
A comparison of the effects of male pheromone priming and 
optogenetic inhibition of accessory olfactory bulb forebrain 
inputs on the sexual behavior of estrous female mice

E.A. McCarthya, T. Kunkhyenb, W.J. Korzanb, A. Naika, A. Maqsudlua, J.A. Cherryb, and M.J. 
Bauma

aDepartment of Biology, Boston University, Boston, MA 02215, United States

bDepartment of Psychological and Brain Sciences, Boston University, Boston MA 02215, United 
States

Abstract

Previous research has shown that repeated testing with a stimulus male is required for 

ovariectomized, hormone-primed female mice to become sexually receptive (show maximal 

lordosis quotients; LQs) and that drug-induced, epigenetic enhancement of estradiol receptor 

function accelerated the improvement in LQs otherwise shown by estrous females with repeated 

testing. We asked whether pre-exposure to male pheromones (‘pheromone priming’) would also 

accelerate the improvement in LQs with repeated tests and whether optogenetic inhibition of 

accessory olfactory bulb (AOB) projection neurons could inhibit lordosis in sexually experienced 

estrous female mice. In Experiment 1, repeated priming with soiled male bedding failed to 

accelerate the progressive improvement in LQs shown by estrous female mice across 5 tests, 

although the duration of each lordosis response and females’ investigation of male body parts 

during the first test was augmented by such priming. In Experiment 2, acute optogenetic inhibition 

of AOB inputs to the forebrain during freely moving behavioral tests significantly reduced LQs, 

suggesting that continued AOB signaling to the forebrain during mating is required for maximal 

lordotic responsiveness even in sexually experienced females. Our results also suggest that 

pheromonal stimulation, by itself, cannot substitute for the full complement of sensory stimulation 

received by estrous females from mounting males that normally leads to the progressive 

improvement in their LQs with repeated testing.
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Introduction

Numerous studies have shown that sexually naïve ovariectomized female rats and hamsters 

show full-blown copulatory and paracopulatory behaviors when administered ovarian 

hormones and first tested with a sexually active male (Blaustein and Erskine, 2002). By 

contrast, sexually naïve female mice initially display very low levels of receptive sexual 

behavior following ovariectomy and the induction of estrus by administering estradiol 

followed two days later by progesterone. Repeated hormone priming and behavioral testing 

with a sexually experienced male is required for ovariectomized females to display maximal, 

high levels of sexual receptivity (Bakker et al., 2002; Kudwa and Rissman, 2003; Mani et 

al., 1997; Thompson and Edwards, 1971). Rissman and co-workers (Bonthuis et al., 2011) 

reported that systemic administration of a histone deacetylase inhibitor to ovariectomized 

female mice significantly enhanced the rate at which the incidence of lordosis (indexed by 

lordosis quotients; LQs) improved over the course of repeated hormone treatments and 

behavioral tests. These results point to an epigenetic mechanism whereby repeated testing 

with a stimulus male augments the actions of either estradiol or progesterone at respective 

cognate neural receptors for these two ovarian steroids. The expression of lordosis in female 

rodents is also sensitive to stress. Restraint stress reduces the expression of lordosis in 

ovariectomized female rats after treatment with ovarian hormones (White and Uphouse, 

2004). Blaustein and co-workers (Laroche et al., 2009a, b) reported that the progressive 

improvement in LQs observed in estrous female mice over several tests in adulthood was 

significantly decreased by prior exposure to environmental or immune stressors around the 

age of puberty (specifically at 6 weeks of age). These observed behavioral defects induced 

by pubertal stress were correlated with a significant, long-lasting reduction in the expression 

of estradiol receptor type alpha (ERα) in the ventromedial hypothalamic nucleus (Ismail et 

al., 2011), raising the possibility that the stress-induced reduction in females’ receptivity 

resulted from an epigenetic down regulation of neural ERα expression.

In addition to the actions of ovarian hormones, male pheromones that are detected by the 

accessory olfactory system also play an essential role in the activation of courtship behaviors 

in estrous female mice (Haga et al., 2010; Keller et al., 2006b; Martel and Baum, 2009). 

High molecular weight pheromones are detected in the accessory olfactory system by 

sensory neurons in the murine vomeronasal organ (VNO), which send pheromonal 

information via projections to the accessory olfactory bulb (AOB) (Baum and Kelliher, 

2009; Restrepo et al., 2004). The AOB in turn sends mitral cell projections to the medial 

amygdala, a major integration center for chemosensory cues (Samuelsen and Meredith, 

2009), which then projects to hypothalamic regions that control reproductive behavior (Choi 

et al., 2005; Kevetter and Winans, 1981). Lesions placed at different points along the VNO-

AOB pathway reduce the expression of lordosis as well as females’ interest in the 

investigation of opposite sex odor cues (DiBenedictis et al., 2012; Keller et al., 2006b; 

Martel and Baum, 2009).

Estradiol has been shown to significantly upregulate the ability of pheromones emitted from 

soiled male bedding to stimulate immediate-early gene expression in sensory neurons of the 

VNO, with a similar non-significant trend being seen in subnuclei of the medial amygdala of 

female mice (Halem et al., 1999). Thus ovarian steroids and pheromonal inputs appear to 
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play a synergistic role in forebrain sites to facilitate the expression of female courtship 

behaviors in mice. However, it is not known whether repeated exposure (priming) to male 

pheromones can duplicate the effects of drug-induced, up regulation of hypothalamic ERα 
expression in augmenting lordotic responses in estrous female mice. It is also not known 

whether inputs from the accessory olfactory system continue to be required for the 

expression of lordosis in sexually experienced, hormone-primed females.

In a previous study (Haga et al., 2010), 30 minute pre-exposure of estrous female mice to the 

putative male tear pheromone, exocrine gland-secreting pepide-1 (ESP-1), significantly 

augmented LQs. In Experiment 1 we asked whether repeated pre-test exposure (30 minutes) 

to the pheromones emitted from soiled male bedding and urine would significantly 

accelerate the progressive improvement in the display of receptive (lordosis) as well as 

paracopulatory (investigative) behavior that occurs in ovariectomized female mice brought 

into estrus at 4-day intervals using estradiol followed by progesterone. In Experiment 2 we 

asked whether intermittent, optogenetic inhibition of activity in the AOB mitral cells would 

significantly inhibit the expression of lordosis otherwise seen in sexually experienced 

estrous females. We used a viral vector to insert the neuronal silencing opsin, ArchT (Han et 

al., 2011), into mitral cells of the AOB. This opsin, when activated by a narrow spectrum 

green laser, hyperpolarizes infected mitral cells thereby allowing us to create “reversible” 

lesions in the AOB to acutely block pheromone processing by the accessory olfactory 

system during freely moving behavioral tests.

Methods

Subjects

For Experiment 1, seventeen female C57BL/6J mice were purchased at 5–7 weeks of age 

(Charles River Laboratories, Wilmington, MA). Note that in previous studies by Blaustein et 

al. (reviewed in Blaustein and Ismail (2013)) mice shipped at 6 weeks of age and later tested 

after ovariectomy and priming with ovarian hormones showed average LQs of 30% on the 

last of 5 behavioral tests whereas mice shipped before 6 weeks or at 7 or more weeks of age 

showed average LQs of 60%. The mice used in Experiment 1 resembled this latter group 

from the Blaustein et al. work in so far as their maximal (test 5) LQs were 60% regardless of 

whether or not they were primed with male pheromones prior to each test. For Experiment 2, 

Protocadherin21-Cre (Pcdh21-Cre) mice were used in which expression of Cre-recombinase 

is restricted to mitral and tufted cells of both the main and accessory olfactory bulbs (Nagai 

et al., 2005). Subjects were generated in the Boston University vivarium by breeding 

heterozygous Pcdh21-Cre males with C57BL/6J females. Offspring were genotyped by PCR 

from genomic tail DNA and Cre-primers (Integrated DNA Technologies, Coralville, IA) 

constructed from sequences suggested by the Mutant Mouse Regional Resource Center (UC 

Davis, CA). Ten heterozygous female offspring and five female litter mate controls (age 8–

14 weeks) were used in behavioral studies. Females were group housed (3–5 mice per cage) 

in both experiments. Stimulus C57BL/6J males for both experiments (n = 14 for Experiment 

1 and n = 10 for Experiment 2 purchased at 5–7 weeks from Charles River Laboratories, 

Wilmington, MA) were individually housed after receiving sexual experience with an 

estrous female. Mice were maintained on a reversed 12:12 h light:dark cycle with food and 
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water available ad libitum. All procedures were approved by the Boston University Charles 

River Campus Institutional Animal Care and Use Committee.

Surgery

Female mice from both experiments (sexually inexperienced, age 8–14 weeks) underwent 

bilateral ovariectomy under 2% isofluorane anesthesia and were allowed to recover for 1 

week before behavioral testing (Experiment 1) or intra-cerebral virus injection (Experiment 

2). Behavioral testing in Experiment 2 began three weeks after virus injection (a total of 4 

weeks after bilateral ovariectomy). Subjects were given analgesic on the day of surgery and 

for two subsequent days (carprofen, 5 mg/kg, s.c.). During stereotaxic viral injections into 

the AOB (Experiment 2), mice were anaesthetized using 2% isofluorane whereupon the head 

was fixed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). Injections were 

made using pulled glass micropipettes (Drummond Wiretrol-Precision Bores with plunger, 

Drummond Scientific Company, Broomall, PA,) with ~20 μm inner tip diameter using a 

Quintessential Stereotaxis Injector (Stoelting, Wood Dale, IL.) Adeno-associated viral 

(AAV) vectors were used to introduce the neuronal silencing opsin ArchT (Han et al., 2011) 

into the AOB. The ArchT vector, AAV8-CAG-Flex-ArchT-GFP (a gift from Dr. Ed Boyden, 

manufactured and distributed by the University of North Carolina Vector Core, Chapel Hill, 

NC), drives both ArchT and green fluorescent protein (GFP) reporter in cells that express 

Cre-recombinase. Pilot studies in our lab using Pcdh21-Cre mice that had previously been 

infected with a viral vector expressing Cre-dependent channelrhodopsin in AOB mitral cells 

showed that laser delivered via a single fiber implanted between the left and right AOBs 

induced bilateral c-fos expression in the medial amygdala (data not shown). These results 

indicate that laser from a single fiber is sufficient to activate opsins in infected mitral cells 

from both AOBs in our experimental set-up. Therefore, in the present study AOBs were 

injected bilaterally with 0.3 μl of the AAV-ArchT virus per site at a rate of 0.1–0.2 μl/min. 

Injections were made at a 40° angle off the horizontal plane at the following coordinates: 1.0 

mm rostral to the inferior cerebral vein, 0.8 mm lateral to the midline and 1.8 mm below the 

dura. After each injection, the electrode remained in place for 10 minutes to allow for 

complete diffusion and stabilization of pressures before removal of the electrode. After virus 

injection, a single optical fiber (0.37 numerical aperture, 200 μm diameter, 2.0 mm in length; 

Doric Lenses, Quebec, Canada) was lowered through the inferior cerebral vein between the 

left and right AOBs. Bleeding was controlled by gentle pressure, and a ferrule attached to 

the optical fiber was secured to the skull using dental cement and two stainless steel screws. 

The surgical incision was closed with sutures, and post-operative analgesia was given as 

described previously. Females were group housed and behavioral experiments began three 

weeks after virus injection. Littermate control females were implanted with a single fiber 

optic ferrule similar to the experimental mice, but did not receive bilateral virus injections in 

the AOB.

Odor Stimuli

Urine and soiled bedding were collected from sexually inexperienced stimulus males (n=14) 

for use during olfactory priming (Experiment 1). Urine was collected using a metabolic 

chamber, pooled and stored in 1 ml aliquots at −80°C. To collect soiled bedding, 2–4 group-

housed males were placed in a cage with clean bedding for 4 days, after which the soiled 

McCarthy et al. Page 4

Horm Behav. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bedding was collected, pooled in plastic bags, and stored at −80°C. These stimulus males 

were given sexual experience after collection of odor stimuli and were also used to conduct 

the sexual behavior tests in Experiment 1. Males were considered sexually experienced after 

two overnight pairings with ovariectomized, hormone primed females (n=4; these females 

were not included in the behavioral studies). For Experiment 2, stimulus males were given 

sexual experience using the same procedure (n = 4 females for sexual experience).

Behavioral Tests

All tests were carried out under red light during the dark phase of the light:dark cycle. Tests 

were videotaped and coded prior to behavior scoring so that the investigator was blind to the 

treatment groups. To induce behavioral estrus, females were given a s.c. injection of 

estradiol benzoate (EB, 0.5 μg in 0.05 ml sesame oil, Sigma-Aldrich) 2 days before, and a 

s.c. injection of progesterone (P, 830 μg in 0.05 ml sesame oil, Sigma-Aldrich) 3–6 hours 

before testing (Bonthuis et al., 2011). At the end of each testing session, mice were returned 

to their home cage.

Experiment 1: Pheromone Priming Tests—Ovariectomized females were hormone 

primed prior to all 5 behavior tests, which were carried out every 4 days consecutively. 

Thirty minutes before the start of each test, stimulus males were placed into a plastic testing 

cage (29L x 18W x 13H cm) containing a mixture of bedding from their home cage and 

clean bedding. Estrous female subjects were placed into a different plastic exposure cage 

during that 30-minute period and exposed to either 20g clean bedding (Non-primed group, n 

= 8) or 20g male soiled bedding with an additional 1ml male urine applied (Primed group, n 

= 9). The type of bedding to which each female was exposed was kept consistent across all 5 

tests. To begin a test, the female was placed in the testing cage containing the male, and 

courtship behavior was observed for either 20 minutes, 20 mount attempts by the stimulus 

male or until the male ejaculated. If a male ejaculated, it was not used for testing again on 

the same day. If a male did not mount during a test, it was replaced so that each female 

received mounting attempts on each testing day. Lordosis was scored when the female stood 

with all four limbs braced on the floor during a male mount and hold her snout parallel to 

the floor of the cage, without attempting to run away or sit (Bonthuis et al., 2011). Sexual 

receptivity of the females was determined during each of the 5 tests by calculating the 

lordosis quotient (LQ), which was the number of lordosis responses shown divided by the 

number of male mounts received multiplied by 100. Sexual receptivity was further assessed 

by determining the lordosis duration in each of the 5 tests. This was calculated by dividing 

the total time spent in lordosis by the total number of lordosis events per test. Close 

investigation of the male was scored and timed when the female subject made direct nasal 

contact with the body of the stimulus male. The body of the male was divided into three 

regions for analysis; the face (consisting of the snout, eyes or head), the back (consisting of 

both the dorsal and ventral portion of the male’s trunk and legs) and the anogenital region.

Experiment 2: Optogenetic Silencing of AOB Mitral Cells during Mating Tests
—All ArchT infected and control females were hormone primed to induce behavioral estrus 

whereupon they received two sexual experience sessions (pairing overnight with a sexually 

experienced stimulus male) prior to the formal start of behavioral testing. This was done to 
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ensure that the females would be maximally receptive during the study so that that any 

changes observed in receptivity during optogenetic treatment could be attributed to the acute 

inhibition of AOB mitral cell activity as opposed to lack of mating experience.

Females received a series of five mating tests (tests 1, 2 and 4 without any laser stimulation 

and tests 3 and 5 with continuous laser stimulation of the AOB), and they were also given 

one 20-minute habituation session in the absence of a stimulus male to familiarize them with 

the testing conditions. All tests were conducted in a plastic testing cage (26.5L x 20W x 30H 

cm). At the start of each test a fiber optic patch cord (0.37 N.A., 200 μm diameter, Doric 

Lenses, Quebec, Canada) was fastened to the ferrule secured to the head of the female, and 

the subject was transferred to a habituation cage (21L x 19W x 37H cm) for 30 minutes. The 

patch cord, which was protected from damage by a 7.6 cm metal sheath, was attached to a 

rotary joint that was suspended over the cage, and in turn connected to the laser source. The 

rotary joint prevented the cord from twisting due to the animal’s movement, thereby 

assuring unrestricted movement.

During the same 30-minute period, the stimulus male was placed into the testing cage 

containing a mixture of bedding from their home cage and clean bedding. After the 

habituation period the female was transferred into the testing cage containing the male. In 

tests 3 and 5, the optogenetic signal was generated for the duration of the test by a 532 nm 

DPSS laser (Fiber Coupled DPSS Green Laser, Shanghai Laser Corp, Shanghai, China). The 

fiber optic was set to deliver 10 mW at the tip (as measured with an optical power meter, 

Thor Labs, Inc., Newton, New Jersey). Similar, constant laser delivery parameters have been 

used previously to inhibit neuronal firing without damaging brain tissue or desensitizing the 

opsin (Stefanik and Kalivas, 2013; Tsunematsu et al., 2013). A 532 nm LED (Luxeon Star 

LEDs, Ontario, Canada) illuminated the cage during testing to mask light escaping the 

junction between the patch cord and the fiber optic ferrule when the laser was on. Each test 

lasted for either 20 minutes, until 20 mounts were received from the male or until the male 

ejaculated, as in Experiment 1. Females’ sexual receptivity was indexed by computing LQs 

and the lordosis duration across the 5 tests. The number of times each female crossed the 

midline of the cage during the 5 consecutive tests was also determined in order to index the 

locomotion behavior of both the ArchT infected and control females in the presence or 

absence of green laser stimulation of the AOB. Close investigation of the male was timed 

and scored as described in Experiment 1.

Brain histology

After the completion of behavioral testing in Experiment 2, mice were deeply anesthetized 

with sodium pentobarbital (150mg/kg i.p.) and perfused transcardially with 0.1M phosphate 

buffered saline (PBS, pH 7.4) and then with 4% paraformaldehyde (PFA). Brains were 

dissected from the skull, fixed for 2 hours in 4% PFA, and cryoprotected in 30% sucrose for 

48 hours at 4°C. Olfactory bulbs and the forebrains were separated and stored in OCT at 

−80°C until sectioning. Sagittal olfactory bulb and coronal forebrain sections (30 μm) were 

made at 18°C using a cryostat (Microm HM 500M, Richard Allen Scientific, Kalamazoo, 

MI,). To visualize ArchT-GFP infections, olfactory bulb sections were mounted on gelatin-
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coated slides and coverslipped using Vectashield with DAPI counterstain (Vector 

Laboratories, Burlingame, CA).

To determine the infection rate of AOB mitral cells, images were collected on an Olympus 

Fluoview FV10i inverted confocal laser scanning microscope (Olympus Corporation) or a 

Nikon Eclipse Ni-E motorized microscope (Nikon Instruments, Inc.). Three representative 

sections (medial, middle and lateral) were taken from each AOB hemisphere approximately 

150 μm apart, and the total number of mitral cells that expressed ArchT-GFP fluorescence 

was counted using ImageJ Software (NIH). The total number of DAPI-labeled neurons in 

the mitral cell layer of these sections was also counted in a subset of females receiving viral 

injections (n=4) to estimate the total number of cells per AOB in each hemisphere. These 

counts were then used to estimate the percentage of mitral cells that were infected with 

ArchT-GFP in each hemisphere. Of the ten females that received the bilateral viral 

injections, three were subsequently excluded from the analysis based on negligible levels of 

infection in one or both hemispheres.

Statistical Analysis

Data were expressed as mean ± SEM for all treatment groups across all five sexual behavior 

tests. Two-way repeated measures ANOVAs were used to determine the effect of treatment 

in Experiments 1 and 2 across the five tests, and Student Newman–Keuls post hoc tests were 

used to compare pairs of mean values. Effect sizes were determined by calculating the eta-

squared (η2), which was defined as the sums of squares for the effect of interest divided by 

the total sums of squares for all the effects (Naule et al., 2016). All statistical analyses were 

carried out using SigmaPlot11 software.

Results

Experiment 1: Male Pheromone Priming Tests

Priming with male pheromones failed to accelerate the progressive increase in LQs that 

occurred in estrous female mice with repeated tests with a stimulus male (Fig. 1A). Overall 

there was a significant effect of repeated testing on females’ LQs (F4,60 = 9.845, p < 0.001, 

η2 = 0.29), with post hoc analysis showing that there was a significant increase in LQ in the 

non-primed group over baseline in tests 4 and 5, and in the primed group relative to baseline 

by test 5. There were no significant group differences in females’ LQs in any of the five 

tests. Priming with male pheromones significantly augmented the lordosis duration in 

estrous females across all 5 tests (Fig. 1B). This was revealed in a significant group effect in 

the overall ANOVA (F4,75 = 12.993, p < 0.001, η2 = 0.14), with post hoc analysis showing a 

significant increase in pheromone-primed females on test 4. There were no significant group 

differences in the number of mounts received or ejaculations received from stimulus males 

across the 5 tests (data not shown).

Exposing sexually naïve estrous female subjects to odor cues from stimulus males prior to 

mating tests increased the total time that that females spent in close nasal contact with the 

body (time spent investigating the face, back, and anogenital regions combined) of a 

stimulus male compared to controls during the first sexual behavior test (Fig. 2A). This was 
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reflected in a significant treatment x test interaction effect (F4,60 = 2.694, p = 0.039, η2 = 

0.10), and post hoc analysis revealed that pheromone-primed females showed significantly 

more investigation of the male than non-primed controls during test 1, but not during tests 2–

5. Estrous females in the two treatment groups investigated the stimulus male for an 

equivalent, low percentage of the test time across the 5 tests (Fig. 2B). A detailed analysis of 

the time that females in the two treatment groups spent investigating different body parts of 

the stimulus male was made for test 1. Females that were exposed to male pheromones prior 

to test 1 showed a significantly higher frequency of investigation of the male body parts than 

non-primed controls (Fig. 3A) (F1,2 = 7.626, p = 0.008, η2 = 0.14), and post hoc analysis 

showed that this group difference was significant for investigation bouts directed towards the 

face region. Likewise, females given pre-test priming with male pheromones investigated 

male body parts for significantly longer than non-primed control females (Fig. 3B) (F1,2 = 

9.072, p = 0.004, η2 = 0.14), with post hoc analysis showing that this group difference was 

significant for the duration of investigation of the male’s anogenital region. Finally, females 

in both treatment groups spent significantly more time investigating males’ anogenital 

region than either the face or back regions (F2,50 = 4.119, p = 0.023, η2 = 0.13), and post hoc 
analyses confirmed this result in both the control and pheromone-primed groups of estrous 

female subjects.

Experiment 2: Optogenetic Silencing of AOB Mitral Cells during Mating Tests

Bilateral infections of the AOB with ArchT were confirmed using fluorescent microscopy in 

all subjects whose data were used in the behavioral analyses (n=7) (Fig. 4; Table 1). GFP-

fluorescent cell bodies indicative of ArchT infection were observed in the AOB mitral cells 

of the experimental subjects, and fluorescent axonal processes were also observed in the 

ipsilateral medial amygdala, which is a main target of AOB axonal inputs (Kang et al., 

2011). Approximate infection rates for each hemisphere were estimated to be between 2 and 

4% of all AOB mitral cells, based on counts of fluorescing mitral cells and DAPI 

counterstaining of all cells in the mitral cell layer in a subset of the experimental animals 

(Table 1). These values likely represent an underestimate of infection rates as DAPI stains 

glia in addition to neurons (Loesel et al., 2006), thereby inflating the denominator of the 

fraction used to calculate ArchT infection rates in the mitral cells. Inspection of sagittal 

brain sections revealed some fluorescent mitral cell bodies along with fluorescent axonal 

processes in the dorsal portion of the main olfactory bulb (MOB) abutting the AOB in both 

hemispheres of all 7 subjects.

Optogenetic inhibition of activity in AOB mitral cells in females infected with ArchT 

resulted in significant reductions in LQs during tests 3 and 5 whereas application of the laser 

above the AOBs of non-infected control females failed to suppress LQs during these tests 

(Fig. 5A). Thus there was a significant group x test interaction effect (F4,56 = 3.904, p = 

0.010, η2 = 0.13), and post hoc analysis showed that LQs of ArchT infected females were 

significantly lower than those of non-infected control females when the laser was applied 

above the AOBs during tests 3 and 5.

Although there was a trend for lordosis duration values to be higher in ArchT-infected vs 

non-infected control females across the 5 tests (Fig. 5B), this difference was not significant. 
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There was a significant difference between the total number of mounts received per group 

(data not shown), with the non-infected control group receiving more mounts (t = 2.689, p = 

0.009, d = 0.74), which can be attributed to the ArchT-infected females showing less 

receptivity in later tests when the laser was applied. Within each treatment group, however, 

there was no significant difference in the number of mounts received between tests when the 

laser was switched on (tests 3 and 5) versus when the laser was not activated (tests 1,2 and 

4) (data not shown). Application of the green laser over the AOB failed to affect the 

locomotor activity of either group of females (Fig. 5C) or the close nasal investigation 

behavior of either group of females (data not shown), suggesting that the significant 

reductions in LQ’s seen in Arch T infected females (Tests 3 and 5) did not reflect some non-

specific action of this optogenetic stimulus.

Discussion

Priming with male pheromones prior to each test of mating behavior failed to accelerate the 

progressive increase in LQs that characterized estrous female mice used in Experiment 1 and 

in numerous previous studies (Bakker et al., 2002; Bonthuis et al., 2011; Kudwa and 

Rissman, 2003; Mani et al., 1997; Thompson and Edwards, 1971). This outcome suggests 

that the progressive improvement in females’ lordosis performance normally seen in mice 

does not depend solely on repeated exposure to male pheromonal cues. Likewise, an early 

study (Thompson and Edwards, 1971) found that simply giving ovariectomized mice 

estradiol and progesterone so as to induce estrus on 4 occasions, in the absence of any tests 

with a stimulus male, also failed to accelerate the progressive improvement in LQs later seen 

when the same females were further given ovarian hormones followed by tests with a male 

on three occasions. The results of that study show that repeated exposure to ovarian 

hormones, in the absence of repeated testing with a stimulus male, failed to accelerate the 

expression of lordosis. Taken together, these outcomes imply that the full range of sensory 

stimulation resulting from interaction with the male, including the receipt of mounts with 

pelvic thrusting/intromissions together with repeated exposure to ovarian hormones, is 

needed to augment females’ lordosis responses over a series of tests.

The absence of any effect of male pheromone priming in Experiment 1 contrasted with the 

striking ability of chronic treatment (via the drinking water) with the histone deacetylase 

blocking drug, sodium butyrate, to accelerate the progressive improvement in LQs among 

estrous female mice across a series of 5 behavioral tests with a stimulus male (Bonthuis et 

al., 2011). While treatment was systemic and there are many potential targets for sodium 

butyrate, the increased lordosis response observed after drug treatment in wild-type, 

hormone primed females was not observed in either ERα knockout females given ovarian 

hormones or in wild type mice that did not receive ovarian hormones. This outcome points 

to an epigenetic mechanism that normally enhances the efficacy of estradiol and/or 

progesterone signaling via cognate receptors as a result of the female’s receipt of mating 

stimulation over a series of tests. We found that both the pheromone primed and the non-

primed control females used in Experiment 1 received an equivalent number of mounts 

across 5 tests, leading to an equivalent, progressive increase in LQs in these two groups of 

females. Thus pheromone-induced priming of the accessory olfactory system alone, in the 

absence of mounting that would provide additional, non-pheromonal physical cues from the 
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male, failed to augment females’ progressive improvement in LQs. This outcome contrasts 

with the report (Haga et al., 2010) that 30 minutes of pre-exposure to the putative male tear 

pheromone, ESP-1, on a single occasion significantly augmented lordosis in ovariectomized, 

hormone-primed female mice.

It is possible that the lack of an effect of priming with male pheromones on the acceleration 

of lordosis could have reflected a lack of activation of the AOS by the soiled male bedding 

stimulus due to the absence of investigation of the soiled bedding by the female subjects. 

While we did not explicitly quantify the investigatory behavior of the females in Experiment 

1 during the time they were placed onto either the clean or male soiled bedding stimuli, 

females were observed to explore the cage and to make nasal contact with the soiled bedding 

immediately after introduction into the test cage. This suggests that, at least initially, females 

were sampling the bedding stimuli during the exposure period. Additionally, this same 

method of exposing female mice to male soiled bedding has previously been shown to 

increase c-fos expression in the AOB and other forebrain regions that comprise the 

accessory olfactory system (Halem et al., 2001; Halem et al., 1999). For these reasons we 

are confident that the male pheromonal stimuli used in Experiment 1 successfully activated 

the accessory olfactory system in our estrous females.

The pheromone priming stimuli used in Experiment 1 were emitted from soiled bedding and 

urine pooled from the stimulus males that females were later tested with for lordosis 

responsiveness. Previous studies have shown that female mice are able to distinguish 

between individual conspecific males based on odor cues (Cheetham et al., 2007) and prefer 

to approach more dominant vs subordinate males (Mossman and Drickamer, 1996). It is 

possible that pre-exposure to the pheromones from a single dominant male, followed by 

testing with that specific male, might have accelerated the progressive improvement in LQs. 

Such an effect would have been lost in Experiment 1 by pooling pheromonal stimuli from a 

group of males with unknown social relationships.

Whereas repeated priming with male pheromones failed to augment LQs, this priming did 

significantly increase the average time estrous females subsequently displayed the lordosis 

posture across the 5 consecutive tests. This facilitation was especially evident on tests 4 and 

5 in the sequence (see Fig. 1B). It is unknown whether the amount of time spent holding the 

lordosis posture affects females’ reproductive success. It is possible, however, that longer 

lordosis durations increase the likelihood of intromission and/or ejaculation thereby 

increasing the incidence of pregnancy. The total time investigating the stimulus male was 

increased by pheromone priming only in test 1 (Fig. 2A). There was no apparent relationship 

between tests showing altered investigation behavior (either the actual investigation time or 

the percentage of total test time spent with the stimulus male) and the priming-induced 

augmentation of the duration of lordosis responses. Thus, the priming effect on receptivity 

was greatest on tests 4 and 5 whereas the effect of priming on females’ subsequent nasal 

investigation of the stimulus male was statistically significant on test 1 but not during later 

tests. This observation raises the question of whether the female’s VNO receptors must 

always come into direct contact with putative non-volatile pheromones released from the 

male in order to facilitate interest in the male and lordosis responsiveness to the receipt of 

mounts from the male. Previous research in mice of both sexes (Keller et al., 2006b; Martel 
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and Baum, 2009; Pankevich et al., 2004) suggests that a functional VNO/accessory olfactory 

system is needed to maximize subjects’ motivation to maintain nasal contact with opposite-

sex urinary pheromones. Our observation that male pheromone priming (which involved 

direct nasal contact with putative chemosignals) failed to augment females’ direct 

investigation of the male across tests 2–5 while at the same time it augmented females’ 

lordosis duration in response to male mounts implies that VNO signaling in females may be 

initiated by unknown sources of non-volatile pheromones and/or by VNO responsiveness to 

volatile male pheromones (Sam et al., 2001; Trinh and Storm, 2003).

Pheromone-primed females showed a higher frequency of nasal investigation of the male 

face and spent significantly more time than non-primed controls investigating the stimulus 

male’s anogenital region during test 1. This outcome is interesting in so far as previous 

research has shown that two specific, chemically characterized putative male pheromones 

are secreted from these two sources in male mice. Thus, ESP-1, which is secreted in male 

mouse tears, is detected by the female’s VNO sensory neurons and facilitated lordosis (Haga 

et al., 2010; Kimoto et al., 2005). Contact with this putative male pheromone would be 

facilitated when females investigate the male’s face. Another compound, a major urinary 

protein (MUP) called darcin, has been isolated from male mouse urine and has been shown 

to attract females, again after its detection by VNO sensory neurons (Roberts et al., 2012; 

Roberts et al., 2010). Contact with darcin would likely be facilitated when females come 

into nasal contact with the male’s anogenital region. It was not obvious from our data set 

(tests 4–5 when lordosis durations of pheromone-primed females were augmented in the 

absence of increased nasal investigation of the stimulus males) how either of these putative 

male pheromones gained access to females’ VNO sensory neurons and thereby augmented 

lordosis duration.

Optogenetic inhibition of activity in AOB mitral cells reduced LQs in ArchT-infected 

females, but not in non-infected control females, when the green laser was turned on over 

the AOB continuously during tests 3 and 5 in Experiment 2. These reductions in females’ 

LQs could not be explained by differences in the number of mounts received by ArchT 

infected females when the laser was or was not activated across the 5 consecutive tests. 

Compared with tests 3 and 5, the LQs of ArchT infected females returned to a high value on 

the intervening test 4 when the laser was not applied. These results show that acute 

reductions of VNO inputs to the AOB/forebrain circuits controlling lordosis reduce the 

expression of this behavior, even in females with previous mating experience. They also 

imply that the repeated priming of estrous female mice with male pheromones over 5 

consecutive tests given in Experiment 1 had the potential to augment VNO signaling in ways 

that might have increased lordotic responsiveness in estrous mice. The observed acute 

reductions in LQs by optogenetic inhibition of AOB mitral cell activity were statistically 

significant, but did not completely eliminate the lordosis response. This outcome may reflect 

that fact that only a small percentage of AOB mitral cells was successfully infected 

bilaterally with ArchT. It should be noted that the rate of neural ArchT infection in our study 

is comparable to that estimated in another study (Znamenskiy and Zador, 2013). In our study 

the optogenetic silencing of even a small percentage of AOB mitral cells, thereby preventing 

some aspects of VNO signaling in response to male pheromones, successfully reduced LQs. 

During the assessment of ArchT-infection of AOB mitral cells, no damage (either tissue 
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lesions or scarring) was observed in the infected AOBs. This suggests that the reduction in 

LQs observed on test days 3 and 5 in the ArchT-infected animals compared to the controls 

was specifically due to optogenetic inhibition of AOB mitral cell activity as opposed to 

persistent damage to the AOB. Finally, our results complement those of several previous 

studies in which surgical removal of the VNO (Keller et al., 2006b; Martel and Baum, 

2009), lesions of the AOB (Martel and Baum, 2009) as well as experimental mutation of the 

VNO receptor, V2Rp5, (Haga et al., 2010) reduced LQs in sexually naïve estrous female 

mice.

The main olfactory system also plays a role in females’ processing of male pheromones and 

the resultant expression of feminine courtship behavior (Baum and Cherry, 2015; Keller et 

al., 2006a; Ma et al., 2002). Previous research has shown that there is a population of mitral 

cells in the ventral region of the main olfactory bulb (MOB) that project to the medial 

amygdala (Bader et al., 2012; Thompson et al., 2012) and which are activated male 

pheromonal cues (Kang et al., 2009; Lin et al., 2004). The dorsal MOB, however, has been 

shown to specifically detect predator as opposed to sexually relevant pheromones 

(Kobayakawa et al., 2007). In Experiment 2, the Pcdh21-Cre subjects expressed Cre-

recombinase in the mitral cells of both the AOB and the MOB, although the injections of the 

Cre-dependent AAV were centered in the AOB. While the ArchT infected females always 

showed some spread of the virus into the mitral cells located in the dorsal region of the 

MOB, no infected cell bodies were observed in the ventral region of the MOB. Also the 

positioning of the fiber optic ferrule directly above the center of the AOBs likely prevented 

the spread of laser light into the ventral MOB. As a result, it seems likely that we were 

optogenetically inhibiting AOB mitral cells as opposed to those MOB mitral cells that are 

potentially activated by male reproductive pheromones.

It was surprising that the duration of lordosis was not reduced by optogenetic stimulation of 

ArchT infected females during tests 3 and 5. Indeed, if anything the duration of lordosis on 

test 5 tended to be higher in ArchT infected than in non-infected control females when the 

laser was activated. This outcome finds a parallel with the results of Experiment 1 in which 

priming with male pheromones augmented lordosis duration, when it occurred, without 

affecting females’ LQs. It was possible that the green laser stimulation of the AOB could 

have caused ArchT-infected animals (and even control mice) to stop displaying all overt 

behaviors instead of simply the expression of lordosis. Alternately, green laser stimulation 

could have stimulated locomotion in infected females, making it more difficult for the male 

to initiate mating. An analysis of locomotion during the mating tests revealed, however, that 

there was no difference in this behavior (as measured by total number of times each female 

crossed the midline of the cage during each test) between the ArchT infected and control 

females on any of the test days regardless of whether or not the laser was switched on. Close 

nasal investigation directed towards the stimulus male both in ArchT-infected and in non-

infected female subjects during the five consecutive tests was also observed. Again, there 

was no difference in close nasal investigation of the stimulus male between either treatment 

group in the presence or absence of green laser stimulation (data not shown). Taken together, 

these results indicate that the reduction in LQ observed in Arch T infected females when the 

green laser was applied to the AOB was specific to this receptive behavior and not the result 
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of a more general alteration of females’ locomotor activity or investigation of the stimulus 

male.

In conclusion, priming sexually naïve female mice with male pheromones prior to mating 

tests did not accelerate the progressive increase in LQs normally observed with repeated 

testing, which indicates that activation of the olfactory system alone, in the absence of male 

mounting, is not sufficient to alter this behavior. Pheromone priming did increase the amount 

of time that females spent holding the lordosis posture; further research is needed to 

determine the role of the accessory olfactory system in this behavior. Acute optogenetic 

inhibition of AOB mitral cells during mating events in sexually experienced female subjects 

decreased their LQs, further highlighting the importance of the ongoing function of the 

accessory olfactory system in female rodent reproduction. Future studies looking at the 

timing of inhibition during specific parts of the mating sequence (either during close 

investigation behavior or the reception of a mount) will further pinpoint when during the 

mating sequence proper functioning of the accessory olfactory system is required for 

feminine courtship behavior.
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Highlights

• Priming with male pheromones failed to augment lordosis quotients in estrous 

females.

• Priming with male pheromones augmented females’ initial investigation of 

males.

• Optogenetic inhibition of accessory olfactory bulb activity reduced lordosis.
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Fig. 1. 
Effect of priming with male pheromones prior to each test on the display of lordosis shown 

by estrous female mice in response to mounts from a stimulus male. Females’ receptive 

behavior is indexed (panel A) as lordosis quotients and (panel B) as the duration of lordosis 

(seconds in lordosis posture/number of lordosis events). Each consecutive test was separated 

by 4 days. Data are expressed as mean +/− SEM; the number of subjects in each group is 

given in parentheses. * p< .05 post hoc comparisons within the non-primed group between 

tests 4 and 5 vs the baseline (test 1). # p < .05 post hoc comparisons within primed females 

between test 5 vs. test 1. + p < .05 post hoc between groups comparison on test 4.
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Fig. 2. 
Effect of priming with male pheromones prior to each test on investigation of stimulus male 

conspecifics by estrous female mice. Females’ investigation is indexed (panel A) as the total 

time females investigated the male per test and (panel B) the percentage of the total test time 

during which the female investigated the stimulus male. Each consecutive test was separated 

by 4 days. Data are expressed as mean +/− SEM; the number of subjects in each group is 

given in parentheses. # p < .05 post hoc comparison of the 2 groups.
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Fig. 3. 
Effect of priming with male pheromones prior to test 1 on investigation of different parts of 

the stimulus males’ body by estrous female mice during that test. Females’ investigation is 

indexed as (panel A) the total frequency of investigation bouts and (panel B) the total 

duration of investigation of each body part. Data are expressed as mean +/− SEM; the 

number of subjects in each group is given in parentheses. + p < .01 post hoc between groups 

comparisons. *p < .05 post hoc within group comparisons with the time spent investigating 

either the face, back or the anogenital region.
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Fig. 4. 
Examples of the distribution of ArchT-GFP infected mitral cells in the accessory olfactory 

bulb (AOB) and ArchT-GFP fluorescent axons coursing to the medial amygdala. Panel A 

shows a photomicrograph from a sagittal section of Nissl-stained AOB. Panel B shows an 

epifluorescent photomicrograph of ArchT-GFP staining in the AOB; inset: confocal 

micrograph of ArchT-GFP staining in the AOB from the white boxed region. Panel C shows 

a high magnification of merged ArchT-GFP and DAPI staining in the AOB. Panel D shows 

ArchT-GFP staining in the axons of AOB mitral cells that project to the medial amygdala. 

Abbreviations: ML = AOB mitral cell layer; GC = AOB glomerular layer; LOT = lateral 

olfactory tract; GL = AOB granule cell layer. MeA = medial amygdala; White arrows in the 

panel B high magnification insert point to two ArchT-GFP expressing AOB mitral cells. 

White arrows in panel C point to two mitral cells expressing both ArchT-GFP and DAPI.
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Fig. 5. 
Effect of optogenetic inhibition (green laser on continuously above the AOB during tests 3 

and 5) of activity in accessory olfactory bulb (AOB) mitral cells on the display of lordosis in 

response to mounts from a stimulus male and on locomotor activity in sexually experienced, 

ArchT-infected, estrous female mice. Data from non-infected, control females are shown for 

comparison. Females’ receptive behavior is indexed (panel A) as lordosis quotients, and 

(panel B) as the duration of lordosis (seconds in the lordosis posture/number of lordosis 

events). Females’ locomotor activity is indexed (panel C) by the total number of midline 

crosses in the cage during each test. Each consecutive test was separated by 4 days. Data are 

expressed as mean +/− SEM; the number of subjects in each group is given in parentheses, 

except that in the ArchT infected group the n for test 4 was 6 and for test 5 was 5. * p < .05 

post hoc between groups comparisons; # p < .05 post hoc within groups comparisons for 

Arch T infected females between values for test 4 vs tests 3 and test 5.
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