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Zusammenfassung 

Tiere nutzen eine Vielzahl an unterschiedlichsten Strategien um ihre Chancen auf 

erfolgreiche Fortpflanzung zu erhöhen. Während Individuen mancher Spezies komplexe 

Verhaltensweisen wie zum Beispiel Balztänze nutzen um potenzielle Paarungspartner 

von sich zu überzeugen, wurden in anderen Spezies Strategien entwickelt, welche direkt 

die Physiologie des Gegenübers beeinflussen. Beispielsweise entdeckte Wesley Whitten 

vor mittlerweile über 60 Jahren, dass der Östrusyklus einer weiblichen Maus durch die 

Anwesenheit eines Männchens induziert und beschleunigt werden kann. In den folgenden 

Jahrzehnten konnte dieser sogenannte “Whitten Effekt” auch durch die Verwendung von 

männlichem Urin repliziert warden. Allerdings wurde immer nur an Labormäusen 

getestet, und es wurde auch nicht untersucht ob andere Signale des Männchens, in etwa 

ihr Ultraschallgesang, einen ähnlichen Effekt haben könnten. Im Zuge meiner 

Masterarbeit, habe ich getestet ob der Whitten Effekt auch in Mäusen wilder 

Abstammung repliziert werden kann, und ob das Vorspielen männlicher Gesänge auch 

einen Einfluss auf den Zyklus der Weibchen hat. Es stellte sich heraus, dass männlicher 

Geruch auch in Wildmäusen den Zyklus induziert, was dafür spricht, dass dieses 

Phänomen in der Wildnis und nicht im Labor entstanden ist. Die Gesänge der Männchen 

hatten aber keinen Effekt auf den Zyklus der Weibchen. Jene Weibchen, die männlichem 

Geruch ausgesetzt waren, hatten ihren ersten Wurf nach der Zusammensetzung mit einem 

Männchen früher, als jene, die keinem Geruch ausgesetzt waren. Obwohl wir also keinen 

Einfluss der Gesänge auf den weiblichen Zyklus finden konnten, zeigen unsere 

Ergebnisse dass der Whitten Effekt einen natürlichen Ursprung hat, und dass er sich 

positiv auf den Fortpflanzungserfolg auswirkt. 

 

  



3 
 

Abstract 

Animals use a vast variety of strategies to increase their reproductive success. While 

individuals of some species use sophisticated behavioural strategies such as courtship 

displays or songs to impress potential mating partners, other species have evolved 

strategies that directly affect the physiology of the opposite. One such phenomenon was 

discovered more than 60 years ago by Wesley Whitten, who observed that the estrus cycle 

of a female mouse could be induced and accelerated if it was exposed to a male. In the 

following decades it has been shown that male urinary odor suffices to induce this so 

called “Whitten effect” in laboratory mice, although it has never been tested in a wild-

derived mice. It has also never been tested whether other male signals, such as their 

ultrasonic courtship vocalizations (USVs), might have similar inductive functions. For 

my masters project I attempted to replicate the Whitten effect in wild-derived house mice 

(Mus musculus) as well as testing whether playbacks of male USVs have similar inductive 

capacities as their odor. While odor sufficed to induce estrus, no statistically significant 

effects of USV-exposure could be found, neither when presented to the female with nor 

without male odor. Females that were exposed to male odor also had their first litter 

sooner after being paired with a male than those who were not exposed to odor. Although 

no effect of male USVs could be observed in this study, the results suggest that the 

Whitten effect evolved in the wild and has functional effects on reproduction.  
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Preamble  

The process of natural selection requires the passage of genes from one generation to the 

next. Thus, an individual’s fitness is determined by its ability to reproduce successfully 

over the course of its lifetime and pass on its’ genes to a new generation (Orr, 2009). A 

vast variety of different strategies are used in the animal kingdom to increase the chances 

of successful reproduction (Clutton-Brock & Harvey, 1978; Heinze & Tsuji, 1995; Rocha 

et al. 2001; Shine 2003). During my thesis project I examined mammalian estrous cycling 

induction and its adaptive functions as one such strategy. 

While there are many different reproductive strategies across the animal kingdom, the 

focus of my work was on mammalian reproduction. To successfully produce offspring 

one main condition needs to be met, which is the fusion of male and female gametes 

(sperm and egg) into a singular zygote, which will then develop into an embryo. While 

intact males of most mammalian species hold sperm readily available, eggs are much 

more scarce and only temporarily available. Females undergo hormone-controlled cycles 

during which the uterine wall is set up for a potential pregnancy, and follicles grow in the 

ovaries. One of these follicles will develop into an egg and be released in the process of 

ovulation. During and shortly after the ovulation, the female is considered fertile, and the 

egg can be fertilized by sperm. In mammals having an estrous cycle, this stage of the 

cycle is called “estrus” (Campbell et al., 2016).  Although this general cycling process 

and the underlying hormonal mechanisms are quite similar in most mammalian species, 

with some special cases such as menstrual bleeding in primates, they can differ vastly in 

their regularity and lengths. While females of some species, such as wolves (Canis lupus), 

only go through one or two cycles each year, others, such as humans, have monthly cycles 

(Hayssen et al., 1993). The regularity of the cycle can be influenced by environmental 

and physiological conditions. For example, in humans, cycling can be temporarily 

suppressed if an individual is affected by stressors (Ferin, 1999). In some other 

spontaneously cycling species, such as house mice (Mus musculus), cycling can not only 

be suppressed, but also induced. In laboratory mice the mere presence of male odor 

suffices to induce cycling in exposed females. This phenomenon was first observed by 

Wesley Whitten (Whitten, 1956; Whitten 1958) and has been replicated in laboratories 

many times in the past decades (e.g., Bronson & Whitten, 1968; Sardjono et al., 2019; 

Gangrade & Dominic, 1984). Cycling induction could benefit both sexes, considering that 

it results in an advancement of the females’ fertile temporal window, but it could also be 
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a male manipulation tool that is primarily beneficial for itself (King et al., 2011). 

Unfortunately, to my knowledge, any studies that tested this so called “Whitten effect” 

used laboratory mouse strains, which makes it difficult to conclude whether it is an artifact 

of decades of targeted breeding in specific strains, or whether it is a phenomenon that 

evolved in the wild and serves adaptive functions. Thus, we decided to attempt to replicate 

the Whitten effect, and test its effects on reproduction in a wild derived house mouse 

strain, to gain new insights into the origin and functions of this phenomenon. 

The many replication studies of the Whitten effect have shown that male odor, or even 

just urinary components, suffice to induce estrus. Yet, Whitten originally did not expose 

females solely to male odor, but to a living male inside a cage. Thus, females did not only 

smell, but also see and hear the male. Yet, to my knowledge, no one ever tested whether 

these additional sensory modalities may have also played a role in stimulating the female, 

since odor alone has been shown to suffice. Knowing whether estrus can also be induced 

along other sensory channels would not only be interesting from a reproductive biology 

point of view, but also for its practical uses. Estrus induction is already being used in 

laboratories as a non-invasive method to time pregnancies or prime females for studies 

(Sardjono et al., 2019). By gaining insights on alternative sensory stimulation methods, 

or even possibly multimodal synergistic effects, meaning that the combination of the two 

stimulations would have an even bigger affect than the effects in isolation added together, 

the efficiency of the method could potentially be improved, and sample sizes could be 

reduced. That is why we decided to test whether male vocalizations have similar 

capacities to induce estrus in exposed females, and whether there is a synergistic effect 

when these vocalizations are presented in combination with odor. 

When talking about mouse vocalizations, it might be assumed that I am referring to the 

typical mouse squeaks that most of us may have even heard at some point in our life. 

While those squeaks may also serve as an important tool of communication, research in 

the past decades has mainly focused on those vocalizations that no human ever heard at 

all - ultrasonic vocalizations, or just USVs. At a frequency of 30-110kHz these 

vocalizations are outside of the human hearing spectrum and thus inaudible to us 

(Portfors, 2007). Fortunately, we can still record, visualize, and play back these 

vocalizations using special microphones and speakers, allowing researchers to investigate 

the ins and outs of USVs, even without ever actually hearing them. By now it is known 

that there are many different types of USV-syllables, and that they are usually combined 
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in a birdsong-like structure (Holy & Guo, 2005). It has also been shown that both sexes 

sing, with males being the primary vocalizers (Sales, 1972; Nyby, 1983). Although USVs 

seem to be used in varying contexts, such as a juvenile contact calls (Hahn & Lavooy, 

2005), or intrasexual communication (Zala et al. 2017), they are primarily emitted in 

courtship situations (Nyby, 1983), or even when exposed to urine of a receptive female 

(Musolf et al., 2010), which suggests possible functions of USVs regarding reproduction.  

During my undergraduate studies I had the opportunity to be part of a small student 

project testing whether receptive female wild mice show a higher preference for 

playbacks of male courtship USVs than unreceptive ones. Surprisingly, the results 

seemed to be going in the opposite direction, with unreceptive females spending more 

time close to the speaker playing USVs than receptive females. While attempting to find 

possible explanations for this unexpected observation, the “Whitten effect” was first 

brought to my attention by my supervisors Sarah Zala and Dustin Penn. Could the 

preference of unreceptive females be explained by male USVs having estrus inductive 

capacities like male odor, and thus being more relevant to females that are not already 

receptive? Possibly a far-fetched hypothesis, but one that seemed worth testing to us. 

Additionally, we aimed to test whether exposing a female to a combination of male odor 

and USVs works even better at inducing estrus than each stimulus by itself.  

To test these hypotheses, I was invited by Dustin Penn and Sarah Zala to conduct an 

experiment in their laboratory at the „Konrad Lorenz Institute of Ethology“ in Vienna. I 

designed a study based on literature as well as the previous experiences and input of my 

supervisors. Since the study ended up being rather sizeable in terms of time and required 

ressources, I gladly accepted all the help I received from the whole group of people 

working in the lab. They assisted me with breeding the mice, preparing everything needed 

for the stimulation and monitoring, as well as conducting the study itself. Once the 

practical part of the study was done, I spent several weeks analyzing the collected vaginal 

smears. I then quantified the outcome of the cycle monitoring as well as the breeding to 

run my statistical analyses. Finally, the whole study was written up by me in a draft for 

my master’s thesis. Dustin Penn and Sarah Zala helped by editing the draft and rewriting 

sections of the introduction and discussion to suit publication standards. It was then 

published in the journal “Physiology & Behaviour” (Wölfl et al., 2023). The mentioned 

paper is attached and summarizes the detailed methods, findings and conclusions of my 

master’s project.  
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A B S T R A C T   
 

Exposure to males or male urinary scent can induce and accelerate the rate of female estrous cycling in house 

mice ("Whitten effect"), and this response has been replicated many times since its discovery over 60 years ago. 

Here, we tested whether exposing female mice to recordings of male courtship ultrasonic vocalizations (USVs) 

induces estrous cycling, and whether exposure to both male scent and USVs has a stronger effect than to either of 

these stimuli alone. We conducted our study with 60 wild-derived female house mice (Mus musculus musculus). 

After singly housing females for 14 days, we monitored estrous stages via vaginal cytology for two weeks while 

isolated from males or male stimuli. We continued monitoring estrus for two more weeks during experimental 

exposure to one of four different types of stimuli: (1) clean bedding and background noise playback (negative 

control); (2) recordings of male USVs (16 min per day) and clean bedding (male USV treatment); (3) soiled male 

bedding and background noise playback (male odor treatment; positive control); or (4) male USVs and soiled 

male bedding (male odor and USV treatment). Females were then paired with males to test whether any of the 

four treatments influenced female reproduction (especially latency to birth). We confirmed that exposure to male 

odor increased female cycling, as expected, but exposure to recordings of male USVs had no effect on estrus. 

Females exposed to both USVs and odor went through more cycles compared to controls, but did not differ 

significantly from exposure to male odor (and background noise). After pairing females with a male, females 

showing male odor-induced cycling produced their first litter sooner than controls, whereas USVs did not have 

such an effect. This is the first study to our knowledge to show that male odor induces estrus in wild house mice 

and to show functional effects on reproduction. Our results do not support the hypothesis that male vocalizations 

induce female estrus, although we suggest other approaches that could be used to further test this hypothesis. 
 

 

 

1. Introduction 

 
Rodents and many other mammals emit complex ultrasonic vocali- 

zations (USVs), but their functions are still unclear. In adult house mice 

(M. musculus), USVs are emitted during courtship and mating [1,2], and 

also same-sex interactions and parent-offspring interactions [3]. When 

males detect a sexually mature female, or just their scent, they begin 

vocalizing [4,5], and males produce most (ca. 85%) of the USVs recor- 

ded during opposite-sex interactions [6]. Mice produce several types of 

USVs, and during sexual interactions, they increase the number and 

types over time [7,8], and once mounting begins, mating pairs reduce 

the emission of some and increase production of other types of USVs 

(Matsumoto & Okanoya, 2016). Studies on the functions of male 

courtship USVs so far have only examined their attraction to females 

(signaling and releaser effects). For example, females are more attracted 

to vocalizing than experimentally de-vocalized males [9] and to play- 

backs of recorded male USVs compared to no sound [10] or background 

noise [5]. Females show a preference for playbacks of USVs from males 

of the same species [11] and for unrelated males versus siblings [5]. 

Female preferences for male USVs develop early in life before weaning 

(negative sexual imprinting) [12]. Females’ attraction to male USVs 
does not appear to depend on the stage of their estrous cycle ([10,13]; 

but see [12]). Yet, no studies to our knowledge have tested whether the 

USVs of male mice have priming effects, such as accelerating puberty or 

inducing estrus, or otherwise influence female sexual receptivity. 

House mice are polyestrous and spontaneous estrous cyclers (the 

average cycle duration in laboratory mice varies from ca. four to seven 

days) [14,15], and exposure to a male mouse or their urine accelerates 
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female growth and sexual development (’Vandenbergh effect’; [16]) and 
estrous cycling (’Whitten effect’; [17,18]). In his original study, Whitten 

[18] put male mice into a small basket and placed them into a females’ 
cages for two days before pairing, which increased their mating fre- 

quency, as well as shortening female estrous cycles overall. Many studies 

have subsequently shown that estrus can be induced or accelerated after 

exposure to male urine (e.g., [19–24]), urinary volatiles [25], or syn- 
thetic analogs of urinary pheromones ([26,27]; reviewed in [28]). Mice 

and rats make up 80–95% of all laboratory animals [29,22], and estrus 

induction has become a tool for breeding mice and for experiments 

aiming to manipulate or control variation in estrous stages. Hormonal 

stimulation can be problematic due to having varying physiological ef- 

fects [22], and thus some researchers make use of the Whitten effect to 

induce estrus [22,30,31]. Surprisingly little is known about the neuro- 

endocrine mechanisms controlling estrus induction [32] or its adaptive 

functions [33]. Wild male mice deposit urinary scent marks in response 

to encountering females or their scent [34,35], which may function to 

influence female estrus and sexual receptivity. Yet, to our knowledge, 

previous studies have only investigated the Whitten effect in domesti- 

cated laboratory mice, despite calls for testing this behavior and its 

function in wild house mice [36]. 

Estrus can also be induced by male vocalizations in several non- 

rodent species, but no studies have tested this hypothesis in mice or 

any other rodents to our knowledge. Male vocalizations have been found 

to have priming effects on female reproduction in some other verte- 

brates. In ringdoves (Streptopelia risoria) and budgerigars (Melopsitacus 

undulatus) male vocalizations stimulate female gonad development and 

activity [37–39]. The roaring of male red deer (Cervus elaphus) advances 

female ovulation [40], and similar findings have been made in goats 

(Capra hircus). Exposing solitary females to male vocalizations trigger an 

increase of luteinizing hormone (LH) secretion, which controls estradiol 

release, and more frequent displays of characteristic estrous behavior 

[41]. In wild house mice, increased USV emission during sexual in- 

teractions reduced the time until mated pairs produced a litter [7]. In 

laboratory mice, USV emission induced the activation of kisspeptin 

neurons, which control gonadotropin-releasing hormone (GnRH) 

release in female brains, and increased the number of litters produced by 

breeding pairs [42]. These findings are consistent with the hypothesis 

that male USVs influence female reproductive physiology and sexual 

receptivity. 

In this study, we aimed to test whether male USVs influence estrous 

cycling in female house mice (M. musculus musculus). We tested the ef- 

fect of male USVs on female estrus when presented alone or simulta- 

neously with male odor, and whether exposure to both types of stimuli 

has a stronger effect than either stimulus alone (multimodal signaling 

hypothesis). A previous study, for example, found evidence for such an 

interaction of pup odor and USVs on attracting maternal attention in 

laboratory mice [43]. To test these hypotheses, we exposed females to 

the following male stimuli: (1) USVs; (2) odor; or (3) both USVs and 

male odor; and then examined their effects on female estrous cycling 

compared to controls. We predicted that all of these stimulus treatments 

would promote estrus, and this is the first such experiment to our 

knowledge. Furthermore, we aimed to test whether exposing females to 

male odor or USVs also promotes their reproductive success. Half of the 

females were paired with an unfamiliar male to test whether any of these 

stimulus treatments affected their reproductive success. We predicted 

that male stimuli that promote estrus would also reduce the time for 

females to give birth and potentially increase their litter size, as required 

to show that priming effects have functional consequences. 

2. Methods 

Vienna and Lower Austria; herein, ’wild mice’ for brevity). Studies  with 

wild mice are needed to generalize findings obtained from laboratory 

strains [36], especially given the differences in their behavior and 

physiology [44]. This is particularly important for studies on acoustic 

communication, given the auditory defects in many strains of laboratory 

mice [45]. We used 60 age-matched (146 22 d old) and sexually 

mature female mice as subjects. To ensure a high number of  regularly 

cycling females, all of the mice were 3–10 months old at the time of the 
experiment, which is within the range in which females cycle the most 

[46]. Females were raised with their father until weaning (3 weeks after 

birth) and then pair-housed with another female (51 females were 

housed with their sister, and nine were housed with an unrelated fe- 

male) prior to the experiment. 

2.2. Housing 

Female subjects were housed in standard, open type IIL cages (36.5 

20.7 14 cm, Tecniplast, Germany) containing wooden bedding 

(ABEDD, Austria), a plastic nest box (Tecniplast, Germany), nesting 

material (cotton nestlets, ABEDD, Austria), and a cardboard roll for 

environmental enrichment. Food (standard rodent diet 1324, Altromin, 

Germany) and water were provided ad libitum. After each cage change 

(once at the beginning of each phase during the study period), we pro- 

vided each mouse with additional food as dietary enrichment, i.e., circa 

seven g of a mixture of wheat, sunflowers, sorghum, oats, and peanuts. 

To establish a baseline for estrous cycling without male stimulation, 

female subjects were separated from the rest of our mouse colony and 

moved to a different room two weeks before the beginning of the 

experiment. To obtain independent measurements and avoid cycle 

synchronization, the mice were singly housed rather than socially, 

which has been shown to reduce variance in cycle length [46], so that 

they would continue cycling [18,46–49], despite being isolated from 
males (rather than estrus suppression from male isolation in socially 

housed females; ’Lee-Boot effect’). We allowed time for the mice to 
acclimatize  to  the  new  environment  (14  days  before  beginning the 

study) because changing environmental factors, such as light, noise or 

temperature, can influence cycling [50, 51]. The animals were kept 

under  a  consistent  12  h:12  h  day:night  cycle  (light  on/off  at 03:00 

/15:00) and the temperature in the room was monitored daily. The mice 

belonging to the same olfactory treatment condition shared a rack (30 

cages/rack), and the two racks were placed on opposite sides of the 

ventilated room to odor-isolate the groups as much as possible. There 

were no differences in the environmental conditions of the two sides of 

the room that we could detect. 

2.3. Study design 

 
We singly housed females and isolated them from males for 14 days, 

and then began monitoring each female’s estrous stage via vaginal 

cytology for two weeks (exposing them to a sham treatment lacking 

male stimulation). Over the next two more weeks, we continued moni- 

toring  estrus  during  experimental  exposure  to  one  of  four  types of 

stimuli: (1) clean bedding and background noise playback (’negative 
control’); (2) male USVs and clean bedding (’male USV treatment’); (3) 
soiled male bedding and background noise (’positive control’); or (4) 

 
Table 1 

Female subjects were assigned to one of four experimental groups, and they were 

then exposed to one of four different types of stimuli combinations. 
 

Acoustic Stimuli: 

Background noise Male USV 

playback 

2.1. Subjects Olfactory 

Stimuli: 

Clean bedding (1) Control (15 

females) 

(2) USV (15 

females) 

We conducted our study with wild-derived house mice (laboratory- 

reared F3 of wild M. musculus musculus, caught at nine locations in 

Male-soiled 

bedding 

(3) Odor (14 females, 

one died) 

(4) USV + Odor (15 

females) 
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male USVs and soiled male bedding (’male odor and USV treatment’) 
(Table 1). The 60 subject females were systematically assigned to one of 

four groups by balancing age, family (litter), and previous housing, and 

then to make decisions for draws, such as for females from the same 

litter, a die was used to make assignments. Each female was subse- 

quently exposed to one of these treatment groups or controls for 28 

consecutive days, and daily vaginal smears were taken via vaginal 

lavage (with a pipette) to determine the number and length of each fe- 

male’s completed cycles during the experiment. 
The experiment was separated into two 14-day phases, the first “pre- 

treatment" and the next "stimulus treatment" or just "treatment"  phase. 

In both phases, the animals underwent the exact same procedures, 

which included exposure to stimuli (or sham control stimuli), as well as 

the daily vaginal lavage. During the pre-treatment phase, females were 

exposed to control stimuli (background noise and clean bedding), which 

also allowed us to determine individual baselines for cycling activity 

without any male stimulation. Then, the treatment phase began in which 

we exposed females to one of four possible combinations of olfactory 

(clean vs. male soiled bedding) and acoustic (background noise vs. male 

USVs) stimuli for two weeks. As mentioned above, females were 

assigned to one of these four different groups (Table 1), while balancing 

age, family and previous housing conditions. To determine the effect of 

exposure to male stimuli, we compared changes in individual  females’ 
cycling patterns between the two different phases and between the 

treatment groups. On the last day of the experiment, eight females from 

each treatment group (32 females in total; more breeding pairs were 

impossible due to spatial limitations) were placed in a cage with an 

unfamiliar and unrelated male. These breeding pairs were monitored for 

two more months to track their reproductive success, and we measured 

the latency to the date of birth of the first litter and the litter sizes. 

2.4. Preparation of male stimuli and female exposure 

To prepare the olfactory stimuli, we created mixtures of soiled 

bedding collected from four males (unrelated and unfamiliar to the fe- 

male) for each female subject. In total, an equal amount of bedding from 

16 males from 16 families was used for these mixtures. We mixed 

bedding to reduce the variation due to differences among individual 

males. The soiled and the control clean bedding were packed in separate 

freezer bags and stored at -80 ◦C until use. To expose females to the 

olfactory stimuli, circa ten g of their assigned stimulus bedding (or 

control) was added to their cage each day at the time that the female was 

handled for the vaginal lavage. During the pre-treatment phase, all 60 

females received clean bedding. Due to the sensitivity of mice to odor, 

special care was taken throughout the experiment to separate these 

groups and use different and regularly cleaned areas, surfaces, and tools 

to handle them. 

To prepare the auditory stimuli, USV recordings of four different 

males were selected from a sample of recordings from 29 males (sexually 

mature, wild-derived male house mice) that vocalized at a high rate and 

were unrelated and unfamiliar to subject females. The males were 

recorded in the same contexts, i.e., after sexually priming, the males 

were presented with female urine and a sexually primed female on the 

oppositive side of a transparent, perforated divider (see [52]) for five 

minutes on two different dates. The recordings were modified using STx 

(Version: 5.0.6.10071; Acoustics Research Institute, Vienna, Austria) by 

cutting gaps without any vocalizations present to a maximum length of 

five seconds, as well as removing the entire sound spectrum below 20 

kHz to reduce noise and squeaks. The final USV files for the playback 

consisted of one minute of background noise followed by seven minutes 

of a looped male’s first recording, another minute of background noise 
and then seven minutes of the same male’s second recording, for a total 
of 16 min. To simulate typical intra-individual variation in male vo- 

calizations, we also created a second playback file from each male, in 

which the first and second recordings were switched. Thus, we obtained 

eight different USV playback files. All files started with a ramp-up to 

avoid startling the females. To exclude file quality as a confounding 

factor, the design was balanced so that each female in the USV treatment 

groups was exposed to each of the eight playback files at least once 

during the 14 days of the treatment phase. To create the sham control 

(“background noise“), a noise-free segment without vocalizations was 
taken from one of the recordings and looped for a duration of 16 min. 

To expose female subjects to auditory stimuli, each mouse (in its 

home cage) was placed inside of an acoustic exposure box (0.6 m x 1 m 

base and 0.5 m deep), which had an ultrasonic speaker (Ultrasonic 

Dynamic Speaker Vita, Avisoft Bioacoustics, Germany) attached to the 

lid and directed toward the mice (Fig. 1). The lid was closed, and the 

playback of the assigned stimulus was initiated for four mice at the same 

time for 16 min. A microphone (Avisoft Bioacoustics, Germany) was 

placed inside of the box to confirm playbacks, and preliminary tests 

confirmed that the playbacks were detected inside of all four cages. To 

avoid volatile male odor spreading from odor-treatment and to control 

mice, two different boxes were used in the experiment, one for females 

exposed to male bedding and the other for females exposed to control 

bedding. 

After each playback exposure was completed, a vaginal lavage was 

performed, and the male bedding was added to the female’s cage. Order 

and timing of each female exposure to male stimuli were kept consistent 

during the experiment to keep the interval between vaginal lavages 

constant, and thus avoid variability due to temporal differences in 

sample collection [53]. 

2.5. Estrous staging: vaginal cytology 

To monitor estrous cycles, a daily vaginal lavage was performed [54] 

after each exposure. To perform the lavage, each mouse was transferred 

from its home cage by allowing it to enter a plastic bottle, as we never 

hold mice by their tails. They were then transferred into a small cotton 

bag, which allows quick handling, as wild mice are smaller and more 

agile than laboratory mice. The lavage was performed by gently placing 

a pipette tip with 0.3 mL of room temperature tap water on the vaginal 

opening, making sure not to penetrate > 1 mm, as to avoid tissue 

damage or inducing pseudopregnancy [53,55], and gently flushing the 

liquid 4–6 times into the vagina. This method is considered non-invasive 
[53], and mice become accustomed to the procedure [56]. The entire 

procedure lasted ca. 10 to 15 s and was always performed by two ex- 

perimenters, one male and one female. After the lavage, the liquid was 

pipetted onto a microscope slide to dry and then evaluated with a light 

microscope (Nikon Optiphot-2). We determined the stage of the estrous 

cycle (following [54]): Proestrus, estrus, metestrus, diestrus, and their 

transitional stages were based on the proportion of visible cells, such as 

leukocytes, cornified epithelial cells, and nucleated epithelial cells. 

Daily monitoring improves classification, but if the stage of a sample 

could not be unambiguously classified due to a low number of cells, then 

diestrus was assumed [18,53]. This assumption did not change our re- 

sults, as for statistical purposes, we only counted occurrences of the very 

distinctive estrus/metestrus stages. All the smears were evaluated by a 

single person to ensure consistency [46,53], and the evaluator was blind 

to the treatment group of the sample. As we address in the Discussion, a 

lack of regular cycling baselines during the pre-treatment phase pre- 

vented comparing cycle lengths between the phases. Instead, we used 

the difference in the number of detected cycles for a female in each 

phase as an indicator of cycling induction. One cycle was defined as  a 

female entering and leaving estrus – the most distinguishable phase – 

one time. If no estrus but only metestrus was detected, we assumed that 

estrus must have passed on the same or previous day. 

2.6. Statistical analyses 

To test for changes in the number of cycles between the two phases 

within a group, Wilcoxon signed-rank tests were performed. General 

Linear models (package: “lme4” V.1.1–27.1; [57]) were used to test for 
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Fig. 1. View inside of one of the acoustic exposure boxes, showing four cages with subjects placed into four acoustically isolated compartments. The walls and 

compartments of the wooden box were covered with foam material to prevent sound distortion, and the speaker was fixed to the lid to face downwards towards the  

mice when closed. 

 
treatment effects on cycling (GLMM: number of observed cycles by 

stimulus treatments as fixed effects, with individual ID and litter ID as 

random effects; Poisson distribution) as well as breeding (GLM: latency 

 
to birth by stimulus treatments as fixed effects; negative binomial dis- 

tribution). Spearman rank correlations were used to test for effects of 

age on cycling and reproduction. All statistical tests and plots (package: 

 
 

 

Fig. 2. Boxplot showing the average number of estrous cycles of females in the treatment and control groups during the pre-treatment phase without any male 

stimulation versus the subsequent treatment phase with male stimulation. Solid lines indicate medians, dashed lines the means, and vertical lines represent inter- 

quartile ranges. 
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“ggplot2” V. 3.3.5; [58]) were performed in R (V.1.2.5001). 

3. Results 

 
3.1. Estrus induction 

Out of the 60 female subjects, one died for unknown reasons, and 16 

females remained in diestrus during the entire 28 d A total of 1633 

vaginal lavage samples were taken, which were used to identify 101 
cycles. Significantly more cycles were observed in the treatment phase 

 
Table 2 

Total number of cycles identified in each treatment group during each week of 

the study.  

 
 

USV 

 

(n = 14) 

(67) than in the pre-treatment phase (34) (Wilcoxon signed-rank test: V USV + Odor 6 1 10 15 

70, p  0.0003), which shows that the stimulus treatments overall 

effectively induced estrus. When analyzing the four treatments, a sig- 

nificant change in cycling activity between pre-treatment phase and 

treatment phase was only found in the odor (Wilcoxon signed-rank test: 

V 2, p  0.0226) and USV plus odor treatment (Wilcoxon signed-rank 

test: V 3, p 0.0068). A generalized linear mixed model (GLMM) was 

performed to test for differences in the number of observed cycles in 

both phases. Cycling activity was affected by the olfactory (z 2.810, p 

0.0049) but not by the auditory stimuli (z 0.916, p 0.356). There 

was no interaction between the olfactory and auditory stimuli (z 

-0.167, p 0.8674) (Figs. 2 and 3). 

The four treatment groups followed the same cycling activity pattern 

over time, although the extent of cycling induction differed among these 

groups. During the pre-treatment phase, overall cycling activity declined 

from the first week to the second week. After male stimuli treatments 

began on day 15, however, cycling activity increased across all groups in 

the third and fourth week, with the odor exposed groups showing a 

faster increase than others (Table 2). No significant effects on cycling 

were found for female age (Spearman’s rank correlation: S = 27,904, ρ 

  (n = 15)  

 
= 0.184564, p = 0.1617) or previous housing of the females (Wilcoxon 

signed-rank test: V = 148.5, p = 0.0857). 

3.2. Effects of treatments on reproductive success 

 
Most (24/32 or 75%) of the females that were assigned to males for 

breeding at the end of the treatment phase gave birth. Two females were 

included in the analyses for the birth latency data but not the litter size, 

as they gave birth but then their pups died for unknown reasons. The 

latency until birth was affected by the odor treatment (GLM: z   -2.219, 

p      0.02651), but not the auditory treatment (z      -1.055, p     0.29121) 

(Table 3, Fig. 4). The age of females had a negative effect on latency to 

give birth, with older females taking longer (Spearman’s rank correla- 

tion: S  = 1313.4, ρ = 0.4289533, p  = 0.0365). Stimulus treatment did 

not affect successful mating (Kruskal-Wallis χ2 
= 3.875, df = 3, p = 

0.2753) or litter size (Kruskal-Wallis χ2 
= 0.81959, df = 3, p = 0.8448). 

 
 

 

Fig. 3. Boxplot showing the average number of estrous cycles in females in both phases of the experiment. Instead of separating by treatment groups, this boxplot 

solely serves to visualize the effects of olfactory and auditory stimulation independently. Solid lines indicate medians, dashed lines the means, vertical lines represent 

interquartile ranges. 

= 

Treatment Week 1 Week 2 Week 3 Week 4 

Control 6 1 4 4 

(n = 15)  
9 

 
3 

 
5 

 
8 

(n = 15) 

Odor 

 
7 

 
1 

 
8 

 
12 
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Table 3 

Reproductive success of the females from the four treatment groups measured as 

the mean latency to give birth in the first litter, mean number of offspring (± 

standard deviation) in the first litter, and the number of successful breeding  

pairs.  

Treatment groups 

Reproductive success: Control USV Odor USV + 

Odor 
 

 

Mean latency to birth (d) 26.8 ± 23.6 ± 21.5 ± 22.1 ± 1.3 

surprising, as cycling does not usually cease completely in laboratory 

mice (but see [24]), unless females are group housed and isolated from 
males (“Lee-Boot effect”). The ’Lee-Boot’ effect is suspected to provide a 

mechanism for females to conserve energy and resources in the absence 

of potential mates. It is also thought to require socially housing females, 

or exposing singly housed females to the odor of other females [47]. The 

spread of volatiles among females cannot be ruled out in our study, as 

their cages were not isolated from each other. Why females would 
require stimuli from other females to conserve energy is unclear, but 

Mean litter size 
6.4 5.5 0.6 regardless, our result suggests a potential difference between domesti- 

Number of successful 
4 ± 2 5 ± 3 6 ± 3 4 ± 2 cated versus wild house mice (or between M. musculus domesticus and 
6/8 7/8 4/8 7/8 

pairs 
 

 

 
4. Discussion 

 
We found that exposing females to male odor induced estrus, as ex- 

pected from studies on laboratory mice [18], and these are the first such 

results from wild house mice to our knowledge. We also found that fe- 

males exposed to male odor decreased the latency to give birth, as 

predicted. However, we found no evidence that exposing females to 

male USVs was sufficient to induce estrous cycling, and exposure to both 

types of male stimuli, odor and USVs, did not have a significantly 

stronger effect on estrus than exposure to male odor alone. Below we 

address our main findings in more detail. 

 
4.1. Unexpected estrus suppression 

After separating the females to establish a baseline in cycling, we 

expected a decrease in cycling based on previous studies [24,48], but the 

almost complete lack of cycling that we observed across all females was 

M. muscuslus musculus). Also, most females were cycling for the first few 

days before going into prolonged diestrus in our study (Table 2), sug- 

gesting that handling during our pre-treatment phase might have also 

suppressed cycling, either through spreading female-specific odorants, 

or by inducing pseudopregnancy (prolonged diestrus for 12–14 days 
[56]). It has been suggested that vaginal stimulation with the pipette tip 

can induce pseudopregnancy, although we were careful not to insert the 

tip > 1 mm, as recommended [46,53]. Another non-exclusive hypothesis 

for the suppressed cycling, albeit seemingly far-fetched, is the presence 

of a novel male human odor during the experiment [59]. Previous 

studies on estrus induction in mice used cycle length as the primary 

measure, but this was not possible in our study due to the unexpectedly 

low number of observed cycles during the pre-treatment phase. Thus, 

future studies are needed to better understand whether exposure to fe- 

male odor is necessary to induce the Lee-Boot effect, and if so, then why, 

and to also test the effects of handling. Nevertheless, this unpredicted 

response allowed us to compare the actual induction of estrus in terms of 

the number of cycles for each female during each phase, which is a more 

conservative measure of cycling activity and less prone to errors than the 

cycle length. 

 

 

Fig. 4. Boxplots showing the observed birth latency in breeding females (n = 24) by treatment conditions. Solid lines indicate medians, dashed lines means, vertical 

lines represent interquartile ranges. Previous exposure to male odor significantly affected the females’ latency to give birth. 



S. Wölfl et al. Physiology & Behavior 259 (2023) 114053 

13 

 

 

4.2. Odor stimulus (positive control) 

As we detected no change in cycling activity across the two phases in 

the control group, the increase in cycling activity in the three experi- 

mental treatment groups can be attributed to exposure to male stimuli. 

We found significant differences in estrus between control versus odor- 

treatment groups (Figs. 2 and 3), which shows that male odor induced 

estrus cycling, as expected [18]. Our results extend previous findings on 

laboratory mice to wild M. musculus (and to M. musculus musculus). It is 

often assumed that the Whitten effect occurs in socially housed females, 

and yet our results confirm that male odor also influences cycling soli- 

tarily housed females [18]. Studies are needed to test whether odor-

induced estrous cycling occurs in wild house mice living in more 

natural social contexts and whether socially dominant males are more 

effective than subordinates [60]. 

4.3. Acoustic stimulus 

In contrast to male odor, we found no evidence that male USVs 

induced estrus, either when females were exposed only to USVs alone, or 

to both USVs and odor (contrary to the multimodal hypothesis). We 

found a somewhat larger increase in cycling activity among females 

exposed to both male odor and USVs than the other treatments; how- 

ever, this difference was not statistically significant. These results are 

surprising – assuming that male USV emission functions to influence 

female sexual receptivity, and that females adjust cycling depending 

upon the availability of potential mates, as generally assumed. 

It is unclear why the females responded to male odor but not to USVs; 

however, there are several reasons why we may have failed to detect an 

actual effect from USVs or significant evidence for the multimodal hy- 

pothesis. First, females were exposed to USV playbacks for 16 min per 

day, whereas they were chronically exposed to male odor and estrous 

induction might require a longer duration of exposure (e.g., more call- 

ing, like scent marking, might provide a more reliable indicator of social 

dominance and ability to defend a territory). We considered exposing 

females to playbacks of USVs chronically, but such exposure would be 

artificial (male mice do not continuously vocalize) and potentially 

stressful. We also considered reducing the duration of olfactory expo- 

sure, but we opted for continuous exposure, the method previously 

shown to induce estrus. Second, it is possible that only recordings of 

particular males, such as familiar individuals or dominant males, emit- 

ting specific types of calls or sequences of USV types, influence estrous 

cycling. Third, it is possible that USV playbacks are too artificial and not 

perceived by females as male USVs. Fourth, females might respond to 

male USVs if previously exposed to a male mouse or another type of 

sensory stimulus than urine. Thus, further studies are needed to explore 

other types of male stimuli. 

If male USVs do not induce female estrous, as our results suggest, 

then this finding still needs explaining. We expected male courtship 

USVs  would influence female  estrus because  they appear  to provide 

reliable indicators of a male’s species identity [11], health [61], and 
social status ([62,63]; but see [64]) – much like male urinary odor [60, 
65]. – and sexual arousal [8]. However, the USVs of male and female 
mice are very similar [52,66,67], and may not be sufficiently sexually 

dimorphic to enable sex recognition. In contrast, mouse urine is highly 

sexually dimorphic in the concentration of major urinary proteins and 

volatile ligands (pheromones) [68], and females can discriminate the 

urinary odor of the sexes (e.g., soiled bedding: [69]). Thus, we suspect 

that urinary scent provides a more reliable signal for sex recognition and 

potential mating opportunities than USVs do. 

4.4. Adaptive functions and evolution of odor-mediated estrus induction 

We found that females produced their first litter sooner if they were 

previously exposed to male odor alone, or in combination with male 

USVs. Females exposed only to male USVs did not show such an effect, 

and the type of stimulus did not significantly affect the number of suc- 

cessful matings or the litter size. We caution against drawing strong 

inferences from these results, as our sample sizes were small. Never- 

theless, our results are consistent with the hypothesis that odor- 

mediated estrus induction enhances female sexual receptivity and rate 

of reproduction. Future studies are needed to determine whether odor- 

induced estrous cycling enhance male reproductive success in more 

natural contexts [60]. Studies are also needed to test whether odor-

induced estrus induction provides an example of sexual manipu- lation 

or whether this response is beneficial for both sexes. Evolutionary 

theory of sexual conflict has not received enough attention in studies on 

mammals and pheromones [70]. Finally, further research is also needed 

to determine whether odor-mediated estrus induction in house mice and 

other mammals, such as goats (Capra hircus; [71]), sheep (Ovis aries; 

[72]), and hamsters (Phodopus sungorus; [73]) evolved convergently or 

whether it is a shared, ancestral trait among these different mammals. 

5. Conclusions 

 
This is the first study to our knowledge to experimentally test 

whether exposure to male USVs influences female estrus (sexual 

receptivity) in house mice. While we found no significant evidence  that 

male vocalizations influenced females’ estrous cycling, further studies 
are needed to test this hypothesis and also to investigate the potential 

interaction of other male sexual signals on estrus induction. This was 

also first study to our knowledge to test odor-mediated estrus induction 

(Whitten effect) in wild house mice to our knowledge, thus opening the 

door for future research on the adaptive functions and evolutionary 

origins of these mechanisms. 
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http://www.fwf.ac.at/


S. Wölfl et al. Physiology & Behavior 259 (2023) 114053 

14 

 

 

+ 

Eva Strasser, Adelheid Sasse, and Bettina Wernisch for excellent support 

and help with animal care and conducting our experiment. We also 

thank B. Kim, B. Wernisch, and three anonymous reviewers for com- 

ments on our manuscript. 

References 

[1] J. Nyby, Ultrasonic vocalizations during sex behavior of male house mice (Mus 

musculus): a description, Behav. Neural Biol. 39 (1) (1983) 128–134. 
[2] G.D. Sales, Ultrasound and mating behaviour in rodents with some observations on 

other behavioural situations, J. Zool. 168 (2) (1972) 149–164. 

[3] M.E. Hahn, M.J. Lavooy, A review of the methods of studies on infant ultrasound 

production and maternal retrieval in small rodents, Behav. Genet. 35 (1) (2005) 

31–52. 

[4] M.A. Marconi, D. Nicolakis, R. Abbasi, D.J. Penn, S.M. Zala, Ultrasonic courtship 

vocalizations of male house mice contain distinct individual signatures, Anim. 

Behav. 169 (2020) 169–197. 
[5] K. Musolf, F. Hoffmann, D.J. Penn, Ultrasonic courtship vocalizations in wild house 

mice, Mus musculus musculus, Anim. Behav. 79 (3) (2010) 757–764. 

[6] M.R. Warren, M.S. Spurrier, E.D. Roth, J.P. Neunuebel, Sex differences in vocal 

communication of freely interacting adult mice depend upon behavioral context, 

PLoS ONE 13 (9) (2018), e0204527. 

[7] D. Nicolakis, M.A. Marconi, S.M. Zala, D.J. Penn, Ultrasonic vocalizations in house 

mice depend upon genetic relatedness of mating partners and correlate with 

subsequent reproductive success, Front. Zool. 17 (1) (2020) 1–19. 

[8] S.M. Zala, D. Nicolakis, M.A. Marconi, A. Noll, T. Ruf, P. Balazs, D.J. Penn, Primed 

to vocalize: wild-derived male house mice increase vocalization rate and diversity 

after a previous encounter with a female, PLoS ONE 15 (12) (2020), e0242959. 

[9] S.M. Pomerantz, A.A. Nunez, N.J. Bean, Female behavior is affected by male 

ultrasonic vocalizations in house mice, Physiol. Behav. 31 (1) (1983) 91–96. 
[10] K. Hammerschmidt, K. Radyushkin, H. Ehrenreich, J. Fischer, Female mice respond 

to male ultrasonic ‘songs’ with approach behaviour, Biol. Lett. 5 (5) (2009) 
589–592. 

[11] K. Musolf, S. Meindl, A.L. Larsen, M.C. Kalcounis-Rueppell, D.J. Penn, Ultrasonic 

vocalizations of male mice differ among species and females show assortative 

preferences for male calls, PLoS ONE 10 (8) (2015), e0134123. 

[12] A. Asaba, S. Okabe, M. Nagasawa, M. Kato, N. Koshida, T. Osakada, T. Kikusui, 

Developmental social environment imprints female preference for male song in 

mice, PLoS ONE 9 (2) (2014). 

[13] K.N. Shepard, R.C. Liu, Experience restores innate female preference for male 

ultrasonic vocalizations, Genes Brain Behav. 10 (1) (2011) 28–34. 

[14] E. Allen, The oestrous cycle in the mouse, Am. J. Anatomy 30 (3) (1922) 297–371. 
[15] M.S. Barkley, G.E. Bradford, Estrous cycle dynamics in different strains of mice, 

Proc. Soc. Experimen. Biol. Medic. 167 (1) (1981) 70–77. 
[16] J.G. Vandenbergh, Male odor accelerates female sexual maturation in mice, 

Endocrinology 84 (3) (1969) 658–660. 
[17] W.K. Whitten, Modification of the oestrous cycle of the mouse by external stimuli 

associated with the male, J. Endocrinol. 13 (4) (1956) 399–404. 
[18] W.K. Whitten, Modification of the oestrous cycle of the mouse by external stimuli 

associated with the male, J. Endocrinol. 17 (3) (1958) 307–313. 

[19] F.H. Bronson, W.K. Whitten, Oestrus-accelerating pheromone of mice: assay, 

androgen-dependency and presence in bladder urine, Reproduction 15 (1) (1968) 

131–134. 
[20] A. Marchlewska-Koj, A. Cavaggioni, C. Mucignat-Caretta, P. Olejniczak, 

Stimulation of estrus in female mice by male urinary proteins, J. Chem. Ecol. 26 

(10) (2000) 2355–2366. 

[21] H.M. Marsden, F.H. Bronson, Estrous synchrony in mice: alteration by exposure to 

male urine, Science 144 (3625) (1964), 1469-1469. 

[22] T.W. Sardjono, H.K. Gondo, R.Y.B. Nugraha, A. Tiara, The use of natural 

phenomenon in obtaining pregnant rats and mice as experimental animals with the 

same gestational ages, J. Trop. Life Sci. 9 (3) (2019) 229–235. 

[23] W.K. Whitten, Pheromones and mammalian reproduction, Adv. Reprod. Physiol. 1 

(1966) 155 . 

[24] N.H. Zakaria, S. Sukardi, Determination of the Whitten effect based on vaginal cell 

characteristics, vulva appearance and behavior in grouped female mice, Life Sci. 

Medic. Biomedic. 3 (4) (2019). 

[25] B.K. Gangrade, C.J. Dominic, Studies of the male-originating pheromones involved 

in the Whitten effect and Bruce effect in mice, Biol. Reprod. 31 (1) (1984) 89–96. 
[26] B. Jemiolo, S. Harvey, M. Novotny, Promotion of the Whitten effect in female mice 

by synthetic analogs of male urinary constituents, Proc. National Acad.f Sci. 83 

(12) (1986) 4576–4579. 

[27] W. Ma, Z. Miao, M.V. Novotny, Induction of estrus in grouped female mice (Mus 

domesticus) by synthetic analogues of preputial gland constituents, Chem. Senses 

24 (3) (1999) 289–293. 

[28] S. Koyama, Primer effects by conspecific odors in house mice: a new perspective in 

the study of primer effects on reproductive activities, Horm. Behav. 46 (3) (2004) 

303–310. 

[29] D.L. Hickman, J. Johnson, T.H. Vemulapalli, J.R. Crisler, R. Shepherd, Commonly 

used animal models, Princip. Animal Res. Grad. Undergrad. Students (2017) 117. 

[30] S.J. Dalal, J.S. Estep, I.E. Valentin-Bon, A.E. Jerse, Standardization of the Whitten 

Effect to induce susceptibility to Neisseria gonorrhoeae in female mice, J. Am. 

Assoc. Laborat. Animal Sci. 40 (2) (2001) 13–17. 

[31] R.J. Stiles, A.G. Schrum, D. Gil, A co-housing strategy to improve fecundity of mice 

in timed matings, Lab Anim. (NY) 42 (2) (2013) 62–65. 

 
[32] A. Asaba, T. Hattori, K. Mogi, T. Kikusui, Sexual attractiveness of male chemicals 

and vocalizations in mice, Front. Neurosci. 8 (2014) 231. 

[33] S. Koyama, Adaptive Functions. Primer Effects by Murine Pheromone Signaling, 

Springer, Cham, 2016, pp. 85–92. 

[34] L.C. Drickamer, Patterns of deposition of urine containing chemosignals that affect 

puberty and reproduction by wild stock male and female house mice (Mus 

domesticus), J. Chem. Ecol. 15 (5) (1989) 1407–1421. 
[35] S.M. Zala, W.K. Potts, D.J. Penn, Scent-marking displays provide honest signals of 

health and infection, Behav. Ecology 15 (2) (2004) 338–344. 
[36] F.H. Bronson, A. Coquelin, The modulation of reproduction by priming 

pheromones in house mice: speculations on adaptive function, Chem. Signals 

(1980) 243–265. 

[37] G.F. Ball, J. Balthazart, Hormonal regulation of brain circuits mediating male 

sexual behavior in birds, Physiol. Behav. 83 (2) (2004) 329–346. 
[38] R.W. Ficken, A.V. van Tienhoven, M.S. Ficken, F.C. Sibley, Effect of visual and 

vocal stimuli on breeding in the budgerigar (Melopsitacus undulatus), Anim. 

Behav. 8 (1–2) (1960) 104–106. 

[39] D.S. Lehrman, M. Friedman, Auditory stimulation of ovarian activity in the ring 

dove (Streptopelia risoria), Anim. Behav. 17 (1969) 494–497. 

[40] K. McComb, Roaring by red deer stags advances the date of oestrus in hinds, Nature 

330 (6149) (1987) 648–649. 

[41] J.A. Delgadillo, J. Vielma, H. Hernandez, J.A. Flores, G. Duarte, I.G. Fernández, 

M. Keller, H. Gelez, Male goat vocalizations stimulate the estrous behavior and LH 

secretion in anestrous goats that have been previously exposed to bucks, Horm. 

Behav. 62 (4) (2012) 525–530. 

[42] A. Asaba, T. Osakada, K. Touhara, M. Kato, K. Mogi, T. Kikusui, Male mice 

ultrasonic vocalizations enhance female sexual approach and hypothalamic 

kisspeptin neuron activity, Horm. Behav. 94 (2017) 53–60. 
[43] S. Okabe, M. Nagasawa, T. Kihara, M. Kato, T. Harada, N. Koshida, K. Mogi, 

T. Kikusui, Pup odor and ultrasonic vocalizations synergistically stimulate 

maternal attention in mice, Behav. Neurosci. 127 (3) (2013) 432–438. 

[44] J.N. Crawley, J.K. Belknap, A. Collins, J.C. Crabbe, W. Frankel, N. Henderson, R. 

J. Hitzemann, S.C. Maxson, L.L. Miner, A.J. Silva, J.M. Wehner, A. Wynshaw-Boris, 

R. Paylor, Behavioral phenotypes of inbred mouse strains: implications and 

recommendations for molecular studies, Psychopharmacology (Berl.) 132 (2) 

(1997) 107–124. 

[45] Q.Y. Zheng, K.R. Johnson, L.C. Erway, Assessment of hearing in 80 inbred strains of 

mice by ABR threshold analyses, Hear. Res. 130 (1–2) (1999) 94–107. 
[46] J.F. Nelson, L.S. Felicio, P.K. Randall, C. Sims, C.E. Finch, A longitudinal study of 

estrous cyclicity in aging C57BL/6J mice: I. Cycle frequency, length and vaginal 

cytology, Biol. Reprod. 27 (2) (1982) 327–339. 

[47] A.K. Champlin, Suppression of oestrus in grouped mice: the effects of various 

densities and the possible nature of the stimulus, Reproduction 27 (2) (1971) 233–
241. 

[48] S. Lee, L.M. van der Boot, Spontaneous pseudopregnancy in mice, Acta Physiol. 

Pharmacol. Neerl. 4 (1955) 442–443. 

[49] W. Ma, Z. Miao, M.V. Novotny, Role of the adrenal gland and adrenal-mediated 

chemosignals in suppression of estrus in the house mouse: the Lee-Boot effect 

revisited, Biol. Reprod. 59 (6) (1998) 1317–1320. 

[50] C.S. Campbell, K.D. Ryan, N.B. Schwartz, Estrous cycles in the mouse: relative 

influence of continuous light and the presence of a male, Biol. Reprod. 14 (3) 

(1976) 292–299. 
[51] S. Li, B. Davis, Evaluating rodent vaginal and uterine histology in toxicity studies, 

Birth Defects Res. Part B: Develop. Reprod. Toxicol. 80 (3) (2007) 246–252. 

[52] S.M. Zala, D. Reitschmidt, A. Noll, P. Balazs, D.J. Penn, Sex-dependent modulation 

of ultrasonic vocalizations in house mice (Mus musculus musculus), PLoS ONE 12 

(12) (2017), e0188647. 

[53] M.C. Cora, L. Kooistra, G. Travlos, Vaginal cytology of the laboratory rat and 

mouse: review and criteria for the staging of the estrous cycle using stained vaginal 

smears, Toxicol. Pathol. 43 (6) (2015) 776–793. 

[54] S.L. Byers, M.V. Wiles, S.L. Dunn, R.A. Taft, Mouse estrous cycle identification tool 

and images, PLoS ONE 7 (4) (2012). 

[55] Y.N. Sinha, M.A. Wickes, S.R. Baxter, Prolactin and growth hormone secretion and 

mammary gland growth during pseudopregnancy in the mouse, J. Endocrinol. 77 

(2) (1978) 203–212. 
[56] J.M. Goldman, A.S. Murr, R.L. Cooper, The rodent estrous cycle: characterization 

of vaginal cytology and its utility in toxicological studies, Birth Defects Res. Part B: 

Develop. Reprod. Toxicol. 80 (2) (2007) 84–97. 
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Concluding discussion 

Our study provides the first replication of the Whitten effect in wild-derived house mice 

to our knowledge. This result is important because it indicates that odor-mediated estrus 

induction is not merely an artifact of decades of selective breeding of laboratory mice, 

but rather a trait that evolved in the wild. We also confirmed that estrus induction 

enhances a pair's reproductive success by decreasing the latency to give birth, indicating 

a fitness advantage for males that are capable of inducing cycling. Though our results are 

not decisively convincing, due to the limited number of animals we were able to breed 

and monitor. Further research will be needed before reaching final conclusions regarding 

the extent of reproductive benefits caused by estrus induction.  

 

We were unable to detect any significant effects of male USVs on female estrous cycling. 

However, it would be premature to rule out this hypothesis, as stated in the Discussion 

section of the publication. We explained why different methods and larger samples sizes 

are necessary to rule out this hypothesis. The more we learn about USVs, such as female 

preference for specific types of USVs, the better we can design playback experiments in 

the future. It is possible that improvements in playback technology will also enhance 

female responses to USVs. Additionally, I suggest future studies also take other sensory 

modalities into account, including visual and tactile senses, to investigate responses to 

USVs in multimodal settings.  

 

Our study addressed questions in basic science (endocrinology, sensory biology, 

ethology, behavioral ecology, and evolutionary biology), but the results also have 

practical implications because mice make up the vast majority of mammals used in 

biomedical research. Being able to manipulate female cycling would provide a useful tool 

for designing and conducting experiments. In basic and biomedical research, animals are 

often required to be in a specific estrus stage for timed breeding or testing reproductive 

hypotheses and cycling induction is also useful for controlling or monitoring variation in 

female physiology and behavior. Furthermore, by controlling such heterogeneity, sample 

sizes can be reduced. Thus, our results will be of interest to researchers aiming to improve 

methods for estrus induction and to minimize sample sizes needed in future research using 

house mice.  
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