Chemical Senses, 2018, Vol 43, 97-104
doi:10.1093/chemse/hjx073

Original Article

Advance Access publication December 2, 2017

Original Article

Effect of Ovarian Hormones and Mating
Experience on the Preference of Female Mice to
Investigate Male Urinary Pheromones

Elizabeth A. McCarthy’, Ajay S. Naik’, Allison F. Coyne?, James A. Cherry?
and Michael J. Baum'

'Department of Biology, Boston University, 5 Cummington Mall, Boston, MA 02215, USA and 2Department of
Psychological and Brain Sciences, Boston University, 64 Cummington Mall, Boston, MA 02215, USA

Correspondence to be sentto: Elizabeth A. McCarthy, Department of Biology, Boston University, 5 Cummington Mall, Boston,
MA 02215, USA. email: emccart2@bu.edu

Editorial Decision 27 November 2017.

Abstract

In female mice, the expression of receptive lordosis behavior requires estradiol and progesterone
actions in the nervous system; however, the contribution of these hormones to females’
motivation to seek out male pheromones is less clear. In an initial experiment, sexually naive
ovary-intact female mice preferred to investigate (make nasal contact with) testes-intact male as
opposed to estrous female urine, provided they were in vaginal estrus. In a second experiment,
groups of sexually naive and mating-experienced, ovariectomized females were tested for urinary
pheromone preference first without and then with ovarian hormone replacement. Without
hormone replacement, sexually naive ovariectomized females showed no preference for male
over female urinary pheromones whereas mating-experienced females preferred to investigate
male pheromones. Ovariectomized females in both groups preferred male over female urine after
sequential s.c. injections with estradiol benzoate followed 2 days later with progesterone and
after prolonged (7 days) exposure to estradiol alone. Our results indicate that in sexually naive
female mice estradiol, perhaps aided by progesterone, is required to motivate a preference to seek
out male pheromones whereas after mating experience females’ preference to investigate male
pheromones persists even in the absence of ovarian hormone action.
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Introduction

In female mice, the expression of lordosis, the reflexive, arched-
back posture displayed in response to male mounts, depends on the
sequential forebrain actions of the ovarian hormones estradiol (E2)
and progesterone (P). Thus, females that have undergone bilateral
ovariectomy, and therefore lack circulating ovarian hormones, fail to
show lordosis in response to male mounts (Thompson and Edwards
1971). Ovariectomized female mice require injections of both estra-
diol benzoate (EB) and P in the correct sequence (treatment with EB
followed 2 days later by P) to express any lordosis in response to
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the receipt of male mounts (Edwards 1970; Thompson and Edwards
1971) and in order to retain a seminal plug in the vagina after spend-
ing a night with a stud male (Ring 1944). This sequential regimen of
ovarian hormone treatments is intended to approximate the natural
variations in circulating levels of ovarian hormones that occur dur-
ing the first half of the 4-5 day estrous cycle of ovary-intact female
mice. Circulating levels of E2 surge on the night of vaginal proes-
trus just before the preovulatory surge in luteinizing hormone (LH)
(Walmer et al. 1992; Wood et al. 2007). There is also a small peak
in serum P concentrations on the night of proestrus (Walmer et al.
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1992) that is essential for the expression of lordosis. Considerably
higher serum concentrations of P are found 1-2 days later, at the
time of vaginal diestrus (Fata et al. 2001; Wood et al. 2007; Joshi
et al. 2010). Whereas both E2 and P actions are required for the
expression of receptive lordosis behavior in female mice (Ring 1944;
Edwards 1970; Thompson and Edwards 1971), the role of these 2
ovarian hormones in females” motivation to seek out urinary phero-
mones produced by testes-intact male mice is less clear.

Male mouse urine contains nonvolatile compounds including
the major urinary protein (MUP) Darcin that attracts female mice
(Roberts et al. 2010, 2012). These nonvolatile urinary cues are
detected by sensory neurons in the vomeronasal organ (VNO) of the
accessory olfactory system (AOS) (Chamero et al. 2012). These sen-
sory neurons project to the accessory olfactory bulb (AOB), which
sends mitral/tufted cell projections to the medial amygdala (Mea)
and to the bed nucleus of the stria terminalis (BNST) (Kevetter and
Winans 1981; Restrepo et al. 2004). Forebrain regions critical for re-
production, such as the ventromedial hypothalamus (VMH) and the
medial preoptic area (MPA), process pheromonal inputs via axonal
projections from the Mea (Choi et al. 2005; Pardo-Bellver et al.
2012). The morphology and function of neurons in several segments
of the female AOS are affected by ovarian sex steroids. An early study
(Halem et al. 1999) showed that the ability of male pheromones
to stimulate expression of the immediate-early gene, c-fos, in VNO
sensory neurons of ovariectomized female mice was augmented by
treatment with EB. By contrast, more recent experiments using in
vitro preparations of VNO sensory neurons from mice of both sexes
showed that E2 and P actually reduced indices of neuronal activity
otherwise activated by putative male urinary pheromones (Cherian
et al. 2014; Dey et al. 20135). Dendritic spine density was highest in
the posterior Mea of sexually naive, ovary-intact female rats in di-
estrus compared to the other stages of the estrous cycle (Rasia-Filho
et al. 2004), while treatment with ovarian hormones stimulated den-
dritic spine density in the Mea of ovariectomized female rats (de
Castilhos et al. 2008). Finally, administering EB to ovariectomized
female mice augmented their ability to detect dilute male urine in
a food-motivated sand digging task (Sorwell et al. 2008). Taken to-
gether, these diverse findings suggest that ovarian hormones may
modulate the responsiveness of the AOS to male pheromones and
raise the question whether ovarian hormone actions are required in
order for female mice to display a preference to investigate nonvola-
tile urinary pheromones from male versus female conspecifics.

A recent study (Dey et al. 2015) found that sexually naive, ovary-
intact female mice preferred to investigate either the high molecular
weight fraction of male urine or recombinant male MUPs instead of
phosphate buffered saline, provided they were in vaginal estrus as
opposed to diestrus. This study appears to disagree with the outcome
of other olfactory preference studies in which female subjects were
allowed to choose between pheromonal stimuli from the 2 sexes.
Moncho-Bogani et al. (2002) found that ovary-intact female mice
preferred to investigate (make nasal contact with) male as opposed
to female soiled bedding even when they were in vaginal diestrus. In
another recent study (Nomoto and Lima 2015), ovary-intact female
mice preferred to make nasal contact with the body of a testes-intact
male as opposed to a female regardless of whether subjects were in
vaginal estrus or diestrus. A more rigorous way to assess the role of
ovarian hormones in females’ pheromone preference is to ovariecto-
mize female mice and then test their pheromone preferences before
and after administration of EB and P. Moncho-Bogani et al. (2004)
found that chemically naive (not previously exposed to male odors)
ovariectomized female mice preferred to investigate male as opposed

to female soiled bedding regardless of whether they received no
hormone replacement (i.p. injections of sunflower oil vehicle), EB
alone, P alone, or a sequence of EB followed 2 days later by P. In
light of the discrepancies among these various prior experiments,
we decided to re-examine the question of whether ovary-intact fe-
male mice that lack prior mating experience prefer to make nasal
contact with male versus female urine and whether a preference for
male urine varies across the ovarian cycle as monitored using vaginal
lavage.

Another factor that could contribute to females’ preference to
seek out male pheromones is their prior mating experience with a
male. During mating, females are exposed to a wide range of che-
mosensory, tactile, visual, and auditory stimuli that could alter their
later motivation to seek out male pheromones. Numerous previous
studies have shown that ovariectomized, sexually naive female mice
treated sequentially with injections of both EB and P show low lev-
els of lordosis when first paired with a male, but show higher levels
of lordosis after repeated pairings (Edwards 1970; Laroche et al.
2009a, 2009b; Bonthuis et al. 2011; Ismail et al. 2011), but the role
of ovarian hormones in mediating the preference for male odor cues
in female mice after sexual experience is unknown. Therefore, in a
second experiment, the preference to make nasal contact with male
versus female urinary odors was tested in both sexually naive and in
mating-experienced female mice that had been ovariectomized and
given no hormone replacement followed later by treatment with E2
either without or with subsequent, sequential administration of P.

Materials and methods

Subjects

Female (7 = 34) and male (n = 9) C57BL/6] mice were purchased
for use in these experiments (age 5-7 weeks; Charles River
Laboratories). Females were group housed (3-5 mice per cage).
Males were initially group housed (4 males per cage) before receiv-
ing sexual experience whereupon they were singly housed. Mice
were maintained on a reversed 12:12 h light:dark cycle with water
and food available ad libitum. All procedures were approved by the
Boston University Charles River Campus Institutional Animal Care
and Use Committee.

Surgery

In Experiment 2, female mice (7 = 18) were bilaterally ovariecto-
mized under 2% isoflurane anesthesia and were given s.c. injections
of analgesic (carprofen, 5 mg/kg) on the day of surgery and for 2
subsequent days. Mice were allowed to recover from surgery for 3
weeks before the start of behavioral testing. A separate group of fe-
male mice (n = 6) also received bilateral ovariectomies and were later
brought into behavioral estrus with s.c. injections of EB followed by
2 days later by P to collect urine for odor preference testing and to
give stud males sexual experience. Urine collection began 1 week
after ovariectomy. Stud males were considered to be sexually experi-
enced after 2 overnight pairings with an estrous female mouse.

Pheromonal stimuli

Urine was collected from sexually naive, testes-intact male (IMU)
(n = 6) and from estrous female (EFU) (# = 6) mice for use in urinary
pheromone preference tests. Before urine collection, ovariectomized
females were injected s.c. with EB (0.5 pg in 0.05 mL sesame oil,
Sigma-Aldrich) followed 2 days later by a s.c. injection of P (830 pg
in 0.05 mL sesame oil, Sigma—Aldrich) (Bonthuis et al. 2011). Urine



Chemical Senses, 2018, Vol. 43, No. 2

99

was collected from females 3—6 h after the P injection when they were
in behavioral estrus. Urine was collected separately from individual
male and female mice while they were housed for 4 h into a meta-
bolic chamber with free access to water but not food. Urine from
each sex was then pooled and stored in 1-mL aliquots at -80 °C.

Chemosensory preference testing
All olfactory preference tests were carried out in a custom built test-
ing box (Kunkhyen et al. 2017) under red light during the dark phase
of the light:dark cycle. This plastic box (26.5 L x 20 W x 30 H cm)
contained two 1-cm diameter circular odor ports on one side of the
box spaced 17 cm apart. Urinary odors (20 pL) were placed on filter
paper located 1 ¢cm behind each odor port so as to allow mice to
make nasal contact with the odor stimulus. This provided subjects
access to the nonvolatile components of the urinary stimuli being
presented. The duration of nose-poke behavior directed to each odor
port was monitored by infrared beams at each odor port connected to
an Arduino UNO board and software. The location of IMU and EFU
was counterbalanced across testing days to prevent any side bias.
One day before the start of behavior testing, all females were habitu-
ated to the testing box for 30 min with access to the odor ports in the
absence of odor stimuli. Ovary intact females were then given a series
of pheromone preference tests on different days of the estrous cycle
(Experiment 1). Ovariectomized females were tested on different days,
first without any hormone replacement and then on separate days after
a sequence of different treatments with E2 and P (Experiment 2). On
each day of testing, female subjects were habituated in their home cage
to the testing room for at least 3 h before odor preference tests began.
Females were then placed in the testing box with access to the odor
ports blocked for an initial 20 min. At the start of each 10-min test,
urinary odors (20 pL) were placed on filter paper behind the odor ports,
the barrier to the odor ports was removed, and the total duration of
nose pokes into each odor port was recorded using the Arduino micro-
controller. The total time spent investigating each odor port was deter-
mined. At the end of testing, females were returned to their home cage.

Experiment 1: Chemosensory preference testing in ovary-intact
female mice

Sexually naive, ovary-intact female mice (7 = 10) were tested for
their preference to investigate IMU versus EFU at 2 different stages
of the estrous cycle. Vaginal lavages were taken daily in order to

monitor females’ ovarian cycle (McLean et al. 2012; Dey et al. 2015).
Distilled water (20 pL) was applied to the vagina using a pipette, and
the resulting suspension was placed to dry on gelatin-coated micro-
scope slides on a slide warmer for 45 min. Cells were then stained
with 0.25% cresyl violet and examined using a light microscope. The
murine estrous cycle can be divided into 4 separate stages (estrus,
metestrus, diestrus, and proestrus) that reflect changes in circulating
gonadal hormones (Wood et al. 2007). Females were categorized as
being in estrus when the majority of the cells present in the lavage
were cornified squamous epithelial cells. Females were categorized as
being in nonestrus when either >90% of the cells present in the lav-
age were leukocytes (diestrus) or when >50% of cells present were
leukocytes (metestrus) (Inderdeo et al. 1996; McLean et al. 2012)
(Figure 1). Proestrous vaginal cytology (exclusively nucleated epi-
thelial cells) was rarely seen in our females. Females were tested for
urinary pheromone preference when they were either in an estrous
or nonestrous condition, approximately 3 h after lavages were taken.
Females were tested on 4 separate days: twice while in the estrous
condition and twice while in the nonestrous condition according to
the chemosensory testing protocol described above. Investigation
times at each odor port were averaged for each mouse across the 2
tests in the estrous condition and across the 2 tests in the nonestrous
condition.

Experiment 2: Effects of mating experience and hormone
replacement on chemosensory preferences of ovariectomized
females

Ovariectomized female mice (7 = 18) were tested for their preference
to investigate IMU versus EFU. One group of females (z = 9) was
sexually naive at the onset of pheromone preference testing. A sec-
ond group of females (7 = 9) was given mating experience with a
stud male before pheromone preference testing. These latter females
were brought into behavioral estrus 7 days after ovariectomy with
s.c. injections of EB followed 2 days later with P whereupon they
were immediately paired overnight with a stud male. This was done
on 2 separate occasions, and females in which seminal plugs were
found in the vagina the next morning on at least one occasion were
deemed to be sexually experienced. All females received a series of §
preference tests for IMU versus EFU after receiving different ovarian
hormone treatments beginning 3 weeks after ovariectomy. In the case
of the mating-experienced group, the first pheromone preference test

Estrous Lavage | |

Metestrous Lavage | |

Diestrous Lavage

Estrus | |

Non-Estrus

Figure 1. Representative photomicrographs of cells from vaginal lavages of ovary intact female mice in either an estrous condition (A, estrous lavage: black
arrows point to representative cornified squamous epithelial cells, black arrow heads point to representative nucleated epithelial cells) or 1 of 2 nonestrous
conditions (B, metestrous lavage; C, diestrous lavage). Females were categorized as being in an estrous condition when the majority of the cells present in
the lavage were cornified squamous epithelial cells. Females were categorized as being in a nonestrous condition when either >90% of the cells present in the
lavage were leukocytes (diestrus) or when >50% of cells present were leukocytes (metestrus).
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was given at least 1 week after the last P injection had been adminis-
tered to provide mating experience. Ovariectomized females in both
groups were given no ovarian hormones before the first pheromone
preference (Test 1: no hormone). The following day, females received
a s.c. injection of EB (0.5 pg in 0.05 mL sesame oil) whereupon they
were tested for pheromone preference 4 h later (Test 2: EB injec-
tion). Two days later females were injected s.c. with P (830 pg in
0.05 mL sesame oil) whereupon they were tested again 4 h later
(Test 3: EB + P). The next day all females were implanted s.c. with a
silicone SILASTIC capsule containing E2 under the skin of the back
of the neck under 2% isoflurane anesthesia. The E2 was diluted 1:1
with cholesterol in these capsules (inner diameter 1.57 mm; outer
diameter 2.41 mm; length 5 mm) (DiBenedictis et al. 2012). Females
were allowed to recover for 1 week, and were then tested for phero-
mone preference once again (Test 4: E2 capsule) and then again the
following day, 4 h after females received a s.c. P injection (500 pg)
(Test 5: E2 capsule + P injection). A timeline for this experiment can
be found in Figure 2. Previous studies looking at the expression of
lordosis behavior in ovariectomized female mice have used either a
s.c. EB injection followed 2 days later by a s.c. P injection (Bonthuis
et al. 2011; McCarthy et al. 2017) or long-term s.c. implantation of
an E2 capsule sequenced with a s.c. P injection to induce behavioral
estrus (Keller et al. 2006; Brock et al. 2011; DiBenedictis et al. 2012).
We tested chemosensory preferences in ovariectomized female mice
using these 2 different methods of steroid hormone delivery. Note
that we did not administer s.c. injections of sesame oil vehicle to
additional control subjects on the presumption that any minor stress
resulting in our hormone-primed subjects that received s.c. injections
would have dissipated over the 3-4 h period between hormone injec-
tions and chemosensory preference testing.

Statistical analysis

For both experiments, pheromone preference test results were ana-
lyzed with paired, 2-tailed #-tests to determine if subjects preferred
to investigate IMU versus EFU. The total time that subjects spent at

Sexually Naive Females

either of the 2 odor ports was also compared using paired 2-tailed
t-tests between the estrous and nonestrous conditions (Experiment
1) and across the 5 different hormone replacement conditions
using a 1-way repeated measures ANOVA (Experiment 2). The
total investigation time was also analyzed in both experiments to
determine whether subjects’ interest in pheromonal stimuli varied
as a function of endocrine status and/or waned with repeated test-
ing. Statistical analysis was carried out using SigmaPlot11 software
(Systat Software).

Results

Experiment 1: Chemosensory preferences of
ovary-intact female mice

Sexually naive, ovary-intact females showed a significant preference
for IMU versus EFU (Figure 3A), provided they were in vaginal es-
trus (, = 3.326, P = 0.009). However, when these same females were
not in vaginal estrus no significant preference for either urinary odor
was observed (¢, = 0.383, P = 0.711). There was no significant differ-
ence between estrous and nonestrous conditions in the total amount
of time that females spent investigating either odor port (z, = 0.625,
P =0.548) (Figure 3B), suggesting that subjects remained active and
attentive to the olfactory choices provided even when in the non-
estrous condition.

Experiment 2: Effects of mating experience

and hormone replacement on chemosensory
preferences of ovariectomized females

Ovariectomized, sexually naive females showed a significant pref-
erence to investigate IMU as opposed to EFU only after they either
received injections of EB sequenced 2 days later with P (z, = -2.740,
P =0.025) or treatment for 1 week with a s.c. capsule containing E2
(t, = -3.778, P = 0.005) (Figure 4A). By contrast, ovariectomized,
sexually naive females failed to prefer IMU over EFU when tested
without any hormone treatment, 4 h after a single injection of EB, or

Sexually Experienced Females

Timeline
(n=9) (n=9)

np || 3 weeks prlor to s.tart Bilateral ovariectomy
,§' of behavior testing
[7,]
,g 2 weeks prior to start EB + P priming + sexual experience with
(o of behavior testing stud male (2x)
[
b 1 day prior to start
o of behavior testing Habituation to testing cage
" | Day1 || Preference Test 1 (no hormone injection) |
e
[7,]
lq—" | Day 2 || Preference Test 2 (s.c. EBinjection; 4 hr prior to test) |
(]
%]
5 | Day4 || Preference Test 3 (s.c. P injection; 4 hr prior to test) |
3
[ | Day 5 || Implant E2 Capsule |
a
e
_g | Day 12 || Preference Test 4 (E2 capsule only) |
(@]

| Day 13 || Preference Test 5 (s.c. P injection; 4 hr prior to test) |

Figure 2. Timeline of procedures carried out in Experiment 2. Abbreviations: EB, estradiol benzoate; P, progesterone; E2, estradiol.
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Figure 3. Preference for testes-intact male urine (IMU) compared to estrous
female urine (EFU) in sexually naive, ovary-intact female mice (n=10). (A)The
time (in seconds) that females spent investigating the odor ports containing
IMU versus EFU was recorded when subjects were either in vaginal estrus
or nonestrus. Females were tested for pheromone preference twice while
in estrus and in nonestrus, and the time spent investigating each odor port
was averaged across the 2 tests given under each cycle stage. (B) The total
time spent investigating either odor port (IMU + EFU investigation times in
seconds) while female subjects were in either estrus or nonestrus. Data are
expressed as the mean + SEM, while the circles represent the individual data
points for each mouse. *P < 0.05 comparison of investigation times at each
odor port when subjects were in vaginal estrus.

after s.c. implantation of an E2 capsule followed 1 day later by an
injection of P. The total time spent investigating either odor port (time
spent investigating IMU + time spent investigating EFU) was equiva-
lent regardless of the hormone treatments received (F,,, = 0.703,
P =0.596) (Figure 4B), suggesting that subjects remained active and
attentive to the odorant stimuli presented, regardless of whether or
not they preferred investigating one over the other in particular tests.

A second group of ovariectomized female mice given sexual ex-
perience with a stud male before odor preference testing showed
a significant preference for IMU compared to EFU in the absence
of ovarian hormone treatment (t, = -5.002, P = 0.001), after an
EB injection followed 2 days later by a P injection (¢, = -2.999,
P =0.017), after the presence of an implanted E2 capsule for 1 week
(t,=-2.714, P = 0.026), and after one P injection given 8 days after
implantation of an E2 capsule (¢, = -5.193, P < 0.001) (Figure 5A).
By contrast, a single EB injection given 4 h before testing induced
only a nonsignificant trend toward a preference for IMU versus EFU
(t, = -1.211, P = 0.260). Comparison of the total time spent inves-
tigating either odor port showed no effect of the different hormone
treatments (F, ,, = 1.165, P = 0.345) (Figure 5B), again, suggesting
that subjects remained active and attentive to the odorant stimuli

presented, regardless of whether or not they preferred investigating
one over the other in particular tests.

Discussion

Female mice that lacked previous mating experience required ex-
posure to ovarian hormones to display a preference for IMU over
EFU. Thus in Experiment 1, ovary-intact females which had not
mated previously with a male only preferred to investigate IMU
over EFU when they were in vaginal estrus. Likewise, in Experiment
2 sexually naive females that had been ovariectomized showed no
preference for male urinary pheromones in the absence of treatment
with ovarian hormones (Test 1). This group only showed a signifi-
cant preference to investigate male urinary odors after a single EB in-
jection followed 2 days later by a P injection (4 h before Test 3) and
after 7 days of continuous E2 exposure via a s.c. SILASTIC capsule
(Test 4). These same sexually naive ovariectomized females failed to
show a significant preference for male pheromones when tested only
4 h after an EB injection (Test 2) or 4 h after a P injection (Test 5),
with an E2 capsule previously having been in place for 8 days. It is
possible that in the former case the absence of a significant prefer-
ence for male pheromones reflected the inadequate passage of time
(only 4 h) needed for a genomic action of E2 in the nervous system.
In the latter case, there was a trend for E2-primed, P-treated females
to prefer male pheromones that missed statistical significance. What
is clear from both studies using sexually naive females is that a male
pheromone preference was not seen in the absence of estrous stage
concentrations of circulating ovarian hormones.

In Experiment 2, ovariectomized female mice that previously
received mating experience showed a significant preference for
IMU over EFU even in the absence of hormone treatment. In sub-
sequent tests, given after several different regimens of ovarian hor-
mones, these same mating-experienced females usually continued
to show a significant preference to investigate IMU over EFU. The
only exception was in Test 2 given 4 h after a single injection of
EB in which there was only a nonsignificant trend for these females
to prefer IMU. Our results indicate that priming with ovarian hor-
mones may not be required for female mice with prior mating ex-
perience to display a preference for male urinary pheromones. The
results obtained suggest that the interactive actions of ovarian hor-
mones and genital-somatosensory inputs resulting from the receipt
of mounts and intromissions from a male exert a long-lasting change
in the responsiveness of the olfactory input circuit that processes
pheromones such that mating experienced females prefer to seek out
male pheromones even in the absence of ovarian hormone action in
the forebrain.

In the current experiments, female mice were allowed nasal access
to the heavy, nonvolatile as well as the lighter, volatile components
of urine from testes-intact males. The results of Experiment 1 cor-
roborate a previous study (Dey et al. 2015) in which sexually naive
female mice preferred to investigate either heavy molecular weight
pheromones derived from urine of testes-intact males or recombin-
ant MUPs, provided the females were in vaginal estrus as opposed to
diestrus. This outcome contrasts with another early study (Scott and
Pfaff 1970) in which ovary-intact female mice that lacked any prior
mating experience preferred to investigate volatile urinary odors
from testes-intact as opposed to castrated males regardless of whether
they were in vaginal estrus or diestrus. This latter outcome may
reflect the fact that volatile urinary pheromones are likely detected
and processed via the main as opposed to accessory olfactory system
(Baum and Kelliher 2009). Perhaps ovarian steroids exert no effect
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on relevant segments of the main olfactory system that process the
sexually relevant features of pheromones. Further studies are needed
to investigate the role of ovarian hormones on modulating the activ-
ity of different segments of the main olfactory system. We observed
that ovary-intact female mice preferred to investigate male versus
female urine on the day of estrus, which corresponds to the period
around the time of ovulation when there is large surge in circulating
E2 (Wood et al. 2007) followed by a smaller peak in circulating P
(Walmer et al. 1992). Female mice are also most receptive to mounts

from a male during vaginal estrus. Our results contrast with those
of a previous study (Nomoto and Lima 2015) that compared nasal
investigation directed by ovary-intact female mice toward the body
of a male versus a female mouse. Those investigators reported that
ovary-intact, sexually naive females preferred to investigate the body
of a male significantly more than a female, regardless of whether
they were in vaginal proestrus, estrus, or diestrus. The discrepancies
between the 2 studies could reflect the use of stimuli from different
mouse strains (BALB/c by Nomoto and Lima vs. C57BL/6] in the
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current experiments) and/or differences in the sources of male and
female pheromones used in the 2 studies (whole body vs. urine).

A study using ovariectomized sexually experienced rats without
hormone treatment found that these females showed no preference
for volatile odors emitted from the body of testes-intact males com-
pared to both castrated male and estrous female odors, whereas they
showed a strong preference for testes-intact male odors when treated
with EB and P (Xiao et al. 2004). This outcome in the rat differs
from the results of our Experiment 2 in which sexually experienced
female mice showed a strong preference to seeck out male urinary
pheromones even after ovariectomy and in the absence of any treat-
ment with ovarian hormones. To our knowledge, there have been no
other studies in female mice that examined the preference to inves-
tigate nonvolatile male urinary odors in sexually naive compared
to sexually experienced animals which were tested in the presence
or absence of ovarian hormones. It is possible that the discrepancy
between our study and previous studies in rats reflects a species dif-
ference in how ovarian hormones affect odor preference before and
after sexual experience. It is also possible that procedural differences
(in the current study females were exposed to both the heavy, non-
volatile plus the volatile components of urine whereas in Xiao (2004)
subjects were exposed only to volatile chemosignals) could explain
the different results.

The results of our study using sexually naive ovariectomized
female mice also contrasts with those of a previous study by
Moncho-Bogani et al. (2004) which found that chemically naive
ovariectomized female mice preferred to investigate soiled bedding
from testes-intact males compared to females in the absence of treat-
ment with ovarian hormones and also after treatment with either EB
alone, P alone, or EB + P. Female subjects in that study were given
different hormonal treatments and then initially tested for their pref-
erence to investigate 2 different sources of female soiled bedding and
then later tested on the same day for their preference to investigate
male versus female soiled bedding. The female odor cues were pooled
from the test subjects’ home cage bedding (Moncho-Bogani et al.
2004), making these odors very familiar to the subjects. It is possible
that familiarity with the female odors may have enhanced female
subjects’ preference for male odors, thereby masking any effects of
the different hormone treatments. The female subjects in that previ-
ous study may not have been displaying a consistent preference for
male odors regardless of hormone treatment, but rather a preference
for novel pheromonal odors which happened to be derived from
males. In the current study, we also tested preferences for urinary
pheromones repeatedly in the same female subjects under each of the
different hormone conditions. The females used in Moncho-Bogani
et al. (2004) had not been previously exposed to any male urinary
cues before testing and were only tested once in a specific hormone
condition. It is possible that the repeated testing design of our experi-
ment affected odor preference behavior in later tests compared to
carlier ones. Future studies could randomize the order of testing in
different hormone conditions to obviate this confound.

In ovary-intact females, there is a large peak of circulating P
during diestrus and a smaller peak of P 2 days earlier around the
time of estrus (Walmer et al. 1992). While we did not measure cir-
culating levels of P in our ovary-intact females at the time of vaginal
estrus, these females preferred to investigate IMU over EFU during
this period of the estrous cycle when the smaller peak in circulat-
ing levels of P was predicted by Walmer et al. (1992). Using an in
vitro preparation, the responsiveness of VNO sensory neurons in
female mice to isolated MUPs from male urine was decreased when
P was added to the medium, but the activity of these neurons in

response to actual male urine was not decreased after the same P
treatment (Dey et al. 2015). It would be interesting to know the
activity of VNO sensory neurons in response to male urinary cues
after sequential E2 followed by P treatments that mimic the con-
centrations of these 2 hormones just before vaginal estrus, which
was when our results indicate that female mice exhibit the strong-
est preference for testes-intact male urine. In Experiment 2, both
sexually experienced and sexually naive ovariectomized females
preferred to investigate testes-intact male urine after s.c. injection
with EB followed 2 days later by a s.c. injection of P. Thus, maximal
elevations in plasma P, if anything, worked to facilitate as opposed
to inhibit females’ interest in male urinary pheromones. Treatment
of ovariectomized female mice (Moncho-Bogani et al. 2004) and
rats (Xiao et al. 2004; Hosokawa and Chiba 2007) with P in other
studies also did not inhibit subjects’ preference to investigate testes-
intact male chemosignals. Taken together, these results suggest that
P normally acts in E2-primed females to augment their motivation
to seek out male pheromones as opposed to suppressing females’
interest in these opposite-sex chemosignals, as was previously sug-
gested by Dey et al. (2015).

In conclusion, female mice lacking mating experience require
prior exposure to estradiol (typically followed by progesterone) to
prefer investigating male over female urinary pheromones. However,
the receipt of mating stimulation from a stud male, which occurs
concurrently with the actions of ovarian hormones in the female’s
forebrain, induces neural plasticity leading to a long-lasting male-
oriented pheromone preference without any further hormonal
stimulation.
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