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Abstract

In goats, early exposure of spring-born females to sexually active bucks induces an

early puberty onset assessed by the first ovulation. This effect is found when females

are continuously exposed well before the male breeding season starting in

September. The first aim of this study was to evaluate whether a shortened exposure

of females to males could also lead to early puberty. We assessed the onset of

puberty in Alpine does isolated from bucks (ISOL), exposed to wethers (CAS),

exposed to intact bucks from the end of June (INT1), or mid-August (INT2). Intact

bucks became sexually active in mid-September. At the beginning of October,

100% of INT1 and 90% of INT2 exposed does ovulated, in contrast to the ISOL

(0%) and CAS (20%) groups. This demonstrated that contact with males that

become sexually active is the main factor prompting precocious puberty in

females. Furthermore, a reduced male exposure during a short window before the

breeding season is sufficient to induce this phenomenon. The second aim was to

investigate the neuroendocrine changes induced by male exposure. We found a

significant increase in kisspeptin immunoreactivity (fiber density and number of

cell bodies) in the caudal part of the arcuate nucleus of INT1 and INT2 exposed

females. Thus, our results suggest that sensory stimuli from sexually active bucks

(e.g., chemosignals) may trigger an early maturation of the ARC kisspeptin neuro-

nal network leading to gonadotropin-releasing hormone secretion and first

ovulation.
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1 | INTRODUCTION

Puberty is a complex process, marking the attainment of fertility

and the onset of reproductive life. This transition corresponds to

the reactivation of the hypothalamic–pituitary-gonadal (HPG) axis

leading to gonadotropin-releasing hormone (GnRH) secretion.1,2

Small ruminants, such as sheep and goats, are short-day breeders.

The female breeding season in goats begins in early autumn and

lasts until late winter.3 In these species, many internal and external

factors can influence the onset of puberty.4 Thus far, photoperiod

was considered the major environmental factor prompting the

onset of puberty. Indeed, in seasonal breeds of goats, fertility is

naturally achieved during the first breeding season.5

However, the importance of sociosexual interactions has been

recently reconsidered as part of the control of reproductive function

in small ruminants.6 In the last century, male-induced ovulation was

described in adult anoestrus sheep7 and goats.8 In this phenomenon,

called the “male effect”,9 male sexual activity was the main factor trig-

gering the reactivation of the female gonadotrope axis. Indeed, expo-

sure to sexually inactive males failed to induce œstrus and ovulation

in adult seasonally anoestrus females.10 However, the role of male

sexual activity in other situations, such as female pubertal transition,

has been less characterized.

In rodents, exposure of prepubertal females to an intact

(non-castrated) male or its odor accelerates the onset of puberty.

This phenomenon is known as the “Vandenbergh effect”11–13 and is

controlled by the olfactory system.14,15 In goats, it was recently dem-

onstrated that sexually active males also trigger a synchronized early

puberty in females (about 1.5 months).16 This effect has been

revealed by hormonal variations of luteinizing hormone (LH) and pro-

gesterone as well as enhanced maturation of the reproductive tract.16

However, the neuroendocrine mechanisms produced by buck expo-

sure causing early puberty have not been clearly identified. For exam-

ple, no clear differences in the number of cells and density of

immunoreactive fibers in the GnRH neural network in the preoptic

area (POA) and the arcuate nucleus (ARC) were observed between

pubescent females exposed to sexually active males and non-

pubescent isolated females.16 However, the kisspeptin neuronal net-

work in these regions has not been characterized in the context of

male-induced puberty.

Kisspeptin is a neuropeptide of the RF-amide family encoded by

the Kiss1 gene that binds to the GPR54/KISS1R receptor especially to

stimulate GnRH release.17,18 Two anatomically distinct populations of

kisspeptin neurons have been identified. In rodents, one population is

found in the ARC and the other in the rostral part of the hypothala-

mus, the anteroventral periventricular nucleus (AVPV) as well as the

medial POA (mPOA) in non-rodent mammals.19–21 In rodents, the

ARC population has been proposed to mediate the estradiol

(E2) negative feedback on GnRH/LH secretion, whereas the AVPV

population is thought to be responsible for the E2 positive feedback

on GnRH/LH surge.20,22 While the location of the LH surge generator

in ewes remains debated with the involvement of one or both

populations,23–26 some data suggest the involvement in does of only

mPOA kisspeptin neurons and not ARC neurons.27

In mammals, kisspeptin neurons are now considered the gate-

keepers of pubertal transition (see review28). For example, chronic

central administration of kisspeptin to prepubescent rats advances

the time of vaginal opening.29 In sheep, repeated intravenous injec-

tions of kisspeptin in prepubescent ewe lambs stimulate LH secretion

until the preovulatory peak leading to ovulation.30 In the latter case,

luteal activity following ovulation was limited and estrous cycles were

not maintained in the absence of treatment. These results support an

important role for kisspeptin in the maturation of the reproductive

axis responsible for the onset of puberty.29,30 In various species

including the goat, ARC kisspeptin neurons coexpress neurokinin B

(NKB) and dynorphin A (Dyn) [KNDy neurons31,32], which are known

to promote and inhibit GnRH secretion respectively. A study con-

ducted in ewes showed an increase in kisspeptin-immunoreactive

cells and NKB fiber immunoreactivity in the ARC of pubescent

(>9 months) compared to prepubescent females (5–6 months),33

suggesting that kisspeptin and potentially NKB regulate the ovine

pubertal transition.33

In the study of Chasles et al.16 bucks introduced just after wean-

ing of the females at the end of June induce female puberty in early

September, when the intact males became sexually active. Here, we

studied the effect of a shorter exposure (from mid-August) of females

to bucks on early puberty. We hypothesized that male sexual activity

is a key factor in this phenomenon, and that this shortened period

would be sufficient to induce earlier puberty in exposed females. We

then studied the effect of buck exposure on the early maturation of

the kisspeptin neural network, in the context of pubertal transition.

2 | METHODS

2.1 | Animals

Experiments were performed from June to October 2021 in Nouzilly,

France (latitude 47� 32 N and longitude 0� 46E) on Alpine goats

(Capra hircus). We used 46 animals for this study: 38 prepubescent

does and eight sexually experienced adult bucks. Does were born in

2021, between January 15 and January 25 and weaned at 2.5 months

of age. One week before the start of the experiment, females were

allocated into four groups balanced for bodyweight. Littermates were

separated to avoid genetic effects. Animals were fed daily with hay,

straw and commercial pellets with free access to water and mineral

blocks. Females were weighed once a month to ensure that the aver-

age weight between groups was similar and to detect a potential met-

abolic effect.

All procedures were performed following European directive

2010/63/EU on the protection of animals used for scientific pur-

poses and approved by the local ethics committee for animal experi-

mentation (CEEA VdL, Tours, France, n�2021040111221610 and

n�2021051909002944).
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2.2 | Experiment 1. Limiting the exposure period
of prepubescent does to the sexual activity period of
males

2.2.1 | Exposure to bucks

From June 28 until October 17, one group of females was isolated

from males (ISOL, n = 8), a second group was exposed to wethers

(CAS, n = 10), and a third group to intact bucks (INT1, n = 10), follow-

ing the protocol of Chasles et al.16 A fourth group was isolated from

males at the beginning of the experiment and then exposed to intact

bucks from August 16 (INT2, n = 10; Figure 1). This timing of intro-

duction was chosen to allow at least 2 weeks of cohabitation next to

the males before these males became sexually active in early

September,16 and avoid carrying out the usual “male effect” protocol.9

Doe groups were housed in different barns to prevent odor contami-

nation (distance >300 m). Bucks of the CAS group (n = 4) were cas-

trated under ketamine/xylazine (Ketamidor/ Rompun) and isoflurane

(Isoflurin) anesthesia 1 month before the experiment. Intact bucks

(n = 4) were used for both INT1 and INT2 groups.

Does from CAS, INT1 and INT2 groups were continuously

exposed to the bucks located in an adjacent pen (4 males for 8–10

females) separated by a fence and allowing direct contact between

sexes. Twice a week in all exposed groups, one male fitted with an

apron was introduced for 1 h into the female enclosure to allow direct

contact and behavioral teasing. Bucks were weekly switched to pre-

vent possible habituation and interindividual effects.

2.2.2 | Assessment of male sexual activity

To evaluate male sexual activity during the experiment, blood samples

were collected by jugular venipuncture twice a month to measure

testosterone concentration. A male was considered sexually active when

testosterone levels exceeded 10 ng/mL.16 Testicular weight and odor

intensity were also considered as markers of male sexual status. Testicu-

lar weight was estimated every 2 weeks by appreciation of testicular vol-

ume via comparative palpation with an orchidometer.34 Odor was

subjectively evaluated every week using the method of Walkden-Brown

et al.35 In brief, all bucks were smelled about 10 cm from the neck and

allocated a score of 0 (neutral odor), 1 (weak male odor), 2 (moderate

male odor) or 3 (strong male odor). To avoid perception bias, the same

operator carried out these measurements during the whole experiment.

Buck behavior was observed during the introduction to the female

enclosure, measuring the number of male/female physical contacts,

anogenital sniffing, flehmens, lateral approaches, and mounts.10,16,36

2.2.3 | Evaluation of puberty onset

Age at puberty was determined by assessing the onset of ovulatory

activity. Twice a week, blood samples were collected in 5 mL heparinized

tubes by jugular venipuncture from all females starting from June 28 to

assess progesterone levels. Ovulation was considered to have occurred

when progesterone concentrations were ≥1 ng/mL in two consecutive

samples.37 At this point, females were considered pubescent.

2.3 | Experiment 2. Impact of exposure to sexually
active bucks on the reproductive tract maturation and
the kisspeptin neuroendocrine network of does

2.3.1 | Euthanasia and perfusion

When all INT1 does had reached puberty at 264 days of age (D264)

according to the biweekly progesterone samples, six females per

F IGURE 1 Experimental diagram. From June 28, females were divided into four groups: one isolated from bucks (ISOL, n = 8), one exposed
to wethers (CAS, n = 10), one exposed to intact bucks from the end of June (INT1, n = 10) and one joining the intact bucks only in mid-August
(INT2, n = 10). In the CAS, INT1 and INT2 groups, stimulation was continuous with males separated from females by a barrier. Twice a week, a
buck was introduced for 1 h into the females' pen to allow observation of sexual behavior. Six females from each group were euthanized in mid-
October to recover the brain, uterus and ovaries.
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group were randomly selected to compare the maturation of neuroen-

docrine networks involved in GnRH secretion and to verify the devel-

opment of the reproductive tract. Females were anesthetized with

intravenous injection of 5 mL ketamine (Ketamidor) then euthanized

by a licensed butcher between October 18 and 21. Blood samples

were taken from all females on the day of euthanasia for progesterone

assay.

Heads were immediately perfused through both carotid arteries

with 2 L of 1% sodium nitrite and 4 L of 4% paraformaldehyde solu-

tion. The brain was removed from the skull following perfusion and

then cut into blocks. Blocks were post-fixed for 24 h in the same fixa-

tive and transferred to a 20% sucrose solution until sinking. Coronal

sections of the hypothalamus-containing block (30 μm thickness)

were performed with a cryomicrotome (Leica) and then stored in PBS-

azide buffer at 4�C.

Uteri and ovaries were fixed for 24 h by immersion in 4% parafor-

maldehyde and then stored in a 20% sucrose solution at 4�C. After

cleaning, uteri and ovaries were weighed, and the number of corpora

lutea counted.

2.3.2 | Kisspeptin immunohistochemistry

Immunolabeling was performed on slices from the mPOA as well as

the medial and caudal parts of the ARC (ARCm and ARCc) according

to the Sheep Brain Atlas of the Brain Biodiversity Bank at Michigan

State University. These regions are known to contain kisspeptin neu-

rons in goats.27,31,38 Three sections of each region of interest were

chosen from each doe to perform the immunostaining. Free-floating

sections were rinsed three times for 5 min in PBS and then preincu-

bated for 1 h with PBS-0.1% Triton X-100 (PBST) with 2% NDS (nor-

mal donkey serum) and 1% BSA (bovine serum albumin). Next,

sections were incubated for 48 h at 4�C in PBST 0.1-NDS 2%-BSA

1% with a primary rabbit anti-kisspeptin antibody (1:10000, AC566,

RRID: AB_2622231), already used for this species.39 After three 5 min

washes in PBST 0.1, sections were incubated 2 h at room temperature

in PBST 0.1 with a secondary donkey anti-rabbit Cy3 antibody

(1:2000, Jackson ImmunoResearch, RRID: AB_2307443). Sections

were then rewashed three times for 5 min in PBS before incubation in

a Hoechst solution (1:5000 in PBS for 2 min) to label the cell nuclei.

Finally, sections were mounted in PBS, dried, and coverslipped in

fluoromount.

2.3.3 | Image analysis and quantification

Sections were examined using a ZEISS Axio Scan.Z1 slide scanner

with appropriate filters and using Zen software (Zeiss). Images were

acquired at �20 magnification by performing a z-stack followed by

the extended depth of focus feature. ARC sections were analyzed

using QuPath software (version 0.3.1). The area of kisspeptin-

immunoreactive fibers was determined by applying a suitable thresh-

old classifying the pixels in the region of interest. The fiber density

was calculated by dividing the immunoreactive detection area by the

total surface of the study region. Kisspeptin-immunoreactive cell bod-

ies were counted by detecting cells with Hoechst-stained nuclei com-

bined with an adequate threshold of Cy3 labeling. mPOA sections

were analyzed using ImageJ (version 2.9.0, Fiji) software. The triangle

thresholding algorithm of ImageJ was used to correct the heteroge-

neous background noise between the different images (https://

imagej.net/plugins/auto-threshold). Fibers' density was also calculated

on mPOA sections.

2.4 | Hormone assays

Blood samples were centrifuged for 30 min at 4000 g to collect

plasma. For males, plasma testosterone concentration was determined

by radioimmunoassay40 with a sensitivity of 0.1 ng/mL. For females,

plasma progesterone concentration was determined by enzyme

immunoassay with a sensitivity of 0.25 ng/mL.41 The intra-and inter-

assay coefficients of variation were <9% and <8.7%, respectively.

2.5 | Statistical analysis

Data are reported as mean ± SEM (standard error of the mean). Statis-

tical tests were performed using Rstudio software (R version 4.1.0,

“nparcomp” package). A Shapiro–Wilk test examined the normality of

the data distribution. Parametric tests were performed if the data

were normally distributed (p > .05) and non-parametric tests if this

condition was not respected. Homoscedasticity (equality of variances)

was also checked to use the appropriate statistical test.

The same intact males (INT) were used to stimulate females in the

INT1 and INT2 groups. Thus, buck behavior was compared by

unpaired (CAS vs. INT1 and INT2) or paired (INT1 vs. INT2) Wilcoxon

rank sum tests. Age at puberty was evaluated using Kaplan–Meier

survival analysis and was compared using the log-rank test. The area

under the curve (AUC) was assessed to compare the cumulative

plasma progesterone secreted with a one-way ANOVA test with het-

erogeneous variances followed by a Games-Howell post hoc test.

Uterus and ovary weights were compared using a one-way ANOVA

test followed by Tukey HSD post hoc analyses. The proportion of

does presenting corpora lutea was compared using Fisher's exact test.

The number of kisspeptin-immunoreactive cell bodies was analyzed

using a Kruskal-Wallis test followed by Dunn post hoc analyses. Kis-

speptin fiber density was examined using a one-way ANOVA test fol-

lowed by Tukey HSD post hoc analyses.

In order to maximize the effect of the male induced puberty on

the kisspeptin network, regardless of the time of exposure to sexually

active males, we chose to pool the two groups exposed to intact

males INT1 and INT2 (pool EXPO) and the two control groups ISOL

and CAS (pool CTRL). This resulted in no significant difference being

detected between the two groups in the same pool and was done in

accordance to the use of biological reasoning rather than statistical

rules as stated in Balthazart and McCormick.42 ARC fiber density and
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the number of kisspeptin-immunoreactive cell bodies were analyzed

with Wilcoxon rank sum tests. Fiber density of mPOA was examined

using a t-test.

3 | RESULTS

3.1 | Male sexual activity

Testosterone levels in all males increased during the experiment, rising

above the 10 ng/mL threshold in mid-September, except for wethers

(Figure 2A, Figure S2A). Odor scoring and testicular weight also

increased in intact males (Figure 2B,C, Figure S2B). In contrast, the

odor score of wethers decreased after castration.

Concerning male sexual behavior (Figure 2D), we found no signifi-

cant differences between groups in terms of direct contact. However,

intact males displayed more anogenital sniffing than wethers (July:

CAS vs. INT1, W = 21, p < .05; August–September: CAS vs. INT1 and

CAS vs. INT2, W = 0, p < .001; October: CAS vs. INT1, W = 0, CAS

vs. INT2, W = 0.5, p < .05). A significant increase (W = 14.5, p < .05)

of flehmen behavior was observed only in September in intact males

towards INT1 females compared to wethers. A similar trend was

observed between intact males towards INT2 group and wethers in

September (W = 16.5, p = .0597), as well as between intact males

towards INT1 group and wethers in October (W = 2, p = .0628).

From September onwards, a significant increase in lateral approaches

was observed in intact males to both groups of exposed females com-

pared to wethers (September: CAS vs. INT1, W = 8, CAS vs. INT2,

F IGURE 2 Assessment of male sexual activity between the intact bucks (n = 4) compared to the wethers (n = 4). Data are represented as
mean ± SEM. (A) Testosterone levels were assessed once a week. Values above the threshold of 10 ng/mL were indicative of entry into the
breeding period of the bucks. (B) An odor score was made weekly by assigning 0 (neutral odor), 1 (weak male odor), 2 (moderate male odor) or
3 (strong male odor). (C) Testicular weight was estimated every fortnight. (D) Sexual behavior of the bucks was assessed during each introduction
(1 h, twice a week). Buck behavior was analyzed by unpaired (wethers towards CAS females vs. intact bucks towards INT1 or INT2 females) or
paired (intact bucks towards INT1 females vs. intact bucks towards INT2 females) Wilcoxon rank sum tests (#.05 < p < .07, *p < .05,
**p < .01, ***p < .001).
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W = 4, p < .01; October: CAS vs. INT1 and CAS vs. INT2, W = 0,

p < .05). Only intact males towards INT2 group displayed significantly

higher mounting behavior in September and October when compared

to wethers (September: W = 16; October: W = 2.5, p < .05 in both

months). No significant differences were observed in the behavioral

displays of intact males towards INT1 and INT2 females throughout

the experiment.

3.2 | Experiment 1. Shortening of the exposure
period of prepubescent does to sexually active bucks

There was no weight difference between groups during the experi-

ment, except in August between the CAS and INT1 groups

(Figure S1). Females in the groups exposed to intact males (INT1 and

INT2) ovulated during the experiment measured by an increase of

plasma progesterone concentrations (Figure 3A). After calculation of

the AUCs, a significant increase was observed in both groups of INT1

and INT2 females compared to the ISOL and CAS groups (ANOVA

with heterogeneous variances: F3, 16.686 = 63.03, p < .001; post hoc

Games-Howell test: p < .001, Figure 3B).

We observed that puberty onset differed between groups of

females (Figure 3C). Females exposed to intact bucks (INT1 and INT2)

had the first ovulation earlier than females exposed to wethers or

isolated ones (log-rank test: χ2 = 36.39, df = 3, p < .001). No signifi-

cant differences were observed between the groups of females

exposed to intact males (INT1 vs. INT2) and between control groups

(ISOL vs. CAS). Half of the does exposed to intact bucks in INT1 and

INT2 groups were pubescent at 253 days after birth (D253) whereas

this ratio was never achieved in the ISOL and CAS groups. Moreover,

all females in both INT groups (except one) had their first ovulation

within a 10–11 day interval after the beginning of male breeding sea-

son. On the day of sacrifice (D267), nearly all of the females exposed

to intact bucks (100% INT1 and 90% INT2) were pubescent. In con-

trast, 0% ISOL and 20% CAS females exposed to wethers or unex-

posed were pubescent.

3.3 | Experiment 2. Impact of exposure to sexually
active bucks on the reproductive tract maturation and
the kisspeptin neuroendocrine network of females

3.3.1 | Reproductive tract maturation

We observed significantly higher uterine weight relative to body-

weight in INT1 females compared to wethers-exposed females

(ANOVA: F3, 20 = 4.296, p < .05; post hoc Tukey HSD test: p < .05,

Figure 4A,C). A similar trend was also observed with isolated females

F IGURE 3 Variations in progesterone secretion levels in young does. From June 28, one group of females was isolated from males (ISOL,
n = 8), one was exposed to wethers (CAS, n = 10), one directly exposed to intact males (INT1, n = 10) and one group remained isolated before
joining the intact males from August 16 (INT2, n = 10). Blood samples were collected twice a week. (A) Representative mean profiles of plasma
progesterone secretion for each group. (B) Comparison of cumulative progesterone levels per group represented by the area under the curve
(AUC). Data are represented as mean ± SEM and compared by one-way ANOVA (heterogeneous variances) followed by Games-Howell post hoc
analyses (***p < .001) (C) Proportion of ovulating does. Females were considered pubescent when two consecutive progesterone values
were ≥1 ng/mL. The log-rank test was used to compare the groups (***p < .001).
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(ANOVA: F3, 20 = 4.296, p < .05; post hoc Tukey HSD test: p = .053).

No significant differences were observed in ovarian weights relative

to bodyweight for any of the groups (ANOVA: F3, 20 = 1.118, p > .05,

Figure 4B,D). Corpora lutea were found in all INT1 and INT2 females,

whereas only in one out of six females in the other two groups, ISOL

and CAS (Fisher's exact test, p < .05, Figure 4E). The only ISOL female

exhibiting a corpora lutea showed a progesterone value >1 ng/mL on

the day of euthanasia but was not considered to be pubescent

because did not show two consecutive high values in the biweekly

hormonal monitoring. Importantly, all pubescent INT1 and INT2

females were on the luteal phase according to progesterone levels on

the day of euthanasia.

3.3.2 | Development of the kisspeptin neural
network

We performed a group by group comparison and found that the mean

kisspeptin fiber density in the ARCc was higher in INT1 and INT2

females when compared to CAS females (ANOVA: F3, 19 = 6.617,

p < .01; post hoc Tukey HSD test: p < .05, Figure 5A,B). A similar trend

was observed with ISOL females (ANOVA: F3, 19 = 6.617, p < .01; post

hoc Tukey HSD test: vs. INT1: p = .063, vs. INT2: p = .053). EXPO

females had a significantly higher density of kisspeptin fibers in the ARCc

(W = 9, p < .001) compared to CTRL females. ARCm analysis revealed

no significant differences between the four groups, although fiber den-

sity tended to be higher in EXPO vs. CTRL females (W = 34, p = .051).

The number of kisspeptin-immunoreactive cell bodies in INT1 and INT2

females was significantly higher than CAS females in the ARCc (Kruskal-

Wallis: χ2 = 10.57, df = 3, p < .05; posthoc Dunn test: p < .05,

Figure 5C). Similarly, EXPO females showed a larger number of

kisspeptin-immunoreactive cell bodies in the ARCc (W = 18, p < .01).

We next analyzed the mPOA but no significant differences were

observed between the four groups (ANOVA: F3, 20 = 3.194, p = .046;

post hoc Tukey HSD test: p > .05, Figure 5D,E). However, the CTRL/

EXPO comparison revealed a significantly higher kisspeptin fiber den-

sity in CTRL females compared to EXPO females (t-test:

t22 = 3.123, p < .01).

F IGURE 4 Maturation of the reproductive tract by exposure to sexually active bucks. Between October 18 and 21 when all INT1 does had
reached puberty, six females per group were randomly selected then euthanized to recover brain, uterus and ovaries. Representative photographs
of the uterus (A) and ovaries (B) from ISOL, CAS, INT1 and INT2 females. Graphs representing the comparison of uterine (C) and ovaries
(D) weight between ISOL, CAS, INT1 and INT2 groups. Data are shown as mean ± SEM. The comparison was performed by a one-way ANOVA
followed by Tukey HSD post hoc analyses (#p = .053, *p < .05). (E) Comparison of the proportion of females exhibiting corpora lutea. Significant
differences between groups were evaluated by Fisher's exact tests (*p < .05, ***p < .001).
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F IGURE 5 Maturation of the kisspeptin neural network by exposure to sexually active bucks. (A) Representative photomicrographs of ISOL,
CAS, INT1 and INT2 females for kisspeptin-immunoreactive (�ir) cells and fibers (orange) and nuclear labeling (Hoechst, blue) in caudal ARC.
Scale bars, 200 μm. Graphs representing the comparison of (B) kisspeptin-immunoreactive fiber density and (C) kisspeptin immunoreactive cells in
ARCm and ARCc. (D) Representative pictures of ISOL, CAS, INT1 and INT2 females for kisspeptin-ir fibers (orange) and nuclear labeling (Hoechst,
blue) in mPOA. Scale bars, 100 μm. (E) Graphs representing the comparison of kisspeptin-immunoreactive fiber density in mPOA. Data are
represented as mean ± SEM. Comparisons between ISOL, CAS, INT1 and INT2 were performed using (B and E, n = 5–6) a one-way ANOVA
followed by Tukey HSD post hoc analyses (#p = .063 and .053, *p < .05) and (C) a Kruskal-Wallis test followed by Dunn post hoc analyses
(*p < .05). Comparisons between EXPO and CTRL were carried out by (B–C) a Wilcoxon rank sum test (#p = .051, **p < .01, ***p < .001) and (E) a
t-test (**p < .01). 3 V, third ventricle; ARCc, caudal arcuate nucleus; mPOA, medial preoptic area.
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We found no significant differences in the fiber density and num-

ber of kisspeptin-immun'oreactive cell bodies between INT1 and INT2

females with very early puberty compared to females in the same

groups with slightly delayed early puberty (Figure S3).

4 | DISCUSSION

This study shows that short exposure of spring-born females to

sexually active males can induce early puberty. This male-induced

puberty onset is manifested by an early maturation of the reproduc-

tive tract but also by the development of the kisspeptin neural net-

work, more specifically in the ARCc.

The first experiment demonstrates that short exposure to sexu-

ally active males from mid-August is sufficient to trigger early pubertal

transition in does. These results confirm the efficiency of sexually

active bucks in inducing this phenomenon.16 Interestingly, exposed

females began to ovulate when male sexual activity increased around

mid-September. The male sexual activity was manifested in an

increase of plasma testosterone concentration as well as the expres-

sion of typical breeding season behaviors such as lateral approaches

and mounting. This activity was not found in our wethers. Further-

more, all females exposed to intact males (except one INT2) became

pubescent within 3 weeks of this increase in sexual activity. Thus,

these results support the hypothesis that male sexual activity is the

main catalyst for early female puberty rather than the physical pres-

ence of the male per se. In the context of the male effect, the sexual

activity of bucks is the main factor for triggering LH release and ovula-

tion in females during the anestrous period.10,43–45 In our study, we

chose to allow the INT2 group to cohabitate next to the males, before

they entered the breeding season, for approximately 2 weeks. This

cohabitation period was implemented to avoid a conventional “male

effect” protocol that could induce an acute effect (see review9). This

introduction timing (mid-August) was also chosen because intact

males typically enter the breeding season in early September.16 Yet

during the experiment, intact males became sexually active in mid-

September, thus extending this habituation period to 1 month. The

reasons for this delay remain unclear, but different summer climate

than in previous years may have played a role. Taken together, our

results suggest that exposure (cohabitation) period can be further

reduced to induce early puberty in females.

The second experiment shows that short exposure induces early

maturation of the reproductive tract as did prolonged exposure. Our

results confirm that this exposure to sexually active males is responsi-

ble for this maturation.16 Indeed, 100% of the females exposed to

sexually active males displayed at least one corpora lutea, indicating

ovulatory activity. Uterine weight was, on average, 30% higher in the

INT1 group vs. CAS group. As in the ewe,46 the increase in uterine

weight is probably caused by a change in sensitivity to ovarian ste-

roids during the pubertal transition. To our knowledge, no study has

yet evaluated zootechnical parameters such as fertility, prolificacy,

kidding and productivity of does during breeding following an early

puberty protocol under natural conditions (without using treated

bucks or exogenous progesterone), except under semi-extensive man-

agement conditions.47

The number of kisspeptin neurons and fiber density were higher

in the ARCc of pubescent does exposed to sexually active males com-

pared to non-pubescent unexposed females. In sheep, the number of

kisspeptin neurons was higher in the ARC of ovary-intact pubescent

ewes during the early follicular phase (>9 months) compared to

prepubescent ewes (5–6 months).33 However, no such difference was

found during pubertal development in E2-treated ovariectomized

ewes (OVX + E2), both at the level of Kiss1 transcripts48,49 and kis-

speptin immunoreactivity.49 The choice of conditions (ovary-intact

vs. OVX + E2 females) could explain the divergence of these out-

comes.49 Our results in ovary-intact pubescent does during the luteal

phase are consistent with the observations of Nestor et al.33 Although

in female goats the number of kisspeptin-immunoreactive neurons

seems to be greater during the follicular phase than during the luteal

phase,50 the kisspeptin neuronal network may be sufficiently devel-

oped to maintain cyclic ovarian activity in pubescent females exposed

to sexually active males. Thus, our results support the hypothesis of a

key role for ARC kisspeptin in the caprine female pubertal transition.

The shift previously reported in ovary-intact ewes corresponds to a

period of at least 3–4 months.33 Here we observe a shift between

prepubescent and male-induced pubescent does at the same age, sug-

gesting that sensory stimuli from sexually active bucks induce rapid

neuroendocrine changes leading to early puberty onset.

Interestingly, we found differences in the kisspeptin network of

ARCc but not of ARCm. The presence of Kiss1 transcripts appears to

be rather similar in ARCm and ARCc.27 Yet, immunohistochemical

approaches show a particular abundance of kisspeptin protein in the

caudal part of the ARC.31,38,50 The approach used in this study could

explain why the results obtained in the ARCc are not found in

the ARCm.

In several mammalian species, ARC kisspeptin neurons coexpress

NKB and DynA (KNDy neurons32). In goats, some studies show that

NKB is colocalized with most of ARC kisspeptin neurons (97%–

99.5%).31,38 In sheep, NKB-immunoreactive fiber density is greater in

the ARC of ovary-intact pubescent ewes during the early follicular

phase (>9 months) compared to prepubescent ewes (5–6 months),33

but not in OVX + E2 females.49 Nonetheless, NKB could also have a

key role during puberty onset. Data from Wakabayashi and

coworkers31,51 support the hypothesis that ARC kisspeptin neurons,

specifically KNDy neurons, form a dense and interconnected neural

circuit to synchronize their activity enabling pulsatile-like secretion of

GnRH. Thus, we hypothesize that the development of the KNDy neu-

ral network could be a major neuroendocrine change leading to GnRH

secretion and therefore to an earlier pubertal transition induced by

the buck.

In the present study, kisspeptin fiber density was reduced in the

mPOA of pubescent does exposed to sexually active males compared

to control females. As in the study of Nestor et al.33 we were unable

to quantify the cell bodies of the kisspeptin neurons, but we could

easily discern their fibers. In the POA of OVX + E2 ewes, Kiss1 tran-

scripts increased with age during pubertal development.48 Our results
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seem contradictory to the results from the OVX + E2 ewes. This

could be explained by a disconnection between Kiss1 transcripts and

the protein and/or our choice of ovary-intact model. Interestingly in

adult OVX does, supplementation with high E2 level significantly

increases c-Fos expression (marker of neuronal activation) in mPOA

Kiss1 cells suggesting their involvement in the induction of LH

surge.27 It is important to note that all females exposed to sexually

active bucks were euthanized during the luteal phase. Thus, we specu-

late that the density of kisspeptin-immunoreactive fibers could be

lowered during the luteal phase following the LH surge.

Repeated injections of kisspeptin stimulate LH secretion until the

preovulatory peak leading to ovulation in prepubescent ewes.30 Yet,

regular estrous cycles cannot be maintained without treatment indi-

cating that the neuroendocrine axis of reproduction is not fully

mature.30 Interestingly, cyclic ovarian activity of does is maintained

after male-induced puberty onset16,52 probably via the early matura-

tion of the ARC kisspeptin network (this study). The induced early

maturation of this kisspeptin network likely underlies the maturation

of other upstream networks that would be interesting to explore.

In the context of the male effect, introduction of rams to anes-

trous ewes activates ARC kisspeptin neurons leading to increased

GnRH/LH secretion.53 This does not seem to be the case in goats.39

Thus, whether the detection of male sociosexual signals is transduced

to ARC kisspeptin neurons in goats remain unclear. Interestingly, buck

olfactory cues have been shown to trigger the hypothalamic GnRH

pulse generator using by recording multiple-unit activity,54,55 in the

region of the ARC KNDy neurons.56–58 In sheep, the ram pheromone

signal seems to be transduced via the medial nucleus of the amygdala

to KNDy neurons, thereby stimulating GnRH secretion in the ewe.57

Moreover, buck odor is known to induce a short-term effect

(LH secretion45) that can lead to a long-term effect (ovulation59,60:).

Therefore, although we cannot exclude the participation of visual and

acoustic cues, olfactory signals could play an important role in the pre-

cocious puberty effect in does.

In summary, our results show that a short exposure to sexually

active bucks is sufficient to induce doe precocious puberty. Thus,

exposure to bucks while they are inactive seem unnecessary to trigger

female puberty onset. This study also demonstrates that exposure of

prepubertal females to sexually active males induces neuroendocrine

changes, particularly in the kisspeptin neuronal network of the ARCc.

Since kisspeptin has a key role in the pubertal transition, these

changes may be responsible for the early initiation of ovulatory activ-

ity in females. Further research is needed to determine the sensory

modalities underlying this early hypothalamic maturation.
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