus, seemingly indicates
either very low or no expression of NK3R protein in the gilt ARC.
The functional consequence of this observation, or whether it may
be related to the lack of estrogen in these OVX gilts, remains to be
determined. This negative result should be interpreted with caution,
but it may indicate that the KNDy model as proposed for sheep and
laboratory rodents is not fully applicable to pigs.

Nonetheless, abundant expression of NK3R was observed in
regions of the hypothalamus that contain GnRH neurons [46].
Examination in the current study of whether GnRH neurons coex-
pressed NK3R demonstrated that receptor expression is absent from
GnRH neurons in gilts, which is consistent with previous reports
in ewes [18]. At least some GnRH neurons in rodents express
NK3R [59, 60], indicating potential for differences between species.
Interestingly, NK3R-positive appositions were observed in direct
contact with GnRH neurons in these gilts, and similar observations
have been reported in ewes [18]. The functional importance of such
putative inputs remains unknown but may indicate an ability of
NKB to act presynaptically to influence other afferent inputs to
GnRH neurons. The identity of the neurons giving rise to these
NK3R-positive appositions in gilts or those expressing NK3R within
many of these hypothalamic areas in the pig will require further
investigation.

As expected, treatment of gilts with altrenogest suppressed LH
pulsatility and decreased mean circulating concentrations of LH.
Although these gilts lacked ovarian estrogen, reduced LH secretion in
response to altrenogest treatment was consistent with that of ovary-
intact luteal phase gilts in commercial swine production. Because the
vast majority of KNDy neurons in the ARC express progesterone
receptor [61], it was hypothesized that altrenogest suppression of
LH pulses in gilts would be reflected by a decrease in kisspeptin-
and NKB-containing cell numbers in the ARC. Instead, no statistical
difference in the number of cells expressing kisspeptin or NKB
within the ARC were observed with altrenogest treatment. This is
the first study to examine the singular role of a synthetic progestin
on regulation of KNDy neuron peptides and although there were
no statistical differences, there was a statistical trend towards more
kisspeptin neurons in altrenogest-treated gilts. This may reflect a
primary inhibition by progesterone of cellular secretory activity
rather than protein expression, though that hypothesis remains to be
tested. These results in OVX gilts are in line with those in OVX mice,
where progesterone treatment increased kisspeptin staining in the
ARC [62]. In primates, progesterone caused a 60% decrease in the
number of KISS1-expressing neurons [63]. Similarly, progesterone
alone can decrease expression of KISS1 in the ARC of OVX ewes,
but the negative regulation of KISS1 expression in ovary-intact ewes
is mostly related to the estrogen rather than changes in progesterone
concentrations per se [61, 64].

The hypothalamic location and neural mechanisms responsible
for progesterone suppression of LH pulses in the gilt are believed
to be the same as those for altrenogest. One possible explanation
for the inability of altrenogest to influence kisspeptin cell numbers
in OVX gilts may lie in the lack of a supportive role of estrogen.
Estrogen stimulates progesterone receptor synthesis and expression
[65-67], and the number of kisspeptin neurons in the ARC express-
ing progesterone receptor varies throughout the estrous cycle of the
mouse [68]. Treating gilts with exogenous gonadotropins to increase
circulating concentrations of estradiol does not lead to an increase
of progesterone receptors in the hypothalamus or anterior pituitary

gland [69], suggesting that expression of progesterone receptors
in the pig hypothalamus is not entirely dependent upon changing
concentrations of estrogen. The suppressive effect of progesterone
on LH secretion in OVX ewes is lost after 3 to 4 months without
estrogen priming [70, 71]. Such is not the case for gilts, which
remain responsive to the negative effects of progesterone 4 months
after OVX; although, estrogen priming did increase the sensitivity
of these long-term OVX gilts to progesterone negative feedback
[33]. Nevertheless, altrenogest suppression of LH pulse secretion in
the present study suggests that there were sufficient progesterone
receptors in these OVX gilts to elicit the correct biological response.

Administering a general EOP receptor antagonist (naloxone)
to progesterone-treated, prepubertal OVX gilts of sufficient age to
reach sexual maturity, which were comparable to the age of gilts
used in the current study, increased LH secretion [33]. The exact EOP
receptors involved in progesterone inhibition of LH secretion in gilts
is not known, but data in ewes suggest KOR on KNDy and/or GnRH
neurons may be involved [36, 72, 73]. It was therefore hypothesized
that altrenogest-induced suppression of LH secretion in gilts would
be accompanied by increased expression of dynorphin; however, we
were unable to detect dynorphin-positive cells within the ARC. Two
different antibodies were tested (Supplementary Table S1) in the
labs at West Virginia and Mississippi with the same result. These
antibodies work in sheep tissue and their dynorphin A 1-17 epitope
is conserved in pigs. Nonetheless, their use in pig tissue remained
unsuccessful in our hands despite several procedural modifications to
increase detection (e.g., increasing antibody concentrations, antigen
retrieval, tyramide amplification). Similar observations on absence of
dynorphin A staining in the porcine hypothalamus have been made
by others as well (personal communication, Dr. Casey Nestor, North
Carolina State University). Ovariectomy of adult ewes reduced pro-
dynorphin gene expression in the ARC to minimally detectable levels
and progesterone replacement failed to prevent this decrease [41].
The use of OVX gilts may have limited the ability to detect dynorphin
in the ARC. Altrenogest may stimulate EOP other than dynorphin in
OVX gilts to suppress LH pulses, and there may be other neurologi-
cal mechanisms at play as well. For example, depleting hypothalamic
norepinephrine in progesterone-treated OVX gilts eliminates the
naloxone-stimulated increase in LH secretion [74].

These studies describe in part the neuroanatomical arrangement
of the kisspeptin and NKB neurons in female pigs. Much like
other mammalian species, kisspeptin neurons in the ARC of the
pig coexpress NKB. The effects of the progestin altrenogest on LH
secretion were as predicted, but kisspeptin and NKB-positive cell
numbers were unchanged. Dynorphin cells, which are predicted to
mediate altrenogest suppression of LH secretion, were not detected in
the ARC. Likewise, receptors for NKB were scattered throughout the
porcine hypothalamus and were readily evident, with the surprising
exception of the ARC. Clearly further study of the porcine KNDy
system is required to gain a better understanding of these unexpected
results and to determine whether the proposed model of KNDy
regulated LH secretion is fully applicable to the pig.
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