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Abstract
Investigations of the neural pathways associated with responses to predators have implicated the
medial amygdala (MeA) as an important region involved in defensive behaviors. To our knowledge,
however, the involvement of the MeA in neuroendocrine responses to predator odor exposure has
not been investigated. Therefore, the present study examined the effects of MeA disruption in rats
exposed to ferret or control odor on hypothalamo-pituitary-adrenocortical (HPA) axis activation.
Bilateral lesions of the MeA were made in Sprague- Dawley rats with the neurotoxin ibotenic acid
(10 µg/µl; 0.3 µl /side). As a control for regional specificity, additional groups of rats were given
lesions in the central amygdala (CeA). One week after recovery, the rats were exposed to ferret or
strawberry control towels in small cages to examine HPA axis responses as determined by plasma
corticosterone and adrenocorticotropin hormone (ACTH) levels. Rats with complete bilateral MeA
but not CeA lesions displayed significantly less corticosterone and ACTH release compared to sham-
operated control rats only in the ferret odor conditions. These results suggest that the MeA is an
important structure involved in the HPA axis responses to predator odors, in support of previous
studies investigating behavioral responses under similar conditions.
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1. Introduction
Predators, and more specifically predator odors, provide a unique opportunity to study the
neural circuitry of unconditioned stress responses. Predators and their odors elicit increases in
the stress-related hormones, corticosterone and adrenocorticotropin hormone (ACTH),
defensive behavioral responses, and autonomic nervous system activation (Blanchard et al.,
1998, Day et al., 2004, Dielenberg et al., 1999, Dielenberg et al., 2001, Dielenberg et al.,
2004, Dielenberg and McGregor, 2001, Dielenberg and McGregor, 1999, File et al., 1993,
Masini et al., 2005, Masini et al., 2006, Masini et al, 2006, Masini, Srinidhi, et al., 2006,
McGregor et al., 2002, Perrot-Sinal et al., 1999) when presented to laboratory rats. Predator
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odors offer the ability to study the multidimensional nature of stress responses in a relatively
simple model that has the advantages of involving one sensory modality, no learning, and no
physical pain to the organism.

Research on the neuronal circuitry of the predator-evoked stress response in recent years has
mainly been focused on defensive behavioral responses. The most common behaviors
examined are immobility or freezing behavior and risk assessment postures. Research has
focused on areas in the brain that are considered part of the accessory olfactory bulb projection
system. These areas include nuclei of the amygdala (especially the medial amygdala; MeA),
hippocampus, bed nucleus of the stria terminalis (BNST), dorsal premammillary nucleus
(PMd), and the periaqueductal gray (PAG). Lesions of the medial amygdala, basolateral
amygdala, PMd, and ventral hippocampus decreased freezing behavior in rats exposed to cat
odor (Blanchard et al., 2005; Blanchard et al., 2003; Li et al., 2004, Pentkowski et al., 2006,
Takahashi et al, 2007, Takahashi et al., 2005, Vazdarjanova et al., 2001). Lesions of the PMd,
hippocampus, medial amygdala, and ventrolateral PAG also decreased defensive behavior in
response to a live cat exposure (Blanchard et al., 1972, Blanchard et al., 2005, Blanchard et
al., 2003, Canteras et al., 1997, Cezario et al., 2008, Farook et al., 2003). Temporary
inactivation of the BNST, medial and basolateral amygdala have been shown to decrease
freezing to TMT, a predator odor that is a component of fox feces (Fendt et al., 2003, Fendt et
al., 2005, Muller et al., 2006).

Whereas the majority of investigations have focused on the brain regions involved in the
behavioral defensive responses of a prey to a predator or predator odor, little attention has been
given to the regions that mediate HPA axis activation upon exposure to predators or their
associated cues (but see Kobayakawa et al., 2007). Several studies have suggested that both
the long-term and short-term effects of predator exposure have similarities to post-traumatic
stress disorder (PTSD) in humans (Adamec, 1997; Adamec et al.,1998; Adamec et al., 2007).
Predator stress may model aspects of PTSD including disturbances in HPA axis function found
in humans (see reviews: De Kloet et al., 2006; Meewisse et al., 2007). Activation of the HPA
axis leads to the release of ACTH and its downstream target, corticosterone, in rats. These
hormones are routinely used as a primary indicator of an acute stress response (Endroczi,
1983, Levine, 2000, Selye, 1956). Plasma corticosterone and ACTH levels are elevated after
exposures to predators and their odors (Blanchard et al, 1998, Day et al., 2004, Masini et al.,
2005, Perrot-Sinal et al., 1999, Roseboom et al., 2007), but the neural circuitry implicated in
these responses has not been assessed in rats. The present study examined these neuroendocrine
responses to predator odor.

The medial amygdala has been implicated in both the behavioral and neuroendocrine responses
to psychological stressors in general (Dayas et al., 1999, Feldman et al., 1994). And more
specifically, it has been implicated in responses to predators and their odors. The dorsal division
of the MeA has been posited to be related to neuroendocrine and autonomic functions, while
the ventral division has been associated with reproductive and agonistic behaviors (Canteras
et al., 1995, Dielenberg et al., 2001, Halpern, 1987, Martinez-Marcos et al., 1999, Risold et
al., 1997). The MeA receives projections from both the accessory and main olfactory bulbs
(Canteras et al., 1995, Coolen et al., 1998, Gomez et al., 1992, Martinez-Marcos et al., 1999,
Meredith, 1998, Pro-Sistiaga et al., 2007) and therefore may play roles in predator odor-evoked
responses. The MeA has dense projections to the hippocampus, BNST, anteroventral
periventricular nucleus of the hypothalamus, medial preoptic nucleus, ventromedial nucleus
of the hypothalamus, and the ventral premammillary nucleus (Canteras et al., 1995). Because
many of these regions also project to the paraventricular nucleus of the hypothalamus, the MeA
is in an excellent position to be a relay for HPA axis activation by predator odor.
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In laboratory settings, both live ferrets and ferret skin/fur odor are effective at eliciting predator-
prey responses, increasing plasma corticosterone and ACTH and eliciting behavioral changes
in rats that are indicative of a state of fear (Anisman et al., 1997, Masini et al., 2005, Masini
et al., 2006, McIntyre et al., 1999, Pro-Sistiaga et al., 2007, Roseboom et al., 2007). In our
laboratory we have demonstrated that the fur/skin odor from a ferret is a highly potent stimulus
that has both acute and long-lasting effects on behavior, HPA axis, and autonomic responses
(see review Campeau et al., 2008). MeA lesions disrupt defensive behavioral responses to acute
ferret odor exposure (Campeau et al., 2008). The current study, therefore, examined
neuroendocrine (corticosterone and ACTH) responses to acute ferret odor exposure following
neurotoxic lesions of the MeA. In addition, the effect of lesioning the CeA on the
neuroendocrine responses to ferret odor was determined in view of its prior associations with
learned fear responses, but its apparent lack of association with predator odor-evoked defensive
responses. Some of these data have been presented in abstract form (Masini et al., 2007) and
preliminary medial amygdala lesion data shown in review form (Campeau et al., 2008).

2. Results
A total of 15 out of 30 MeA and 13 out of 30 CeA lesions attempted were assessed as complete
and selective/specific lesions and used in the data analysis. Typically, lesions were excluded
because they were too large or only unilaterally specific. Good MeA lesions were specific to
anterior and posterior portions of the MeA and did not encroach on the basolateral amygdala
(BLA) or CeA. Good CeA lesions did not encroach the MeA and had only minimal BLA or
lateral amygdala encroachment. See Figure 1 for examples of complete lesions and Figure 2
and Figure 3 for representations of large and small lesions at levels of the Paxinos and Watson’s
The Rat Brain In Stereotaxic Coordinates 5th Edition. Data (means +/− SEM) from the excluded
lesions are displayed in Table 1 (missed MeA lesions) and Table 2 (missed CeA lesions). Means
(+/−SEMs) from missed MeA lesions that were considered “small” lesions show that the
increased hormone responses (corticosterone and ACTH) to ferret odor were not prevented
with small lesions that do not completely destroy the MeA. However, the one subject that was
found to sustain mostly a unilateral MeA lesion and was exposed to ferret odor displayed a
plasma corticosterone response that was similar to the six subjects with unilateral MeA lesions
that were exposed to strawberry odor, suggesting a prevention of the normal increased ferret
odor response. Means (+/−SEM) from missed CeA lesions that were considered “unilateral”
and “small” suggest that the increased hormone responses (corticosterone and ACTH) to ferret
odor that are normally found were not affected by these missed lesions. But “large” lesions
that also infringed upon the basolateral, lateral, and some medial amygdala led to decreased
corticosterone and ACTH responses to ferret odor, suggesting that either these areas may also
play a role in the ferret odor neuroendocrine responses, or that there was enough medial
amygdala damage to induce a deficit.

Plasma corticosterone and ACTH responses to ferret or strawberry towels were assessed in a
small cage exposure paradigm. For complete bilateral MeA lesions or sham-operated control
rats, an overall ANOVA on the corticosterone data revealed significant main effects of surgery:
F(1,30) = 7.056, p = 0.013, odor: F(1,30) = 14.743, p = 0.001, and interaction, F(1,30) = 4.162,
p = 0.050. An ANOVA on the ACTH data uncovered significant main effects of surgery: F
(1,30) = 4.210, p = 0.049, and odor: F(1,30) = 4.473, p = 0.043, but no interaction, F(1,30) =
3.074, p = 0.090. Post-hoc analyses showed that MeA lesioned rats had significantly lower
corticosterone and ACTH responses to ferret odor, as compared to sham-operated animals (as
shown in Figure 4).

An overall ANOVA on plasma corticosterone and ACTH responses following CeA lesions
uncovered a significant main effect of odor: F(1,20) = 6.365, p = 0.020 and F(1,20) = 8.802,
p = 0.007, but not surgery, F(1,20) = 2.097, p = 0.163 and F(1,20) = 0.001, p = 0.997, or
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interaction effect, F(1,20) = 0.319, p = 0.578 and F(1,20) = 0.732, p = 0.402 for corticosterone
and ACTH data, respectively. As shown in Figure 5 no significant differences between
complete bilateral CeA lesioned and sham-operated control rats exposed to ferret odor for either
plasma corticosterone or ACTH responses were found.

3. Discussion
This study examined the role of the medial amygdala (MeA) in the neuroendocrine stress
responses induced by ferret odor exposure in male rats. Neuroendocrine stress responses were
assessed following exposure of rats to ferret or strawberry odor on towels hung in small cages.
Plasma corticosterone and ACTH were examined as indices of a stress response. Sham operated
rats displayed low levels of corticosterone and ACTH in response to strawberry odor towel
exposures. In response to ferret odor towels, the sham operated control rats exhibited elevated
levels of both hormones, as has been previously found (Campeau et al., 2008, Masini et al.,
2005, Masini et al., 2006). Both MeA and CeA lesions led to similar low levels of plasma
corticosterone and ACTH, as did the sham rats, when exposed to strawberry odor for 30
minutes. MeA lesioned rats exposed to ferret odor had significantly attenuated levels of both
corticosterone and ACTH compared to sham-operated control rats. In contrast, CeA lesioned
rats exhibited elevated levels of these hormones when exposed to ferret odor compared to
strawberry odor, suggesting these lesions do not prevent the predator odor-evoked
neuroendocrine responses. It is possible CeA lesioned rats also had damage to the stria
terminalis fiber tract but damage to this bundle was not specifically evaluated given that the
CeA lesion and sham-operated control animals did not exhibit difference in their
neuroendocrine responses.

Prior reports have suggested that there may be a regional dissociation between the behavioral
and endocrine responses to predator odor exposure. For example, File and colleagues (1993)
found that rats repeatedly exposed to cat odor continued to behaviorally avoid the odor stimulus
after five presentations while the corticosterone response declined. They suggested that the
behavioral and endocrine responses reflect two separate components of a phobic or fear
response (File et al., 1993). In addition, Perrot-Sinal and colleagues (1999) concluded that
predator odor activates the HPA axis independently from behavior after finding significant
corticosterone and ACTH responses to weasel odor exposure but no locomotor changes (Pro-
Sistiaga et al., 2007). And, recent evidence in our laboratory suggests that the HPA axis
responses to ferret odor may habituate after repeated presentations, unlike the behavioral
responses, which remained stable across repeated exposures (Campeau et al., 2008). It should
be noted that most of the evidence supporting distinct pathways for different responses was
obtained from repeated predator odor exposure studies, and therefore may indicate differential
susceptibility of these distinct responses to adaptation (i.e. habituation and /or sensitization)
rather than regionally distinct pathways. With these studies in mind, we had originally
hypothesized that bilateral MeA lesions would not block HPA axis responses, since there are
no direct projections from the MeA to the paraventricular hypothalamus (Canteras et al.,
1995). The present results however, do not support this hypothesis; MeA lesions specifically
eliminated the HPA axis responses to predator odors.

Medial amygdala lesions have been found to have disruptive effects on HPA axis responses to
stressors that are psychological / emotional categorically. Some studies indicated that MeA
lesions reduced the corticosterone and ACTH responses to noise and light stressors but had no
effect on responses to ether stress, which is considered a systemic stressor (Feldman et al.,
1994). Neuroendocrine responses to restraint stress, another stressor that is considered to be
psychological, were also reduced by MeA but not CeA lesions (Dayas et al., 1999). In light of
these previous findings, it is not surprising that MeA but not CeA lesions disrupted the
corticosterone and ACTH responses to predator odor, which is also categorically
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psychological. The possibility that predator odors may be mediated unilaterally was suggested
from the finding that a rat with unilateral MeA damage also had a reduced hormonal response
to ferret odor; this possibility could be explored further in additional animals.

Together with prior results indicating reductions in defensive behaviors to predator odors
following medial amygdala lesions (Blanchard et al., 2005, Campeau et al., 2008, Takahashi
et al., 2007), the present results indicate that the MeA also mediates the neuroendocrine
responses to a predator odor. The MeA therefore appears to integrate information, from
predators and their odors, and additional situations (Dayas et al., 1999), and controls
multidimensional responses. It is conceivable that downstream outputs from the MeA
(Canteras et al., 1995) control specific responses to predators and other stressors. Using
predator odor exposure as a model may lead to a better understanding of the neural circuitry
involved in multidimensional and integrated stress responses.

4. Experimental Procedure
4.1. Subjects

Ninety 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 before 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.

4.2. Surgeries
Rats were anesthetized with halothane and placed in a Kopf stereotaxic apparatus. The skin
overlying the skull was disinfected (Betadine), an incision made, and small burr holes drilled
through the skull bone to allow penetration of the injector (Hamilton 1 µl syringe). Bilateral
excitotoxic lesions were produced by injections of 0.3 µl (for MeA lesions) or 0.1 µl (for CeA
lesions) of ibotenic acid (10 µg/µl in 0.1 M sodium phosphate buffer, pH: 7.4; Tocris
Bioscience, Ellisville, MO). The injector was lowered in the brain and left in place 5 min before
and 5 min after each injection. The flat skull coordinate system of Paxinos and Watson
(2005) was used to determine coordinates for MeA lesions: AP −3.0, ML +/− 3.3, DV −8.3
and CeA lesions: AP −2.9, ML +/− 3.9, DV −8.2. The rate of infusion was 0.05 µl/min.
Following the injections, the scalp incision was closed with surgical stainless steel wound clips,
and rats kept warm until recovery from anesthesia. The same procedure was followed for sham-
operated rats except that only the vehicle solution (0.1 M sodium phosphate buffer) was
injected. All rats were kept under close observation for any indications of weight loss or other
debilitating signs post-surgery and allowed 7 days to recover before testing.

4.3. Odor Stimuli
Ferret odor was collected by placing a small hand towel in a cage with breeding adult ferrets
for approximately 1 month. 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 (Masini et al., 2005, Masini et al., 2006).
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.
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4.4. Small cage odor exposures
One week after recovery from surgery, the rats were placed in small individual cages (28 × 18
× 14 cm), 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), 2 pieces of towel (ferret or strawberry
odor) were carefully placed at each end 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. Immediately
following the 30 min towel exposure, the rats were taken to an adjacent room, decapitated,
trunk blood collected, and the brains rapidly removed and frozen in −30° C isopentane, and
kept in a − 80° C freezer until sectioned.

4.5. 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 at 4° C, the plasma pipetted into 0.5 ml Ependorf
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.

4.6. ACTH radioimmunoassay
The ACTH assay was performed according to the manufacturer’s instructions (ACTH IRMA
Ref27130 - Diasorin, Stillwater, MN). Two hundred µl of plasma was used for this assay, and
ACTH values were quantified and calculated against a standard curve generated concurrently.
The sensitivity of the assay ranged from 1.5 to 1400 pg/ml.

4.7. NeuN Immunohistochemistry
To determine the areas of neuronal loss after the ibotenic acid lesions, neuronal nuclei (NeuN)
immmunoreactivity was examined. Frozen brains were sectioned through the amygdala with
a cyrostat (Leica 1850) at a thickness of 35 µm in the coronal plane, and thaw mounted onto
microfrost plus glass slides (Fisher, cat #12-550-19). All of the incubations were carried out
with gentle agitation at room temperature and the sections were washed in 0.1 M phosphate
buffer saline (PBS) between incubations in different solutions. The sections were first fixed in
4% paraformaldehyde for 60 minutes. Sections were washed and incubated in a 0.1 M PBS
solution containing 0.3% hydrogen peroxide for 20 minutes. Sections 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), sections were
incubated in the immunohistochemical diluent containing a mouse anti-NeuN (1:10,000;
Chemicon International, Temecula, CA) 40 – 50 hours at 4° C. Sections were then washed and
incubated in a solution containing biotinylated anti-mouse raised in horse secondary antibody
(1:500) for 2 hours, then washed and incubated for an additional 2 hours in the ABC complex
(Vectastain Elite ABC peroxidase kit; Vector Laboratories, Burlingame, CA). Sections were
again washed before a peroxidase reaction was performed using the chromagen 3,3’-
diaminobenzidene (DAB) enhanced with nickel chloride and hydrogen peroxide. The slides
were then dehydrated, coverslipped, and examined blindly for complete neuronal loss in the
MeA or CeA.

4.8. Data analysis
Corticosterone and ACTH data were analyzed separately using univariate analyses of variance
(ANOVA) with surgery (lesion or sham) and odor (ferret or strawberry) as the between subject
factors. Post-hoc comparisons were made using Tukey’s honestly significant difference (HSD)
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multiple means comparisons (p < 0.05). Medial amygdala and central amygdala lesion data
sets were assayed separately and therefore analyzed separately.
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Figure 1.
Examples of NeuN immunohistochemistry verification of sham and complete MeA and CeA
lesions. MeA = medial amygdala, CeA = central amygdala, LA = lateral amygdala, BLA =
basolateral amygdala. Scale bar: 500 µm.
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Figure 2.
Depiction of the largest (light gray opaque outline) and smallest (darker filled outline) MeA
lesions. Though actual lesions were bilateral, the lesions are shown unilaterally to show
anatomy on the other side. Figures 47 (bregma –1.72 mm), 52 (bregma –2.28 mm), 56 (bregma
–2.76), and 62 (bregma –3.48) from Paxinos and Watson’s The Rat Brain In Stereotaxic
Coordinates, 5th Edition are shown to depict the extent of the MeA lesions. MeAD =
anterodorsal MeA, MeAV = anteroventral MeA, MePD = posterodorsal MeA, MePV =
posteroventral MeA, CeM = medial CeA, CeC = capsular part of CeA, CeL = lateral CeA,
BLA = basolateral amygdala, LA = lateral amygdala, LV = lateral ventricle.
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Figure 3.
Depiction of the largest (light gray opaque outline) and smallest (darker filled outline) CeA
lesions. Though actual lesions were bilateral, the lesions are shown unilaterally to show
anatomy on the other side. Figures 46 (bregma –1.56 mm), 52 (bregma –2.28 mm), 56 (bregma
–2.76), and 61 (bregma –3.36) from Paxinos and Watson’s The Rat Brain In Stereotaxic
Coordinates, 5th Edition are shown to depict the extent of the CeA lesions. MeAD =
anterodorsal MeA, MeAV = anteroventral MeA, MePD = posterodorsal MeA, MePV =
posteroventral MeA, CeM = medial CeA, CeC = capsular part of CeA, CeL = lateral CeA,
BLA = basolateral amygdala, LA = lateral amygdala, LV = lateral ventricle.
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Figure 4.
Mean hormonal responses of sham-operated control or MeA-lesioned rats exposed to
strawberry (STR) or ferret (FER) odor for 30 min in small cages. Panel A depicts mean
corticosterone (+/−SEM) responses in sham-operated control (Sham) or MeA lesioned
(Lesion) rats. Panel B depicts mean ACTH (+/−SEM) responses in sham-operated control
(Sham) or MeA lesioned (Lesion) rats. Asterisks indicate a significant difference from the
Lesion/FER group (p < 0.05).
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Figure 5.
Mean hormonal responses of sham-operated control or CeA-lesioned rats exposed to
strawberry (STR) or ferret (FER) odor for 30 min in small cages. Panel A depicts mean
corticosterone (+/−SEM) responses in sham-operated control (Sham) or CeA lesioned (Lesion)
rats. Panel B depicts mean ACTH (+/−SEM) responses in sham-operated control (Sham) or
CeA lesioned (Lesion) rats. Asterisks indicate a significant difference from the Sham/STR
group (p < 0.05). ^ indicates a significant difference from the Lesion/STR group (p < 0.05).
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