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Brief Communications

Pheromone Detection in Male Mice Depends on Signaling
through the Type 3 Adenylyl Cyclase in the Main
Olfactory Epithelium
Zhenshan Wang, Carlos Balet Sindreu, Vicky Li, Aaron Nudelman, Guy C.-K. Chan, and Daniel R. Storm
Department of Pharmacology, University of Washington, Seattle, Washington 98195

Terrestrial vertebrates have evolved two anatomically and mechanistically distinct chemosensory structures: the main olfactory epithelium (MOE) and the vomeronasal organ (VNO). Although it has been generally thought that pheromones are detected through the VNO,
whereas other chemicals are sensed by the MOE, recent evidence suggests that some pheromones may be detected through the MOE.
Odorant receptors in the MOE are coupled to the type 3 adenylyl cyclase (AC3), an enzyme not expressed in the VNO. Consequently,
odorants and pheromones do not elicit electrophysiological responses in the MOE of AC3 ⫺/⫺ mice, although VNO function is intact. Here
we report that AC3 ⫺/⫺ mice cannot detect mouse milk, urine, or mouse pheromones. Inter-male aggressiveness and male sexual
behaviors are absent in AC3 ⫺/⫺ mice. Furthermore, adenylyl cyclase activity in membranes prepared from the MOE of wild-type mice,
but not AC3 ⫺/⫺ mice, is stimulated by 2-heptanone, a mouse pheromone. We conclude that signaling through AC3 in the MOE is
obligatory for male sexual behavior, male–male aggressiveness, and the detection of some pheromones.
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Introduction
Pheromones are “airborne chemical signals that are released by
an individual into the environment and which affect the physiology and behavior of other members of the same species” (Karlson
and Luscher, 1959). Until recently, it was thought that odorants
are detected in the main olfactory epithelium (MOE), whereas
pheromones are detected in the vomeronasal organ (VNO) (Sam
et al., 2001) (but see Trinh and Storm, 2003; Mandiyan et al.,
2005). The main components of the MOE signaling cascade,
G-protein olfactory subunit (Golf) (Belluscio et al., 1998), type 3
adenylyl cyclase (AC3) (Wong et al., 2000), and cyclic nucleotidegated channel (CNG) (Brunet et al., 1996), are not expressed in
the VNO (Berghard and Buck, 1996; Berghard et al., 1996).
Although the VNO is implicated in the detection of pheromones as well as pheromone-based behaviors including intermale aggression and male sexual activity (Del Punta et al., 2002;
Leypold et al., 2002; Stowers et al., 2002; Halpern and MartinezMarcos, 2003), the role of the MOE in these behaviors is unclear.
Ablation of the VNO has no effect on the suckling behavior of
rabbits (Hudson and Distel, 1986) or mating behavior of male
hamsters (Pfeiffer and Johnston, 1994), indirectly suggesting that
the MOE may mediate some pheromone responses. To evaluate
the importance of AC3 for pheromone-mediated responses, we

Received Oct. 15, 2005; revised June 6, 2006; accepted June 7, 2006.
This work was supported by National Institutes of Health Grant DC04156. We thank members of the Storm
laboratory for critical reading of this manuscript.
Correspondence should be addressed to Dr. Daniel R. Storm, Department of Pharmacology, University of Washington, Seattle, WA 98195. E-mail: dstorm@u.washington.edu.
DOI:10.1523/JNEUROSCI.1967-06.2006
Copyright © 2006 Society for Neuroscience 0270-6474/06/267375-05$15.00/0

examined the effects of pheromones on the electro-olfactogram
(EOG) responses to pheromones, pheromone-mediated behaviors, and adenylyl cyclase activity using AC3 ⫺/⫺ mice, a mouse
strain that exhibits no sensory signaling through the MOE (Wong
et al., 2000).

Materials and Methods

AC3⫺/⫺ mice. All animal procedures were approved by the Institutional
Animal Care and Use Committee at the University of Washington. Mice
were maintained on a 12 h light/dark cycle and had access to water and
food ad libitum. Adult male AC3 ⫺/⫺ mice and wild-type littermates were
generated by breeding heterozygotes (Wong et al., 2000). After weaning,
the males were not exposed to females before the behavioral tests and
wild-type as well as AC3 ⫺/⫺ mice were housed individually. Mice used in
this study were 2– 4 months of age.
Male–male aggressive and male–female sexual behavior. Male–male aggression was observed by the resident/intruder assay (Leypold et al.,
2002). Adult, sexually naive mice were housed individually for 10 d, and
their bedding was not changed for 4 d before testing. Anogenital area
investigation duration, attack number, and attack duration of the host
males were observed during a 15 min period by introducing a grouphoused, sexually inexperienced, unfamiliar, wild-type adult male into
their home cage. Aggressive behavior is defined as biting, chasing, or
wrestling/tumbling. Male–female sexual behaviors of adult mice were
observed during a 15 min period by introducing an adult, sexually receptive, unfamiliar, wild-type female into the home cage of the resident
male. Male sexual behaviors including anogenital investigating latency
and duration, mounting latency, number and duration, as well as intromission were monitored. The receptive status of females was verified
using sexual-experienced, male, wild-type mice. Male sexual behavior
was also observed for a 4 h period (Pankevich et al., 2004). All reported
behavioral data were obtained in the light phase. Identical results were
obtained when mice were observed in the dark phase under red light.
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Each male mouse was tested for male–male aggressiveness and sexual
behavior with three different intruders on different days.
Pheromone habituation test. The pheromone habituation test of adult
male mice was performed as described previously (Trinh and Storm,
2003). The data are presented as a ratio of the number of sniffs an animal
took when the pheromone-laced cotton swab was first introduced to the
number of sniffs observed when the water-laced swab was first introduced. Female and male mouse urine was collected into tubes by holding
the mouse by the scruff of the neck. Urine was pooled and stored at
⫺80°C until use. Mouse milk was collected manually from lactating
females, pooled, and stored as aliquots at ⫺80°C until use. All chemical
odorants were diluted in mineral oil, except mouse milk and urine, which
were diluted in water. The habituation test was repeated three times on
different days.
Olfactory epithelium lesion. The MOE was destroyed by applying 25 l
of 5% ZnSO4 into each nasal vault using a syringe; controls were treated
with the same volume of 0.9% NaCl (Harding et al., 1978; Trinh et al.,
2003). Cellular structure was visualized by Hoechst nuclear counterstaining, and sensory neurons were immunostained with an antibody against
␤-tubulin III.
EOGs. EOG recording from olfactory receptive neurons in the MOE
was performed as described previously (Wong et al., 2000). The olfactory
turbinate was exposed by dissecting the mouse head through the septum.
The EOG was recorded with an agar- and saline-filled glass microelectrode in contact with the apical surface of the MOE in the open circuit
configuration. Pheromone solutions were puffed onto the exposed epithelia for 1 s, followed by a stream of moisturized oxygen. Traces were
captured and digitized using a Digidata 1200A (Molecular Devices,
Union City, CA). The traces were low-filtered at 30 Hz and sampled at
100 Hz. We explored a minimum of three locations in the MOE of each
animal with every substance. Recordings were made at least two times in
each location, and the largest response was analyzed to minimize the
effects of cross-adaptation. Vomeronasal recordings [electrovomeronasal olfactogram (EVG)] were made in the same manner. The VNOs were
dissected out from an encapsulating bone, and the tubular structures
were opened.
Adenylyl cyclase assay. MOE membranes were collected and homogenized on ice in homogenization buffer that contained 50 mM Tris-HCl,
pH 7.4, 2 mM MgCl2, 1 mM EDTA, 0.5 mM DTT, and protease inhibitor
cocktail tablets (1 tablet/10 ml; Roche, Indianapolis, IN). The homongenate was centrifuged at 750 ⫻ g for 2 min at 4°C. The supernatant was
centrifuged for 60 min at 100,000 ⫻ g, and the resulting pellet was resuspended in homogenization buffer for adenylyl cyclase assays (Chan et al.,
2005). Protein concentrations were determined by a BCA assay (Pierce,
Rockford, IL) according to the manufacturer’s instructions.
Testosterone analysis. Blood was collected from the tails of AC3 ⫹/⫹
and AC3 ⫺/⫺ male mice. The serum testosterone level was determined by
an ACE competitive enzyme immunoassay kit (Cayman Chemical, Ann
Arbor, MI) according to manufacturer’s instructions. The sensitivity of
the testosterone assay was 3.9 pg/ml.
Statistical analysis. All experimental data were analyzed by an unpaired, two-tailed Student’s t test. Significance was defined as p ⬍ 0.05.
All error values were presented as mean ⫾ SEM. In behavioral tests, the
investigator was blind to the genotype of the mice.

Results

No pheromone-stimulated EOG responses in AC3 ⴚ/ⴚ mice
To determine whether milk, male urine, or pheromones elicit
electrophysiological responses in the MOE of AC3 ⫺/⫺ mice,
EOG recordings were made in the MOE to monitor pheromoneevoked potentials (Ottoson, 1956). We tested farnesene because
it is an aggression-evoking pheromone (Novotny et al., 1990),
2-heptanone because it exhibits puberty-delaying activity (Novotny et al., 1986), and male urine because it contains a pheromone that evokes male–male aggression (Mugford and Nowell,
1970). Although all of these agents evoked robust EOG responses
in the MOE of AC3 ⫹/⫹ mice, AC3 ⫺/⫺ mice showed no EOG
responses to milk, male urine, farnesene, or 2-heptanone (Fig.
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Figure 1. Pheromone detection defects in the MOE of AC3 ⫺/⫺ mice. A, Pheromonestimulated EOG responses from adult AC3 ⫹/⫹ and AC3 ⫺/⫺ mice. Male mouse urine was
diluted 20-fold and mouse milk was diluted 50-fold in water; farnesene (500 M) and heptanone (50 M) were diluted in mineral oil. B, Summary of the mean EOG amplitudes in response to pheromones. AC3 ⫹/⫹ mice (n ⫽ 10) exhibited significantly greater EOG responses
to all agents compared with AC3 ⫺/⫺ mice (n ⫽ 6): urine, p ⬍ 0.0001; milk, p ⬍ 0.0001;
farnesene, p ⬍ 0.0001; heptanone, p ⬍ 0.0001. C, AC3 ⫺/⫺ mice are unable to detect male
urine, female urine, milk, or farnesene. Detection of pheromones was monitored using the
odorant-habituation assay described in Materials and Methods. The ratio of the number of
times the mouse sniffed a pheromone-soaked cotton swab compared with the number of times
it sniffed a water-soaked cotton swab on initial exposure is an indication of the ability of the
animal to detect a specific substance. Cotton swabs were laced with 50 l of farnesene (500
M), male urine (20-fold diluted), female urine (20-fold diluted), or mouse milk (50-fold diluted). There were significant differences in the ability of AC3 ⫺/⫺ (n ⫽ 15) and AC3 ⫹/⫹ (n ⫽
13) mice to detect farnesene ( p ⬍ 0.001), male urine ( p ⬍ 0.001), female urine ( p ⬍ 0.001),
and mouse milk ( p ⬍ 0.001). Error bars represent ⴞSEM.

1 A, B). This suggests that these substances are detected in the
MOE by receptors coupled to AC3.
AC3 ⴚ/ⴚ mice do not detect pheromones
The odorant habituation test (Gregg and Thiessen, 1981) was
used to determine whether AC3 ⫺/⫺ mice can detect pheromones, milk, or urine. AC3 ⫹/⫹ mice, but not AC3 ⫺/⫺ mice,
detected male urine, female urine, milk, and farnesene (Fig. 1C).
AC3 ⫺/⫺ mice were unable to detect these substances even when
their concentrations were increased 10-fold (data not shown).
These data suggest that farnesene and the pheromones present in
milk and urine are detected by the MOE through receptors coupled to AC3.
AC3 ⴚ/ⴚ male mice do not exhibit male–male aggression
Because pheromones play an important role in aggressive and
sexual behaviors, AC3 ⫺/⫺ mice were assayed for male–male aggression and male–female sexual behaviors using the resident/
intruder assay (Leypold et al., 2002). In one version of this paradigm, the behavior of a singly housed male mouse is observed
when a sexually inexperienced male intruder is introduced into
his cage. The difference in behavior between the AC3 ⫹/⫹ and
AC3 ⫺/⫺ mice was striking. AC3 ⫹/⫹ mice spent significantly
more time examining the anogenital area of the intruder than
AC3 ⫺/⫺ mice (Fig. 2 A). Although AC3 ⫹/⫹ mice invariably attacked the intruder, AC3 ⫺/⫺ mice never attacked and were nonaggressive toward intruder males. Because aggressive behavior is
enhanced by cohabitation with females (Goyens and Noirot,
1975), we paired one female with each AC3 ⫺/⫺ male and examined the males for male–male aggression. Still, the AC3 ⫺/⫺ mice
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aggressive and sexual behaviors in animals
and humans (for review, see Brain and
Haug, 1992; Bahrke et al., 1996; Giammanco et al., 2005). However, no significant testosterone differences were found
between AC3 ⫹/⫹ and AC3 ⫺/⫺ male mice
(AC3 ⫹/⫹: 3.2 ⫾ 0.8 ng/ml, n ⫽ 6;
AC3 ⫺/⫺: 2.9 ⫾ 0.6 ng/ml, n ⫽ 6; p ⫽ 0.5).
These data indicate that AC3 activity is required for male–male aggressive behavior
and support the hypothesis that pheromones underlying these behaviors are
sensed through the MOE by a mechanism
that depends on AC3.
Figure 2. Sexual behavioral defects in AC3 ⫺/⫺ mice. A, AC3 ⫺/⫺ mice display no male–male aggressive behavior. There were
significant differences between AC3 ⫺/⫺ (n ⫽ 17) and AC3 ⫹/⫹ (n ⫽ 16) mice in anogenital area investigation ( p ⬍ 0.0001),
attack number ( p ⬍ 0.0001), and attack duration ( p ⬍ 0.0001). B, AC3 ⫺/⫺ male mice do not exhibit sexual behavior toward
females. There were significant differences between AC3 ⫹/⫹ (n ⫽ 14) and AC3 ⫺/⫺ (n ⫽ 15) mice in anogenital area investigation ( p ⬍ 0.0001), mounting number ( p ⬍ 0.001), and mounting duration ( p ⬍ 0.001) assayed during a 15 min observation
period. C, Male–male aggressive behaviors were ablated in ZnSO4-treated male mice. There were significant differences in
anogenital area investigation ( p ⬍ 0.001), attack number ( p ⬍ 0.05), and attack duration ( p ⬍ 0.01) between control (n ⫽ 5)
and ZnSO4-treated (n ⫽ 7) mice. D, Male–female sexual behaviors were ablated in ZnSO4-treated male mice. There were significant differences in anogenital investigation duration ( p ⬍ 0.05) and mounting frequency ( p ⬍ 0.01) between control (n ⫽ 6)
and ZnSO4-treated (n ⫽ 7) mice. Error bars represent ⴞSEM.

Figure 3. ZnSO4 treatment of the MOE destroys olfactory receptor neurons without affecting the function of the VNO. A,
Pheromone-stimulated EVG responses from sham and ZnSO4-treated mice. B, Pheromone-stimulated EOG response in the MOE
from sham and ZnSO4-treated mice. Farnesene (500 M) and 2-heptanone (50 M) were diluted in mineral oil. C, Cellular structure
was visualized by Hoechst nuclear counterstaining (blue), and sensory neurons were immunostained using an antibody against
␤-tubulin III (red). Scale bar, 40 m. The MOE was treated with ZnSO4 as described in Materials and Methods.

exhibited no aggressive behaviors toward other males even after
cohabitation with females for 7 d (data not shown). Furthermore,
AC3 ⫺/⫺ male mice triggered attacks from AC3 ⫹/⫹ male residents when they were introduced into the home cage of AC3 ⫹/⫹
males, and they displayed defensive behavior when attacked by
AC3 ⫹/⫹ male residents. Endogenous testosterone is linked to

AC3 ⴚ/ⴚ male mice do not exhibit
mating behavior
Sensory activation of VNO neurons requires TRP2, an ion channel of the transient receptor potential family that is expressed exclusively in these neurons
(Stowers et al., 2002). TRP2 ⫺/⫺ male mice
mate normally with females, indicating
that signaling through the VNO is not required for initiating sexual behavior (Leypold et al., 2002; Stowers et al., 2002). This
prompted us to investigate the role of AC3
for male-mating behavior. We monitored
male sexual behavior by introducing a sexually receptive, unfamiliar, wild-type female into their home cage and monitored
the male during a 15 min period. Wildtype male mice intensively investigated the
females and displayed mounting as well as
intromission behavior toward the females.
In contrast, AC3 ⫺/⫺ male mice did not
investigate the female’s anogenital area,
nor did they try to mount the females (Fig.
2 B). Because it can be argued that a 15 min
period is too short to accurately test male
mouse sexual behavior, 4 h assays were
also used to further confirm the lack of
normal sexual behavior in AC3 ⫺/⫺ male
mice (Pankevich et al., 2004). AC3 ⫺/⫺
male mice also did not exhibit sexual behavior toward females when they were observed for 4 h periods (data not shown).
Furthermore, when we paired AC3 ⫺/⫺
male mice with a wild-type female (n ⫽ 10
pairs), no plugs were found in the females
in 10 consecutive days of observation and
there were no pregnancies after 1 month.

Lesioning of the MOE with ZnSO4
eliminates male aggressive and
sexual behaviors
To confirm that the phenotypes described
above for the AC3 ⫺/⫺ mice were attributable to ablation of MOE
function, ZnSO4 was used to destroy the MOE of wild-type mice
(Harding et al., 1978; Trinh and Storm, 2003). Treatment of the
MOE with ZnSO4 eliminated male–male aggressiveness and the
mating behavior of male wild-type mice (Fig. 2C,D). It was important to confirm that the VNO was functional after ZnSO4

Wang et al. • Adenylyl Cyclase and Pheromone Detection

7378 • J. Neurosci., July 12, 2006 • 26(28):7375–7379

Figure 4. Adenylyl cyclase activity is stimulated by 2-heptanone in membranes from the
MOE of AC3 ⫹/⫹ but not AC3 ⫺/⫺ male mice. Stimulation of adenylyl cyclase activity by
2-heptanone in the MOE of AC3 ⫹/⫹ but not AC3 ⫺/⫺ male mice is shown. 2-Heptanone was
diluted in DMSO. Data are presented as mean ⫾ SEM of triplicates. The adenylyl cyclase activity
is expressed as a percentage relative to controls in AC3 ⫹/⫹ and AC3 ⫺/⫺ male mice.

treatment. Accordingly, we recorded pheromone-evoked EVG
responses in the VNO of ZnSO4-treated mice. We found that
2-heptanone and farnesene elicit normal EVG responses in the
VNO of ZnSO4-treated mice, although their EOG responses in
the MOE are completely ablated (Fig. 3 A, B). In addition, the
VNO of ZnSO4-treated mice appeared normal (Fig. 3C), and
Fluoro-Jade B staining and cleaved caspase-3 immunolabeling
failed to reveal any neurodegeneration in the VNO of ZnSO4treated mice (data not shown). These data indicate that the structure and function of the VNO in ZnSO4-treated mice is normal.
Stimulation of adenylyl cyclase in the MOE by 2-heptanone
Activation of AC3 by odorants is the primary signaling event in
the MOE (Wong et al., 2000). To test the role of adenylyl cyclase
in pheromone detection in the MOE, the sensitivity of adenylyl
cyclase activity to 2-heptanone was examined. Although
2-heptanone increased adenylyl cyclase activity 2.8-fold in MOE
membrane preparations from wild-type mice, it had no effect on
adenylyl cyclase activity in the MOE of AC3 ⫺/⫺ male mice (Fig.
4). This indicates that receptors for this hormone are coupled to
AC3 in the MOE and supports the idea that some pheromone
receptors are coupled to cAMP signaling in the MOE through
activation of AC3.

Discussion
Until recently, the VNO was thought to be specialized for the
perception of pheromones (Stowers et al., 2002; Leypold et al.,
2002; Trinh and Storm, 2003). However, male mice with surgically removed VNOs are still able to distinguish urine odors from
males and estrous females, and from mice of both sexes that are in
different endocrine states (Pankevich et al., 2004). Furthermore,
TRP2 ⫺/⫺ male mice mate normally with female mice, indicating
that the VNO is not required for initiating sexual behavior (Stowers et al., 2002). The objective of this study was to determine
whether detection of pheromones or pheromone-based behaviors depend on AC3 in the MOE.
Recently, it was reported that mutant mice lacking CNGA2
show deficits in sexual and aggressive behaviors (Mandiyan et al.,
2005). On the basis of these data, it was concluded that these
behaviors are mediated through pheromone signaling in the
MOE. However, CNGA2 is expressed throughout the brain
(Kingston et al., 1999), as well as other tissues (Cheng et al.,
2003). Therefore, the observation that CNGA2 ⫺/⫺ mice do not
exhibit pheromone-mediated behavior does not prove that pher-

omones are detected in the MOE. Furthermore, because the CNG
is activated by cAMP, cGMP, and various kinases, behavioral data
obtained with the CNG knock-out mice do not indicate that
pheromone receptors are coupled to adenylyl cyclase or any other
specific effector system.
AC3 is not expressed exclusively in the MOE (Xia et al., 1992),
and the observation that AC3 ⫺/⫺ mice do not detect some pheromones cannot be taken as definitive evidence that pheromones
are detected through the MOE. However, our data showing that
pheromones produce EOG responses in the MOE and ZnSO4
lesioning of the MOE disrupts pheromone-based behavior coupled with the behavior of AC3 ⫺/⫺ mice strongly supports the
hypothesis that some pheromone responses are mediated by the
MOE. Moreover, data showing that 2-heptanone stimulates adenylyl cyclase activity in the MOE of wild-type mice also supports
a role for the MOE in pheromone detection. This is unexpected
because pheromone receptor signaling in the VNO is not mediated through AC3 or cAMP increases (Kroner et al., 1996). Collectively, our data indicate that male–male aggressiveness and
male-mating behavior in mice depend on signaling through AC3
in the MOE but do not exclude contributions from other signaling mechanisms. The fact that the MOE is required for some
pheromone responses does not exclude a role for the VNO, because perturbation of VNO function impairs some pheromonemediated behaviors.
The discovery that the MOE plays a pivotal role in male sexual
behavior in mice raises interesting questions about pheromone
detection by humans. Although humans may have a VNO, reports that it is functional are controversial (Halpern and
Martinez-Marcos, 2003). The data reported here introduces the
interesting possibility that humans might be able to detect pheromones through the MOE. In conclusion, AC3 is required for
pheromone-mediated responses of male mice, suggesting that
pheromone-stimulated increases in cAMP may play a significant
role in pheromone-based behaviors.
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