
Accessory and main olfactory systems influences on predator
odor-induced behavioral and endocrine stress responses in rats

Cher V. Masini, Robert J. Garcia, Sarah K. Sasse, Tara J. Nyhuis, Heidi E.W. Day, and Serge
Campeau
Department of Psychology and Neuroscience & Center for Neuroscience, University of Colorado,
Boulder, CO 80309, USA

Abstract
Exposures to predator odors are very effective methods to evoke a variety of stress responses in
rodents. We have previously found that ferret odor exposure leads to changes in endocrine hormones
(corticosterone and ACTH) and behavior. To distinguish the contributions of the main and accessory
olfactory systems in these responses, studies were designed to interfere with these two systems either
independently, or simultaneously. Male Sprague-Dawley rats were treated with 10% zinc sulfate
(ZnSO4), which renders rodents anosmic (unable to smell) while leaving the accessory olfactory
areas intact, or saline, in experiment 1. In experiment 2, the vomeronasal organs of rats were
surgically removed (VNX) to block accessory olfactory processing, while leaving the main olfactory
system intact. And in the 3rd experiment both the main and accessory olfactory areas were disrupted
by combining the two procedures in the same rats. Neither ZnSO4 treatment or VNX alone reliably
reduced the increased corticosterone response to ferret odor compared to strawberry odor, but in
combination, they did. This suggests that processing through the main or the accessory olfactory
system can elicit the endocrine stress response to ferret odor. VNX alone also did not affect the
behavioral responses to the ferret. ZnSO4 treatment, alone and in combination with VNX, led to
changes in behavior in response to both ferret and strawberry odor, making the behavioral results
less clearly interpretable. Overall these studies suggest that both the main and accessory olfactory
systems mediate the neuroendocrine response to predator odor.
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1. Introduction
The presentation of predators or cues associated with them elicits increases in the stress
hormones, corticosterone and adrenocorticotropin (ACTH), defensive behavioral responses,
and autonomic nervous system activation [8,9,11–14,16,25,26,32,36]. Predators and their cues
offer a unique model to study stress and anxiety, and this class of stimuli have been suggested
as important models to study the development of mood disorders. Predator stress may model
aspects of PTSD including changes in hypothalamic-pituitary-adrenal axis function,
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widespread central nervous system effects, and long-term anxiety-like behavior [1–3]. There
are several advantages for the use of predators and especially their associated cues for the study
of stress and anxiety. Predator odor itself is not noxious and does not cause physical pain [7,
10,32]. This is a significant advantage when studying the neural circuitry underlying stress/
anxiety responses.

It has been suggested that predator odors are processed through a pheromonal, allomonal, or
kairomonal pathway [6,13,31,39,48–50]; these odors activate the vomeronasal organ (VNO),
which sends afferents to the accessory olfactory bulb (AOB) and ultimately project to the
posteroventral, anterodorsal, and posterodorsal medial amygdala, among others, which are
considered the ‘vomeronasal amygdala’ [18,19,23,33,37]. McGregor and colleagues (2004)
found higher Fos protein immunoreactivity in the posterior AOB and posteroventral medial
amygdala after cat odor compared to control odor exposure, but additionally reported higher
Fos levels in the glomerular layer of the main olfactory bulb in the cat odor-exposed compared
to control-odor exposed rats [31]. Likewise, higher c-fos mRNA expression was found in the
posteroventral and posterodorsal medial amygdala after ferret odor exposure compared to a
control odor exposure, but ferret odor exposed rats also had significantly higher levels of c-
fos mRNA in several regions generally considered to be part of the main olfactory system,
including the piriform cortex [25]. Traditionally, pheromones were thought to be processed
exclusively by the accessory olfactory system, but recent studies have shown that the main
olfactory system is also activated by known pheromonal odors [17,20,22,38,51], and the
accessory olfactory system has been found to be reactive to non-pheromonal odors as well
[41,44]. These recent findings lead to the conclusion that immediate-early gene expression
alone may not provide the answer to the question of whether the main or accessory olfactory
system independently or in combination mediate the effects of predator odors. The
immunohistochemical and in situ hybridization techniques used only show that predator odors
may be detected by these two olfactory systems. The techniques do not distinguish whether it
is the accessory olfactory or main olfactory bulb activation that functionally induces the
constellation of responses elicited by predator odors. A recent study in mice suggests that the
dorsal (D1) domain of the main olfactory bulb mediates some of the effects of predator odors
[20]; unfortunately, no functional data were presented with regard to putative activation, or
lack thereof, of the accessory olfactory system with predator odor exposure in these specific
olfactory knock-out mice.

The goal of the present study therefore, was to distinguish the contributions of the main and
accessory olfactory systems in the defensive behavioral and neuroendocrine responses, as
measured with plasma corticosterone levels, to ferret odor by blocking these two systems
independently, or simultaneously. In our laboratory we have demonstrated that the fur/skin
odor from a ferret is a highly potent stimulus that has long-lasting effects on behavior, HPA
axis, and autonomic responses [9,25,26]. Zinc sulfate (ZnSO4), which renders rodents anosmic
while leaving the accessory olfactory areas intact, was used to temporarily disrupt main
olfactory processing. Accessory olfactory processing was disrupted by surgically removing
the vomeronasal organ. Defensive behavioral responses to a ferret odor stimulus were
examined in a defensive withdrawal paradigm and plasma corticosterone response was
examined in a home cage exposure paradigm. Surprisingly, neither manipulation alone reliably
reduced the neuroendocrine and behavioral responses, suggesting that both systems can
independently contribute to predator odor-induced responses. Some of these data have been
presented in abstract form [27,28].
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2. Methods
2.1. Experiment 1

2.1.1. Subjects—Forty-eight male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing
200 – 250 g at the time of arrival to the colony were used. They were group-housed (4 / cage)
in a room kept on a controlled light-dark cycle (lights on 7:00 a.m. and off 7:00 p.m.) under
constant humidity and temperature conditions. The rats were acclimated to the animal colony
for a period of 7 days after arrival from the supplier, prior to any experimental manipulation.
Rats were provided with food (rat chow) and water ad libitum. All procedures were reviewed
and approved by the Institutional Animal Care and Use Committee of the University of
Colorado and conformed to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

2.1.2. Zinc sulfate treatment—One day before anosmia and behavioral testing, the rats
were treated with zinc sulfate (ZnSO4), to render them anosmic (n = 22), or saline (n = 18), as
a control procedure. The rats were anesthetized with halothane and placed on their backs on
an inclined surface with their heads facing downward. A curved 20-gauge syringe was put into
the pharynx at the caudal end of the palate and slowly retracted rostrally to allow the tip to
enter the nasal cavity via the posterior choanae. ZnSO4 (10% w/v in 0.9% saline; Ricca
Chemical Co., Arlington, TX) was slowly perfused until a few drops were seen draining out
of the external nares. The mouth of the rat was aspirated to remove saliva and excess solution
during the procedure and during recovery from the anesthesia to prevent swallowing that could
lead to sickness or death [5]. The sham-treated control rats were anesthetized and the nasal
cavity perfused with saline instead of zinc sulfate. Post-treatment, all rats were individually
housed in polycarbonate plastic cages (49.5 × 27.9 × 20.3 cm).

2.1.3. Anosmia testing—The next morning, to ensure that the rats were anosmic after
ZnSO4 treatment, a cookie-finding task was administered. An Oreo cookie with a diameter of
4.5 cm (Nabisco), which the rats were previously familiarized with during acclimation to the
animal colony, was placed in a polycarbonate plastic cage (49.5 × 27.9 × 20.3 cm) and
woodchip bedding poured on top of the cookie and spread in the cage to a depth of 3 cm. A rat
was placed in the middle of the cage and a stopwatch started. If the ZnSO4 treated rat did not
actively find the cookie in 10 minutes, the rat was considered anosmic and included in the
study. Previous studies have revealed that normal rats typically find the cookie within 2 minutes
[24].

2.1.4. Odor Stimuli—Ferret odor was collected by placing a small hand towel in a cage with
breeding adult ferrets for approximately 1 month (courtesy Mile High Ferret Club). The towel
was cut into 5 × 5 cm squares and kept in an −80° C freezer until use. The towels were then
thawed in a glass bell jar for 30 min before use. Strawberry odor was used as a novel control
odor [25,26]. Towels were scented with strawberry odor by pipetting 100 μl of strawberry
extract (McCormick & Co., Inc., Hunt Valley, MD) onto clean 5 × 5 cm towels.

2.1.5. Behavior Testing—The rats were previously habituated to the defensive withdrawal
apparatus by placing each rat in the open field for 10 min on three consecutive days at
approximately the same time each day. The apparatus consisted of a 58 × 58 × 39 cm Plexiglas
open field chamber with a metal 29 × 20 × 14 cm chamber in one corner with an opening on
the long side that is 9 cm wide and 8 cm tall. The floor and sides of the open field were black
and white tape was used to delineate 16 equal sized squares on the floor, of which the smaller
chamber occupies 2 full squares and half of two squares. The room that contains the apparatus
was dimly lit by a 75-watt red light bulb and white noise (60 dB Sound Pressure Level) was
provided by an AM7 Grass Medical Instruments audio monitor (Quincy, MA).
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The rats were tested the evening after ZnSO4 or saline treatment after anosmia testing during
the rats’ dark phase. A piece of towel (ferret or strawberry odor) was taped to the floor of the
open field diagonally opposite the withdrawal chamber. The rat was placed in the open field
chamber, across from the withdrawal chamber and behavior was videotaped (Sony VHS
recorder) for 10 min by a Panasonic WV-BP130 video camera (Ontario, Canada) that was
mounted directly above the apparatus (approximately 2.4 meters). An additional control group
with naïve rats that had neither zinc sulfate nor saline treatment (n = 8) were placed in the
defensive withdrawal paradigm without any towel stimulus to determine normal behavior
without an odor influence.

Two researchers blind to the experimental conditions analyzed the videotaped behavior.
Behaviors analyzed included: time spent in withdrawal chamber (seconds), time spent in the
corner containing the towel (front paws in towel square), and number of rears (front paws leave
floor). The scores of the two researchers were averaged. Scorers normally achieve a level of
95 – 99% agreement depending on the measure.

2.1.6. Home cage odor exposures—Immediately following behavior testing, the rats
were placed back in their individual home cages, which were then placed in wood sound-
attenuating chambers over night (kept on the same light cycle) to avoid manipulation and
transport of the rats immediately prior to odor exposure. The next morning (rats’ light/inactive
phase), 4 pieces of towel (ferret or strawberry odor) were carefully placed in each corner of
the cages without disturbing the rats by hooking the towels to the wire cage lid with paper clips,
so the towels hung inside the cage approximately 5 cm from the floor. Rats were exposed to
the opposite odor in their home cage as they had been exposed to in the defensive withdrawal
paradigm, so that each rat received each odor once. Immediately following the 30 min towel
exposure, the rats were taken to an adjacent room, decapitated, and trunk blood was collected.

2.1.7. Corticosterone ELISA—Blood was collected into ice-chilled tubes containing
EDTA (20 mg/ml). Blood samples were then centrifuged at 2000 rpm for 10 min, the plasma
pipetted into 0.5 ml Eppendorf microcentrifuge tubes, and stored at −80° C until assayed. The
corticosterone assay was performed according to the manufacturer’s instructions (kit #901-097
– AssayDesigns, Ann Arbor, MI). Levels were then quantified on a BioTek Elx808 microplate
reader and calculated against a standard curve generated concurrently.

2.1.8. Data analysis—Corticosterone data was analyzed using multivariate analyses of
variance (MANOVA; Pillai’s Trace) with treatment (ZnSO4 or saline) and odor (ferret or
strawberry) as the between-subjects factors. Behavioral data were analyzed using multivariate
analyses of variance (MANOVA; Pillai’s Trace) with treatment (ZnSO4, saline, or no
treatment) and odor (ferret, strawberry, or no odor) as the between-subjects factors. Post-hoc
comparisons were made using a Bonferroni test (p < 0.05).

2.2. Experiment 2
2.2.1. Subjects—Thirty-six male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing
200 – 250 g at the time of arrival to the colony were used. Animals were housed as described
in Experiment 1.

2.2.3. Vomeronasal organ removal surgery (VNX)—At least one week before testing,
rats had their vomeronasal organs (VNO) surgically removed. The surgical procedure for the
removal of the VNO was adapted from Wysocki and Wysocki (1995) [51]. The rats were
anesthetized with an intramuscular injection of a solution of xylazine (60 mg/kg) and ketamine
(21 mg/kg). The rats were then placed ventral side up, the lower jaw of the rat was retracted
and an incision was made in the palate just caudal to the incisors to the second palatal ridge
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using a drill. When the VNO was visualized under a dissecting microscope (Leica MZ6) it was
removed with micro-forceps. Throughout the surgery blood was gently aspirated. The cavity
was filled with GelFoam (UpJohn, Kalamazoo, MI) to arrest bleeding and the soft palatal tissue
sutured back. The sham-operated control rats were drilled and sutured but the VNO was not
removed.

2.2.4. Behavior & home cage testing—One week following surgery, defensive
withdrawal behavior and home cage towel exposure testing were conducted as described in
Experiment 1. The one difference in the procedure was that blood was collected via tail nicks
after the 30 min home cage towel exposure, instead of collecting trunk blood, to allow for later
VNX verification. Data was collected and analyzed in the same way as described in Experiment
1 using multivariate analyses of variance (MANOVA; Pillai’s Trace) with treatment (VNX or
Sham surgery) and odor (ferret or strawberry) as the between-subjects factors. Post-hoc
comparisons were made using a Bonferroni test (p < 0.05). Data from the additional naïve/no
surgery control rats (from experiment 1) that were tested in the defensive withdrawal paradigm
without any odor towel stimulus were used for comparison purposes as an indicator of normal
behavior without odor influences in the paradigm.

2.2.5. VNX histological verification—One week after the home cage towel exposure, the
rats were given an additional 30 min ferret towel exposure. Sixty minutes after the end of the
odor exposure, the rats were given an intraperitoneal overdose of sodium pentobarbital (1 mL).
They were then perfused transcardially with ice-cold solutions of 100 ml of 0.9% saline
containing heparin, and then by 500 ml of 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4). In general, after removal of the brains from the cranial cavity, they were postfixed
for 60 min in the same 4% paraformaldehyde solution at 4°C, and then placed in a 10% sucrose/
0.1 M phosphate buffer/heparin solution at 4°C until the brains sank. The perfused brains were
sectioned (30 μm) through the accessory olfactory areas for both soybean agglutinin –
horseradish peroxidase (SBA-HRP) staining and Fos immunohistochemical (IHC)
verification.

The SBA-HRP staining procedure used was adapted from Wysocki & Wysocki (1995) [52].
Briefly, the slides were rinsed in 0.1 M phosphate buffered saline (PBS), incubated in a 1%
hydrogen peroxide solution for 40 min, and then 75 μl of 15 μg/mL SBA-HRP solution (Sigma
#L2650) was pipetted over each slide and incubated at room temperature for 3 hours. The tissue
was then rinsed again with PBS. Slides were then placed in chromagen 3,3′-diaminobenzidene
(DAB) and hydrogen peroxide (Vector Laboratories, Burlingame, CA) solution for
approximately 4 minutes and then rinsed with water. The slides were air-dried and then
coverslipped with Permount (Fisher Scientific). A complete VNX leads to a loss of staining in
the AOB. VNX and a random sample of sham-operated controls were processed together for
comparison.

Fos immunohistochemistry was also employed as an additional verification method for the
VNX surgery. All incubations were carried out with gentle agitation at room temperature.
Sections were washed in 0.1 M phosphate buffered saline (PBS) between incubations in
different solutions. Sections on the slides were first washed and then incubated in a 0.1 M PBS
solution containing 0.3% hydrogen peroxide for 30 minutes. Slides were then blocked for 20
minutes each in avidin and biotin blocking solutions (blocking kit #SP-2001, Vector
Laboratories, Burlingame, CA). After a 1-hr incubation in the immunohistochemical diluent
(0.1 M PBS containing 0.25% carageenan lambda and 0.5% Triton X-100), slides were
incubated in the immunohistochemical diluent containing a polyclonal rabbit antibody against
Fos (SC-52; 1:8,000; Santa Cruz Biotechnology, Santa Cruz, CA) 40 – 50 hours at 4° C. Slides
were then incubated in a solution containing the appropriate biotinylated secondary antibody
(1:500 goat anti-rabbit; Vector Laboratories, Burlingame, CA) for 2 hours and then with the
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ABC complex (Vectastain Elite ABC peroxidase kit; Vector Laboratories, Burlingame, CA)
for 2 hours. A peroxidase reaction was then performed using the chromagen 3,3′-
diaminobenzidene (DAB) and hydrogen peroxide to form a brown precipitation product.
Adjacent Fos labeled slides and SBA-HRP slides were examined together (see Figure 1 for
example of complete VNX lesion). Additionally, Fos labeled cells were counted and calculated
per mm2 using a Zeiss Z1 Axioimager microscope and AxioVision 4.7 software in both the
main olfactory granular cell layer (immediately lateral to the internal plexiform layer of the
olfactory bulb) and accessory olfactory bulb (small cell group ventral to the lateral orbital
cortex) near 5.20 mm anterior from bregma (see Figure 2) according to Paxinos and Watson
(1998) [35]. These regions correspond to areas previously reported to contain Fos-labeled cells
in response to cat odors [31].

2.3. Experiment 3
Twenty-eight male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 200 – 250 g at
the time of arrival to the colony were used. Experiment 3 was carried out exactly as described
in Experiment 2 with one exception; all rats (VNX and sham-operated controls) were
additionally treated with ZnSO4 before testing, as described in Experiment 1. Again the
additional no surgery control group (from experiments 1 and 2) was included to visually
compared normal defensive withdrawal behavior without odor influences to the experimental
groups behavior.

3. Results
3.1. Experiment 1

To test for anosmia, a cookie-finding task was employed. Saline treated rats (n = 18) found the
buried cookie in an average of 81.667 seconds (+/− 11.864 SEM) and all of these rats found
the cookie in less than 3.5 minutes. ZnSO4 treated rats that found the cookie before the
conclusion of the 10-minute (600 sec) test were excluded from the study.

Defensive behavioral responses to ferret or strawberry odors were examined following
ZnSO4 or saline treatments. These responses were also examined in naïve rats in the defensive
withdrawal paradigm without any odor stimulus to determine normal responses. An overall
MANOVA on the behaviors revealed significant main effects of odor: F(3,37) = 6.771, p =
0.001, treatment: F(3,37) = 19.165, p = 0.0001, and an interaction, F(3,37) = 4.160, p = 0.012.
Individual ANOVAs uncovered an odor effect on time spent in chamber: F(1,39) = 10.048,
p = 0.003, time spent near towel: F(1,39) = 19.209, p = 0.0001, and rears: F(1,39) = 5.601, p
= 0.023. The same ANOVAs also uncovered treatment effects for time spent in chamber: F
(1,39) = 51.348, p < 0.0001, time spent near towel: F(1,39) = 17.871, p = 0.0001, and rears: F
(1,39) = 15.191, p = 0.0001. And, significant interaction effects were found for time spent in
chamber: F(1,39) = 6.624, p < 0.014 and time spent near towel: F(1,39) = 11.814, p = 0.001.
Post-hoc analyses revealed that saline treated rats exposed to strawberry odor spent less time
in the withdrawal chamber than ZnSO4 treated, ferret odor, and no odor exposed rats
(Bonferroni, p < 0.05), see Figure 3 panel A. Saline treated rats exposed to strawberry odor
also spent significantly more time near the towel and reared more than the other groups
(Bonferroni, p < 0.05), see Figure 3 panels B and C.

Plasma corticosterone responses to ferret or strawberry odors were examined following
ZnSO4 or saline treatments. An overall univariate ANOVA on plasma corticosterone levels
revealed significant main effects of odor: F(1,33) = 18.450, p = 0.0001 but no treatment effect:
F(1,33) = 1.847, p = 0.183, or interaction, F(1,33) = 0.654, p = 0.424. Figure 4 shows that
strawberry odor exposed rats had lower plasma corticosterone levels compared to ferret odor
exposed rats, regardless of ZnSO4 or saline treatment (Bonferroni, p < 0.05).
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3.2. Experiment 2
The complete removal of the vomeronasal organs were verified using SBA-HRP staining and
additionally by examining the lack of ferret odor induced Fos protein expression in the AOB.
Table 1 displays the means (+/− SEM) cell counts of VNX and sham rats from experiments 2
and 3. The brains of randomly chosen sham-operated controls were collected, therefore the n’s
of the Fos counts do not correspond precisely with the behavioral and corticosterone results,
but provide a close approximation to the Fos results for that group. VNX rats displayed
significantly less ferret odor induced Fos expression in the AOB compared to the sham operated
control rats: t(25) = 6.481, p < 0.00001. Sixteen out of 21 VNX rats were deemed complete
VNX and used in the statistical analyses.

In Experiment 2, defensive behavioral and plasma corticosterone responses to ferret odor or
strawberry odor were examined following vomeronasal organ removal or sham surgery to
determine the effects of accessory olfactory disruption. An overall MANOVA revealed a
significant main effect of odor (ferret or strawberry): F(5,23) = 11.051, p = 0.0001 but not
treatment (VNX or sham surgery): F(5,23) = 1.847, p = 0.143 or interaction, F(5,23) = 1.372,
p = 0.271. Additional significant ANOVAs on odor were found for time spent in chamber: F
(1,27) = 20.461, p = 0.0001, time spent near towel: F(1,27) = 21.986, p = 0.0001, rears: F
(1,27) = 21.476, p = 0.0001, and corticosterone response: F(1,27) = 18.750, p = 0.0001. Ferret
odor exposed rats (both VNX and sham surgery) compared to strawberry odor exposed rats
spent more time in the withdrawal chamber (Fig. 5A), spent less time with the towel (Fig. 5B),
and reared less (Bonferroni, p’s < 0.05; Fig. 5C). Likewise, ferret odor exposed rats displayed
higher plasma corticosterone responses than strawberry odor exposed rats, regardless of
surgery (Bonferroni, p < 0.05), as shown in Figure 6.

3.3. Experiment 3
Complete vomeronasal organ removal was verified using SBA-HRP staining and significant
reduction of ferret odor induced Fos protein expression in the AOB was observed (means (+/
− SEM) cell counts shown in Table 1). Nine out of 16 VNX were deemed complete VNX and
used in the statistical analyses.

In this experiment, both accessory and main olfaction pathways were disrupted by combining
the vomeronasal organ surgery and ZnSO4 treatment in some rats. In this experiment, an overall
MANOVA on behaviors and plasma corticosterone levels revealed a significant main effect
of treatment (Zn/VNX or Zn/sham surgery): F(13,5) = 9.286, p = 0.011 but not odor (ferret or
strawberry): F(13,5) = 0.515, p = 0.845, or interaction effects, F(13,5) = 1.354, p = 0.392.
Significant individual ANOVAs for odor and treatment were only found for the corticosterone
response: F(1,17) = 10.437, p = 0.005 and F(1,17) = 5.703, p = 0.029, respectively (see Figure
7 for behavior). Combined VNX and ZnSO4 treatment significantly decreased the
corticosterone response to ferret odor (Bonferroni, p = 0.033; Fig. 8).

4. Discussion
These studies were designed to identify the olfactory system/s that is/are necessary for the
detection of predator odors that leads to the ferret odor-evoked HPA axis and behavioral
responses in rats. Experiment 1 utilized intranasal ZnSO4 treatment to render the rats anosmic.
When used properly, ZnSO4 treatment leads to a temporary, about 3 to 5 days, but complete
degeneration of the olfactory epithelium [4,5,30,43,47]. A cookie finding test was utilized
before behavioral and endocrine response testing to ensure that the rats were anosmic. Ferret
odor exposed saline treated rats compared to saline treated rats exposed to strawberry odor
spent more time in the defensive withdrawal chamber (hide box) and less time with the towel
stimulus, as expected. They also reared (front paws leaving floor) less, which may be
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interpreted as a reduction in exploration or locomotion. But ZnSO4 treated rats that were tested
with a strawberry odor towel also spent significantly more time in the hide box and less time
near the towel and rearing. Because normal rats placed in the defensive withdrawal paradigm
without any odor stimulus (NO/NO ODOR group) also spend more time in the withdrawal
chamber and less time in the area where an odor stimulus would have been placed, this leads
us to believe that anosmia reduced interest in the environmental stimulus (strawberry odor
towel) rather than enhanced basal defensive behaviors in the ZnSO4 treated rats. The home
cage exposure paradigm is used to determine the neuroendocrine response to towels that cannot
be avoided because of the limited space in the home cage. When exposed to strawberry odor
towels for 30 min, saline and ZnSO4 treated rats exhibit relatively low levels of plasma
corticosterone, as previously seen in normal rats [25,26]. Plasma corticosterone is routinely
used as an indicator of hypothalamo-pituitary-adrenocortical (HPA) axis activation and
therefore, an important component of the stress response [15,21,42]. Ferret odor compared to
strawberry odor exposure, in both saline and ZnSO4 treated rats, led to significantly higher
levels of plasma corticosterone. This suggests that main olfactory disruption does not block
the ferret odor induced endocrine stress response.

Experiment 2 tested the effects of vomeronasal organ removal (VNX) on ferret odor induced
stress responses. The vomeronasal sensory neurons, originating in the vomeronasal organ,
project to the accessory olfactory bulb (AOB), the neurons of which then relay information to
the limbic areas of the brain [23,33,37,40,46]. The traditional view that vomeronasal/accessory
olfaction is solely involved with the detection of pheromones has been debated in recent years
(see review of literature [38]). To test the role of this system on responses to predator odor, the
vomeronasal organ was removed in rats. Rats that were exposed to ferret odor, both sham
operated and VNX, spent significantly more time in the hide box and less time near the towel
stimulus than strawberry odor exposed rats. Both sham operated and VNX rats that were
exposed to ferret odor spent less time near the towel stimulus than naïve rats (NO/NO ODOR
group) spent in the area where a towel stimulus would be placed, suggesting that the VNX and
sham rats actively avoided the ferret towel. Likewise, VNX and sham operated rats exposed
to ferret odor in their home cages also displayed high plasma corticosterone responses
compared to strawberry odor exposed rats. These data suggest that disruption of the accessory
olfactory system does not independently block the ferret odor induced behavioral and endocrine
stress responses.

Because the previous studies suggested that neither main olfactory nor accessory olfactory
disruption independently blocked the ferret odor induced stress responses, it was deemed
necessary to show that the combined blockade of these systems would block the responses.
Not surprisingly, blockade of both systems severely altered behavior. There were no
differences between groups (sham or VNX surgery + ZnSO4 treatment) for either odor
(strawberry or ferret) on any of the behavioral measures. Figure 7 shows that the behaviors
examined in these animals were highly variable. Zinc sulfate treatment, depending on
procedure and dose, has been shown to have effects on locomotor activity and rearing [29,
43]. The combination of both VNX and ZnSO4 treatment has not been, to our knowledge,
previously used. The combination of surgery (sham or VNX) then zinc sulfate treatment altered
behavior more than zinc sulfate treatment alone. Zinc sulfate treated rats that were exposed to
a strawberry towel (Exp. 1) spent more time in the withdrawal chamber, less time near the
towel, and displayed fewer rears compared to the sham operated zinc sulfate treated rats
exposed to a strawberry towel (Exp. 3). Likewise, the sham operated zinc sulfate treated rats
that were exposed to ferret towels (Exp. 3) exhibited similar differences in behavior from the
zinc sulfate treated rats exposed to ferret towels from Exp. 1. These procedures led to behavioral
effects independent of the odor and different from the respective single procedures alone. The
augmented corticosterone response to ferret odor compared to strawberry odor in the home
cage exposure, however, was blocked by the combined disruption of both systems. This

Masini et al. Page 8

Behav Brain Res. Author manuscript; available in PMC 2011 February 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



suggests at the very least that the neuroendocrine response to predator odor requires either both
systems or each system can independently compensate for the loss of the other.

These data strongly support the idea that the roles of the main and accessory olfactory systems
are much more complex than previously thought [17,20,22,38,41,45,51]. The two systems may
jointly contribute to the effects, or perhaps these systems have overlapping roles. Clearly, this
study reveals that both olfactory systems can mediate stress responses to predator odor.
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Figure 1.
Examples of SBA-HRP staining and Fos immunohistochemistry verification for complete
VNX and sham surgery. Note the dark staining in sham-operated rats in the accessory olfactory
bulb, which is nearly completely absent in the VNX rats.
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Figure 2.
Depiction of areas of Fos quantification in the accessory olfactory bulb (AOB; dark filled area)
and main olfactory bulb granular cell layer (GrO; gray filled rectangle) as shown in Figure 4
(bregma 5.20 mm) from Paxinos and Watson’s The Rat Brain In Stereotaxic Coordinates,
4th Edition. And whereas only the left side is depicted here with the right side displaying
anatomical nomenclature, bilateral cell counts were performed. AOB = accessory olfactory
bulb, AOD = dorsal anterior olfactory nucleus, AOE = external anterior olfactory nucleus,
AOL = lateral anterior olfactory nucleus, AOM = medial anterior olfactory nucleus, AOV =
ventral anterior olfactory nucleus, EPl = external plexiform layer of olfactory bulb, Gl =
glomerular layer of olfactory bulb, GrO = granular cell layer of olfactory bulb, IPl = internal
plexiform layer of olfactory bulb, Mi = mitral cell layer of olfactory bulb.
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Figure 3.
Graphs showing mean (+/− SEM) behavior of rats treated with saline (SAL) or ZnSO4 (ZN)
in the defensive withdrawal apparatus during exposure to ferret odor (FER) or strawberry odor
(STR) for 10 min. A: Time spent in withdrawal hide box (in seconds). B: Time spent in area
near towel stimulus (in seconds). C: Number of rears. Asterisks indicate a significant difference
from SAL/STR group (p < 0.05).
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Figure 4.
Mean plasma corticosterone (CORT; +/− SEM) for saline treated (SAL) or ZnSO4 treated (ZN)
rats exposed to strawberry (STR) or ferret (FER) odor for 30 min in their home cages. Asterisks
indicate a significant difference from ZN/STR group (p < 0.05).
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Figure 5.
Graphs showing mean (+/− SEM) behavior of sham surgery (Sham) or vomeronasal organ
removed (VNX) rats in the defensive withdrawal apparatus during exposure to ferret odor
(FER) or strawberry odor (STR) for 10 min. A: Time spent in withdrawal hide box (in seconds).
B: Time spent in area near towel stimulus (in seconds). C: Number of rears. Asterisks indicated
a significant difference from Sham/STR group (p < 0.05). ^ indicate a significant difference
from VNX/STR group (p < 0.05). Note that the NO / NO ODOR group has been reproduced
from Figure 2 for comparison purposes.
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Figure 6.
Mean plasma corticosterone (CORT; +/− SEM) for sham surgery (Sham) or vomeronasal organ
removed (VNX) rats exposed to strawberry (STR) or ferret (FER) odor for 30 min in their
home cages. Asterisks indicated a significant difference from VNX/STR group (p < 0.05). ^
indicate a significant difference from Sham/STR group (p < 0.05).
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Figure 7.
Graphs showing mean (+/− SEM) behavior of sham surgery (Sham) or vomeronasal organ
removed (VNX) rats that were also treated with ZnSO4 (ZN) in the defensive withdrawal
apparatus during exposure to ferret odor (FER) or strawberry odor (STR) for 10 min. A: Time
spent in withdrawal hide box (in seconds). B: Time spent in area near towel stimulus (in
seconds). C: Number of rears. Note that the NO / NO ODOR group has been reproduced from
Figure 2 for comparison purposes.

Masini et al. Page 18

Behav Brain Res. Author manuscript; available in PMC 2011 February 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Mean plasma corticosterone (CORT; +/− SEM) for sham surgery (Sham) or vomeronasal organ
removed (VNX) rats that were also treated with ZnSO4 (ZN) and exposed to strawberry (STR)
or ferret (FER) odor for 30 min in their home cages. Asterisks indicate a significant difference
from Sham/ZN/FER group (p < 0.05).
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Table 1

Mean Fos cell counts / mm2 (+/− SEM) in sham surgery (Sham) or vomeronasal organ removed (VNX) rats in
the accessory olfactory bulb glomerular (AOB) and main olfactory bulb granular cell layers (MOB).

AOB MOB

SHAM 399.789 (+/− 54.175) n = 10 3445.988 (+/− 326.237) n = 9
VNX 91.607 (+/− 18.371)* n = 17 2689.815 (+/− 289.208) n = 12

*
Significantly different from SHAM; t(25) = 6.481, p < 0.00001
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