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Abstract 16 

Early exposure of does to sexually active bucks triggers early puberty onset correlating with 17 

neuroendocrine changes. However, the sensory pathways that are stimulated by the male are 18 

still unknown. Here, we assessed whether responses to olfactory stimuli is modulated by 19 

social experience (exposure to males or not) and/or endocrine status (prepubescent or 20 

pubescent). We used a calcium imaging approach on goat sensory cells from the main 21 

olfactory epithelium (MOE) and the vomeronasal organ (VNO). For both cell types, we 22 

observed robust responses to active male hair in females under three physiological conditions: 23 

prepubescent females isolated from males (ISOL PrePub), pubescent females exposed to 24 

males (INT Pub) and isolated females (ISOL Pub). Response analysis showed overall greater 25 

proportion of responses to buck hair in ISOL PrePub. We hypothesized that females would be 26 

more responsive to active buck hair during the prepubertal period, with numerous responses 27 

perhaps originating from immature neurons. We also observed a greater proportion of mature 28 

olfactory neurons in the MOE and VNO of INT Pub females suggesting that sexual 29 

experience can induce plastic changes on olfactory cell function and organization. To 30 

determine whether stimulation by male odor can advance puberty, we exposed prepubescent 31 
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does to active buck hair (ODOR). In both ODOR and females isolated from males (ISOL) 32 

groups, puberty was reached one month after females exposed to intact bucks (INT), 33 

suggesting that olfactory stimulation is not sufficient to trigger puberty. 34 
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1. Introduction 37 

Puberty marks the transition from a sexually immature juvenile stage to a sexually mature 38 

adult stage. This complex process encompasses morphological, physiological and behavioral 39 

changes [1]. In seasonally reproducing species such as sheep and goats, the reactivation of the 40 

hypothalamic-pituitary-gonadal axis marks the onset of puberty and can be modulated by a 41 

variety of internal and external factors [2,3]. Photoperiod appears to be the main 42 

environmental factor driving puberty onset, since puberty only occurs during the breeding 43 

season [4,5]. However, the relative weight of another key factor, namely social environment, 44 

has recently been reconsidered in this context [6]. 45 

Sociosexual relationships commonly modulate the reproductive function of many species 46 

including female small ruminants. Exposure to a sexually active male has been shown to 47 

induce ovulation in females during the period of sexual rest (known as anestrous), the so-48 

called "male effect" [7]. More recently, exposure to a sexually active buck has also been 49 

shown to induce an early puberty in does about 1.5 months earlier than females exposed to 50 

wethers or isolated from males [8]. Two main observations support the involvement of male 51 

sexual activity in this phenomenon. First, wethers (sexually inactive males) have no effect on 52 

the timing of first ovulation in females [8,9]. Second, females exposed to intact bucks reach 53 

puberty only when the latter become sexually active during the breeding season [8,9]. 54 

Somatosensory stimuli seem to be dispensable to induce early puberty onset, since the 55 

removal of direct contact with bucks can still induce this precocious puberty [8]. Yet, active 56 

male sensory stimuli responsible for the early neuroendocrine changes surrounding female 57 

puberty remain unknown [9]. 58 

In rodents, a similar effect of male-induced early puberty has been described for many 59 

decades: the “Vandenbergh effect” [10,11]. The special feature of this effect is that female 60 

puberty can be triggered by a male or his odor [12,13]. The “Vandenbergh effect” is one of 61 

the many effects caused by olfactory stimuli [14]. These olfactory stimuli are mainly detected 62 

by two structures: the main olfactory epithelium (MOE) and the vomeronasal organ (VNO). 63 

These two structures contain bipolar neurons called olfactory sensory neurons (OSNs) and 64 

vomeronasal sensory neurons (VSNs) respectively. Olfactory stimuli are detected by G 65 

protein-coupled receptors: olfactory receptors (ORs) for OSNs and vomeronasal receptors 66 

(VRs) for VSNs [15,16]. Interestingly, surgical lesion of the VNO [17–19] and genetic 67 

inactivation of VSNs [20,21] prevents the onset of the “Vandenbergh effect” in mice, 68 

indicating a major role for this olfactory sensory input. 69 



In small ruminants, olfactory stimuli have been reported to play a role on reproductive 70 

function in the context of the “male effect”. In does, exposure to buck hair induces electrical 71 

activity in neurons of the hypothalamic arcuate nucleus region (ARC), known to contain 72 

kisspeptin neurons that are essential for reproductive function [22,23]. This exposure leads to 73 

the pulsatile secretion of luteinizing hormone (LH), which can induce ovulation [24,25]. 74 

Interestingly, destruction of the MOE of anestrous females with zinc sulfate does not fully 75 

suppress the response to the male effect [26]. These data, together with other studies point to a 76 

major role of the main olfactory system (MOS), including the MOE, on the detection and 77 

integration of male olfactory stimuli [27–29]. However, these studies do not exclude the 78 

involvement of the accessory olfactory system (AOS), and hence of the VNO, on this effect 79 

[26,28]. Thus, the contribution of the MOE and VNO to the detection of male-derived 80 

olfactory signals remains to be elucidated. 81 

In this study, we tested the hypothesis that olfactory stimuli from sexually active bucks could 82 

trigger early puberty onset in does. First, we investigated whether olfactory stimuli detection 83 

could be modulated by social experience (exposure to males or not) and/or endocrine status 84 

(prepubescent or pubescent). To answer this question, we used a calcium (Ca
2+

) imaging 85 

approach previously developed in our laboratory on freshly dissociated adult doe MOE and 86 

VNO cells [30, in press]. This approach allows the measurement of intracellular Ca
2+

 87 

transients in response to a given stimulus. This method has been previously used to study the 88 

role of VNO and MOE-specific neuronal populations in the emergence of social behaviors in 89 

mice [31–33]. Then, we exposed prepubescent females to hair from sexually active bucks to 90 

test whether such olfactory stimulation can trigger male-induced early puberty. 91 

 92 

2. Materials and methods 93 

2.1 Experiment 1: Is the detection of olfactory stimuli from sexually active males by 94 

females dependent on social experience and/or endocrine status? 95 

2.1.1 Animals 96 

Experiments were conducted between August 2021 and December 2022 in Nouzilly, France 97 

(latitude 47° 32N and longitude 0° 46E) on Alpine goats (Capra hircus). We used 13 does for 98 

this experiment. A first batch of does was born between January 15
th

 and January 25
th

, 2021, 99 



and a second batch between January 11
th

 and January 31
st
, 2022. All females were weaned at 100 

2.5 months of age and then randomly allocated to a group during their year of birth: 101 

- ISOL PrePub (n = 4): females housed in a barn with no males and euthanized during 102 

the prepubertal period (in August, at about 8 months old) 103 

- ISOL Pub (n = 4): females housed in a barn with no males and euthanized when they 104 

were pubescent, during the luteal phase of the reproductive cycle (between November 105 

and December, at about 11-12 months of age). Females reached puberty at 11 months 106 

of age 107 

- INT Pub (n = 5): females were exposed to intact bucks from mid-August to induce 108 

early puberty in September [9]. They were euthanized during the luteal phase 109 

(between November and December, at about 11-12 months of age). Females reached 110 

puberty at 11 months of age 111 

To prevent odor contamination, doe groups were housed in different barns (distance > 300 m). 112 

Animals were fed daily using commercial pellets, hay and straw, with free access to water and 113 

mineral blocks. Blood samples were collected twice a week in 5 ml heparinized tubes by 114 

jugular venipuncture to measure progesterone levels. We considered that two consecutive 115 

progesterone concentration values above 1 ng ml
-1

 reflected the first ovulation and therefore 116 

the onset of puberty [9,34]. All procedures were performed following European directive 117 

2010/63/EU on the protection of animals used for scientific purposes and were approved by 118 

the local ethics committee for animal experimentation (CEEA VdL, Tours, France, 119 

n°2021040111221610 and n°2022052309503651). 120 

2.1.2 Collection of male stimuli for Ca
2+

 imaging 121 

We collected beard hair, back hair, and urine from five sexually experienced Alpine bucks 122 

during the breeding season (November). We considered these males as “sexually active” 123 

because intact bucks exhibit high sexual activity from late summer to late winter [35,36]. As 124 

for urine, hair from all males was pooled and stored in clean glass containers at -20°C before 125 

use. 126 

2.1.3 Ca
2+

 imaging on female VNO/MOE cells 127 

We developed a Ca
2+

 imaging approach on freshly dissociated goat VNO/MOE cells [30, in 128 

press]. Does were euthanized by intravenous injection of 5 ml ketamine (Ketamidor®, 129 

Axience) followed by decapitation by a licensed butcher. Each skull was cut in half in the 130 



sagittal plane, 2 cm from the midline. Nasal bones were removed to gain access to the MOE 131 

and VNO (Fig. 1). The two olfactory structures were dissected in parallel in two different 132 

Petri dishes. The epithelia were detached from the cartilage and dissociated in a PBS solution 133 

containing papain (2.2 units ml
-1

, Merck) and supplemented with 40 mM urea (Merck) for the 134 

MOE. Tissue pieces were then incubated 20 min at 37°C. After dissociation, a DNase I 135 

solution (25 units ml
-1

, Thermo Scientific) was added followed by DMEM supplemented with 136 

10% FBS and penicillin/streptomycin (Gibco), centrifugation was done for 5 min at 1000 137 

rpm. Dissociated cells were resuspended in DMEM-FBS medium and plated on coverslips 138 

previously coated with concanavalin-A (0.5 μg μl
-1

, overnight at 4°C, Merck). Cells were then 139 

incubated for 45 min at 37°C with 5% CO2 and washed in imaging buffer containing HBSS 140 

medium (Gibco) supplemented with 5 mM HEPES (2-[4-(2-hydroxyethyl) piperazin-1-141 

yl]ethanesulfonic acid, Merck). Cells were used immediately for imaging after loading with 142 

fura-2/AM (Thermo Scientific) for at least 30 min at room temperature. Each coverslip 143 

containing cells was placed in a perfusion chamber (Warner Instruments) on an Olympus 144 

IX71 microscope and connected to a system allowing constant perfusion of each stimulus. 145 

During acquisition, cells were alternately illuminated at 340 and 380 nm, and the light emitted 146 

(500-560 nm) was recorded by a Hamamatsu C10600-10B camera fitted to the microscope 147 

(x10 magnification). Perfusion was alternated between 3 min of imaging buffer and 30 s of 148 

stimulus solution. Images were acquired at 0.25 Hz. 149 

Each stimulus was prepared in imaging buffer. Hair extracts (back and beard) were prepared 150 

by mixing 0.2 g sample in 15 ml imaging buffer for 2 h followed by filtration. Urine pool of 151 

sexually active bucks was diluted 1:100. The sequence of stimuli was randomly designated 152 

for each coverslip and always ended with application of a high KCl solution (150 mM) as a 153 

viability control. Three to four coverslips per organ and animal were used. 154 

2.1.4 Immunocytochemistry for OMP after Ca
2+

 imaging 155 

We performed immunocytochemistry directly on the same imaged MOE cell field on one 156 

coverslip of each animal studied. This immunocytochemistry was directed against the 157 

Olfactory Marker Protein (OMP) to determine whether the observed responses to stimuli were 158 

specific to mature OSNs. The protocol is the same as described [30, in press]. In brief, we 159 

fixed the dissociated MOE cells with 4% paraformaldehyde (Merck) for 20 min directly in the 160 

perfusion chamber on the microscope after imaging acquisition. After 5 min washing with 161 

imaging buffer, cells were pre-incubated for 30 min with a saturation solution containing Tris-162 

buffered saline (TBS), 0.1 Triton and 2 % normal donkey serum (Merck). Cells were then 163 



incubated for 30 min with a goat anti-OMP primary antibody (1:2000, FUJIFILM Wako 164 

Chemicals, RRID: AB_664696) diluted in the saturation solution. After a further 5 min wash 165 

in imaging buffer, cells were incubated for 30 min with Alexa Fluor 647 donkey anti-goat 166 

secondary antibody (1:500, Thermo Scientific, RRID: AB_2535864) diluted in TBS-Triton 167 

0.1. After 5 min wash, a Hoechst solution (1:5000, Thermo Scientific) diluted in TBS was 168 

added for 2 min, and then the cells were washed again for 5 min. Fluorescence images were 169 

acquired using a Hamamatsu C10600-10B camera fitted to an Olympus IX71 microscope 170 

(x10 magnification). OMP-positive cells (mature OSNs) were counted using ImageJ software 171 

(FIJI). 172 

The same immunocytochemistry protocol was used on a VNO coverslip for each animal. The 173 

secondary antibody used was donkey anti-goat Cy3 (1:500, Jackson ImmunoResearch, RRID: 174 

AB_2307351). Although this step did not allow us to match this labelling with cell responses, 175 

it did enable us to establish a percentage of mature VSNs in our preparations. Fluorescence 176 

images were acquired using a Zeiss LSM 780 confocal microscope (x20 magnification, z-177 

stack followed by the maximum intensity projection feature). OMP-positive cells (considered 178 

as mature VSNs) were counted using QuPath software (version 0.3.1). 179 

2.1.5 Data analysis 180 

Ca
2+

 imaging image stacks were analyzed using ImageJ software (FIJI), including background 181 

subtraction, detection of regions of interest (ROIs) and measurement of mean pixel values. 182 

Semi-automated analysis of ligand-induced responses was performed using an open source 183 

software dedicated to Ca
2+

 data analysis: calipR. The analysis consists in first clearing low 184 

quality cells (with missing or 0 values more than 10% of the time). Then, estimation and 185 

correction for long-term fluorescence fluctuations that do not match the kinetic of cell 186 

responses. Inspired by [37], this step is achieved by identifying the potential cell signal (with 187 

the Derivative Passing Accumulation (DPA) method [38]) and then fitting a Generalized 188 

Additive Model (GAM) on the remaining background trace. Data are then normalized by 189 

converting the denoised fluorescence values to z scores using the baseline period as reference 190 

(negative control represented by the imaging buffer at the start of acquisition previous to 191 

stimulation). Peaks of interest are then identified by deconvolution [39] coupled with 192 

thresholding. A response is considered positive when signal values exceed 2.5 standard 193 

deviations of the baseline. All cells showing any response to the initial imaging buffer 194 

application (negative control) were removed from the analysis. 195 



2.2 Experiment 2: Can olfactory stimuli from sexually active bucks trigger precocious 196 

puberty in does? 197 

2.2.1 Animals 198 

We conducted experiment 2 between August 22
nd

 and November 22
nd

 in Nouzilly, France 199 

(latitude 47° 32N and longitude 0° 46E) on Alpine goats (Capra hircus). We used 42 animals 200 

for this study: 38 spring-born prepubescent does and 4 sexually experienced intact bucks. 201 

Does were born in 2022, between January 11
th

 and February 2
nd

 then weaned at 2.5 months of 202 

age. Females were allocated into three groups balanced for bodyweight one week before the 203 

start of the experiment. Littermates were also separated to avoid genetic effects. Animals were 204 

fed daily using commercial pellets, hay and straw, with free access to water and mineral 205 

blocks. To ensure that the average body weight between groups was balanced and to detect 206 

any potential metabolic effects, does were weighed once a month. 207 

All procedures were performed following European directive 2010/63/EU on the protection of 208 

animals used for scientific purposes and were approved by the local ethics committee for 209 

animal experimentation (CEEA VdL, Tours, France, n°2022052309503651). 210 

2.2.2 Exposure to bucks and their odors 211 

To prevent odor contamination, doe groups were housed in different barns (distance > 300 m). 212 

From August 22
nd

 until November 22
nd

, one group of does was isolated from bucks (ISOL, n 213 

= 11) and a second group was continuously exposed to intact bucks (INT, n = 13; Fig. 2A). 214 

INT group was exposed to males in the adjacent enclosure, separated by a barrier allowing 215 

direct contact between sexes (4 males for 13 females). Twice a week, one buck fitted with an 216 

apron was introduced into the female pen for 1 h to allow direct contact and behavioral 217 

teasing. Each week, bucks were switched to prevent any possible habituation and 218 

interindividual effects.  219 

A third group of does was continuously exposed to sexually active buck hair (ODOR, n = 14). 220 

Hair was collected from 78 sexually active bucks (during the breeding season or after 221 

photoperiodic treatment) on the neck, head, shoulders and beard. Hair collected from these 222 

regions was shown to contain olfactory stimuli capable of triggering electrical activity in the 223 

neurons of the hypothalamus of exposed females and the secretion of LH [40]. Females were 224 

exposed to the stimulus using a perforated polyvinyl chloride device suspended with a rope in 225 

the enclosure (Fig. 2B). This device was available in triplicate for each group of does (empty 226 



for ISOL and INT groups). For ODOR group, two cloth bags containing about 50 g of hair 227 

were placed inside the device. Twice a week, we added around 20 g of hair to each device. 228 

The contents of the bags were changed every 4 weeks. To amplify the exposure to the 229 

olfactory stimulus, we stimulated the females 5 times a week by placing a hair-filled gauze on 230 

the muzzle for 15 s and rubbing a handful of hair on the palate. 231 

2.2.3 Assessment of male sexual activity 232 

To assess male sexual activity, we collected blood samples twice a month by jugular 233 

venipuncture in order to measure plasma testosterone levels. We considered a buck to be 234 

"sexually active" when testosterone concentrations exceeded 10 ng ml
-1

 [8,9]. We also used 235 

testicular weight and odor intensity as markers of male sexual status. Testicular weight was 236 

estimated by assessing testicular volume with an orchidometer every two weeks [35]. We also 237 

subjectively assessed odor intensity using the Walkden-Brown et al. method [25]. Once a 238 

week, an operator sniffed each buck at about 10 cm from the neck and assigned a score of 0 239 

(neutral odor), 1 (weak buck odor), 2 (moderate buck odor) or 3 (strong buck odor). 240 

We also assessed buck sexual behavior during bi-weekly introduction into the female pen. We 241 

measured the number of buck/doe physical contacts, flehmens, ano-genital sniffs, lateral 242 

approaches and mounts [41,42]. 243 

2.2.4 Evaluation of puberty onset 244 

We determined the timing of puberty onset by assessing ovulatory activity. Twice a week, we 245 

collected blood samples by jugular venipuncture in 5 ml heparinized tubes to measure plasma 246 

progesterone concentrations. All females were sampled from August 22
nd

. We considered 247 

progesterone levels to reflect ovulation when they exceeded 1 ng ml
-1

 on two consecutive 248 

values [9,34]. An ovulating female was therefore designated as pubescent. 249 

2.3 Hormone assays 250 

To collect the plasma, blood samples were centrifuged for 30 min at 4000 g. Plasma 251 

testosterone levels of bucks were determined by radioimmunoassay (sensitivity of 0.1 ng ml
-1

) 252 

[43]. Plasma progesterone levels of does were measured by enzyme immunoassay (sensitivity 253 

of 0.25 ng ml
-1

) [44]. The intra-and inter- assay coefficients of variation were < 9 % and < 8.7 254 

%, respectively. 255 

2.4 Statistical analysis 256 



Ca
2+

 imaging and immunocytochemistry data (experiment 1) are expressed as proportions. 257 

For each stimulus in each experimental group, the total number of responding cells was 258 

extracted and expressed as a proportion of the total cell number in this group. Group 259 

proportions were statistically compared in R (version 4.3.0) with the Fisher’s exact test as 260 

implemented in the function « fisher.multcomp » from the « nparcomp » package. The false 261 

discovery rate was controlled by the Benjamini & Hochberg method [45]. We used a 262 

Spearman correlation test followed by a permutation test for linear models ("lmPerm" 263 

package) to assess the relationship between the proportion of OMP+ MOE cells among 264 

responding cells and the total proportion of OMP+ cells. 265 

Data from experiment 2 are reported as mean ± SEM (standard error of the mean). Statistical 266 

tests were performed using GraphPad software (GraphPad Prism 10.0).  267 

We performed parametric tests when data were both normally distributed (Shapiro-Wilk test: 268 

p > 0.05) and showed homogenous variances between groups. Otherwise, we performed non-269 

parametric equivalent tests. The number of occurrences of each buck sexual behavior was 270 

compared as a function of time by pairwise comparisons using Wilcoxon rank sum test with 271 

Bonferroni correction. The area under the curve (AUC) was evaluated to compare the 272 

cumulative plasma progesterone secretion with a one-way ANOVA test followed by a Tukey 273 

post hoc test. Age at puberty was assessed using Kaplan–Meier survival analysis and was 274 

compared using the Log-rank test. 275 

 276 

3. Results 277 

3.1 Experiment 1: Is the detection of olfactory stimuli from sexually active males by 278 

females dependent on social experience and/or endocrine status? 279 

3.1.1 Dissociated doe MOE and VNO cells respond to olfactory stimuli from sexually 280 

active bucks 281 

We used a live-cell Ca
2+

 imaging approach to investigate doe olfactory sensory organ cells 282 

ability to respond to different sexually active buck compounds and identify the most potent 283 

stimuli. Freshly dissociated MOE and VNO cells loaded with fura-2 responded to diluted 284 

urine and aqueous hair extracts from sexually active males. Ca
2+

 transients were observed in 285 

response to these stimuli regardless of the reproductive status and social environment of the 286 

sampled females (Fig. 3A). 287 



We observed a significantly higher proportion of MOE-responding cells to urine from active 288 

males in ISOL Pub females (979 of 14727, 6.65 %) when compared to ISOL PrePub females 289 

(vs 1086 of 20447, 5.31 %; Fisher’s exact test: p < 0.001) and INT Pub females (vs 668 of 290 

14756, 4.53 %; Fisher’s exact test: p < 0.001) (Fig. 3B). The proportion of responses was also 291 

significantly higher in ISOL PrePub does than in INT Pub does (Fisher’s exact test: p < 0.01). 292 

No significant difference was found between groups in response to urine from active bucks in 293 

VNO cells (Fisher’s exact test: p > 0.05). A significantly higher proportion of MOE cells 294 

were activated by male hair in ISOL PrePub does (1586 of 20447, 7.76 %) compared to ISOL 295 

Pub does (vs 869 of 14727, 5.90 %; Fisher’s exact test: p < 0.001) and INT Pub does (vs 784 296 

of 14756, 5.31 %; Fisher’s exact test: p < 0.001). Moreover, the proportion of responses was 297 

significantly higher in ISOL Pub females than in INT Pub females (Fisher’s exact test: p < 298 

0.05). We also observed a significantly higher proportion of responses to active male hair in 299 

VNO cells from ISOL PrePub (1035 of 16187, 6.39 %) females than from ISOL Pub (vs 590 300 

of 15895, 3.71 %; Fisher’s exact test: p < 0.001) and INT Pub (vs 397 of 9369, 5.29 %; 301 

Fisher’s exact test: p < 0.001) females. By contrast, the proportion of responses was 302 

significantly higher in INT Pub females than in ISOL Pub females (Fisher’s exact test: p < 303 

0.001) (Fig. 3B). 304 

We also analyzed responses to high KCl depolarizing solution (150 mM) to estimate the 305 

proportion of excitable cells in our preparation (Fig. 3C). The proportion of MOE responses 306 

to high KCl ranged between 30-50 %, and was significantly lower in the INT Pub (4641 of 307 

14759, 31.45 %) group than in the ISOL PrePub (vs 10070 of 20447, 49.25 %; Fisher’s exact 308 

test: p < 0.001) and ISOL Pub (vs 7252 of 14727, 49.24 %; Fisher’s exact test: p < 0.001) 309 

groups. This result suggests that the cell preparation from INT Pub females comprised less 310 

mature OSNs. The proportion of VNO cells activated by KCl was nearly 10-fold lower 311 

(around 4 %) when compared to MOE cells. VSN responses to high KCl were significantly 312 

higher in the ISOL Pub (770 of 15895, 4.84 %) than in ISOL PrePub females (vs 682 of 313 

16187, 4.21 %; Fisher’s exact test: p < 0.01) and INT Pub females (vs 353 of 9369, 3.77 %; 314 

Fisher’s exact test: p < 0.01). 315 

3.1.2 Molecular characterization of dissociated MOE cells after Ca
2+

 imaging acquisition 316 

We performed OMP immunocytochemistry to determine whether the Ca
2+

 transients observed 317 

in response to active male stimuli originated from mature (OMP-expressing) OSNs of the 318 

MOE (Fig. 4A).  319 



First, we quantified the proportions of responses from OMP-positive (OMP+) MOE cells 320 

from the total cell responses per stimulus in Fig. 4B. The proportions of OMP+ cells activated 321 

by urine from active bucks ranged from 46 % to 63 %, but no significant differences were 322 

found between groups (Fisher’s exact test: p > 0.05). By contrast, we observed a significantly 323 

higher proportion of OMP+ cells responding to active male hair in INT Pub does (195 of 334, 324 

58.38 %) than in ISOL PrePub females (vs 114 of 284, 40.14 %; Fisher’s exact test: p < 325 

0.001) and in ISOL Pub females (vs 131 of 307; 42.67 %; Fisher’s exact test: p < 0.001), but 326 

not between ISOL PrePub and ISOL Pub does (Fisher’s exact test: p > 0.05). In order to 327 

confirm whether this result was due to a potential greater specificity of mature OMP+ 328 

neurons, we decided to relate these data to the total proportion of MOE OMP+ cells. (Fig. 329 

4C). The proportion of OMP+ MOE cells was significantly higher in our INT Pub group 330 

(3452 of 5616, 61.47 %) compared with the ISOL PrePub (1638 of 4503, 36.38 %; Fisher’s 331 

exact test: p < 0.001) and ISOL Pub (2795 of 5049, 55.36 %; Fisher’s exact test: p < 0.001) 332 

groups. Furthermore, the proportion of OMP+ cells was higher in ISOL Pub females than in 333 

ISOL PrePub females (Fisher’s exact test: p < 0.001). We computed the Spearman correlation 334 

coefficient between OMP+ responding cells and total OMP+ cells. We found a strong positive 335 

correlation between these two parameters (Spearman correlation: r = 0.9212, p < 0.001). To 336 

consider the group as a covariate, we built a linear model with permutations (lmPerm). While 337 

the group was not a significant predictor of OMP+ responding cells (lmPerm: estimate = 338 

0.4006, p > 0.05), total OMP+ cells on each coverslip explained a large and significant 339 

amount of the variance in OMP+ responding cells (lmPerm: adjusted R-squared = 0.8696, 340 

estimate = 0.8989, p < 0.001). This analysis therefore indicates that the greater proportion of 341 

OMP+ cells responding to this stimulus in INT Pub females is rather due to the increase in the 342 

proportion of total OMP+ cells. 343 

Next, we calculated the proportion of MOE OMP+ cells responding to a stimulus among the 344 

total population of MOE OMP+ cells (Fig. 4D). For active male urine, we observed a 345 

significantly higher proportion of responding OMP+ cells among total OMP+ cells in ISOL 346 

PrePub does (107 of 1638, 6.53 %) than in ISOL Pub females (vs 114 of 2795, 4.08 %; 347 

Fisher’s exact test: p < 0.01) and INT Pub females (vs 157 of 3452, 4.55 %; Fisher’s exact 348 

test: p < 0.01), but not between ISOL Pub and INT Pub does (Fisher’s exact test: p > 0.05). 349 

For active male hair, the proportion of responding OMP+ cells in the OMP+ cell population 350 

was significantly higher in ISOL PrePub females (114 of 1638, 6.96 %) than in ISOL Pub 351 

females (vs 131 of 2795, 4.69 %; Fisher’s exact test: p < 0.01). There was no significant 352 



difference between ISOL PrePub and ISOL Pub females compared with INT Pub females (vs 353 

195 of 3452, 5.65 %; Fisher’s exact test: p > 0.05). 354 

We also calculated the proportion of OMP+ cells on additional VNO coverslips (Fig. S1). The 355 

proportion of OMP+ VNO cells was significantly higher in our INT Pub females (555 of 356 

1659, 33.45 %) than in our ISOL PrePub females (262 of 1664, 15.75 %; Fisher’s exact test: p 357 

< 0.001) and ISOL Pub females (411 of 2483, 14.20 %; Fisher’s exact test: p < 0.001). No 358 

significant differences were found between the ISOL PrePub group and the ISOL Pub group 359 

(Fisher’s exact test: p > 0.05). Overall, these results do not fully recapitulate the observed 360 

response rates to high KCl (Fig. 3C), particularly in VNO cells, indicating that expression of 361 

OMP in mature sensory neurons does not necessarily correlate with high KCl activation. 362 

3.2 Experiment 2: Can olfactory stimuli from sexually active bucks trigger precocious 363 

puberty in does? 364 

3.2.1 Male sexual activity 365 

Plasma testosterone concentrations increased during the experiment, exceeding the 10 ng ml
-1

 366 

threshold by the end of August (Fig. 5A). The odor score and testicular weight of intact males 367 

also increased during the experimentation (Fig. 5B-C). 368 

We also assessed the sexual behavior of intact bucks during bi-weekly introduction into the 369 

INT female pen (Fig. 5D). We observed no significant differences between months for each 370 

behavior (paired Wilcoxon rank sum tests: p > 0.05). There is a trend between August and 371 

October for occurrences of ano-genital sniffing (paired Wilcoxon rank sum test: p = 0.073). 372 

Interestingly, intact bucks showed lateral approach and mounting behavior from early 373 

September onwards. Together, these results indicate that males were sexually active during 374 

the testing period. 375 

3.2.2 Onset of ovulatory activity in young does 376 

There was no significant difference in weight between groups during the experiment (Fig. 377 

S2). Plasma progesterone measures showed that all females continued cyclic activity after 378 

their first ovulation (Fig. 6A). INT females exhibited three to four ovarian cycles starting 379 

between mid-September and early October, whereas in the other two groups, most does 380 

displayed two cycles (ISOL: n = 8; ODOR: n = 9), some only one (ISOL: n = 1; ODOR: n = 381 

3) and others none (ISOL: n = 2; ODOR: n = 1). Only one female in the ODOR group showed 382 

three ovarian cycles. Moreover, most females in the ISOL and ODOR groups began cycling 383 



between mid-October and early November. We calculated the area under the curve (AUC) to 384 

assess cumulative progesterone secretion (Fig. 6B) and found that AUC was significantly 385 

higher in the INT group than in the ISOL and ODOR groups (one-way ANOVA test: F (2, 35) = 386 

29.63, p < 0.001; Posthoc Tukey test: p < 0.001). 387 

The age at puberty differed significantly between groups of does (Fig. 6C). Females exposed 388 

to intact bucks (INT) had a first ovulation earlier than females exposed to sexually active buck 389 

hair (ODOR) or isolated females (ISOL) (Log-rank test: χ2 = 42.72, df = 2, p < 0.001). 390 

Importantly, no significant difference was noted between ISOL and ODOR groups. Moreover, 391 

half of the does in the INT group were pubescent at 257 days of age (D257), while this ratio 392 

was only achieved at D282 and D285, respectively in the ISOL and ODOR groups. The delay 393 

compared with the INT group was therefore 25 days for the ISOL group and 28 days for the 394 

ODOR group. Together, these results indicate that goats exposed to male odors did not 395 

experience a male-induced early puberty onset, unlike those exposed to intact bucks. 396 

 397 

4. Discussion 398 

Data from our experiment 1 show that dissociated cells from the doe's two olfactory sensory 399 

organs (VNO and MOE) are able to respond to two sexually active buck stimuli (urine and 400 

aqueous hair extracts). Further, the endocrine status and sexual experience of the females 401 

modulate those responses. Active male hair, a stimulus reported to activate ARC neurons and 402 

LH secretion in adult females [22,23,25], activated more VNO and MOE cells in ISOL 403 

PrePub females than in the other two groups (MOE: + 1.86 to 2.45 %; VNO: + 1.1 to 2.68 %; 404 

Fig. 3B). We also found more MOE cell responses from sexually naïve females to active male 405 

urine (+ 0.78 to 2.12 %). These results challenge our initial hypothesis, since we assumed that 406 

females following a male-induced early puberty protocol (INT Pub) would show more 407 

responses due to their prior exposure. VNO and MOE cells from ISOL PrePub females show 408 

a higher proportion of responses, suggesting that the ability to detect and potentially transmit 409 

olfactory information provided by sexually active bucks may be enhanced during the 410 

prepubertal period in does. We therefore aimed to determine whether the observed responses 411 

originated from mature sensory neurons using anti-OMP immunocytochemistry. 412 

We analyzed the proportion of responses from mature OSNs in the MOE. We hypothesized 413 

that exposure to males may have an impact on the specificity of cell responses to buck hair. 414 

Indeed, for INT Pub females, the majority of MOE cell responses (around 58%) originate 415 



from mature OSNs, unlike ISOL PrePub (around 40%) and ISOL Pub (around 43%) females 416 

(Fig. 4B). However, these results are strongly related to the increase in the total proportion of 417 

mature OSNs observed in this group. Therefore, these results do not support the hypothesis 418 

that previous exposure to sexually active bucks could be responsible of a higher rate of mature 419 

OMP+ responding cells. Next, we investigated the proportion of mature OSNs responding 420 

among the overall population of OMP+ cells in the MOE. This proportion was higher in ISOL 421 

PrePub does than in ISOL Pub does, no matter the stimulus used (urine: + 2.45 %; hair: + 422 

2.27 %; Fig. 4D). For active male urine, this proportion was also higher in ISOL PrePub 423 

females than in INT Pub females (+ 1.98 %). These data therefore suggest that puberty and 424 

exposure to male odors could modify cellular identity or response properties within the global 425 

population of mature OSNs. 426 

Strikingly, many responses do not originate from OMP+ mature OSNs in any group. The 427 

identity of these OMP negative cells is unknown, but recent data in mice have shown the 428 

capacity and involvement of immature OSNs in the detection and transmission of odorants to 429 

the olfactory bulb [46]. Furthermore, immature olfactory neurons often express more than one 430 

OR gene [47], being thus possible that some of the responses observed in sexually naïve 431 

females (ISOL PrePub and ISOL Pub) originate from immature OSNs. Further research is 432 

needed to confirm this hypothesis, including molecular characterization using markers 433 

specific to immature neurons.  434 

The total proportion of mature OSNs/VSNs in our primary cultures of dissociated MOE/VNO 435 

cells was first assessed. Interestingly, this proportion is always higher in both MOE and VNO 436 

of sexually experienced females (INT Pub) than in sexually naive females regardless they 437 

have reached puberty or not (ISOL PrePub: MOE, + 25.09 %, VNO, + 17.7 %; and ISOL 438 

Pub: MOE, + 6.12 %, VNO, + 19.25 %; Fig. 4C and Fig. S1). In mice, olfactory experience 439 

modulates the abundance of sensory neurons in the MOE and VNO, leading to differences in 440 

the expression of certain ORs and VRs [48]. Similar plasticity mechanisms are observed in 441 

rabbit VNO [49]. Thus, our results obtained in does could support the hypothesis of plasticity 442 

of both olfactory sensory epithelia modulated by exposure to male odors. Apart from the 443 

proportion of mature olfactory neurons, exploration of the expression of certain ORs [50] and 444 

V1Rs [51,52] in relation to sexual experience may also shed some light on the molecular 445 

mechanisms behind this olfactory plasticity. Besides sexual experience, our data show a 446 

higher proportion of mature OSNs in ISOL Pub females than in ISOL PrePub (+ 18.98 %) 447 

suggesting that the hormonal changes that drive the pubertal transition process could also 448 



have a role in the potential plasticity of the MOE. Such regulatory mechanisms have been 449 

already described in mice, where female sex steroids can elicit a profound effect on the 450 

proliferation and activation/inhibition of VSNs [53,54]. However, in our study design, 451 

pubescent does were 3 to 4 months older than prepubescent ones. Age is thus a potential 452 

confounder that could be responsible for the observed difference in mature OSN proportion 453 

between ISOL Pub and ISOL PrePub and we cannot rule out this hypothesis. 454 

The percentage of response to high KCl was higher in MOE cells (30-50%) than in VNO cells 455 

(3-5%) (Fig. 3C), similar to a previous study [30, in press]. However, OMP-positive cells 456 

were relatively abundant in VNO coverslips (up to 33.5 %), indicating that a majority of 457 

OMP+ VNO cells do not respond to high KCl. The reasons for these reduced responses are 458 

unclear, but our results indicate that high KCl activation cannot be considered as a reliable 459 

reporter of mature VSNs. 460 

Our experiment 2 confirms that continuous exposure to intact sexually active bucks triggers 461 

first ovulation and thus precocious puberty in spring-born does. As shown in previous studies, 462 

our intact bucks became sexually active during September with an increase in plasma 463 

testosterone concentrations, odor score, testicular weight and the display of behaviors such as 464 

lateral approach and mounting [8,9]. On average, the group of exposed females (INT) reached 465 

puberty almost 1 month earlier than the ISOL group, which is consistent with previous studies 466 

[8,9].  467 

Yet, this effect was not found in the ODOR group. We used active buck hair to stimulate 468 

females, since this olfactory stimulus is known to activate ARC neurons and LH secretion, 469 

sometimes leading to ovulation in adult females in anestrous [22–25]. We expected that 470 

ODOR females would have shown an earlier first ovulation than ISOL females to some extent 471 

[25]. However, olfactory stimulation failed to induce any significant change as females in 472 

both groups reached puberty within a similar timeframe (Fig. 6C). A possible explanation for 473 

this result is that prepubescent does are sexually naive and would require a process of 474 

"learning" the buck odor to get a full gonadotropic axis response leading to an ovulatory 475 

activity [55]. In sheep, a large proportion of sexually naïve young (1-year-old) and adult (2-5 476 

years old) ewes show no LH response after exposure to ram fleece [56], whereas sexually 477 

experienced females show a similar LH response to ram odor to that obtained after exposure 478 

to male [56]. As our study did not measure LH secretion, we cannot exclude that sexually 479 

active buck hair triggers a partial response in exposed prepubescent females. 480 



Another possible explanation could be related to the conditions of our exposure. In fact, we 481 

exposed females to free-access devices containing hair following the model of a previous 482 

study [25]. Our daily observations at different times of the day showed that the vast majority 483 

of females were interacting with the devices. However, coupling the devices with daily 484 

manual stimulation was perhaps insufficient to induce ovulatory activity in the exposed does. 485 

Other studies in adults have used face masks containing the stimulus of interest, with varying 486 

degrees of success in producing endocrine responses in females [24,25]. Unfortunately, this 487 

option would be difficult to implement on young, growing individuals, as it would require a 488 

significant habituation phase. Additional trials varying the experimental conditions are 489 

therefore necessary before concluding that olfaction alone is not sufficient to induce an early 490 

puberty onset. Lesional approaches in the MOE and VNO could provide evidence of a 491 

potential role of olfactory stimuli in this phenomenon. This still remains as a possible option 492 

because, in contrast to the male effect [57], somatosensory stimuli appear to be dispensable to 493 

induce early puberty in spring-born does [8]. The possibility that other sensory stimuli (visual 494 

and auditory) from the active male might be involved in this phenomenon cannot also be 495 

excluded.  496 

 497 

5. Conclusion 498 

In summary, our results show that sexually active buck stimuli are able to induce Ca
2+

 499 

transients in dissociated MOE and VNO cells from does. Our data support the hypothesis that 500 

doe kids would be more responsive to active buck hair during the prepubertal period, perhaps 501 

through the activation of immature sensory neurons. Moreover, female sexual experience and 502 

the hormonal changes that drive the pubertal transition process could be involved in potential 503 

MOE and VNO plasticity mechanisms. This study also shows that under our conditions, 504 

sexually active buck hair alone is not sufficient to elicit an early ovulatory response in 505 

prepubescent females. 506 

 507 

Authors contributions 508 

Maxime A. Meunier: Conceptualization; formal analysis; investigation; writing – original 509 

draft; writing – review and editing. Chantal Porte: Investigation; writing – original draft; 510 

writing – review and editing. Hélène Vacher: Investigation; writing – original draft; writing – 511 



review and editing. Elliott Trives: Investigation; software; writing – original draft; writing – 512 

review and editing. Thiago S. Nakahara: Investigation; writing – original draft; writing – 513 

review and editing. Anne-Charlotte Trouillet: Conceptualization; writing – original draft; 514 

writing – review and editing. Philippe Chemineau: Conceptualization; writing – original 515 

draft; writing – review and editing. Pablo Chamero: Conceptualization; writing – original 516 

draft; writing – review and editing. Matthieu Keller: Conceptualization; funding acquisition; 517 

supervision; writing – original draft; writing – review and editing. 518 

Acknowledgments 519 

We would like to thank (1) Olivier Lasserre and all the animal caretakers at the INRAe PAO 520 

experimental unit who helped with animal care; (2) Sylvain Bourgeais and Benoit Marteau for 521 

euthanizing the animals; (3) Anne-Lyse Lainé and the staff of the endocrinology laboratory 522 

for progesterone and testosterone assays; (4) Renaud Fleurot of the PIC platform for his 523 

support with confocal microscope image acquisition. 524 

Disclosures 525 

No competing interests declared. 526 

Data Availability Statement 527 

All relevant data can be found within the article and its supplementary information. 528 

Financial support 529 

This work was supported by a grant from Région Centre Val de Loire (France) and INRAE 530 

(France). 531 

 532 

References 533 

[1] F.J.P. Ebling, The neuroendocrine timing of puberty, Reproduction. 129 (2005) 675–534 

683. https://doi.org/10.1530/rep.1.00367. 535 

[2] D.L. Foster, S.M. Yellon, D.H. Olster, Internal and external determinants of the timing 536 

of puberty in the female, J. Reprod. Fertil. 75 (1985) 327–344. 537 

https://doi.org/10.1530/jrf.0.0750327. 538 

[3] D.L. Foster, S.M. Hileman, Puberty in the Sheep, in: Knobil Neill’s Physiol. Reprod., 539 

Elsevier, 2015: pp. 1441–1485. https://doi.org/10.1016/B978-0-12-397175-3.00031-4. 540 



[4] C. Papachristoforou, A. Koumas, C. Photiou, Seasonal effects on puberty and 541 

reproductive characteristics of female Chios sheep and Damascus goats born in autumn 542 

or in February, Small Rumin. Res. 38 (2000) 9–15. https://doi.org/10.1016/S0921-543 

4488(00)00143-7. 544 

[5] J.A. Delgadillo, M.A. De Santiago-Miramontes, E. Carrillo, Season of birth modifies 545 

puberty in female and male goats raised under subtropical conditions, Animal. 1 (2007) 546 

858–864. https://doi.org/10.1017/S1751731107000080. 547 

[6] J.A. Delgadillo, H. Hernández, J.A. Abecia, M. Keller, P. Chemineau, Is it time to 548 

reconsider the relative weight of sociosexual relationships compared with photoperiod 549 

in the control of reproduction of small ruminant females?, Domest. Anim. Endocrinol. 550 

73 (2020) 106468. https://doi.org/10.1016/j.domaniend.2020.106468. 551 

[7] J.A. Delgadillo, H. Gelez, R. Ungerfeld, P.A.R. Hawken, G.B. Martin, The ‘male 552 

effect’in sheep and goats—revisiting the dogmas, Behav. Brain Res. 200 (2009) 304–553 

314. 554 

[8] M. Chasles, D. Chesneau, C. Moussu, K. Poissenot, M. Beltramo, J.A. Delgadillo, P. 555 

Chemineau, M. Keller, Sexually active bucks are a critical social cue that activates the 556 

gonadotrope axis and early puberty onset in does, Horm. Behav. 106 (2018) 81–92. 557 

https://doi.org/10.1016/j.yhbeh.2018.10.004. 558 

[9] M.A. Meunier, C. Porte, K. Poissenot, H. Vacher, M. Brachet, P. Chamero, M. 559 

Beltramo, J.A. Abecia, J.A. Delgadillo, P. Chemineau, M. Keller, Male-induced early 560 

puberty correlates with the maturation of arcuate nucleus kisspeptin neurons in does, J. 561 

Neuroendocrinol. 35 (2023) 1–12. https://doi.org/10.1111/jne.13284. 562 

[10] J.G. Vandenbergh, Effect of the presence of a male on the sexual maturation of female 563 

mice., Endocrinology. 81 (1967) 345–349. https://doi.org/10.1210/endo-81-2-345. 564 

[11] J.G. Vandenbergh, Acceleration of sexual maturation in female rats by male 565 

stimulation, J. Reprod. Fertil. 46 (1976) 451–453. 566 

https://doi.org/10.1530/jrf.0.0460451. 567 

[12] J.G. Vandenbergh, Male odor accelerates female sexual maturation in mice., 568 

Endocrinology. 84 (1969) 658–660. https://doi.org/10.1210/endo-84-3-658. 569 

[13] M. Jouhanneau, F. Cornilleau, M. Keller, Peripubertal exposure to male odors 570 



influences female puberty and adult expression of male-directed odor preference in 571 

mice, Horm. Behav. 65 (2014) 128–133. https://doi.org/10.1016/j.yhbeh.2013.12.006. 572 

[14] T.D. Wyatt, Pheromones and Animal Behavior, Cambridge University Press, 2014. 573 

https://doi.org/10.1017/CBO9781139030748. 574 

[15] L. Buck, R. Axel, A novel multigene family may encode odorant receptors: A 575 

molecular basis for odor recognition, Cell. 65 (1991) 175–187. 576 

https://doi.org/10.1016/0092-8674(91)90418-X. 577 

[16] T. Leinders-Zufall, A.P. Lane, A.C. Puche, W. Ma, M. V. Novotny, M.T. Shipley, F. 578 

Zufall, Ultrasensitive pheromone detection by mammalian vomeronasal neurons, 579 

Nature. 405 (2000) 792–796. https://doi.org/10.1038/35015572. 580 

[17] D.E. Lomas, E.B. Keverne, Role of the vomeronasal organ and prolactin in the 581 

acceleration of puberty in female mice, Reproduction. 66 (1982) 101–107. 582 

https://doi.org/10.1530/jrf.0.0660101. 583 

[18] N. Kaneko, E.A. Debski, M.C. Wilson, W.K. Whitten, Puberty acceleration in mice. II. 584 

Evidence that the vomeronasal organ is a receptor for the primer pheromone in male 585 

mouse urine, Biol. Reprod. 22 (1980) 873–878. 586 

https://doi.org/10.1095/biolreprod22.4.873. 587 

[19] C.J. Wysocki, J.J. Lepri, Consequences of removing the vomeronasal organ, J. Steroid 588 

Biochem. Mol. Biol. 39 (1991) 661–669. https://doi.org/10.1016/0960-0760(91)90265-589 

7. 590 

[20] K.A. Flanagan, W. Webb, L. Stowers, Analysis of male pheromones that accelerate 591 

female reproductive organ development, PLoS One. 6 (2011) e16660. 592 

https://doi.org/10.1371/journal.pone.0016660. 593 

[21] L. Oboti, A. Pérez-Gómez, M. Keller, E. Jacobi, L. Birnbaumer, T. Leinders-Zufall, F. 594 

Zufall, P. Chamero, A wide range of pheromone-stimulated sexual and reproductive 595 

behaviors in female mice depend on G protein Gαo, BMC Biol. 12 (2014) 1–17. 596 

https://doi.org/10.1186/1741-7007-12-31. 597 

[22] K. Murata, Y. Wakabayashi, K. Sakamoto, T. Tanaka, Y. Takeuchi, Y. Mori, H. 598 

Okamura, Effects of brief exposure of male pheromone on multiple-unit activity at 599 

close proximity to kisspeptin neurons in the goat arcuate nucleus, J Reprod Dev. 57 600 



(2011) 197–202. https://doi.org/10.1262/jrd.10-070e. 601 

[23] K. Sakamoto, Y. Wakabayashi, T. Yamamura, T. Tanaka, Y. Takeuchi, Y. Mori, H. 602 

Okamura, A Population of Kisspeptin/Neurokinin B Neurons in the Arcuate Nucleus 603 

May Be the Central Target of the Male Effect Phenomenon in Goats, PLoS One. 8 604 

(2013) e81017. https://doi.org/10.1371/journal.pone.0081017. 605 

[24] R. Claus, R. Over, M. Dehnhard, Effect of male odour on LH secretion and the 606 

induction of ovulation in seasonally anoestrous goats, Anim. Reprod. Sci. 22 (1990) 607 

27–38. https://doi.org/10.1016/0378-4320(90)90035-E. 608 

[25] S.W. Walkden-Brown, B.J. Restall, Henniawati, The male effect in the Australian 609 

cashmere goat. 2. Role of olfactory cues from the male, Anim. Reprod. Sci. 32 (1993) 610 

55–67. https://doi.org/10.1016/0378-4320(93)90057-X. 611 

[26] P. Chemineau, F. Levy, J. Thimonier, Effects of anosmia on LH secretion, ovulation 612 

and oestrous behaviour induced by males in the anovular creole goat, Anim. Reprod. 613 

Sci. 10 (1986) 125–132. https://doi.org/10.1016/0378-4320(86)90024-2. 614 

[27] H. Gelez, C. Fabre-Nys, The “male effect” in sheep and goats: a review of the 615 

respective roles of the two olfactory systems, Horm. Behav. 46 (2004) 257–271. 616 

https://doi.org/10.1016/j.yhbeh.2004.05.002. 617 

[28] H. Gelez, C. Fabre-Nys, Neural pathways involved in the endocrine response of 618 

anestrous ewes to the male or its odor, Neuroscience. 140 (2006) 791–800. 619 

https://doi.org/10.1016/j.neuroscience.2006.02.066. 620 

[29] M. Keller, F. Lévy, The main but not the accessory olfactory system is involved in the 621 

processing of socially relevant chemosignals in ungulates, Front. Neuroanat. 6 (2012). 622 

https://doi.org/10.3389/fnana.2012.00039. 623 

[30] M. Meunier, A.-C. Trouillet, M. Keller, P. Chamero, Detection of Male Olfactory 624 

Information by Female Goats: A Calcium Imaging Approach, in: B. Schaal, M. Keller, 625 

D. Rekow, F. Damon (Eds.), Chem. Signals Vertebr. 15, Springer Nature Switzerland 626 

AG, 2023. https://doi.org/https://doi.org/10.1007/978-3-031-35159-4_9. 627 

[31] P. Chamero, T.F. Marton, D.W. Logan, K. Flanagan, J.R. Cruz, A. Saghatelian, B.F. 628 

Cravatt, L. Stowers, Identification of protein pheromones that promote aggressive 629 

behaviour, Nature. 450 (2007) 899–902. https://doi.org/10.1038/nature05997. 630 



[32] P. Chamero, V. Katsoulidou, P. Hendrix, B. Bufe, R. Roberts, H. Matsunami, J. 631 

Abramowitz, L. Birnbaumer, F. Zufall, T. Leinders-Zufall, G protein G o is essential 632 

for vomeronasal function and aggressive behavior in mice, Proc. Natl. Acad. Sci. 108 633 

(2011) 12898–12903. https://doi.org/10.1073/pnas.1107770108. 634 

[33] A.-C. Trouillet, M. Keller, J. Weiss, T. Leinders-Zufall, L. Birnbaumer, F. Zufall, P. 635 

Chamero, Central role of G protein Gαi2 and Gαi2 + vomeronasal neurons in balancing 636 

territorial and infant-directed aggression of male mice, Proc. Natl. Acad. Sci. 116 637 

(2019) 5135–5143. https://doi.org/10.1073/pnas.1821492116. 638 

[34] J.A. Delgadillo, J.A. Flores, H. Hernández, P. Poindron, M. Keller, G. Fitz-Rodríguez, 639 

G. Duarte, J. Vielma, I.G. Fernández, P. Chemineau, Sexually active males prevent the 640 

display of seasonal anestrus in female goats, Horm. Behav. 69 (2015) 8–15. 641 

https://doi.org/10.1016/j.yhbeh.2014.12.001. 642 

[35] J.A. Delgadillo, B. Leboeuf, P. Chemineau, Abolition of seasonal variations in semen 643 

quality and maintenance of sperm fertilizing ability by photoperiodic cycles in goat 644 

bucks, Small Rumin. Res. 9 (1992) 47–59. https://doi.org/10.1016/0921-645 

4488(92)90055-9. 646 

[36] M. Shelton, Reproduction and Breeding of Goats, J. Dairy Sci. 61 (1978) 994–1010. 647 

https://doi.org/10.3168/jds.S0022-0302(78)83680-7. 648 

[37] A. Balkenius, A.J. Johansson, C. Balkenius, Comparing analysis methods in functional 649 

calcium imaging of the insect brain, PLoS One. 10 (2015) 1–19. 650 

https://doi.org/10.1371/journal.pone.0129614. 651 

[38] Y. Liu, J. Lin, A general-purpose signal processing algorithm for biological profiles 652 

using only first-order derivative information, BMC Bioinformatics. 20 (2019) 1–17. 653 

https://doi.org/10.1186/s12859-019-3188-4. 654 

[39] S.W. Jewell, T.D. Hocking, P. Fearnhead, D.M. Witten, Fast nonconvex deconvolution 655 

of calcium imaging data, Biostatistics. 21 (2020) 709–726. 656 

https://doi.org/10.1093/biostatistics/kxy083. 657 

[40] Y. Wakabayashi, E. Iwata, T. Kikusui, Y. Takeuchi, Y. Mori, Regional Differences of 658 

Pheromone Production in the Sebaceous Glands of Castrated Goats Treated with 659 

Testosterone, J. Vet. Med. Sci. 62 (2000) 1067–1072. 660 

https://doi.org/10.1292/jvms.62.1067. 661 



[41] J.A. Flores, F.G. Véliz, J.A. Pérez-Villanueva, G. Martínez De La Escalera, P. 662 

Chemineau, P. Poindron, B. Malpaux, J.A. Delgadillo, Male reproductive condition is 663 

the limiting factor of efficiency in the male effect during seasonal anestrus in female 664 

goats, Biol. Reprod. 62 (2000) 1409–1414. 665 

https://doi.org/10.1095/biolreprod62.5.1409. 666 

[42] C. Fabre-Nys, H. Gelez, Sexual behavior in ewes and other domestic ruminants, Horm. 667 

Behav. 52 (2007) 18–25. https://doi.org/10.1016/j.yhbeh.2007.04.001. 668 

[43] M.T. Hochereau-De Reviers, M. Copin, M. Seck, C. Monet-Kuntz, C. Cornu, I. 669 

Fontaine, C. Perreau, J.M. Elsen, Boomarov, Stimulation of testosterone production by 670 

PMSG injection in the ovine male: effect of breed and age and application to males 671 

carrying or not carrying the “F” Booroola gene, Anim. Reprod. Sci. 23 (1990) 21–32. 672 

https://doi.org/10.1016/0378-4320(90)90012-5. 673 

[44] S. Canepa, A.-L. Laine, A. Bluteau, C. Fagu, C. Flon, D. Monniaux, Validation d’une 674 

méthode immunoenzymatique pour le dosage de la progestérone dans le plasma des 675 

ovins et des bovins, Cah. Des Tech. l’INRA. 64 (2008) 19–30. 676 

[45] Y. Benjamini, Y. Hochberg, Controlling the False Discovery Rate: A Practical and 677 

Powerful Approach to Multiple Testing, J. R. Stat. Soc. Ser. B. 57 (1995) 289–300. 678 

https://doi.org/10.1111/j.2517-6161.1995.tb02031.x. 679 

[46] J.S. Huang, T. Kunkhyen, A.N. Rangel, T.R. Brechbill, J.D. Gregory, E.D. Winson-680 

Bushby, B. Liu, J.T. Avon, R.J. Muggleton, C.E.J. Cheetham, Immature olfactory 681 

sensory neurons provide behaviourally relevant sensory input to the olfactory bulb, 682 

Nat. Commun. 13 (2022) 6194. https://doi.org/10.1038/s41467-022-33967-6. 683 

[47] N.K. Hanchate, K. Kondoh, Z. Lu, D. Kuang, X. Ye, X. Qiu, L. Pachter, C. Trapnell, 684 

L.B. Buck, Single-cell transcriptomics reveals receptor transformations during 685 

olfactory neurogenesis, Science (80-. ). 350 (2015) 1251–1255. 686 

https://doi.org/10.1126/science.aad2456. 687 

[48] C. van der Linden, S. Jakob, P. Gupta, C. Dulac, S.W. Santoro, Sex separation induces 688 

differences in the olfactory sensory receptor repertoires of male and female mice, Nat. 689 

Commun. 9 (2018). https://doi.org/10.1038/s41467-018-07120-1. 690 

[49] P.R. Villamayor, J. Gullón, L. Quintela, P. Sánchez-Quinteiro, P. Martínez, D. 691 

Robledo, Sex separation unveils the functional plasticity of the vomeronasal organ in 692 



rabbits, Front. Mol. Neurosci. 15 (2022) 1–18. 693 

https://doi.org/10.3389/fnmol.2022.1034254. 694 

[50] J.E.R. Octura, K.I. Maeda, Y. Wakabayashi, Structure and zonal expression of 695 

olfactory receptors in the olfactory epithelium of the goat, Capra hircus, J. Vet. Med. 696 

Sci. 80 (2018) 913–920. https://doi.org/10.1292/jvms.17-0692. 697 

[51] Y. Wakabayashi, S. Ohkura, H. Okamura, Y. Mori, M. Ichikawa, Expression of a 698 

vomeronasal receptor gene (V1r) and G protein α subunits in goat,Capra hircus, 699 

olfactory receptor neurons, J. Comp. Neurol. 503 (2007) 371–380. 700 

https://doi.org/10.1002/cne.21394. 701 

[52] D. Kondoh, Y.K. Kawai, K. Watanabe, Y. Muranishi, Tissue and Cell Artiodactyl 702 

livestock species have a uniform vomeronasal system with a vomeronasal type 1 703 

receptor ( V1R ) pathway, Tissue Cell. 77 (2022) 101863. 704 

https://doi.org/10.1016/j.tice.2022.101863. 705 

[53] S. Dey, P. Chamero, J.K. Pru, M.S. Chien, X. Ibarra-Soria, K.R. Spencer, D.W. Logan, 706 

H. Matsunami, J.J. Peluso, L. Stowers, Cyclic regulation of sensory perception by a 707 

female hormone alters behavior, Cell. 161 (2015) 1334–1344. 708 

https://doi.org/10.1016/j.cell.2015.04.052. 709 

[54] L. Oboti, X. Ibarra-Soria, A. Pérez-Gómez, A. Schmid, M. Pyrski, N. Paschek, S. 710 

Kircher, D.W. Logan, T. Leinders-Zufall, F. Zufall, P. Chamero, Pregnancy and 711 

estrogen enhance neural progenitor-cell proliferation in the vomeronasal sensory 712 

epithelium, BMC Biol. 13 (2015) 1–17. https://doi.org/10.1186/s12915-015-0211-8. 713 

[55] C. Fabre-Nys, K.M. Kendrick, R.J. Scaramuzzi, The “ram effect”: new insights into 714 

neural modulation of the gonadotropic axis by male odors and socio-sexual 715 

interactions, Front. Neurosci. 9 (2015). https://doi.org/10.3389/fnins.2015.00111. 716 

[56] H. Gelez, E. Archer, D. Chesneau, R. Campan, C. Fabre-Nys, Importance of learning in 717 

the response of ewes to male odor, Chem Senses. 29 (2004) 555–563. 718 

https://doi.org/10.1093/chemse/bjh054. 719 

[57] J.C. Martínez-Alfaro, H. Hernández, J.A. Flores, G. Duarte, G. Fitz-Rodríguez, I.G. 720 

Fernández, M. Bedos, P. Chemineau, M. Keller, J.A. Delgadillo, J. Vielma, Importance 721 

of intense male sexual behavior for inducing the preovulatory LH surge and ovulation 722 

in seasonally anovulatory female goats, Theriogenology. 82 (2014) 1028–1035. 723 



https://doi.org/10.1016/j.theriogenology.2014.07.024. 724 

 725 

  726 



Figure captions 727 

Fig. 1. Structure of the doe nasal cavity. (A) Parasagittal view of the left side of the nasal 728 

cavity showing the nasal septum (S) and the vomeronasal organ (VNO, rectangle with dashed 729 

borders) after removal of mandible. (B) Midsagittal view of the right side of the nasal cavity 730 

showing the endoturbinates containing the main olfactory epithelium (MOE, rectangle with 731 

dashed borders). Br, brain. 732 

Fig. 2. Experimental design. (A) From August 22
nd

, does were allocated into three groups: 733 

one isolated from males (ISOL, n = 11), one exposed to intact bucks (INT, n = 13), and one 734 

exposed to sexually active buck hair (ODOR, n = 14). Male stimulation of INT group was 735 

continuous with bucks separated from does by a barrier and introduced into the latter's pen 736 

twice a week for 1 h to observe sexual behavior. (B) Stimulation by the male odor represented 737 

by hair (neck, head, beard and shoulders) was also continuous. Hair was disposed in cloth 738 

bags placed in polyvinyl chloride devices (three per pen), suspended from a rope. Stimulation 739 

was amplified by placing a gauze containing hair over the nostrils of the females for 15 s and 740 

rubbing hair on the palate. 741 

Fig. 3. Dissociated doe MOE and VNO cells respond to olfactory stimuli from sexually 742 

active bucks. (A) Examples of Ca
2+

 transients imaged on dissociated MOE (left) and VNO 743 

(right) cells from ISOL PrePub, ISOL Pub and INT Pub does stimulated with diluted urine 744 

(1:100) and aqueous extracts of active buck hair. (B-C) Analysis of ligand-evoked Ca
2+

 745 

responses on dissociated MOE (left) and VNO (right) cells from ISOL PrePub (n = 4), ISOL 746 

Pub (n = 4) and INT Pub does (n = 5). Data are expressed as the percentage of responding 747 

cells to a given stimulus divided by the percentage of total cells [Fisher’s exact test: *p < 748 

0.05, **p < 0.01, ***p < 0.001, non-significant (ns)]. Number of responding cells over the 749 

number of cells analyzed is indicated in each bar. Cells were stimulated with (B) diluted urine 750 

(1:100) and aqueous extracts of active buck hair, but also with (C) high (150 mM) KCl 751 

solution as viability control. 752 

Fig. 4. Molecular characterization of dissociated MOE cells after Ca
2+

 imaging 753 

acquisition. (A) Examples of Fura-2 ratio and post hoc immunocytochemistry images of 754 

prepubescent doe MOE cells indicating that cells activated by urine and the aqueous extracts 755 

of sexually active buck hair are OMP-positive (magenta). Nuclear labeling (Hoechst, cyan) 756 

was also performed (scale bars, 10 µm). Representative Ca
2+

 transients shown for imaged 757 

cells (white arrowheads) are indicated for each condition. (B) Percentage of responding 758 



mature OSNs / total responding MOE cells for a given stimulus [Fisher’s exact test: ***p < 759 

0.001, non-significant (ns)]. MOE cells were obtained from ISOL PrePub (n = 4), ISOL Pub 760 

(n = 4) and INT Pub (n = 5) does. Number of responding mature OSNs over the number of 761 

total responding MOE cells is indicated in each bar. (C) Percentage of total mature OSNs 762 

(OMP-positive MOE cells) / total MOE cells in ISOL PrePub (n = 4), ISOL Pub (n = 4) and 763 

INT Pub (n = 5) does [Fisher’s exact test: ***p < 0.001]. Number of total OMP-positive cells 764 

over the number of total cells is indicated in each bar. (D) Percentage of responding mature 765 

OSNs / total mature OSNs for a given stimulus [Fisher’s exact test: **p < 0.01, non-766 

significant (ns)]. MOE cells were obtained from ISOL PrePub (n = 4), ISOL Pub (n = 4) and 767 

INT Pub (n = 5) does. Number of responding mature OSNs over the number of total mature 768 

OSNs is indicated in each bar. 769 

Fig. 5. Assessment of sexual activity in intact bucks (n = 4). Data are represented as mean ± 770 

SEM. (A) Plasma testosterone concentrations were measured weekly. The entry of bucks into 771 

the breeding season was indicated by values above the 10 ng ml
-1

 threshold. (B) Odor score 772 

was performed once a week by allocating 0 (neutral odor), 1 (weak male odor), 2 (moderate 773 

male odor) or 3 (strong male odor). (C) Testicular weight was estimated every two weeks. (D) 774 

Sexual behavior of bucks was evaluated for 1 h, twice a week during introduction into the 775 

female pen. The average occurrence of each behavior was compared between the months 776 

[paired Wilcoxon rank sum tests: #p = 0.073, *p < 0.05]. 777 

Fig. 6. Variations in plasma progesterone concentrations in young does. From August 778 

22
nd

, one group of does was isolated from males (ISOL, n = 11), one group was directly 779 

exposed to intact bucks (INT, n = 13) and one group was exposed to sexually active buck hair 780 

(ODOR, n = 14). Blood samples were collected twice a week. (A) Mean profiles of plasma 781 

progesterone secretion for each group. (B) Comparison of cumulative progesterone secretion 782 

per group represented by the area under the curve (AUC). Data are represented as mean ± 783 

SEM [one-way ANOVA test followed by Tukey post hoc analyzes: ***p < 0.001, non-784 

significant (ns)]. (C) Proportion of ovulating does. Females were considered pubescent when 785 

two consecutive progesterone values were ≥ 1 ng ml
-1

 [Log-rank test: ***p < 0.001]. 786 

Supplemental figure captions 787 

Fig. S1. Variations in the percentage of total OMP+ cells on VNO coverslips. Percentage 788 

of total mature VSNs (OMP-positive VNO cells) / total VNO cells in ISOL PrePub (n = 4), 789 



ISOL Pub (n = 4) and INT Pub (n = 5) does [Fisher’s exact test: ***p < 0.001]. Number of 790 

total OMP-positive cells over the number of total cells is indicated in each bar. 791 

Fig. S2. Variations in body weight of young does. Does were allocated into three groups: 792 

one isolated from males (ISOL, n = 11), one exposed to intact bucks (INT, n = 13), and one 793 

exposed to sexually active buck hair (ODOR, n = 14). All individuals from the three groups 794 

were weighed monthly from 7 to 11 months of age. Data are shown as mean ± SEM per 795 

month and were analyzed using a mixed effects model (p > 0.05). 796 
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