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KISS1 Gene Expression in the Developing Brain of Female Pigs in
Pre- and Peripubertal Periods
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Abstract. Puberty is associated with an increase in gonadotropin secretion as a result of an increase in gonadotropin-releasing
hormone (GnRH) secretion. Kisspeptin is considered to play a key role in puberty onset in many mammalian species, including
rodents, ruminants and primates. The present study aimed to determine if changes in hypothalamic expression of the KISS/
gene, encoding kisspeptin, are associated with the onset of puberty in pigs. The animals (n=4 in each group) were perfused
with 4% paraformaldehyde at 0, 1, 2, 3 and 4 months old, as prepubertal stages, and at 5 months old, as the peripubertal stage,
following each blood sampling. KISS! gene expressions in coronal sections of brains were visualized by in situ hybridization.
Plasma luteinizing hormone (LH) was measured by radioimmunoassay. K/SS/ mRNA signals were observed in the arcuate
nucleus (ARC) at all ages examined without any significant difference in the number of KISS/-expressing cells, indicating that
the KISS1 gene is constantly expressed in the ARC throughout pubertal development in pigs. The plasma LH concentration
was the highest in 0-month-old piglets and significantly decreased in the 1- and 2 month-old groups (P<0.05), suggesting
a developing negative feedback mechanism affecting gonadotropin release during the prepubertal period. Considering the
potent stimulating effect of kisspeptin on gonadotropin release in prepubertal pigs, kisspeptin secretion rather than kisspeptin
synthesis may be responsible for the onset of puberty in pigs.
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uberty is the transition from the juvenile period to adulthood,

leading to reproductive capability in animals. The transition
is associated with an increase in gonadotropin-releasing hormone
(GnRH) and then gonadotropin secretion [1, 2]. Pulsatile GnRH/
luteinizing hormone (LH) secretion is accelerated towards comple-
tion of puberty [3], leading to the onset of reproductive cyclicity
in female mammals.

To date, kisspeptin, a neuropeptide encoded by the Kiss/ gene, and
its receptor are considered to be involved in puberty onset via direct
stimulation of GnRH secretion [4—7]. The loss-of-function mutations
for Gpr54, encoding a kisspeptin receptor, cause sexual immaturity
in humans [8, 9] and mice [9]. There are two major populations of
kisspeptin neurons: one is the anterior hypothalamus, such as the
anteroventral periventricular (AVPV)/preoptic area (POA), and the
other is the hypothalamic arcuate nucleus (ARC) [10]. Initial studies
in mice [11] and monkeys [12] revealed that Kiss/ expression in
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the whole hypothalamus increases when animals undergo pubertal
maturation. More specifically, a pubertal increase in gene expression
was also reported in the AVPV/POA and ARC in rats [13—15] and
in sheep [16]. An increased number of kisspeptin immuno-positive
fibers were found on GnRH neuronal cell bodies during pubertal
development in mice, indicating that morphological proximity of the
kisspeptin and GnRH neurons is involved in puberty onset [17]. These
studies provide circumstantial evidence indicating that acceleration of
kisspeptin-GPR54 signaling triggers the onset of puberty by stimulating
the hypothalamic-pituitary-gonadal (HPG) axis in mammals.

The central mechanism underlying the hormonal change during
pubertal development in pigs has yet to be revealed. Our previous study
showed that KISS/-expressing cells are located in the periventricular
nucleus (PeN) and ARC in the adult female pig, as shown in other
mammals [18]. Exogenous kisspeptin administration induces LH
secretion in prepubertal gilts [19], which suggests that the HPG axis
is responsive to kisspeptin during pubertal maturation in pigs. These
studies imply a possible involvement of kisspeptin in maturation of
the HPG axis in pigs.

The present study aimed to determine whether or not changes
in hypothalamic expression of the KISS/ gene is associated with
the onset of puberty in gilts to gain better comprehension of the
neuropeptide involvement in reproductive maturation in the pig.
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Materials and Methods

Animals

Female Landrace (L) and Large White (W) pigs, an F1 hybrid of
Landrace and Large White pigs (LW) and a three-way cross of LW
and Duroc pigs were used at 0, 1, 2, 3, 4 and 5 months of age. The
gilts were kept at the Aichi Agricultural Research Center (Nagakute,
Aichi, Japan) and fed a standard diet with free access to water. The
body weights of the animals at each age are shown in Figure 1. Estrus
behaviors of the 5-month-old females were assessed by the back
pressure test in the presence of a mature boar. Those that showed
a standing estrus reflex within a week before the day of sampling
were used as peripubertal animals. All animal treatment procedures
were conducted in accordance with the National Research Council
Guide for the Care and Use of Laboratory Animals [20].

Tissue sampling

For perfusion, all the animals were intravenously injected with
heparin (4000 units/10 kg body weight) followed by administration
of sodium pentobarbital (Kyoritsu Seiyaku, Tokyo, Japan) for deep
anesthesia. Blood samples were collected before anesthesia. After
collecting ovaries, the brains of the animals were perfused through
the carotid arteries with 0.3-5 1 of 0.05 M PBS (according to the
body size) containing 13000 U/l heparin, followed by perfusion of
the same volume of 4% paraformaldehyde in 0.05 M PB. Plasma
samples were kept at —20 C until radioimmunoassay (RIA) for LH,
follicle-stimulating hormone (FSH), estradiol (E,) and progesterone.
The hypothalamic tissue was dissected out, postfixed overnight in
the same fixative at 4 C, immersed in 30% sucrose in 0.05 M PB
at 4 C and kept at =80 C in OCT compound (Sakura Finetek Japan,
Tokyo, Japan) until analysis of KISS/ mRNA by in situ hybridization.
Tissue sampling was undertaken between 1000 and 1500 h on each
day from April to August 2009 (3 gilts of each age group at 1 to 5
months of age), on each day in September 2010 (3 gilts of 0 months
of age) and on each day from September to November 2011 (1 gilt
for each age group).

KISS1 in situ hybridization

KISS1 expression in the pig hypothalamus was determined by
in situ hybridization as described previously [18]. Briefly, the
hypothalamic coronal sections (50 pm thick) including the PeN or
ARC were made on a cryostat, and every fourth section was used for
the analysis. Digoxigenin (DIG)-labeled antisense cRNA probes for
porcine KISS1 mRNA were hybridized at 60 C overnight. Hybridized
probes were detected using an alkaline phosphatase-conjugated
anti-DIG Fab fragment (Roche Diagnostics, Mannheim, Germany)
and 5-bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium
chloride (Roche Diagnostics). The numbers of KISS/-expressing cells
in the ARC, covered by 17-23 sections, were counted unilaterally
under a light microscope in every individual animal.

Radioimmunoassay

Plasma LH and FSH concentrations were measured by double
antibody RIA using kits provided by the National Hormone and
Peptide Program (Baltimore, MD, USA) and were expressed in terms
of NIDDK-pLH (AFP11043B) and NIDDK-pFSH (AFP10640B),
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Fig. 1. Changes in body weight, plasma LH, FSH, estradiol (E,) and

progesterone (P4) levels in pre- and peri-pubertal pigs. Blood
samples were taken from pre- (0—4 months of age) and peri- (5
months of age) pubertal pigs immediately before brain collection.
Plasma LH, FSH, E, and P, concentrations were measured by
radioimmunoassay. Values are means + SEM (n=3 for E,, n=4
for body weight, P,, LH and FSH ). Values with different letters
are significantly different (P<0.05, one-way ANOVA followed by
Bonferroni test).

respectively. AFP11064B and AFP10640B were also used for 21
labeling. The least detectable levels for 50 pl plasma sample were 0.02
ng/ml for LH and 0.078 ng/ml for FSH. The intra-assay coefficients
of variation were 7.41% at 0.71 ng/ml for LH and 4.81% at 0.63 ng/
ml for FSH. The plasma E, and progesterone concentrations were
measured by RIA, as described previously [21], using [2, 4, 6, 7, 16,
17-3H(N)]-E, (NET517) and [1, 2, 6, 7-*H (N)]-progesterone (NET381)
purchased from Perkin Elmer Japan (Kanagawa, Japan). Antiserum
against E, was provided by Dr GD Niswender, Colorado University,
CO, USA. Antiserum against progesterone (OK-1) was provided
by Dr K Okuda, Okayama University, Okayama, Japan. The least
detectable level of E, was 7.8 pg/ml for 200 pl, and the intra-assay
coefficient of variation was 2.48% at 66.70 pg/ml. The least detectable
level of progesterone was 2.5 ng/ml for 10 pl plasma sample, and the
intra-assay coefficient of variation was 2.17% at 4.23 ng/ml.



314 1IEDA et al.

Statistical analysis

One-way ANOVA was performed followed by the Bonferroni test to
determine the statistical difference in the numbers of KISS/-expressing
cells in the ARC and the plasma LH, FSH, E, and progesterone
concentrations between the groups at different developmental stages.

Results

Plasma LH, FSH, E, and progesterone concentrations at pre-
and peripubertal stages in the pig

The plasma LH concentration of the 0-month-old piglets was
significantly higher than those of 1-, 2-, or 5-month-old groups
(P<0.05, one-way ANOVA followed by the Bonferroni test, Fig.
1). The plasma LH levels showed a transient decrease at 1 month
of age and then increased gradually from 2 to 4 months of age.
The plasma FSH concentrations increased slightly as the animals
underwent development, reaching their peak at 2 months of age, and
decreased until 5 months of age. There was a significant difference
in the plasma FSH level between 2 and 5 months of age (P<0.05).
No significant difference was found in plasma E, levels among
any groups. The plasma progesterone concentrations were high in
one animal at 5 months of age, but no significant difference was
found among any groups (note that the animal that showed the high
progesterone level had corpora lutea).

Development of ovaries at pre- and peripubertal stages of the pig

Photographs of ovaries of representative animals at 0, 1, 2, 3, 4
and 5 month of age are shown in Figure 2A—H. In two out of four
animals at 3 months of age, the ovary size dramatically increased (Fig.
2E), while in the other two (Fig. 2D), the ovary size was comparable
to those at 0, 1 and 2 months of age (Fig. 2A—C). Many apparent
antral follicles were observed in all animals at 4 and 5 months of
age (Fig. 2F-G). In an ovary of one 5-month-old animal, corpora
lutea were observed as shown in Fig. 2H.

KISS1-expressing cells in the pig hypothalamus at pre- and
peri-pubertal stages

Figure 3 shows a schematic illustration indicating the PeN (left
panel) and ARC (right panel) in the pig hypothalamus and repre-
sentative photomicrographs of brain sections including the PeN or
ARC at 5 and 3 months of age, respectively. Many KISSI-positive
cells were found in the ARC, while few positive cells were found
in the PeN at any stages examined. Figure 4A shows representative
photomicrographs indicating the magnified ARC region at each age.
KISST mRNA signals were found in the ARC of all the individuals
at 0, 1, 2, 3, 4 and 5 months of age. The distribution and strength
of the KISSI mRNA signals in the prepubertal period (0—4 months
of age) were similar to those in peripubertal animals at 5 months of
age. The total numbers of KISS/-expressing cells in the ARC showed
no significant difference between ages (Fig. 4B).

Discussion
The present study demonstrated that many KISS/-expressing cells

were observed in the ARC of the pig hypothalamus throughout the
developing period, and the numbers of KISS7-expressing cells in the

ARC in prepubertal gilts were comparable to those in 5-month-old
peripubertal pigs showing behavioral estrus. Kisspeptin-GPR54
signaling is considered to play an important role in pubertal onset
in other mammalian species, such as mice and humans [8, 9],
because loss-of-function mutations for Gpr54 cause the absence of
puberty in these species. A previous study showed that exogenous
kisspeptin dramatically stimulates LH secretion in prepubertal gilts
[19], suggesting that downstream effectors of kisspeptin neurons
such as GnRH neurons and gonadotrophs in the anterior pituitary
are responsive to kisspeptin stimulus. Therefore, kisspeptin secretion
rather than kisspeptin synthesis may be inhibited in the prepubertal
period in the pig. In this context, a pubertal increase in expression
of other neurotransmitters such as neurokinin B, a stimulator for
kisspeptin neuronal activity [22], could be involved in pubertal onset
in pigs rather than kisspeptin synthesis as suggested in mice [23].

The current study suggests that kisspeptin neurons in the ARC
rather than in the PeN are responsible for the initial step of pubertal
maturation of the HPG axis in pigs, as we found a consistent number
of KISS1-expressing cells in the ARC and few of them in the PeN
during the developmental period. Rats and monkeys showed a
dramatic increase in KISS1/kisspeptin expression in the ARC [12, 14],
while pigs showed constant ARC KISS7 expression in both pre- and
peripubertal stages in pigs. This fact again suggests that establishment
of a kisspeptin-releasing system from the ARC kisspeptin neurons could
be responsible for pubertal onset in the pig. Analysis of kisspeptin
expression at the peptidergic level by immunohistochemistry may
provide another aspect to understand the synthesis and secretion of
kisspeptin. Regarding KISS1/kisspeptin expressions in the anterior
hypothalamus, such as AVPV and POA, a pubertal increase in KISS1/
kisspeptin expression in the AVPV/POA was evident in rodents [14,
15, 17, 24] and sheep [16], while we found few KISSI-expressing
cells in the PeN, even in the peripubertal pigs at 5 months of age.
PeN kisspeptin neurons are considered a GnRH/LH surge center
in pigs, as KISSI expression is stimulated by preovulatory level of
estrogen in adult ovariectomized pigs [18]. In this context, the low
level of KISS1 expression in the PeN in pubertal gilts in the present
study could be due to immature stages of developing follicles, even
in the 5-month-old peripubertal pigs.

In the current study, the plasma LH concentration was highest in
the neonatal period (0 month) in the gilts and showed a subsequent
decrease in the peripubertal period, which is consistent with the
concentrations in ruminants [25]. This decrease could have resulted
from the developing negative feedback mechanism in the HPG axis
during the prepubertal period. The plasma FSH concentration was
decreased when ovaries showed drastic development at 3 months
of age, suggesting that inhibin secreted from developing follicles
may be involved in FSH suppression. In rats, prepubertal Kiss1/
kisspeptin expressions in the ARC are strongly inhibited by estrogen
negative feedback [14]. On the other hand, ARC KISSI expression
was constantly detected during the developmental period in pigs.
This suggests that unlike rats, prepubertal estrogen negative feedback
on ARC KISSI expression is not evident in pigs. This notion is
consistent with the fact that the preovulatory level of estrogen has little
inhibitory effect on ARC KISS! expression in the adult female pig
[18]. Therefore, the sensitivity to estrogen with respect to regulation
of ARC KISSI expression in pigs is likely different from those in
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months of age, half of the pigs showed a dramatic increase in ovary size, while the other half showed comparable sizes of ovaries at
0, 1 and 2 months of age. Apparent antral follicles were observed in all animals at 4 and 5 months of age. There were corpora lutea
in an ovary from one animal at 5 months of age. CL, corpora lutea.
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Schematic illustration of the pig hypothalamus including the PeN (left) and ARC (right) and representative

photographs showing the PeN and ARC of gilts at 5 months and 3 months of age, respectively. Few KISS1-
expressing cells were found in the PeN in 5-month-old pigs. 3V, third ventricle; AC, anterior commissure;
PeN, periventricular nucleus; VMH, ventromedial hypothalamic nuclei; ARC, arcuate nucleus; PVH,
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KISS1 mRNA signals in the hypothalamic arcuate nucleus (ARC) at pre- (0, 1, 2, 3 and 4 months old) and peri-pubertal (5 months old)
stages in pigs detected by in situ hybridization with KISS/-specific cRNA probes. A, KISS1 mRNA signals in the ARC of representative
animals at 0, 1, 2, 3, 4 and 5 months old. B, Numbers of KISS/-expressing cells in the ARC at each age in months (n=4). No significant
difference was found in the numbers among ages by statistical analysis (one-way ANOVA). Values are means += SEM (n=4).
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rodents at pre- and post-pubertal stages.

A previous study implied that the downstream effectors, such as
hypothalamic GnRH neurones and pituitary gonadotrophs, function
properly in prepubertal pigs, as intravenous injection of GnRH
induces LH secretion in prepubertal pigs at 40, 80 and 120 days old
[26]. GnRH immunoreactivity was observed in the hypothalamus of
fetal and postnatal pigs [27]. These studies indicate that GnRH and
its receptor signaling are ready to function at the onset of puberty in
pigs. During pubertal development, Gpr54 expression increases in
rats [14] and monkeys [12]. In mice, a pubertal increase in Gpr54
expression in GnRH neurons was found in the neonatal stage [28].
Future study is required to clarify if an increase in Gpr354 expression is
involved in the pubertal acceleration of GnRH/LH release in the pig.

The present study indicates that hypothalamic KISS1 is consistently
expressed in the developing period and shows no association between
the gene expression level and the timing of puberty onset in pigs.
Therefore, the increase of KISSI gene expression is not a prior
indicator of puberty in pigs, as previously reported in mice [23].
Neuronal factors that trigger an increase in kisspeptin and then
GnRH secretion in developing pigs require further investigation.
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