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New Perspectives on 3-Adrenergic Mediation of Innate and
Learned Fear Responses to Predator Odor
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In the present study, we investigated the role of noradrenergic transmission in unconditioned and conditioned responses to predatory
threats. First, we examined the effects of systemically injected 3-blockers on unconditioned and contextual conditioned response to cat
odor. The centrally acting 3-blocker (propranolol) was able to impair unconditioned responses, as well as the acquisition of the contex-
tual fear to cat odor; however, the peripherally acting (nadolol) was not effective. Next, we examined the neural substrate underlying the
noradrenergic modulation of the defensive response to cat odor and focused on the dorsal premammillary nucleus (PMd), because it
represents the hypothalamic site most responsive to predatory threats and, at the same time, presents a dense plexus of noradrenergic
fibers. We were able to see that propranolol significantly reduced PMd-Fos expression in response to cat odor and that 3-adrenoceptor
blockade in the PMd, before cat odor exposure, reduced defensive responses to the cat odor and to the cat odor-related environment. We
have also shown that 3-adrenoceptor blockade in the PMd, before the exposure to cat odor-related context, impaired the contextual
conditioned responses. Overall, the present results provide convincing evidence suggesting that central noradrenergic mediation is
critical for the expression of unconditioned and contextual conditioned antipredatory responses. We have further shown that the PMd

appears to be an important locus to mediate these 3-adrenoceptor effects.
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Introduction
Noradrenergic transmission has long been implicated in stress-
related changes in behavior (Bremner et al., 1996; Morilak et al.,
2005). B-blocker agents are widely used in anxiety disorders such
as social phobia (Brunello et al., 2000; Davidson, 2006), posttrau-
matic stress disorder (Kent et al., 2002; Vaiva et al., 2003; Giles,
2005), and panic disorder (Sullivan et al., 1999; Hirschmann et
al., 2000). In animal models of anxiety, the B-blocker proprano-
lol was able to promote anxiolytic effects observed in the elevated
plus maze (Audi et al., 1991; Gorman and Dunn, 1993; Stern et
al., 2008) and in the open field (Angrini et al., 1998). Moreover,
evidence from many different types of experiments indicates that
the adrenomedullary hormone epinephrine (adrenaline), re-
leased during and after emotionally arousing experiences, plays a
critical role in consolidating lasting memories (for review, see
McGaugh, 2004).

Despite the importance of the adrenomedullary hormones in
stress responses and emotionally arousing memory consolida-
tion, there is no data in the literature examining the putative roles
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of noradrenergic transmission in unconditioned and condi-
tioned responses to natural threats, such as a predator or its odor.
Predatory odors are specific chemical cues incorporated by prey
species as phyletic memory or “memory of the species” (Fuster,
1997), providing the recognition, the avoidance, and the expres-
sion of defensive behavior against predators (Apfelbach et al.,
2005).

In the present investigation, we compared the effects of a cen-
trally acting B-blocker (propranolol) with a B-blocker displaying
only peripheral action (nadolol) on the unconditioned and con-
textual conditioned responses to cat odor. Next, we examined a
possible neural substrate underlying the noradrenergic modula-
tion of the defensive response to cat odor. Several studies have
documented that the hypothalamus plays a major role in process-
ing actual and contextual predatory threats and that the dorsal
premammillary nucleus (PMd) represents the hypothalamic site
most responsive to predatory threats (Canteras et al., 1997, 2008;
Dielenberg et al., 2001; Cezario et al., 2008; Staples et al., 2008).
Interestingly, the PMd presents a moderately dense plexus of
noradrenergic fibers (Moore and Card, 1984) and, therefore, is
likely to be involved in the noradrenergic modulation of anti-
predatory defensive behavior. We started investigating this pos-
sibility by examining the effects of a centrally and a noncentrally
acting B-blocker on the intensity of PMd—Fos immunoreactivity
in response to cat odor. Next, we examined how local injections
of B-blocker in the PMd, during exposure to cat odor, interfere
with the unconditioned and contextual conditioned responses.
In addition, we also examined how 3-blocker applied in the PMd,
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during exposure to cat odor-associated context, interferes with
the expression of conditioned contextual responses. Overall, the
present results provide convincing evidence suggesting that cen-
tral noradrenergic mediation is critical for the expression of un-
conditioned and contextual conditioned antipredatory responses
and acts via a specific hypothalamic circuit.

Materials and Methods

Subjects

Male Wistar rats weighing 320-370 g and aged 14 —16 weeks at the time of
test were used. The animals were housed in groups of three to four per
cage (50 X 30 X 15 cm) with standard environmental conditions (24 *+
1°C and a 12 h light/dark cycle, lights on 7:00 A.M.) and food and water
available ad libitum. Experiments were performed during the mid-light
phase of the light/dark cycle.

Drugs

Propgranolol hydrochloride or nadolol (Sigma-Aldrich) were dissolved
(10 mg/ml) in saline (0.9% NaCl), which alone served as a vehicle con-
trol, were and administered intraperitoneally in an injection volume of 1
ml/kg. The dose of 10 mg/kg intraperitoneally was selected on the basis of
previous behavioral pilot studies performed in our laboratory, and its
antagonistic efficacy in B-adrenoceptors was shown in a cardiovascular
assay performed in this study. Xilazine (2.5 mg/kg, Rompun; Bayer) and
ketamine (15 mg/kg, Dopalen; Agribands) delivered intramuscularly as
anesthetic, 30 IU of heparin [diluted in a saline sterile buffered solution
with the following (in mwm): 137 NaCl, 2.7 KCl, 1.5 KH,PO,, and 8.1
NaHPO,, pH 7.4] as anticoagulant, and dopamine (18, 36, and 72 ug/kg,
Revivan; Zambon Labs) were used for the cardiovascular assays. Atenolol
[(RS)-Atenolol; Tocris Cookson] was dissolved in PBS, which alone
served as a vehicle control. Each animal received a bilateral injection of 10
or 40 nmol atenolol or PBS in a volume of 0.2 ul.

Heart rate measurement

Rats were anesthetized with xilazine and ketamine, and 30 U of heparin
was administered through a needle inserted in the left femoral vein to
prevent clot formation. A polyethylene catheter (PE-10), previously im-
planted into the right carotid artery, was connected to a pressure trans-
ducer coupled to acquisition hardware and software (PowerLab 8/30
running Chart 5.4; AD Instruments), enabling the heart rate measure-
ment and analysis.

Cat odor apparatus

Testing occurred in a wooden rectangular arena (60 X 26 X 36 cm)
comprising two different areas: a covered enclosed box (20 X 26 X 36
cm) termed “hide box,” and an uncovered open area (40 X 26 X 36 cm)
according to the apparatus used by Dielenberg et al. (1999). On the front
wall of the hide box, a small (6 X 6 cm) square hole allows the free transit
of the rat between the two areas. On the front wall of the open area, a
neutral folded cloth (45 X 30 cm) was anchored during familiarization
and context sessions, or a similar folded cloth impregnated with a blend
of cat fur odor (obtained by rubbing it against the back fur of a domestic
cat for 5 min) was anchored during the conditioning session. The cat
odor cloth was kept in a sealed plastic bag and was used in the experi-
ments on the same day. Subjects were placed in the apparatus facing the
cloth in all phases of the experiments. All sessions lasted 10 min. After
each trial, the apparatus was cleaned with ethanol solution (10% v/v).
The experiments were performed in a low illumination (4 lux) condition
room. A video camera was placed 100 cm above the apparatus, and a
recording system was located in an adjacent room. The recording system
enabled a trained observer to score, within each session, the following
parameters: (1) percentage of approach time: the amount of time the rats
are located within a 7 cm perimeter near the cloth; (2) percentage of hide
time: the amount of time the rats spent in the hide box; (3) head-out: the
time the rats peep out toward the open area while in the hide box.

Surgery

Rats (n = 57) were anesthetized with xilazine (2.5 mg/kg, Rompun;
Bayer) and ketamine (15 mg/kg, Dopalen; Agribands) and positioned in
a stereotaxic frame. Xylocaine (0.1 ml; 2 mg/ml) was subcutaneously
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injected into the scalp, and a longitudinal incision was made. The bone
was then exposed, and two stainless steel guide cannulas (diameter, 0.7
mm; length, 15 mm) were stereotaxically implanted with the cannula tips
2.0 mm above the PMd [coordinates: anteroposterior, —4.16 mm from
bregma; laterolateral, 0.6 mm from midline; dorsoventral, —6.9 mm
from skull surface (Paxinos and Watson, 1997)]. The cannulas were an-
chored to the skull with dental cement and two stainless screws previ-
ously plugged with a screwdriver. After surgery, rats were allowed to
recover 1 week before the cat odor experiments.

Intracerebral injection

Atenolol or PBS microinjections were administered 10 min before condi-
tioning or context phases by inserting two 17.0-mm-long stainless steel nee-
dles through the guide cannula, while the rat was gently restrained. The
needles were connected to a 5 wl Hamilton microsyringe with polyethylene
(PE-10) tubing. An infusion machine (B12000 model; Insight) allowed the
bilateral microinjections over a 20 s time period (0.6 wl/min). The needles
were kept within the cannulas for an additional 20 s after drug infusion to
maximize the diffusion and to prevent backflow of the drug into the cannu-
las. Drug solutions were freshly prepared before each experiment.

Experimental procedures

Experiment 1: effects of propranolol and nadolol on the heart rate increase
produced by dopamine systemic injection. Animals were anesthetized and
received intraperitoneal injections of either propranolol (n = 3) or nado-
lol (n = 3) at doses of 10 mg/kg. Thirty minutes later, dopamine (18, 36,
and 72 ug/kg) was administered in the left femoral vein. Antagonistic
effects of both B-blockers on heart rate increase after dopamine injec-
tions were registered for additional analysis.

Experiment 2: effects of propranolol and nadolol on rats’ defensive behav-
ior elicited in a cat odor apparatus. The subjects were randomly assigned
to one of the three experimental groups [(1) saline (n = 27), (2) propran-
olol (10 mg/kg, i.p.; n = 18), or (3) nadolol (10 mg/kg, i.p.; n = 18)] and
placed in the apparatus for 3 consecutive days. In the familiarization
session (day 1), the rats did not receive any treatment and were allowed to
explore the apparatus, which contained a neutral cloth. In the condition-
ing session (day 2), the rats received saline, propranolol, or nadolol and,
30 min later, were placed in the apparatus with the cat odor cloth. In the
context session (day 3), rats received saline and were reexposed to the
context session containing a neutral cloth.

Experiment 3: PMd—Fos immunoreactivity study in the groups treated
with propranolol, nadolol, or saline before cat odor exposure. Subjects were
randomly divided to receive propranolol (10 mg/kg, i.p.; n = 5), nadolol
(10 mg/kg, i.p.; n = 5), or saline (n = 5), 30 min before a 10 min cat odor
exposure.

Ninety minutes after cat odor exposure, each animal was deeply anes-
thetized with chloral hydrate (150 mg/kg) and perfused transcardially
with a solution of 4.0% paraformaldehyde in 0.1 M phosphate buffer at
pH 7.4; the brain was removed and left overnight in a solution of 20%
sucrose in 0.1 M phosphate buffer at 4°C. The brains were then frozen,
and four series of 30 wm sections were cut with a sliding microtome in the
frontal plane and collected at the levels of the PMd. One complete series
of sections was processed for immunohistochemistry with anti-Fos se-
rum raised in rabbit (Ab-5, lot D09803; Oncogene Science) at a dilution
of 1:10,000. The primary antiserum was localized using a variation of the
avidin—biotin complex system (ABC). In brief, sections were incubated
for 90 min at room temperature in a solution of biotinylated goat anti-
rabbit IgG (Vector Laboratories) and then placed in the mixed avidin—
biotin—horseradish peroxidase complex solution (ABC Elite kit; Vector
Laboratories) for the same period of time. The peroxidase complex was
visualized by a 10 min exposure to a chromogen solution containing
0.02% 3,3’ diaminobenzidine tetrahydrochloride with 0.3% nickel-am-
monium sulfate (DAB-Ni) in 0.05 m Tris buffer, pH 7.6, followed by
incubation for 10 min in chromogen solution with hydrogen peroxide
(1:3000) to produce a blue—black product. The reaction was stopped by
extensive washing in potassium—PBS, pH 7.4. Sections were mounted on
gelatin-coated slides and then dehydrated and coverslipped with DPX.

Counts of the number of Fos-immunoreactive neurons as a function
of experimental status were generated for the PMd by using the 10X
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group of animals received microinjections of 40
nmol atenolol or PBS 10 min before exposure to
the cat odor-associated context environment
and were reexposed, 24 h later, to the same con-
text environment (context II), to evaluate con-
textual conditioned behavioral responses in the
absence of possible drug effects.

To evaluate the injection site placement, rats were deeply anesthetized
with chloral hydrate (150 mg/kg) and were perfused transcardially with
saline (0.9% NaCl) and paraformaldehyde (10%) for 10 min each. A
volume of 0.2 ul of Evans blue dye (30 mg/ml) was then administered
through the same needle previously used in the experiments. After de-
capitation, the brain was removed from the skull and stored in 4% para-
formaldehyde solution (w/v). At least 24 h before sectioning, the brains
were immersed in a 30% sucrose solution (w/v) for cryoprotection.
Coronal slices (50 wm) were cut on a cryostat (Leica CM1850) and
mounted on gelatin-coated slides. The sections were examined in an
optical microscope to determine the injection sites delimited by the
Evans blue dye.

Figure 1.

Data analysis

Student’s ¢ test for dependent samples was used to compare
changes in the heart rate before and after B-blockers injections.
ANOVA followed by Newman—Keuls test was used to compare
the effects of the treatments on the mean percentage of approach
time and hide time, the head-out time, and the number of PMd—
Fos-positive cells. The level of 0.05 was considered to be statisti-
cally significant.

Results

Experiment 1: effects of propranolol and nadolol on the heart
rate increase produced by dopamine systemic injection

As illustrated in Figure 1, both B-blockers, injected 30 min be-
fore, were able to prevent ( p < 0.05) the tachycardia induced by
different doses of dopamine (18, 36, and 72 pg/kg), without pro-
moting alterations in the baseline heart rate. This experiment
indicated that 10 mg/kg dose and 30 min injection interval time
were adequate regimens for the use of the B-blockers in the be-
havioral experiments.

Experiment 2: effects of propranolol and nadolol on rats’
defensive behavior elicited in a cat odor apparatus

On the familiarization day, no statistical difference was detected by
ANOVA among the three groups for the behavior parameters ob-
served in the apparatus. In general, rats spent ~30% of the time near
the neutral cloth and ~30% of the time in the hide box (Fig. 2).

Experiment 1. Typical recordings of the antagonistic effects of nadolol (4, B) and propranolol (C, D) on heart rate
increases after dopamine (18, 36, 72 jg/kg) in anesthetized rats. Band D represent the mean + SEM heart rate increases for all
the groups (n = 3). *p << 0.05 compared with the respective control.
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Figure2.  Experiment 2. The effects of propranolol (Prop; 10 mg/kg, i.p.) and nadolol (Nad;
10 mg/kg, i.p.) in the percentage of approach time or hide time and the head-out time in rats
confronted to cat odor. The familiarization, conditioning, and context sessions were conducted
during 3 consecutive days. Hatched horizontal bars represent the mean and the confidence
limits (2=95%) for the familiarization data. Subjects received propranolol (n = 18), nadolol
(n = 18), or saline (Sal; n = 27) injections 30 min before the conditioning session. In the
context session, the subjects received saline and were reexposed to the cat odor-associated
context. Histograms represent the conditioning and context data and were expressed as mean
+ SEM. *p << 0.05 (Newman—Keuls post hoc test) versus saline control group.
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Keuls test.

On the conditioning day, an ANOVA overall comparison
showed a significant (p < 0.01) treatment effect among the
groups for the percentage of approach time (F, ,,) = 15.81),
percentage of hide time (F(, ,,) = 17.79), and head-out time
(F2,7) = 4.02). Post hoc comparisons revealed a significant
(p < 0.05) effect of propranolol, but not of nadolol, in the
above parameters when compared with the saline group.
Propranolol-treated rats showed an increased time spent near
the cat odor source and a decreased time in the hide box. In
addition, the decreased head-out time after propranolol sug-
gested a reduced risk assessment behavior (Fig. 2). No statis-
tical difference was detected between saline- and nadolol-
treated subjects.

On the context day, ANOVA overall comparison continued to
show a significant ( p < 0.01) treatment effect among the groups
for the percentage of approach time (F(,,, = 13.73) and per-
centage of hide time (F,,,) = 13.52). Post hoc comparisons re-
vealed a significant (p < 0.05) effect in the subjects from the
propranolol when compared with the saline group (Fig. 2).
Therefore, the subjects treated with propranolol before the con-
ditioning session displayed a significant ( p < 0.05) reduction in
the contextual conditioned fear. Finally, rats treated with nadolol
or saline before the conditioning day failed to show reduction in
the defensive behavior during the context day (Fig. 2).

Experiment 3. Effects on the PMd—Fos immunoreactivity of saline (Sal), propranolol (Prop; 10 mg/kg, i.p.), and
nadolol (Nado; 10 mg/kg, i.p.) injections 30 min before cat odor exposure. A, Bright-field photomicrographs illustrating the
PMd—Fos-positive cells in the saline (Sal)-, propranolol (Prop)-, and nadolol (Nad)-injected groups. fx, fornix; 3V, third ventricle.
B, Histogram showing the mean + SEM number of PMd—Fos-positive cells in the Sal-, Prop-, and Nad-treated groups. Data
represent means + SEM for five rats per group. *p << 0.05 compared with saline group. One-way ANOVA followed by Newman—
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Experiment 3: PMd-Fos
immunoreactivity study in the groups
treated with propranolol, nadolol, or
saline before cat odor exposure

ANOVA revealed statistical differences
(Finz) = 12.58; p < 0.001) in the PMd—
Fos-positive cells among the groups
treated with propranolol, nadolol, or sa-
line. Newman—Keuls post hoc comparisons
revealed a decrease ( p < 0.05) in the num-
ber of Fos-positive cells in the PMd of rats
that had received propranolol 30 min be-
fore cat odor exposure (Fig. 3).

Experiment 4: effects of atenolol
microinjection in the PMd of rats
exposed to cat odor or to context
Experiment 4.1: atenolol microinjection
before cat odor exposure

Histological analysis revealed that nine an-
imals from the PBS group and 14 animals
that had received atenolol (seven injected
with 10 nmol and seven injected with 40
nmol) had the injection placed in the PMd
region. In another 15 animals that had re-
ceived atenolol, the injection site hit either
caudally (the medial mammillar nucleus,
n = 10) or rostrally (the ventromedial hy-
pothalamic nucleus, 7 = 5) to the region of
the PMd, the A-out group.

No statistical differences among the
groups were detected by ANOVA in the
behavioral parameters evaluated during
familiarization phase (Fig. 4). On the con-
ditioning day, ANOVA showed a signifi-
cant (p < 0.001) treatment effect in the
defensive behavior, represented by the
percentage of hide time (F; 3, = 14.23)
and approach time (F; 55 = 9.29) and in
the risk assessment behavior, measured by head-out time (F; 5,
= 7.45). Newman—Keuls post hoc comparisons revealed a signif-
icant ( p < 0.05) increase in the percentage of approach time and
adecrease in the percentage of hide time and the head-out time in
the groups microinjected with 10 or 40 nmol atenolol into the
PMd before cat odor exposure when compared with PBS and
A-out groups (Fig. 4).

In the context session, 24 h later, ANOVA showed statistical
differences ( p < 0.001) among the groups in the percentage of
approach time (F; 3, = 9.29), in the percentage of hide time
(F334) = 14.23) and head-out time (F;;,) = 7.45). Post hoc
comparisons detected a significant (p < 0.05) increase in the
percentage of approach time and a reduction in the percentage of
hide time in both groups microinjected with atenolol into the
PMd before conditioning (Fig. 4). In addition, a decrease in the
head-out time during context was visualized in the group micro-
injected with atenolol before cat odor exposure when compared
with control group (Fig. 4).

Experiment 4.2: atenolol microinjection before context I

Histological analysis revealed that six animals from the PBS
group and seven animals that had received atenolol had the in-
jection placed in the PMd region. In another six animals that had
received atenolol, the injection site hit either caudally (the medial
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Figure4. Experiment4.1. Effects of atenolol, applied 10 min before the conditioning session
on defensive behavior exhibited by rats exposed to a cat odor. The familiarization, the condi-
tioning to the cat odor, and the context sessions were conducted during 3 consecutive days,
during which the percentage of approach time, the percentage of hide time, and the head-out
time were recorded in 10 min sessions each. Hatched horizontal bars represent the mean and
the confidence limits (#95%) for the data obtained during the familiarization session. PBS
(n=9), 10 nmol atenolol (A10; n = 7), and 40 nmol atenolol (A40; n = 7) in the PMd and the
A-out group (n = 15) were microinjected (0.2 wl) 10 min before the conditioning to the cat
odor. *p < 0.05 compared with PBS group.
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mammillar nucleus, n = 5) or rostrally (the ventromedial hypo-
thalamic nucleus, n = 1) to the region of the PMd, the A-out
group.

No statistical differences among the groups were detected by
ANOVA in the behavioral parameters evaluated during familiar-
ization and conditioning sessions (Fig. 5).

On the context day (context I), ANOVA revealed statistical
differences ( p < 0.05) among the groups in the parameters head-
out time (F, ¢ = 10.49) and the percentage of hide time (F, ¢,
= 5.49). Newman—Keuls post hoc comparison revealed that sub-
jects microinjected with atenolol into the PMd 10 min before
context I showed a reduced ( p < 0.05) percentage of hide time
and head-out time behaviors (Fig. 5). No significant effects were
observed 24 h later during the second exposition to the same
context (context II) when compared with PBS and A-out groups
(Fig. 5).

Discussion

The set of results presented here support the hypothesis that de-
fensive behavior exhibited by rats in response to cat odor stimu-
lus are under the influence of B-adrenergic neurotransmission.
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Figure5.  Experiment4.2. Effects of atenolol, applied 10 min before the first context session,
on defensive behavior exhibited by rats exposed to a cat odor. The familiarization, the condi-
tioning to the cat odor, and the two context sessions were conducted during 4 consecutive days,
during which the percentage of approach time, the percentage of hide time, and the head-out
time were recorded in 10 min sessions each. Hatched horizontal bars represent the mean and
the confidence limits ( p << 0.05) for the data obtained during the conditioning session. Per-
centage of approach time, percentage of hide time, and head-out time in the groups microin-
jected with PBS (n = 6) and 40 nmol atenolol (A40; n = 7) in the PMd and the A-out group
(n = 6) 10 min before the first context exposure. *p << 0.05 compared with control group.

Evidence has shown that the noradrenergic influence on these
responses depends on a central, rather than a peripheral,
B-adrenergic action, which seems to be primarily mediated by the
PMd, the hypothalamic site most responsive to predatory threats
(Canteras et al., 1997, 2008; Dielenberg et al., 2001; Cezario et al.,
2008; Staples et al., 2008).

Considering that B-blockade-induced impaired cardiovascu-
lar function can lead to a possible reduction in the locomotor
activity, we initially tested the appropriate propranolol and nado-
lol doses in anesthetized rats, which were infused with increasing
doses of dopamine. Both 8 antagonists, at the dose of 10 mg/kg,
were able to block the tachycardia induced by all doses of dopa-
mine without effects on the heart rate baseline.

After defining the B-antagonist dose, rats were exposed to the
cat odor apparatus to evaluate the effects of both -blocker agents
on the innate and learned defensive responses toward predator
odor. Propranolol, given immediately before cat odor exposure
(conditioning session), was able to reduce the defensive behavior
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when compared with the saline-treated group. Propranolol-
treated rats spent more time exploring the area near the cat odor
source and less time hiding or performing risk assessment behav-
ior. In sharp contrast, nadolol, a B-blocker that does not cross the
blood-brain barrier (Cruickshank and Prichard, 1987), did not
alter defensive responses during cat odor exposure, showing that
central, rather than peripheral, B-adrenergic blockade is able to
impair unconditioned responses to predator odor. Supporting
the idea of a central noradrenergic neurotransmission role during
exposure to predatory threats, previous studies reported that the
locus ceruleus is particularly activated during exposure to a pred-
ator or to its odor (Dielenberg et al., 2001; Ribeiro-Barbosa et al.,
2005). Together, these findings lead to the important conclusion
that central noradrenergic mediation seems to be critical for the
expression of innate fear responses to predatory threats.

Likewise, propranolol, but not nadolol, pretreatment before
the conditioning session impaired the acquisition of the contex-
tual conditioned fear. The effects of 8 adrenoceptors on the con-
solidation processes of aversive memories have been consistently
demonstrated in studies using shock-based inhibitory avoidance,
as well as shock-based contextual and cued fear conditioning
(McGaugh, 2004). However, in contrast to the present findings
suggesting a central, and not a peripheral, B-adrenergic media-
tion on contextual conditioning to predator odor, the adrenergic
influence on memory consolidation in shock-based procedures
seems to depend on a peripheral neuronal pathway involving 3
adrenoceptors on vagal afferents terminating on brainstem nor-
adrenergic cell groups in the nucleus of the solitary tract (Mc-
Gaugh and Roozendaal, 2002). These contrasting results between
predator odor-based and shock-based procedures may reflect the
different nature and processing of the two aversive stimuli, the
former involving primarily psychological processing and the lat-
ter representing a physically aversive stimulus, which is likely to
engage more interoceptive signaling.

We have further investigated the neural systems mediating the
noradrenergic modulation of antipredatory defensive behavior
and chosen the PMd to start addressing this matter. As men-
tioned previously, the PMd represents the hypothalamic site
most responsive to predatory threats (Canteras et al., 1997, 2008;
Dielenberg et al., 2001; Cezario et al., 2008; Staples et al., 2008)
and, at the same time, presents a dense plexus of noradrenergic
fibers and terminals (Moore and Card, 1984). In the present
work, we were able to show that propranolol, but not nadolol,
drastically reduced PMd-Fos expression in response to cat odor,
thus suggesting a strong B-adrenergic modulation of the nucleus
during exposure to predator odor.

At this point, it would be interesting to have a comprehensive
analysis of the neural sites potentially influenced by the
B-adrenergic blockade during predator odor exposure. This in-
vestigation would certainly help to provide an overall view on the
B-adrenergic blockade impact on the neural systems processing
predator threats. However, the emerging picture of this investi-
gation would be difficult to interpret, especially considering that
the drastic decrease in the PMd activation (induced by
B-adrenergic blockade) by itself is likely to influence the activa-
tion pattern of key regions responding to predatory threats (Cez-
ario et al., 2008).

To test whether the PMd would be involved in mediating the
noradrenergic influence in innate and learned defensive re-
sponses to predator odor, local injections of B-blocker were ap-
plied in the PMd before cat odor exposure. The use of propran-
olol in this experiment seems to have a potential drawback,
because nonselective B antagonists may potentially have seroto-
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nin (5-HT) antagonist properties that could interfere with an-
tidefensive effects (Costain and Green, 1978). However, based on
the literature, it is unlikely that the propranolol antidefensive
effects would be mediated by 5-HT, especially considering that a
number of 5-HT antagonists failed to show any behavioral effect
in cat odor scenario (Shepherd et al., 1992, 1993; Dielenberg and
McGregor, 2001). Despite the evidence, to avoid any possible
blockade of 5-HT receptors, we tested the selective 3 1-blocker
atenolol for local injections within the PMd. These injections
were made immediately before the exposure to cat odor or cat
odor-related environment. The results showed that the
B-adrenoceptor blockade in the PMd, but not in the adjacent
sites, 10 min before the conditioning session, reduced the defen-
sive responses to the cat odor and also, 24 h later, to the cat
odor-related environment. Therefore, these results suggest that
the PMd is a critical site mediating -adrenergic modulation of
the unconditioned defensive behavior, seemingly influencing the
acquisition of the contextual fear conditioning to cat odor.

The functional roles of the PMd appear to depend on its
branched pathway to the periaqueductal gray (PAG) and to the
ventral part of the anteromedial thalamic nucleus (Canteras and
Swanson, 1992; Cezario et al., 2008). Whereas the PAG appears to
influence antipredatory defensive responses (Cezario et al.,
2008), the ventral part of the anteromedial thalamic nucleus
projects to the lateral retrosplenial area and is thought to be in-
volved in modulating the eye and head movements associated
with attentional processes (Risold and Swanson, 1995). In fact,
we have shown recently that the PMd influences the activation of
its major projecting targets in response to predatory threats (i.e.,
the PAG and the ventral part of the anteromedial thalamic nu-
cleus) but does not seem to affect the amygdalar sites involved in
predator’s cue detection (Cezario et al., 2008).

The PMd B-blockade-induced deficit in contextual fear con-
ditioning to cat odor may be viewed as either an impairment in
the memory consolidation process or the result of the decreased
emotional component of the aversive event during the learning
stage. To date, we have no experimental evidence showing PMd
targets as involved in aversive memory processing; therefore, it is
more parsimonious to believe that the decrease in the emotional
responses during cat odor exposure would be accountable for the
deficit in the acquisition of the contextual fear conditioning. In
line with this view, recent findings from our laboratories have
also shown that, during cat odor exposure, NMDA receptor an-
tagonist injections in the PMd were also able to block contextual
fear conditioning (Canteras et al., 2008). We also shown that
atenolol, microinjected in the PMd only before the context ses-
sion, reduced the expression of the defensive response acquired
during the conditioning session 24 h earlier. Therefore, the PMd
also appears to mediate a B-adrenoceptor modulation on the
expression of contextual conditioned responses to cat odor. In
line with this view, pharmacological inactivation of the PMd, but
not of the nearby mammillary nuclei, was able to practically abol-
ish the contextual conditioned responses to predatory threats, an
effect that seems to be mediated through the projections to the
periaqueductal gray (Cezario et al., 2008). Here it is noteworthy
that exposure to a predatory context upregulates Fos expression
in the locus ceruleus (Ribeiro-Barbosa et al., 2005; Staples et al.,
2008). Thus, similarly to what was discussed for antipredatory
unconditioned responses, the findings support the idea that cen-
tral noradrenergic mediation also seems to be critical for the
expression of learned fear responses to predatory threats.

The possibility that a B-adrenoceptor blockade in the PMd,
during exposure to cat odor-associated context 24 h after expo-
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sure to cat odor, would elicit a carryover effect in subsequent
sessions was ruled out by the marked defensive behavior ex-
pressed by the same subjects when reexposed to the same context
24 h later (context II) in the absence of any drug effect.

Overall, the present results provide convincing evidence sug-
gesting a central, but not peripheral, B-adrenoceptor mediation
of defensive behavior to cat odor, influencing both uncondi-
tioned and conditioned responses. We have further shown that
the PMd appears to be a critical locus to mediate all these
B-adrenoceptor effects.
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