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Abstract
Despite the evidence for a communicative function of rodent scent marks and ultrasonic
vocalizations, relatively little is known about the impact of social factors on these two forms of
communication. Here, we tested the effects of two important social factors, prior exposure to a
female and freshness of female urine, on male scent marks and ultrasonic vocalizations elicited by
female urine. We also asked whether a recently reported strain difference between the highly
social strain C57BL/6J (B6) and the mouse model of autism BTBR T+tf/J (BTBR) herein is
specifically seen in response to female urine or also detectable in response to male urine traces.
Results show that the emission of female urine-elicited ultrasonic vocalizations was dependent on
previous female experience, while scent-marking behavior was not affected. A positive correlation
was detected between scent-marking behavior and ultrasonic calling in the most biologically
relevant context, male mice exposed to fresh female urine after female experience. Correlations
were less prominent or missing in less biologically relevant contexts, e.g. in male mice exposed to
fresh female urine without previous female experience, indicating that previous female experience
is affecting both the emission of female urine-elicited ultrasonic vocalizations and the correlation
between olfactory and acoustic communication. The strain difference in scent-marking behavior
and ultrasonic calling between B6 and BTBR appears to be specific to female urine-elicited
behavior as it was not seen in response to male urine traces, highlighting the relevance of the
social context in which mouse communication is evaluated.
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1. Introduction
Rodents communicate primarily via olfactory and acoustic signals. A major source of
olfactory communicative signals is contained in scent marks. Scent-marking, the deposition
of urine traces in strategic environmental locations, is used by mice to demarcate territories,
orchestrate aggressive behavior, recognize individuals, maintain family organization,
communicate danger, and to attract mates [1–4]. Male mice scent marks serve to indicate
territorial boundaries [5,6], advertising the mouse’s ability to dominate it and hence the
likelihood to maintain the territory against intruders [7,8,9] and aid in the orchestration of
aggressive behavior [10,12–15]. They also allow the recognition of individuals and hence
maintenance of family organization [16,17]. Male scent marks attract female mice [18–24].
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Furthermore, they induce estrous [25] and accelerate the onset of puberty [26]. Scent marks
from unfamiliar males can interrupt the establishment of pregnancy in female mice [27].

In addition to the deposition of scent marks, rodents emit ultrasonic vocalizations as acoustic
communicative signals [28–32]. Dependent on species, age, sex and affective state, different
types of ultrasonic vocalizations can be detected that appear to serve different
communicative purposes. Pup isolation-induced ultrasonic vocalizations elicit maternal
retrieval behavior in mice and rats [33–36]. Anxiety-induced ultrasonic vocalizations serve
an alarm function and elicit freezing behavior in rats [37–40]. Interaction-induced ultrasonic
vocalizations elicit social approach behavior in mice and rats [39,41]. Males exposed to
females or female urine emit ultrasonic vocalizations that facilitate mating behavior in mice
and rats [42–50]. In mice, ultrasonic calling is specifically seen in males exposed to female
urine as male urine is ineffective [51–57].

Despite the evidence for a communicative function of rodent scent marks and ultrasonic
vocalizations, relatively little is known about the impact of social factors on scent-marking
and ultrasonic vocalizations. One of the best known phenomena of social modulation of
male scent-marking in response to female scents is its dependence on social status.
Dominant males scent mark more than subordinate males [11,19,58,59] and social defeat
leads to a reduction in male scent-marking [60]. Importantly, females prefer scent marks
deposited by dominant males [19,21]. Relatively little, however, is known about the social
status for the production of ultrasonic vocalizations in response to female scents [61,62].
Here, one of the best known phenomena of social modulation is the dependence on previous
female experience [51–53,63–66]. Typically, male mice do not emit ultrasonic vocalizations
when exposed to female urine if they have not been in contact with females previously.
However, some findings appear to be inconsistent with a critical familiarity or learning
component. In some reports, male mice that had no previous female experience reliably
emitted ultrasonic vocalizations to female urine, although mostly to a lower extent
[46,57,64,65]. These inconsistencies in male ultrasonic calling might be due to a second
modulating factor, freshness of the female urine [64–66]. For both factors, however, little is
known about their effect on the time course of the male’s ultrasonic vocalization response.

The first aim of the present study was amore detailed characterization of the effects of these
two factors, prior exposure to a female and freshness of the female urine, on male ultrasonic
vocalizations elicited by female urine. The second aim was to test whether those two factors
affect olfactory communication as well as acoustic responses. The third aim was to test the
hypothesis that vocalization and scent-marking responses to female urine are linked. We
recently reported that mice who deposit high numbers of scent marks in response to female
urine emit more ultrasonic vocalizations than mice who deposit low numbers of scent marks
[67]. This link between the two systems was seen under optimal conditions, namely male
mice with previous female experience exposed to fresh female urine. The present
experiments were designed to understand whether this link holds true under less optimal
conditions.

The fourth aim of the present study addressed social cues mediating scent-marking between
two inbred strains of mice which differ on sociability. We reported that scent-marking as
well as the emission of ultrasonic vocalizations by male mice in response to female urine is
dependent on the sociability of the strain [67]. C57BL/6J (B6) is a highly social strain of
mice, while BTBR T+tf/J (BTBR) is a low sociability strain that may represent a mouse
model of autism [68–74].We found that adult male BTBR deposited fewer scent marks and
emitted extremely low numbers of ultrasonic vocalizations as compared to adult male B6.
The question addressed in the present study is whether this strain difference is specific to
exposure to female urine, relevant to sexual mating [18–24]. Male/male scent
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countermarking represents a different domain of mouse communication, relevant to
territoriality [5,7–15] and dominance hierarchies [12,58–60]. We therefore tested whether a
similar strain difference is seen in scent countermarking in response to male urine.

2. Materials and methods
2.1. Animals and housing

Subjects were adult male C57BL/6J (B6) and BTBR T+tf/J (BTBR) mice. For the male
subject + female urine spot experiment, N= 45 male B6 mice were used. For the male
subject + male urine scent marks experiment, N= 40 male B6 and N=40 male BTBR mice
were used. Breeding pairs were purchased from The Jackson Laboratory (Bar Harbor, ME,
USA) and bred at the National Institute of Mental Health in Bethesda, MD, USA. About 2
weeks after pairing for breeding, the females were individually housed and subsequently
inspected daily for pregnancy and delivery. After weaning on postnatal day 21, mice were
socially housed in groups of 2–4 with same-sex, same-strain cagemates. All mice were
housed in polycarbonate Makrolon cages (369 mm × 156 mm × 132 mm, 435 cm2; 1145T;
Tecniplast, Milan, Italy). Bedding, paper strips, a nestlet square and a cardboard tube were
provided in each cage. Standard rodent chow and water were available ad libitum. The
colony room was maintained on a 12:12 light/dark cycle with lights on at 06:00 h, at 20 °C
temperature and 55% humidity.

All procedures were conducted in strict compliance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and approved by the National
Institute of Mental Health Animal Care and Use Committee.

2.2. Experimental design: male subject + female urine spot
To determine the optimal settings for eliciting scent-marking behavior and ultrasonic
vocalizations in male B6 mice, 3 different conditions were evaluated, where both measures
were determined in parallel: (1) scent-marking response to a spot of fresh B6 female urine,
by male mice who previously had a brief episode of social interaction with a female mouse;
(2) scent-marking response to a spot of fresh B6 female urine, by male mice who had no
previous interactive experience with a female mouse; (3) scent-marking response to a spot of
non-fresh B6 female urine, by male mice who had previous experience with a female mouse.
Independent groups of N= 15 mice were tested in each condition. Each mouse was used only
once. Subject mice were 14 ± 1 (mean ± standard errors of the mean) weeks old at the start
of behavioral testing.

Previous female experience: the interactive experience with a female was conducted 7–10
days before the beginning of the scent-marking experiment. The experienced B6 male
subject mouse was placed in a clean cage (369 mm × 156 mm × 132 mm, 425 cm2; 1145T;
Techniplast) with fresh bedding together with a B6 female, about 2–3 months old, for a 5
min session. At the end of the 5 min session, subject males were placed back in their home
cage.

Female urine collection: a B6 female, about 2–3 months old, was gently taken out of the
home cage inside the vivarium, and held by the base of the tail on the home cage lid. Gentle
pressure was applied to lift the back and expose the genital area, to determine the phase of
the estrus cycle. The female was scored as in estrus when the vaginal area appeared wide,
opened and red. Only estrus females were used to collect urine. Usually during this
examination period, while held by the tail with pressure placed on the back, the female
urinated spontaneously. Fresh urine was immediately collected in a 1.0 ml Eppendorf tube.
Non-fresh urine was collected in the same condition as the fresh urine but was left for 1–2 h
at room temperature in the closed Eppendorf tube.
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2.3. Experimental design: male subject +male urine scent marks
To test whether male scent marks previously deposited in an open field elicit scent-marking
behavior in subject B6 male mice, and whether such as response is also seen in male BTBR
mice, scent counter marking behavior in response to fresh male scent marks was assessed.
Each combination of B6 and BTBR males was tested: (a) B6 Male 1 scent-marking + B6
Male 2 countermarking; (b) B6 Male 1 scent-marking + BTBR Male 2 countermarking; (c)
BTBR Male 1 scent-marking + B6 Male 2 countermarking; (d) BTBR Male 1 scent-marking
+ BTBR Male 2 countermarking. Independent groups of N= 10 mice of each strain were
tested in each condition. Each mouse was used only once. Subject mice were 20 ± 1 (mean ±
standard errors of the mean) weeks old at the start of behavioral testing.

2.4. Test setting
Test setting was described previously [67]. Briefly, adult male mice were exposed to urine
samples in an Accuscan open field (40 cm × 40 cm × 30 cm), equipped with a Versamax
animal activity monitor (AccuScan Instruments, Inc., Columbus, OH, USA). A sheet of
specialized paper (Strathmore Drawing Paper Permium, recycled, microperforated, 400
series; Strathmore Artist Papers, Neenah, WI, USA) was placed on the floor of the open
field.

2.5. Test procedure
The adult male mouse was habituated for 60 min to the clean open field, lined with the
Strathmore paper and containing some of his own home cage bedding in one corner of the
arena. At the end of the habituation period, the mouse was placed back in a clean
polycarbonate Makrolon cage (369 mm × 156 mm × 132 mm, 435 cm2; 1145T; Tecniplast)
with fresh bedding. The home cage bedding and any feces deposited by the mouse were
removed from the open field. Scent marks deposited on the paper during habituation were
visualized under ultraviolet (UV) light using a UV lamp (Sleeklook Super 18” Black Light-
eParty unlimited; Can You Imagine, Chatsworth, CA, USA). Visualized scent marks were
outlined using a pencil.

In the male subject + female urine spot experiment, a 15 µl sample of fresh (less than 5 min
old) or non-fresh (1–2 h at room temperature) urine from an estrus female was manually
pipetted from the Eppendorf tube into the center of a clean sheet of Strathmore paper placed
in the open field. The same subject male was immediately replaced in the arena for a 5 min
test session. The male mouse was then removed from the open field and placed back in his
home cage. Male scent marks elicited by the female urine sample were visualized under the
UV lamp and outlined with a blue colored pen.

In the male subject + male urine scent marks experiment, Male 1, which had a previous
interaction with a female, was placed in a clean open field containing some of his own home
cage bedding in one corner of the arena. Male 1 was left undisturbed for 1 h, then was
removed, along with the home bedding and any deposited feces. The scent marks left by
Male 1 were visualized under the UV lamp and outlined with a pencil on the Strathmore
paper, without removing the paper from the open field. A second male (Male 2) was then
placed in the arena for 15 min. At the end of the 15 min countermarking period, the scent
countermarks left by male 2 were visualized under the UV lamp and outlined with a blue
colored pen.

Prior to each session with a new subject mouse, the open field was cleaned with a 70%
ethanol solution, followed by water and drying with paper towels. Behavioral testing was
conducted between 09:00 and 17:00 h during the light phase of the circadian cycle.
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2.6. Locomotor activity
Locomotor activity in the Accuscan open field was automatically recorded by the Accuscan
software (AccuScan Instruments, Inc.) as previously described [67]. Exploratory locomotion
was recorded for each subject. In one experiment, male subjects with previous female
experience exposed to fresh female urine, unavoidable data loss resulted inN= 11 scored for
locomotion during the habituation session but only N= 8 scored for locomotion during the
test session.

2.7. Scent-marking
At the end of each female urine-elicited scent-marking and male/male countermarking
session, the marked sheets of Strathmore paper were treated with ninhydrin spray (LC-
NIN-16; TritechForensics Inc., Southport, NC, USA) and left to dry for at about 12 h, which
allowed the visualization of the urine traces as purple spots (Fig. 1), in which spots circled
with pencil represented the subject male’s scent marks deposited during habituation to the
empty open field, while spots circled in blue pen representing the subject male’s scent marks
in the presence of female urine or male scent-marking. Number of scent marks were
quantitated as previously described [67,75]. A transparent plastic grid (40 cm2), divided into
1 cm2 squares, was placed on the top of the sheet of Strathmore paper. Every square
containing a trace was counted as one scent mark unit. The total number of scent marks and
the number of scent marks within an area of 10 cm2 around the female urine spot were
counted. For the number of scent marks left in the proximal area, the grid was placed such as
one of the 1 cm2 squares of the grid contained the female urine sample. Four blocks of 5
cm2 were defined around this “central” 1 cm2 square to determine the proximal area. High
scent-marking was defined as the presence of at least one male scent mark in each of at least
3 out of the 4 blocks, 5 cm2 per block, constituting 10 cm2 surrounding the female mouse
urine spot. Low scent-marking was defined by the absence of this pattern.

2.8. Ultrasonic vocalizations
Ultrasonic vocalizations were recorded in the male subject + female urine spot experiment
as previously described [67]. Briefly, vocal emissions during the 5 min female urine
exposure were recorded by an UltraSoundGate Condenser Microphone (CM16; Avisoft
Bioacoustics, Berlin, Germany), connected via an Avisoft UltraSoundGate 416 USB Audio
device (Avisoft Bioacoustics) to a personal computer, where acoustic data were recorded
with a sampling rate of 300,000 Hz in 16 bit format. For acoustical analysis, recordings were
transferred to SASLab Pro (version 4.50; Avisoft Bioacoustics) and a fast Fourier transform
was conducted (512 FFT length, 100% frame, Hamming window and 75% time window
overlap). An experienced observer counted the number of ultrasonic vocalizations emitted
during the 5 min female urine exposure. In addition, the number of ultrasonic vocalizations
emitted during the first 3 min of female urine exposure as well as their numbers in 10 s time
bins was determined, in order to visualize the time course of the ultrasonic vocalization
response.

2.9. Statistical analysis
For the male subject + female urine spot experiment, comparisons of the three experimental
conditions were statistically analyzed using One-Way ANOVAs with experimental
condition as the between-subject-factor as independent groups of mice were used in each
condition. Dependent parameters were locomotor activity, scent marks, ultrasonic
vocalizations, and the time spent within a distance of 10 cm surrounding the female mouse
urine spot. To analyze the time course of the ultrasonic vocalization responses between
experimental conditions, a Two-Way ANOVA for Repeated Measures was calculated, using
a within-subject-factor of session time and a between-subject-factor of experimental
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condition. When a significant ANOVA was detected, Bonferroni post hoc tests were
conducted to compare individual means. To test whether the emission of ultrasonic
vocalizations was dependent on whether mice displayed high versus low levels of female
urine-elicited scent-marking, unpaired Student’s t-tests were used. Pearson’s product
moment statistics were used for correlation analyses between numbers of scent marks and
numbers of ultrasonic vocalizations. For the male subject + male urine scent marks
experiment, inbred strain comparisons of number of scent marks deposited by Male 1 in the
clean open field and locomotor activity were statistically analyzed using unpaired Student’s
t-test. Numbers of Male 2 countermarks to Male 1 scent marks were compared between the
four groups using a One-Way ANOVA followed by a Bonferroni post hoc test.Ap-value of
<0.05 was considered statistically significant.

3. Results
3.1. Male subject + female urine spot: ultrasonic vocalizations

As shown in Fig. 2, emission of ultrasonic vocalizations was dependent on experimental
condition in male B6 mice. When comparing the total number of ultrasonic vocalizations
emitted during the entire 5 min of female B6 urine exposure, a significant effect of
experimental condition was detected by One-Way ANOVA (F2,44 = 3.336, p = 0.045; Fig.
2A). Males with previous female experience exposed to fresh female urine emitted 438.33 ±
109.39 calls, while much lower call numbers were detected in the two other experimental
conditions. Males with previous female experience exposed to 1–2 h old female urine
emitted considerably fewer calls, 194.40 ± 72.13. Males without previous female experience
exposed to fresh female urine emitted only 145.13 ± 70.68 calls. Despite these large
differences in means between experimental conditions, however, Bonferroni post hoc tests
failed to detect significant differences when comparing individual experimental conditions
(all p-values > 0.05). The absence of significant Bonferroni post hoc tests was due to the
time course of the ultrasonic vocalization responses. When comparing the total number of
ultrasonic vocalizations emitted only during the first 3 min of female urine exposure, a
significant effect of experimental condition was detected by One-Way ANOVA (F2,44 =
4.786, p = 0.013; Fig. 2B) and Bonferroni post hoc tests detected a significant difference
between males that were exposed to fresh female urine dependent on whether they had
previous female experience or no previous female experience (p = 0.015). Males with
previous female experience emitted 383.73 ± 81.85 calls, while males without previous
females experience emitted only 109.53 ± 46.62 calls. Comparisons of other individual
experimental conditions were not significant (all Bonferroni post hoc test p-values > 0.05).

The importance of the vocalization time course was seen in greater detail by performing a
Two-Way ANOVA for Repeated Measures (Fig. 2C). A significant effect of session time
(F29,1218 = 10.227, p < 0.001) and a significant interaction between experimental condition
and session time were detected (F58,1218 = 2.177, p < 0.001). Males with previous female
experience started to emit calls almost immediately after being exposed to fresh female
urine. They emitted a maximum of approximately 35 calls per 10 s between 1 and 2 min
after the start of the session. Throughout the remaining 3 min of testing, call emission slowly
declined.

In contrast, males without previous female experience displayed a longer latency before
initiating ultrasonic vocalizations when exposed to fresh female urine, producing a
significant difference in the number of ultrasonic vocalizations as compared to males with
previous female experience at the time points of 20–40 s (all Bonferroni post hoc test p-
values < 0.05). Males without previous female experience emitted a maximum of
approximately 15 calls per 10 s between 1 and 2 min after the start of the session,
significantly different as compared to males with previous female experience at the time
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points of 60–110 s (all Bonferroni post hoc test p-values < 0.05). Number of calls slowly
declined throughout the remaining 3 min of testing, with no further significant differences
detected (all Bonferroni post hoc test p-values > 0.05). Males with previous female
experience exposed to 1–2 h old female urine displayed an intermediate ultrasonic
vocalization response as compared to ultrasonic vocalizations by males exposed to fresh
female urine (all Bonferroni post hoc test p-values > 0.05).

Differences in call emission were not primarily due to a difference in number of mice
vocalizing, since the number of mice vocalizing was roughly similar in all three
experimental conditions. More than 5 calls per subject were emitted by 11 out of 15 males
with previous female experience exposed to fresh female urine, 9 out of 15 males with
previous female experience exposed to 1–2 h old female urine, and 7 out of 15 males
without previous female experience exposed to fresh female urine.

3.2. Male subject + female urine spot: scent-marking
Fig. 3 illustrates scent-marking behavior by B6 male mice in response to a female urine spot
in the open field arena. There was no significant difference in the number of scent marks left
by B6 male mice within a distance of 10 cm around the 15 µl female B6 urine sample
among the three conditions used to elicit the scent-marking behavior: (1) previous
experience with a female and presentation of fresh female urine, (2) previous experience
with a female and non-fresh female urine, and (3) no previous experience with a female and
fresh female urine (F2,44 = 0.686, p = 0.509, Fig. 3A). Similarly, the three groups of male
mice did not differ on time spent within a distance of 10 cm around the female urine spot
(F2,44 = 0.065, p = 0.937, Fig. 3B). Total number of scent marks deposited in the entire open
field in response to female urine was not significantly different among the male groups with
or without previous experience with a female, and to fresh or 1–2 h old female urine, but a
trend was indicated (F2,44 = 2.783, p = 0.073, Fig. 3C). Locomotor activity (total distance
traveled) in the open field during this 5 min session was not different between the groups
(F2,38 = 1.557, p = 0.225, Fig. 3D). In the absence of female urine, the three groups of male
mice did not differ in their total number of scent marks deposited (F2,44 = 1.300, p = 0.283,
Fig. 3E), or in their locomotor activity in the clean open field during the 60 min habituation
session (F2,39 = 0.086, p = 0.918, Fig. 3F).

As described in Table 1, call emission by males with previous female experience exposed to
fresh female urine was positively correlated with female urine-elicited scent-marking within
an area of 10 cm2 surrounding the female urine spot as recently reported (r = 0.571, p =
0.026 [67]). The present experiments show that call emissions by males with previous
female experience exposed to 1–2 h old female urine and males without previous female
experience exposed to fresh female urine were not significantly correlated with scent-
marking within 10 cm2 of the female urine spot (r = 0.427, p = 0.112 and r = 0.122, p =
0.666, respectively). For the entire open field arena area, total call emission and total
number of scent marks in the presence of female urine were correlated in males with
previous female experience exposed to fresh female urine as recently reported (r = 0.552, p
= 0.033 [67]). Correlations were similarly significant in males without previous female
experience exposed to fresh female urine (r = 0.535, p = 0.040), but not in males with
previous female experience exposed to 1–2 h old female urine (r =−0.165, p = 0.557).

Fig. 4 shows the comparison of ultrasonic vocalizations by males that displayed high versus
low levels of female urine-elicited scent-marking. High scent-marking was defined as the
presence of at least one male scent mark in each of at least 3 out of the 4 blocks, 5 cm2 per
block, constituting an area of 10 cm2 surrounding the female mouse urine spot. Low scent-
marking was defined by the absence of this spatial pattern. Males displaying high scent-
marking vocalized significantly more than males displaying low scent-marking. Differences
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were significant in males with previous female experience exposed to fresh female urine (t13
=−2.924, p = 0.012, Fig. 4A). A similar difference was detected in males with previous
female experience exposed to 1–2 h old female urine (t13 =−3.006, p = 0.010, Fig. 4B).
Again, males displaying high scent-marking vocalized significantly more than males
displaying low scent-marking. Such a difference was not detected in males without previous
female experience exposed to fresh female urine (t13 =−1.436, p = 0.175, Fig. 4C).

3.3. Male subject +male urine scent marks: scent-marking in B6 and BTBR
During the 60 min habituation session in the clean open field, BTBR Male 1 deposited more
scent marks (t38 =−3.578, p = 0.001, Fig. 5A), displayed higher locomotor activity (t38 =
−6.027, p < 0.001, Fig. 5B), and spent less time in the center of the open field as compared
to B6 Male 1 (t38 = 5.893, p < 0.001, Fig. 5C). However, BTBR and B6 did not differ on the
number of countermarks deposited by subject Male 2 to the scent marks deposited by Male 1
(F1,39 = 0.015, p = 0.902, Fig. 6A). BTBR Male 2 tended to show higher levels of locomotor
activity during the 15 min test session than B6 Male 2 (F1,36 = 4.144, p = 0.05, Fig. 6B). In
addition, BTBR and B6 again differed in the time they spent in the center of the open field
(F1,36 = 5.829, p = 0.022, Fig. 6C). Furthermore, the number of countermarks deposited by
subject Male 2 was not dependent on whether scent marks deposited by a BTBR or B6 Male
1 (F1,39 = 1.290, p = 0.264). Locomotor activity displayed by subject Male 2 and the time
they spent in the center of the open field was not dependent on the strain of Male 1 (F1,36 =
0.043, p = 0.838 and F1,36 = 0.920, p = 0.345, respectively). No interaction between strain of
subject Male 1 and strain of Male 2 was found for number of countermarks deposited and
locomotor activity (F1,39 = 1.579, p = 0.217 and F1,36 = 0.077, p = 0.784, respectively),
while there was a trend for center time (F1,36 = 3.742, p = 0.062). There was no significant
correlation between number of scent marks deposited by Male 1 and scent counter marks
left by subject Male 2 (under all conditions: p-values > 0.10).

4. Discussion
Emission of female urine-elicited ultrasonic vocalizations in adult male mice was dependent
on previous female experience. Male mice with a previous 5 min exposure to an adult
female mouse approximately 1 week before the test session displayed an overall higher
ultrasonic vocalization response than male mice with no previous exposure to an adult
female mouse. Further, the latency to vocalize was shorter and the rate of vocalizations was
more sustained in males with previous exposure to a female. Freshness of the female urine
may be a second important factor in eliciting ultrasonic vocalizations. Call emission tended
to be higher in response to fresh female urine as compared to non-fresh urine, presumably
because volatile pheromones in the urine evaporated over the course of an hour or two at
room temperature.

Our finding that mice without previous female experience emitted less vocalizations than
mice with previous female experience is consistent with the existing literature on the effects
of social experience on female urine-elicited ultrasonic calling [51,53,54,57,63–65]. These
studies indicate that the signal value of female urine is at least in part learned during female
experience by classical conditioning. Normally ineffective odors, such as commercial
perfumes, can gain signal value when consistently paired with females after puberty, i.e. in a
sexual context [76]. However, some findings appear to be inconsistent with a critical
learning component. Mice that had no female experience reliably emitted ultrasonic
vocalizations to female urine, although to a lower extent [57,64,65].More recent studies
indicate that male mice emit ultrasonic vocalizations to at least two chemosignals present in
female urine [66]. One chemosignal, which is present in freshly voided female urine, acts as
an unconditioned stimulus. The second chemosignal, which remains after the first has
disappeared, acts as a conditioned stimulus, eliciting responses to urine that remained at
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room temperature for 30 days [54]. Typically, ultrasonic vocalizations were detected in male
mice without female experience only when fresh urine was used and ultrasonic vocalization
responses to non-fresh female urine are weaker than in response to fresh urine [64–66].
These observations are in accordance with the present results, as mice tended to emit fewer
vocalizations in response to non-fresh urine than in response to fresh urine.

In contrast, our results suggest that previous female experience and freshness of urine play a
less prominent role in scent-marking to estrus female urine by adult male mice.
Countermarking behavior has been shown to be dependent on non-volatile components [5]
and male mice scent-marking is enhanced when the subjects are in direct contact with an
unfamiliar male urine sample [77]. In our experiment, the male mice were in direct contact
with the female urine sample, which could have induced a strong scent-marking response in
the proximal zone around the female urine regardless of the experimental condition.
However, the results for total number of scent mark in the entire arena appear to be similar
to the results for ultrasonic vocalizations. Again, fresh female urine tended to be more
effective in males with previous female experience. Since the difference in the production in
ultrasonic vocalizations was significant only when the time course was taken into account, it
may be interesting to focus the analysis of scent-marking behavior on time-dependent
parameters.

The present studies explored the correlation between female urine-elicited scent-marking
behavior and call emission. When considering the total number of scent marks deposited in
the entire open field, a significant positive correlation was detected in mice exposed to fresh
female urine after female experience. Similarly, such a positive correlation was seen in mice
exposed to fresh female urine without previous female experience. However, in mice
exposed to 1–2 h old female urine no such positive correlation was seen, despite the fact that
they had previous female experience. Importantly, however, when considering only scent
marks deposited in proximity to the female urine spot, a positive correlation between scent
marks and ultrasonic vocalizations was only seen in the most biologically relevant context,
namely when mice were exposed to fresh female urine after having being in contact with a
female.

Results of the correlational analysis were confirmed by a comparison of number of
ultrasonic vocalizations emitted between high and low scent-marking males. High scent-
marking was defined as the presence of at least one male scent mark in each of at least 3 out
of the 4 blocks constituting an area of 10 cm2 surrounding the female mouse urine spot. Low
scent-marking was defined by the absence of this pattern. In support of a link between scent
marks and ultrasonic vocalizations under certain conditions, high scent-marking mice
vocalized more than low scent-marking mice when they were exposed to fresh female urine
after female experience. Without female experience, no such association was found, while
evidence for such an association was even found in mice exposed to 1–2 h old urine after
female experience. Overall, these findings show that there is a clear link between scent-
marking and the emission of ultrasonic vocalizations in mice exposed to fresh female urine
after female experience. In mice exposed to 1–2 h old urine or without female experience,
such an association is less prominent or missing. In total, correlational analyses and the
comparison between high and low scent-marking mice indicate that scent-marking responses
proximal to female urine could be an important measure that may convey information about
the abilities of the subject to detect and respond to social cues, as compared to scent-
marking at distal regions of the open field.

The lack of significant correlations between call emission and female urine-elicited scent-
marking behavior in the latter experimental conditions is unlikely due to lower levels of call
production or scent-marking behavior. In fact, no such correlation was seen in B6 mice
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exposed to fresh female BTBR urine, a condition that was found to be highly effective in
eliciting ultrasonic vocalizations and scent-marking [67]. These findings indicate therefore
that call emission and female urine-elicited scent-marking behavior are positively correlated
only in the most biologically relevant context, male mice exposed to fresh female urine after
female experience. This means that previous female experience is not only affecting the
emission of female urine-elicited ultrasonic vocalizations, but also the correlations between
olfactory and acoustic signaling.

The present evidence for an association of scent marks and ultrasonic vocalizations in
response to female urine is in accordance with studies showing that both scent-marking
behavior and the emission of ultrasonic vocalizations are androgen-dependent [60,78,79].
Furthermore, repeated social defeats suppress scent-marking and ultrasonic calling [60],
probably by reducing androgen levels [80]. Importantly, however, to our knowledge, our
data offer the first clear evidence for a modulation of such an association by a social factor,
namely previous female experience, consisting of a 5 min exposure to an adult female
mouse approximately 1 week before the test session.

Recently we reported that scent-marking as well as the emission of ultrasonic vocalizations
by male mice in response to female urine is dependent on the sociability of the strain [67].
The highly social strain B6 deposited more scent marks and emitted more ultrasonic
vocalizations in response to a female urine spot than BTBR. The BTBR inbred mouse strain
is characterized by low sociability on reciprocal social interaction and social approach tasks,
and may represent a mouse model of autism [68–74]. While it is known that male mice do
not vocalize in response to male urine scent marks [53–57]), it is well established that male
mice deposit scent countermarks in response to male urine traces [12,24,58,81,82].

The question addressed in the present study was therefore whether this strain difference is
specific to exposure to female urine or also seen in response to male urine traces. In support
of a stimulus specificity of this strain difference, B6 and BTBR did not differ on the number
of scent countermarks deposited by subject Male 2 to the scent marks deposited by Male 1.
Lack of a strain difference in scent countermarking during exposure of male urine traces,
while there was a strain difference in scent-marking during habituation, may indicate an
inhibitory effect of male urine traces on scent countermarking behavior in BTBR. However,
the similarity between B6 and BTBR in scent countermarking behavior could also be due to
the shorter duration of the test session as compared to the habituation session. Strain
differences in locomotor activity and time spent in the center of the open field appear to be
independent of exposure to male urine traces, as the same strain differences were detected
during habituation. Furthermore, number of scent countermarks deposited by subject Male 2
as well as its locomotor behavior was not dependent on whether scent marks were deposited
by a BTBR or B6 Male 1. Overall, these findings indicate that there is no prominent effect
of strain on male/male scent countermarking behavior when comparing B6 and BTBR.
These data contrast with the recently reported strain difference in scent-marking behavior in
response to a female urine spot [67] for two reasons. Firstly, while higher levels of scent-
marking during habituation were detected in BTBR than in B6 in the present study, no such
difference was seen in the earlier study [67]. The difference might be due to differences in
social experience, locomotor activity, or to the age of the mice tested in the present study
(20 ± 1 weeks versus 13 ± 1 weeks in [67]) as those parameters have been shown to
influence the scent-marking behavior in B6 male mice [75]. Secondly, while no strain
difference in male urine-elicited scent countermarking was detected in the present study, a
strain difference was detected in female urine-elicited scent-marking in the earlier study
[67]. One of the most likely explanations for this contrast is the context-specificity of the
communicative function of scent-marking. While female urine-elicited scent marks are
relevant to sexual mating [18–24], male/male scent-marking represents a different domain of
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mouse communication, relevant to territoriality [5,7–15] and dominance hierarchies [12,58–
60].

To summarize, emission of female urine-elicited ultrasonic vocalizations in adult male mice
was dependent on previous female experience. Male mice with a previous 5 min exposure to
an adult female mouse approximately 1 week before the test session displayed an overall
higher ultrasonic vocalization response to female urine than male mice with no previous
exposure to an adult female mouse. Further, the latency to vocalize was shorter, and the rate
of vocalizations was more sustained, in males with previous exposure to a female. In
contrast, our results suggest that previous female experience plays a less prominent role in
scent-marking to estrus female urine by adult male mice. There was a positive correlation
between female urine-elicited scent-marking behavior and ultrasonic calling in the most
biologically relevant context, male mice exposed to fresh female urine after female
experience. This association was less prominent or missing in less biologically relevant
contexts, e.g. in male mice exposed to fresh female urine without previous female
experience, indicating that previous female experience is not only affecting the emission of
female urine-elicited ultrasonic vocalizations, but also the synchronization of the acoustic
and olfactory communicatory pathways. In light of our recently reported strain difference in
scent-marking behavior and ultrasonic calling between the highly social strain B6 and the
autism mouse model BTBR [67], the strain difference between B6 and BTBR appears to be
specific to female urine-elicited behavior, as it was not seen in response to male urine traces,
highlighting the relevance of the social context in which mouse communication is evaluated.
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Fig. 1.
Two representative examples of scent marks left by adult male C57BL/6J (B6) mice with
previous female experience exposed to fresh female urine. Male scent marks were visualized
by ninhydrin spray and appear purple. The fresh female urine spot in the center is
highlighted by a dashed circle.
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Fig. 2.
Ultrasonic vocalizations emitted by adult male C57BL/6J (B6) mice in the presence of
female urine. Total number of ultrasonic vocalizations emitted during the 5 min exposure to
female urine (A), number of ultrasonic vocalizations emitted during the first 3 min of the
exposure to female urine (B), and time course for the number of ultrasonic vocalizations
emitted during the 5 min exposure to female urine (C). The time course panel (C) illustrates
the test sessions in 10 s time blocks. Black bar: B6 with previous female experience exposed
to fresh female urine. Grey bar: B6 with previous female experience exposed to 1–2 h old
female urine. White bar: B6 without previous female experience exposed to fresh female
urine. Data are presented as means + standard errors of the mean. *p < 0.05 for the
comparisons between B6 males with previous female experience exposed to fresh female
urine and B6 males without previous female experience exposed to fresh female urine.
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Fig. 3.
Scent-marking and locomotor activity in adult male C57BL/6J (B6) mice in the presence
and absence of female urine. Number of scent marks deposited in proximity to the female
urine spot (10 cm2) (A), time spent in proximity to the female urine spot (10 cm2) (B), total
number of scent marks deposited throughout the entire open field (C), and open field activity
(D) during the 5 min exposure to female urine. Total number of scent marks deposited in the
entire open field (E) and open field activity (F) during the 60 min habituation to the clean
open field. Black bar: B6 with previous female experience exposed to fresh female urine.
Grey bar: B6 with previous female experience exposed to 1–2 h old female urine. White bar:
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B6 without previous female experience exposed to fresh female urine. Data are presented as
means + standard errors of the mean.
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Fig. 4.
Ultrasonic vocalizations emitted by low and high scent-marking subgroups of adult male
C57BL/6J (B6) mice in the presence of female urine. Total number of ultrasonic
vocalizations emitted by subgroups of B6 subjects that deposited high versus low amounts
of scent marks in the vicinity of the female urine spot during the 5 min test session. B6
males with previous female experience exposed to fresh female urine (A). B6 males with
previous female experience exposed to 1–2 h old female urine (B). B6 males without
previous female experience exposed to fresh female urine (C). Black bar: B6 that showed
high levels of female urine-elicited scent-marking. Striped bar: B6 that showed low levels of
female urine-elicited scent-marking. Data are presented as means + standard errors of the
mean. *p < 0.05 for the high versus low comparison.
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Fig. 5.
Scent-marking and open field activity in adult male C57BL/6J (B6) and BTBR T+tf/J
(BTBR) mice in the absence of male urine. Total number of scent marks deposited in the
entire open field (A), open field activity (B), and time spent in the center (C) during the 60
min habituation session in the clean open field. Black bar: B6 Male 1 subjects. White bar:
BTBR Male 1 subjects. Data are presented as means + standard errors of the mean. *p <
0.05 and **p < 0.001 for the B6 versus BTBR comparison.
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Fig. 6.
Scent-marking and open field activity in adult male C57BL/6J (B6) and BTBR T+tf/J
(BTBR) mice in the presence of male urine: total number of scent countermarks deposited in
the entire open field (A), open field activity (B), and time spent in the center (C) during the
15 min test session. Black bar: B6 Male 2 subjects exposed to B6 Male 1 scent marks.
Striped bar: B6 Male 2 subjects exposed to BTBR Male 1 scent marks. White bar: BTBR
Male 2 subjects exposed to BTBR Male 1 scent marks. Dotted bar: BTBR Male 2 subjects
exposed to B6 Male 1 scent marks. Data are presented as means + standard errors of the
mean. *p < 0.05 for the B6 versus BTBR comparison.
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Table 1

Correlations (r value and * significance) between number of scent marks and ultrasonic vocalizations (USV)
elicited by female urine.

Experimental condition Correlation between total
number of
scent marks and USV

Correlation between number of scent marks
within 10 cm of the female urine spot and
USV

Previous female experience + fresh female urine [67]   0.552* 0.571*

Previous female experience + 1–2 h old female urine −0.165 0.427

No previous female experience + fresh female urine   0.535* 0.122
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