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Abstract
While it is now established that sensory neurons in both the main olfactory epithelium and the
vomeronasal organ may be activated by both general and pheromonal odorants, it remains unclear
what initiates sampling by the VNO. Anterograde transport of wheat germ agglutinin-horseradish
peroxidase was used to determine that adequate intranasal syringing with zinc sulfate interrupted
all inputs to the main olfactory bulb but left intact those to the accessory olfactory bulb. Adult
male treated mice were frankly anosmic when tested with pheromonal and non-pheromonal odors
and failed to engage in aggressive behavior. Treated juvenile females failed to show puberty
acceleration subsequent to exposure to bedding from adult males. Activation of the immediate
early gene c-Fos and electro-vomeronasogram recording confirmed the integrity of the
vomeronasal system in zinc sulfate treated mice. These results support the hypothesis that odor
detection by the main olfactory epithelium is required to initiate sampling by the vomeronasal
system.
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Introduction
The rodent peripheral olfactory system has two well-defined components, a primary or main
olfactory epithelium (MOE) and the vomeronasal organ (VNO). Detection of odorous

Corresponding author: Dr. Burton Slotnick, University of South Florida, Department of Psychology, PCD 4118G 4202 Fowler Ave.,
Tampa, FL 33620, Voice: (813) 909 0841 Fax: 813-974-8617, slotnic@american.edu.
e.mail addresses
Burton Slotnick: slotnic@american.edu voice: 813 909 0841
Title: Professor
Diego Restrepo: Diego.Restrepo@UCHSC.edu voice: 303 724 3405
Title: Professor
Heather Schellinck: Heather.Schellinck@DAL.CA voice: 902 494-6809
Title: Professor
Georgina Archbold georgina.archbold@mail.mcgill.ca voice: 902 494-6809
Title: Student
Stephen Price pricesr@dal.ca voice: 902 494-6809
Title: Student
Weihong Lin: weihong@umbc.edu voice: 303 724 3405
Title: Assistant Professor

NIH Public Access
Author Manuscript
Eur J Neurosci. Author manuscript; available in PMC 2013 August 16.

Published in final edited form as:
Eur J Neurosci. 2010 March ; 31(6): 1108–1116. doi:10.1111/j.1460-9568.2010.07141.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



vapors by the main olfactory epithelium occurs during normal respiration but exposure of
sensory neurons in the VNO to odorous stimuli requires activation of a pumping mechanism
produced by alternate vasodilation and vasoconstriction of blood vessels lateral to the lumen
of the VNO (Brennan, 2001; Halpern & Martinez-Marcos, 2003; Meredith & O’Connell,
1979; Meredith et al., 1980).

It had long been assumed that the MOE responded to ‘general’ odors but that sensory
neurons of the VNO responded largely or only to pheromonal stimuli (Sam et al., 2001; Baxi
et al., 2006; Brennan & Zufall, 2006; Spehr et al., 2006). It is now clear that MOE sensory
neurons are activated by many if not all odorous stimuli that are effective in stimulating
VNO neurons and that VNO neurons, in turn, can respond to both non-volatile and volatile
odorants that are not obviously pheromonal stimuli (Baxi et al., 2006; Brennan & Zufall,
2006; Jakupovic et al., 2008; Spehr et al., 2006; Xu et al., 2005). Less clear is what initiates
activation of the pumping mechanism required for vomeronasal sampling in rodents. The
most likely hypotheses are that (1) VNO sampling occurs spontaneously, i.e., independent of
input from the MOE and of behavioral signals from conspecifics, (2) that sampling is
initiated by either olfactory and/or non-olfactory cues from conspecifics, or (3) that
sampling requires and is initiated by odorous stimuli detected by the MOE.

In support of the first hypothesis are the findings of Trinh & Storm (2003) that type-3
adenylyl cyclase knockout mice (AC3−/−) like wild type mice whose MOE was treated with
zinc sulfate were able to detect both pheromonal and presumed non-pheromonal odors. In
support of the possibility that VNO sampling can be initiated in response to conspecifics are
the findings of Ma et al. (2002) that, after inactivation of the MOE but not the VNO by a
bacterial nitroreductase (ntr) gene linked to the expression of olfactory marker protein,
female mice performed poorly in an odor habituation task but still responded to the
pregnancy blocking effect of male pheromones.

In contrast, several reports indicate that, in the absence of input from the MOE, mice do not
respond to normally effective pheromonal cues. Thus, sexual behavior (Keller et al., 2006a)
and activation of neurons in the accessory olfactory bulb (AOB) in response to urinary vapor
(Martel & Baum, 2007) were abolished by lesioning the MOE with intranasal zinc sulfate.
Also, male mice lacking a functional cyclic nucleotide-gated channel alpha2 (CNGA2)
channel fail to mate or fight (Mandiyan et al., 2005).

In this study we reassessed this issue using precision olfactometry, male mouse aggression,
puberty acceleration in juvenile female mice, odor-induced c-Fos activation, and electro-
vomeronasogram (EVG) recordings in control mice and those treated with a zinc sulfate
nasal lavage sufficient to eliminate all input to the MOB but leave intact connections
between the VNO and the AOB.

MATERIALS AND METHODS
1. Behavioral Tests

Animals—Thirty-three male CF-1 strain albino mice 3–5 months old served. Mice were
purchased from Carworth Farms (New City, NY) and housed on sawdust in colony plastic
cages in a temperature and humidity controlled vivarium. Experimental protocols were
approved by the University of South Florida Institutional Animal Care & Use Committee.

Olfactometry: Odorants. Aqueous dilutions of ethyl acetate, 2-heptanone, methyl benzoate
and urine collected and pooled from three adult female C57-BL6 strain mice were used.
Ethyl acetate, 2-heptanone and methyl benzoate were purchased from Sigma and were the
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highest purities available. Urine and diluted odorants were kept in a freezer until shortly
before use.

Olfactometer. Four identical Knosys 8-channel liquid dilution olfactometers (Knosys
Olfactometers, Tampa, FL), similar to those described by McBride et al. (2003) were used.
Odors were generated by passing 50 cc/min of charcoal filtered air above the surface of 20
ml of the deionized water diluted odorant maintained in 200 ml saturator bottles. This odor
stream was then mixed with a 1950 cc/min stream of clean air before being presented to the
animal odor sampling port. Odor concentrations are defined as the percent v/v dilution of the
odorant in the odor saturator bottle although it should be noted that the headspace of liquid
odorant was diluted 1:40 with clean air before being introduced into the odor sampling tube.

Training Procedures. Mice were placed on a restricted water schedule 6–8 days prior to
training and for the duration of training. They were given sufficient water to maintain their
body weight at 80 – 85% of their pre-deprivation baseline weight. Training procedures
followed those described by McBride et al. (2003). Briefly, on each trial, initiated by the
mouse inserting its head into the odor sampling port, either the positive (S+) or negative (S-)
stimulus was presented for 2.5 sec. Responding (licking a liquid delivery tube within the
odor sampling tube) on S+ trials was rewarded by delivery of 3 ul of water and scored as a
Hit. Responding on S- trials was not rewarded and was scored as a False Alarm. Not
responding on S+ trials was scored as a Miss and not responding on S- trials was scored as a
Correct Rejection. There was an enforced 5 sec intertrial interval and mice were given a
minimum of 60 trials on each odor detection task.

Twenty-one mice were trained to detect 5%, 1% and 0.1% ethyl acetate, 1% and 0.1% 2-
heptanone, 10% and 1% urine, and 1% and 0.1% methyl benzoate in that order. In each task
the odor served as the S+ stimulus and the water solvent as the S- stimulus. Training on each
detection task was continued for a minimum of 60 trials and until the mouse achieved a
criterion accuracy score of at least 80% correct responding in 2 consecutive blocks of 20
trials.

Two – three days after initial training, 16 mice were treated with zinc sulfate and 5 mice
were treated with saline as described below. After a rest period of 2–3 days, mice were
retested on each of the odor detection tasks. Each mouse was given a minimum of 60 trials
on each of the odor detection task. Mice that did not reach criterion were given at least 100
additional trials and some mice were tested multiple times in separate daily sessions. Most
zinc sulfate treated mice were tested only on the highest concentration of each odorant. Mice
were treated with WGA-HRP as described below within 18 hr of termination of training.

Zinc Sulfate Treatment. Zinc sulfate heptahydrate (Sigma) was diluted in deionized water to
a concentration of 5% (v/v). Awake mice were confined in a funnel shaped holder that
exposed their snout and the right naris was injected with 50 ul (n = 13) or 30 ul (n = 3) of
solution using a 50 ul Hamilton syringe with a blunted smooth needle. The needle was
inserted 3–4 mm past the external naris and the solution was forcefully expressed into the
nasal vault. The mouse was allowed to rest for 5–10 min and the procedure was repeated in
the left naris. Control mice (n = 5) were treated identically except that 50 ul of saline was
injected into each naris.

HRP Procedures. Each behaviorally tested mouse was treated with a solution of 22 ul of 1%
WGA-HRP, 22 ul of 1% DSMO and 2 ul of female mouse urine within 18 hrs after
completion of behavioral tests. In awake mice, six ul of this solution was dropped on the
external nares and, several minutes later, each naris was injected with 20 ul of solution as
described above. On the next day the mouse was deeply anesthetized with ketamine/xylazine
(130 mg and 25 mg/kg body weight, respectively) and perfused sequentially with saline,
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mixed aldehydes and phosphate buffer. The olfactory bulbs were frozen and sectioned in the
frontal plane at 60 um and every section or every other section was saved and processed.
The perfusion and reaction procedures were as described by McBride et al. (2003). Sections
were mounted on gelatin coated slides, counterstained with thionin, dehydrated in cold
alcohols, cleared in xylene and cover slipped using Permount. Slides were inspected
microscopically using bright field and dark field optics and selected sections were
photographed using a Nikon digital camera. All chemicals were purchased from Sigma.

Aggression: Twelve mice were maintained in individual cages for 10 days and then given
6–8 daily aggression tests. In each test the same colony housed mouse (intruder mouse) was
introduced into the subject mouse’s home cage for five min. The intruder mouse was
submissive in dyadic encounters as a result of being previously introduced into other colony
cages where it had been attacked and, eventually, most often showed the typical the typical
murine upright submissive posture of the subordinate animal on the approach of another
male mouse (Grant & Mackintosh, 1963). The number of attacks in 5 min was recorded. The
intruder mouse was allowed to rest for 10 or more minutes between tests. Eight of the
resident mice were then treated with 50 ul of zinc sulfate and four resident mice were treated
with 50 ul of saline as described above. Beginning on the fourth day after treatment the
aggression tests were repeated daily over the next 3 days.

2. Puberty Acceleration
Animals—Sixteen female and 4 male CD-1 strain mice, born in a breeding colony of CD-1
mice at Dalhousie University from adults purchased from Charles River Laboratories, St.
Hyacinthe, Quebec were used. Animals were housed in clear plastic cages measuring
29x18x12 cm. with metal wire tops. Bedding consisted of wood shavings and cages were
changed weekly. Food (Purina Lab Chow) and water were supplied ad lib and the animal
rooms were on a reverse 12:12 light/dark cycle with lights on at 9:30 pm and off at 9:30 am.
Temperature and relative humidity were maintained at 21–25°C and 30–60% respectively.
Experimental protocols were approved by the Dalhousie University Committee on Animal
Care.

Pretreatment Procedures. Following mating, females were housed individually and checked
daily until parturition. On the third day following birth, litters were sexed and reduced to
five females and two males (2 litters) and 6 females and two males (one litter). The animals
were weaned on day 21 and females housed individually. They were pair matched by weight
and one animal of each pair was assigned to group ZS (n=8) and one to the control group
(n=8).

Zinc Sulfate Administration. When each pair weighed between 15–16.5 g., they received
either 5% zinc sulfate (Group ZS) or saline alone (Group C). Because of their small size,
only twenty ul of the solution was injected into each naris as described above.

Post Treatment Procedure. Following treatment, all animals were returned to their individual
cages and approximately 250 ml of soiled non-parent male bedding was placed in cages of
both control and experimental animals. Animals were sacrificed at approximately 20 gr or
by the 10th day after treatment. Uteri were removed, excess fat trimmed, fluid drained, and
weighed.

3. Odor-evoked Fos Activity
Animals—Twenty three adult CF-1 strain male mice housed in groups of 4 in plastic cages
were used. Initial studies were conducted at the University of Colorado and were replicated,
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in part, at the University of South Florida. Experimental protocols were approved by the
University of South Florida and University of Colorado IUCAC committees.

Odor exposure: Detection of odor-evoked activity followed methods of Lin et al. (2004)
with modifications indicated below. Urine was collected from five adult female C57BL/6
mice, pooled and kept frozen in 100 µl aliquots until shortly before use. Mice were placed
individually in a clean plastic chamber, undisturbed for 1.5 hr and then transferred to a urine
direct exposure, urinary vapor only exposure or air only exposure chamber. For the direct
stimulation condition, 5 µl of urine was spread onto the walls of the chamber and 5 µl of
urine was placed directly on the naris of the subject mouse to maximize the probability of
stimulating the vomeronasal organ. For the urinary vapor only stimulation condition, the
chamber was fitted with a 5 cm deep glass vial containing 20 µl of urine and covered with a
fine mesh screen. For clean air only stimulation condition, a clean glass vial was in place in
the exposure cage. There were 4 control mice in the direct and urinary vapor only conditions
and 5 controls in the clean air condition. There were 5 experimental mice in the direct
condition and 5 experimental mice in the urinary vapor only condition. Experimental and
control mice were treated with 50 µl of 5% zinc sulfate heptahydrate or 50 µl of saline,
respectively, as described above 3 days prior to use in these studies.

Tissue Preparation and Immunolabeling: After 1.5 hr in the exposure cage, the mouse
was removed, immediately anesthetized with ketamine/xylazine, perfused transcardially
with 0.1M phosphate buffer (PB) followed by a PB buffered fixative containing 3%
paraformaldehyde, 0.019 M L-lysine monohydrochloride, and 0.23% sodium m-periodate.
The olfactory bulbs and cerebrum were harvested and post-fixed for 2 h before being
transferred into PBS with 25% sucrose overnight. The tissue was frozen and cut sagittally at
35 µm. Sections were rinsed and incubated in blocking solution containing 2% normal
donkey serum, 0.3% Triton X-100 and 1% bovine serum albumin in PBS for 1.5 hour.
Normal donkey serum and bovine serum albumin were purchased from (Jackson
ImmunoResearch Laboratories, Inc. West Grove, PA). All other chemicals used in the tissue
preparations were purchased from Sigma (St. Louis, MO).The sections were incubated with
polyclonal rabbit antibody against Fos (Oncogen, Boston, MA) at 1:10,000 dilution in the
blocking solution 48 to 72h at 4° C. Secondary antibody used was a Alexa fluor 555 donkey
anti-rabbit IgG (1:400; Molecular Probes, Eugene, OR) or reacted with the ABC kit (Vector
Laboratories, Burlingame, CA) for 1.5 hr before being rinsed and reacted with
diaminobenzidine and H2O2. Sections were mounted on slides with Fluoromount-G (Fisher
Scientific, Pittsburgh, PA).

Slides were coded and examined blind relative to treatment condition. Sections
approximately through the middle of the AOB were examined and two sections, at least 100
um apart, showing the greatest number of Fos positive cells were selected for analysis for
each case. Each Fos positive cell in any part of the AOB within the section was counted.
Differences in cell counts between the two sections for each case did not differ for any
group (t-tests) and, thus, the mean for each case was used for analysis. A one-way ANOVA
was used to evaluate differences among groups and between group differences were
assessed using Tukey’s HSD tests.

4. EVG Recordings
CF-1 strain male mice were sacrificed by CO2 inhalation, followed by decapitation. The
head was split along the midline and the vomeronasal vein was removed to expose the
sensory epithelium of the VNO by microdissection. The half head was then mounted on a
recording chamber using the dental adhesive Impregum F (ESPE, Germany). Ringers saline
was perfused continuously over the surface of the VNO. Ringers saline contained, in mM:
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145 NaCl, 5 KCl, 20 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid buffer –
HEPES-, 1 MgCl2, 1 CaCl2, 1 Na pyruvate and 5 D-glucose pH 7.2. All chemicals in
Ringers were purchased from Sigma (St Louis, MO, USA). Ethyl estate, methyl benzoate, 2-
heptanone, and 3,5-dimethypyrazine were purchased from Sigma-Aldrich (St Louis, MO,
USA). Ringers and odorants dissolved in Ringers were delivered through a gravity-fed
computer-controlled perfusion system with an approximate flow rate of 0.2 ml/s. Each
odorant was presented three times and the largest response was used for analysis in order to
minimize the effect of perfusion. Following stimulation with an odorant, the VNO was
washed with saline for 2 min, or until its response to Ringer’s solution was back to the basal
level recorded at the beginning of the experiment (below 0.01 mV). EVG recordings were
made using an Axopatch 200 B amplifier controlled by a PC computer with Axon software
(Clampex 8, Axon Instruments, Inc. Union City, CA). The recording electrode was filled
with 0.9% agar made in Ringers saline with 1% neutral red. The electrode was placed on the
apical surface of VNO sensory epithelium, and the reference Ag/AgCl electrode was
connected to bath saline through an agar bridge. The recorded signals were low-pass-filtered
at 20 Hz, digitized at 500 Hz and analyzed using the Axon software Clampfit.

Statistical Analyses—C-Fos counts among groups were evaluated using the Kruskal-
Wallis non parametric analysis of variance and between group differences were evaluated
using the Mann Whitney test. Between group differences for the EVG study and uterine
weights were evaluated using the Mann Whitney test. Alpha level was set at 0.05 and was
adjusted using the Bonferroni correction where multiple contrast tests were used.

RESULTS
Zinc Sulfate Treatment Eliminates Odor Detection and Input to the MOB but Leaves Input
to the AOB Intact

Histology. Each of the 21 mice used for olfactometry had moderate to dense HRP reaction
product in essentially all glomeruli of the accessory olfactory bulb (Figure 1). All glomeruli
of the main olfactory bulb contained moderate or dense HRP reaction product in each of the
5 saline treated mice (Figure 1, A, A1). Of the 16 zinc treated mice, four (each of the three
30 ul and one 50 ul mice) had light to dense reaction product in approximately 20% or more
glomeruli in the MOB. These four mice were designated as the Zn+ group. The remaining
12 zinc treated mice had no detectable HRP product in glomeruli of the MOB and were
designated as the Zn- group (Figure 1, B, B1, C, C1).

Olfactometry. Prior to treatment, each mouse met the response criterion in 60 – 100 trials on
each odor detection task. After treatment, saline treated and Zn+ mice had high accuracy
scores on each odorant on which they were tested (Figure 2) and most met the accuracy
criterion within the first 40 – 80 trials on each test odorant. In contrast, none of the 12 mice
in the Zn- group met this criterion (Figure 2) and scores on all tests ranged from 35% – 70%
(mean, 52%). Nine of these mice were tested repeatedly on two or more of the odorants
within the first 8 post-treatment days but showed no improvement in accuracy.

Field Potential Responses of the Vomeronasal Epithelium are Intact After Zinc Sulfate
Treatment

To assess the responsiveness of the vomeronasal epithelium, we measured the changes in
field potential measured on the surface of the vomeronasal epithelium (the
electrovomeronasalogram) evoked by odorants, putative pheromones and their Ringer’s
solution solvent. Figure 3 shows that, while there was a small decrease in response to some
of the stimuli, the vomeronasal epithelium of zinc sulfate-treated mice responded to all
stimuli tested and the between group difference for each odorant was not significant (p >
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0.2, each case). Each odorant elicited responses in both control and experimental cases that
were considerably greater than to Ringer’s solution. After Treatment with Zinc Sulfate there
is Upregulation of c-Fos in the AOB in Response to Nasal Inhalation of Urine but Not to
Urinary Volatiles.

In the MOB of saline treated controls, both liquid and vapor only exposure to female urine
elicited robust up-regulation in Fos in periglomerular cells of a large number of glomeruli,
particularly those in the ventrolateral and ventromedial areas but there was essentially no
response in the MOB of zinc sulfate-treated mice (Figure 4).

Fos positive cells were found in the AOB in all cases (Figure 5) and the difference among
groups was significant (H=16.54, p = .002). The highest mean counts were obtained for
controls exposed to urinary vapor (269.5), controls treated with liquid urine (256.9) and
experimental mice treated with liquid urine (240.2). These 3 groups did not differ from one
another (H=1.32, p = 0.94) but each had significantly higher counts than controls exposed to
only to air (mean 47.3), or experimental mice exposed to urinary vapor (mean 43, p <0.008,
each case). In brief, stimulation with urinary vapor elicited up-regulation of Fos only in
saline-treated mice.

Zinc Sulfate Treatment Blocks Intermale Aggression
Prior to treatment, each of the 12 mice attacked the intruder mouse at least once (mean 7,
range 1–12 attacks) in each of the daily 5 min tests. After treatment, the 4 saline treated
controls continued to attack the intruder at least once (mean 3, range 1–7 attacks) in each
test. In post-treatment tests the intruder showed the defensive upright posture typical of a
subordinate mouse when it was approached by the control mouse (Eisenberg, 1968). The 8
zinc sulfate treated mice did not initiate an attack on the intruder in any post-treatment test
but, on several occasions, engaged in a short bout of fighting when attacked by the intruder
mouse.

Zinc Sulfate Treatment Retards Puberty Acceleration
Mean uterine weights of ZnSO4-treated mice and saline controls were 31.8 mg and 81.9 mg,
respectively (U15 = 8.7, p <0.005). The uteri of all eight of the saline treated mice were fluid
filled with a well developed vascularity and typical of pubertal onset. The uteri of seven of
the eight ZnSO4 treated mice were threadlike with little or no fluid or vascular development
(Figure 6). The uteri of the one exceptional ZnSO4-treated mouse were similar to that of
controls and it is likely that zinc treatment of this mouse was inadequate. Mean body weight
of all mice at sacrifice was 20.3 gr and the difference in weight between groups was not
significant (p >0.1).

DISCUSSION
The present anatomical results using anterograde transport of WGA-HRP demonstrate that a
zinc sulfate lavage of the nasal cavity adequate to disrupt essentially all input to the mouse
main olfactory bulb still leaves intact connections to the accessory olfactory bulb. This
confirms and extends prior similar reports on the selective effects of zinc sulfate of McBride
et al. (2003), Keller et al. (2006a), and Martel and Baum (2007). Although the evidence that
connections to the AOB in zinc sulfate treated mice are functional is indirect, it is clearly
favorable and consistent: anterograde transport of WGA-HRP to the AOB (this study) and
expression of soybean agglutinin, which stains intact axons of vomeronasal organ neurons
terminating in the AOB (Keller et al., 2006a) is similar in treated mice and controls, there is
upregulation of cfos expression in the AOB of experimental mice in response to liquid urine
placed on the nose (this study), and EVG recordings demonstrate responses of the VON
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epithelium to presumed pheromonal and non-pheromonal odorants (this study). In brief,
syringing the nasal vault with zinc sulfate appears to be an effective method for eliminating
input to the MOB with little or no disruption of inputs to the AOB.

Our findings that, in the absence of MOB input, trained mice were frankly anosmic in
olfactometric tests using pheromonal and non-pheromonal stimuli and, as indexed by
puberty acceleration and tests of aggression, did not respond appropriately to either species
specific social cues or pheromonal stimuli are in agreement with and extend those of Keller
et al. (2006b). They found that zinc sulfate treatment in sexually experienced male mice
disrupted the detection of vapor cues and the initiation of sexual behavior when exposed to
social and pheromonal stimuli of receptive females. In a related study Mandiyan et al.
(2005) found that male mice lacking a functional cyclic nucleotide-gated channel alpha2
(CNGA2), used for odor-evoked MOE signaling, failed to mate or fight, and showed little or
no sniffing at pads wetted with male or female urine. The demonstration that, in the absence
of input from the MOE, garter snakes do not engage in tongue flick odor sampling in the
presence of prey odors (Zun & Halpern, 2003) suggests that the dependence of vomeronasal
sampling on input from the main olfactory system may be a general feature of vertebrates
with dual olfactory systems.

It has generally been assumed that reproductive behaviors initiated by pheromonal stimuli
are mediated by the accessory olfactory system and, as such, provide an index of
vomeronasal function. However, recent findings indicate that gonadotropin-releasing
hormone (LHRH) neurons in the hypothalamus receive projections from the main olfactory
bulbs (Bohem et al., 2005; Yoon et al., 2005) and that mating behavior in mice may be
unaffected in the absence of vomeronasal input (Yoon et al., 2005). Thus, it appears that at
least some reproductive behaviors induced or released by pheromones may not require the
vomeronasal system and, hence, such behaviors may not provide an index of vomeronasal
function. However, it is evident that the two pheromone dependent measures used in the
present study, puberty acceleration and aggressive behavior are mediated by accessory
olfactory system. Thus, puberty acceleration (as measured by uterine weight) is blocked by
transection of the vomeronasal nerves (Kaneko et al., 1980) or removal of the vomeronasal
organ (Lomas & Kaverne, 1982). Likewise, mouse aggressive behavior is sharply reduced or
eliminated by vomeronasal nerve transection or removal of the VNO (Maruniak, 1985;
Clancy et al., 1984; Bean, 1982) or by selective disruption of vomeronasal function (e.g.,
Stowers et al., 2002; Zufall et al. 2005; Norlin et al., 2003; Leypold et al., 2003).

These various outcomes clearly favor the hypothesis that the initiation of vomeronasal
sampling may be largely dependent upon the detection of odors of interest by the MOE.
Although it is possible that, independent of MOE activity, mice engage in spontaneous VN
sampling (e.g., Meredith, 1994), both Kervene (2004) and Luo et al. (2003) report that, in
social interactions, neurons recorded from the mouse AOB were silent until the mouse was
in physical contact with the conspecific.

Of particular interest are the findings of an augmented Fos response in the AOB of male
mice when exposed to the odor of an oestrous female but not to that of an intact male or
ovariectomized female (Muroi et al., 2006) and an enhanced Fos response to AOB
projection targets in female mice when exposed to opposite sex but not same sex odors
(Martel & Baum, 2009). Thus, an alternate possibility explaining the absolute requirement
for MOB function in AOB responses in our studies could be that MOB gated AOB function
on or off through centrifugal fibers from the medial amygdala or that the responses of AOB
to urine are directly mediated by the centrifugal input from the medial amygdala.
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Additional, albeit indirect, support for the proposed primacy of MOE input for the initiation
of VON sampling is the greater access of the main olfactory epithelium to airborne odor
molecules. Thus, during odor sampling, sensory neurons in the MOE would probably be
activated earlier than those in the VON. Although there appears to be no direct evidence for
this, Xu et al. (2005), in an fMRI study of the mouse, found that the maximal response to an
odor stimulus in the AOB followed the peek response in the MOB.

If VNO sampling is dependent upon signals from the MOE then there must be anatomical
connections between them. Although there are no known connections between the two
sensory epithelia, Larriva-Sahd (2008) found that main and interstitial neuron of the
accessory olfactory bulb receive inputs from fibers arising from the main olfactory bulb but,
interestingly, no evidence for a reciprocal connection. In addition, axonal tracing studies
have demonstrated centrifugal projections to the AOB from medial amygdala targets of the
MOB (Martel & Baum, 2009). The two systems also have convergent inputs at more central
olfactory structures, connections that appear to be conserved as they appear in both reptiles
(Martínez-Marcos et. al., 2002) and rodents (Pro-Sistiaga et al., 2007). Pro-Sistiaga et al.
(2007) suggest that areas of convergence, including the nucleus of the lateral olfactory tract,
anterior cortical, anterior ventral, medial and ventral anterior nuclei of the amygdala, and the
bed nucleus of the accessory olfactory tract, be considered ‘mixed chemosensory structures’
which could mediate interactions between the two systems.

Evidence contrary to the conclusion that sampling by the VNO requires input from the main
olfactory system are the results from two studies suggesting that VN sampling may occur in
the absence of input to the MOE. Trinh and Storm (2003) report that type-3 adenylyl cyclase
knockout mice (AC3−/−) and those treated with zinc sulfate could detect some but not all
odors used and concluded that detection was mediated by the VN system in the absence of
input from the MOE. However, Lin et al. (2004) demonstrated that at least some odorants
are detected by a cAMP-independent pathway in the MOE. In their study, odors detected by
CNGA2 knockout mice produced EOG responses in the MOE, resulted in upregulation of
Fos in some glomeruli in the posterior MOB, and that these glomeruli were among the few
that expressed tyrosine hydroxylase in these knockouts. Thus, it is unlikely that elimination
of a cAMP pathway blocks all input to the MOB.

Also, in contrast to Trinh and Storm (2003), Lin et al. (2004) found that zinc sulfate treated
mice were anosmic to all tested odors. The effectiveness of a nasal lavage with zinc sulfate
to disrupt connections between the MOE and MOB is critically dependent upon
concentration, volume and time after treatment (McBride et al., 2003). Although both
studies used the same concentration of zinc sulfate (.17M), Trinh and Storm used only half
the volume (25ul) shown by McBride et al. (2003) and Slotnick et al. (2007) to produce
virtually complete disruption of input from the MOE for at least several days after treatment.
Even at a 50 ul volume, some mice are able to detect odors within 4–5 days (McBride et al.,
2003) and, in the present study, one mouse treated with 50 ul and each of three mice given
only 30 ul of zinc sulfate were not anosmic when tested 3 days after treatment. Thus, it
seems likely that the zinc sulfate treatment used by Trinh and Storm did not block all input
to the MOB in their behaviorally tested mice.

The only other evidence in support of odor detection by the VN system in the absence of
input from the MOE is that of Ma et al. (2002) who report that OMP-nitroreductase
transgenic mice treated with the pro-drug CB1954 appeared anosmic to airborne odors in
habituation-dishabituation tests but showed the VN-dependent pregnancy blocking effect
when exposed to pheromonal stimuli of males from another strain. However, the
experimental treatment in that study did not completely block all input from the MOE to the
MOB and the habituation test used is a less sensitive measure of odor detection and
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discrimination than is reinforcement training (e.g., Linster et al., 2002; Slotnick &
Schellnick, 2002).

In general, attempts to demonstrate VNO function in the absence of input from the MOE
require not only behavioral tests sufficiently sensitive to demonstrate frank anosmia but also
complete interruption of inputs to the MOB. The latter is particularly important because it is
now clear that there may be considerable savings in odor detection and discrimination after
extensive but still subtotal destruction of the MOE (McBride et al., 2003; Setzer & Slotnick,
1998; Slotnick, 2007; Youngentob et al., 1997) or extensive lesions of the olfactory bulbs
themselves (Lu & Slotnick, 1998).

Conclusions
The present results together with the studies of the Baum group, provide strong evidence for
the contention that, in mice, activation of the VNO-AOB system by chemosensory signals
from conspecifics requires prior detection of such signals via the MOE-MOB system. By
extension, these results suggest that, at least in the mouse, activation of the VNO pump is
initiated only after detection of appropriate signals by the MOE.
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S+ positive stimulus

S− negative stimulus
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Figure 1.
Photomicrographs of frontal sections through the olfactory bulb of a saline treated control
(A, A1) and a ZnSO4 treated mouse (B, B1, C, C1) showing anterograde transport of WGA-
HRP. Medial is to the left and dorsal is to the top. As shown in A, all glomeruli in saline
treated mice were filled with dense WGA-HRP reaction product. In mice of the Zn- group
WGA-HRP reaction product was observed only in the vomeronasal nerve (labeled N in B1
and C1) and the AOB (C, C1). A1, B1, and C1 show details of the areas outlined in the A,
B, and C figures.
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Figure 2.
Mean correct responses in the first 60 post-treatment odor detection tasks for saline treated
mice, ZnSO4 treated mice that had some remaining input to MOB glomeruli (Group Zn+),
and ZnSO4 treated mice that had WGA-HRP reaction product only in the AOB (Group Zn
−). EA: ethyl acetate. 2-H: 2-heptanone. U: urine. MB: methyl benzoate. Percent values are
the percent dilutions of odorants.
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Figure 3.
Peak mean EVG response and range of responses to different stimuli in experimental (open
bars) and control mice (shaded bars). Urine was C57BL/6 female urine diluted 1:200 in
Ringers. All other odorants were dissolved in Ringers at 100 µM. EA: ethyl acetate. MB:
methyl benzoate. 2-Hep: 2-heptanone. DMP: 3,5-dimethylpyrazine. Control scores based on
3 mice and numbers in open bars represent the number of experimental mice used.
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Figure 4.
Photomicrographs showing c-Fos expression in the glomerular region from the ventromedial
area of the MOB in a ZnSO4 treated (A) and saline treated mouse (B). Little or no Fos
expression was found in the MOB in Zn- mice. G: glomerular layer. EP: external plexiform
layer. M: mitral cell layer. GR: granule cell layer. Calibration bar: 50 microns.
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Figure 5.
Representative sagittal sections showing c-Fos expression in mitral and granule cells of the
accessory olfactory bulb. A and B, saline control mice exposed to female urine placed on
external nares (A) or only to urinary vapor (B). C and D, ZnSO4 treated mice exposed to
female urine placed on external nares (C) or only to urinary vapor (D). GR: granule cell
layer. M: mitral cell layer. GL: glomerular cell layer. Calibration bar: 100 microns.
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Figure 6.
Uteri from zinc sulfate treated (A) and control (B) juvenile mice after exposure to sexually
mature male mice. Scale bar: 1mm

Slotnick et al. Page 19

Eur J Neurosci. Author manuscript; available in PMC 2013 August 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


