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Abstract
Little is known about the regulation of gene expression related to the hypothalamus-pituitary (HP) 
axis around the onset of normal puberty. In the present study, we examined the expression 
profiles of genes in HP hormone circuit on every other day from postnatal day (PND) 29 to PND 
43. Average vaginal opening (VO) date was PND 37 (66%), and the weight of reproductive 
organs increased significantly from PND 37. Serum steroid hormone levels significantly 
increased on PND 39. The appearance of a number of Graafian follicles and corpora lutea on 
PND 37. Generally, our polymerase chain reactions (PCR) results showed that most of the 
expression of hypothalamus and pituitary factors tended to increase after VO, and the patterns 
were rather unstable and no significant peak pattern such as LH surge shown in proestrus 
adults. The mRNA levels of gonadotropin-inhibitory hormone (GnIH)-GPR147 and neurokinin 
B(Tac)-TacR3 mostly reached a peak in the last period of the experimental schedule. In pituitary, 
mRNA level of gonadotropin subunits (Cgα, LH-β and FSH-β) also significantly increased on 
later experimental period. In conclusion, we could confirm the rapid growth and maturation of 
reproductive organs immediately after VO, and dynamic changes in gene expression of the HP 
axis factors. The gene expression patterns at peripubertal period were incomplete and unstable 
without showing the preovulatory LH surge-related gene expression pattern in adults. The 
present study on neuroendocrine control of peripubertal sexual maturation may offer a basis for 
understanding normo- and/or patho-physiological status of puberty.
Keywords:	�Hypothalamus-pituitary-ovary (HPO) axis, Gonadotropin-releasing hormone 

(GnRH), Kisspeptin, Gonadotropin-inhibitory hormone (GnIH), Neurokinin B, 
Expression profile

INTRODUCTION

Mammalian puberty is initiated by the activation of hypothalamic gonadotropin-releasing hormone 
(GnRH) neurons (Ojeda & Skinner, 2006), which was induced by cooperation between increased 
excitatory input and decreased inhibitory input to hypothalamus (Bangalore Krishna & Witchel, 2024). 
Based on this, numerous studies have been conducted on the relationship between sexual maturity 
occurring during puberty and the increasing level of hormonal factors secreted by the hypothalamus, 
pituitary, and gonads, but the exact mechanism of puberty onset is still incomplete (Parent et al., 2003). 
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Human GnRH is temporarily secreted from the fetal stage, and the secretion has a resting stage that 
weakens over the next few years. The GnRH signal is dynamically reproduced again at the time of 
sexual maturity after the resting stage, and this is depending on the KiSS-1 gene product, kisspeptin, 
and its receptor, GPR54 (Seminara, 2003; Plant & Barker-Gibb, 2004). The cell bodies of the 
kisspeptin neurons are present in the hypothalamic arcuate nucleus (ARC) and the anteroventricular 
nucleus (AVPVN) (Gottsch et al., 2004; Kinoshita et al., 2005), and ARC is known as a region that 
produces the pulsatile GnRH secretion (Maeda et al., 2007). Signaling formed by kisspeptin and its 
receptor GPR54, is known to stimulate the secretion of GnRH neurons and gonadotropic hormones 
(de Roux et al., 2003; Irwig et al., 2005). In addition, kisspeptin-GPR54 signaling is considered as 
a key factor in sexual maturity, playing an important role in the transition to puberty (Gianetti & 
Seminara, 2008). Studies have shown that kisspeptin neurons in ARC are also known to produce 
neurokinin B (NKB) (Navarro et al., 2009; Koysombat et al., 2025). NKB and its receptor neurokinin 
3 receptor (NK3R) are also presumed to be involved in sexual maturity in puberty (Navarro & Tena-
Sempere, 2011). In mammals, NKB-NK3R signals seem to regulate reproductive function at least in 
part through the regulation of activity of kisspeptin neurons (Wakabayashi et al., 2010). 

Interestingly, presence of gonadotropin-inhibitory hormone (GnIH) that inhibits the secretion 
of gonadotropins from the pituitary gland by counteracting kisspeptin in birds was reported 
(Tsutsui et al., 2000). Although it has been questioned whether the GnIH found in birds and 
later in mammals has the opposite function to GnRH (Kriegsfeld et al., 2006), evidence indicates 
that mammalian GnRH secretion could be dynamically controlled by the interaction between 
GnIH and kisspeptin (Ebling & Luckman, 2008; Smith et al., 2008). Probably, the activation of 
hypothalamic GnRH neurons might be induced by cooperation with the excitatory-inhibitory 
signal of kisspeptin-GnIH in the onset of puberty (Parent et al., 2003).

Since the physiological natures of the factors and their regulatory mechanisms that determine the 
mammalian puberty onset are crucial to understand the reproductive problems associated with puberty 
such as precocious and/or delayed puberty, we investigated the temporal changes in activity of reproductive 
hormone-related genes in the hypothalamus-pituitary (HP) axis as a first step in the present study. 

MATERIALS AND METHODS

1. Animals 
Sprague-Dawley rats were provided by DBL (Eumseong, Korea) and reared in Sangmyung 

University animal facility under photoperiods of 12 h light/dark with lights on at 7 AM and 
constant temperature of 21℃–23℃. Food and tap water were supplied ad libitum. The animal 
protocols were approved by the Animal Care and Use Committees at Sangmyung University 
(Approval code R-1104). All the animals received human care in accordance with the guides for 
animal experiments of the Association for Assessment and Accreditation of Laboratory Animal 
Care (AAALAC) International. 

2. Vaginal opening check and vaginal smear 
The vaginal opening (VO) was visually confirmed, and the vaginal epithelium of the open 

animals was collected by smear using physiological saline. The epithelial cells were applied to 
microscope slides, fixed with cold acetone (Merck, Darmstadt, Germany), stained with Eosin 
(Sigma-Aldrich, St. Louis, MO, USA) and observed.

3. Tissue collections
Animals were sacrificed at 2-day intervals between postnatal day (PND) 29 and PND 43 
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days. The trunk bloods were immediately transferred to a plastic test tube and centrifuged at 
3,000×g for 15 minutes, and the sera were separated and stored at –80℃ until the hormone assay. 
Meanwhile, major tissues were collected and weighed immediately after the sacrifice (Metler-Toledo, 
Greifensee, Switzerland).

4. Radioimmunoassay (RIA)
Quantification of the levels of serum estradiol (E2) and progesterone (P4) were measured using 

radioimmunoassay with γ counter system (Cobra II, Packard, Downer Grove, IL, USA). Steroid 
hormones in serum were extracted using diethyl ether (Merck) and dissolved in gelatin phosphate-
buffered saline. Quantification of E2 was performed using a Coat-A-Count Estradiol kit [Domestic 
Policy Council (DPC), Washington, DC, USA], and the measurable sensitivity was 8 pg/mL. 
Intra-assay coefficient variation was 5.8±5.5%, and the inter-assay coefficient variation was 7.4±6.7%. 
Quantification of P4 was performed using the Coat-A-Count Progesterone kit (DPC), with 
measurable sensitivity of 0.02 ng/mL, intra-assay coefficient variation of 3.6±0.12%, and inter-assay 
coefficient variation of 3.9±0.13%.

5. Paraffin tissue section
Fixed tissues were dehydrated in graded concentrations of ethanol (70%, 80%, 90%, 95%, and 

100%; Duksan, Ansan, Korea) for 1 h 30 min in each with gentle shaking and soaked in absolute 
ethanol overnight. The tissues were immersed in xylene (Samchun Chemical, Seoul, Korea) for 30 
min, 3 times and in paraffin at 56℃ for 30 min, 3 times. The tissues were embedded in paraffin and 
sectioned (Microm, Walldorf, Germany) at 5 μm. The samples were attached on microscope slides 
and the slides were stained with hematoxylin (Sigma-Aldrich) for 5 min and eosin (Across, Carson, 
CA, USA) for 5 min, respectively.

6. Reverse transcription-polymerase chain reactions (RT-PCRs) 
Total RNAs were used in RT-PCR carried out with Maxime™ RT PreMix (InTron, 

Seongnam, Korea) and AccuPower PCR Premix (GeneAll, Seoul, Korea) according to the 
manufacturer’s instructions. Sequences of the primers and the specific PCR conditions used in this 
study were successfully worked in our pilot study, and were listed in Tables 1 and 2, respectively. 
The reactions were subjected to MultiGene™ OptiMax Thermal Cycler (Labnet, Edison, NJ, 
USA). The reaction products were analyzed by gel electrophoresis in 1.5% agarose gel (75 V, 65 
min) and visualized by ethidium bromide staining. The band intensities were measured using the 
image analysis system (Imager Ⅲ-1D main software, Bioneer, Daejeo, Korea). Glyceraldehydes-3-
phosphate dehydrogenase (GAPDH) was used as reference gene for normalization of quantitative 
RT-PCRs in the present study.

7. Statistical analysis
All experiments were performed at least three times. Values were expressed as mean±SE. Data 

were analyzed using Student’s t-test and/or one-way analysis of variance (ANOVA) as indicated. 
p<0.05 was considered as statistical significance. Calculations were performed using Graphpad 
Software Prism version 6 (GraphPad Softward, San Diego, CA, USA).

RESULTS

1. Temporal changes in body weight
Immature female rats were examined for VO, an indicator of the onset of puberty, and sacrificed 
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at intervals of 2 days from PND 29 to PND 43. The body weight gradually increased, which was 
increased significantly from PND 33 (p<0.01, Table 3). The weight of the ovaries, uteri and pituitary 
glands increased significantly from PND 37 (p<0.01), while the weight of the oviducts showed 

Table 1. Sequence of the primers used in this study

Gene Accession number Nucleotide sequences Length of PCR product (bp)

Cgα BC_063160
F 5'-ATA CTT CTC CAA GCT GGG TG 

294 
R 5'-CGA CAC TCA GTG CCA TCG CA 

LH-β NM_012858
F 5'-AGA TGG ACA GCC TTG TGA CC 

425 
R 5'-AGG ACT GCT AGC AGC ACT GT 

FSH-β NM_001007597
F 5'-CCA TGA TGA AGT CGA TCC AG

304 
R 5'-CTT ATG GTC TCG TAC ACC AG

GnRH NM_012767
F 5'-CGC TGT TGT TCT GTT GAC TG

234 
R 5'-GCT TCC TCT TCA ATC AGA CG 

KiSS-1 NM_181692
F 5'-AAT GGC ACC TGT GGT GAA CC

236 
R 5'-GCT GCA CCA GCA CCG ATC CG

GPR54 AF_115516
F 5'-ACT GTC AGC CTT AGC ATC TG

599 
R 5'-TGC TGT AGG ACA TGC AGT GA

GnIH NM_023952
F 5'-GAC GCA TCA CCA AGA CAC TG 

219 
R 5'-ACA GCT TCA TAG CCC CTT GA 

GPR147 AF330056
F 5'-GGT CAG AAC GGG AGT GAT GT

163 
R 5'-TGA GCA CAA TGA AGC AGA CC 

Tac NM_019162
F 5'-TGC ACG ACT TCT TTG TGG GA 

237 
R 5'-GTA GGG AAG GGA GCC AAC AG

TacR3 NM_017053
F 5'-GGC AGT TCT TAG GTG GGC AT 

235 
R 5'-AAA CCC CTC TGC TCT TCT GC 

GAPDH NM_017008
F 5'-CCA TCA CCA TCT TCC AGG AG 

557
R 5'-CCT GCT TCA CCA CCT TCT TG 

The directions of sequences are all 5’ to 3’.
PCR, polymerase chain reactions; F, forward; R, reverse; GnRH, gonadotropin-releasing hormone; KiSS-1, kisspeptin; GPR54, G 
protein-coupled receptor 54; GnIH, gonadotropin-inhibitory hormone; GPR147, G protein-coupled receptor 147; Tac, tachykinin; 
TacR3, tachykinin receptor 3; GAPDH, glyceraldehydes-3-phosphate dehydrogenase.

Table 2. Specific conditions of PCRs used in this study

Gene Temperature & time denature / annealing / extension Number of cycle

Cgα 94℃, 30 sec / 60℃, 40 sec / 72℃, 40 sec 32

LH-β 94℃, 30 sec / 68℃, 40 sec / 72℃, 40 sec 30

FSH-β 94℃, 30 sec / 63℃, 40 sec / 72℃, 40 sec 30

GnRH 94℃, 30 sec / 61℃, 40 sec / 72℃, 40 sec 30

KiSS-1 94℃, 30 sec / 68℃, 40 sec / 72℃, 40 sec 32

GPR54 94℃, 30 sec / 63℃, 40 sec / 72℃, 40 sec 35

GnIH 94℃, 30 sec / 68℃, 40 sec / 72℃, 40 sec 30

GPR147 94℃, 30 sec / 63℃, 40 sec / 72℃, 40 sec 30

Tac 94℃, 30 sec / 62℃, 40 sec / 72℃, 40 sec 29

TacR3 94℃, 30 sec / 62℃, 40 sec / 72℃, 40 sec 29

GAPDH 94℃, 30 sec / 60℃, 40 sec / 72℃, 40 sec 28
The directions of sequences are all 5’ to 3’
GnRH, gonadotropin-releasing hormone; KiSS-1, kisspeptin; GPR54, G protein-coupled receptor 54; GnIH, gonadotropin-in-
hibitory hormone; GPR147, G protein-coupled receptor 147; Tac, tachykinin; TacR3, tachykinin receptor 3; GAPDH, glyceralde-
hydes-3-phosphate dehydrogenase.
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significant increase from the PND 39 (p<0.01). The rates of VO were found to be the highest at 
PND 37 (66%, Fig. 1).

2. Temporal changes in histology 
Histological investigation (Fig. 2) showed that small primary and secondary follicles and 

degenerating follicles were mainly observed in the ovary from PNDs 29, 31, and 33. A number of 
Graafian follicles and corpus luteum, indicators of sexual maturity, were observed from PND 37. 
The uterus also gradually matured, and the luminal epithelia and myometrium developed thickly, 
and a number of endometrial glands were identified on PNDs 39 and 41. The oviduct also gradually 
matured, confirming that the lumen developed after PND 37. 

3. Hormone assay
As a result of RIAs, there was no significant change in serum E2 levels from PND 29 to PND 

37, but it increased significantly at PND 39 (PND29:39=5.9±0.7:9.2±0.9 pg/mL p<0.01) (Fig. 3A), 
and level of serum P4 showed an increase at PND 35 (PND 29:35=0.77±0.05:0.97±0.02 ng/mL 
p<0.05) (Fig. 3B).

4. Reverse transcription-polymerase chain reactions (RT-PCRs) of hypothalamic factors
The expression of KiSS-1/GPR54 that is presumed to promote and regulate the initiation of 

Table 3. Changes in body weight and tissue weight during peripubertal period in female rats

Variables Body weight  
(g)

Tissue weight

Ovary (mg) Oviduct (mg) Uterus (mg) Pituitary (mg)

PND 29 67.4±9.0 8.4±0.7 3.9±0.3 14.4±1.2 3.1±0.8

31 85.6±9.7 10.1±0.4 4.0±0.4 17.9±1.2 3.7±0.7

33 100.2±11.2** 10.2±0.3 3.6±0.2 21.0±1.0 3.8±0.5

35 104.3±14.0** 12.7±0.7 5.7±0.6 24.4±1.1 4.8±0.5

37 109.5±9.5** 15.6±1.0** 6.8±0.6 47.3±5.1** 6.0±1.0**

39 117.6±13.9** 19.8±2.4** 7.9±0.9** 71.4±6.7** 5.9±1.3**

41 147.4±15.7** 25.5±1.8** 8.2±0.5** 87.5±4.4** 6.3±1.3**

43 155.3±17.8** 27.3±1.1** 8.3±0.2** 89.4±3.7** 7.7±0.9**
Values are expressed as mean±SE (n=8).
** Significantly different from PND 29 group, p<0.01.
PND, postnatal day.

Fig. 1. ‌�Dates of vaginal opening (VO). Immature female rats were examined for VO at PND 29 to PND 43. Bar 
expressed the % of animals showed VO. PND, postnatal day.
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puberty, was investigated through RT-PCR. The expression of GnIH/GPR147 that is known to 
inhibit the expression of LH and FSH in contrast to GnRH, was also investigated. Finally, the 
expression of NKB and its receptor that has recently been reported to be involved in the regulation 
of the puberty onset was investigated. Generally, all the expressions showed fluctuated pattern as 
the day progressed. The level of GnRH mRNA showed an increase from PND 29, but decreased 
slightly from PND 35, and increased significantly at PND 41 (PND29:41=0.74±0.09:1.33±0.16 
AU p<0.05) and PND 43 (PND29:43=0.74±0.09:1.92±0.12 AU p<0.01) (Fig. 4A). 
The expression of KiSS-1 also showed a similar pattern to that of GnRH on PND 41 
(PND29:41=0.75±0.08:1.13±0.20 AU p<0.01) and PND 43 (PND29:43=0.75±0.08:1.43±0.20 
AU p<0.01). (Fig. 4B). In addition, the expression of GPR54 significantly decreased from PND 29 
to PND 35 (PND29:35=1.00±0.06:0.40±0.10 AU p<0.01), and then significantly increased from 
PND 39 until PND 43 (p<0.01, Fig. 4C), showing a difference from the expression patterns of 
GnRH and Kisspeptin. GnIH doubled at PND 41 (PND29:41=1.00±0.08:1.72±0.08 AU p<0.05) 

Fig. 2. ‌�Photomicrographs of reproductive organs during peripubertal period. Reproductive tissues were 
embedded in paraffin and sectioned at 5 μm. The samples were attached on microscope slides and the 
slides were stained with hematoxylin for 5 min and eosin for 5 min, respectively.

Fig. 3. ‌�Changes in serum hormone levels during peripubertal period. The serum steroid hormone levels were 
measured using radioimmunoassay with γ-counter system (Cobra II, Packard). (A) E2, serum estrogen level 
(pg/mL), (B) P4, serum progesterone level (ng/mL). See ‘Materials and Methods’ for detail. * Significantly 
different from PND 29, p<0.05. ** Significantly different from PND 29, p<0.01. PND, postnatal day.
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(Fig. 5A), and GPR147 showed pulsatile pattern from PND 29, and significantly increased at PND 
41 (PND29:41=1.00±0.08:1.89±0.41 AU p<0.01) and PND 43 (PND29:43=1.00±0.08:1.18±0.14 
AU p<0.01). (Fig. 5B). Finally, expression of NKB (Tac) significantly increased on PND 41 
(PND29:41=1.00±0.08:3.26±1.07 AU p<0.01) and PND 43 (PND29:43=1.00±0.08:3.11±0.51 AU 
p<0.05) (Fig. 6A), and expression of TacR3 showed a similar pattern to Tac, increased at PND 43 
(PND29:43=1.00±0.07:2.00±0.27 AU p<0.05) (Fig. 6B). 

5. Reverse transcription-polymerase chain reactions (RT-PCRs) of pituitary hormone genes
The mRNA level of pituitary glycoprotein hormone alpha subunit (Cgα) significantly 

increased at PND 39 (PND29:39=1.00±0.08:1.60±0.30 AU p<0.05) and PND 43 
(PND29:43=1.00±0.08:2.77±0.33 AU p<0.01) (Fig. 7A). The mRNA level of LH-β 
increased significantly at PND 43 (PND29:43=1.00±0.10:2.25±0.26 AU p<0.01). (Fig. 7B). 
The expression of FSH-β was similar to those of Cgα, significantly increased at PND 37 
(PNA29:37=1.00±0.10:1.27±0.34 AU p<0.05) and PND 43 (PND29:43=1.00±0.10:2.46±0.40 AU 
p<0.01) (Fig. 7C).

Fig. 4. ‌�Expression of GnRH (A), KiSS-1 (B) and GPR54 (C) genes in the hypothalamus. Total RNAs were used 
in RT-PCR carried out according to the manufacturer’s instructions. Sequences of the primers and the specific 
PCR conditions used in this study were successfully worked in the pilot study, and were listed in Tables 1 and 
2, respectively. The reaction products were analyzed by gel electrophoresis in 1.5% agarose gel (75 V, 65 min) 
and visualized by ethidium bromide staining. The band intensities were measured using the image analysis 
system (Imager Ⅲ-1D main software, Bioneer). GAPDH was used as an internal control. Bars indicate the 
mean value (±SE) of repeated experiments (n=6). * Significantly different from PND 29, p<0.05. ** Significantly 
different from PND 29, p<0.01. GnRH, gonadotropin-releasing hormone; RT-PCR, reverse transcription-
polymerase chain reactions; GAPDH, glyceraldehydes-3-phosphate dehydrogenase; PND, postnatal day. 
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DISCUSSION

The present study shows the rapid growth and maturation of reproductive organs immediately 
after VO, and dynamic changes in gene expression of the HP axis in peripubertal female rat. 
Expression profiles of known stimulatory and inhibitory signals (kisspeptin and GnIH, respectively) 
on the hypothalamic GnRH pulse generator had no prominent aspect. Interestingly, the expression 
profile of kisspeptin is very similar to that of GnRH, indicating direct connection of two neurons 
(Oakley et al., 2009). Generally speaking, our PCR results showed that most of the expression 
of hypothalamus and pituitary factors tended to increase after VO, and the patterns were rather 
unstable and no significant peak pattern such as LH surge shown in proestrus adults even in LH 
subunits expression.

According to the previous report the average VO day of SD strain rat is PND 35 (Rasier et 
al., 2006), and the first ovulation occurs within 5 days after VO (Urbanski & Ojeda, 1985). In 
the present study, date of VO was confirmed in 66% of all experimental animals at PND 37. The 

Fig. 5. ‌�Expression of GnIH (A) and GPR147 (B) genes in the hypothalamus. GAPDH was used as an 
internal control. Bars indicate the mean value (±SE) of repeated experiments (n=6). * Significantly 
different from PND 29, p<0.05. ** Significantly different from PND 29, p<0.01. GnIH, gonadotropin-
inhibitory hormone; GAPDH, glyceraldehydes-3-phosphate dehydrogenase; PND, postnatal day.

Fig. 6. ‌�Expression of neurokinin B (Tac, A) and neurokinin B receptor (TacR3, B) genes in the hypothalamus. 
GAPDH was used as an internal control. Bars indicate the mean value (±SE) of repeated experiments 
(n=6). * Significantly different from PND 29, p<0.05. ** Significantly different from PND 29, p<0.01. GAPDH, 
glyceraldehydes-3-phosphate dehydrogenase; PND, postnatal day.
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reason why VO was delayed by 2 days compared to the past report is due to the use of experimental 
animals born between November and January in the present study. It has been reported that 
puberty is delayed in low-temperature environments (Drickamer, 1990), and the animals born 
between December and February were delayed by about three days compared to those born 
between April and August in an environment where the light:dark cycle was set at 14:10 hours, and 
in other light:dark cycle animals born in January were also delayed by about three days compared to 
those born in August (Cohen & Mann, 1979). 

In the present study, the body weight increased significantly from PND 33, and the weight of 
reproductive tissues increased significantly after PND 37, which is just over the average VO. The 
initiation of puberty begins with the activation of GnRH neurons (Ojeda & Skinner, 2006), and LH 
and FSH are secreted from the pituitary by GnRH, inducing follicle development and ovulation in 
female reproductive organs (Brown & McNeilly, 1999). In rats, the uterine weight gains are occurred 
from the PND 21, meaning that the activation of the estrogen system begins (Hany et al., 1999). In 
the present study, the pubertal weight gains of reproductive organs seem to happen simultaneously 
with the activation of hypothalamus-pituitary-ovary (HPO) hormonal axis. E2 induces the growth 
and development of follicles (Goldenberg et al., 1972), and regulates P4 action by activating the 
expression of progesterone receptors (PRs) (Kastner et al., 1990). In a study comparing serum levels 
of E2 and P4 at PND 33 just before the onset of puberty and at PND 53 after puberty, there was no 

Fig. 7. ‌�Expression of Cgα (A), LH-β (B) and FSH-β (C) genes in the Pituitaries. GAPDH was used as 
an internal control. Bars indicate the mean value (±SE) of repeated experiments (n=6). * Significantly 
different from PND 29, p<0.05. ** Significantly different from PND 29, p<0.01. GAPDH, glyceraldehydes-
3-phosphate dehydrogenase; PND, postnatal day.
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significant difference in E2 level between PND 33 and PND 53 while 5 times higher in P4 level at 
PND 53 compared to level at PND 33 (Grote et al., 2006). In the present study, RIA revealed that 
both E2 and P4 levels showed a significant increase on PND 39 (p<0.01, respectively) immediately 
after the onset of puberty. Another report showed that kisspeptin-treated rats had delayed pubertal 
onset and reduced feed intake and body weight, suggests that kisspeptin may act as a mediator 
between reproductive and metabolic phenomena in rodents (Sathagopam et al., 2021).

Hypothalamic GnRH exhibits pulsatile secretion patterns, causes the secretion of gonadotropic 
hormones in the pituitary gland, and causes sex hormone secretion and gametogenesis in gonads (Conn 
& Crowley, 1994; Pfaff et al., 1994; Millar et al., 2004). In order for the puberty onset to take place 
normally, integrated regulation of various central and peripheral inputs, including the GnRH pulse 
generator in the hypothalamus, is required. The increased GnRH secretion in puberty is initiated and 
maintained by changes in the intersynaptic input and glial cell input into GnRH neurons (Guarraci 
et al., 2022; Ojeda & Terasawa, 2002; Ojeda et al., 2010). In 2003, mutation(s) of KiSS-1 and its 
receptor GPR54 was discovered in patients with thrombocytopenic hypogonadotropic hypogonadism, 
suggesting that kisspeptin-GPR54 signaling seems to be closely related to reproductive processes 
such as adolescent initiation and sexual maturity (de Roux et al., 2003; Seminara et al., 2003; Dungan 
et al., 2006; Roa et al., 2008; Oakley et al., 2009). When immature female rats were administered 
kisspeptin peptide through the intracerebroventricular (icv) injection from PND 26 to PND 31, the 
time to taken to initiate VO was shortened, the uterine weight was increased, and the serum levels 
of LH and E2 were increased compared to the control group. In addition, hypothalamic KiSS-1-
GPR54 were expressed at the highest levels during puberty (Navarro et al., 2004). The hypothalamic 
kisspeptin system is thought to play a role in transmitting promotional signals to GnRH neurons 
(Castellano et al., 2010). Indeed, kisspeptin-GPR54 signals play an important role in the regulation 
of the HPO axis in the hypothalamic neural circuit, and are closely related to the induction of GnRH 
pulse which increases during puberty. In our results expression profiles of GnRH and KiSS-1 showed 
a significantly increasing pattern after the VO, confirming that the kisspeptin-GPR54 signal plays a 
role in advancing sexual maturity with an increase in GnRH secretion.

Mutations in Tac and TacR3 were discovered in patients with hypogonadism, and it has been 
reported that NKB and NK3R play an important role in the regulation of reproductive function 
(Topaloglu et al., 2009). NKB is expressed in KiSS-1 neurons at ARC that produce GnRH 
pulse (Navarro & Tena-Sempere, 2011), and it has been reported that administration of NK3R 
antagonists in the period before and after puberty in female rats tends to delay the timing of VO 
and reduce LH levels (Navarro et al., 2012). In the present study, the expressions of Tac and TacR3 
similarly increased after the VO day. As Tac and TacR3 increase after the puberty onset, the Tac-
TacR3 system seems to be highly related to sexual maturity. 

Until the discovery of GnIH in avian brain, it was unclear about the presence of neuropeptide 
factors that inhibit the secretion of gonadotropic hormone (Tsutsui et al., 2000; Osugi et al., 
2004). In mammals, cDNA encoding RFamide peptide (RFRP-1) similar to GnIH in birds was 
discovered through genetic database search (Hinuma et al., 2000). It has since been reported that 
RFRP-1 plays a potential role in the regulation of prolactin secretion in the pituitary gland in 
mammals (Yoshida et al., 2003), and that RFRP-3 directly inhibits GnRH neurons in rodents 
(Ducret et al., 2009). As GnRH secretion was dynamically controlled by the interaction between 
GnIH and kisspeptin (Smith et al., 2008), GnIH in the GnRH neuronal circuit is presumed to act 
as an inhibitory signal against kisspeptin at the onset of puberty (Parent et al., 2003). Unexpectedly, 
our RT-PCR showed that GnIH-GPR147 expression profiles were similar to GnRH expression 
profile, not an opposite way. 

LH and FSH secreted from the pituitary gland are synthesized and secreted from glycoprotein 
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hormone-secreting cells in the anterior pituitary gland. LH and FSH act to stimulate follicle 
formation and ovulation in females (Brown & McNeilly, 1999). LH and FSH belong to the 
glycoprotein hormone family together with the pituitary hormone thyroid-stimulating hormone 
(TSH) and placental chorionic gonadotropin (CG), and are composed of two subunits α and β. In 
these dimeric hormones, α-subunits share in common, and their biological properties are determined 
by β-subunits those have the same characteristics of each hormone (Pierce & Parsons, 1981; Gharib 
et al., 1990). Our RT-PCR study demonstrated that Cgα significantly increased from PND 43. In 
the case of FSH-β, like Cgα, increased at PNDs 39 and 43. The increase in Cgα, LH-β, and 
FSH-β all after the onset of puberty is due to the increase in GnRH expression after the onset of 
puberty, and it is shown that the HPO axis is activated with the onset of puberty.

The most important factor controlling puberty in relation to eating was Leptin (Buchanan et al., 
1998; Cunningham et al., 1999), and Leptin increases the secretion of gonadotropins and increases 
the weight of the reproductive organs (Barash et al., 1996). There is an evidence that precocious 
puberty in humans may be related to obesity in adolescents (Ebling, 2005). In female rats, a study 
reported the VO period was shortened by about 5 days in the experimental group fed with high-fat 
diet (Lee et al., 2009). In addition, endocrine disruptors (EDCs) are known to delay or accelerate the 
onset of puberty (Colborn et al., 1993), and EDCs affect the development and reproduction of various 
animals, including humans, and can act directly on sex hormone receptors or affect the synthesis 
and metabolism of transcription factors (Toppari & Skakebek 1998; Takeyoshi et al., 2002). These 
effects can also affect the HPO axis, which is closely involved in the regulation of sexual maturation 
(Toppari, 2002). Abnormal adolescent initiation due to these factors can interfere with normal sexual 
maturation or cause a decrease in pregnancy rates in adulthood (Bates et al., 1982; Anderson, 1980).

The present study is the first step in identifying regulating factors with sequential expression 
pattern and puberty initiation. As a result of the study, it was confirmed that various signaling 
systems involved in the HP axis dynamically changed in female rats peripubertal period. These 
dynamic changes are thought to reflect the imperfections in the state of reproductive endocrine at 
the onset of puberty. In order to achieve a normal initiation of puberty, the activation of GnRH 
neurons and the dynamic interaction between the KiSS-1/GPR54 signaling and the GnIH/
GPR147 signaling seem to be crucial.

The fundamental identification of the mechanism of puberty initiation will be of great help for 
understanding reproduction. Furthermore, it could be able to provide a clue to medical and veterinary 
coping with abnormal initiation of puberty and accompanying abnormal symptoms (e.g., obesity).

REFERENCES 

Anderson BS (1980) Delayed menarche and amenorrhea in ballet dancers. N Engl J Med 
303:1125-1126.

Bangalore Krishna K, Witchel SF (2024) Normal puberty. Endocrinol Metab Clin North Am 
53:183-194.

Barash IA, Cheung CC, Weigle DS, Ren H, Kabigting EB, Kuijper JL, Clifton DK, Steiner RA 
(1996) Leptin is a metabolic signal to the reproductive system. Endocrinology 137:3144-3147.

Bates GW, Bates SR, Whitworth NS (1982) Reproductive failure in women who practice weight 
control. Fertil Steril 37:373-378.

Brown P, McNeilly AS (1999) Transcriptional regulation of pituitary gonadotrophin subunit genes. 
Rev Reprod 4:117-124.

Buchanan C, Mahesh V, Zamorano P, Brann D (1998) Central nervous system effects of leptin. 
Trends Endocrinol Metab 9:146-150.



Hypothalamus-Pituitary Axis in Peripubertal Rats

132  |  https://www.ksdb.org https://doi.org/10.12717/DR.2025.29.4.121

Castellano JM, Bentsen AH, Mikkelsen JD, Tena-Sempere M (2010) Kisspeptins: Bridging energy 
homeostasis and reproduction. Brain Res 1364:129-138.

Cohen IR, Mann DR (1979) Seasonal changes associated with puberty in female rats: Effect of 
photoperiod and ACTH administration. Biol Reprod 20:757-762.

Colborn T, vom Saal F, Soto A (1993) Developmental effects of endocrine-disrupting chemicals in 
wildlife and humans. Environ Health Perspect 101:378-384.

Conn PM, Crowley WF Jr (1994) Gonadotropin-releasing hormone and its analogs. Annu Rev 
Med 45:391-405.

Cunningham MJ, Clifton DK, Steiner RA (1999) Leptin’s actions on the reproductive axis: 
Perspectives and mechanisms. Biol Reprod 60:216-222.

de Roux N, Genin E, Carel JC, Matsuda F, Chaussain JL, Milgrom E (2003) Hypogonadotropic 
hypogonadism due to loss of function of the KiSS1-derived peptide receptor GPR54. Proc 
Natl Acad Sci USA 100:10972-10976.

Drickamer LC (1990) Environmental factors and age of puberty in female house mice. Dev 
Psychobiol 23:63-73.

Ducret E, Anderson GM, Herbison AE (2009) RFamide-related peptide-3, a mammalian 
gonadotropin-inhibitory hormone ortholog, regulates gonadotropin-releasing hormone neuron 
firing in the mouse. Endocrinology 150:2799-2804.

Dungan HM, Clifton DK, Steiner RA (2006) Minireview: Kisspeptin neurons as central processors 
in the regulation of gonadotropin-releasing hormone secretion. Endocrinology 147:1154-1158.

Ebling FJP (2005) The neuroendocrine timing of puberty. Reproduction 129:675-683.
Ebling FJP, Luckman SM (2008) RFAmide-related peptide: Another sexy peptide? Endocrinology 

149:899-901.
Gharib SD, Wierman ME, Shupnik MA, Chin WW (1990) Molecular biology of the pituitary 

gonadotropins. Endocr Rev 11:177-199.
Gianetti E, Seminara S (2008) Kisspeptin and KISS1R: A critical pathway in the reproductive 

system. Reproduction 136:295-301.
Goldenberg RL, Vaitukaitis JL, Ross GT (1972) Estrogen and follicle stimulating hormone 

interactions on follicle growth in rats. Endocrinology 90:1492-1498.
Gottsch ML, Cunningham MJ, Smith JT, Popa SM, Acohido BV, Crowley WF, Seminara S, 

Clifton DK, Steiner RA (2004) A role for kisspeptins in the regulation of gonadotropin 
secretion in the mouse. Endocrinology 145:4073-4077.

Grote K, Andrade AJM, Grande SW, Kuriyama SN, Talsness CE, Appel KE, Chahoud I (2006) 
Effects of peripubertal exposure to triphenyltin on female sexual development of the rat. 
Toxicology 222:17-24.

Guarraci FA, Avendano L, Kelly M, Estoesta C, Frohock B, Candelario I, Davis LK, Oevermann M, 
Sencherey B, Toro E, Valdivia HS, Gore AC (2022) Daily GnRH agonist treatment effectively 
delayed puberty in female rats without long-term effects on sexual behavior or estrous cyclicity. 
Physiol Behav. 2022 Oct 1;254:113879. 

Hany J, Lilienthal H, Sarasin A, Roth-Härer A, Fastabend A, Dunemann L, Lichtensteiger W, 
Winneke G (1999) Developmental exposure of rats to a reconstituted PCB mixture or aroclor 
1254: Effects on organ weights, aromatase activity, sex hormone levels, and sweet preference 
behavior. Toxicol Appl Pharmacol 158:231-243.

Hinuma S, Shintani Y, Fukusumi S, Iijima N, Matsumoto Y, Hosoya M, Fujii R, Watanabe 
T, Kikuchi K, Terao Y, Yano T, Yamamoto T, Kawamata Y, Habata Y, Asada M, Kitada C, 
Kurokawa T, Onda H, Nishimura O, Tanaka M, Ibata Y, Fujino M (2000) New neuropeptides 
containing carboxy-terminal RFamide and their receptor in mammals. Nat Cell Biol 2:703-708.



https://doi.org/10.12717/DR.2025.29.4.121 https://www.ksdb.org |  133

EY Jeon, SH Lee 

Irwig MS, Fraley GS, Smith JT, Acohido BV, Popa SM, Cunningham MJ, Gottsch ML, Clifton 
DK, Steiner RA (2005) Kisspeptin activation of gonadotropin releasing hormone neurons and 
regulation of KiSS-1 mRNA in the male rat. Neuroendocrinology 80:264-272.

Kastner P, Krust A, Turcotte B, Stropp U, Tora L, Gronemeyer H, Chambon P (1990) Two distinct 
estrogen‐regulated promoters generate transcripts encoding the two functionally different 
human progesterone receptor forms A and B. EMBO J 9:1603-1614.

Kinoshita M, Tsukamura H, Adachi S, Matsui H, Uenoyama Y, Iwata K, Yamada S, Inoue K, 
Ohtaki T, Matsumoto H, Maeda KI (2005) Involvement of central metastin in the regulation 
of preovulatory luteinizing hormone surge and estrous cyclicity in female rats. Endocrinology 
146:4431-4436.

Koysombat K, Tsoutsouki J, Patel AH, Comninos AN, Dhillo WS, Abbara A (2025) Kisspeptin 
and neurokinin B: Roles in reproductive health. Physiol Rev 105:707-764.

Kriegsfeld LJ, Mei DF, Bentley GE, Ubuka T, Mason AO, Inoue K, Ukena K, Tsutsui K, Silver R 
(2006) Identification and characterization of a gonadotropin-inhibitory system in the brains of 
mammals. Proc Natl Acad Sci USA 103:2410-2415.

Lee S, Jang Y, Lee Y, Seo H, No G, Lee S (2009) Advanced onset of puberty in high-fat diet-
fed immature female rats. Activation of KiSS-1 and GnRH expression in the hypothalamus. 
Korean Soc Dev Biol 13:183-190.

Maeda KI, Adachi S, Inoue K, Ohkura S, Tsukamura H (2007) Metastin/kisspeptin and control of 
estrous cycle in rats. Rev Endocr Metab Disord 8:21-29.

Millar RP, Lu ZL, Pawson AJ, Flanagan CA, Morgan K, Maudsley SR (2004) Gonadotropin-
releasing hormone receptors. Endocr Rev 25:235-275.

Navarro VM, Fernández-Fernández R, Castellano JM, Roa J, Mayen A, Barreiro ML, Gaytan 
F, Aguilar E, Pinilla L, Dieguez C, Tena-Sempere M (2004) Advanced vaginal opening and 
precocious activation of the reproductive axis by KiSS-1 peptide, the endogenous ligand of 
GPR54. J Physiol 561:379-386.

Navarro VM, Gottsch ML, Chavkin C, Okamura H, Clifton DK, Steiner RA (2009) Regulation 
of gonadotropin-releasing hormone secretion by kisspeptin/dynorphin/neurokinin B neurons 
in the arcuate nucleus of the mouse. J Neurosci 29:11859-11866.

Navarro VM, Ruiz-Pino F, Sánchez-Garrido MA, García-Galiano D, Hobbs SJ, Manfredi-Lozano 
M, León S, Sangiao-Alvarellos S, Castellano JM, Clifton DK, Pinilla L, Steiner RA, Tena-
Sempere M (2012) Role of neurokinin B in the control of female puberty and its modulation 
by metabolic status. J Neurosci 32:2388-2397.

Navarro VM, Tena-Sempere M (2011) Neuroendocrine control by kisspeptins: Role in metabolic 
regulation of fertility. Nat Rev Endocrinol 8:40-53.

Oakley AE, Clifton DK, Steiner RA (2009) Kisspeptin signaling in the brain. Endocr Rev 30:713-743.
Ojeda SR, Lomniczi A, Sandau U (2010) Contribution of glial-neuronal interactions to the 

neuroendocrine control of female puberty. Eur J Neurosci 32:2003-2010.
Ojeda SR, Skinner MK (2006) Puberty in the rat. In: Neill JD (ed), Knobil and Neill’s Physiology 

of Reproduction. 3rd ed. Academic Press, Amsterdam, Netherland, pp 1621-1681.
Ojeda SR, Terasawa E (2002) Neuroendocrine regulation of puberty. In: Pfaff DW (ed), Hormones, 

Brain and Behavior. Elsevier, pp 589-659.
Osugi T, Ukena K, Bentley GE, O’Brien S, Moore IT, Wingfield JC, Tsutsui K (2004) 

Gonadotropin-inhibitory hormone in Gambel’s white-crowned sparrow (Zonotrichia leucophrys 
gambelii): cDNA identification, transcript localization and functional effects in laboratory and 
field experiments. J Endocrinol 182:33-42.

Parent AS, Teilmann G, Juul A, Skakkebaek NE, Toppari J, Bourguignon JP (2003) The timing 



Hypothalamus-Pituitary Axis in Peripubertal Rats

134  |  https://www.ksdb.org https://doi.org/10.12717/DR.2025.29.4.121

of normal puberty and the age limits of sexual precocity: Variations around the world, secular 
trends, and changes after migration. Endocr Rev 24:668-693.

Pfaff DW, Schwanzel-Fukuda M, Parhar IS, Lauber AH, McCarthy MM, Kow LM (1994) 
GnRH neurons and other cellular and molecular mechanisms for simple mammalian 
reproductive behaviors. In: Proceedings of the 1992 Laurentian Hormone Conference. Recent 
Progress in Hormone Research, Academic Press, Cambridge, MA, pp 1-25.

Pierce JG, Parsons TF (1981) Glycoprotein hormones: Structure and function. Annu Rev Biochem 
50:465-495.

Plant TM, Barker-Gibb ML (2004) Neurobiological mechanisms of puberty in higher primates. 
Hum Reprod Update 10:67-77.

Rasier G, Toppari J, Parent AS, Bourguignon JP (2006) Female sexual maturation and reproduction 
after prepubertal exposure to estrogens and endocrine disrupting chemicals: A review of rodent 
and human data. Mol Cell Endocrinol 254–255:187-201.

Roa J, Aguilar E, Dieguez C, Pinilla L, Tena-Sempere M (2008) New frontiers in kisspeptin/GPR54 
physiology as fundamental gatekeepers of reproductive function. Front Neuroendocrinol 29:48-69.

Sathagopam S, Ullewar M, Harne R, Velmuruga S (2021) Chronic kisspeptin delays puberty and 
reduces feed intake and body weight in female rats. J Anim Rep Biotech 36:25-34.

Seminara SB, Messager S, Chatzidaki EE, Thresher RR, Acierno JS Jr , Shagoury JK, Bo-Abbas Y, 
Kuohung W, Schwinof KM, Hendrick AG, Zahn D, Dixon J, Kaiser UB, Slaugenhaupt SA, 
Gusella JF, O’Rahilly S, Carlton MBL, Crowley WF Jr, Aparicio SAJR, Colledge WH (2003) 
The GPR54 gene as a regulator of puberty. New Engl J Med 349:1614-1627.

Smith JT, Coolen LM, Kriegsfeld LJ, Sari IP, Jaafarzadehshirazi MR, Maltby M, Bateman K, 
Goodman RL, Tilbrook AJ, Ubuka T, Bentley GE, Clarke IJ, Lehman MN (2008) Variation 
in kisspeptin and RFamide-related peptide (RFRP) expression and terminal connections to 
gonadotropin-releasing hormone neurons in the brain: A novel medium for seasonal breeding 
in the sheep. Endocrinology 149:5770-5782.

Takeyoshi M, Yamasaki K, Sawaki M, Nakai M, Noda S, Takatsuki M (2002) The efficacy of 
endocrine disruptor screening tests in detecting anti-estrogenic effects downstream of receptor–
ligand interactions. Toxicol Lett 126:91-98.

Topaloglu AK, Reimann F, Guclu M, Yalin AS, Kotan LD, Porter KM, Serin A, Mungan NO, 
Cook JR, Ozbek MN, Imamoglu S, Akalin NS, Yuksel B, O’Rahilly S, Semple RK (2009) 
TAC3 and TACR3 mutations in familial hypogonadotropic hypogonadism reveal a key role for 
neurokinin B in the central control of reproduction. Nat Genet 41:354-358.

Toppari J (2002) Environmental endocrine disrupters and disorders of sexual differentiation. Semin 
Reprod Med 20:305-312.

Toppari J, Skakkebaek NE (1998) Sexual differentiation and environmental endocrine disrupters. 
Baillière’s Clin Endocrinol Metab 12:143-156.

Tsutsui K, Saigoh E, Ukena K, Teranishi H, Fujisawa Y, Kikuchi M, Ishii S, Sharp PJ (2000) A 
novel avian hypothalamic peptide inhibiting gonadotropin release. Biochem Biophys Res 
Commun 275:661-667.

Urbanski HF, Ojeda SR (1985) In vitro simulation of prepubertal changes in pulsatile luteinizing 
hormone release enhances progesterone and 17β-estradiol secretion from immature rat 
ovaries. Endocrinology 117:638-643.

Wakabayashi Y, Nakada T, Murata K, Ohkura S, Mogi K, Navarro VM, Clifton DK, Mori Y, 
Tsukamura H, Maeda KI, Steiner RA, Okamura H (2010) Neurokinin B and dynorphin A 
in kisspeptin neurons of the arcuate nucleus participate in generation of periodic oscillation 
of neural activity driving pulsatile gonadotropin-releasing hormone secretion in the goat. J 



https://doi.org/10.12717/DR.2025.29.4.121 https://www.ksdb.org |  135

EY Jeon, SH Lee 

Neurosci 30:3124-3132.
Yoshida H, Habata Y, Hosoya M, Kawamata Y, Kitada C, Hinuma S (2003) Molecular properties 

of endogenous RFamide-related peptide-3 and its interaction with receptors. Biochim Biophys 
Acta Mol Cell Res 1593:151-157.


