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Abstract

Research has demonstrated that immediate-early genes/inducible transcriptional factors (e.g.,c-fos, egr-1) are increased in amygdala nuclei
(lateral, basal and central nuclei) known to be involved in fear conditioning, footshock stress and novelty. Although these data suggest that
expression of inducible transcriptional factors are involved in fear, other non-shock ethologically based paradigms (predator or predator odor
exposure) do not appear to increasec-fosin the lateral and basal nuclei. While the lack ofc-fosexpression may indicate that predator stress
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oes not engage the lateral and basal amygdala nuclei, it may be thatc-fosin the amygdala is not responsive to predator exposure. Ther
gr-1, which increases in the lateral nucleus following fear conditioning, footshock and novelty, was assessed to determine if its e

s induced in rats exposed to a cat. Five minutes of cat exposure did not increase expression ofegr-1mRNA in the lateral nucleus of th
mygdala.egr-1was increased in the paraventricular nucleus of the hypothalamus, indicating cat-induced stress, and visual cortex

o rats that were either confined for 5 min or handled. In the lateral periaqueductal gray, handled rats displayed a left hemisphere
hich disappeared in both the cat-exposed and confined group, suggesting that immobility, induced by either cat-induced stress o
onfinement, increased right hemisphereegr-1 expression. The results are discussed in a context of differences and similarities in
ircuitry for conditioned and unconditioned fear.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The study of the neurobiology of fear has primarily relied
n conditioned fear paradigms (e.g., conditioned emotional
esponses, Pavlovian fear conditioning) and behavior in
nfamiliar situations that are fear- or anxiety-provoking (e.g.,
levated-plus maze, open field) in rodents. These paradigms
xploit the rodent’s normal behavior to threat or danger and
ave produced our best understanding of the neurobiology
f fear. In the last several years, other paradigms have been
esigned that are arguably more ethological relevant (e.g.,
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social defeat, predator or predator odor exposure) be
they emphasize interaction with other conspecifics or pr
tors and predator odors that are part of normal evolution
derived ecological niches (for example,[13]). In the labo
ratory, some of the paradigms are quite ecologically nat
such as cat or cat odor exposure in a rodent visual bu
environment, while others take the naturally fearful stim
or derivatives of these stimuli (e.g., cat odors or synth
predator odors) into more traditional experimental cham
One rationale for the development of these paradigms is
these unconditioned stimuli are more “natural” than th
typically employed in fear-conditioning paradigms (i
electrical shock) but are still aversive or threatening with
necessarily being painful. Additionally, these ethologic
based paradigms rely on the unconditioned or unlearne
ture of the fear stimuli, whereas fear-conditioning paradi
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explicitly study learning and memory of fear. (The term
ethologically based does not suggest that learned fear is
not ethologically important nor evolutionarily relevant,
but simply that some ethologically based stimuli have
a specific unconditioned quality derived from survival
pressures in the ecological niches animal species evolved.)
Both conditioned and unconditioned paradigms measure
similar defensive behaviors, so differences are in the nature
of the eliciting stimuli and not the behavioral responses.
Therefore, unconditioned, ethologically based paradigms
may contribute to our understanding of the neurobiology of
fear in unique ways that differ from conditioning paradigms.

One of the most widely studied of these paradigms is
exposure to a predator or predator odor. Large lesions of
the amygdala in rats block defensive behavior in response
to a cat[12,30]. Smaller lesions or chemical inactivation of
specific amygdaloid nuclei have shown that the medial nu-
cleus and the associated bed nucleus of the stria terminalis
reduce defensive freezing to cat or fox odor[28,39], but le-
sions or inactivation of the basal, lateral or central nuclei of
the amygdala have little effect on freezing to these preda-
tor odors[28,39,56,63]. Interestingly, while not producing
major effects on unconditioned freezing, the lesions of the
basal, lateral or central nuclei of the amygdala severely dis-
rupt fear conditioned responses[39,61,63]. These results are
corroborated by a lack of an effect of MK-801, an NMDA
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zif268, ngfi-a, krox 24, tis-8), does increase in the lateral
nucleus of the amygdala with fear[32,33,40–42,57]. Some
research suggests thategr-1 increases in the lateral nucleus
of the amygdala shortly following fear conditioning in a
fear-conditioning specific manner[41,57], whereas others
suggest that its increase is involved in the stress of uncon-
ditional fear or novelty and not specifically to its learning
([32]; for discussion of this issue, see[37]). In any case,
egr-1 expression may indicate that the lateral nucleus of
the amygdala is activated during unconditioned fear to a
predator.

Expression ofegr-1, as opposed toc-fos, has not been ex-
amined with exposure to a predator or predator odor. While
expression ofegr-1 in the lateral nucleus of the amygdala is
of particular interest, whether increasedegr-1is also found in
other regions that displayc-fosexpression during stress and
predator exposure is also not known. Thus, we have investi-
gated the expression ofegr-1mRNA by in situ hybridization
in the lateral nucleus of the amygdala, the paraventricular nu-
cleus of the hypothalamus, periaqueductal gray, and sensory
cortex.

2. Methods

2.1. Animals
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scape responses to a live cat[8], but a lasting reduction o

earful sensitization induced by cat exposure[1,9,21]. Both
he lesion and pharmacological studies suggest that c
ioned and unconditioned fear responses may rely on diff
mygdala circuitry.

Another way of addressing the neurobiology and ne
ircuitry of fear is to map activation patterns during or
ollowing exposure to a fearful stimulus. Expression of ge
hat are rapidly transcribed and translated, particularly
ucible transcription factors and immediate-early genes
een used as neuronal markers of activity (e.g.,[34]). One
f these,c-fos and its protein product Fos, is activated
number of amygdala nuclei and periaqueductal gray

owing fear conditioning and retention tests of fear le
ng [15,19,35,49,52,54,57–59]. However,c-fosexpression i
ot increased in the lateral and basal nuclei of the amyg
ith exposure to a live cat or predator odors[24,27,29,47],
hereas it is in the periaqueductal gray[18,24,27,47]. While

hese data suggest that the lateral and basal nuclei o
mygdala are involved in fear conditioning but not unco

ioned fear to a predator or predator odor,c-fosexpression
ay not be an appropriate activity marker for the lateral
asal amygdala nuclei during fear. While some have fo
-fosmRNA and Fos protein increased in the lateral and b
mygdala nuclei following fear conditioning or presenta
f a conditioned fear stimulus[11,49,58], others have no

52,57,59].
Another inducible transcription factor/immediate-ea

ene, early-growth response 1 gene (egr-1, also called
Thirty näıve male Long-Evans rats, about 60 days old, w
urchased from Harlan. The rats were housed individually w
2 h light:12 h dark (Memorial University Newfoundland) cycle
d libitum access to food and water. All behavioral experim
ere conducted at Memorial University Newfoundland. The A
al Care and Use Committee of Memorial University Newfou

and approved experimental protocols. Brains were shipped
niversity of Delaware for in situ hybridization.

.2. Apparatus

.2.1. Cat exposure chamber
The chamber was a 1.52 m× 1.83 m room without separate c

nd rat compartments and not cleaned of cat odors from pre
xperiments. The floor of the testing environment was divided
.1 m2 with masking tape.

.2.2. Confinement chamber
The chamber used to confine rats was Plexiglas cylinder (8

iameter, 20 cm long) from a commercial startle chamber (SR
nimal enclosure, San Diego Instruments, San Diego, CA).

. Procedure

.1. Cat exposure

For 3 days prior to treatments, all rats were handled
min each day. Rats were randomly assigned to three g
f 10 rats each: (1) handled rats were handled for 1 min o
ay of cat exposure; (2) confined rats were first acclimat
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the Plexiglas confinement cylinder over the 3 days of initial
handling (day 1—2 min, day 2—3 min, and day 3—4 min)
and on test day were placed in the confinement cylinder for
5 min; (3) cat-exposed rats were placed in a room with a cat
for 5 min. Rats were returned to their home cages following
manipulation.

Behavior of the cat and rats in the test situations was video-
taped for later analysis. The percent time rats spent immobile
(no movement except for breathing) during exposure to the
cat and during confinement were calculated. Responses of the
rats to cat approach were also monitored. Frequencies of ac-
tive, passive and escape defensive responses were measured
as described elsewhere[9].

Behavior of the cat in the test situation was also analyzed
to provide a quantitative measure of the cat exposure experi-
ence. The cat behaviors scored from videotape were: latency
to approach, and time spent near the rat; latency to sniff and
time spent sniffing the rat. Time spent near the rat was scored
when the cat was within 0.3 m of the rat.

3.2. In situ hybridization of egr-1

Thirty minutes after treatments, all rats were sacrificed
by decapitation. The brains were removed quickly and
frozen in−45◦C isopentane. They were stored at−70◦C
until sectioned. Sixteen micrometer coronal brain sections
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salmon sperm DNA, 10% dextran sulfate, 100 mM dithio-
threitol, 0.1% SDS, and 0.1% sodium thiosulfate. The fol-
lowing day, the sections were rinsed four times for 5 min each
in 4× SSC. They were then treated with 20 mg L−1 RNAse
A (Boerhinger Mannheim, Indianapolis, IN) in an RNAse
Buffer solution containing 0.5 M NaCl, 1 mM EDTA, 10 mM
Tris (pH 8) for 30 min at room temperature. The slides were
then washed in decreasing concentrations of 1×, 0.5×, and
0.1× SSC for 5 min each. This was followed by two 30 min
washes in 0.1× SSC at 65◦C. Finally, the slides were washed
in increasing concentrations of ethanol containing 300 mM
ammonium acetate, and allowed to air-dry. The slides were
exposed to Kodak Biomax MR film for 2 days.14C standards
(Amersham, Arlington Heights, IL) were also placed on the
film.
egr-1autoradiograms were digitized and converted to gray

values using a Dage CCD video camera with Image 1.63 pro-
gram (Wayne Rasband, NIMH) on an Apple G4 and then an-
alyzed with the same program. The Image program was used
to subtract the background (2D-rolling ball option) and mea-
sure the mean density (mean gray value) within the area of
interest. Because the response of the film to the radioisotope
is not linear, the gray values are not an accurate representation
of the radiolabeled signal of the hybridized probe. Therefore,
the gray values were converted to standardized units with a
third degree polynomial equation from a standard curve con-
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eriaqueductal gray were sectioned on a cryostat (Leica
eerfield, IL) using the atlas of Paxinos and Watson[51] as
guide and thawed onto superfrost plus microscope s

VWR, West Chester, PA). Two adjacent brain sections w
laced on each slide. These slides were stored at−70◦C
ntil processed for in situ hybridization.

An antisense RNA probe (riboprobe) was transcribed f
plasmid containing an antisense cDNA coding for a 23
equence ofegr-1 (gift from Jeffrey Milbrandt, Washingto
niversity, St. Louis). The riboprobe was labeled by in v

ranscription with35S-UTP (approximately 106 dpm�g−1)
sing a T7 RNA polymerase Maxiscript kit according to
anufacture’s instructions (Ambion Inc., Austin, TX).
In situ hybridization was performed on two slides (f

rain sections) per brain area per animal. Sections were
n 4% formaldehyde in 1× PBS and then rinsed in PBS. T
ections were treated with 0.25% acetic anhydride in 0
riethanolamine for 10 min at room temperature. This
ollowed by dehydration in which the sections were trea
ith increasing concentrations of ethanol, defatted in c

oform, and then followed by another ethanol rinse. The
ions were air-dried.35S-labeled riboprobe (1× 106 cpm)
as added to 100�L of hybridization buffer and applied
ach slide. The slides were covered with a glass cove
nd incubated in a humidified box overnight at 55◦C. The
ybridization buffer contained 20 mM Tris–HCl (pH 7.
0% formamide, 300 mM NaCl, 1 mM EDTA (pH 8), 1×
enhardt’s, 250�g mL−1 yeast total RNA, 100�g mL−1
tructed from the14C standards that were exposed to e
lm. The standardized units are not meant to be the pr
mount of mRNA in a measured area, but are an accura
tive measure ofegr-1mRNA density in the area of intere

hat can be used for statistical analysis. The density ofegr-1
abeling was statistically analyzed in the dorsolateral po
f the lateral nucleus of the amygdala (Plate 33 of Pax
nd Watson[51], paraventricular nucleus of the hypotha
us (Plate 27 of Paxinos and Watson[51], and periaqueduct
ray (PAG, Plate 49 of Paxinos and Watson[51], and visua
Plate 49 of Paxinos and Watson[51] and somatosenso
Plate 27 of Paxinos and Watson[51] cortices. The densitie
f the right and left side of the brain for the four brain s

ions per animal were averaged into a single score in
rain area for each rat. The dorsal and lateral aspects
AG were analyzed separately. The area of the dorsal
as defined by drawing a horizontal line intersecting the m
orsal point of the aqueduct and consisted mostly of the
omedial PAG and some of the dorsolateral PAG. The la
AG consisted of the area between two horizontal lines

ntersecting the most dorsal point of the aqueduct and
ther intersecting the most ventral point. The area cons
f the dorsolateral and lateral PAG. In addition, the r
nd left sides of the lateral PAG were analyzed separa
hese demarcations of the dorsal and lateral PAG were
ecause previous research demonstrated hemispheric
nces in phosphorylated CREB in the lateral PAG follow
at exposure[4]. To test for statistically significant group d
erences, ANOVAs were performed foregr-1mRNA of each
rain region separately followed by post-hoc analyses
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scribed in the results section. Statistical significance was set at
p< 0.05.

4. Results

4.1. Behavior

Cat-exposed rats spent 114± 15 s (Mean± S.E.M.) of the
5 min exposure in a defensive immobile posture, whereas the
confined rats spent 189± 16 s of their 5 min confinement in
an immobile position. As shown inFig. 1, confined rats spent
significantly more time immobile than the cat-exposed rats
(t18 = 3.46,p< 0.003).

Other behaviors of both the rats and the cat are shown
in Table 1. These behaviors included rat approaches to the
cat, rats’ active and passive defense and escape responses (as
defined in[9]), the latency of the cat’s approach to the rats,
and the time near (within 0.3 m) and latency for the cat to
sniff the rats. The cat did not touch or bite any of the rats.
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Fig. 2. Mean± S.E.M.egr-1mRNA levels in the paraventricular nucleus of
the hypothalamus. Expression levels in the cat-exposed group differed from
a combined handled and confined group (p< 0.04).

4.2. Expression of egr-1 following cat exposure and
confinement

4.2.1. Paraventricular nucleus of the hypothalamus
(PVN)
egr-1in the PVN was analyzed as a measure of stress. With

visual inspection of both a graph ofegr-1levels and the brain
images, it appeared that there was increasedegr-1expression
in the PVN of rats exposed to the cat compared to the handled
and confined rats, but there was no difference between the
handled and confined rats (Figs. 2 and 3). Therefore, theegr-
1 expression in the handled and confined groups formed a
combined control group for comparison to the cat-exposed
group. Some of the brain sections containing the PVN were
damaged (one handled and three confined) and not included
in the analysis. A combined control vs. cat exposuret-test
demonstrated a significant difference (t24 = 2.21,p< 0.04),
ig. 1. Mean± S.E.M. immobility expressed in percent time spent im
ile. Both cat-exposed and retrained rat were immobile for a signifi
mount of time, however, immobility in the confined condition was sta
ally greater than immobility in the cat-exposed group (*p< 0.003).

able 1
ehavior of cat and rats during cat exposure

requency of rat behavior to cat (mean± S.E.M.)

Approach to cat 0.6± 0.3
Active defense 0.6± 0.3
Passive defense 6.7± 1.4
Escape 3.0± 0.9

atency or amount of time cat spent engaged in behavior toward rats (s)
mean± S.E.M.)

Latency to move toward rats 139.2± 27.4
Time spent near rats 21.2± 4.6
Latency to sniff rats 159.4± 25.4
Time spent sniffing rats 6.9± 1.8

F us
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ig. 3. Representative images ofegr-1mRNA in the paraventricular nucle
f the hypothalamus (PVN), periaqueductal gray (PAG), and visual c
f handled, confined and cat-exposed rats. V, ventricle; A, aqueduc
igitized images are reversed to dark field and the contrast increas
emonstration purposes.
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Fig. 4. Mean± S.E.M.egr-1mRNA levels in the dorsolateral division of
the lateral nucleus of the amygdala. There were no statistical differences
between any of the groups.

indicating that cat exposure induced significantly moreegr-1
in the PVN compared to handling and confinement.

4.2.2. Amygdala
As previous studies have demonstrated[32,33,41,57],

basal expression ofegr-1 mRNA is consistently found in
the dorsolateral division of the lateral nucleus of the amyg-
dala (LaDL), and following contextual fear conditioning and
footshock stressegr-1 expression increases in the LaDL
[32,41,57]. Similar to what we have reported previously
[41,57], expression ofegr-1was very light in other nuclei
of the amygdala. Therefore,egr-1was only analyzed in the
LaDL. One of the brains of the cat-exposed group was dam-
aged at the amygdala and not included in the analysis. Expres-
sion in the LaDL was found in all groups (Fig. 4), however
none of the groups differed with an ANOVA (F2,26< 1, ns)
or at-test after combining the handled and confined data into
a single control group (t27 < 1, ns). Thus, it appears that ex-
posure to a cat did not induceegr-1mRNA expression in the
LaDL compared to the handled and confined groups.

4.2.3. Periaqueductal gray
Although theegr-1mRNA signal in the PAG was fairly

light, there appeared to be higher levels in the cat-exposed
rats. Therefore, expression ofegr-1was analyzed in the dor-
s ssion
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Fig. 5. Mean± S.E.M.egr-1mRNA levels in the lateral periaqueductal gray.
(A) Expression in the left and right hemispheres are shown. There was no
main groups or main side (left vs. right) differences. However, there was a
significant interaction (p< 0.04). (B) The interaction effect is displayed by
the graph of the change in hemispheric expression ofegr-1. Plotted over
groups is mean± S.E.M. of the difference in expression in the lateral PAG
of the right and left hemispheres (egr-1 levels in the right minus left hemi-
spheres). The handled group displayed a left hemiphere dominance, whereas
the confined and unprotected exposure groups had dominance of the right
hemisphere. The difference scores of the confined and unprotected exposure
groups were statistically different from the handled group (p< 0.03).

Analysis ofegr-1expression in the dorsal aspect of the PAG
did not reveal any differences (group effects:F2,26= 1.44, ns;
side effects:F1,26< 1, ns; interaction:F2,26= 1.79, ns).

Analysis of the lateral aspect of the PAG also did not find
group and side effects (F2,26< 1 andF1,26< 1, respectively).
However, there was a significant interaction of group by side
of the PAG (F2,26= 3.73,p< 0.04). The data are shown in
graphic form inFig. 5A.

To analyze this interaction further, a left–right difference
score inegr-1expression in the lateral PAG was calculated
for each subject (right side minus the left side). These dif-
ference scores were subjected to individual comparison tests
(Fig. 5B). The unprotected cat-exposed and confined groups
al and lateral aspects of the PAG because Fos expre
as previously shown to be highest in these regions o
AG following cat exposure[18] or predator odor exposu

24,27,47]. In addition, differences in expression in the
nd right sides of the lateral PAG were analyzed bec
revious work has shown that the right lateral PAG is m
ritical for potentiation of defensive behavior than is the
AG [2,3]. Representative images ofegr-1mRNA labeling

n the PAG are shown inFig. 3.
One of the brains of the handled group was damag

he PAG and not included in dorsal or lateral PAG analy
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significantly differed from the handled group (p< 0.03 for
each comparison). Moreover, the difference scores of the cat-
exposed and confined groups did not differ from each other.
In addition, the handled difference score was biased to the
left hemisphere, being less than zero (t8 = 2.19,p< .04). In
contrast, the difference scores of the unprotected cat-exposed
and confined groups did not differ from zero. The right–left
side PAG analysis suggests that basal (handled group) asym-
metry in the lateral PAG is weighted toward more activation
in the left side. However, following exposure to a cat or con-
finement the asymmetry was eliminated with equal activation
of both hemispheres due to increased activation of the right
hemisphere (Fig. 5A).

4.2.4. BNST
The BNST has been shown to be important for uncon-

ditioned fear responses in rats to a predator odor and a
brightly lit environment[28,61]. The BNST was visually ex-
amined, but no expression ofegr-1was apparent. Therefore,
egr-1 expression in the BNST was not subjected to image
analysis.

4.2.5. Visual cortex and somatosensory cortex
With visual inspection of the brain images it appeared that

there was increasedegr-1expression in the visual cortex of
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Fig. 6. Mean± S.E.M. egr-1mRNA expression in the visual cortex (A)
and somatosensory cortex (B). In the visual cortex, expression levels in the
cat-exposed group differed from a combined handled and confined group,
p< 0.03.egr-1mRNA expression in the somatosensory cortex was not dif-
ferent between any of the groups.

5. Discussion

The results of the present study demonstrate that only
some of the selected brain regions known to be involved
in fear are activated in rats exposed to a cat, as measured
byegr-1mRNA expression. Increased expression was found
in the PVN and PAG in exposed rats, whereas expression
in the amygdala and the BNST was not augmented. In the
cortex, cat exposure increasedegr-1 expression in the vi-
sual cortex, but not in the somatosensory cortex. These data
generally agree with studies usingc-fosin situ hybridization
and Fos protein immunohistochemical analyses following cat
exposure or predator odor exposure, but not in all regions
[16,18,24,27,29,47]. Our behavioral andegr-1expression re-
ats exposed to a cat (Fig. 3). Image analysis was conduc
n an area that included primary and secondary visua

ices of the coronal sections sliced for analysis of expres
n the PAG (Plate 49 of Paxinos and Watson[51]). Becaus
xpression in the handled and confined groups did not a
o differ, a combined control group was formed for comp
on to the cat-exposed group. One cat-exposed and on
led brain had damage to the visual cortex and were use

n the analysis. A combined control vs. cat exposuret-test
ncluding all of the animals did not find a significant diff
nce (t26 = 1.53,p< 0.14). However, there were two subje
ne each in the handled and confined groups that had s
bout 2 standard deviations from the group means. Ana
ith these two animals removed revealed a significant d
nce between the combined control and cat-exposed g
t24 = 2.37,p< 0.03). The analysis suggests that cat expo
nduced an increase inegr-1expression in primary and se
ndary visual cortices (Fig. 6A).

Because the cat exposure group had increasedegr-1ex-
ression in the visual cortex, image analysis was perfo
n the somatosensory cortex to determine if the incre
lso occurred in another sensory cortex. The brains from
andled, two cat-exposed, and three confined rats were
ged and not used in the analysis. In contrast to the v
ortex, there were no differences inegr-1expression in th
omatosensory cortex with an ANOVA (F2,21< 1, ns) or a
-test after combining the handled and confined data in
ingle control group (t22 < 1, ns). Thus, cat exposure or co
nement did not induceegr-1 in the somatosensory cort
Fig. 6B).
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sults will be discussed and compared to the Fos studies and
lesion or inactivation studies.

5.1. Behavior and egr-1 expression in the PVN

Cat-exposed and confined rats spent a significant amount
of their time (about 40% and 60%, respectively) immobile,
and the confinement procedure actually induced significantly
more immobility than cat exposure. While immobility in sit-
uations of threat or danger is generally considered a defensive
behavior and indicative of a state of fear or stress,egr-1levels
in the PVN of the confined rats were no greater than those
of the handled rats. This is likely due to habituation to the
confinement procedure and chamber as expression of both
c-fosandegr-1decreases in the PVN with repeated restraint
[20,64]. In comparison,egr-1 expression in the PVN was
significantly greater in the cat-exposed rats compared to the
confined and handled rats. Because expression of immediate-
early genes in the PVN is reliably induced by acute stress pro-
cedures[22], including cat odor exposure ([18,27]; however,
see[29]), it is typically used as a measure of stress. Although
c-fosexpression in the PVN can be dissociated from CRH and
ACTH release,c-fosresponse in the PVN has stronger links
to stress than hypothalamus–pituitary–adrenal axis activity
[14]. Thus, according toegr-1expression in the PVN, expo-
sure to a cat was stressful, but confinement was less stress-
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bulbs[47]. Exposure to a cat, which has an olfactory com-
ponent, should also induceegr-1expression in the olfactory
bulb, but this awaits demonstration.

5.3. egr-1 expression in the amygdala

In previous studies with fear conditioning,egr-1was in-
duced in the dorsolateral division of the lateral nucleus of
the amygdala[32,41,55,57]suggesting thategr-1 in the lat-
eral nucleus of the amygdala is important for learning and
memory of fear[41,56,57], footshock stress or novelty[32].
In the present experiment, cat exposure did not induceegr-
1 in the lateral nucleus of the amygdala compared to both
the handled and confined groups. Taken together, the results
intimate that induction ofegr-1 in the amygdala is involved
in transcriptional processes during fear conditioning or nov-
elty, but not unconditioned fear of a predator. Further sup-
port for this notion is found in experiments where knocking
down the levels ofegr-1 in the amygdala with anegr-1an-
tisense oligodeoxynucleotide blocks long-term memory of
conditioned fear but not unconditioned freezing to a predator
odor[43].

The lack of change inegr-1expression in lateral nucleus of
amygdala is of interest because cat exposure induces NMDA-
dependent neuroplasticity (i.e., LTP), fear sensitization, as
measured by elevated plus maze behavior and startle[7,8],
a clei
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ul. Furthermore, because confinement induced high le
f immobility without increased fear, a confinement pro
ure can be used independently as a control for the effe

mmobility when measuring fear-induced freezing andegr-
induction in brain regions other than the PVN (see P

elow).

.2. egr-1 expression in the visual and somatosensory
ortices

As just discussed,egr-1 in the PVN suggests that cat e
osure induced fear or stress compared to confinemen
andling.egr-1in cat-exposed rats also increased in the vi
ortex compared to a combined handled-confined grou
ontrast,egr-1expression in the somatosensory cortex did
iffer in any of the groups. Taken together, the data indi

hat the visual cortex, but not the somatosensory cortex,
ivated when encountering a predator. The lack of incre
gr-1 expression in the somatosensory cortex differs f
hat found by Figueiredo et al.[29], where both test chamb
nd cat exposure increasedc-fosin the somatosensory corte
hile differences in experimental procedures may contri

o the discrepant outcomes of the studies, in our experim
t would have been interesting to see if the somatosen
ortex would be engaged in other circumstances, like a d
actile encounter with the cat. Unfortunately, in this exp
ent, at no time did the cat touch any of the rats.
Other primary sensory areas were not analyzed. How

xposure to cat odor has been shown to increase the nu
f Fos labeled cells in both the main and accessory olfa
r

nd phosphorylation of CREB in the lateral and basal nu
f the amygdala (Adamec et al.,[5]). Whereas these chang
ppear to be independent ofegr-1 induction, an NMDA an

agonist blocks both fear conditioning and increases ofegr-1
n the lateral nucleus induced by fear conditioning[42]. To-
ether, these studies suggest different molecular proces

he lateral and basal amygdala during fear conditionin
pposed to predator stress induced fear sensitization.

urther suggest that non-associative learning associated
xposure to a predator does not involve induced transcri
f egr-1in the lateral nucleus of the amygdala, but likely a
ation of other transcriptional pathways (e.g., phosphory
REB).
In contrast to the lack of an increase inegr-1in the amyg

ala with cat exposure, small increases in Fos protein
een found in the lateral and basal nuclei with exposu

ox urine [31]. However, the importance of these increa
s not known, particularly because they have not been r
ated with exposure to a live cat, cat fur odor or a synth
ox feces odor[24,27,29,47]. Furthermore, lesions or inac
ation of the basolateral complex or central nucleus do
lock freezing to predator odors[28,39,56,63]. Significan
os increases have also been found in the medial nucle

he amygdala, but not other amygdaloid nuclei, following
osure to a live cat, or cat and fox odor[24,27,29,47]. While
os increases in the medial nucleus are not specific t
onditioned fear of predator stimuli[25,29,49,57], a recen
tudy found a blockade of defensive freezing to cat odor
owing lesions of the medial nucleus of the amygdala[39].
hese studies, and others[e.g., 61], suggest that the amygda
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circuitry for fear conditioning and unconditioned fear may
be different[56], although other interpretations are possible
[62]. Further studies on the effects of lesions or inactivation
of specific amygdaloid nuclei would help clarify the amyg-
dala circuitry for responses to predators and specific predator
associated stimuli.

5.4. egr-1 expression in the bed nucleus of the stria
terminalis

The BNST did not displayegr-1and could not be analyzed.
It was anticipated thategr-1 would increase in the BNST
because the BNST is critical for freezing to a predator odor
[28] andc-fosand Fos were found to increase in the BNST in
rats exposed to a live cat, and predator odors[24,27,29,47].
These results demonstrate differential expression ofegr-1and
c-fosin the BNST.

5.5. egr-1 expression in the periaqueductal gray

The PAG is known to be important for both active escape
and passive immobile responses to fear and pain[26,36]. In
general, the dorsolateral PAG is responsible for active behav-
ioral and autonomic responses, while the ventrolateral PAG
is responsible for passive responses[10], however, another
functional parcellation is that the dorsolateral PAG is involved
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this shifted to symmetric hemispheric expression in the cat-
exposed and confined groups due to increasing expression in
the right hemisphere. Because cat-exposed rats appeared to
be more fearful than confined rats (as indicated byegr-1ex-
pression in the PVN), the changes in hemispheric expression
in the lateral PAG are likely not associated specifically with
fear, but more generally with immobility. This is not universal
for all transcription factors. Phosphorylation of CREB was
shown to increase in the lateral PAG following cat exposure,
but not confinement[4]. Whether Fos displays a right PAG
dominance has not been examined.

5.6. Conclusions: functional neurocircuitry for
conditioned and unconditioned fear

Expression ofegr-1 and c-fos following exposure to a
predator or predator odors suggest a circuit for unconditioned
fear that has considerable overlap with circuitry proposed for
Pavlovian conditioned fear, but with some striking differ-
ences. Canteras[16] proposed an unconditioned fear circuit
where a medial hypothalamic defensive system is a major
interface between sensory input and motor output. Both le-
sion and Fos expression studies support this notion that the
anterior and ventromedial hypothalamic nuclei and the dor-
sal premammillary nucleus are involved in fear responses to
predator and predator odors[17,18,24,27,29,46,47]. Whether
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n unconditioned fear responses, whereas the ventrol
AG is part of a conditioned fear circuit[60]. Fos expressio

n the caudal parts of the ventrolateral PAG increases
onditioned fear[19]. Cat and cat odors exposure increa
os expression in all aspects of the PAG[18,27,47], while
-fosmRNA in both the ventro- and dorso-lateral PAG w
ot increased by synthetic fox odor above a no odor cond

24]. Moreover, predator stress lastingly potentiates ce
mygdala efferent transmission to right but not left lat
AG [4,6], and phosphorylated CREB increases in the r

ateral PAG with cat exposure[4]. We therefore examine
gr-1expression in dorsal and lateral aspects of the PAG
emispheric differences in the lateral aspect.

Contrary to Fos[18,27,47], there was no change in expr
ion ofegr-1 in the dorsal PAG. This suggests thategr-1 is
ot the appropriate activity marker for the dorsal PAG. As
ave seen,egr-1 is not expressed in the BNST or medial
leus of the amygdala—both regions that Fos has been
o increase following cat and fox odor exposure[24,27,47].

In contrast to the lack of an effect in the dorsal PAG,
erent patterns ofegr-1expression were found in the late
AG between the groups. While there were no main g
r side (left or right PAG) effects, there was a signific
roup by side interaction. Previous studies demonstra
ight hemispheric dominance for long-lasting fear in
nd rats in the amygdala–PAG circuit[2,3]. In the presen
tudy, a similar hemispheric effect emerged in the lateral
f the cat-exposed and confined groups, although a di
ight hemispheric dominance did not occur. Whereas the
led group displayed a left dominance inegr-1expression
his system is important for fear conditioning is unkno
esults from one Fos study suggest the possibility[11]. How-
ver, what appear to be missing from the unconditioned
ircuit are amygdala nuclei that are central to conditio
ear (i.e., lateral, basal, and central nuclei of the amygd
23,38,45,56].egr-1, which is increased in the lateral nucle
f the amygdala following contextual fear conditioning, fo
hock stress, or novelty[32,41,57], and Fos, which has be
ound increased in the lateral, basal and central nuclei fo
ng fear conditioning in some studies[11,35,49,58], but not
ll [52,57,59], are not induced in the lateral, basal or cen
uclei in response to a cat or predator odors[24,27,29,47],
xcept in one study testing fox urine exposure[31]. Further-
ore, whereas large lesions of the amygdala reduce fe

ponses to cat exposure[12,30], small lesions or inactiva
ion confined to the basolateral complex or central nuc
f the amygdala do not disrupt fear responses to pre
dors[28,39,56,63]. Deficits found following large amyg
ala lesions may be due to destruction of the medial nuc

ndeed, a lesion confined to the medial nucleus was sho
nterfere with unconditioned fear to predator odor[39]. Inter-
stingly, the medial nucleus does not appear to be invo

n fear conditioning[39,50].
In conclusion, answering questions of whether the ne

ircuitry instantiating conditioned and unconditioned fea
ifferent and whether plasticity occurs in unconditioned
ircuits as it appears to occur in fear conditioned circ
44,48,53]will benefit from application of both conditionin
nd ethoexperimental approaches[13] to the study of th
eurobiology of fear.



J.B. Rosen et al. / Behavioural Brain Research 162 (2005) 279–288 287

Acknowledgements

This work was supported by National Science Foundation
Grant IBN-0129809 to J. Rosen and by Canadian Institutes of
Health Research (CIHR) Grant (MOP 49490) to R. Adamec.

References

[1] Adamec RE. Transmitter systems involved in neural plasticity un-
derlying increased anxiety and defense-implications for understand-
ing anxiety following traumatic stress. Neurosci Biobehav Rev
1997;21:755–65.

[2] Adamec RE. Evidence that long-lasting potentiation in limbic cir-
cuits mediating defensive behaviour in the right hemisphere under-
lies pharmacological stressor (FG-7142) induced lasting increases
in anxiety-like behaviour: role of benzodiazepine receptors. J Psy-
chopharmacol 2000;14:307–22.

[3] Adamec RE. Evidence that long-lasting potentiation of amygdala
efferents in the right hemisphere underlies pharmacological stressor
(FG-7142) induced lasting increases in anxiety-like behaviour: role
of GABA tone in initiation of brain and behavioural changes. J
Psychopharmacol 2000;14:323–39.

[4] Adamec RE, Blundell J, Burton P. Phosphorylated cyclic AMP re-
sponse element binding protein expression induced in the periaque-
ductal gray by predator stress: its relationship to the stress experi-
ence, behavior and limbic neural plasticity. Prog Neuropsychophar-
macol Biol Psychiatry 2003;27:1243–67.

[5] Adamec R, Blundell J, Burton P. Relationship of the predatory at-
roen-

ess
Rev

me-
stress
post-

ock
ress-
oned
ehav

ngle

[ per-
urosci

[ avior

[ ns to
chol

[ oach
DC,

dy of
mic;

[ play
ut not

[ tion
ned

[16] Canteras NS. The medial hypothalamic defensive system: hodolog-
ical organization and functional implications. Pharmacol Biochem
Behav 2002;71:481–91.

[17] Canteras NS, Chiavegatto S, Valle LE, Swanson LW. Severe reduc-
tion of rat defensive behavior to a predator by discrete hypothalamic
chemical lesions. Brain Res Bull 1997;44:297–305.

[18] Canteras NS, Goto M. Fos-like immunoreactivity in the periaque-
ductal gray in rats exposed to a natural predator. Neuroreport
1999;10:413–8.

[19] Carrive P, Leung P, Harris J, Paxinos G. Conditioned fear to con-
text is associated with increased Fos expression in the caudal ven-
trolateral region of the midbrain periaqueductal gray. Neuroscience
1997;78:165–77.

[20] Carter RN, Pinnock SB, Herbert J. Does the amygdala modulate
adaptation to repeated stress? Neuroscience 2004;126:9–19.

[21] Cohen H, Zohar J, Matar M. The relevance of differential response
to trauma in an animal model of posttraumatic stress disorder. Biol
Psychiatry 2003;53:463–73.

[22] Cullinan WE, Herman JP, Battaglia DF, Akil H, Watson SJ. Pattern
and time course of immediate early gene expression in rat brain
following acute stress. Neuroscience 1995;64:477–505.

[23] Davis M. Neurobiology of fear responses: the role of the amygdala.
J Neuropsychiatry Clin Neurosci 1997;9:382–402.

[24] Day HE, Masini CV, Campeau S. The pattern of brainc-fos
mRNA induced by a component of fox odor, 2,5-dihydro-2,4,5-
trimethylthiazoline (TMT), in rats, suggests both systemic and pro-
cessive stress characteristics. Brain Res 2004;1025:139–51.

[25] Dayas CV, Buller KM, Day TA. Neuroendocrine responses to an
emotional stressor: evidence for involvement of the medial but not
the central amygdala. Eur J Neurosci 1999;11:2312–22.

[26] De Oca BM, DeCola JP, Maren S, Fanselow MS. Distinct regions of
ssion

[ at’:
ure

[ the
ocks
ces.

[ JP.
: dif-
tion
logy

[ nuate
Res

[ odor
rain

[ of
ning.

[ x-
l and
pal

rosci

[ g

[ to
zing.

[ able
hysiol
tack experience to neural plasticity, pCREB expression and neu
docrine response. Neurosci Biobehav Rev 2005, in press.

[6] Adamec RE, Blundell J, Collins A. Neural plasticity and str
induced changes in defense in the rat. Neurosci Biobehav
2001;25:721–44.

[7] Adamec RE, Burton P, Shallow T, Budgell J. NMDA receptors
diate lasting increases in anxiety-like behavior produced by the
of predator exposure-implications for anxiety associated with
traumatic stress disorder. Physiol Behav 1999;65:723–37.

[8] Adamec RE, Burton P, Shallow T, Budgell J. Unilateral bl
of NMDA receptors in the amygdala prevents predator st
induced lasting increases in anxiety-like behavior and unconditi
startle-effective hemisphere depends on the behavior. Physiol B
1999;65:739–51.

[9] Adamec RE, Shallow T. Lasting effects on rodent anxiety of a si
exposure to a cat. Physiol Behav 1993;54:101–9.

10] Bandler R, Shipley MT. Columnal organization in the midbrain
aqueductal gray: modules for emotional expression? Trends Ne
1994;17:379–89.

11] Beck CH, Fibiger HC. Conditioned fear-induced changes in beh
and in the expression of the immediate early genec-fos: With and
without diazepam pretreatment. J Neurosci 1995;15:709–20.

12] Blanchard DC, Blanchard RJ. Innate and conditioned reactio
threat in rats with amygdaloid lesions. J Comp Physiol Psy
1972;81:281–90.

13] Blanchard RJ, Blanchard DC, Hori K. An ethoexperimental appr
to the study of defense. In: Blanchard RJ, Brain PF, Blanchard
Parmigiani S, editors. Ethoexperimental approaches to the stu
behavior, vol. 48. Dordecht, The Netherlands: Kluwer Acade
1989. p. 114–36.

14] Brown ER, Sawchenko PE. Hypophysiotropic CRF neurons dis
a sustained immediate-early gene response to chronic stress b
to adrenalectomy. J Neuroendocrinol 1997;9:307–16.

15] Campeau S, Hayward MD, Hope BT, Rosen JB, Davis M. Induc
of the c-fos proto-oncogene in rat amygdala during unconditio
and conditioned fear. Brain Res 1991;565:349–52.
the periaqueductal gray are involved in the acquisition and expre
of defensive responses. J Neurosci 1998;18:3426–32.

27] Dielenberg RA, Hunt GE, McGregor IS. ‘When a rat smells a c
distribution of Fos immunoreactivty in rat brain following expos
to predatory odor. Neuroscience 2001;104:1085–97.

28] Fendt M, Endres T, Apfelbach R. Temporary inactivation of
bed nucleus of the stria terminalis but not of the amygdala bl
freezing induced by trimethylthiazoline, a component of fox fe
J Neurosci 2003;23:23–8.

29] Figueiredo HF, Bodie BL, Tauchi M, Dolgas CM, Herman
Stress integration after acute and chronic predator stress
ferential activation of central stress circuitry and sensitiza
of the hypothalamo–pituitary–adrenocortical axis. Endocrino
2003;144:5249–58.

30] Fox RJ, Sorenson CA. Bilateral lesions of the amygdala atte
analgesia induced by diverse environmental challenges. Brain
1994;648:215–21.

31] Funk D, Amir S. Circadian modulation of Fos responses to the
of the red fox, a rodent predator, in the rat olfactory system. B
Res 2000;866:262–7.

32] Hall J, Thomas KL, Everitt BJ. Rapid and selective induction
BDNF expression in the hippocampus during contextual lear
Nat Neurosci 2000;3:533–5.

33] Hall J, Thomas KL, Everitt BJ. Cellular imaging of zif268 e
pression in the hippocampus and amygdala during contextua
cued fear memory retrieval: selective activation of hippocam
CA1 neurons during the recall of contextual memories. J Neu
2001;21:2186–93.

34] Herrera DG, Robertson HA. Activation ofc-fos in the brain. Pro
Neurobiol 1996;50:83–107.

35] Holahan MR, White NM. Amygdalac-fos induction corresponds
unconditioned and conditioned aversive stimuli but not to free
Behav Brain Res 2004;152:109–20.

36] Keay KA, Bandler R. Distinct central representations of inescap
and escapable pain: observations and speculation. Exp P
2002;87:275–9.



288 J.B. Rosen et al. / Behavioural Brain Research 162 (2005) 279–288

[37] Knapska E, Kaczmarek L. A gene for neuronal plasticity in the
mammalian brain: Zif268/egr-1/NGFI-A/Krox-24/TIS8/ZENK? Prog
Neurobiol 2004;74:183–211.

[38] LeDoux JE. Emotion circuits in the brain. Ann Rev Neurosci
2000;23:155–84.

[39] Li CI, Maglinao TL, Takahashi LK. Medial amygdala modulation of
predator odor-induced unconditioned fear in the rat. Behav Neurosci
2004;118:324–32.

[40] Malkani S, Rosen JB. Differential expression ofEGR-1mRNA in
the amygdala following diazepam in contextual fear conditioning.
Brain Res 2000;860:53–63.

[41] Malkani S, Rosen JB. Specific induction of immediate early growth
response gene 1 (EGR-1) in the lateral nucleus of the amyg-
dala following contextual fear conditioning in rats. Neuroscience
2000;97:693–702.

[42] Malkani S, Rosen JB.N-Methyl-d-aspartate receptor antagonism
blocks contextual fear conditioning and differentially regulates early
growth response-1 mRNA expression in the amygdala: implica-
tions for a functional amygdaloid circuit of fear. Neuroscience
2001;102:853–61.

[43] Malkani S, Wallace KJ, Donley MP, Rosen JB. Anegr-1 (zif268)
antisense oligodeoxynucleotide infused into the amygdala disrupts
fear conditioning. Learn Mem 2004;11:617–24.

[44] Maren S. Long-term pontention in the amygdala: a mechanism of
emotional learning and memory. Trends Neurosci 1999;22:561–7.

[45] Maren S. The amygdala, synaptic plasticity, and fear memory. Ann
N Y Acad Sci 2003;985:106–13.

[46] Markham CM, Blanchard DC, Canteras NS, Cuyno CD, Blanchard
RJ. Modulation of predatory odor processing following lesions to
the dorsal premammillary nucleus. Neurosci Lett 2004;372:22–6.

[47] McGregor IS, Hargreaves GA, Apfelbach R, Hunt GE. Neural cor-
ts of

[ in-
ture

[ s J.
g of

[ the
the

–63.
[ . 4th

[52] Pezzone MA, Lee WS, Hoffman GE, Rabin BS. Induction ofc-fos
immunoreactivity in the rat forebrain by conditioned and uncondi-
tioned aversive stimuli. Brain Res 1992;597:41–50.

[53] Quirk GJ, Repa C, LeDoux JE. Fear conditioning enhances short
latency auditory responses of lateral amygdala neurons: Parallel
recordings in the freely moving rat. Neuron 1995;15:1029–39.

[54] Radulovic J, Kammermeier J, Spiess J. Relationship between fos
production and classical fear conditioning: effects of novelty, la-
tent inhibition, and unconditioned stimulus preexposure. J Neurosci
1998;18:7452–561.

[55] Ressler KJ, Paschall G, Zhou XL, Davis M. Regulation of synaptic
plasticity genes during consolidation of fear conditioning. J Neurosci
2002;22:7892–902.

[56] Rosen JB. The neurobiology of conditioned and unconditioned fear:
a neurobehavioral system analysis of the amygdala. Behav Cogn
Neurosci Rev 2004;3:23–41.

[57] Rosen JB, Fanselow MS, Young SL, Sitcoske M, Maren S.
Immediate-early gene expression in the amygdala following
footshock stress and contextual fear conditioning. Brain Res
1998;796:132–42.

[58] Scicli AP, Petrovich GD, Swanson LW, Thompson RF. Contextual
fear conditioning is associated with lateralized expression of the
immediate early genec-fos in the central and basolateral amygdalar
nuclei. Behav Neurosci 2004;118:5–14.

[59] Smith MA, Banerjee S, Gold PW, Glowa J. Induction ofc-fosmRNA
in rat brain by conditioned and unconditioned stressors. Brain Res
1992;578:135–41.

[60] Vianna DM, Brandao ML. Anatomical connections of the periaque-
ductal gray: specific neural substrates for different kinds of fear. Braz
J Med Biol Res 2003;36:557–66.

[61] Walker DL, Davis M. Double dissociation between the involvement
cleus
ersus

[ the
y. Eur

[ us of
d fear
rosci

[ ation
eport
relates of cat odor-induced anxiety in rats: region-specific effec
the benzodiazepine midazolam. J Neurosci 2004;24:4134–44.

48] McKernan MG, Shinnick-Gallagher P. Fear conditioning
duces a lasting potentiation of synaptic current in vitro. Na
1997;390:607–10.

49] Milanovic S, Radulovic J, Laban O, Stiedl O, Henn F, Speis
Production of the Fos protein after contextual fear conditionin
C57BL/6N mice. Brain Res 1998;784:37–47.

50] Nader K, Majidishad P, Amorapanth P, LeDoux JE. Damage to
lateral and central, but not other, amygdaloid nuclei prevents
acquisition of auditory fear conditioning. Learn Mem 2001;8:156

51] Paxinos G, Watson C. The rat brain in stereotaxic coordinates
ed. San Diego: Adacemic Press; 1998.
of the bed nucleus of the stria terminalis and the central nu
of the amygdala in startle increases produced by conditioned v
unconditioned fear. J Neurosci 1997;17:9375–83.

62] Walker DL, Toufexis DJ, Davis M. Role of the bed nucleus of
stria terminalis versus the amygdala in fear, stress, and anxiet
J Pharmacol 2003;463:199–216.

63] Wallace KJ, Rosen JB. Neurotoxic lesions of the lateral nucle
the amygdala decrease conditioned fear, but not unconditione
of a predator odor: comparison to electrolytic lesions. J Neu
2001;21:3619–27.

64] .Watanabe Y, Stone E, McEwen BS. Induction and habitu
of c-fos and zif/268 by acute and repeated stressors. Neuror
1994;5:1321–4.


	Expression of egr-1 (zif268) mRNA in select fear-related brain regions following exposure to a predator
	Introduction
	Methods
	Animals
	Apparatus
	Cat exposure chamber
	Confinement chamber


	Procedure
	Cat exposure
	In situ hybridization of egr-1

	Results
	Behavior
	Expression of egr-1 following cat exposure and confinement
	Paraventricular nucleus of the hypothalamus (PVN)
	Amygdala
	Periaqueductal gray
	BNST
	Visual cortex and somatosensory cortex


	Discussion
	Behavior and egr-1 expression in the PVN
	egr-1 expression in the visual and somatosensory cortices
	egr-1 expression in the amygdala
	egr-1 expression in the bed nucleus of the stria terminalis
	egr-1 expression in the periaqueductal gray
	Conclusions: functional neurocircuitry for conditioned and unconditioned fear

	Acknowledgements
	References


