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ABSTRACT 

Kisspeptin, a product of the Kiss1 gene is considered a potent stimulator of gonadotropin 

release, by interacting with its receptor, the G protein-coupled receptor 54. Kiss1 neurons are 

known to mediate the positive and negative feedback effects of oestradiol on GnRH neurons 

that control the pulsatile and surge secretion of GnRH. While in spontaneously ovulating 

mammals the GnRH/LH surge is initiated by a rise in ovarian oestradiol secreted from maturing 

follicles, in induced ovulators, the primary trigger is the mating stimulus. Damaraland mole rats 

(Fukomys damarensis) are cooperatively breeding, subterranean rodents that exhibit induced 

ovulation. We have previously described in this species the distribution and differential 

expression pattern of Kiss1-expressing neurons in the hypothalamus of males and females. Here 

we examine whether oestradiol (E2) regulates the hypothalamic Kiss1 expression in a similar 

way as described for spontaneously ovulating rodent species. By means of in situ hybridisation, 

we measured Kiss1 mRNA among groups of ovary-intact, ovariectomized (OVX) and OVX 

females treated with E2 (OVX+E2). In the arcuate nucleus (ARC), Kiss1 expression increased 

after ovariectomy and decreased with E2 treatment. In the preoptic region, Kiss1 expression 

after gonadectomy was similar to the level of wild-caught gonad-intact controls, but was 

dramatically upregulated with E2 treatment. The data suggest that, similar to other species, 

Kiss1 neurons in the ARC, which are inhibited by E2, play a role in the negative feedback 

control on GnRH release. The exact role of the Kiss1 neuron population in the preoptic region, 

which is stimulated by E2, remains to be determined. 
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1. INTRODUCTION  

The secretion of gonadotropin-releasing hormone (GnRH) from the hypothalamus into the 

portal vasculature, which in turn stimulates the release of the gonadotropins luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH) from the anterior pituitary is essential 

for the regulation of mammalian reproductive function (Pohl and Knobil 1982). The 

predominant mode of GnRH secretion is the pulsatile release, which is critical for gonadal 

development and normal regulation of the ovarian cycle. The surge mode, on the other hand, 

generates a massive release of GnRH and subsequently LH to induce ovulation. These two 

modes underlie different feedback effects of gonadal steroid hormones (Goodman 2015; 

Herbison 2015). The GnRH surge in spontaneously ovulating mammals is brought about by the 

positive feedback action of rising ovarian oestradiol levels at the end of the follicular phase of 

the female cycle. In induced ovulators, it is the sensory stimulus associated with mating that 

leads to the activation of the GnRH neurons and to the GnRH surge, which results in the pre-

ovulatory LH surge (Bakker and Baum 2000; Kauffman and Rissman 2006). As GnRH neurons 

do not express steroid hormone receptors, the positive and negative feedback action of 

oestradiol is mediated through other, steroid hormone-sensitive neurons that project to GnRH 

neurons (Wintermantel et al. 2006; Herbison 2008).  

Kisspeptin (Kiss1), a member of the RF-amide peptide family, has been identified as a 

strong activator of GnRH neurons (Gottsch et al. 2004; Navarro et al. 2004; Messager et al. 

2005) and a key regulator of GnRH and LH secretion (for review, see Kauffman 2022). Kiss1-

expressing neuron populations have been found mainly in two regions of the hypothalamus, in 

the preoptic area and in the arcuate nucleus (ARC). In rodents such as mice, rats and hamsters, 

the rostral population is located in the anteroventral periventricular nucleus (AVPV) and 

adjacent periventricular nucleus (PeN). In female rodents, the kisspeptin neurons in the 

AVPV/PeN are thought to mediate the oestradiol (E2)-induced GnRH/LH surge, while those in 

the ARC are thought to control GnRH pulses through negative feedback action of E2 (for 
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review, see Smith 2013). This positive and negative feedback regulation is mediated by 

oestrogen receptor α (ERα), which is coexpressed in both populations of Kiss1 neurons (Smith 

et al. 2005; Poling et al. 2017). Indeed, in rodents and sheep it was shown that Kiss1 gene 

expression in both regions is differentially regulated by steroid hormones. In ovariectomized 

females, Kiss1 expression in the AVPV/PeN is greatly reduced while oestradiol treatment leads 

to an upregulation of Kiss1 mRNA. The opposite pattern is seen in the ARC. In the ARC, 

ovariectomy stimulates Kiss1 expression and oestradiol treatment reverses this effect (Smith et 

al. 2005, 2007; Gottsch et al. 2009). 

African mole-rats (family Bathyergidae) are subterranean rodents, which show a wide 

variety of social organization, from strictly solitary to highly social such as naked mole-rats 

(Heterocephalus glaber) and Damaraland mole-rats (Fukomys damarensis, Bennett and 

Faulkes 2000). Damaraland mole-rats are cooperative breeders, which live in groups with an 

average group size of 11 individuals. Reproduction is partitioned unequally among group 

members with dominant individuals monopolizing breeding opportunities (Bennett and Jarvis 

1988). In cooperative breeders, the high reproductive skew is maintained by reproductive 

suppression of subordinate group members (Keller and Reeve 1994). In the Damaraland mole-

rat, reproduction is monopolized by a single female (queen) in each group and subordinates, 

which are the offspring of the breeding pair, constitute the work force and help with colony 

maintenance, foraging and raising the offspring (Bennett and Jarvis 1988). Subordinate females 

in the presence of the queen are anovulatory (Molteno and Bennett 2000). Damaraland mole-

rats are induced ovulators and anovulation in subordinate females occurs through a lack of 

copulation (Voigt et al. 2021). It is likely that such females remain in a prepubertal stage until 

virgin mating occurs. In musk shrews (Suncus murinus), the latter has been shown to activate 

ovarian steroidogenesis, thereby priming the hypothalamic-pituitary-gonadal (HPG) axis and 

inducing the onset of puberty (Rissman 1992). In relation, non-reproductive female Damaraland 

mole-rats possess significantly less Kiss1-expressing cells and a reduced Kiss1 mRNA content 
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per cell in the ARC compared to reproductively active females (Voigt and Bennett 2018). In 

the preoptic hypothalamus, however, Kiss1-expressing cells are scarce and restricted to a few 

cells scattered around the AVPV, with no differences between reproductive and non-

reproductive females (Voigt and Bennett 2018). This contrasts with findings in other rodents 

such as rats and mice, where females show moderate levels of Kiss1 expression in this region 

(Smith et al. 2005; Kauffman et al. 2007). Furthermore, a study in another mole-rat species, the 

naked mole-rat, using immunocytochemistry reported substantial kisspeptin immunoreactivity 

in the AVPV/PeN, with breeding females having significantly more kisspeptin-ir cells than non-

breeding females (Zhou et al. 2013). Moreover, these authors reported that gonadectomy had 

no effect on kisspeptin immunoreactivity in either the ARC or AVPV/PeN. This result is 

somewhat surprising because in a wide variety of other animals such as other rodents, sheep, 

pigs and primates, gonadectomy significantly affects the hypothalamic Kiss1 expression (for 

review, see Goodman 2022). In most of these species, coexpression of Kiss1 and ERα has been 

confirmed, which supports the view that Kiss1 neurons mediate the feedback actions of ovarian 

oestradiol on GnRH neurons through ERα signaling (Franceschini et al. 2006; Adachi et al. 

2007; Clarkson et al 2008; Poling et al 2017). A study using quantitative PCR confirmed 

hypothalamic ERα expression in naked mole-rats and showed that breeding females have 

increased levels of ERα compared to subordinate females (Swift-Gallant et al. 2015), similar 

findings, using in situ hybridisation have been obtained by us in Damaraland mole-rats (Voigt 

et al. 2014). Based on these conflicting data, the objective of the present study was to determine 

whether the hypothalamic Kiss1 mRNA expression in female Damaraland mole-rats is 

regulated by oestradiol. Therefore, we used in situ hybridisation to compare the Kiss1 mRNA 

expression in groups of intact wild-caught, ovariectomized (OVX) and OVX females receiving 

oestradiol replacement. 
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2. MATERIALS AND METHODS 

2.1. Animals 

Adult female Damaraland mole-rats (Fukomys damarensis) were used. The study comprises 

four groups of animals: 1) non-reproductive females subjected to ovariectomy (OVX; N=7); 2) 

non-reproductive females subjected to ovariectomy and oestradiol replacement (OVX+E2; 

N=7); 3) wild-caught reproductive females (breeder, syn. queen, N=7); 4) wild-caught non-

reproductive females (non-breeder, N=7). The animals subjected to ovariectomy originated 

from the breeding stock of the University of Pretoria. Mole-rat colonies were kept under 

12L:12D cycle at 25° in plastic containers (1.0m x 0.5m x 0.5m) containing wood shavings and 

were provided with nesting material and perspex tubes for environmental enrichment. They 

were fed on sweet potato, gem squash and apples. In each colony, the reproductive status was 

determined for all adult females. Females were considered breeders if they had produced a litter 

previously in captivity, or were identified based on the presence of a perforate vagina and 

prominent teats. Non-breeders were discerned by their non-perforate vagina. (Bennett & Jarvis, 

1988). Each colony only contained one queen. After ovariectomy, females were kept singly 

until sacrifice. Wild-caught animals were obtained from colonies of mole rats that were 

captured in July and August 2020 near the village of Black Rock, Northern Cape, South Africa 

(27°7´S, 22°50´E) with Hickman live-traps under permission from Northern Cape Nature 

Conservation authorities. All animals were kept in their original colonies until sacrifice. Queens 

could be readily distinguished from non-reproductive females by the presence of a perforate 

vagina and prominent teats. None of the females was pregnant at the time of sacrifice. At the 

time of brain collection, body weight of all animals was recorded to the nearest gram. All 

experimental procedures were approved by the University of Pretoria Animal Ethics Committee 

(EC043-17, EC013-18). 
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2.2. Ovariectomy and E2 replacement 

Ovaries were removed from female Damaraland mole-rats under isoflurane anaesthesia by a 

registered veterinarian. Immediately afterwards, E2-filled silastic capsules were implanted 

subcutaneously via a small incision at the base of the neck. The implants were made from 

Silastic tubing (Helix Medical, Carpinteria, CA, USA; inner diameter: 1.47mm, outer diameter: 

1.96 mm), packed with crystalline 17ß-estradiol (Sigma E8875) and sealed with silicone. The 

dose of E2 had been determined in a preliminary study. Implants had a length of 8mm. The 

tubing length refers to the length of the tubing actually filled with hormone. Before 

implantation, silastic capsules were washed with 100% ethanol and immersed in 0.9% saline 

overnight. All females in the OVX group received empty implants. 

 

2.3. Experimental design 

The purpose of the study was to examine the effects of OVX and E2 replacement on the Kiss1 

mRNA expression within the hypothalamus. Two experimental groups of females were used. 

These were females subjected to ovariectomy (OVX group) and females subjected to 

ovariectomy and E2 replacement (OVX+E2). Two groups of females served as controls, 

reproductively-active females (breeder) and non-reproductive females (non-breeder). We have 

previously shown that reproductive status affects the hypothalamic Kiss1 expression (Voigt and 

Bennett 2018). In the morning of day 8 after ovariectomy, females were killed by decapitation. 

Trunk blood was collected for the oestradiol 17β assay. The wild-caught females that served as 

controls were killed within one day of capture. 

 

2.4. Brain histology 

Mole-rats were killed by decapitation, brains were dissected out of the skull, immediately 

frozen on dry ice and stored at -80°C until used. Before sectioning, brain weight was recorded 

to the nearest milligram. Frozen brains were cut on a cryostat into 20 µm coronal sections. The 
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plane of the sections was adjusted to match as closely as possible the plane of the rat brain 

atlas30 Sections were mounted onto Superfrost Plus slides (Menzel-Gläser, Braunschweig, 

Germany) in six different series, so that one series of slides contained a section every 120 µm. 

In situ hybridization was carried out for the localization of Kiss1 mRNA.  

 

2.5. Cloning of cDNA probes 

The cloning of the Kiss1 sequence has been described in detail previously (Voigt and Bennett 

2018). The cloned Kiss1 sequence [GenBank: KY081957] is 277 bp in length and encompasses 

72 bp of the coding region and 205 bp of the 5’ untranslated region.  

 

2.6. In situ hybridization 

The expression of Kiss1 in brain sections was detected with antisense RNA probes labeled with 

35S-CTP. Labelling of the probes with 35S-CTP (1250 Ci/mmol; Perkin Elmer, Rodgau, 

Germany) was performed using the Riboprobe System (Promega). Our in situ hybridization 

procedure followed a previously published protocol (Whitfield et al. 1990) with modifications 

as described elsewhere (Gahr and Metzdorf 1997). Signal detection was done via emulsion 

autoradiography, which allows the study of gene expression at the cellular level. With this 

technique, the number of silver grains overlying single cells is related to the radioactivity 

concentration and therefore represents an estimate of the target mRNA content per cell. To 

localize autoradiographic silver grains, sections were processed with NTB photographic 

emulsion (Carestream Health, Stuttgart, Germany). Exposure time was 7 days. Sections were 

developed with Kodak Dektol Developer and Kodak Fixer and counterstained with thionin. 

Brain sections from both groups of females were run through the entire procedure at the same 

time to avoid any possible effect of small differences in procedures on the observed group 

differences. We have previously demonstrated that there is no signal with the radiolabeled sense 

probe (Voigt and Bennett 2018, 2021).  
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2.7. Blood sampling and hormone assays 

Upon decapitation of the animal, trunk blood was collected into heparin-coated collection tubes. 

Blood samples were centrifuged, the plasma collected and frozen at –40°C until the hormone 

assay was conducted. The oestradiol 17β assay was performed as described (Ngalameno et al. 

2017) using the Coat-a-Count MG 12101 oestradiol kit (IBL International GmbH Hamburg, 

Germany). The assay involved non-extraction and measured native hormone. The cross-

reactivity of the antibody to all naturallyoccurring steroids was <0.2% except for oestrone (1%),  

oestriol (0.6%) and ethinylestradiol (0.2%). The intra-assay coefficient of variation for repeated 

measures of a quality control was 6.1% and sensitivity of the assay was 2.7 pg/ml. The 

oestradiol 17β assay has previously been validated for F. damarensis (Voigt and Bennett 2018).  

 

2.8. Data analysis 

Slides were analysed under darkfield illumination with a Leitz Aristoplan microscope (Leitz 

Wetzlar,Germany) and images were video digitized using a PC equipped with an image analysis 

system (SPOT, vs. 5.2, Visitron Systems, Germany). Before analysis, sections of all animals 

were anatomically matched according to the anterior commissure (AC) at the level where it 

reaches its largest extension. The complete signal for Kiss1 was analysed in adjacent sections 

along the rostro-caudal axis throughout the hypothalamus. This comprised for the preoptic 

hypothalamus covering the AVPV and the PeN on average between 6 to 16 sections depending 

on treatment group. For the tuberal hypothalamus covering the ARC it comprised on average 

between 12 to 16 sections. Kiss1-expressing cells were identified by isolated clusters of silver 

grains overlying cells as described previously (Voigt and Bennett 2021; Fig. 1A, B). As semi-

quantitative estimate of mRNA content, the number of silver grains over individual cells was 

determined. On each section, the number of Kiss1-positive cells were counted and the silver 

grain density overlying each cell was measured  (Chowen et al. 1991; Burton et al. 1992). Grain 

counting on clusters of silver grains was performed manually with a 40x objective under 
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darkfield illumination. On the digitized images, the centre of each grain cluster was located and 

silver grains were assigned to the cell if they were found within a 30-µm radius from the centre 

of the grain cluster otherwise they were counted as background. The number of silver grains 

was counted in the 60-µm diameter circular measurement area that was drawn on the digitized 

images using the built-in function of the image analysis software. To obtain an estimate of the 

background grain density, similar measurements were carried out on the same section in an area 

considered not to express the gene of interest. Cells were considered labelled when the number 

of silver grains in a cluster exceeded that of background by 3-fold. The number of silver grains 

assigned to the cell was adjusted by subtracting the number of silver grains assigned to the 

background. For each animal, the number of Kiss1-positive cells and the average number of 

silver grains/cell was determined and these values were combined to give group means. 

 

Figure 1. Darkfield photomicrographs of an ovariectomized female (OVX) showing the hybridisation signal for 

Kiss1 in the ARC. The boxed area in panel A is shown under higher magnification in panel B to illustrate the 

clusters of silver grains (marked by arrows). Abbreviations: ARC, arcuate nucleus; 3V, third ventricle. Scale bars: 

A = 100 µm; B = 50 µm. 

 

2.9. Statistical analysis 

Statistical analyses were carried out using JMP software. Data are presented as means ± SEM. 

Morphological differences between groups were analyzed with One-Way-ANOVA. Body 

weight changes in the experimental animals during the 7-day treatment period were analysed 
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with paired t-tests. Because plasma E2 levels were not normally distributed and transformation 

was not feasible, nonparametric statistics were used (Siegel and Castellan 1988). Hormone 

levels were compared among groups with Kruskal–Wallis test and planned post hoc 

comparisons using Dunn’s test. For analysis of Kiss1 gene expression, a REML-model was 

employed with treatment (OVX, OVX+E2, breeder, non-breeder) and brain region (AVPV/PeN 

vs. ARC) as fixed factors and animal ID as random factor. Post hoc analyses were performed 

with the Tukey HSD test. All tests were two-tailed and the significance level was fixed at 

p<0.05. Data are presented as means ± SEM. 

 

3. RESULTS 

3.1. Morphological measurements and plasma E2 

The four groups of females differed in body weight (F3,24=6.97, P=0.002). Wild-caught non-

reproductive females were significantly lighter than wild-caught reproductive females (Tukey’s 

post hoc test, P<0.05) and females treated with E2 (OVX+E2; Tukey’s post hoc test, P<0.01, 

Fig. 2). During the 7-day treatment period no significant changes in body weight occurred in 

the experimental animals (OVX: t=0.97, df=6, P=0.37; E2: t=0.13, df=6, P=0.90). No 

significant group differences were found in brain mass (F3,24=1.40, P=0.266). Plasma E2 levels 

were, as expected, significantly different between groups (Kruskal–Wallis H = 17.53; P = 

0.0005). OVX+E2 females had significantly higher E2 levels than OVX females (3.17±0.17 

ng/ml vs. 0.03±0.02 ng/ml; P<0.05). Both wild-caught reproductive and non-reproductive 

females had E2 levels that were close to the detection limit of the assay (0.009±0.005 ng/ml vs. 

0.008±0.003 ng/ml) and were not significantly different from OVX females (P=0.82).  



 12

 

Figure 2. Body weight (g) of ovariectomized females (OVX), ovariectomized females treated with E2 (OVX+E2) 

and wild-caught breeding and non-breeding females. For each region, values without common letters differ 

significantly. 

 

3.2. Distribution of Kiss1 mRNA 

In all groups of females, Kiss1-expressing cells were found in two hypothalamic regions, the 

preoptic area and the ARC (Fig. 3). Within the preoptic area, wild-caught control females, 

irrespective of reproductive status, had very low Kiss1 expression, which was restricted to few 

cells scattered throughout the AVPV (Fig. 3 G, H). However, in E2-treated females, Kiss1-

expression in this region was dramatically increased and extended to the adjacent 

periventricular nucleus (PeN, Fig. 3 F, J). The data presented for the preoptic area therefore 

comprise both regions the AVPV and the PeN. Within the ARC, nearly all Kiss1-expressing 

cells were found in the caudal part of the nucleus. Labelling was not found in other brain 

regions.  
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Figure 3. Darkfield photomicrographs illustrating the expression of Kiss1 in the caudal ARC and in the preoptic 

hypothalamus covering the AVPV/PeN of an ovariectomized female (OVX; A, E, I), an ovariectomized female 

treated with E2 (OVX+E2; B, F, J), a wild-caught breeding female (breeder; C, G, K) and a wild-caught non-

breeding female (non-breeder; D, H, L). In E-H, the anterior commissure is to the top. Abbreviations: ARC, arcuate 

nucleus; AVPV, anteroventral periventricular nucleus; PeN, periventricular nucleus; 3V, third ventricle.  

 

3.3. Effect of OVX and E2 treatment on Kiss1 expression 

The total number of Kiss1-expressing cells in the AVPV/PeN and in the ARC differed 

significantly between the four groups of females (treatment: F3,22.4=19.17, P<0.0001; region: 

F1,22.2=133.14, P<0.0001; interaction: F3,22.2=45.39, P<0.0001, Fig. 4). In the ARC, wild-caught 

reproductive females had nearly three times more Kiss1-expressing cells compared to wild-

caught non-reproductive females (P<0.01). OVX increased the number of Kiss1-expressing 

cells by 1.3-fold compared to reproductive controls (P>0.05) and by 3.6-fold compared to non-

reproductive controls (P<0.01). Treatment with E2 reversed this effect (OVX vs. OVX+E2, 

P<0.01; Fig. 4A). In the AVPV/PeN, opposite results were obtained. In both groups of wild-

caught controls, very few Kiss1-expressing cells were found. OVX females remained at the 
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same level as the control females. Treatment with E2 lead to a 30-fold increase of Kiss1 cell 

number (OVX+E2 vs. all other groups, P<0.001, Fig. 4A).  

A similar pattern as for the total number of Kiss1-expressing cells was seen for the Kiss1 

mRNA content per cell (treatment: F3,24.0=12.43, P<0.0001; region: F1,23.6=17.14, P=0.0004; 

interaction: F3,23.6=50.00, P<0.0001, Fig. 4). In the ARC, both groups of wild-caught females 

had similar levels of Kiss1 mRNA expression per cell (P>0.05). OVX increased the cellular 

content of Kiss1 mRNA by 2-fold compared to the wild-caught controls (P<0.01). Treatment 

with E2 reversed this effect (OVX+E2 vs. all other groups, P<0.001, Fig. 4B). In the 

AVPV/PeN, OVX females had similarly low Kiss1 mRNA content per cell as both wild-caught 

controls. Treatment with E2 lead to a 3-fold increase (OVX+E2 vs. all other groups, P<0.001, 

Fig. 4B). 

 

Figure 4. Total number of Kiss1-expressing cells (A) and the average number of silver grains per cell (an estimate 

for the Kiss1 mRNA content, B) in the ARC and the AVPV/PeN of ovariectomized females (OVX), 
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ovariectomized females treated with E2 (OVX+E2) and wild-caught breeding and non-breeding females. For each 

region, values without common letters differ significantly. 

 

4. DISCUSSION 

We have demonstrated in an induced ovulator, the Damaraland mole-rat, that kisspeptin 

neurons in the ARC and in the AVPV/PeN of females are differentially regulated by E2. In the 

ARC, E2 inhibits Kiss1 expression while in the AVPV/PeN it stimulates Kiss1 expression. 

Conversely, when E2 levels are very low such as after gonadectomy, Kiss1 expression is 

increased in the ARC and decreased in the AVPV/PeN. These results are in agreement with 

previous findings in other species. The regulation of kisspeptin neurons by steroid hormones 

has been well-studied in spontaneous ovulators such as mice (Gottsch et al. 2004; Smith et al. 

2005), rats (Smith et al. 2006; Kauffman et al. 2007), sheep (Smith et al. 2007) and primates 

(Smith et al. 2010). There, kisspeptin neurons are involved in mediating the positive and 

negative feedback effects of steroid hormones on GnRH neurons, controling the pulsatile and 

surge modes of GnRH release. The regulation of kisspeptin neurons has so far only been studied 

in one other induced ovulator besides Damaraland mole-rats, in the musk shrew (Suncus 

murinus, Inoue et al. 2011). Similar to the data of the present study, kisspeptin neurons were 

found to be target of positive and negative feedback effects of E2. Moreover, mating was shown 

to upregulate Kiss1 neurons in the preoptic area but not in the ARC and treatment with 

exogenous kisspeptin induced ovulation in female musk shrews by mimiking the mating 

stimulus (Inoue et al. 2011). 

 

4.1. Plasma oestradiol levels 

The physiological range of plasma oestradiol in female Damaraland mole-rats was previously 

found to be 0.02-0.06 ng/ml in non-reproductive (N=9) and 0.02-0.48 ng/ml in reproductively 

active females (N=9, Voigt and Bennett 2018). Similar to other induced ovulators such as musk 
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shrews, minks (Mustela vison) and rabbits (Oryctolagus cuniculus), circulating oestradiol levels 

in female Damaraland mole-rats are generally very low and may only increase in response to 

mating (Hillard and Eaton 1971; Fortune et al. 1992; Lagerkvist et al. 1992). However, so far, 

no such data exist for this species. Therefore, we do not know the upper limit of the 

physiological range. The silastic implants in our study produced oestradiol levels that were 

about 6 times higher than the highest previously measured plasma level in a wild-caught 

unmanipulated breeding female (0.48 ng/ml, Voigt and Bennett 2018). It is likely that this is 

above the physiological range of this species. However, we think the use of these implants was 

justified for our research aim because the E2-responsiveness of the preoptic kisspeptin neurons 

could not be detected in females with circulating oestradiol levels (Voigt and Bennett 2018, this 

study). The functional significance of the activation of this kisspeptin neuron population 

remains currently elusive. 

 

4.2. Regulation of Kiss1 neurons in the ARC 

It is now established across several species that oestradiol inhibits kisspeptin neurons in the 

ARC (for review, see Smith 2013). The ARC kisspeptin neurons colocalize two additional 

neuropeptides, neurokinin B (NKB; encoded by the Tac3 gene) and the endogenous opioid 

peptide dynorphin (encoded by the Pdyn gene). This neuron population is termed the “KNDy” 

(kisspeptin/neurokinin B/dynorphin) neurons and is indeed considered the mammalian GnRH 

pulse generator (Herbison 2018, Nagae et al. 2021). The model proposes that the release of 

NKB leads through a positive feedback loop to increased KNDy neuronal activity, kisspeptin 

release and subsequent GnRH secretion, and with a time delay, to upregulation of dynorphin, 

which terminates the kisspeptin release and the GnRH pulse (Herbison 2018). The KNDy 

neurons are activated synchronously before each pulse and in a temporal order, suggesting that 

subsets of neurons play different roles in the initiation, maintenance and termination of the 

GnRH pulse (Moore et al. 2022). However, recent data obtained from mice suggest a departure 
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from the proposed model (Han et al. 2023). The authors demonstrate that glutamate signalling 

through AMPA receptors is critical for ARC kisspeptin neurons to synchronize their activity in 

order to drive the pulsatile GnRH release, with NKB and dynorphin only playing modulatory 

roles (Han et al. 2023). These results were obtained from males and whether the same 

mechanisms apply to females needs to be seen.  

The activity of the KNDy neuron population within the ARC is regulated by circulating 

levels of gonadal steroids (Goodman et al. 2022). Consequently, when circulating E2 levels in 

females decrease, GnRH pulse frequency will increase, leading to increased pulsatile release of 

LH from the pituitary and subsequently, increased steroid synthesis in the ovaries. In line with 

this, OVX females in our study had upregulated Kiss1 expression, whereas OVX females 

treated with E2 showed Kiss1 expression levels similar to untreated females. It is possible that 

this negative feedback effect of E2 on kisspeptin neurons is mediated by ERα, as has been 

shown in several other species (Franceschini et al. 2006; Adachi et al. 2007; Poling et al. 2017), 

because Damaraland mole-rats express abundandly ERα in the ARC (Voigt et al. 2014). 

Although E2 levels were similarly low in OVX females and in reproductively active control 

females, the former were found to have higher Kiss1 expression. Such an observation has also 

been made in female musk shrews (Inoue et al. 2011). It is possible that in reproductively active 

control females, chronically low E2 levels lead to a reduced activation of Kiss1 neurons and 

thereby exerting a negative feedback effect on GnRH neuron activity. 

 Damaraland mole-rats are cooperative breeders and therefore, groups possess a social 

hierarchy and reproductive skew. There is usually only one reproductively active female per 

group (Bennett and Jarvis 1988; Jarvis and Bennett 1993). We have previously reported that 

the mRNA expression patterns of several hypothalamic genes implicated in the control of 

reproduction differ between such breeding females and subordinate non-reproductive females. 

For example, female reproductively active Damaraland mole-rats have significantly more 

Kiss1-expressing cells, increased NKB and decreased dynorphin gene expression in the ARC 
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compared to non-reproductive females (Voigt and Bennett, 2018, 2019, this study). These 

reproductive status-dependent gene expression patterns of KNDy neurons are in line with the 

observation that in all mammals the GnRH pulse generator reactivates at puberty after juvenile 

quiescence (for review, see Herbison, 2016). Therefore, it is likely that the gene expression 

patterns found in non-reproductive female Damaraland mole-rats actually reflect their pre-

pubertal stage and that these will become upregulated upon the onset of puberty (Terasawa et 

al. 2013). For example, reproductively quiescent female naked mole-rats show increased 

expression of RFamide-related peptide -3 (RFRP-3) in the dorsomedial hypothalamus when 

compared to reproductively active females (Peragine et al. 2017). RFRP-3 is a potent regulator 

of GnRH neurons, which has an inhibitory effect on GnRH neuronal activity and subsequent 

gonadotropin release (Kriegsfeld et al. 2006; Ducret et al. 2009). Moreover, administration of 

exogenous RFRP-3 prevents puberty onset in subordinate female naked mole-rats (Peragine et 

al. 2017). We found similar reproductive status-related differences concerning RFRP-3 gene 

expression in Damaraland mole-rats (Voigt and Bennett 2018). 

 

4.3. Regulation of Kiss1 in the AVPV/PeN 

Rodents such as rats and mice, show robust Kiss1 expression in the ARC and in the AVPV/PeN. 

The kisspeptin neuron population in the AVPV/PeN projects to GnRH neurons in the preoptic 

area and has been shown to be directly involved in mediating the E2-positive feedback leading 

to the generation of the preovulatory GnRH/LH surge in females (Clarkson et al. 2006; Adachi 

et al. 2007). In spontaneous ovulators, the signal initiating this process is the rise in circulating 

E2 produced by maturing follicles. Additionally, in rodents the GnRH/LH surge is coupled to 

a circadian signal and takes place in the late afternoon of proestrus when E2 levels are elevated. 

At this time, Kiss1 expression in the AVPV/PeN is increased (Robertson et al. 2009; Williams 

et al. 2011; Smarr et al. 2012). In contrast, in induced ovulators such as rabbits, voles and ferrets, 

the preovulatory GnRH/LH surge cannot be induced by increased E2 levels, which suggests 
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that the E2-positive feedback on GnRH release is absent (for review, see Bakker and Baum 

2000). Instead, coitus is the primary stimulus to induce the GnRH/LH surge and subsequently 

ovulation. The genital-somatosensory stimulus, which is received during mating is thought to 

be mediated by noradrenergic neurons in the brainstem to stimulate kisspeptin and/or GnRH 

neurons in the preoptic area. (for review, see Goodman et al. 2022). In female musk shrews, the 

number of Kiss1-expressing cells in the preoptic area is significantly upregulated in response 

to mating (Inoue et al. 2011). However, there is so far no direct evidence that this activation 

results from the noradrenergic input. Further experimental work is necessary to identify the role 

of the kisspeptin neurons in the generation of the mating-induced preovulatory surge. In 

Damaraland mole-rats, it is possible that Kiss1 expression in intact reproductively active 

females is only upregulated during a narrow time window after the mating stimulus has 

occurred. This could be confirmed by sacrificing females after mating and analysing the 

coexpression of Kiss1 and cfos by means of double-label ISH. 

Inoue et al. (2011) also showed that the Kiss1 neuron population in the preoptic area is 

positively regulated by E2. Kiss1 mRNA expression is significantly higher in OVX females 

treated with E2 compared to OVX females. The results of the present study in Damaraland 

mole-rats are consistent with these findings. OVX females showed very low Kiss1 expression 

in the AVPV/PeN, similar to wild-caught control females, whereas E2 treatment of OVX 

females dramatically increased Kiss1 expression in this region. This steroid hormone sensitivity 

of kisspeptin neurons suggests that ovarian oestradiol could act stimulatory on the neural 

pathway that controls the GnRH/LH surge. Female Damaraland mole-rats have abundant ERα 

expression in the AVPV/PeN, which is elevated in reproductively active females (Voigt et al. 

2014). In a recent study in female rats, Inoue et al. (2023) demonstrate that ATP, a purinergic 

receptor ligand, originating from brainstem purinergic neurons, stimulates AVPV kisspeptin 

neurons and consequently, triggers ovulation. These purinergic neurons, located in hindbrain 

noradrenergic regions such as A1, A2 and A6, project directly to the AVPV and are activated 
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by high levels of circulating E2. Therefore, the ATP-purinergic receptor signalling could be 

responsible for mediating the E2-induced increase in AVPV/PeN kisspeptin neurons leading to 

the preovulatory GnRH/LH surge in females of spontanously ovulating species (Inoue et al. 

2023). In induced ovulators, where the mating stimulus activates brainstem noradrenergic 

regions, ATP-receptor signalling could also play a critical role in activating AVPV kisspeptin 

neurons and E2 could facilitate this pathway. However, it is currently unknown whether the 

noradrenergic neurons of A1, A2 and A6 in such species are also purinergic and coexpress ERα. 

Similarly, ATP receptor expression needs to be confirmed in AVPV kisspeptin neurons. 

In conclusion, we have shown that in Damaraland mole-rats the hypothalamic Kiss1 

mRNA expression is differentially regulated by E2, with E2 downregulating Kiss1 in the ARC 

and upregulating Kiss1 in the AVPV/PeN. Our data suggest that the Kiss1 neuron population 

in the ARC is involved in the E2-mediated negative feedback effect on GnRH secretion. Further 

experiments are needed to clarify the role of the AVPV/PeN kisspeptin neuron population and 

and the functional significance of their steroid hormone sensitivity. 
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