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Abstract. 	 Hypothalamic kisspeptin neurons are master regulators of mammalian reproduction via direct stimulation 
of gonadotropin-releasing hormone and consequent gonadotropin release. Here, we generated novel Kiss1 
(kisspeptin gene)-Cre rats and investigated the developmental changes and sex differences in visualized Kiss1 
neurons of Kiss1-Cre-activated tdTomato reporter rats. First, we validated Kiss1-Cre rats by generating Kiss1-
expressing cell-specific Kiss1 knockout (Kiss1-KpKO) rats, which were obtained by crossing the current Kiss1-Cre 
rats with Kiss1-floxed rats. The resulting male Kiss1-KpKO rats lacked Kiss1 expression in the brain and exhibited 
hypogonadotropic hypogonadism, similar to the hypogonadal phenotype of global Kiss1 KO rats. Histological analysis 
of Kiss1 neurons in Kiss1-Cre-activated tdTomato reporter rats revealed that tdTomato signals in the anteroventral 
periventricular nucleus (AVPV) and arcuate nucleus (ARC) were not affected by estrogen, and that tdTomato signals 
in the ARC, AVPV, and medial amygdala (MeA) were sexually dimorphic. Notably, neonatal AVPV tdTomato signals 
were detected only in males, but a larger number of tdTomato-expressing cells were detected in the AVPV and ARC, 
and a smaller number of cells in the MeA was detected in females than in males at postpuberty. These findings 
suggest that Kiss1-visualized rats can be used to examine the effect of estrogen feedback mechanisms on Kiss1 
expression in the AVPV and ARC. Moreover, the Kiss1-Cre and Kiss1-visualized rats could be valuable tools for 
further detailed analyses of sexual differentiation in the brain and the physiological role of kisspeptin neurons across 
the brain in rats.
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Kisspeptin is a neuropeptide encoded by the Kiss1 gene that plays 
an indispensable role in reproductive functions such as puberty 

onset, gametogenesis, and ovulation, via the direct stimulation of 
gonadotropin-releasing hormone (GnRH) secretion in the mammalian 
hypothalamus [1–4]. Pioneering studies by Seminara et al. and de 
Roux et al. demonstrated that mutations in GPR54 (kisspeptin receptor 
gene) caused hypogonadotropic hypogonadism in humans [5, 6]. 
Topaloglu et al. subsequently showed that a mutation of KISS1 also 
replicated hypogonadotropic hypogonadism in humans [7]. Kiss1 
global knockout (KO) rats [8] and mice [9,10] showed pubertal 
failure and infertility in both sexes. Kisspeptin administration potently 
stimulates gonadotropin release in all mammalian species, such as 
rodents [11–13], sheep [14], goats [15], cows [16], and primates [17], 
including humans [18]. These results suggest that kisspeptin neurons 
are targets for therapeutic approaches in hypothalamic reproductive 
disorders, such as premature ovarian failure and anovulation disease. 
Indeed, it has been reported that at least 25% of women suffer from 
reproductive disorders due to hypothalamic dysfunction [19–21].

The cell bodies of kisspeptin neurons are primarily located in 
two distinct regions of the rodent hypothalamus: the arcuate nucleus 
(ARC) and anteroventral periventricular nucleus (AVPV) [13, 22–25]. 
ARC kisspeptin neurons are involved in the generation of pulsatile 
GnRH/gonadotropin release, which controls gametogenesis and 
steroidogenesis in male and female rodents [26–32]. ARC kisspeptin 
neurons are a major site of gonadal steroid negative feedback that 
suppresses tonic (pulsatile) luteinizing hormone (LH) release because 
ARC kisspeptin neurons express estrogen receptor α (ERα) and 
estrogen downregulates ARC Kiss1 expression in female rats and 
mice [24, 33]. Estrogen failed to suppress ARC Kiss1 expression in 
kisspeptin neuron-specific ERα KO mice [34]. Notably, LH pulses 
and gonadectomy-induced increase in LH and follicle-stimulating 
hormone (FSH) completely disappeared in Kiss1 global KO male 
and female rats [8]. On the other hand, kisspeptin neurons in the 
AVPV in rodents or the preoptic area (POA) in other species are 
responsible for estrogen positive feedback that generates a GnRH/
LH surge to trigger ovulation in female mammals [2–4, 35]. Estrogen 
upregulates Kiss1 expression in AVPV/POA kisspeptin neurons in 
rodents [13, 24, 33, 36], pigs [37], and Japanese monkeys [38]. 
Estrogen activates AVPV/POA kisspeptin neurons in rats, goats, and 
Japanese monkeys [24, 38, 39] and fails to upregulate AVPV Kiss1 
expression in kisspeptin neuron-specific ERα KO mice [34]. Indeed, 
Kiss1 global KO rats fail to show spontaneous or estrogen-induced 
LH surge [8].

AVPV/POA kisspeptin neurons exhibit sexual dimorphism in 
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rodents and other mammals. A larger number of AVPV/POA kisspeptin 
neurons are found in adult females than in males in mice [40, 41], 
rats [36, 42], and Japanese monkeys [38]. The sexual dimorphism of 
AVPV kisspeptin neurons is responsible for sex differences in their 
ability to exert a GnRH/LH surge induced by the preovulatory level of 
estrogen in rodents. Estrogen largely induces AVPV Kiss1/kisspeptin 
expression and triggers an LH surge in female rats, but not in male 
rats [42]. Notably, AVPV kisspeptin neurons play a physiological 
role in male rats because mating behavior increases the number of 
AVPV kisspeptin neurons in male rats [43]. AVPV Kiss1 expression 
was examined in adult animals in most studies. On the other hand, 
some studies reported AVPV Kiss1 expression on postnatal Day 11 
in female and male rats [44] and postnatal Day 10 in female and 
male mice [45]. Notably, kisspeptin-immunoreactive (IR) cells were 
evident from embryonic Day 17 (E17) to postnatal Day 1 in the 
AVPV of male mice, but few kisspeptin-IR cells were found in the 
AVPV of female mice during the perinatal and prepubertal periods 
[46]. Pre- and postnatal AVPV Kiss1 induction in male rodents may 
be due to the enhanced effect of estrogen derived from perinatal 
testosterone in rodents [47].

ARC kisspeptin neurons do not exhibit any apparent sexual 
dimorphism. ARC kisspeptin expression is evident during the late 
embryonic period in rodents of both sexes. Kisspeptin-IR cells 
were found in the ARC of female and male mice at E13 [48], and 
in female and male rats at E14.5 [49]. The physiological role of the 
embryonic or perinatal ARC Kiss1/kisspeptin has not been clarified 
in female rodents, but neonatal ARC Kiss1/kisspeptin expression is 
responsible for the neonatal testosterone surge in male rodents [50], 
which masculinizes the male rodent brain [47]. Notably, ARC Kiss1/
kisspeptin expression is suppressed during the prepubertal period 
in female rats, and an increase in ARC Kiss1/kisspeptin expression 
triggers puberty onset [51, 52].

Kiss1 expression has also been reported in several brain regions of 
adult male and female rats and mice, including the medial amygdala 
(MeA) [53]. MeA kisspeptin neurons may modulate behavioral 
responses to olfactory cues, sexual partner preferences, and anxiety 
[54, 55]. Weak Kiss1 expression was reported in the ventromedial 
nucleus of the hypothalamus (VMH) on postnatal Days 7 and 19 in 
male and female rats [44], and a small number of Kiss1/kisspeptin-IR 
cells were detected in the VMH of adult rats [56]. Our previous study 
revealed that Kiss1-tdTomato rats show little tdTomato fluorescence 
in the VMH of adult female rats [8]. However, the physiological role 
of Kiss1 cells in the VMH is not yet fully understood.

Kiss1 neurons were reported in the lateral septum (LS) [57] in 
γ-aminobutyric acid (GABA) B1 receptor KO male and female 
mice, but few Kiss1 neurons were detected in the LS of either sex 
of wild-type mice. Kisspeptin-IR cell bodies are also found in the 
bed nucleus of the stria terminalis (BNST) of male and female rats 
[56] and Kiss1-expressing cells are found in the BNST of mice of 
both sexes [57]. Kisspeptin-IR cell bodies were also found in the 
dorsal part of the dorsomedial nucleus (DMD) of male and female 
rats [58] and female mice [59], as well as the posterior hypothalamus 
(PH) of female mice [60]. Kisspeptin-IR fibers were detected in the 
paraventricular nucleus (PVN), reticular thalamic nucleus (Rt), medial 
POA (MPOA), retrochiasmatic area (RCh) [58], and medial tuberal 
nucleus (MTu) of female rats [56] and the MPOA [60] and PVN 
[41, 59, 60] of male and female mice. Kiss1-Cre reporter signals 
were detected in the cortex of female mice [61]. However, little is 
known about the physiological role of Kiss1/kisspeptin neurons 
in the brain nuclei, except for the AVPV and ARC, because weak 
Kiss1 expression in most of these nuclei, such as the MeA, VMH, 

LS, and BNST, makes it difficult to detect Kiss1-expressing cells. 
Therefore, genetically engineered Kiss1-visualized rats could be 
a useful model to investigate the physiological roles of potential 
Kiss1/kisspeptin neurons in these nuclei because Kiss1-visualized 
rats allow us to identify potential kisspeptin neurons by tdTomato 
fluorescence, regardless of Kiss1/kisspeptin expression.

The present study generated novel Kiss1-Cre rats and investigate 
developmental changes and sex differences in visualized Kiss1 neurons 
in Kiss1-Cre-activated tdTomato reporter rats. First, we validated 
Kiss1-Cre rats by generating Kiss1-expressing cell-specific Kiss1 
knockout (Kiss1-KpKO) rats, which were obtained by crossing Kiss1-
Cre rats with Kiss1-floxed rats [26]. The resulting male Kiss1-KpKO 
rats were subjected to the evaluation of reproductive indicators, such 
as testicular weights, ARC Kiss1 expression, pulsatile LH release 
and pituitary Lhb, Fshb and Gnrhr mRNA expression. We examined 
sex differences in the distribution and number of kisspeptin neurons 
in the brain during several developmental periods using Kiss1-Cre-
activated tdTomato reporter rats. We generated Kiss1-visualized rats 
by crossing Kiss1-Cre rats with Cre-dependent tdTomato reporter rats 
[LE-Tg(Gt(ROSA)26SorCAG-tdTomato)24Jfhy] [62]. The resulting 
Kiss1-visualized female rats underwent histological analysis by 
double staining for Kiss1 expression and tdTomato immunoreactivity 
to examine whether tdTomato signals co-localized with Kiss1-
expressing cells in the AVPV and ARC. Kiss1-Cre-activated tdTomato 
fluorescence signals were examined in adult gonadectomized male 
and female rats treated with or without estrogen to confirm whether 
tdTomato fluorescence was detectable in an estrogen-independent 
manner. The tdTomato signals were examined in the hypothalamic 
and extra-hypothalamic areas of male and female rats during several 
developmental periods, such as postnatal Days 1 and 7, 3 weeks 
(prepubertal), 7 weeks (postpubertal), and 10–13 weeks (adulthood), 
to determine developmental changes and sex differences in tdTomato-
positive cells. We further analyzed sex differences in the distribution 
and number of tdTomato-positive cells in detail in the AVPV, where 
kisspeptin neurons exhibit sexual dimorphism.

Materials and Methods

A detailed description of the methodologies, including the gen-
eration of gene-modified rats, radioimmunoassay, qRT‒PCR and 
histological analysis, is provided in the Supplementary Material.

Results

Kiss1-KpKO male rats obtained by crossing newly generated 
Kiss1-Cre rats with Kiss1-floxed rats showed hypogonadotropic 
hypogonadism

We generated Kiss1-Cre rats in which the Cre recombinase was 
inserted into the endogenous Kiss1 locus by homologous recom-
bination (Fig. 1A and Supplementary Fig. 1). To confirm that the 
Cre-loxP system functions in Kiss1-expressing cells in Kiss1-Cre rats, 
Kiss1-Cre rats were crossed with Kiss1-floxed rats (Fig. 1B) [26]. No 
Kiss1-expressing cells were detected in the ARC of castrated (Cast) 
Kiss1-KpKO male rats (n = 4), whereas many Kiss1-expressing cells 
were found in the ARC of Cast Cre (–)/Kiss1-floxed control male rats 
(n = 4) during adulthood (8 weeks of age) (Figs. 1C, D). Cast Cre 
(–)/Kiss1-floxed control adult male rats showed frequent LH pulses, 
whereas Cast Kiss1-KpKO adult male rats showed severe suppression 
of pulsatile LH release (Fig. 1E). The mean LH levels and LH pulse 
frequency in Cast Kiss1-KpKO male rats were significantly lower 
than those in Cre (–)/Kiss1-floxed control male rats (n = 4) (P < 0.05; 
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Fig. 1.	 Kiss1-expressing neuron-specific Kiss1 knockout (Kiss1-KpKO) male rats obtained by crossing newly generated Kiss1-Cre rats with Kiss1-floxed 
rats showed hypogonadotropic hypogonadism. (A) Structures of the targeting vector for the generation of Kiss1-Cre rats, the wild-type Kiss1 
allele, and the targeted Kiss1 allele with a neomycin resistance (Neo) selection cassette, resulting from replacement at dotted lines. Structure of 
the targeted Kiss1 allele without Neo resulting from enhanced flippase (FLPe)-flippase recognition target (FRT) recombination in rat embryonic 
stem (ES) cells. A diphtheria toxin A (DTA) expression cassette in the targeting vector was used for negative selection. (B) Schematic illustration 
showing the generation of Kiss1-KpKO rats. To generate Kiss1-KpKO rats and Cre (–)/Kiss1-floxed control rats, Kiss1-Cre heterozygous rats were 
crossed with Kiss1-flox homozygous rats. (C) Kiss1 mRNA-expressing cells in the ARC of a representative Cast Cre (–)/Kiss1-floxed control rat 
(left) and Kiss1-KpKO rat (right) in adulthood. Scale bars, 100 µm. (D) The numbers of Kiss1 mRNA-expressing cells in the ARC of Cast Cre (–)/
Kiss1-floxed control rats and Kiss1-KpKO rats in adulthood. (E) Plasma LH profiles in a representative Cast Cre (–)/Kiss1-floxed control rat (left) 
and Kiss1-KpKO rat (right) in adulthood. Arrowheads indicate LH pulses identified by the PULSAR computer program. Mean LH concentration 
(F) and the frequency (G) of LH pulses in Cast Cre (–)/Kiss1-floxed control rat and Kiss1-KpKO rats in adulthood. Pituitary Lhb (H), Fshb (I), and 
Gnrhr (J) mRNA expression. (K) Photographs of testes obtained from a representative Cre (–)/Kiss1-floxed control rat (left) and Kiss1-KpKO rat 
(right) in adulthood. Scale bars, 10 mm. (L) Testicular weights in Kiss1-KpKO rats and Cre (–)/Kiss1-floxed control rats in adulthood. Sample size, 
n = 4. Values are the means ± SEMs. * Significant difference between groups (P < 0.05, Welch’s t test). See also Supplementary Fig. 1.
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Figs. 1F, G). Furthermore, pituitary Lhb, Fshb, and Gnrhr mRNA 
expression levels were significantly lower in Cast Kiss1-KpKO 
male rats than in Cast Cre (–)/Kiss1-floxed control male rats (P < 
0.05; Figs. 1H, I, J). The testes of Kiss1-KpKO rats were smaller 
than those of Cre (–)/Kiss1-floxed control rats (Fig. 1K), and the 
testicular weights of Kiss1-KpKO rats were significantly lower than 
those of Cre (–)/Kiss1-floxed control rats (n = 4) (P < 0.05; Fig. 
1L). These findings suggest that the Cre-loxP system functions in 
Kiss1-expressing cells in the current Kiss1-Cre rats.

Colocalization of Kiss1 and Kiss1-Cre-activated tdTomato-
IR signals and the lack of the effect of estrogen on tdTomato 
fluorescence signals in the AVPV and ARC of Kiss1-visualized 
rats

Theoretically, cells that have expressed Kiss1/Cre at least once 
should persistently express tdTomato fluorescence following Cre 
recombination, regardless of Kiss1 expression in Kiss1-Cre-activated 
tdTomato reporter rats. To confirm that tdTomato fluorescence 
co-localized with Kiss1 in the AVPV and ARC, we used in situ 
hybridization for Kiss1 expression and immunohistochemistry for 
tdTomato-IR. Immunohistochemistry for tdTomato was used only for 
double staining, because tdTomato fluorescence could not be detected 
after Kiss1 in situ hybridization. A number of Kiss1-expressing 
and tdTomato-IR cells were found in the AVPV of estradiol-17β 
(E2)-treated ovariectomized (OVX) adult (8–16 weeks of age) female 
rats (Fig. 2, A and B). Most (82.0 ± 3.0%) Kiss1-expressing cells 
co-expressed tdTomato-IR signals in the AVPV, and approximately 
half (49.8 ± 4.3%) of tdTomato-IR cells co-expressed Kiss1 signals 
in the AVPV of the E2-treated OVX female rats (Fig. 2C). Many 
Kiss1-expressing and tdTomato-IR cells were found in the ARC of 
adult OVX female rats (Fig. 2, D and E), and most (86.4 ± 1.3%) 
Kiss1-expressing cells co-expressed tdTomato-IR signals in the ARC 
of OVX female rats (Fig. 2F). Approximately two-thirds (68.3 ± 
7.1%) of tdTomato-IR cells co-expressed Kiss1 signals in the ARC 
of OVX female rats (Fig. 2F).

To confirm that circulating E2 did not affect tdTomato expression 
in the AVPV and ARC, we compared the number of AVPV and ARC 
tdTomato fluorescence-positive cells in OVX females and Cast 
males with and without E2 treatment in adulthood (8–16 weeks of 
age). Many tdTomato fluorescence-positive cells were found in the 
AVPV of OVX and Cast rats regardless of E2 treatment (Fig. 2, G 
and H), whereas Kiss1 expression was found only in the AVPV of 
E2-treated OVX rats (Fig. 2I). E2 treatment did not significantly 
affect the number of AVPV tdTomato fluorescence-positive cells in 
the OVX females or Cast males (Fig. 2H). The number of tdTomato 
fluorescence-positive cells in the AVPV was significantly higher in 
females than in males, regardless of E2 treatment (P < 0.05; Fig. 
2H). Detailed analyses of the distribution of AVPV tdTomato cells 
revealed that the number of tdTomato fluorescence-positive cells in 
the medial part of the AVPV (0–100 µm lateral to the third ventricle 
[3V]) was significantly higher in females than in males, regardless of 
E2 treatment (Fig. 2J), whereas no sex difference was found in the 
number of tdTomato fluorescence-positive cells in the lateral part of 
the AVPV (100–300 µm lateral to the 3V). Notably, colocalization 
of Kiss1 and tdTomato-IR signals was primarily found in the medial 
part of the AVPV of E2-treated OVX females (0–100 µm lateral to 
the 3V) (Supplementary Fig. 2).

Many tdTomato fluorescence-positive cells were found in the 
ARC of OVX and Cast rats, regardless of E2 treatment (Fig. 2, 
K and L), whereas Kiss1-expressing cells were found only in the 
ARC of OVX and Cast rats without E2 treatment (Fig. 2M). E2 

treatment did not significantly affect the number of ARC tdTomato 
fluorescence-positive cells in OVX females or Cast males. The 
number of tdTomato fluorescence-positive cells in the ARC was 
significantly higher in female rats than in male rats, regardless of 
E2 treatment (P < 0.05, Fig. 2L). Many ARC Kiss1-expressing cells 
were found in OVX and Cast rats, and E2 treatment significantly 
reduced these numbers (P < 0.05; Fig. 2M).

Developmental increase and sex difference in Kiss1-Cre-
activated tdTomato fluorescence signals in the AVPV and ARC 
with earlier AVPV tdTomato expression in males and higher 
AVPV and ARC tdTomato expression in females during the 
postpubertal period

To examine sex differences in the distribution and number of 
potential kisspeptin neurons during the developmental periods, we 
compared the number of tdTomato fluorescence-positive cells in the 
AVPV and ARC between females and males on postnatal Days 1 and 
7, and 3 (prepubertal), 7 (postpubertal), and 10–13 weeks (adulthood) 
of age in gonad-intact rats. Few AVPV tdTomato-positive cells were 
found on postnatal Days 1 and 7 in female rats, and many AVPV 
tdTomato fluorescence-positive cells were found at 3, 7, and 10–13 
weeks of age when the females were in the diestrus phase (Fig. 3A). 
Notably, AVPV tdTomato fluorescence-positive cells were found on 
postnatal Days 1 and 7 and thereafter (3, 7, and 10–13 weeks of age) 
in male rats. The number of AVPV tdTomato fluorescence-positive 
cells significantly increased in both sexes during the developmental 
period and was significantly higher in females than in males at 7 
and 10–13 weeks of age (P < 0.05; Fig. 3B). In the ARC, tdTomato 
fluorescence-positive cells were found in gonad-intact female and 
male rats on postnatal Day 1 and thereafter (Day 7 and 3, 7, and 
10–13 weeks of age) (Fig. 3C). The number of ARC tdTomato 
fluorescence-positive cells increased significantly in both sexes with 
increasing age and was significantly higher in females than in males 
at 7 and 10–13 weeks of age (P < 0.05; Fig. 3D).

Developmental increase and sex difference in Kiss1-Cre-
activated tdTomato fluorescence signals in the MeA of rats 
with higher MeA tdTomato expression in males than in 
females in the postpubertal period

Because we found a large number of tdTomato fluorescence-
positive cells in the MeA region of Kiss1-visualized rats, we examined 
Kiss1 expression and tdTomato fluorescence signals in the MeA of 
gonadectomized adult male and female rats in the presence or absence 
of E2. No Kiss1-expressing cells were detected in the MeA of OVX 
females and Cast males regardless of E2 treatment (Figs. 4A and 4B); 
however, some Kiss1-Cre-activated tdTomato fluorescence-positive 
cells were detected in the MeA of both sexes regardless of E2 treatment 
in adulthood (Fig. 4C). E2 treatment did not significantly affect the 
number of MeA tdTomato fluorescence-positive cells in OVX females 
or Cast males (Fig. 4D). Notably, the number of MeA tdTomato 
fluorescence-positive cells was significantly higher in males than 
in females (P < 0.05; Fig. 4D).

We further examined the developmental changes and sex differences 
in the number of tdTomato fluorescence-positive cells in the MeA of 
gonad-intact male and female rats. No tdTomato fluorescence-positive 
cells were found in the MeA of either sex on postnatal Days 1 or 
7, whereas tdTomato-positive cells were found in the MeA of both 
sexes at 3 weeks of age and thereafter (7 and 10–13 weeks of age) 
(Fig. 4E). The number of MeA tdTomato fluorescence-positive cells 
significantly increased in both sexes with increasing age and was 
significantly higher in males than in females at 7 and 10–13 weeks 
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Fig. 2.	 Colocalization of Kiss1 and Kiss1-Cre-activated tdTomato-immunoreactive (IR) signals and lack of estrogen effect on tdTomato fluorescence 
signals in the anteroventral periventricular nucleus (AVPV) and arcuate nucleus (ARC) of rats. (A) An illustrated brain section showing the AVPV 
highlighted in magenta. (B) Kiss1 mRNA-expressing (green) and tdTomato-IR (magenta) cells in the AVPV of a representative ovariectomized 
(OVX) rat treated with a positive feedback level of estradiol-17β (E2) in adulthood (8–16 weeks of age). Insets are magnified images showing a 
representative Kiss1 and tdTomato-IR double-positive cell (indicated by arrowheads in main images). (C) The number of Kiss1-expressing (green), 
tdTomato-IR (magenta), or double-positive (striped) cells in the AVPV of OVX+E2 rats in adulthood. (D) An illustration of the brain section 
showing the ARC highlighted in magenta. (E) Kiss1-expressing (green) and tdTomato-IR (magenta) cells in the ARC of a representative OVX 
rat in adulthood. (F) The number of Kiss1-expressing (green), tdTomato-IR (magenta), or double-positive (striped) cells in the ARC of OVX rats 
in adulthood. (G) Kiss1-Cre-activated tdTomato fluorescence in the AVPV of representative OVX and castrated (Cast) rats with or without E2 in 
adulthood. (H and I) The numbers of (H) tdTomato fluorescence-positive cells and (I) Kiss1-expressing cells in the AVPV of OVX and Cast rats 
with or without E2 in adulthood. (J) The number of tdTomato fluorescence-positive cells in every 50-µm layer (from the medial to lateral) of the 
AVPV of OVX and Cast rats with or without E2. (K) Kiss1-Cre-activated tdTomato fluorescence in the ARC of representative OVX and Cast rats 
with or without E2 in adulthood. (L and M) The number of (L) tdTomato fluorescence-positive cells and (M) Kiss1-expressing cells in the ARC of 
OVX and Cast rats with or without E2 in adulthood. Sample size, n = 3. Scale bars, 100 µm. 3V, third ventricle. Values are the means ± SEMs. * 
Significant difference between sexes (P < 0.05, two- or three-way ANOVA followed by Tukey‒Kramer’s multiple comparisons test). † Significant 
difference by E2 treatment (P < 0.05, two-way ANOVA followed by Tukey‒Kramer’s multiple comparisons test). See also Supplementary Fig. 2.
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Fig. 3.	 Developmental increases and sex differences in Kiss1-Cre-activated tdTomato fluorescence signals in the AVPV and ARC with earlier AVPV 
tdTomato expression in males and higher AVPV and ARC tdTomato expression in females during the postpubertal period. (A) Kiss1-Cre-
activated tdTomato fluorescence in the AVPV of representative gonad-intact female and male rats at postnatal Days 1 and 7, and 3 (prepubertal), 
7 (postpubertal), and 10–13 weeks (adulthood) of age (in the diestrus phase for 7- and 10–13-week-old females). Insets are magnified images 
showing a representative Kiss1-Cre-activated tdTomato fluorescence-positive cell (indicated by arrowheads in main images). (B) Developmental 
changes in the number of tdTomato fluorescence-positive cells in the AVPV of gonad-intact female and male rats. (C) Kiss1-Cre-activated 
tdTomato fluorescence in the ARC of representative gonad-intact female and male rats. (D) Developmental changes in the number of tdTomato 
fluorescence-positive cells in the ARC of female and male rats. Sample size, n = 3. Scale bars, 100 µm. Values are the means ± SEMs. Values 
with different letters (a–c for females and w–z for males) are significantly different between ages (P < 0.05, two-way ANOVA followed by Tukey‒
Kramer’s multiple comparisons test). * Significant difference between sexes (P < 0.05, two-way ANOVA followed by Tukey‒Kramer’s multiple 
comparisons test).
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of age (P < 0.05; Fig. 4F).

Developmental increase but no sex difference in Kiss1-Cre-
activated tdTomato fluorescence signals in the VMH of female 
and male rats

We also examined Kiss1 expression and tdTomato fluorescence 
signals in the VMH of male and female rats, because we found a 
large number of tdTomato fluorescence-positive cells in the VMH 
of Kiss1-visualized rats. Few Kiss1-expressing cells were detected 
in the VMH of adult OVX females and Cast males, regardless of E2 

treatment (Figs. 5A and 5B), whereas a large number of tdTomato 
fluorescence-positive cells were found in the VMH of adult rats of 
both sexes (Fig. 5C). No sex differences or estrogen effects were 
observed in the number of tdTomato fluorescence-positive cells in 
the VMH (Fig. 5D).

We also examined developmental changes and sex differences in the 
number of VMH tdTomato fluorescence-positive cells in gonad-intact 
male and female rats. Few VMH tdTomato fluorescence-positive 
cells were found in both sexes at postnatal Days 1 and 7, whereas 
many VMH tdTomato fluorescence-positive cells were found in 

Fig. 4.	 Developmental increases and sex differences in Kiss1-Cre-activated tdTomato fluorescence signals in the medial amygdala (MeA) of rats with 
higher MeA tdTomato expression in males than in females in the postpubertal period. (A) An illustrated brain section showing the MeA highlighted 
in magenta. (B) Few Kiss1-expressing cells were detected in the MeA of OVX and Cast rats with or without E2 in adulthood (8–16 weeks of 
age). (C) Kiss1-Cre-activated tdTomato fluorescence in the MeA of representative OVX and Cast rats with or without E2 in adulthood. Insets 
are magnified images showing a tdTomato fluorescence-positive cell (indicated by arrowheads in main images). (D) The numbers of tdTomato 
fluorescence-positive cells in the MeA of OVX and Cast rats with or without E2 in adulthood. (E) Kiss1-Cre-activated tdTomato fluorescence-
positive cells in the MeA of representative gonad-intact female and male rats at postnatal Days 1 and 7, and 3 (prepubertal), 7 (postpubertal), and 
10–13 weeks (adulthood) of age (in the diestrus phase for 7- and 10–13-week-old females). (F) Developmental changes in the number of tdTomato-
positive cells in the MeA of gonad-intact female and male rats. Sample size, n = 3. Scale bars, 100 µm. Values are the means ± SEMs. * Significant 
difference between sexes (P < 0.05, two-way ANOVA followed by Tukey‒Kramer’s multiple comparisons test). Values with different letters (a–b 
for females and x–z for males) are significantly different (P < 0.05, two-way ANOVA followed by Tukey‒Kramer’s multiple comparisons test).
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both sexes at 3 weeks and thereafter (7 and 10–13 weeks of age) 
(Fig. 5E). The number of VMH tdTomato fluorescence-positive 
cells increased significantly in both sexes during the developmental 
period (P < 0.05; Fig. 5F), and no sex differences were observed in 
the number of VMH tdTomato fluorescence-positive cells throughout 
the developmental stages (Fig. 5F). Notably, we found weak Kiss1 
mRNA signals at 19 days of age in female and male gonad-intact 
rats (Fig. 5G), suggesting that transient Kiss1 expression in the 
VMH during the prepubertal phase (19 days of age) triggers VMH 
tdTomato expression in both sexes.

Exploration of Kiss1-Cre-activated tdTomato-IR signals in 
other forebrain regions of the female rats

We also examined Kiss1-Cre-activated tdTomato and Kiss1 mRNA 
signals in other brain regions of female rats using double-stained 
forebrain sections for Kiss1 mRNA and tdTomato-IR. Kiss1-Cre-
activated tdTomato-IR cells were found in the cortex (Fig. 6A), LS 
dorsal part (LSD, Fig. 6B), LS ventral part (LSV, Fig. 6C), BNST 
medial division anterior part (STMA, Fig. 6D), MPOA (Fig. 6E), 
Rt (Fig. 6F), lateroanterior hypothalamic nucleus (LA, Fig. 6G), 
RCh (Fig. 6H), MTu (Fig. 6I), DMD (Fig. 6J), and PH (Fig. 6K) in 

Fig. 5.	 Developmental increases but no sex differences in Kiss1-Cre-activated tdTomato fluorescence signals in the ventromedial nucleus of the 
hypothalamus (VMH) of female and male rats. (A) An illustrated brain section showing the VMH highlighted in magenta. (B) No Kiss1-expressing 
cells were detected in the VMH of OVX and Cast rats with or without E2 in adulthood (8–16 weeks of age). (C) Kiss1-Cre-activated tdTomato 
fluorescence-positive cells in the VMH of representative OVX and Cast rats with or without E2 in adulthood. Insets are magnified images showing 
tdTomato-positive cells (indicated by arrowheads in the main images). (D) The number of tdTomato-positive cells in the VMH of OVX and Cast 
rats with or without E2 in adulthood. (E) Kiss1-Cre-activated tdTomato fluorescence-positive cells in the VMH of representative gonad-intact 
female and male rats at postnatal Days 1 and 7, and 3 (prepubertal), 7 (postpubertal), and 10–13 weeks (adulthood) of age (in the diestrus phase 
for 7- and 10–13-week-old females). (F) Developmental changes in the number of tdTomato-positive cells in the VMH of gonad-intact female and 
male rats. (G) Kiss1-expressing cells in the VMH of representative female and male rats on postnatal Day 19. Insets are magnified images showing 
Kiss1-expressing cells. Sample size, n = 3. Scale bars, 100 µm. Values are the means ± SEMs. Values with different letters (a–d for females and 
w–z for males) are significantly different (P < 0.05, two-way ANOVA followed by Tukey‒Kramer’s multiple comparisons test).
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adult OVX + E2 female rats. However, the Kiss1 mRNA was not 
detected in these regions. Dense tdTomato-IR fibers were observed 
in the medial part of the PVN in OVX + E2 female rats (Fig. 6L).

Discussion

The present study demonstrated the successful generation of 
Kiss1-Cre rats exhibiting genetically induced hypogonadotropic 
hypogonadism by crossing them with Kiss1-floxed rats. Specifically, 
adult Kiss1-KpKO male rats presented atrophic testes and lacked ARC 
Kiss1 expression, with severe suppression of LH release even after 
castration and profound suppression of pituitary Lhb, Fshb, and Gnrhr 
mRNA expression. These findings suggest that Cre recombinase in the 
Kiss1-Cre rats successfully knocked out the Kiss1 gene in Kiss1-floxed 
rats, resulting in a hypogonadotropic hypogonadism phenotype similar 
to that observed in global Kiss1 KO rats [63]. Using Kiss1-Cre rats, 
we generated genetically modified rats with Kiss1-Cre-triggered cells 
visualized by tdTomato fluorescence in various brain regions and 
found that most of the Kiss1-expressing cells co-expressed tdTomato 
immunoreactivity in the AVPV of E2-treated OVX rats and the ARC 
of non-E2-treated OVX rats in adulthood. Notably, E2 treatment 
did not affect tdTomato fluorescence signals during adulthood. The 

numbers of tdTomato fluorescence-positive cells in the AVPV and 
ARC were comparable between OVX and E2-treated OVX rats. In 
contrast, the number of AVPV Kiss1-expressing cells was decreased 
by ovariectomy, whereas E2 treatment decreased the number of 
ARC Kiss1-expressing cells in OVX Kiss1-Cre-activated tdTomato 
reporter rats. These results suggest that AVPV and ARC kisspeptin 
neurons can be identified by tdTomato fluorescence, regardless of 
E2-induced changes in Kiss1 expression. The potential kisspeptin 
neurons visualized by tdTomato fluorescence provide a useful tool 
for investigating the mechanism mediating the downregulation of 
Kiss1/kisspeptin expression because Kiss1-visualized rats allowed 
us to identify potential kisspeptin neurons by tdTomato fluorescence 
regardless of Kiss1 and kisspeptin expression. To the best of our 
knowledge, this is the first study to report the generation of Kiss1-
Cre rats, which are useful for investigating the physiological and 
molecular mechanisms regulating kisspeptin neurons as key players 
in mammalian reproduction.

The current developmental analysis of Kiss1-Cre-activated 
tdTomato fluorescence-positive cells revealed that AVPV tdTomato 
expression during the early postnatal period, such as 1 or 7 days 
after birth, was found only in male rats, and that these tdTomato 
fluorescence-positive cells remained until adulthood (10–13 weeks of 

Fig. 6.	 Exploration of Kiss1-Cre-activated tdTomato-IR signals in other regions of the female rat forebrain. TdTomato-IR cells in the (A) cortex, (B) LSD, 
(C) LSV, (D) STMA, (E) MPOA, (F) Rt, (G) LA, (H) RCh, (I) MTu, (J) DMD, and (K) PH in representative OVX+E2 female rats in adulthood (8–
16 weeks of age). Note that no Kiss1 mRNA signals were detected in these nuclei by in situ hybridization. (L) The tdTomato-IR fibers in the PVN 
in a representative OVX+E2 female rat in adulthood. Insets are magnified images showing tdTomato-IR positive cells (indicated by arrowheads in 
the main images). LSD, lateral septal nucleus dorsal part; LSV, lateral septal nucleus ventral part; STMA, bed nucleus of the stria terminalis medial 
division anterior part; MPOA, medial preoptic area; Rt, reticular thalamic nucleus; LA, lateroanterior hypothalamic nucleus; RCh, retrochiasmatic 
area; MTu, medial tuberal nucleus; DMD, dorsal part of dorsomedial hypothalamic nucleus; PH, posterior hypothalamus; PVN, paraventricular 
hypothalamic nucleus. Scale bars, 100 µm.
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age). This result suggests that Kiss1 mRNA is transiently expressed 
in the AVPV of male rats and that kisspeptin neurons in the AVPV 
survive until the adult stage, when Kiss1 expression is strongly 
suppressed by the organizing effect of perinatal testosterone in 
male rats. Perinatal testosterone likely transiently induces AVPV 
Kiss1 expression and irreversibly inhibits AVPV Kiss1 expression in 
male rats. In contrast, the earliest AVPV tdTomato fluorescence was 
observed at 3 weeks of age in females, and the number of tdTomato 
fluorescence-positive cells gradually increased by adulthood (10–13 
weeks of age). The pubertal increase in the number of tdTomato 
fluorescence-positive cells was largely consistent with the increase 
in AVPV Kiss1-expressing cells in female rats, as reported in our 
previous study, which showed an increase in the number of AVPV 
Kiss1-expressing cells at puberty onset and thereafter in female 
rats [52]. Notably, compared to male rats, female rats showed a 
significantly greater number of tdTomato fluorescence-positive 
cells in the medial part of the AVPV region along the edge of 3V. 
This finding suggests that Kiss1 neurons in the medial part of the 
AVPV are responsible for inducing a GnRH/LH surge in response 
to preovulatory estrogen in female rats. This hypothesis is consistent 
with our previous study showing that a preovulatory level of E2 
induces Kiss1 expression in the medial part of the AVPV, which is 
associated with an E2-induced LH surge in OVX rats and neonatally 
castrated male rats [42].

Kiss1-Cre-activated tdTomato fluorescence-positive cells in the 
ARC were found in the perinatal period (1 day of age) and thereafter 
in female and male rats, suggesting that ARC Kiss1 expression is 
initiated in the perinatal period in both sexes. This result is consistent 
with a previous study showing that kisspeptin immunoreactivity is 
evident at E14.5 in female and male rats [49]. The number of ARC 
tdTomato fluorescence-positive cells continuously increased to the 
adult stage (10–13 weeks of age) in female rats, but was stable after 
puberty (7, 10–13 weeks of age) in male rats, which suggests that 
greater numbers of potential ARC kisspeptin neurons exist in female 
rats than in males in adulthood (10–13 weeks of age). This result is 
consistent with a previous study, which found a larger number of ARC 
kisspeptin neurons in gonad-intact female rats than in gonad-intact 
male rats during adulthood [64]. Notably, Kiss1/kisspeptin expression 
is largely suppressed by gonad-derived steroids during the prepubertal 
period in female rats [51]. Therefore, the current visualized potential 
ARC kisspeptin neurons would be a useful tool to investigate the 
inhibitory mechanism of the steroid-dependent prepubertal restraint 
of ARC Kiss1/kisspeptin expression in rodents.

Notably, in the present study, Kiss1 mRNA signals were not 
detected in a large population of tdTomato fluorescence-positive 
cells, even in the AVPV of OVX females treated with a positive 
feedback level of E2, and in the ARC of OVX female rats without 
E2 treatment. This suggests that many potential kisspeptin neurons 
lacking Kiss1 expression still exist in the nuclei of adult female 
rats. Alternatively, tdTomato expression driven by a strong CAG 
promoter allowed us to easily detect tdTomato signals, even if Kiss1 
mRNA expression was undetectable in some kisspeptin neurons. In 
this context, the coexistence of Kiss1 and tdTomato signals may be 
detected through an increase in the sensitivity of in situ hybridization 
for Kiss1. Notably, a small population of Kiss1-expressing cells 
failed to show tdTomato immunoreactivity in the AVPV and ARC 
in female rats. Theoretically, cells that have expressed Kiss1/Cre 
at least once should exhibit persistent tdTomato expression after 
Kiss1 expression in Kiss1-Cre-activated tdTomato reporter rats. We 
speculated that the tdTomato-IR signals might be below the threshold 
for tdTomato immunohistochemistry in some Kiss1-expressing 

cells. Improvement of the methodology to detect Kiss1 mRNA and 
tdTomato immunoreactivity may solve the inconsistency between 
Kiss1-expressing and tdTomato-IR cells in the future.

The current study found a large number of Kiss1-Cre-activated 
tdTomato fluorescence-positive cells in the MeA of adult male and 
female rats, while Kiss1 mRNA signals were rarely detected in the 
nucleus. This suggests that potential MeA Kiss1 neurons can be 
easily detected using the tdTomato signal as an indicator. The earliest 
tdTomato fluorescence signals in the MeA were observed at 3 weeks 
of age, and the number of MeA tdTomato-positive cells increased 
thereafter in the adult stage (10–13 weeks of age). The number of MeA 
tdTomato fluorescence-positive cells showed sex differences, with a 
larger number of tdTomato-positive cells in males than in females. 
This result is largely consistent with previous studies, which found 
that the number of MeA Kiss1 neurons was higher in male rats than 
in female rats [53] and that the number of MeA Kiss1-expressing 
cells increased throughout development in male mice [65]. MeA 
kisspeptin neurons receive neuronal projections from the accessory 
olfactory bulb (AOB), where pheromonal information from the 
vomeronasal organ is relayed [54]. A previous study showed that 
selective activation of the posterior dorsal subnucleus of the MeA 
(MePD) kisspeptin neurons by the DREADD system enhanced sexual 
partner preference and social interaction and decreased anxiety in male 
mice [55]. Taken together, the potential kisspeptin neurons visualized 
by tdTomato fluorescence provide a useful tool for investigating 
the role of MeA kisspeptin neurons as modulators of behavioral 
responses to pheromones in male rodents.

The present study found a large number of Kiss1-Cre-activated 
tdTomato fluorescence-positive cells in the VMH of female and male 
rats, suggesting that potential kisspeptin neurons are abundantly 
located in the VMH. Previous studies showed Kiss1 promoter-
dependent tdTomato fluorescence in the VMH of adult female rats 
[8], and Kiss1 expression in the VMH of adult OVX female rats 
treated with high-dose E2 [56]. The current study detected weak 
Kiss1 expression on postnatal Day 19 in both sexes of wild-type 
rats as reported in a previous study [44]. These findings suggest 
that an increase in sex steroids released from the gonads during the 
prepubertal period (around postnatal Day 19) triggers Kiss1-Cre-
activated tdTomato fluorescence in the VMH because plasma E2 
levels increase in female and male rats at 2 weeks of age [66–68]. 
Interestingly, there was no obvious Kiss1-Cre-dependent reporter 
gene expression in the VMH of Kiss1-Cre mice [40], suggesting 
species-specific differences in VMH Kiss1 expression. Taken together, 
Kiss1 was temporally expressed in the VMH during the prepubertal 
period and Kiss1 expression was turned off in most potential VMH 
kisspeptin neurons in rats. Further studies are required to clarify the 
physiological role of kisspeptin neurons in the VMH of both sexes.

The current study demonstrates that a large number of potential 
kisspeptin cells visualized by Kiss1-Cre-activated tdTomato exist in 
several other regions of the rat forebrain. Specifically, tdTomato-IR 
cell bodies were detected in the cortex, LS, BNST, MPOA, RCh, 
Mtu, DMD, and PH, where Kiss1 and/or Kiss1-Cre reporter signals 
were previously reported in mice and rats [56, 57, 61]. TdTomato-IR 
fibers were detected in the medial part of the PVN and kisspeptin-IR 
fibers were reported in the mouse brain [41, 59, 60]. Therefore, the 
current Kiss1-Cre-activated tdTomato reporter rats may be useful 
models for investigating kisspeptin neuronal projections that cannot 
be examined using Kiss1 in situ hybridization. The current study also 
showed tdTomato-IR cell bodies in the Rt and LA, where Kiss1- and/
or kisspeptin-positive cells have not been previously reported. Further 
studies are needed to clarify the physiological roles of potential 
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kisspeptin neurons originating from the cortex, LS, BNST, MPOA, 
RCh, Mtu, DMD, and PH, and neurons projecting to the PVN.

In conclusion, the present study demonstrated that the newly 
generated Kiss1-Cre rats and Kiss1-Cre-activated tdTomato reporter 
rats could be useful tools for further detailed analyses of potential 
Kiss1/kisspeptin neurons across the brain. Specifically, AVPV and ARC 
kisspeptin neurons identified by tdTomato fluorescence, regardless 
of E2 levels, could be used to investigate the mechanisms mediating 
the positive and negative effects of E2 on Kiss1/kisspeptin expression 
in the AVPV and ARC, respectively. Furthermore, Kiss1-Cre rats 
have an advantage over Kiss1-Cre mice because of their larger body 
size, which enables frequent blood sampling to detect LH pulses and 
E2-induced LH surges, and the monitoring of activities of ARC or 
AVPV kisspeptin neurons using Kiss1-Cre-dependent expression of 
calcium indicators, such as GCaMP. Moreover, the current Kiss1-Cre 
rats may also be used to investigate the physiological role of kisspeptin 
neurons located in brain regions other than the AVPV and ARC, 
because Kiss1-Cre-activated tdTomato fluorescence-positive cells 
are more easily detected than Kiss1 mRNA signals. In addition, 
Kiss1-Cre-dependent infection of tracer genes, such as sensor probe 
genes, and/or the deletion of certain genes using the Cre/loxP system 
in potential Kiss1 neurons in Kiss1-Cre rats would provide powerful 
tools to further improve our understanding of the role of kisspeptin 
neurons as master regulators of mammalian reproduction.
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