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Simple Summary: Biostimulation is a natural technique employed in animal production to enhance
reproductive parameters. In this study, we assessed the reproductive efficiency of female rabbits
(receptivity, fertility, prolificacy and number of born alive and dead kits/litter) when exposed to
different biostimulation conditions, which involved exposure to urine, seminal plasma or social
separation between females, prior to artificial insemination (AI). Overall, despite all groups having
showed a similar reproductive performance, our results indicated that female—female separation
prior to Al could replace social interaction, and therefore reduce animal handling in farms (time-cost
efficiency) with a consequent improvement of animal welfare. Future studies are needed to fully
elucidate how chemical signals released through bodily secretions influence reproduction.

Abstract: Biostimulation is an animal management practice that helps improve reproductive parame-
ters by modulating animal sensory systems. Chemical signals, mostly known as pheromones, have a
great potential in this regard. This study was conducted to determine the influence of short-term
female rabbit exposure to different conditions, mainly pheromone-mediated, on reproductive parame-
ters of inseminated does. Groups of 60 females/each were exposed to (1) female urine, (2) male urine,
(3) seminal plasma and (4) female—female (F-F) separated, just before artificial insemination, and
compared to a ‘golden method’ female—female interaction. The following reproductive parameters
were analyzed for each group: receptivity (vulvar color), fertility (kindling rate), prolificacy and
number of born alive and dead kits/litter. Our results showed that the biostimulation methods
employed in this experiment did not significantly improve any of the analyzed parameters. However,
female doe exposure to urine, especially to male urine, showed no significant higher fertility values
(95.4%) when compared to the rest of the experimental conditions (on average 92.4%). Female-female
interaction before artificial insemination, which is a common practice in rabbit farms, showed similar
results as not establishing social interaction (F-F separated), which suggests that F-F interaction
could be replaced by F-F separated, therefore avoiding unnecessary animal management and time
cost. On the other hand, fertility ranges were lower for animals with a pale vulvar color whereas
no differences were noticed among the other three colors which measure receptivity (pink, red,
purple), thus suggesting that these three colors could be grouped together. Future studies should
aim at determining potential chemical cues/pheromones released through bodily secretions that
influence reproduction in rabbits, therefore contributing to animal welfare and to a natural image of
animal production.
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1. Introduction

Socio-sexual behaviors, such as fighting and mating, are essential for animal reproduc-
tion and survival [1,2]. In nature, individuals are continuously exposed to sensory signals
from conspecifics and the environment, allowing them to communicate between them-
selves and modulate their behavior and reproductive physiology [3]. In high performance
livestock, animals are usually kept indoors with less access to natural stimuli. Therefore,
implementation of techniques based on interaction with natural cues has the potential, not
only to increase their reproductive efficiency, but also to allow individuals to develop their
own natural behavior, thus enhancing animal welfare.

Biostimulation is a natural technique employed in animal production to enhance
reproductive parameters, and is based on modulating external environmental cues (vi-
sual, olfactory, pheromone, tactile, auditory, social and nutritional cues—among many
others yet to be discovered) which elicit specific behavioral and endocrine responses in con-
specifics [4,5]. Despite biostimulation methods usually entailing a mix of various external
cues [6], pheromone signals play a pivotal role since they can trigger sexual behaviors by in-
fluencing reproductive physiology [7-9]. Indeed, the terms biostimulation and pheromone
communication have been confusedly interchanged by the literature [6,10]. Pheromones are
defined as chemical signals exchanged between organisms of the same species, causing a
specific reaction in the receiver [11,12]. For instance, the sex pheromone ‘darcin’ is released
in mice male urine and elicits sexual attraction of females [13]. These chemosensory cues
are carried in bodily secretions (i.e., urine, seminal plasma) [14-16] and exocrine glands
(i.e., lacrimal, mammary, mentonian, Harderian) [9,17,18].

Pheromone communication together with other visual and auditory cues participate
in the biostimulation method called the ‘male effect’, in which females exposed to sexually
active males trigger activation of luteinizing hormone (LH) secretion and synchronized
ovulation [19]. In rabbits, the ‘male effect’ points to an improvement of doe reproductive
performance [20] especially in does at first lactation [21]. However, little is known about the
bodily secretions and pheromone cues involved in such behavior. Similarly, female-female
interaction elicits a reproductive response in females after interacting between them [22].
In rabbits, despite studies to date not being conclusive at improving doe reproductive
parameters by female—female interaction [23], placing together two females before artificial
insemination (Al) has become an established routine as a biostimulation method in rabbit
farms. Further studies are needed to validate the actual improvement of rabbit performance
when two females are placed together before Al, especially due to the additional animal
handling and greater workforce needed for this practice. Other biostimulation techniques
such as lighting control [24], feeding control [25] and mother-litter separation [26] are also
commonly used in rabbit farms.

Due to the induced-ovulation nature of female rabbits, various biostimulation meth-
ods are generally used in conjunction with hormone treatments to ensure ovulation and
reproductive efficiency [27]. Gonadotropin-releasing hormone (GnRH) (or its analogues)
is generally used at the time of insemination, either by intramuscular or intravaginal
(into the insemination straw) administration [28-30] to induce luteinizing hormone (LH)
peak triggering ovulation [31]. Recently, nano-drug delivery systems have emerged as a
promising method to reduce GnRH dose in rabbit does [32]. Additionally, equine chorionic
gonadotropin (eCG), intramuscular injection 48-72 h before Al, is also used to synchronize
estrus [33] and it has been proven to increase receptivity, and prolificacy. However, re-
peated use of this hormone can induce immune response [34] and affect ovary function [35],
with the consequent loss of reproductive efficiency [36]. Interestingly, several studies have
shown that biostimulation methods (lighting and feeding programs, and /or mother-litter
separation) could replace eCG administration [25,37,38], thus demonstrating that biostimu-
lation methods are powerful tools that could potentially replace the use of hormones in
rabbit farms.

Accordingly, the current study aimed to gain insights into the role of pheromone
communication in rabbit doe reproduction. Specifically, our objective was to shed light
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on (1) the effect of female urine exposure, (2) male urine exposure, (3) seminal plasma
exposure and (4) female—female (F-F) separation, when compared to F-F interaction, prior
to Al on improving the reproductive and productive performances in rabbit does.

2. Materials and Methods
2.1. Animals

This study was conducted according to the regulations and general recommendations
of the National Board of Agriculture on the use of animals for scientific purposes. All the
procedures were carried out under farm conditions in the industrial rabbit farm COGAL
S.L. (Rodeiro, Spain). A forced ventilation system was used and the inside temperature
was maintained between 18 °C and 22 °C using an air conditioned-heater system. All
females were 3.5-4 kg weight from commercial hybrid (Hyplus strain PS19, Grimaud Freéres,
Roussay, France), and breeder males were 5-7 kg weight from Hyplus strain PS40. Males
and females were located in separated farms.

2.2. Sample Collection

Urine: Pools of 330 mL of urine were obtained by ultrasound-guided cystocentesis
from mature males and females (>180 days), 24 h before the behavioral experiment was
performed, and kept at 4 °C overnight. Pure urine was used in all cases. Of note, by
employing cystocentesis (the only method technically possible to ensure farm conditions),
cues delivered in the lower urinary tract might be missed.

Seminal plasma: Obtained from an Al Center, 24 h prior to the behavioral experiment,
from 60 mature males (>180 days). All ejaculates were mixed together and centrifuged at
3000 rpm, 10 min, to obtain the seminal plasma, which were then kept at 4 °C overnight.
Before use, it was diluted 1:3 in Ringer Lactate Solution.

2.3. Semen Processing and Artificial Insemination

To perform the Al semen was collected with artificial vagina and stored at 16 °C
before use within a 24 h period. Once the ejaculates were collected, they were pooled and
diluted with a commercial extender (MRAbit® (Alarelin); Kubus SA, Madrid, Spain) to a
standard concentration of 60 x 10° spermatozoa/mL. Does were vaginally inseminated
using disposable plastic pipettes, receiving a dose of 30 x 10° spermatozoa in a volume of
0.5 mL.

2.4. Reproductive Managemenent

All does employed for the behavior experiment were between third and ninth kindling
and were evenly distributed among the five experimental groups (see ‘Experimental Design’
in M & M). Nulliparous (first kindling) and primiparous (second kindling) were not
considered for the study due to their reproductive performance instability—they show
the best and worse reproductive performance, respectively, among all kindling numbers.
None of the animals were treated hormonally with eCG to synchronize estrus. All does
were inseminated on day 11 after parturition and were lactating a maximum of 11 kits.
Sexual receptivity was confirmed by determining the color of the vulva (pale, pink, red,
purple) at the time of Al [25]. Pregnant or lactating does were fed ad libitum whereas
non-pregnant or non-lactating does were restricted to 150 g/day of commercial food except
in the period from 6 days before Al to the day of pregnancy diagnosis, during which they
were also fed ad libitum. Light intensity was 70 lux, with an artificial lighting program of
12 h (light) L/12 h (dark) D, which was changed to 16 h L/8 h D 6 days before does Al
After Al light hours were decreased 1 h/day during 4 days until coming back to the normal
program. Controlled suckling was applied to all does from 0 to 10 days post-partum, by
keeping the nest door closed and only opening it every 24 h for 5-10 min, to allow the kits
to suck once a day. On the day of Al (day 11 post-partum), suckling was 6 h delayed, until
5-10 min before performing the Al This made a 30 h mother-litter separation. From day
12 post-partum (i.e., 1 day after Al) to weaning (30-35 days post-partum), free suckling was
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allowed by keeping the nest door open. At 11-14 days after Al all does were diagnosed for
pregnancy by transabdominal palpation. Parturitions took place mainly on day 30 post-AlL
When all does completed parturition, the prolificacy and number of born alive and dead
kits/litter were recorded. Then, the number of rabbits per litter was adjusted to 11 kits of
equal body size.

2.5. Experimental Design

We conducted a behavioral experiment in does to determine whether female repro-
ductive parameters (receptivity, fertility, prolificacy and number of born alive and dead
kits/litter) vary according to four given conditions: (1) Exposure to female urine, (2) Expo-
sure to male urine, (3) Exposure to seminal plasma and (4) Female-female (F-F) separated,
compared to a ‘golden method” (F-F interaction). We consider as ‘golden method’ the most
common practice in the analyzed farm, which consists in placing together two females
10 min before Al The experiment was repeated three times (three time points), every
42 days (in three consecutive inseminations). Each of the five groups were composed of
~60 does in the first trial, and in such a first time point, all animals were lactating does
between third and seventh kindling. Note that the same animals were kept during the three
time points, and therefore in the second and third time points, some does could be non-
lactating—if they were not pregnant, also called ‘negative does’—; these animals were not
considered for the statistical analysis. Additionally, some animals were eliminated during
the experiment, mainly due to health reasons during the peripartum, and they were also
removed for the statistical analysis. When possible, they were replaced by other animals
under the same conditions. A total of 734 litters were evaluated, all of them individually
monitored for each of the reproductive parameters analyzed.

For conditions 1, 2 and 3, the corresponding stimulant was sprayed around the nose
area, 1 h, 15 min, and 1 min before insemination. There was no direct contact between the
worker and the animal to avoid stress and discard changes in reproductive parameters
due to animal manipulation. Specifically, 1 mL nasal spray was used in each exposure
per animal, in total, 3 mL/individual. Additionally, urine drenched wool was hung in
the cages after the first exposure to ensure the permanent exposition of the animal to the
stimulant—some animals gnawed it. Al and the corresponding handling were always
performed by the same farm workers to reduce statistical noise. Of note, chemical cues
could be detected by the olfactory epithelia but also by the vomeronasal organ, since this
latter opens in the anterior part of the nasal cavity [39].

2.6. Statistical Analysis

Statistical analysis was performed using SPSS 20.0 software (SPSS Inc., Chicago, IL,
USA). Data on receptivity and kindling rates were analyzed by x? and prolificacy and
number of born and dead were analyzed using analyses of variance (Anova procedure),
considering the distributions of the variables.

A binary logistic regression was performed with fertility (yes/no) as dependent vari-
able, while univariate general linear models (GLM) were performed with total born, alive
and dead kits/litter as dependent variables, in both analyses, taking the number of insemi-
nation (1st, 2nd and 3rd), the number of kindling (1st, 2nd, etc.), the experimental group
(urine female, urine male, etc.), and receptivity (vulva color) as independent variables.
These analyses aimed to determine the factors that influence fertility and prolificacy, re-
spectively. For the logistic regression, the most predictable variables were tested by using
the method “Backward conditional” Hosmer and Lemeshow test (p-value > 0.5).

In all cases, differences were considered statistically significant at p < 0.05 level.

3. Results

We estimated the reproductive parameters of a total of 734 female does (receptivity,
fertility, prolificacy and number of born alive and dead kits/litter) (Table 1) when they were
exposed to different biostimulation conditions: exposure to either female or male urine
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and seminal plasma as potential source of pheromones, and also physical separation (F-F
separation) compared to F-F interaction (golden method in the farm), during the 10 min
before AL

Table 1. Reproductive parameters analyzed with their corresponding definition and way of measuring.

Parameter Definition Measurement

Behavioral receptivity to mating, which

Receptivity indicates estrus Vulvar color (pale, pink, red, purple)
Fertility Average number of females that give Percentage of females that give birth
birth successfully (kindling rate)
Prolificacy Average number of born kits/litter Number of born kits/litter
Number of born alive kits/litter Average number of born alive kits/litter Number of born alive kits/litter
Number of born dead kits/litter Average number of born dead kits/litter Number of born dead kits/litter

3.1. Fertility

When assessing fertility (kindling rate) (Table 2), we found no significant differences
between experimental groups (Figure 1). However, females exposed to urine, especially
those exposed to male urine, showed slightly higher fertility levels, although not significant
(p value > 0.05).

Table 2. Fertility (kindling rate), prolificacy (total born/litter) and number of born alive and dead
kits/litter considering experimental group, insemination number, vulvar color and kindling number.
N: number of positive/total female does. SD: standard deviation. Different letter in the same column
indicates p-value < 0.05.

Experimental Group

N (Fertility) Fertility% N (Prolificacy) Prolificacy + SD Alive + SD Dead + SD

Urine_female
Urine_male
Seminal_plasma
F-F interaction
F-F separated
Insemination
Number
1
2
3
Vulvar Color
Pale
Pink
Red
Purple
Kindling Number

O 0 N O U1 = W

138/146 94.5 138 12.76 £3.2 11.83 +£4.15 0.93 £2.38
144/151 95.4 144 13.18 + 3.38 12.09 - 4.18 1.09 £ 2.79
127/137 92.7 127 13.53 £ 3.36 12.87 + 3.41 0.67 £1.99
137/148 92.6 137 13.29 £ 3.65 12.33 +4.02 0.96 £2.35
140/152 92.1 140 13.6 +2.99 12.68 = 3.4 092 +2.49
234/259 90.32 234 13.46 + 3.73 abc 1235 +4.2 1.11 +£2.39
224 /244 91.82 224 13.55 4 2.97 2P 12.72 + 3.44 0.83 £2.15
228/231 98.7b 228 12.78 £ 3.19 & 11.98 + 3.88 0.81 £2.7
09/10 90 9 9+377% 8.56 & 4.3 a¢ 0.44 £1.01
352/377 93.4 352 13.49 +3.18° 12.63 +3.58 P 0.87 £2.38
256/276 92.8 256 13.19 +3.34P 12.16 4 4.09 b 1.03 £ 2.58
69/71 97.2 69 12.95 + 3.61° 12.12 +4.08 € 0.84 +£2.18
52/56 92.9 52 14.13 £ 4.17 13.15 + 4.32 0.98 +£1.84
144/157 91.7 144 13.34 £3.27 12.58 + 3.88 0.76 £2.26
126/138 91.3 126 13.53 + 3.13 12.94 £ 3.46 0.6+18
120/130 92.3 120 13.4 £ 3.48 11.89 + 4.42 1.51 +£3.29
120/128 93.8 120 127 £ 3.4 11.77 £ 3.78 093 £2.27
85/86 98.8 85 13.03 + 2.69 12 + 3.47 1.04 £+ 2.86

39/39 100 39 12.82 £3.33 12.44 + 3.36 038 £1.13
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Urine_female Urine_male Seminal_fluid F-Finteraction F-F separated

Figure 1. Fertility (kindling rate) in each of the different experimental groups.

In the third insemination, female does showed significantly higher fertility levels
(p value < 0.01) than in the first and second inseminations (Table 2). It should be noted
that in all cases, fertility rate was above 90%, and a range between 85-98% lies within
the usual rate of this farm depending on different reasons (i.e., animal management, diet,
environmental and external factors, etc.).

On the other hand, receptivity rate measured by vulvar color (Figure 2) did not show
a significant impact on fertility (p value > 0.05), even though our results point to higher
fertility rate in females with purple vulvar color (97.2%) than those with pale vulvar color
(90%) (Table 2). Finally, fertility rate seems to be not influenced by kindling number, despite
females in their 8th and 9th kindling showed higher fertility rate. This could be an artifact,
especially because a significant fewer number of animals were considered for these two
kindling. Of note, in the first trial there were only animals from 3rd to 7th kindling, and only
in the second and third trials animals of 8th and 9th kindling, respectively were employed.

Figure 2. Vulvar color of rabbit doe. (A): pale; (B): pink; (C): red; (D): purple.

3.2. Prolificacy

We found no prolificacy differences between the five experimental groups (Figure 3).
The mean of the total born animals considering all the conditions presented in Table 2 (ex-
perimental group, insemination number, vulvar color, kindling number) was 13.04 & 3.36
(12.16 + 3.86 alive and 0.88 £ 2.25 dead). This indicates that female exposure to urine
of both females and males does not have an impact in prolificacy. Similarly, F-F inter-
action and F-F separated showed similar results. Prolificacy was significantly different
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between second and third insemination (p value < 0.05), which highlights the importance of
considering different insemination times due to physiological reasons or farm conditions.

18
16
14
12
10

o N B~ OO

M total born
M alive
B dead
N >
&0 %_Q/
N &
X R
& <<t—,
& «

Figure 3. Prolificacy rate (number of born alive/dead animals) in each of the different experimental
groups.

Moreover, we did find significant differences in the prolificacy rate depending on
the receptivity (Figure 4). Four vulvar colors have been previously described to assess
receptivity rate: pale, pink, red and purple (Figure 1), showing increasing levels of receptiv-
ity [25]. We saw that females showing pale vulvar color at the time of Al had a significant
reduced number of total born kits when compared to females with pink and red vulvar
colors (p value < 0.01). Our data confirmed that prolificacy depends on sexual receptivity,
but only when considering ‘pale” with ‘lower prolificacy” vs. ‘not-pale or the sum of pink,
red and purple’, with ‘higher prolificacy.

1
1

8

M total born

M alive

H dead

pale pink red purple

Figure 4. Prolificacy rate depending on the receptivity (vulvar color).
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3.3. Receptivity

When looking at the receptivity rate (vulvar color), the experimental group ‘F-F
interaction” showed the highest purple vulvar color (Figure 5), but importantly, this did
not affect fertility and prolificacy parameters, as previously explained. As a qualitative
estimation, we also found a strong ‘riding behavior’ in this group when the two does
were placed together before Al. On the other hand, the group that showed the highest
percentage of pale vulvar color was ‘F-F separated’ (3.3% of all ‘F-F separated’) (Figure 4).
This percentage is quite low and overall, only 10 out of the 734 (1.3%) individuals used for
the analysis showed pale vulvar color, which indicates successful levels of female estrus
synchronization in the farm.

100% -
90%
80%
70% -
60% -
M purple
50% -
0% - Hred
30% W pink
20% -
10% - M pale

O% T T T T

% '
& N

Figure 5. Receptivity rate (vulvar color) depending on the experimental group. Among variables
statistical comparisons.

We also performed a binary logistic regression to estimate the relationship between
fertility levels and the experimental group, number of insemination, vulvar color and
number of kindling. The results were similar to those obtained with the chi-squared test.
The experimental group did not influence fertility, and the only significant independent
variable was the insemination number (Table 3). Note that vulvar color did not significantly
influence fertility in this model likely due to the low number of females presented with
pale vulvar color—no statistical power.

Table 3. Final model of the binary logistic regression. Dependent variable: fertility (kindling rate).
The only predictable independent variable was the number of insemination (p-value = 0.03).

. . Confidential
Variable Values OR (Ods Ratio) Interval for OR p-Value
Insemination first reference
second 1.2 0.646-2.215 0.568
third 8.12 2.418-27.266 0.001

Finally, significant results (p value < 0.05) were obtained in the univariate general
lineal model (GLM) analysis when only considering ‘prolificacy /number of born alive and
dead kits/litter” as dependent variables. Considering as dependent variable ‘born dead
kits’, we found significant influence with the interaction between ‘experimental group’,
‘vulvar color” and ‘number of kindling’. Considering as dependent variable ‘born alive kits’,
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we found significant influence only with ‘“vulvar color’. Considering as dependent variable
‘total born’, we found significant influence with ‘vulvar color” and also with the interaction
between ‘insemination number’, ‘experimental group” and “vulvar color’. Accordingly, the
GLM analysis confirmed a significant influence between prolificacy levels and receptivity
rate (vulvar color), insemination number and experimental group.

4. Discussion

We found high percentages of fertility and prolificacy in female reproduction by using
different biostimulation methods, despite no hormones (eCG) were employed. Using the
F-F interaction group as a ‘golden method’, we determined that F-F separated individuals
prior to Al show similar fertility and prolificacy levels to the F-F interaction group. There-
fore, we determined that F-F separated is beneficial compared to F-F interaction, since it
is less invasive, less expensive and more natural—avoidance of animal manipulation (no
animal stress) with a consequent reduce in workforce (time and cost). Additionally, we
did not find any significant improvement in female rabbit performance when they were
exposed to female urine, male urine or seminal plasma.

4.1. Social Interaction Seems Not Influencing Reproductive Physiology in Farm Female Doe

In nature, individuals interact among them influencing their reproductive physiol-
ogy [40]. The biostimulation method ‘male effect’ has been a valuable management tool
exploited in small ruminants [19,41,42] and swine [43] husbandry to stimulate the onset of
puberty and to reduce the postpartum period. In cattle, ‘male effect’ has received little at-
tention, and even though bull-cow interaction has proved to influence female reproductive
activity [44], the literature is not consistent [6,43], and therefore, this practice has not yet
been implemented as a common farm routine. In rabbits, ‘male effect” appears to slightly
improve doe reproductive performance [20]. However, significant effects were only found
in does at first lactation [21] and published data have been contradictory [45,46], hampering
consistent conclusions.

Females also elicit a reproductive response to female—female interaction, and female
chemical signals play important roles in sexual attraction [47]. Specifically, reproductive
response to F-F interaction has been shown in goat [48], wild boar [49], human [50] and beef
cow [51]. In rabbits, we found an increase in receptivity rate (vulvar color) in the experimen-
tal group F-F interaction (highest number of females with purple vulvar color (Figure 4))
but importantly, this did not affect fertility and prolificacy parameters. Additionally, we
also found strong ‘riding behavior’ in the F-F interaction group (qualitative estimation)
which could confuse operators, who might associate such behavior to higher fertility and
prolificacy rates. Considering that F-F interaction is used as a common biostimulation
method in rabbit farms, we argue that since no differences in fertility and prolificacy rates
were noticed between experimental groups in our study, such management should be
reconsidered in order to reduce animal handling and a substantial time cost. Likely this
management might offer better results in farms with lower fertility, where there is higher
room for improvement.

4.2. Urine as a Potential Source of Sex Pheromones in Female Doe Reproduction

Despite no significant differences were found between experimental groups, females
under male and female urine exposure before Al reached the highest levels of fertility,
especially when exposed to male urine (95.4% with male urine and 94.5% with female
urine, compared to 92% in the rest of the groups).

Urinary pheromones have been largely studied in mice and are known to influence
sexual behavior [13,52]. Indeed, the ‘Whitten effect (1958)" [53] refers to female estrus
synchronization when they are exposed to male urine [54]. In farm animals, urine has been
shown to accelerate puberty in cattle [55], whereas in goats it did not improve reproductive
parameters [56]. Interestingly, females have preference towards urinary pheromones of
dominant mice, but not towards subordinate ones [57]. In our experiment, we did not
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consider differences between dominant and subordinate males since urine from both was
pooled. Further studies should consider only urine from dominant males.

4.3. Seminal Plasma Might Arise as a New Source of Pheromones

Although not as widely known as urine, seminal plasma might also be a reliable source
of pheromones. In rabbits, a lipocalin was found in seminal plasma, showing significant
similarity with “urinary” and ‘salivary” pheromone carriers [14]. More recently, [15] Scott
et al. (2019) identified a sex pheromone in seminal plasma of sea lamprey. We did not
find significant improvement of female doe reproduction when exposed to seminal plasma
before AI. However, we should consider that seminal plasma was diluted 1:3 and a higher
concentration might render better results. Similarly, it might be the case where only
dominant males release these molecules, and therefore pheromone power has got diluted
by pooling seminal plasma from all males.

Interestingly, seminal plasma is known to contain an ovulation-inducing factor (OIF)
in several species [58,59] including rabbits [60]. OIF has been identified as a 3 neurotrophin
(B-NGF) [58], which modulates ovulation [61], and has been suggested to have direct
action on GnRH neurons outside the blood barrier [59]. Intramuscular injection of seminal
plasma containing 3-NGF showed a positive effect in llama but not in rabbit ovulation [60].
However, adding 3-NGF to seminal dose has been proposed to replace GnRH in rabbit
reproduction [62,63]. Despite their site and mechanism of action are unknown, 3-NGF
action appears to involve hypothalamic kisspeptin neurons [61]. Since male odors detected
through the vomeronasal organ (main pheromone-receiver organ) are known to activate
kisspeptin neurons in female mice [64], we argue that 3-NGF might act as a pheromone or
pheromone carrier, which triggers activation of kisspeptin neurons in the central nervous
system and modulate ovulation. Further studies should be performed to determine whether
female nasal exposure to OIF activates vomeronasal and hypothalamic kisspeptin neurons,
and ultimately influences ovulation. Importantly, understanding the female response
to seminal plasma will eventually shed new light on human infertility and pregnancy
disorders [65].

4.4. Practical Considerations When Assessing Biostimulation Methods

This study was performed in female rabbits between 3rd and 9th kindling. Nulliparous
and primiparous females were excluded due to their unstable reproductive parameters.
Previous literature clearly indicates that nulliparous females have the best fertility rates,
while primiparous females show the lowest values for this parameter [66]. The reason for
this seems to be related to the energy balance during postpartum: nulliparous females do
not present a negative energy balance as they are not lactating, while primiparous have
lactation and also growth needs, with a considerable negative energy balance. Interestingly,
previous studies have shown that primiparous does are the only group to significant
respond to ‘male effect’ [21]. This might indicate that biostimulation methods become
efficient in animals with lower conception rates. Further studies should consider only
primiparous females, where either ‘male effect” or F-F interaction might help improve their
reproductive rates.

The effectiveness of biostimulation methods or hormonal treatments depends on the
basic performance—physiological, health and behavioral states—of does at the time of
AI [67]. Previous reports on rabbit reproduction management have shown that biostimu-
lation or hormonal methods improve reproductive performance in females with 50-60%
of average conception rate. However, as the percentage of conception rates increased, the
methods employed became less efficient, and with average conception rates of 75-80%,
the difference between the control and treated groups (either biostimulation or hormonal
methods) was non-significant [68].

It should be taken into account that the farm employed for our experiment has con-
siderably overall high fertility (usually higher than 90%) and prolificacy levels, becoming
difficult to achieve significant improvement of any reproductive parameter. Our experimen-



Animals 2022, 12, 308

11 0f 14

tal framework emphasizes the importance of large sample size and biological replications to
obtain reliable data that allow the detection of statistical differences between the treatments
and the golden method. To test biostimulation efficiency, further studies should consider
the same experimental approach in farms with lower fertility rates (50-60%).

4.5. Could Biostimulation Methods Reduce or Replace Hormonal Treatments?

Despite hormonal treatments not being tested in our study, it is clear that biostimula-
tion methods may have potential as an alternative approach to exogenous gonadotropins to
improve sexual receptivity and, consequently, the overall productivity of rabbit farms [21].
This is especially important in the context of a society where consumers are against the use
of hormones in animal production [68], wishing to buy products labeled as produced with
no added hormones [69].

Female rabbit ovulation does not occur spontaneously, and even though the ovulation
triggered mechanism is unknown, coitus-related stimulus results in a rise in circulating
luteinizing hormone (LH) that causes ovulation [31]. Therefore, in rabbit farms, this hor-
monal state has to be artificially induced. Currently, the most frequently used method
is either intramuscular or intravaginal (into the insemination straw) administration of
GnRH (or its analogues) at the time of Al [28-30], and recently, new nano-drug delivery
systems have been proposed as a new method for reducing hormone dose and improving
Al efficiency [32]. However, even though human exposure to GnRH after rabbit meat
consumption is negligible (EMA /CVMP /156095/2017) [70], a report on minimum stan-
dards for the protection of farm rabbits (2016/2077(INI)) [71] highlights the importance
of meeting high standards of animal health and welfare, where natural biostimulation
techniques are encouraged to be implemented to reduce and potentially replace the use of
exogenous hormones.

Similarly, eCG injection has proven to improve productivity [33] but biostimulation
methods such as mother-litter separation could reduce its use [37]. Future experiments
considering a hormone-treated group are needed to verify whether eCG could be replaced
by any of the biostimulation methods shown here, both in farms with high reproductive
performance, and also in farms with lower reproductive parameters. All in all, further
research in the field should aim at replacing hormones with different biostimulation meth-
ods, thus enhancing animal welfare and greatly improving the image of our industries
in society.

5. Conclusions

All the experimental groups showed high percentages of fertility and prolificacy,
despite no hormones (eCG) were employed. F-F interaction prior to Al (‘golden method”)
could be replaced by F-F separation, since it is less invasive and more time—cost efficient.
Additionally, female doe exposure to male and female urine and to seminal plasma did not
show any significant increase in the reproductive parameters analyzed when compared to
the golden method. However, future experiments should not discard urine as a potential
source of reproductive-related cues. Further studies should approach primiparous females
(lower reproductive levels) and farms with lower fertility rates (50-60%), where there is
more room for improvement. In addition, biological fluids used as a source of pheromones
should be especially obtained from dominant males. Finally, biostimulation methods based
on chemical communication might arise as potential sources to reduce or replace current
hormonal treatments, and therefore contribute to animal welfare and to a natural image of
animal production.

Author Contributions: Supervision, L.Q., PM. and P.S.-Q.; methodological and experimental design,
PR.V. field study, PR.V,, ].G., U.Y,, M.S. and P.S.-Q.; data collection, PR.V. and U.Y,; data analysis,
PR.V. and L.Q.; writing—original draft preparation, PR.V.; writing reviewing and editing, P.S.-Q.,
PM. and L.Q. All authors participated in the reviewing and the critical analysis of the manuscript.
All authors have read and agreed to the published version of the manuscript.



Animals 2022, 12, 308 12 of 14

Funding: This work was supported by the Strategic Research Cluster BioReDes, funded by the
Regional Government Xunta de Galicia under the project number ED431E 2018/09, by a ‘Galician
Youth Initiative” Grant (Xunta de Galicia (Galicia, Spain)) to PRV, and by COGAL S.L. PRV and UY
are supported by Regional PhD Fellowship (Xunta de Galicia).

Institutional Review Board Statement: The study was submitted to the Ethics Committee of the
University of Santiago de Compostela who approved all the procedures employed as accordingly to
the Directive of the European Union, 2010/63/EU, revising Directive 86/609/EEC, on the protection
of animals used for scientific purposes.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article. All
relevant data are within the manuscript, and are fully available without restriction.

Acknowledgments: The authors thank COGAL SL (Pontevedra, Spain) for providing the facilities
and animals employed in this study, as well as technical support—special thanks are due to M*
Carmen Diéguez for animal management support. We also gratefully thank Uxia Rodriguez, Maria
Vil4, Oscar Aramburu and Hafez Sadeghi for technical support.

Conflicts of Interest: The authors declare that there is no conflict of interest.

References

1.  Wei, D,; Talwar, V.; Lin, D. Neural circuits of social behaviours: Innate yet flexible. Neuron 2021, 109, 1600-1620. [CrossRef]
[PubMed]

2. Kwon, ].T.; Ryu, C,; Lee, H,; Sheffield, A.; Fan, J.; Cho, D.H.; Bigler, S.; Sullivan, H.A.; Choe, H.K.; Wickersham, LR.; et al. An
amygdala circuit that suppresses social engagement. Nature 2021, 593, 114-118. [CrossRef]

3. Wyatt, T.D. Pheromones and Animal Behaviour: Chemical Signals and Signatures, 2nd ed.; Cambridge University Press: Cambridge,
UK, 2014.

4. Theau-Clément, M.; Castellini, C.; Maertens, L.; Boiti, C. Biostimulations applied to rabbit reproduction: Theory and practice.
World Rabbit Sci. 1998, 6, 179-184. [CrossRef]

5. Choudhary, S.; Lal-Kamboj, M. Effect of bull biostimulation on the oestrous behaviour of pubertal Sahiwal (Bos indicus) heifers.
Anim. Reprod. Sci. 2019, 209, 106149. [CrossRef] [PubMed]

6.  Rekwot, PI; Ogwub, D.; Oyedipea, E.O.; Sekonia, V.O. The role of pheromones and biostimulation in animal reproduction. Anim.
Reprod. Sci. 2001, 65, 157-170. [CrossRef]

7. Novotny, M.V. Pheromones, binding proteins, and receptor responses in rodents. Biochem. Soc. Trans. 2003, 31, 117-122. [CrossRef]

8. Boehm, U.; Zou, Z.; Buck, L.B. Feedback Loops Link Odor and Pheromone Signaling with Reproduction. Cell 2005, 123, 683—695.
[CrossRef]

9.  Melo, A.L; Gonzalez-Mariscal, G. Communication by Olfactory Signals in Rabbits: Its Role in Reproduction. Vit. Horm. 2010, 83,
351-371. [CrossRef]

10. Kerketta, S.; Singh, A.; Sahu, S.; Upadhyay, D.; Abdullah, M.; Yogi, R.; Singh, M. Biostimulation: Innovative Tool to Improve
Reproductive Efficiency in Farm Animals. Int. Livest. Res. 2017, 7, 18-30. [CrossRef]

11. Karlson, P; Liischer, M. Pheromones: A new term for a class of biologically active substances. Nature 1959, 183, 55-56. [CrossRef]

12. Wyatt, T.D. Pheromones and signature mixtures: Defining species-wide signals and variable cues for identity in both invertebrates
and vertebrates. J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 2010, 196, 685-700. [CrossRef] [PubMed]

13.  Roberts, S.A.; Simpson, D.M.; Armstrong, S.D.; Davidson, A.].; Robertson, D.H.; McLean, L.; Beynon, R.J.; Hurst, J.L. Darcin:
A male pheromone that stimulates female memory and sexual attraction to an individual male’s odour. BMC Biol. 2010, 8, 75.
[CrossRef] [PubMed]

14. Mastrogiacomo, R.; Ambrosio, C.D.; Niccolini, A.; Serra, A.; Gazzano, A.; Scaloni, A.; Pelosi, P. An Odorant-Binding Protein Is
Abundantly Expressed in the Nose and in the Seminal Fluid of the Rabbit. PLoS ONE 2014, 9, e111932.

15. Scott, AM.; Zhang, Z; Jia, L.; Li, K.; Zhang, Q.; Dexheimer, T.; Ellsworth, E.; Ren, J.; Chung-Davidson, YW.; Zu, Y.; et al. Spermine
in semen of male sea lamprey acts as a sex pheromone. PLoS Biol. 2019, 17, e3000332. [CrossRef]

16. Demir, E.; Li, K.; Bobrowski-Khoury, N.; Sanders, ].I.; Beynon, R.J.; Hurst, ].L.; Kepecs, A.; Axel, R. The pheromone darcin drives
a circuit for innate and reinforced behaviours. Nature 2020, 578, 137-159. [CrossRef]

17.  Luo, M.; Fee, M.S.; Katz, L.C. Encoding pheromonal signals in the accessory olfactory bulb of behaving mice. Science 2003, 299,
1196-1201. [CrossRef]

18. Kimoto, H.; Haga, S.; Sato, K.; Touhara, K. Sex-specific peptides from exocrine glands stimulate mouse vomeronasal sensory
neurons. Nature 2005, 437, 898-901. [CrossRef]

19. Gelez, H.; Fabre-Nys, C. The male effect in sheep and goats: A review of the respective roles of the two olfactory systems. Horm.

Behav. 2004, 46, 257-271. [CrossRef] [PubMed]


http://doi.org/10.1016/j.neuron.2021.02.012
http://www.ncbi.nlm.nih.gov/pubmed/33705708
http://doi.org/10.1038/s41586-021-03413-6
http://doi.org/10.4995/wrs.1998.339
http://doi.org/10.1016/j.anireprosci.2019.106149
http://www.ncbi.nlm.nih.gov/pubmed/31514934
http://doi.org/10.1016/S0378-4320(00)00223-2
http://doi.org/10.1042/bst0310117
http://doi.org/10.1016/j.cell.2005.09.027
http://doi.org/10.1016/S0083-6729(10)83015-8
http://doi.org/10.5455/ijlr.20170303025218
http://doi.org/10.1038/183055a0
http://doi.org/10.1007/s00359-010-0564-y
http://www.ncbi.nlm.nih.gov/pubmed/20680632
http://doi.org/10.1186/1741-7007-8-75
http://www.ncbi.nlm.nih.gov/pubmed/20525243
http://doi.org/10.1371/journal.pbio.3000332
http://doi.org/10.1038/s41586-020-1967-8
http://doi.org/10.1126/science.1082133
http://doi.org/10.1038/nature04033
http://doi.org/10.1016/j.yhbeh.2004.05.002
http://www.ncbi.nlm.nih.gov/pubmed/15325227

Animals 2022, 12, 308 13 of 14

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

El-Azzazi, FE.; Hegab, LM.; Hanafy, A.M. Biostimulation and reproductive performance of artificially inseminated rabbit does
(oryctolagus cuniculus). World Rabbit Sci. 2017, 25, 313-321. [CrossRef]

Bonanno, A.; Mazza, E; Alabiso, M.; Di Grigoli, A.; Alicata, M.L. Effects of bio-stimulation induced by the presence of buck on
reproductive performance of rabbit does. Ital. |. Anim. Sci. 2003, 2, 133-135.

Rosa, HJ.D,; Bryant, M.]. The ‘ram effect” as a way of modifying the reproductive activity in the ewe. Small Rumin. Res. 2002, 45,
1-16. [CrossRef]

Gonzélez-Urdiales, R. Bioestimulacion en la coneja. ;Alternativa a los tratamientos hormonales? Cunicultura 2005, 30, 7-17.
Mousa-Balabel, T.M. Using light and melatonin in the management of New Zealand White rabbits. Open Vet. J. 2011, 1, 1-6.
[PubMed]

Quintela, L.; Pefia, A.; Barrio, M.; Vega, M.D.; Diaz, R.; Maseda, F.; Garcia, P. Reproductive performance of multiparous rabbit
lactating does: Effect of lighting programs and PMSG use. Reprod. Nutr. Dev. 2001, 41, 247-257. [CrossRef]

Garcia-Dalman, C.; Gonzalez-Mariscal, G. Major role of suckling stimulation for inhibition of estrous behaviours in lactating
rabbits: Acute and chronic effects. Horm. Behav. 2012, 61, 108-113. [CrossRef]

Keeling, L.; Tunén, H.; Olmos-Antillon, G.; Berg, C.; Jones, M.; Stuardo, L.; Swanson, J.; Wallenbeck, A.; Winckler, C.; Blokhuis, H.
Animal Welfare and the United Nations Sustainable Development Goals. Front. Vet. Sci. 2019, 6, 336. [CrossRef]

Quintela, L.A.; Pefia, A.L; Vega, M.D.; Gullon, ].; Prieto, M.C.; Barrio, M.; Becerra, J.J.; Maseda, F.; Herrad6n, P.G. Ovulation
induction in rabbit does submitted to artificial insemination by adding buserelin to the seminal dose. Reprod. Nutr. Dev. 2004, 44,
79-88. [CrossRef] [PubMed]

Quintela, L.A ; Pefia, A.L; Vega, M.D.; Gullén, J.; Prieto, M.C.; Barrio, M.; Becerra, ].J.; Herradon, P.G. Reproductive Performance
of Rabbit Does Artificially Inseminated via Intravaginal Administration of des-Gly 10, D-Ala6-LHRH Ethylamide as Ovulation
Inductor. Reprod. Dom. Anim. 2009, 44, 829-833. [CrossRef] [PubMed]

Vega, M.D.; Barrio, M.; Quintela, L.A.; Becerra, J.J.; Cainzos, J.; Prieto, A.; Rodriguez-Zamora, A.; Herradon, P.G. Evolucién del
manejo reproductivo en cunicultura. Inf. Técnica Econémica Agrar. 2012, 108, 172-190.

Cervantes, M.P.; Palomino, ].M.; Adams, G.P. In vivo imaging in the rabbit as a model for the study of ovulation-inducing factors.
Lab. Anim. 2015, 49, 1-9. [CrossRef]

Hassanein, E.M.; Hashem, N.M.; El-Azrak, K.E.D.M.; Gonzalez-Bulnes, A.; Hassan, G.A.; Salem, M.H. Efficiency of GnRH-
Loaded Chitosan Nanoparticles for Inducing LH Secretion and Fertile Ovulations in Protocols for Artificial Insemination in
Rabbit Does. Animals 2021, 11, 440. [CrossRef]

Theau-Clément, M.; Lebas, F.; Boiti, C.; Brecchia, G.; Mercier, P. Influence of different eCG doses on sexual receptivity and
productivity of rabbit does. World Rabbit Sci. 2008, 16, 65-72.

Lebas, E; Theau-Clement, M.; Remy, B.; Drion, PJ.; Beckers, F. Production of anti-PMSG antibodies and its relation to the
roductivity of rabbit does. World Rabbit Sci. 1996, 4, 57-62.

Stradaioli, G.; Verini-Sulpizi, A.; Monaci, M.; Canali, C.; Boiti, C. Effect of different doses of PMSG on ovarian response and
in vitro embryo development in rabbits. World Rabbit Sci. 1997, 5, 143-148. [CrossRef]

Castellini, C.; Dal-Bosco, A.; Arias-Alvarez, M.; Lorenzo, P.L.; Cardinali, R.; Garcia-Rebollar, P. The main factors affecting the
reproductive performance of rabbit does: A review. Anim. Reprod. Sci. 2010, 122, 174-182. [CrossRef] [PubMed]

Rebollar, P.G.; Milanés, A.; Pereda, N.; Milldn, P.; Cano, P.; Esquifino, A.L; Villarroel, M.; Silvan, G.; Lorenzo, P.L. Oestrus
synchronisation of rabbit does at early post-partum by doe—Litter separation or ECG injection: Reproductive parameters and
endocrine profiles. Anim. Reprod. Sci. 2006, 93, 218-230. [CrossRef] [PubMed]

Arias-Alvarez, M.; Garcia-Garcia, R.M.; Torres-Rovira, L.; Gonzalez-Bulnes, A.; Rebollar, P.-G.; Lorenzo, P.L. Influence of
hormonal and nonhormonal estrus synchronization methods on follicular and oocyte quality in primiparous lactating does at
early postpartum period. Theriogenology 2010, 73, 26-35. [CrossRef]

Villamayor, P.R.; Cifuentes, ].M.; Fdz-de-Troconiz, P.; Sanchez-Quinteiro, P. Morphological and immunohistochemical study of
the rabbit vomeronasal organ. J. Anat. 2018, 233, 814-827. [CrossRef]

Chen, P.; Hong, W. Neural Circuit Mechanisms of Social Behaviour. Neuron 2018, 98, 16-30. [CrossRef]

Walkden-Brown, S.W.; Martin, G.B.; Restall, B.J. Role of male-female interaction in regulating reproduction in sheep and goats. J.
Reprod. Fertil. Suppl. 1999, 54, 243-257. [CrossRef]

Martin, G.B.; Milton, ].T.B.; Davidson, R.H.; Banchero-Hunzicker, G.E.; Lindsay, D.R.; Blache, D. Natural methods for increasing
reproductive efficiency in small ruminants. Anim. Reprod. Sci. 2004, 82, 231-246. [CrossRef]

Chenoweth, PJ.; Landaeta-Hernandez, A.J.; Floercke, C. Reproductive and Maternal Behaviour of Livestock. Genet. Behav. Domest.
Anim. 2014, 5, 158-194.

Zalesky, D.D.; Day, M.L.; Garcia-Winder, M.; Imakawa, K.; Kittok, R.J.; D’Occhio, M.].; Kinder, ].E. Influence of exposure to bulls
on resumption of estrous cycles following parturition in beef cows. . Ser. Nebraska Agric. Exp. Sta. Anim. Sci. 1984, 59, 1134-1139.
Kustos, K.; Eiben, C.S.; Szendré, Z.S.; Theau-Clement, M.; Gédor, S.-N.E.; Jovanczai, Z.S. Effect on reproductive traits of male
presence among rabbit does before artificial insemination (Preliminary Results). World Rabbit Sci. 2000, 8, 161-166.

Ola, S.I.; Oyegbade, M.O. Buck effect on rabbit oestrous: Vulva colour, vaginal lumen cells and ovarian follicle populations. World
Rabbit Sci. 2012, 20, 71-79. [CrossRef]

Coombes, H.A.; Stockley, P.; Hurst, J.L. Female Chemical Signalling Underlying Reproduction in Mammals. ]. Chem. Ecol. 2018,
44,851-873. [CrossRef]


http://doi.org/10.4995/wrs.2017.7446
http://doi.org/10.1016/S0921-4488(02)00107-4
http://www.ncbi.nlm.nih.gov/pubmed/26623271
http://doi.org/10.1051/rnd:2001104
http://doi.org/10.1016/j.yhbeh.2011.11.003
http://doi.org/10.3389/fvets.2019.00336
http://doi.org/10.1051/rnd:2004015
http://www.ncbi.nlm.nih.gov/pubmed/15189012
http://doi.org/10.1111/j.1439-0531.2008.01095.x
http://www.ncbi.nlm.nih.gov/pubmed/19000226
http://doi.org/10.1177/0023677214547406
http://doi.org/10.3390/ani11020440
http://doi.org/10.4995/wrs.1997.334
http://doi.org/10.1016/j.anireprosci.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/21051160
http://doi.org/10.1016/j.anireprosci.2005.06.032
http://www.ncbi.nlm.nih.gov/pubmed/16165333
http://doi.org/10.1016/j.theriogenology.2009.07.017
http://doi.org/10.1111/joa.12884
http://doi.org/10.1016/j.neuron.2018.02.026
http://doi.org/10.1530/biosciprocs.4.019
http://doi.org/10.1016/j.anireprosci.2004.05.014
http://doi.org/10.4995/wrs.2012.1081
http://doi.org/10.1007/s10886-018-0981-x

Animals 2022, 12, 308 14 of 14

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.
68.

69.

70.

71.

Restall, B.J.; Restall, H.; Walkden-Brown, S.W. The induction of ovulation in anovulatory goats by oestrous females. Anim. Reprod.
Sci. 1995, 40, 299-303. [CrossRef]

Delcroix, I.; Mauget, R.; Signoret, J.P. Existence of synchronization of reproduction at the level of the social group of the European
wild boar (Sus scrofa). J. Reprod. Fertil. 1990, 89, 613-617. [CrossRef] [PubMed]

McClintock, M.K. Menstrual synchronism and suppression. Nature 1971, 229, 244-245. [CrossRef] [PubMed]

Wright, I.A.; Rhind, S.-M.; Smith, A.J.; Whyte, T.K. Female-female influences on the duration of the post-partum anoestrous
period in beef cows. Anim. Sci. 2010, 59, 49-53. [CrossRef]

Luzynski, K.C.; Nicolakis, D.; Marconi, M.A.; Zala, S.M.; Kwak, J.; Penn, D.J. Pheromones that correlate with reproductive success
in competitive conditions. Sci. Rep. 2021, 11, 21970. [CrossRef] [PubMed]

Whitten, W.K. Modifications of the oestrus cycle of the mouse by external stimuli associated with the male: Changes in the
oestrus cycle determined by vaginal smears. J. Endocrin. 1958, 11, 307. [CrossRef] [PubMed]

DeCatanzaro, D. Sex steroids as pheromones in mammals: The exceptional role of estradiol. Horm. Behav. 2015, 68, 103-116.
[CrossRef]

Izard, M.K.; Vandenbergh, ].G. The effects of bull urine on puberty and calving date in crossbred beef heifers. . Anim. Sci. 1982,
55,1160-1168. [CrossRef]

Knight, TW.; Lynch, P.R. Source of ram pheromones that stimulate ovulation in the ewe. Anim. Reprod. Sci. 1980, 3, 133-136.
[CrossRef]

Mak, G.K.; Enwere, EK.; Gregg, C.; Pakarainen, T.; Poutanen, M.; Huhtaniemi, I.; Weiss, S. Male pheromone-stimulated
neurogenesis in the adult female brain: Possible role in mating behaviour. Nat. Neurosci. 2007, 10, 1003-1011. [CrossRef]
[PubMed]

Ratto, M.H.; Leduc, Y.A.; Valderrama, X.P.; van-Straaten, K.E.; Delbaere, L.T.; Pierson, R.A.; Adams, G.P. The nerve of ovulation-
inducing factor in semen. Proc. Natl. Acad. Sci. USA 2012, 109, 15042-15047. [CrossRef]

Adams, G.P; Ratto, M.H.; Silva, M.E.; Carrasco, R.A. Ovulation-inducing factor (OIF/8-NGF) in seminal plasma: A review and
update. Reprod. Dom. Anim. 2016, 51, 4-17. [CrossRef] [PubMed]

Silva, M.E.; Smulders, J.P.; Guerra, M.; Valderrama, X.P,; Letelier, C.; Adams, G.P.; Ratto, M.H. Cetrorelix suppresses the
preovulatory LH surge and ovulation induced by ovulation-inducing factor (OIF) present in llama seminal plasma. Reprod. Biol.
Endocr. 2011, 9, 74. [CrossRef]

El-Allali, K.; El-Bousmaki, N.; Ainani, H.; Simonneaux, V. Effect of the Camelid’s Seminal Plasma Ovulation-Inducing Factor/3-
NGEF: A Kisspeptin Target Hypothesis. Front. Vet. Sci. 2017, 4, 99. [CrossRef]

Sanchez-Rodriguez, A.; Abad, P.; Arias-Alvarez, M.; Rebollar, P.G.; Bautista, ].M.; Lorenzo, P.L.; Garcia-Garcia, R.M. Recombinant
rabbit beta nerve growth factor production and its biological effects on sperm and ovulation in rabbits. PLoS ONE 2019,
14, €0223091.

Sanchez-Rodriguez, A; Arias-Alvarez, M.; Millan, P; Lorenzo, P.L.; Garcia-Garcia, R.M.; Rebollar, P.G. Physiological effects on
rabbit sperm and reproductive response to recombinant rabbit beta nerve growth factor administered by intravaginal route in
rabbit does. Theriogenology 2020, 157, 327-334. [CrossRef] [PubMed]

Hellier, V.; Brock, O.; Candlish, M.; Desroziers, E.; Aoki, M.; Mayer, C.; Piet, R.; Herbison, R.; Colledge, W.H.; Prévot, V.; et al.
Female sexual behaviour in mice is controlled by kisspeptin neurons. Nat. Commun. 2018, 9, 400. [CrossRef] [PubMed]
Schjenken, J.E.; Robertson, S.A. The Female Response to Seminal Fluid. Physiol. Rev. 2020, 100, 1077-1117. [CrossRef]
Fernandez, M.D.V. Optimization of the Use of Artificial Insemination in Rabbit Farming. Ph.D. Thesis, University of Santiago de
Compostela, Santiago de Compostela, Spain, 2010.

Theau-Clément, M. Preparation of the rabbit doe to insemination: A review. World Rabbit Sci. 2007, 15, 61-80. [CrossRef]
Szendr6, Z.S.; Szendrd, K.; Dalle-Zotte, A. Management of Reproduction on Small, Medium and Large Rabbit Farms: A Review.
Asian-Aust. J. Anim. Sci. 2012, 25, 738-748. [CrossRef]

Yang, R.; Raper, K.C.; Lusk, ].L. The Impact of Hormone Use Perception on Consumer Meat Preference. In Proceedings of the
Southern Agricultural Economics Association (SAEA) Annual Meeting, Mobile, AL, USA, 4-7 February 2017.

EMA /CVMP/156095/2017. European Public MRL Assessment Report (EPMAR) for Alarelin (All Food Producing Species). Avail-
able online: https:/ /www.ema.europa.eu/en/documents/mrl-report/alarelin-all-food-producing-species-european-public-
maximum-residue-limit-assessment-report-epmar_en.pdf (accessed on 15 December 2021).

2016/2077(INI). Report on Minimum Standards for the Protection of Farm Rabbits. Available online: https://www.europarl.
europa.eu/doceo/document/A-8-2017-0011_EN.pdf (accessed on 15 December 2021).


http://doi.org/10.1016/0378-4320(95)01433-0
http://doi.org/10.1530/jrf.0.0890613
http://www.ncbi.nlm.nih.gov/pubmed/2401987
http://doi.org/10.1038/229244a0
http://www.ncbi.nlm.nih.gov/pubmed/4994256
http://doi.org/10.1017/S0003356100007492
http://doi.org/10.1038/s41598-021-01507-9
http://www.ncbi.nlm.nih.gov/pubmed/34754031
http://doi.org/10.1677/joe.0.0170307
http://www.ncbi.nlm.nih.gov/pubmed/13587836
http://doi.org/10.1016/j.yhbeh.2014.08.003
http://doi.org/10.2527/jas1982.5551160x
http://doi.org/10.1016/0378-4320(80)90040-8
http://doi.org/10.1038/nn1928
http://www.ncbi.nlm.nih.gov/pubmed/17603480
http://doi.org/10.1073/pnas.1206273109
http://doi.org/10.1111/rda.12795
http://www.ncbi.nlm.nih.gov/pubmed/27762054
http://doi.org/10.1186/1477-7827-9-74
http://doi.org/10.3389/fvets.2017.00099
http://doi.org/10.1016/j.theriogenology.2020.08.003
http://www.ncbi.nlm.nih.gov/pubmed/32836052
http://doi.org/10.1038/s41467-017-02797-2
http://www.ncbi.nlm.nih.gov/pubmed/29374161
http://doi.org/10.1152/physrev.00013.2018
http://doi.org/10.4995/wrs.2007.604
http://doi.org/10.5713/ajas.2012.12015
https://www.ema.europa.eu/en/documents/mrl-report/alarelin-all-food-producing-species-european-public-maximum-residue-limit-assessment-report-epmar_en.pdf
https://www.ema.europa.eu/en/documents/mrl-report/alarelin-all-food-producing-species-european-public-maximum-residue-limit-assessment-report-epmar_en.pdf
https://www.europarl.europa.eu/doceo/document/A-8-2017-0011_EN.pdf
https://www.europarl.europa.eu/doceo/document/A-8-2017-0011_EN.pdf

	Introduction 
	Materials and Methods 
	Animals 
	Sample Collection 
	Semen Processing and Artificial Insemination 
	Reproductive Managemenent 
	Experimental Design 
	Statistical Analysis 

	Results 
	Fertility 
	Prolificacy 
	Receptivity 

	Discussion 
	Social Interaction Seems Not Influencing Reproductive Physiology in Farm Female Doe 
	Urine as a Potential Source of Sex Pheromones in Female Doe Reproduction 
	Seminal Plasma Might Arise as a New Source of Pheromones 
	Practical Considerations When Assessing Biostimulation Methods 
	Could Biostimulation Methods Reduce or Replace Hormonal Treatments? 

	Conclusions 
	References

