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Abstract
In rodents, urine-borne male pheromones include volatile organic compounds (VOCs) and major urinary proteins (MUPs). In
mice, the attraction of females to male odor is reportedly acquired through associative learning with MUPs in some studies. Here,
we found that VOC and MUP sex pheromones were differentiated in rats at around 8 weeks of age and that females separated
from males at weaning showed no preference for male urine odor after sexual maturity. Olfactory preferences could be gained in
females after repeated experience of VOC pheromones alone as well as male urine or a blend of synthetic VOC pheromones and
recombinant MUPs. However, differences in acquired olfactory preferences for male urine were further revealed by neuroimmuno-histochemical studies. The blend exhibited neural activation in the main olfactory system (MOS), accessory system
(AOS), and the ventromedial hypothalamus (VMH), indicating sexual arousal, whereas the VOC alone only caused neural
activation of MOS. We suggest that olfactory preference is generated through repeated experience of either VOCs or a blend
of VOCs and MUPs, but the neural activations related to sexual arousal have to be acquired through associative learning with
MUPs in female rats.
Significance statement
When adult female rats were separated from males before maturity, they lost their attraction to male urine odor. Female preference
to volatiles in male urine could be gained by repeated experience of volatile and protein pheromones. Brain regions related to
sexual arousal were activated by male urine in females with experience of VOCs together with MUPs but not in those experienced with VOCs alone. Associative learning between VOC and MUP pheromones is necessary for male urine odor-induced
FOS responses in the key regions for sexual arousal/excitement in female rats.
Keywords Development of sex pheromones . Social learning . Olfactory memory . Sexual excitement
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Introduction
In muroid rodents, voided urine is a key pheromone source
that emits both volatile organic compounds (VOCs) as volatile
pheromones and major urinary proteins (MUPs) as protein
pheromones. These both convey socio-sexual information
for conspecific receivers and thus regulate socio-sexual interactions (Novotny 2003; Brennan and Zufall 2006; Roberts
et al. 2010). Urine-borne VOCs are excreted from both the
liver and preputial glands (Novotny 2003; Zhang et al. 2008).
MUPs with a molecular weight of approximately 19 kDa are
produced by the liver, filtered by the kidneys, and secreted
into the urine in some murids (Gómez-Baena et al. 2014). In
mice, MUPs also function as pheromone stabilizers to slow
the release of VOC pheromones and extend the longevity of
scent marks (Novotny 2003; Brennan and Zufall 2006). Most
particularly, MUP pheromones are proven to be primary sexual attractants to females, and volatile pheromones are secondary sexual attractants that are conditioned through associative
learning with MUP pheromones, which possess intrinsic rewarding properties (Ramm et al. 2008; Roberts et al. 2010,
2012, 2014; Beny and Kimchi 2014; Liu et al. 2017). For
example, male urine-naïve female mice can learn a similar
attraction to an individual male’s airborne odor through association with MUPs by repeated contact with male-soiled bedding or darcin, an MUP male pheromone, paired with male
urine odor exposure (Moncho-Bogani et al. 2002; Roberts
et al. 2010, 2012, 2014; Beny and Kimchi 2014).
In rats, several volatile male pheromones and two MUP
male pheromones have been identified in our laboratory
(Zhang and Zhang 2014; Guo et al. 2018). Here, we intended
to examine whether associative learning with MUPs is also
necessary for airborne male urine odorants to attract female
rats, using the synthetic analogues of VOC pheromones and
recombinant MUP pheromones. In addition, we speculated
whether repeated administrations of VOC pheromones alone
could induce sexual attraction of females to airborne VOC
male pheromones, possibly due to sensitization as a basic type
of non-associative learning or somatic rewards such as gustatory pleasure (Brennan and Zufall 2006; Robinson and
Berridge 2008).
Like other male sexual ornaments, male pheromones of
urinary VOCs and MUPs are more abundant in males than
in females, are under androgen control, and appear around
sexual maturity in rodents (Novotny 2003; Brennan and
Zufall 2006; Roberts et al. 2010; Zhang and Zhang 2014).
Some olfactory structures and memory developed during embryonic, fetal, and infancy, related to sexual motivation, are
under the control of estrogen (Spiteri et al. 2010; Treloar et al.
2010; Cummings and Becker 2012; Maekawa et al. 2014;
Nomoto and Lima 2015). Associative learning between
VOC and MUP pheromones and repeated learning with
VOC pheromones alone cannot be generated until sexual

Behav Ecol Sociobiol

(2019) 73:75

maturity when sex pheromones are secreted and sexual motivation appears (Novotny 2003; Brennan and Zufall 2006;
Spiteri et al. 2010; Cummings and Becker 2012). We thus
hypothesized that if female rats are caged in same sex groups
from sexual immaturity, they would lose the chance to learn
from male pheromones and that this would result in a failure to
display sexual attraction to airborne male pheromones.
Females’ knowledge of airborne male signals and consequent sexual behavior are reflected at regions or even single
neurons in the neural circuits of the nervous system (MonchoBogani et al. 2002, 2005; Dulac and Kimchi 2007; Kimchi
et al. 2007; Spiteri et al. 2010; Nomoto and Lima 2015). In
rodents, VOC pheromone detection and sexual behavioral
outputs involve the olfactory (main olfactory) system (MOS)
and vomeronasal (accessory olfactory) system (AOS)
(Leinders-Zufall et al. 2000; Luo et al. 2003; Xu et al. 2005;
Brennan and Zufall 2006; Wang et al. 2006; Kang et al. 2009).
The vomeronasal organ (VNO) detects sex pheromones and
activates innate reproductive behavioral responses through
sexually dimorphic effector circuits in the brain of male and
female mice (Moncho-Bogani et al. 2005; Dulac and Kimchi
2007; Kimchi et al. 2007). In addition to the main olfactory
bulb (MOB)-to-piriform cortex (PIR) pathway, female mice
have a direct MOB-to-medial amygdala (MeA) pathway to
enable the direct transmittance of urine odor from males in
preference to that from females and predators from the MOB
to the vomeronasal amygdala for mate recognition and reproduction (Brennan and Kendrick 2006; Kang et al. 2009).
Receptors of volatile pheromones are identified from both
the olfactory epithelium and VNOs (Boschat et al. 2002;
Yoshikawa et al. 2013). A coupling between stimuli internalization in the nasal cavity and vomeronasal pumping has been
revealed by the correlated activation of the MOBs and the
vomeronasal amygdala in response to conspecific odor
(Pardo-Bellver et al. 2017). The primary pheromones and secondary attractive odorants differentially activate pathways in
brain regions in rodents, although MUPs do not activate the
MOS (Kippin et al. 2003; Moncho-Bogani et al. 2005; CoriaAvila and Pfaus 2007). In female mice, the pheromone information is conveyed from peripheral receptive organs to the
MeA and then to the ventromedial hypothalamus (VMH),
which plays an essential role in controlling female rodent sexual behavior (Haga et al. 2010; Spiteri et al. 2010; FlanaganCato 2011; Nomoto and Lima 2015; Ishii et al. 2017). The
posteromedial cortical amygdala nucleus (PMCo) of female
mice also exhibits a female-biased expression of c-Fos protein
in response to darcin, a male MUP pheromone (Romero et al.
1990; Haga et al. 2010).
In mice, the darcin invokes females’ inherent sexual attraction to male urine and also stimulates female memory and
conditions sexual attraction to the VOC pheromone; females
can simply learn olfactory preferences by associating darcin
with the individual odor of a specific male instead of that of
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other males (Ramm et al. 2008; Roberts et al. 2010). Two-way
choice tests can be used to examine behavioral attraction of
female rats to airborne male urine odor and the c-Fos expression; a measure of neuronal activation in the central nervous
system can be employed to reveal the possible association of
olfactory preferences.
In rats, we have identified 2-heptanone, 4-heptanone, and
9-hydroxy-2-nonanone of urine-borne volatile male pheromones and MUP13 and OBP3 of MUP male pheromones
from male urine, thus providing an opportunity to study the
associative learning of females for VOCs and MUPs of male
pheromones (Zhang et al. 2008; Zhang and Zhang 2011,
2014). In the current study, we first examined the developmental process of male pheromones. Then, using two-way
choice tests and c-Fos protein (i.e., an indirect marker of neuronal) expression in the rat brain, we examined whether females without prior contact with male urine showed preferences and neural responses to airborne male urine odor at
sexual maturity and whether the sexual attraction and the neural activation of sexual-related brain areas could be affected by
repeated administrations of respective VOC pheromones (i.e.,
the synthetic analogues of the three ketones) or a blend of
VOC pheromones and MUP pheromones (i.e., recombinant
MUP13 and OBP3) and voided male urine.

Methods
Experimental animals
The rats used were born in our laboratory by parental SpragueDawley (SD) rats (12 male-female pairs) purchased from Vital
River Laboratories (Beijing, China). The parents aged
12 weeks were caged (plastic cage with dimensions of 37 ×
26 × 17 cm for each) in opposite-sex pairs for breeding, and
pregnant females were placed in individual cages with clean
beddings. The housing room was under a reversed 14–10-h
our light-dark photoperiod (lights on at 19:00) and at a temperature of 23 ± 2 °C. Standard rat chew and tap water were
provided ad libitum.
Pups were weaned at 4 weeks of age and caged in groups of
3 or 4 of the same sex to prevent socio-sexual learning. Eight
pups for each age (4, 6, and 8 weeks) and sex were used as
urine donors for analysis of the development of pheromone.
We determined the estrous cycles of females at 12 weeks of
age by vaginal smears and used rats that presented a regular
estrous cycle of approximately 4 days. Twenty-four estrus
females were used as scent recipients in the pre-experiment;
meanwhile, 65 females were subjected to scent exposure treatment for 1 week in experiments 1, 2, and 3. After a week
exposure, olfactory preference tests and c-fos immunohistochemistry tests were carried out on the estrus days. There was
a 4-day interval between these two tests.
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An additional six male (weighing 386–478 g) and six female (weighing 245–293 g) adult SD rats were purchased and
used as urine donors at the age of 4–6 months to test the
female sexual preferences and immunohistochemistry.

Urine collection using metabolic cages
For urine collection, rats were individually caged in clean
metabolic cages for 8 h daily during the dark phase of the light
cycle. The urine from each metabolic cage flowed into a tube
immersed in an ice box. Standard rat chow and water were
provided ad libitum. Urine samples were stored at − 20 °C
until use. The metabolic cages were cleaned thoroughly with
water and 75% alcohol between collections.

Chemical analysis of urine
To prepare the urine samples for chemical analysis we used
dichloromethane (purity > 99.5%; DIMA Technology, Inc.,
Muskegon, MI, USA) and added 5 ppm of 1-tridecanol
(purity > 95%; Tokyo Chemical Industry Co., Ltd.,
Tokyo, Japan) as an internal standard as a solvent for urine
extraction. We mixed 150 μl of urine sample from each
male donor with 150 μl of the solvent, and then, the samples were stirred thoroughly and stored at 4 °C for 12 h,
with the bottom phase (the layer with dichloromethane)
used for chemical analysis. Urine samples were analyzed
using an Agilent 7890N gas chromatography (GC) system
connected to a flame ionization detector (FID) (Agilent
Technologies, Inc., Santa Clara, CA, USA). The GC was
equipped with an HP5-MS column (HP5MS, 30 m long,
0.25 m m inner diam eter, 0.25 μm film; Agilent
Technologies, Inc., USA), and the carrier gas was N2
(1.0 ml/min). The injector temperature was set at 280 °C.
The oven temperature was set initially at 50 °C, heated at
5 °C/min to 100 °C, then ramped up to 10 °C/min to
280 °C, and held for 5 min. The FID was set at 350 °C.
We injected a 4-μl urine sample at a splitless mode and
compared the retention time of each peak with the retention
times of 4-heptanone, 2-heptanone (Acros Organics,
Morris Plains, NJ, USA), and 9-hydroxy-2-nonanone
(Dkmchem, Shenzhen, China) authentic analogues to identify the three ketones. For a particular compound, the abundance was quantified by the GC peak area (Zhang and
Zhang 2014). The abundance of each volatile compound
in each urine sample was its normalized GC peak area,
which was obtained by dividing its peak area with the peak
area of 1-tridecanol, the internal standard, and multiplying
by 100. The genuine quantities of the ketones were quantified by comparing their abundances with the established
standard curve.
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SDS-PAGE (sodium dodecyl sulphate-polyacrylamide
gel electrophoresis)

Preparation of aqueous solutions of VOC and/or MUP
stimuli for induction of associative learning

SDS-PAGE was performed using a Mini-Protean system
(Bio-Rad Laboratories, Hercules, CA, USA). Each urine sample was diluted twofold by adding distilled water and then
mixed 4:1 with 5x SDS loading buffer (250 mM Tris-HCl
(pH 6.8), 10% (w/v) SDS, 0.5% (w/v) bromophenol blue,
50% (v/v) glycerol, and 5% (v/v) β-mercaptoethanol). Two
microliters of the mixed samples and 4 μl of the protein
markers (from Beijing ComWin Biotech Co., Ltd., China)
were fractionated on 15% SDS-PAGE gels at a constant voltage of 130 V. Protein gels were stained with coomassie brilliant blue and imaged using a ChemiDoc MP system (BioRad, USA). The intensity of each band was measured as the
relative abundance of the protein using the ImageJ program
(National Institutes of Health, USA). The relative abundance
of each band was normalized by its ratio with the band of the
same urine sample in a different gel.

KETONE solution The stock solutions of the three ketones, 4heptanone, 2-heptanone, and 9-hydroxy-2-nonanone (all purity > 98%; Acros Organics, Morris Plains, NJ, USA) at
10 mg/ml in dichloromethane (DCM, purity > 99.5%;
DIMA Technology, Inc., Muskegon, MI, USA), were used
to prepare the ketone stimuli. The stock solutions (4heptanone, 0.16 μl; 2-heptanone, 4 μl; 9-hydroxy-2nonanone, 0.2 μl) were added to a glass vial containing 2 ml
of distilled water and stirred thoroughly, and then the vial cap
was opened for 1 min to vaporize the DCM. The final concentrations of the three ketones (4-heptanone, 0.8 ×
10−3 mg/ml; 2-heptanone, 20 × 10−3 mg/ml; 9-hydroxy-2nonanone, 1 × 10−3 mg/ml) were equal to concentrations
quantified in male urine by GC-MS (Zhang et al. 2008;
Zhang and Zhang 2014; Guo et al. 2018). Distilled water
added with the DCM (4.36 μl in 2 ml of distilled water) served
as the control stimulus.

Expression and purification of rOBP3 and rMUP13

MUP solution The stock solutions of the two MUPs (rMup13,
20 mg/ml in PBS, purity 80%; rObp3, 13 mg/ml in PBS,
purity 90%) were used to prepare the MUP stimuli. We added
stock solutions (rMup13, 58 μl; rObp3, 314 μl) to a glass vial
containing 1628 μl of PBS. The final concentrations of
rMup13 and rObp3 in PBS were 0.46 and 1.84 mg/ml, respectively, which were almost twofold the actual concentrations
roughly estimated in male urine (Guo et al. 2018).

The coding sequence of OBP3 (uniprot ID: Q78E14) was
amplified by PCR using the primer-F/ex/NdeI (5′-GGAA
TTCCATATGGAAGAAGCTAGTTTCGAGAGAG-3′) and
primer-R/ex/XhoI (5′-TTCCGCTCGAGTCAG
GCCTGGAGACAGCGATC-3′), which contained NdeI and
XhoI restriction enzyme sites, respectively. The amplicon was
double digested with NdeI and XhoI, cloned into the corresponding site of the expression vector pET28a (Novagen,
Madison, WI, USA), transformed into Escherichia coli
Trans1-T1 competent cells (TransGen, Beijing, China), and
then cultured in LB medium containing kanamycin. The plasmids were extracted and sequenced, and the confirmed
pET28a-OBP3 plasmid was transformed into E. coli Rosetta
2 competent cells (Novagen, San Diego, CA, USA) and cultured in the medium. The plasmids were extracted and sequenced, and the confirmed transformants were cultured in
LB medium containing kanamycin. IPTG was added to induce protein expression. The cells were lysed, and the recombinant proteins were purified using HisPur Cobalt Superflow
Agarose (Thermo Scientific, Waltham, MA, USA) dialyzed
against 1× phosphate-buffered saline (PBS) and then stored
at − 80 °C until use. The MUP13 (uniprot ID: P02761) was
generated by the same procedure except using the primer-F
−/ex/NdeI (5′-GGGTTTCATATGCATGCAGAAGAAGC
TAGTTCCACAAGAG-3′) and primer-R−/ex/XhoI (5′CCGCTCGAGTCCTCGGGCCTGGAGACAG-3′). SDSPAGE was used to assess the purification of rOBP3 and
rMUP13, and nLC-MS/MS (Thermo Scientific, Waltham,
MA, USA) was used to verify the identity of the two recombinant proteins (Guo et al. 2018).

KETONE + MUP solution We mixed equal amounts of the
rMUP13 + rOBP3 solution with the KETONE solution, in
which the concentrations of the three ketones had been doubled. In the KETONE + MUP solution, the concentrations of
4-heptanone, 2-heptanone, 9-hydroxy-2-nonanone, and
rMup13 and rObp3 were 0.8 × 10−3, 20 × 10−3, 1 × 10−3,
0.28 and 0.92 mg/ml, respectively. The blend of the
KETONE solution and PBS was used as the control stimulus.
Two-choice tests We individually caged a female subject in a
clean rat cage housed in a separate test room with an air ventilation system for 2 days of acclimation before use. Doubleblind two-choice tests were conducted under a dim red light
during the dark phase of the photoperiod. Each rat was used
once. Urine samples were presented to females using glass
rods (contact tests) or glass serological pipettes (non-contact
tests) (Zhang and Zhang 2014).
In the contact tests, we painted a 2-μl sample of either male
urine or female urine on one end of each glass rod (20 cm
long, 4 mm diameter), whereas in non-contact tests, a 2-μl
sample was painted on a filter paper (3 mm × 5 mm) tucked
into the top of each serological pipette (20 cm long, 3 mm
inner diameter). The filter paper was 0.5 cm distant from the
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end of the pipette and could not be directly contacted by the
investigating female recipients.
In each test, two glass rods/serological pipettes with different urine samples were simultaneously poked through the lid
in the center of the cage and located 1.5 cm from one another
to allow the subject to freely investigate each rod/pipette. We
recorded the investigation time of females for each sample for
3 min after the females first sniffed or licked the rod/pipette.

Neuroimmunohistochemical analysis
To analyze the c-Fos expression induced by male urine odor,
20 μl of male urine equally mixed from six donors was applied to a piece of filter paper sealed in a perforated Eppendorf
vial, which was then put into the cage of a female subject rat
for 90 min of non-contact male urine exposure.
The female subjects were then deeply anesthetized via an
intraperitoneal infusion of a 10% chloral hydrate solution and
cardiac perfused with 200 ml of PBS, followed by 200 ml of
4% paraformaldehyde (PFA). The brains were excised and
post-fixed in 4% PFA at 4 °C overnight. The brains were
embedded in paraffin and cut into 5-μm-thick sections. The
sections were dewaxed in xylene and rehydrated via immersion in a graded alcohol series (100%, 95%, 85%, and 75%).
To unmask antigens, the sections were heated in 10 mM citrate
buffer (pH 6.0) in a microwave oven at 80–85 °C for 15 min
and then cooled down for 2 hours at room temperature (RT).
For c-fos fluorescence staining, the procedures were previously described (Oboti et al. 2011; Ferrero et al. 2013;
Tachikawa et al. 2013). After antigen unmasking, the sections
were washed in PBS and then incubated with a 5% normal
donkey serum solution for 1 h at RT. The sections were incubated with a rabbit anti-c-fos antibody (1:1000; ab190289,
Abcam, Cambridge, UK) overnight at 4 °C. The sections were
subsequently washed in PBS and incubated with Alexa Fluor
488 conjugated donkey anti-rabbit IgG (1:1000; ab150073,
Abcam) for 1 hour at RT. Counterstaining was performed with
4′,6 diamidino-2-phenylindole (DAPI).
For the immunostaining analysis, six parasagittal brain sections containing both the MOB and accessory olfactory bulb
(AOB) were counted per subject, and five subjects per group
were analyzed as showed in Fig. 3a in the result section. Four
coronal brain sections containing the VMH, MeA, and hippocampus (Hipp) were counted per subject. Four coronal brain
sections containing the PMCo and PIR were counted per subject (Haga et al. 2010). Brain regions were determined according to the rat brain atlas (Paxinos and Watson 2006). All sections were imaged using a ZEISS LSM 710 confocal microscope (ZEISS, Oberkochen, Germany) and processed with
ZEN 2.3 (blue edition) software. The area of each brain region
was determined, the number of c-Fos-positive cells was counted using Image-Pro Plus software (Media Cybernetics,
Bethesda, MD, USA), and the density of positive cells was
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calculated to avoid the error caused by brain regions of different sizes.

Statistical analysis
We used the Kolmogorov-Smirnov test to examine the distribution of raw data and used either nonparametric tests or parametric tests in the subsequent analyses. The age and sex effects on the ketone and MUP levels were determined using
multivariate analyses of variance and two-way analyses of
variance followed by Tukey’s tests. Wilcoxon signed-rank
tests were used to determine the female preferences in the
two-choice tests. Multiple t test and corrected for multiple
comparisons using the Holm-Sidak method were used to compare the density of c-Fos-positive cells. The values are presented as the mean ± standard error of the mean (SEM). The
level of significance was set at p < 0.05 (SPSS 18.0; SPSS,
Chicago, IL, USA).

Experimental procedures
In the pre-experiments, the development of male pheromones
was investigated. The urine of eight males and eight females
was collected at the age of 4, 6, and 8 weeks. Urine-borne
VOCs, such as 4-heptanone, 2-heptanone, and 9-hydroxy-2nonanone, and total MUPs were quantitatively determined by
GC-MS and SDS-PAGE, respectively, as previously described (Zhang and Zhang 2014; Guo et al. 2018).
Twenty-four female rats separated from males at the age of
4 weeks and caged in same sex groups were used as odor
recipients to verify the female sex recognition ability via male
and female urine odor. One group received a contact twochoice behavioral test (n = 12), and the other received a noncontact two-choice behavioral test (n = 12).
Experiment 1: chronic exposure to male urine
Nineteen female rats were randomly assigned into two groups.
In the experimental group (n = 11), we gently painted 30 μl of
male urine equally mixed from the six urine donors on the
nasolabial groove of each female subject with an Eppendorf
pipette twice a day at 9:00 a.m. and 3:00 p.m. on seven consecutive days. In the control group (n = 8), each subject was
treated with distilled water in parallel. Then, all rats received
non-contact two-choice tests to determine their olfactory preferences between male and female urine odor. After a 4-day
interval, five subjects of each group were used to analyze the
c-Fos expression induced by male urine odor.
Experiment 2: chronic exposure to KETONE solution
Twenty-four female rats were randomly assigned to two
groups, which were treated with the KETONE solution
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(n = 12) and distilled water with DCM (n = 12), using the
procedures as described in experiment 1. Finally, the subjects received non-contact two-choice tests and were subjected to c-Fos expression analysis.
Experiment 3: chronic exposure to KETONE + MUP solution
Twenty-two female rats were randomly assigned to two
groups, which were treated with the KETONE + MUP
solution (n = 11) and the KETONE solution as control
(n = 11) using the procedures as described above. Finally,
the females were subjected to the non-contact two-choice
tests and the c-Fos expression analysis.

Results
Volatile compounds of male pheromones changed
with ages
The ketone levels in urine were strongly affected by age (F
6, 178 = 4.938, p < 0.001; 4-heptanone, F 2, 90 = 11.815,
p < 0.001; 2-heptanone, F 2, 90 = 14.416, p < 0.001; 9-hydroxy-2-nonanone, F 2, 90 = 8.727, p < 0.001) and sex (F 3,
88 = 6.143, p < 0.001; 4-heptanone, F 1, 90 = 11.604,
p < 0.001; 2-heptanone, F 1, 90 = 16.141, p < 0.001; 9-hydroxy-2-nonanone, F 1, 90 = 9.887, p = 0.002), and interactions were observed between the effects of age and sex (F
6, 178 = 4.254, p < 0.001; 4-heptanone, F 2, 90 = 13.098,
p < 0.001; 2-heptanone, F 2, 90 = 13.487, p < 0.001; 9-hydroxy-2-nonanone, F 2, 90 = 9.144, p < 0.001). In particular, the ketone levels were higher in males of 8 weeks of
age than those in males at 3 and 6 weeks (4-heptanone: 3 vs
6 weeks, p = 1.000; 3 vs 8 weeks, p < 0.001; 6 vs 8 weeks,
p < 0.001; Fig. 1a, b; 2-heptanone: 3 vs 6 weeks, p = 0.920;
3 vs 8 weeks, p < 0.001; 6 vs 8 weeks, p < 0.001; Fig. 1a, c;
9-hydroxy-2-nonanone: 3 vs 6 weeks, p = 0.975; 3 vs
8 weeks, p < 0.001; 6 vs 8 weeks, p < 0.001; n = 8 for each
group; Fig. 1a, d), whereas such an age effect was not
found in females (4-heptanone: 3 vs 6 weeks, p = 0.906;
3 vs 8 weeks, p = 0.927; 6 vs 8 weeks, p = 0.999; Fig. 1a, b;
2-heptanone: 3 vs 6 weeks, p = 0.998; 3 vs 8 weeks, p =
0.997; 6 vs 8 weeks, p = 0.989; Fig. 1a, c; 9-hydroxy-2nonanone: 3 vs 6 weeks, p = 1.000; 3 vs 8 weeks, p =
0.998; 6 vs 8 weeks, p = 0.998; n = 8 for each group;
Fig. 1a, d). Sexual dimorphism was only observed in rats
of 8 weeks of age, and the males had higher ketone levels
than the females (4-heptanone: 3 weeks, p = 0.744;
6 weeks, p = 0.930; 8 weeks, p < 0.001; Fig. 1a, b. 2heptanone: 3 weeks, p = 0.982; 6 weeks, p = 0.669;
8 weeks, p < 0.001; Fig. 1a, c; 9-hydroxy-2-nonanone:
3 weeks, p = 0.975; 6 weeks, p = 0.864; 8 weeks,
p < 0.001; n = 8 for each group; Fig. 1a, d).
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MUP male pheromones changed with ages
The MUP levels in rat urine were strongly affected by
age (F 2, 42 = 34.076, p < 0.001) and sex (F 1, 42 =
39.906, p < 0.001), and an interaction was observed between the effects of age and sex (F 2, 42 = 26.210,
p < 0.001). The MUP levels were higher in males of
8 weeks of age than those in males of 3 and 6 weeks
(3 vs 6 weeks, p = 0.329; 3 vs 8 weeks, p < 0.001; 6 vs
8 weeks, p < 0.001; n = 8 for each group). No significant
differences were found between female groups (3 vs
6 weeks, p = 1.000; 3 vs 8 weeks, p = 0.806; 6 vs
8 weeks, p = 0.806; n = 8 for each group). The MUP
levels were higher in males than those in females only
in the 8-week-old groups, whereas sex differences were
not observed at the age of 3 and 6 weeks (3 weeks, p =
1.000; 6 weeks, p = 0.157; 8 weeks, p < 0.001; n = 8 for
each group; Fig. 1e, f).

Olfactory preferences of female rats to male
and female urine
In pre-experiments, the sexual dimorphism of VOC pheromones and MUPs appeared from the age of 8 weeks. The
adult females that were separated from males expressed
chemosensory preferences for male urine to female urine
in the contact two-choice tests (p = 0.028, z = 2.197,
n = 12), whereas they showed no preferences in the noncontact two-choice tests (p = 0.388, z = 0.863, n = 12,
Fig. 2a).
In experiment 1, the female rats pre-exposed to male
urine showed an olfactory preference for male urine odor
as compared with female urine odor in the non-contact
two-choice tests (p = 0.013, z = 2.490, n = 11). The control group pre-exposed to distilled water did not differ in
their responses between male urine odor and female urine
odor (p = 0.575, z = 0.560, n = 8, Fig. 2b).
In experiment 2, the females pre-exposed to the
KETONE solution showed an olfactory preference for
male urine odor as compared with female urine odor in
the non-contact two-choice tests (p = 0.008, z = 2.667,
n = 12). The control group pre-exposed to distilled water
did not show an olfactory preference between male urine
odor and female urine odor (p = 1.000, z = 0.000, n = 12,
Fig. 2c).
In experiment 3, the females pre-exposed to the
KETONE + MUP solution showed an olfactory preference for male urine odor as compared with female urine
odor in the non-contact two-choice tests (p = 0.050,
z = 1.956, n = 11). In the control group, the females
pre-exposed to the KETONE solution alone also showed
such preferences (p = 0.008, z = 2.667, n = 11, Fig. 2d).
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Fig. 1 a Representative GC
profiles of dichloromethane
extract from urine. GC conditions
are described in the “Methods”
section (abbreviations: 4H, 4heptanone; 2H, 2-heptanone;
9H2N, 9-hydroxy-2-nonanone;
IS, internal standard 1-tridecanol).
e Representative SDS gel image
of major urinary proteins (MUPs).
The predominant bands between
the 22- and 14 kDa markers were
MUPs (band intensities were
quantified using the ImageJ
programme, and each band was
normalized by the ratio with the
same band from the same urine
sample in a different gel). b–d, f
The abundances of urinary 4heptanone, 2-heptanone, 9hydroxy-2-nonanone, and MUPs
in rats of 4, 6, and 8 weeks of age
(***p < 0.001, significantly
higher in males than in females of
the same age; ###p < 0.001,
significantly higher in 8-week-old
males than in the other two male
groups; two-way ANOVA
followed by Tukey’s tests)
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The differences of neural activation in the learned
olfactory preferences
We first examined the expression of c-Fos in the MOB and
AOB (Fig. 3, S1). In experiment 1, when smelling male urine,
the male urine-pre-exposed female rats showed a greater c-Fos
cell density in both the MOB (p = 0.007, t = 3.394, n = 5) and
AOB (p = 0.009, t = 2.996, n = 5) compared with the female
rats in the water-pre-exposed control group (Figs. 3b, S1). In
experiment 2, male urine odor induced higher c-Fos protein
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f
15
12
9
6
3
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4

***
###

6
8
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expression in the MOB of the KETONE solution-pre-exposed
females compared with that in the MOB of the water-preexposed controls (p = 0.027, t = 2.775, n = 5), but c-Fos induction did not differ in the AOB (p = 0.055, t = 2.073, n = 5,
Figs. 3c, S1). In experiment 3, male urine odor induced higher
c-Fos protein expression in the AOB of the KETONE + MUP
solution-pre-exposed females compared with that in the AOB
of the KETONE solution-treated controls (p < 0.001, t = 5.047,
n = 5), but c-Fos induction did not differ in the MOB (p =
0.157, t = 1.486, n = 5, Figs. 3d, S1).
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Fig. 2 Duration of investigation of different urine samples by female rats
during a 3-min two-choice test. a Investigation time of naïve females in
the contact (urine samples were provided to females using glass rods,
n = 12) and non-contact (urine samples were provided to females using
glass pipettes, n = 12) tests. b Investigation time of females in noncontact tests after treatment with either distilled water (n = 11) or male

urine (n = 8) for 1 week. c Investigation time of females in non-contact
tests after treatment with either distilled water (n = 12) or ketones (n = 12)
for 1 week. d Investigation time of females in non-contact tests after
treatment with either ketones (n = 11) or ketones + MUPs (n = 11) for
1 week. The values shown are the mean ± SEM. Wilcoxon signed-rank
test; *p < 0.05; **p < 0.01

We further examined c-Fos expression in other higher brain
regions (Figs. 3, S2). In experiment 1, in response to male urine
odor, the male urine-pre-exposed females showed a greater cellular c-Fos density in the PIR (p = 0.045, t = 2.651, n = 5), PMCo
(p < 0.001, t = 4.888, n = 5), MeA (p = 0.045, t = 2.403, n = 5),
and VMH (p = 0.045, t = 2.601, n = 5) compared with the waterpre-exposed controls; however, the c-Fos induction did not differ
in the Hipp (p = 0.426, t = 0.804, n = 5, Figs. 3e, S2). In experiment 2, male urine odor induced higher levels of c-Fos protein
expression in the PIR (p = 0.018, t = 3.092, n = 5) and MeA (p =
0.018, t = 3.024, n = 5) of the KETONE solution-pre-exposed
female rats compared with those in the water-pre-exposed controls, whereas the c-Fos density in the PMCo (p = 0.652, t =
0.701, n = 5), VMH (p = 0.178, t = 1.910, n = 5), and Hipp
(p = 0.652, t = 0.832, n = 5) did not differ between these two
groups (Fig. 3f, S2). In experiment 3, male urine odor induced
greater c-Fos protein expression in the PMCo (p < 0.001, t =
4.378, n = 5), MeA (p = 0.002, t = 3.571, n = 5), and VMH
(p < 0.001, t = 6.542, n = 5) of the KETONE + MUP solutionpre-exposed female rats compared with that in the KETONE
solution-pre-exposed controls, whereas male urine did not induce
a difference in c-Fos density in the PIR (p = 0.184, t = 1.694, n =
5) and Hipp (p = 0.845, t = 0.196, n = 5, Figs. 3g, S2).

Discussion
Our results revealed that male pheromones, including the
three volatile ketones and two MUPs measured, were developed between 6 and 8 weeks of age when entering sexual
maturity. Coincidently, adult females that had been caged in
same sex groups after weaning displayed no preference for
male urine odor over female urine odor because they were
unable to recognize male pheromones. Nevertheless, female
olfactory preference for airborne male urine odorants, as revealed by two-choice tests and c-Fos activation in the VMH
and PMCo, could be gained via chronic exposure to either
male urine or a blend of key VOC male pheromones and
MUP pheromones; this is consistent with previous reports
(Moncho-Bogani et al. 2002; Roberts et al. 2010, 2012,
2014; Beny and Kimchi 2014). We also demonstrated that
the generalized sexual attraction of female rates to airborne
male odor could also be developed by the associative learning
between VOC and MUP pheromones (Ramm et al. 2008;
Roberts et al. 2010).
We first showed that chronic exposure to synthetic analogues of key VOC male pheromones alone could induce
the female olfactory preferences for male urine odor compared
with female urine odor. However, the neuronal activation

(2019) 73:75

Fig. 3 a Brain areas selected
(shaded areas) for quantification
of Fos-ir cells. Diagrams were
modified based on diagrams in
the atlas of Paxinos and Watson
(2006). The density of Fos-ir cells
in MOB and AOB of male urinetreated females vs. water-treated
controls (b), ketone-treated
females vs. water-treated controls
(c), and ketone + MUP-treated
females vs. ketone-treated
controls (d). The density of Fos-ir
cells in PIR, PMCo, MeA, and
VMH in male urine-treated
females vs. water-treated controls
(e), ketone-treated females vs.
water-treated controls (f), and
ketone + MUP-treated females vs.
ketone-treated controls (g). n = 5,
*p < 0.05; **p < 0.01;
***p < 0.001, multiple t test with
the Holm-Sidak correction.
Abbreviations: PIR, piriform;
PMCo, posterior medial cortical
amygdala; MeA, medial
amygdala; VMH, ventromedial
nucleus of the hypothalamus;
Hipp, hippocampus; AOB,
accessory olfactory bulb; MOB,
main olfactory bulb
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correlates with sexual arousal by male urine odor in addition
to the olfactory preferences implied that VOC pheromonemediated sex recognition for successful reproduction had to
be conditioned by key MUP pheromones as previously demonstrated in mice (Romero et al. 1990; Haga et al. 2010).
The primary pheromones and secondary attractive odorants
are generally believed to activate different pathways in the
brain regions of rodents, with the MUPs activating the
vomeronasal system and learned attractive odors activating
the MOS (Kippin et al. 2003; Moncho-Bogani et al. 2005;

AOB

0

PIR

PMCo MeA

VMH

Hipp

Coria-Avila and Pfaus 2007). The neurons in the MeA project
to hypothalamic targets, such as the VMH, which control female approach and lordosis behaviors (Haga et al. 2010). The
PIR is one of the higher centers that receives projections from
the MOB, whereas the PMCo processes information from the
AOB (Moncho-Bogani et al. 2005; Brennan and Zufall 2006;
Bekkers and Suzuki 2013). PMCo lesions in female rats eliminate the preference for the odor of sexually active males
(Romero et al. 1990). Because the Hipp is neither a
vomeronasal structure nor a main olfactory structure, we used
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it as the control brain region that was not activated by male
urine odor (Brennan and Zufall 2006; Asaba et al. 2014).
The data in the pre-experiments revealed that sexual dimorphism in pheromone components did not appear before age
6 weeks and that the females that were separated from males
starting at age 4 weeks lacked social encounters with males
and consequent heterosexual experiences during maturing and
developing. However, the females continued to show a
chemosensory preference for male urine over female urine
when contacting (licking) the urine samples, which could be
explained by the innate perception of male MUP pheromones
without prior experiences, as exemplified in mice (Ramm
et al. 2008; Roberts et al. 2010). Similar to the results in mice,
socially deficient female rats showed no preferences to the
airborne urinary odor of conspecific males, indicating that
prior experiences with males and the associative learning between VOC pheromones and MUPS might be necessary for
female perception of VOC pheromones in rats (Ramm et al.
2008; Roberts et al. 2010).
Chronic exposure to male urine or aqueous solutions of
the KETONE + MUP solution affected both the sexual
preferences of the females without prior heterosexual experiences for male urine odor over female urine odor and
the c-Fos activation in the VMH, suggesting that the generalized sexual attraction and sexual arousal (also sexual
excitement) of females to VOC male pheromones could be
conditioned through primary MUP pheromones during
normal development and maturation (Brennan and Zufall
2006; Ramm et al. 2008; Roberts et al. 2010). c-Fos expression in the AOB and PMCo increased in females in
experiment 1 (pre-exposed to male urine) and experiment
3 (pre-exposed to a blend of ketones and MUPs) but not in
experiment 2 (pre-exposed to ketones alone), illustrating
that the vomeronasal system participated in processing
MUP signals and the associative learning of sexual arousal
to male urine odor in addition to the MOS (Romero et al.
1990; Kippin et al. 2003; Brennan and Zufall 2006; Haga
et al. 2010). Such inference was consolidated particularly
by the results from experiment 3, in which the c-Fos protein expression induced by male urine odor did not differ in
the MOB and PIR of the MOS between the females preexposed to ketones alone and those pre-exposed to a blend
of ketones and MUPs, although it increased in the AOB,
PMCo, and VMH of the vomeronasal systems of the latter.
As previously reported, the sexually conditioned odor or
secondary attractive odorants activated the MOS but not
the vomeronasal system (Wysocki et al. 1986; Kippin
et al. 2003; Moncho-Bogani et al. 2005; Coria-Avila and
Pfaus 2007).
As mentioned above, the VOC pheromones alone could
also induce the olfactory preferences of the female rats for
male urine odor over female urine odor and promote c-Fos
protein expression in the MOB, PIR, and MeA instead of the
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AOB, PMCo, and VMH, suggesting that such acquired preferences relied on the MOS and were not associated with sexual excitement (Romero et al. 1990; Haga et al. 2010). Female
mice might experience olfactory-vomeronasal associative
learning to acquire an olfactory preference for male-derived
volatiles in mice (Moncho-Bogani et al. 2005). Such acquired
olfactory preferences for male urine odor might be learned
through inherent rewards induced by the gustatory senses
and/or vomeronasal senses of the VOC pheromones themselves and might not be associated with sexual excitement
(Wysocki et al. 1986; Rolls 2015).
The MeA is a potential convergence site to receive input
from both the vomeronasal system and MOS and integrate the
learned and innate chemosensory information with other sensory cues for the mediation of social behavior (Brennan and
Zufall 2006; Kang et al. 2009; Griffiths and Brennan 2015). In
the current study, c-Fos protein expression always increased in
the MeA of female rats following exposure to male urine odor,
illustrating that the input from both the MOS and vomeronasal
system contributed to c-Fos induction in the MeA.

Conclusions
In conclusion, the current study revealed that the associative
learning between VOC and MUP pheromones could develop
the generalized sexual attraction of females to airborne male
odor. The vomeronasal system might participate in the learning of sexual arousal to male urine odor and input from the
MOS. Additionally, female rats could learn the olfactory attraction instead of sexual arousal to male urine odor via chronic exposure to the key VOC male pheromones alone.
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