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Abstract
It is well established that the central nucleus of the amygdala (CEA) is involved in responses to stress,
fear and anxiety. Many studies have used c-fos expression to map the brain's response to processive
stress, but curiously the CEA generally is not highly activated. We have previously shown that
exposure to a novel vs. home environment reduces amphetamine-induced activation of the lateral
CEA (CEAl) and the oval nucleus of the bed nucleus of the stria terminalis (BSTov). This is consistent
with the idea that processive stress inhibits neurons in these nuclei. We have tested this hypothesis
by exposing rats to noise, at a range of intensities from non-stressful to stressful, or to restraint
conditions, immediately after a remote injection of amphetamine, 2 mg/kg i.p., or interleukin-1β
(IL-1β) 0.5 μg/kg i.p. (used to obtain a level of c-fos mRNA against which to measure inhibition).
In keeping with our hypothesis, amphetamine- or IL-1β-induced c-fos and zif-268 mRNA were
significantly decreased in the CEAl and BSTov under conditions of loud noise or restraint stress
compared with control conditions. This inhibition does not require a stress-induced rise in
corticosterone because data were similar in animals that had been adrenalectomized with a low-dose
corticosterone replacement. As both the CEAl and BSTov are highly γ-aminobutyric acid (GABA)
-ergic and project to the medial CEA (CEAm), their inhibition potentially causes an increased input
to the CEAm. As the CEAm is a major output nucleus of the amygdala, this could have important
consequences within the neural circuitry controlling responses to processive stress.
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Introduction
The central nucleus of the amygdala (CEA) has repeatedly been shown in a variety of models
to be important for the expression and integration of behavioral and autonomic responses to
aversive stimuli (Kapp et al., 1982; Davis, 1992; Gallagher & Chiba, 1996; Maren & Fanselow,
1996; LeDoux, 2000). Although, in general, less is known about the bed nucleus of the stria
terminalis (BST), it too has been shown to be important for autonomic, neuroendocrine and
somatomotor responses during emotional behaviors (Casada & Dafny, 1991; Gray et al.,
1993; Dunn & Williams, 1995; Herman & Cullinan, 1997). The amygdala and BST are highly
interconnected, and distinct subregions have often been associated under an ‘extended
amygdala’ concept, primarily based on afferent and efferent projections, morphological
features and neurochemical phenotypes (Alheid et al., 1995). Under this system of
categorization, the lateral CEA (CEAl) and oval nucleus of the BST (BSTov; Ju & Swanson,
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1989; Ju et al., 1989; Swanson, 1992), also known as the dorsolateral BST (Moga et al.,
1989), are parts of the central extended amygdala due to their highly similar neuroanatomical
features.

The expression of c-fos mRNA, Fos protein or other immediate-early genes has been used
widely as a tool to assess neuronal activation by processive stressors. Processive stressors have
been defined as stimuli that do not present a direct physiological threat to the organism, but
elicit a hypothalamic–pituitary–adrenal (HPA) axis response via higher order processing
involving limbic and forebrain structures (Herman & Cullinan, 1997). This is in contrast to
systemic stressors that pose a direct physiological threat to the organism and activate the HPA
axis through direct innervation of the paraventricular nucleus of the hypothalamus (PVN) via
inputs from the brainstem, for example. Although processive stressors can elicit a small c-fos
induction in the CEA, given the involvement of the CEA in fear and anxiety responses, the
levels of expression are surprisingly meager in this nucleus and the BSTov. For example, loud
noise stress (Campeau & Watson, 1997; Dayas et al., 2001), restraint (Cullinan et al., 1995;
Dayas et al., 2001), forced swim (Cullinan et al., 1995; Dayas et al., 2001), foot-shock (Pezzone
et al., 1992; Imaki et al., 1993), open-field (Emmert & Herman, 1999), novelty (Day et al.,
2001) and even fear conditioning (Pezzone et al., 1992; Beck & Fibiger, 1995; Campeau et
al., 1997) induce relatively low levels of c-fos in the CEA and BSTov (but see Honkaniemi,
1992; Kollack-Walker et al., 1997; Radulovic et al., 1998; Holahan & White, 2004; Scicli et
al., 2004). This raises the question, if the CEA or BSTov are involved in responses to processive
stress, is c-fos a poor marker of activation in these areas? This seems unlikely as many other
stimuli, for example amphetamine, cocaine, interleukin-1β (IL-1β), cholecystokinin,
dexfenfluramine, flesinoxan, imipramine, citalopram, chlordiazepoxide, diazepam, ethanol,
nicotine and clozapine, result in very strong c-fos expression in the CEAl and BSTov (Li &
Rowland, 1994; Chang et al., 1995; Compaan et al., 1996; Matta et al., 1997; Ryabinin et
al., 1997; Day et al., 1999a; Hitzemann & Hitzemann, 1999; Javed et al., 1999; Morelli &
Pinna, 1999; Morelli et al., 1999; Day et al., 2001). Given that these regions readily express
c-fos and that processive stressors activate c-fos mRNA and protein in a vast number of other
brain areas, it is possible that neurons of the BSTov and CEA are actively inhibited by
processive stress. One way in which this could be determined would be to analyse the response
to a stimulus that activates these regions in the presence or absence of processive stress. If
processive stress inhibits neurons of the CEA and BSTov, then a decreased response to the
stimulus would be predicted, relative to the non-stress condition. Supporting this is the
observation that exposure to a novel environment, that is considered to be a processive stressor
(Hennessy & Levine, 1978; Badiani et al., 1998; Emmert & Herman, 1999), decreases
amphetamine-induced c-fos mRNA expression in the CEAl and BSTov by approximately 50%
compared with home-cage conditions (Day et al., 2001).

To determine whether this inhibition generalizes to other processive stressors and other stimuli
that activate the CEA and BSTov, we determined the effect of increasing intensities of noise,
from non-stressful to stressful, or the effect of restraint on levels of amphetamine- or IL-β-
induced c-fos mRNA expression in the CEA and BSTov by semiquantitative in situ
hybridization. Amphetamine was chosen as the initial stimulus because an inhibition of
amphetamine-induced c-fos mRNA in the BSTov and CEA has previously been demonstrated
for novelty stress (Day et al., 2001). IL-1β was chosen as an alternative stimulus because it
increases c-fos mRNA expression in cells of the BSTov and CEAl that have the same
neurochemical phenotype as those activated by amphetamine, but likely acts via a different
mechanism (Day et al., 1999a, 2001). The requirement of a stress-induced rise in corticosterone
was also tested in adrenalectomized animals with low-level corticosterone replacement. The
data support the hypothesis that processive stress inhibits neurons of the CEAl and BSTov,
and that this is a neuronally mediated effect. Preliminary data have been reported previously
(Day et al., 2004).
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Materials and methods
Animals

Adult male Sprague–Dawley rats (Harlan, Indianapolis, IN, USA) weighing 200–250 g at the
time of arrival in the colony were used. Animals were initially housed in groups of three–four
in plastic cages, and were maintained on a 12 : 12 h light : dark cycle (lights on at 08.00 h)
under conditions of constant temperature and humidity. Animals were allowed free access to
food and water at all times and were allowed to acclimatize for at least 7 days before any
experimental manipulations. Experiments were run between 08.00 h and 12.00 h when
circulating levels of ACTH and corticosterone are low. All procedures were approved by The
University of Colorado at Boulder Institutional Animal Care and Use Committee, in
conformation with NIH guidelines.

Surgery
Animals requiring i.p. injections were implanted with an i.p. catheter to allow remote injection,
and reduce the acute stress of handling and injection procedures at the time of the experiment.
The surgical procedure used has been described before (Day & Akil, 1999), with minor
modifications outlined below. Briefly a 22-cm piece of silastic tubing (0.020 inch internal
diameter; 0.037 inch external diameter; Dow Corning, Midland, MI, USA) was used as a
catheter and was introduced into the peritoneal cavity under sodium pentobarbital general
anesthesia. It was secured at the peritoneal wall with sutures around a double silicon ring on
the catheter, 3 cm from the end, as previously described. The catheter was then exteriorized
with the aid of a trochar at the neck region. Instead of being left loose, the catheter was
connected to a cannula connector pedestal (Plastics One, Roanoke, VA, USA) and secured to
the skull with screws and cranioplastic cement (Plastics One, Roanoke, VA, USA). A dust cap
was used to keep the tubing clean. Animals were then housed individually in plastic shoebox
cages (22 × 43 × 21 cm) with sawdust bedding on the floor, and allowed to recover for at least
a week before the experiment.

General experimental procedure for noise exposure
The night before the experiment, the animals were transported from the colony room to the
behavioral testing suite. Animals were first weighed and then placed, within their home-cage,
in one of eight ventilated soundproofed enclosures located in an adjacent room. The enclosure
consisted of two wooden boxes (0.75 inch plywood board) with the outer chamber lined with
0.5 inch foam insulation (Celotex®). The internal dimensions of the inner box were depth 38
cm × width 60 cm × height 38 cm. Each enclosure was fitted with a single 6 inch × 9 inch
Optimus speaker (#12-1769-120 W RMS) fixed in the middle of the ceiling. Lighting was
provided by a fluorescent lamp (15 W) located in the upper left corner of the chamber that was
automatically turned off at 20.00 h and on at 08.00 h. Noise was produced by a General Radio
(#1381) solid-state random-noise generator with the bandwidth set at 2 Hz–50 kHz. The output
of the noise generator was fed to power amplifiers (Pyramid Studio Pro #PA-600X), the outputs
of which fed the speakers. Noise intensity was measured by placing a Radio Shack Realistic
Sound Level Meter (A scale; #33-2050) in the animal's home cages at several locations and
taking an average of the readings. Preliminary studies using a range of noise intensities
determined that levels of 85 dBA (Sound Pressure Level) or above (up to 110 dBA) were
stressful, as determined by a significant increase in plasma ACTH and corticosterone levels
(data not shown). The effect on plasma ACTH and corticosterone was intensity dependent,
with exposure to 85 dBA leading to a smaller ACTH and corticosterone response than exposure
to 90 dBA, etc. Corticosterone data from this experimental apparatus were similar to those
observed previously (Campeau & Watson, 1997). Levels up to and including 80 dBA were not
considered stressful using these criteria. The background noise level within the apparatus was
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approximately 60 dBA, generated mostly by the ventilation fans. This compares with a
background noise level of 55 dBA in the general colony room.

After the rat was placed in the soundproofed enclosure, the catheter was connected to an
external 1 mL syringe filled with sterile 0.9% saline via a metal spring-covered connector
assembly (Plastics One, Roanoke, VA, USA), a cage-top-mounted fluid swivel (Instech
Laboratories, Plymouth Meeting, PA, USA) and saline-filled PE tubing that passed outside the
box enclosure allowing remote injection. A 1-mL volume of saline was injected to check the
patency of the catheter and that there were no leaks. Animals remained in their home-cages in
the soundproofed enclosures overnight and had free access to food and water.

The following morning, without being disturbed, animals were injected remotely with the
appropriate drug, followed by a 0.6-mL vehicle flush. (The total volume of the PE tubing/
catheter was 0.5 mL.) Animals were then immediately exposed to noise of varying intensities,
from 60 dBA to 110 dBA for up to 90 min (depending on the experiment, see below). At the
end of the noise exposure, animals were disconnected from the swivel, removed from the cage
and rapidly decapitated in an adjacent room. The time between the end of the noise and
decapitation was less than 2 min. Trunk blood was collected in Vacutainer® tubes containing
EDTA and plasma used for determining corticosterone levels. Brains were removed, frozen in
isopentane cooled to between −30 °C and −40 °C, and stored at −80 °C until processing for in
situ hybridization.

Experiment 1: to compare the expression pattern of c-fos mRNA in the BSTov,
CEA and PVN following loud noise or restraint stress, compared with
amphetamine administration—This experiment was run for illustrative purposes only, to
demonstrate: (i) the relative lack of c-fos mRNA expression in the CEA and BSTov following
processive stress, compared with a systemic injection of amphetamine; and (ii) the low baseline
expression of c-fos mRNA in these regions. The stressors chosen for these experiments were
loud noise and restraint. Both of these stimuli are well characterized laboratory stressors
thought to belong to the processive class of stressors (Herman & Cullinan, 1997), and result
in a constellation of behavioral, endocrine and autonomic responses consistent with a classical
stress response (Yano & Harada, 1980; De Boer et al., 1989; Segal et al., 1989; Overton et
al., 1991; Helmstetter & Bellgowan, 1994; Campeau & Watson, 1997; Ginsberg et al.,
2003). Animals (n = 12) underwent surgery to implant an i.p. catheter (n = 4) or were left
unoperated (n = 8), and were housed individually. One week later and the afternoon before the
experiment, the animals were transported to the behavioral suite. Half of the unoperated
animals (n = 4) remained in the room in their home-cages. The other unoperated animals (n =
4) were placed in the soundproofed boxes as described above. The animals with i.p. catheters
(n = 4) were also placed in the soundproofed boxes and were connected to the injection system
as described above. The following morning animals were exposed to the following treatment
conditions for 30 min: (i) unoperated plus background (60 dBA) noise, n = 2; (ii) unoperated
plus 100 dBA noise, n = 2; (iii) a remote saline injection via the i.p. catheter (background
noise), n = 2; (iv) a remote amphetamine injection (D-amphetamine sulphate salt; Sigma, St.
Louis, MO, USA), 2 mg/mL/kg via the i.p. catheter (background noise), n = 2; (v) unoperated
and unhandled (naïve), n = 2; (vi) unoperated plus restraint stress within the home cage, n =
2. Restraint stress consisted of placing each animal in a clear Plexiglas tube (23.5 cm in length
and 7 cm in diameter) with tails protruding (Ginsberg et al., 2003). The size of the tube restricted
movement in all directions, but did not interfere with breathing. After 30 min, animals were
killed by decapitation in an adjacent room. Trunk blood was taken for analysis of plasma
corticosterone and brains were taken for in situ hybridization for c-fos mRNA.

Experiment 2: to test if a stressful level of loud noise inhibits the BSTov and
CEAl by determining levels of amphetamine-induced c-fos or zif-268 mRNA
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expression under background or stressful noise conditions—Rats (n = 12) were
implanted with an i.p. catheter as described above. The experiment was run in two cohorts, n
= 6 as described above. All animals received a remote injection of 2 mg/kg amphetamine via
the i.p. catheter and were immediately exposed to a stressful level of noise (100 dBA; n = 5)
or background noise conditions (60 dBA; n = 7) for 50 min. The 50 min time point was chosen
because amphetamine-induced c-fos mRNA expression under home vs. novel conditions was
significantly different at this time (Day et al., 2001). Treatment conditions were randomized
across cohorts.

Experiment 3: to determine the time course for loud noise stress inhibition of
amphetamine-induced c-fos mRNA in the BSTov and CEAl—Rats (n = 42) were
implanted with an i.p. catheter as described above. The experiment was run in six cohorts, n
= 4 or 8. Animals (n = 36) received a remote injection of 2 mg/kg amphetamine via the i.p.
catheter and were immediately exposed to a stressful level of noise (100 dBA) or background
noise conditions (60 dBA) for 30, 60 or 90 min; n = 6 per group, except 90′/100 dBA noise,
n = 5, due to a catheter failure. The other six animals received an equivalent volume of saline
by remote injection via the i.p. catheter, and were exposed to background noise conditions (60
dBA) for 30 min to give a background measure for c-fos mRNA expression.

Experiment 4: to test which noise intensities inhibit amphetamine-induced c-fos
mRNA expression in the BSTov and CEAl—Rats (n = 36) were implanted with an i.p.
catheter as described above. The experiment was run in five cohorts, n = 4 or n = 8. All animals
received a remote injection of amphetamine, 2 mg/kg, via the i.p. catheter and were
immediately exposed to background (60 dBA), non-stressful (70, 80 dBA) or stressful (90, 100
or 110 dBA) levels of noise for 30 min, based on the results from Experiment 2; n = 6 per
group. Treatment conditions were randomized across cohorts. In this experiment, tissue was
not cut accurately for the BSTov and 14 additional animals were run over two cohorts to obtain
at least six per group (all treatment conditions were run). Hence for the BSTov data, n = 6–8
per group.

Experiment 5: to test if restraint stress inhibits amphetamine-induced c-fos
mRNA expression in the BSTov and CEAl—Rats (n = 12) were implanted with an i.p.
catheter, as described above. The afternoon before the experiment, animals were transported
to the behavioral suite, weighed and replaced in their home-cages. The following morning all
animals were injected remotely with amphetamine, 2 mg/kg via the i.p. catheter. Immediately
after the injection, animals remained unhandled (n = 6) or were subjected to restraint stress for
30 min within the home-cage (n = 6), as described in Experiment 1. Animals were killed by
decapitation 30 min after the amphetamine injection. Trunk blood was collected for analysis
of plasma corticosterone and the brain removed for analysis of c-fos mRNA expression by in
situ hybridization.

Experiment 6: to test if loud noise stress inhibits IL-1β-induced c-fos mRNA
expression in the BSTov and CEA—Rats (n = 12) were implanted with an i.p. catheter,
as described above. The afternoon before the experiment, animals were transported to the
behavioral suite, weighed and replaced in their home-cages. The following morning all animals
were injected remotely with IL-1β, 0.5 μg/kg in 0.9% saline containing 0.01% rat serum
albumin (Day & Akil, 1999) via the i.p. catheter. Immediately after the injection, animals
remained under background noise conditions (60 dBA; n = 6) or were subjected to conditions
of loud noise stress (100 dBA) for 30 min within the home-cage (n = 6), as described above.
Animals were killed by decapitation 30 min after the IL-1β injection. Trunk blood was collected
for analysis of plasma corticosterone and the brain removed for analysis of c-fos mRNA
expression by in situ hybridization.
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Experiment 7: to test if inhibition of amphetamine-induced c-fos mRNA
expression in the BSTov and CEAl by loud noise stress is dependent on a
stress-induced rise in corticosterone—Rats (n = 24) were implanted with an i.p.
catheter, as described above. During the same surgery, animals underwent bilateral
adrenalectomy (ADX) via the dorsal approach, or sham surgery, as described previously (Day
et al., 1999b). A 10-mg, 21-day release pellet of corticosterone (Innovative Research of
America, Sarasota, FL, USA) was placed subcutaneously at the nape of the neck of
adrenalectomized animals, which we have previously shown produces low levels of
corticosterone (< 5 μg/dL; Day et al., 1999b). Corticosterone was replaced at low levels to
prevent many of the very deleterious effects of adrenalectomy, but to provide lower levels than
the stress-induced rise in corticosterone observed after loud noise stress (> 20 μg/dL;
Experiment 1 and preliminary data, not shown). Animals were allowed to recover for at least
a week before the experiment, which was run in three cohorts. All animals received a remote
injection of amphetamine, 2 mg/kg, via the i.p. catheter and were immediately exposed to
background (60 dBA) or stressful (100 dBA) levels of noise for 30 min; n = 6 per group.
Treatment conditions were randomized across cohorts.

In situ hybridization
The method for in situ hybridization has been described previously (Day & Akil, 1996). Briefly,
10-μm sections were cut on a cryostat (Leica model 1850) through the extent of the BSTov,
hypothalamus and CEA, thaw-mounted onto polylysine-coated slides and stored at −80 °C.
[35S]-UTP-labeled riboprobes against c-fos mRNA (680 mer; courtesy of Dr T. Curran, St Jude
Children's Hospital, Memphis, TN, USA) or zif-268 mRNA (also known as EGR-1 or NGFI-
A; 205 mer; courtesy of Dr J. Milbrandt, Washington University School of Medicine, St Louis,
MO, USA) were generated using standard transcription methods. For each experiment, all
sections for a given brain region were run simultaneously. Sections through the extent of the
region to be analysed, at 60-μm (BSTov and PVN) or 120-μm (CEA) intervals, were fixed in
4% paraformaldehyde (1 h), acetylated in 0.1 M triethanolamine with 0.25% acetic anhydride
(10 min) and dehydrated through graded alcohols. Sections were hybridized overnight at 55 °
C with a [35S]-labeled riboprobe diluted in hybridization buffer containing 50% formamide,
10% dextran sulphate, 2 × saline sodium citrate, 50 mM phosphate-buffered saline, pH 7.4, 1
× Denhardt's solution and 0.1 mg/mL yeast tRNA. The following day, sections were treated
with RNase A, 200 μg/mL at 37 °C (1 h), and washed to a final stringency of 0.1 × saline
sodium citrate at 65 °C (1 h). Dehydrated sections were exposed to X-ray film (BioMax MR;
Eastman Kodak, Rochester, NY, USA) for up to 2 weeks and the films analysed as described
below. Selected sections were dipped in photographic emulsion (Ilford K5D, Polysciences,
Warrington, PA, USA) for qualitative analysis. Emulsion-dipped sections were stored at 4 °C
for up to 1 month, before developing (1 : 1 water : D19; Eastman Kodak, Rochester, NY, USA).
Sections were coverslipped with a xylene-based mounting medium for qualitative and
quantitative analysis at the microscope (Nikon Eclipse 800).

Semi-quantitative X-ray film analysis
Levels of c-fos or zif-268 mRNA were analysed by computer-assisted optical densitometry.
Analysis was performed blind to the treatment conditions. Anatomical landmarks were based
on the white matter distribution of the unstained tissue section, according to a standard rat brain
atlas (Swanson, 1992). The anterior commissure was the primary landmark used for the BSTov,
the optic tract was used for the PVN, and the optic tract and boundary of the basolateral
amygdaloid complex were used for the CEA. From emulsion-dipped sections (Fig. 6) it was
clear that there was little c-fos mRNA expression in the CEAm, and there was a clear
demarcation at the cellular level between the lateral part of the CEA and adjacent areas
(amygdalostriatal transition area and basolateral amygdaloid complex). In these frozen
sections, it was not possible to distinguish the capsular CEA from the CEAl, and it is probable
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that some of the induced c-fos mRNA is expressed in this subdivision also. Overall, the
relatively discrete expression of amphetamine-and IL-1β-induced c-fos mRNA in these brain
areas facilitated analysis from X-ray film. Brain section images were captured digitally (CCD
camera, model XC-77; Sony, Tokyo, Japan), and the relative optical density of the X-ray film
was determined using Scion Image version 4.0 for PC. A macro was written (Dr S. Campeau)
that enabled signal above background to be determined automatically. For each section, a
background sample was taken over an area of white matter, and the signal threshold was
calculated as mean grey value of background + 3.5 SD. The section was automatically density
sliced at this value, so that only pixels with grey values above these criteria were included in
the analysis. The rostral-caudal extent of each nucleus was analysed (at 60-μm intervals for
the BSTov and PVN and 120-μm intervals for the CEA). Because there were no significant
differences between the weights of the animals between treatment groups, and because the
rostral-caudal extent of the nucleus was analysed, it was assumed that the areas of the brain
regions analysed would not be significantly different. The peak of c-fos expression was
included in the analysis, with the top three (BSTov and PVN) or five (CEA) integrated density
values for each hemisphere averaged to obtain a single value for each animal. Integrated density
reflects both the signal intensity and the number of pixels above assigned background (mean
signal above background × number of pixels above background).

Semi-quantitative analysis from emulsion-dipped sections
In order to verify the validity of the integrated density measure from X-ray film described
above, sections from the BSTov from Experiment 4 (the effect of noise intensity on
amphetamine-induced c-fos mRNA expression) were analysed from emulsion-dipped sections.
For each animal, an observer blind to the experimental condition analysed one section at the
peak of c-fos mRNA expression in the BSTov. A total of seven animals in the ‘amphetamine
+ 60 dBA’ group and eight animals in the ‘amphetamine + 100 dBA’ group were analysed.
The total number of cells expressing c-fos mRNA within the boundaries of the BSTov was
counted bilaterally under a 20 × objective. The average number of silver grains per cell was
counted manually for 10 cells selected at random for each hemisphere (20 cells total) under a
60 × objective. For each animal, the average number of grains per cell was multiplied by the
total number of cells counted to obtain the total grains per animal.

Corticosterone radioimmunoassay
The method for detecting levels of plasma corticosterone has been described previously (Day
& Akil, 1996). Briefly, 5 μL plasma in 0.1 M sodium phosphate buffer was heated at 70 °C for
30 min to remove it from its binding protein. The plasma was incubated in duplicate overnight
with an antibody against corticosterone (courtesy of Dr S.J. Watson, University of Michigan,
Ann Arbor, USA) and [3H]-corticosterone (Amersham Biosciences, Piscataway, NJ, USA).
The following day the samples were charcoal (1%) extracted with 0.1% dextran. Levels of
corticosterone were calculated by comparison with a standard curve generated concurrently.

Statistical analysis
Data were analysed by one-way (Experiments 2–6) or two-way (Experiment 7) ANOVA followed
by Fisher's protected least significant difference (PLSD) post-hoc multiple comparisons test.
In addition, a linear trend analysis was performed for Experiment 4. Significance was set at
P < 0.05.
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Results
Experiment 1: to compare the expression pattern of c-fos mRNA in the BSTov, CEA and PVN
following loud noise or restraint stress, compared with amphetamine administration

The results from this experiment are shown in Fig. 1. As expected, c-fos mRNA expression
was very low in most brain areas for all control conditions: background noise (60 dBA), naïve
and remote saline injection. In contrast, exposure to 30 min of processive stress, either loud
noise (100 dBA) or restraint, resulted in widespread c-fos mRNA expression, as previously
reported. These regions included the PVN, the central driver of the HPA axis response.
However, it is notable that the BSTov and CEA expressed very low levels of c-fos mRNA
following either loud noise exposure or restraint stress. In contrast, a remote injection of
amphetamine, 2 mg/kg i.p., resulted in robust c-fos mRNA expression in both the BSTov and
CEA. Despite producing a high level of plasma corticosterone (24.5 and 39.4 μg/dL),
amphetamine administration did not induce c-fos mRNA in the PVN. Corticosterone levels in
the other conditions were as follows: saline i.p., 0.5 and 2.8 μg/dL; naïve, 2.2 and 0.9 μg/dL;
restraint, 20.2 and 25.8 μg/dL; 60 dBA, 0.2 and 0.5 μg/dL; and 100 dBA, 28.8 and 34.7 μg/
dL.

Experiment 2: to test if a stressful level of loud noise inhibits the BSTov and CEAl by
determining levels of amphetamine-induced c-fos and zif-268 mRNA expression under
background or stressful noise conditions

Administration of amphetamine under stressful noise conditions (100 dBA) resulted in
significantly higher (P < 0.01) levels of corticosterone (40.0 μg/dL; n = 5) at 50 min, compared
with administration under background (60 dBA) noise conditions (19.3 μg/dL; n = 7). As
expected, amphetamine administration under background noise conditions resulted in robust
c-fos mRNA expression in both the BSTov and CEA at 50 min (Fig. 2A). In contrast, under
background noise conditions, amphetamine administration resulted in very little c-fos mRNA
expression in the PVN of the hypothalamus (Fig. 2A), despite the high levels of corticosterone.
When amphetamine was administered under stressful (100 dBA) noise conditions, levels of c-
fos mRNA were significantly lower in both the BSTov (∼ 70%; P < 0.05) and CEA (∼ 60%;
P < 0.01) relative to amphetamine administered under background noise conditions (Fig. 2A).
In contrast, levels of amphetamine-induced c-fos mRNA in the PVN were approximately 18-
fold higher under stressful (100 dBA) vs. background (60 dBA) noise conditions (P < 0.001;
Fig. 2A). This effect was not limited to c-fos mRNA expression, because similar data were
obtained for zif-268 mRNA expression in the BSTov (P < 0.05), CEA (P < 0.01) and PVN
(P < 0.001; Fig. 2B).

Experiment 3: to determine the time course for loud noise stress inhibition of amphetamine-
induced c-fos mRNA in the BSTov and CEAl

One animal in the 90-min stressful noise (100 dBA) group was excluded because of catheter
failure. Under background noise conditions, a saline injection resulted in very low levels of
plasma corticosterone (3.2 ± 1.0 μg/dL) and c-fos mRNA in the BSTov, CEA and PVN (Fig.
3). Under background noise conditions (60 dBA), amphetamine resulted in significantly
elevated levels of plasma corticosterone that was highest at 30 min (29.2 ± 5.5 μg/dL; P <
0.001), and declined over time (60 min, 18.5 ± 6.3 μg/dL; 90 min, 9.1 ± 3.2 μg/dL).
Amphetamine administered under stressful noise conditions (100 dBA) resulted in
significantly higher corticosterone levels at 60 min, P < 0.05 compared with 60 dBA condition
(30 min, 39.8 ± 4.9 μg/dL; 60 min, 32.7 ± 3.2 μg/dL and 90 min, 9.3 ± 3.4 μg/dL). Under
background noise conditions (60 dBA), amphetamine increased c-fos mRNA expression in
both the BSTov (Fig. 3A) and CEA (Fig. 3B) compared with saline injection at 30 min (P <
0.001). Levels of amphetamine-induced c-fos mRNA were highest at 30 min, and were lower
at 60 and 90 min. At all time points, amphetamine-induced c-fos mRNA in the BSTov and
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CEA tended to be lower in the groups exposed to stressful levels of noise (100 dBA) compared
with background noise conditions (60 dBA), and this was highly significant at the 30-min time
point (P < 0.001). Amphetamine administered under background (60 dBA) noise conditions
did not increase c-fos mRNA in the PVN above control levels at any time point studied (Fig.
3C). In contrast, when amphetamine was administered under stressful noise conditions (100
dBA), levels of c-fos mRNA were increased in the PVN at the 30- and 60-min time points
(P < 0.001). Because levels of amphetamine-induced c-fos mRNA were highest at 30 min, and
the reduction by exposure to 100 dBA noise was highly significant (P < 0.001) for both the
BSTov (−66%) and CEA (−48%), this time point was chosen for Experiments 4–7.

Experiment 4: to test which noise intensities inhibit amphetamine-induced c-fos mRNA
expression in the BSTov and CEAl

Levels of c-fos mRNA in both the BSTov (Fig. 4A) and CEA (Fig. 4B) showed a dose-related
pattern (linear trend analysis, P < 0.001 for both regions), with increasing noise intensities
leading to increased inhibition of amphetamine-induced c-fos mRNA expression in these
regions. We have shown in preliminary studies that in this model of noise exposure, levels of
85 dBA and above are stressful, as determined by increased levels of plasma ACTH or
corticosterone. In the current study, plasma levels of corticosterone were not a good measure
to affirm which noise levels produced a central stress response, because amphetamine increases
plasma corticosterone levels under background noise conditions. Indeed, at this 30-min time
point, there were no significant differences between corticosterone levels for any of the groups:
60 dBA, 37.1 ± 6.1 μg/dL; 70 dBA, 37.3 ± 9.1 μg/dL; 80 dBA, 38.5 ± 5.8 μg/dL; 90 dBA, 45.2
± 6.1 μg/dL; 100 dBA, 49.0 ± 5.3 μg/dL; 110 dBA, 48.2 ± 3.2 μg/dL. However, c-fos mRNA
expression in the PVN suggested that as expected, noise levels of 60, 70 and 80 dBA were not
stressful, because c-fos mRNA levels were very low (Fig. 3C). In contrast, animals exposed
to noise levels of 90, 100 or 110 dBA had significantly increased levels of c-fos mRNA in the
PVN compared with background noise conditions (90 dBA, P < 0.05; 100 and 110 dBA, P <
0.001; Fig. 4C), consistent with data obtained in animals exposed to these noise levels without
amphetamine injection (data not shown). Digital X-ray images of sections labeled for c-fos
mRNA at the level of the BSTov, CEA and PVN from the 60 and 100 dBA groups are shown
in Fig. 5. Higher magnification images from photographic emulsion-dipped sections are shown
for the BSTov and CEA in Fig. 6. Amphetamine-induced c-fos mRNA expression was mainly
located in the lateral portion of the CEA (CEAl; Fig. 6). As was noted above, it was not possible
from the sections to determine the boundaries of the capsular division of the CEA, and our
assigned boundaries of the CEAl likely include this subdivision also.

Quantitative microscopic analysis of emulsion-dipped BSTov sections from the ‘amphetamine
+ 60 dBA’ (control; n = 7) and ‘amphetamine + 100 dBA’ (stressed; n = 8) groups demonstrated
a highly significant decrease in amphetamine-induced c-fos mRNA expression in the stressed
group compared with control group for all measures. Specifically, there was a significant
decrease (P < 0.001) in the mean number of cells counted bilaterally within the boundaries of
the BSTov (amphetamine + 60 dBA group, 113.0 ± 4.3 cells; amphetamine + 100 dBA group,
74.3 ± 3.5 cells). In addition, there was a significant (P < 0.001) decrease in the average number
of silver grains per cell (amphetamine + 60 dBA group, 134.7 ± 4.7 grains/cell; amphetamine
+ 100 dBA group, 84.0 ± 2.3 grains/cell). When the average number of grains per cell was
multiplied by the average number of cells counted, there was a highly significant (P < 0.001)
59% decrease in the amphetamine-induced c-fos mRNA in the stress vs. control group
(amphetamine + 60 dBA group, 15,288 ± 919 total grains; amphetamine + 100 dBA group,
6262 ± 440 total grains). This is very similar to the results obtained for these groups using the
integrated density measure from X-ray film, which showed a 55% decrease in amphetamine-
induced c-fos mRNA expression in the 100 dBA compared with 60 dBA group [obtained by
averaging the highest three integrated density values for each hemisphere (i.e. six values per
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animal) to obtain a single value per animal]. We therefore take these results to indicate real
differences in cell number and level of mRNA per cell that are best characterized with the
integrated density measure.

Experiment 5: to test if restraint stress inhibits amphetamine-induced c-fos mRNA
expression in the BSTov and CEAl

Animals that were injected remotely with amphetamine, 2 mg/kg i.p., under control conditions,
had high levels of plasma corticosterone 31.7 ± 9.4 μg/dL (n = 6), high levels of c-fos mRNA
in the BSTov and CEA, but low levels of c-fos mRNA in the PVN (Fig. 7). As was observed
for noise stress, animals that were restrained for 30 min immediately after the amphetamine
injection had significantly lower levels of c-fos mRNA in both the BSTov (P < 0.001) and
CEA (P < 0.001), but significantly higher levels of c-fos mRNA in the PVN (P < 0.001; Fig.
7), compared with control conditions. There was no difference in corticosterone levels between
the two groups, with the amphetamine plus restraint group having a level of 30.2 ± 2.0 μg/dL
(n = 6).

Experiment 6: to test if loud noise stress inhibits IL-1β-induced c-fos mRNA expression in
the BSTov and CEA

One animal in the IL-1β + 60 dBA noise group had to be excluded due to catheter failure.
Animals that were injected remotely with IL-1β, 0.5 μg/kg i.p., under background noise
conditions, had high levels of plasma corticosterone 39.0 ± 0.8 μg/dL (n = 5) and high levels
of c-fos mRNA in the BSTov, CEA and PVN (Fig. 8). As was observed with an injection of
amphetamine, animals that were subjected to loud noise (100 dBA) for 30 min immediately
after the IL-1β injection had significantly lower levels of c-fos mRNA in both the BSTov (P
< 0.01) and CEA (P < 0.05; Fig. 8). Levels of c-fos mRNA in the PVN were not significantly
different compared with control noise conditions (Fig. 8). There was no difference in
corticosterone levels between the two groups, with the IL-1β plus 100 dBA noise group having
a level of 43.8 ± 2.0 μg/dL (n = 6).

Experiment 7: to test if inhibition of amphetamine-induced c-fos mRNA expression in the
BSTov and CEAl by loud noise stress is dependent on a stress-induced rise in corticosterone

Two animals in each of the ADX groups had high corticosterone levels after exposure to
amphetamine under either background (16.2 and 23.3 μg/dL) or 100 dBA (24.5 and 24.1 μg/
dL) noise conditions, and were excluded from the study. Animals that had undergone sham
surgery had robust levels of corticosterone (27.5 ± 2.0 μg/dL) after amphetamine
administration under 60 dBA noise conditions. Administration of amphetamine to sham-
operated animals under 100 dBA noise conditions resulted in a significantly higher level of
plasma corticosterone (34.9 ± 2.7 μg/dL) compared with the 60 dBA condition (P < 0.05). In
contrast, under both the 60 and 100 dBA noise conditions, animals that had undergone bilateral
adrenalectomy with implantation of a 10-mg, 21-day release corticosterone pellet had
significantly lower levels of corticosterone (P < 0.001) compared with sham-operated animals
(ADX/amphetamine/60 dBA, 4.0 ± 0.2 μg/dL; ADX/amphetamine/100 dBA, 2.4 ± 0.2 μg/dL;
n = 4 per group).

In sham-operated animals, levels of amphetamine-induced c-fos mRNA in both the BSTov
and CEAl were similar to that seen previously, with robust levels under 60 dBA conditions,
and significantly reduced levels under stressful 100 dBA noise conditions (BSTov, 82%
reduction, P < 0.001, Fig. 9A; CEA, 66% reduction, P < 0.001, Fig. 9B). A broadly similar
profile was seen in animals that had undergone ADX with a low-dose corticosterone
replacement. In these animals, amphetamine induced a similar level of c-fos mRNA in the
BSTov and CEAl under background (60 dBA) conditions, compared with sham animals. As
was observed in sham-operated animals, the amphetamine-induced c-fos mRNA levels were
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significantly reduced in adrenalectomized/corticosterone-replaced animals under stressful
(100 dBA) noise conditions, compared with the 60 dBA conditions (BSTov, 54% reduction,
P < 0.05; CEA, 55% reduction, P < 0.01). However, in the BSTov, the reduction in
amphetamine-induced c-fos mRNA observed in the stress condition was not as marked in
adrenalectomized animals compared with sham animals, with the levels of c-fos mRNA
significantly higher under 100 dBA noise conditions in adrenalectomized/corticosterone-
replaced, compared with sham-operated animals (P < 0.001).

An interesting pattern of c-fos mRNA expression emerged in the PVN (Fig. 9C). In sham-
operated animals, amphetamine administration resulted in very little c-fos mRNA in the PVN
under background (60 dBA) conditions, whereas exposure to the stressful level of noise (100
dBA) resulted in high levels of c-fos mRNA in the PVN, as was observed in Experiments 2–
4 (P < 0.01). In contrast, in adrenalectomized animals with a low-dose corticosterone
replacement, amphetamine administration resulted in high levels of c-fos mRNA expression
in the PVN, irrespective of the noise level (P < 0.001 for both 60 and 100 dBA
adrenalectomized/corticosterone-replaced groups compared with sham/60 dBA condition).

Discussion
The data presented in this study support the hypothesis that processive stress actively inhibits
cells of the CEAl and BSTov, with exposure to stressful levels of noise or restraint decreasing
the amphetamine- or IL-1β-induced expression of c-fos and zif-268 mRNA in these regions,
compared with control conditions. The intensity-related nature of the response suggests that it
depends on the degree of the stress experienced. Finally, a stress-induced rise in corticosterone
is not required for this inhibition, consistent with the idea that this is a neuronally mediated
effect. Further support for the generality of stress inhibition of the BSTov and CEAl comes
from the observation that a third processive stressor, exposure to a novel environment, also
decreases amphetamine-induced c-fos mRNA expression in the CEAl and BSTov (Day et
al., 2001). In addition, diazepam-induced zif-268 mRNA in the CEAl was inhibited more than
50% by a single mild footshock exposure in a one-trial fear-conditioning paradigm (Malkani
& Rosen, 2000). Taken together, these data suggest that the phenomenon of inhibition of the
BSTov and CEA is common to many, if not all, processive stressors.

Functional relevance of c-fos mRNA expression
It is generally accepted that the magnitude of c-fos mRNA expression reflects the strength of
a stimulus (for review see Hoffman & Lyo, 2002). Hence, a decrease in induced c-fos mRNA
expression in a given region implies that the strength of the incoming signal to that region is
decreased. It should be noted, however, that this reflects a decrease in activated signal
transduction pathways, and does not necessarily reflect the extent of depolarization of the cells.
Hence, the current data indicate that exposure to processive stress results in a decreased input
to cells of the BSTov and CEAl. However, the consequences of this decreased input remain
speculative.

Potential pathways for neuronal inhibition
There have recently been several reports dissociating the functional role of the amygdala and
BST (Lee & Davis, 1997; Walker & Davis, 1997; Gewirtz et al., 1998), leading to the
suggestion that the BST may be more closely involved in anxiety, whereas the CEA may be
more important for fear responses (reviewed in Davis, 1998; Davis & Shi, 1999). However,
even if the functional relevance of these systems may ultimately differ, there are many
similarities in the afferent connections to the CEAl and BSTov and, thus far, the effect of a
diverse range of stimuli (psychostimulant, immune, antidepressant, neuroleptic, anxiolytic,
etc.) that activate the CEAl (as determined by c-fos expression) has been largely mirrored in
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the BSTov, including the neurochemical phenotype that is activated (e.g. Li & Rowland,
1994; Chang et al., 1995; Compaan et al., 1996; Matta et al., 1997; Ryabinin et al., 1997; Day
et al., 1999a; Hitzemann & Hitzemann, 1999; Javed et al., 1999; Morelli & Pinna, 1999; Morelli
et al., 1999; Day et al., 2001). As was observed previously with novelty (Day et al., 2001), the
effect of loud noise or restraint to inhibit the amphetamine- or IL-1β-induced c-fos response
was similar in both the CEAl and BSTov. This is consistent with the idea that the processive
stress inhibition of the CEAl and BSTov is dependent on a common input.

There are three possible ways in which this could occur (Fig. 10). Model A assumes that stress
exerts inhibition at one or more points along a single activating pathway. If a number of diverse
stimuli are similarly inhibited by stress, as is supported by current evidence (present study;
Malkani & Rosen, 2000;Day et al., 2001), this would not be a good model, as the stimuli likely
use different pathways of activation. Model B asserts that the stimuli do use different neuronal
circuitry to activate the BSTov and CEA, but that stress acts separately on all these different
routes to dampen the activation. In the more parsimonious Model C, stress directly inhibits the
BSTov and CEAl via an independent pathway than the activating stimuli, resulting in a
‘competition’ for activation vs. inhibition of the CEAl and BSTov. If processive stress does
result in a direct inhibition of the BSTov and CEAl, a likely candidate for this inhibition would
be γ-aminobutyric acid (GABA), and recent evidence has indicated that both functional
GABAA and GABAC-like receptors are present in the CEAl (Delaney & Sah, 1999;Pirker et
al., 2000;Delaney & Sah, 2001).

It is not known which areas of the brain could be responsible for such an inhibition. The BSTov
projects heavily to the CEAm, but does not provide significant input directly to the CEAl
(Dong et al., 2001a), and therefore does not seem to be a good candidate for direct regulation
of responses of the CEAl. There are strong topographic GABAergic projections from the CEAl
to the BST (Nitecka & Ben-Ari, 1987; Sun et al., 1991; Petrovich & Swanson, 1997; Day et
al., 1999a), and at first glance this would appear to be a candidate for inhibition of the BSTov.
However, because processive stress decreases the activation of CEAl, there would likely be a
smaller inhibitory drive to the BSTov from this region, and so it does not seem likely that the
CEAl is responsible for the decreased response within the BSTov. The CEAm does not project
to the CEAl (Jolkkonen & Pitkänen, 1998), but has some direct projections to the BSTov, that
are also likely GABAergic, and remains a potential candidate for stress inhibition of the BSTov
(Day et al., 1999a; Dong et al., 2001b). However, if the processive stress inhibition of the CEAl
and BSTov is dependent on a common input, of particular interest are the potentially shared
afferent inputs from various cortical (Hurley et al., 1991; Sun et al., 1994; McDonald &
Mascagni, 1997; McDonald, 1998), thalamic (Moga et al., 1995) and brainstem regions
(Krukoff et al., 1993; Sim & Joseph, 1994).

Potential functional relevance: role of CRH and enkephalin
The functional significance of processive stress inhibition of the CEAl and BSTov is not clear.
However, both of these regions provide inhibitory input to the CEAm (Sun & Cassell, 1993;
Petrovich & Swanson, 1997; Jolkkonen & Pitkänen, 1998; Day et al., 1999a; Dong et al.,
2001a). The CEAm is the major output nucleus of the amygdala, and one current theory
proposes that this region elicits an output that reflects the sum of amygdaloid activity (Pitkanen
et al., 1997). Hence, inhibition of the CEAl and BSTov has the potential to increase overall
amygdaloid output, and facilitate somatomotor, autonomic, visceromotor and neuroendocrine
responses to processive stress. In addition, the CEA receives direct cortical and subcortical
inputs, and may encode simple stimulus–response Pavlovian associations independently of
amygdaloid input, and thus its inhibition by stress, may also directly affect this type of learning
(Cardinal et al., 2002). The functional relevance of inhibition of the CEAl and BSTov is
complicated by the fact that there are two distinct GABAergic cell populations in these regions,
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containing either enkephalin or CRH (Day et al., 1999a), and there is evidence to suggest that
these cell populations have differential efferent projection patterns. For example, CRH-
containing neurons have been reported to innervate brainstem regions such as the central grey,
parabrachial nucleus and dorsal vagal complex, whereas enkephalin-containing neurons do not
(Veening et al., 1984; Moga & Gray, 1985; Gray & Magnuson, 1987, 1992; Moga et al.,
1989). Enkephalin on the other hand has been reported to be present in projections from the
CEAl to the BST (Palkovits et al., 1981; Rao et al., 1987). However, it is not known which of
these cell groups innervate the CEAm. We have previously demonstrated that amphetamine
and IL-1β selectively activate the enkephalinergic cells of the CEAl and BSTov (Day et al.,
1999a, 2001) but, to our knowledge, the neurochemical identity of cells of the BSTov and CEA
that are activated by diazepam has not been established. Therefore, the processive stress
inhibition of the CEAl and BSTov has been demonstrated for the enkephalinergic cell
population only. Evidence suggests that enkephalin in these areas is anxiolytic. For example,
knockout mice that lack preproenkephalin-derived peptides exhibit higher anxiety levels
(Konig et al., 1996), whereas overexpression of proenkephalin in the CEA results in a
potentiation of the anxiolytic effect of benzodiazepines (Kang et al., 1999). Recently it has
been suggested that regulation of enkephalin in the CEA by fear may act as a ‘gain control’
for amygdaloid output (Petrovich & Swanson, 1997; Petrovich et al., 2000). In contrast, extra-
hypothalamic CRH has been implicated in stress, fear and anxiety responses (Sutton et al.,
1982; Dunn & Berridge, 1990; Gray & Bingaman, 1996). For example, an
intracerebroventricular injection of CRH results in a similar behavioral profile to conditioned
fear (Liang et al., 1992). Levels of CRH mRNA in the CEA and BST have been shown to
increase as the levels of plasma corticosterone increase (Watts & Sanchez-Watts, 1995), and
this has been suggested to be a way in which events would more likely be perceived as fearful
(Schulkin et al., 1998). It would be of great interest to determine whether the inhibitory effect
of processive stress on neurons of the CEAl and BSTov is specific for enkephalinergic cells,
or whether a similar effect is observed in neurons expressing CRH.

In conclusion, the data presented in the current study support the hypothesis that processive
stress inhibits neurons of the CEAl and BSTov. Because these neurons are GABAergic and
project to the CEAm, the major output nucleus of the amygdala, their inhibition could lead to
an increased amygdaloid output and a facilitation of responses to processive stress. It is
conceivable that this is one mechanism whereby stress precipitates or exacerbates symptoms
associated with a variety of mood disorders.
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BST  
bed nucleus of the stria terminalis

CEA  
central nucleus of the amygdala

GABA  
γ-aminobutyric acid

HPA  
hypothalamic–pituitary–adrenal

IL-1β  
interleukin-1β

PVN  
paraventricular nucleus of the hypothalamus
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Fig. 1.
Digital images of X-ray films to show c-fos mRNA in the BSTov (A, D, G, J, M and P), CEA
(B, E, H, K, N and Q) and PVN (C, F, I, L, O and R) after exposure to background noise
conditions (60 dBA; A–C), stressful noise conditions (30 min at 100 dBA; D–F), unhandled
cage control (naïve; G–I), restraint stress for 30 min (J–L), a remote injection of saline (M–O)
or a remote injection of amphetamine, 2 mg/kg i.p. (P–R). Abbreviations: BSTov, bed nucleus
of the stria terminalis, oval subdivision; CEA, central nucleus of the amygdala; PVN,
paraventricular nucleus of the hypothalamus. Arrows indicate these respective regions. Note
the very low level of c-fos mRNA in the BSTov and CEA of noise- and restraint-stressed
animals.
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Fig. 2.
Graphs to show the relative levels of (A) c-fos and (B) zif-268 mRNA in the BSTov, CEA and
PVN, 50 min after a remote injection of amphetamine (2 mg/kg i.p.) under conditions of
background (60 dBA) or stressful (100 dBA) white noise. Values represent means + SEM.
*P < 0.05; **P < 0.01; ***P < 0.001 with respect to the relevant 60 dBA group. Abbreviations:
BSTov, bed nucleus of the stria terminalis, oval subdivision; CEA, central nucleus of the
amygdala; PVN, paraventricular nucleus of the hypothalamus.

Day et al. Page 20

Eur J Neurosci. Author manuscript; available in PMC 2008 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Graphs to show the relative levels of c-fos mRNA in the (A) BSTov, (B) CEA and (C) PVN
at 30, 60 or 90 min after a remote injection of amphetamine (2 mg/kg i.p.) under conditions of
background (60 dBA) or stressful (100 dBA) white noise. The level of c-fos mRNA 30 min
after a saline injection under background noise conditions is shown to illustrate baseline c-fos
mRNA levels in this experimental set-up. Values represent means + SEM. ***P < 0.001 with
respect to the time-equivalent 60 dBA group. †P < 0.05, †††P < 0.001 with respect to the 30
min saline/60 dBA group. Abbreviations: BSTov, bed nucleus of the stria terminalis, oval
subdivision; CEA, central nucleus of the amygdala; PVN, paraventricular nucleus of the
hypothalamus.
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Fig. 4.
Graphs to show the relative levels of c-fos mRNA in the (A) BSTov, (B) CEA and (C) PVN
30 min after a remote injection of amphetamine (2 mg/kg i.p.) under conditions of background
(60 dBA) or increasing intensities of white noise. Values represent means + SEM. *P < 0.05;
**P < 0.01; ***P < 0.001 with respect to the relevant 60 dBA group. Abbreviations: BSTov,
bed nucleus of the stria terminalis, oval subdivision; CEA, central nucleus of the amygdala;
PVN, paraventricular nucleus of the hypothalamus.
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Fig. 5.
Digital images of X-ray films to show c-fos mRNA in the BSTov (A and D), CEA (B and E)
and PVN (C and F) 30 min after a remote injection of amphetamine (2 mg/kg i.p.) under
conditions of background (60 dBA; A–C) or stressful (100 dBA; D–F) levels of white noise.
Abbreviations: BSTov, bed nucleus of the stria terminalis, oval subdivision; CEA, central
nucleus of the amygdala; PVN, paraventricular nucleus of the hypothalamus.
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Fig. 6.
Photomicrographs to illustrate the distribution of c-fos mRNA within the BSTov (A and B)
and CEA (C and D) 30 min after an amphetamine injection, 2 mg/kg i.p. under conditions of
background (60 dBA; A and C) or stressful (100 dBA; B and D) white noise. Note that within
the CEA, amphetamine-induced c-fos mRNA expression is largely restricted to the lateral
division. Abbreviations: ac, anterior commissure; BLA, basolateral nucleus of the amygdala;
BSTov, bed nucleus of the stria terminalis, oval subdivision; CEA, central nucleus of the
amygdala; CP, caudate putamen; int, internal capsule; opt, optic tract; PVN, paraventricular
nucleus of the hypothalamus; st, stria terminalis. Scale bar, 300 μm.
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Fig. 7.
Graph to show the relative levels of c-fos mRNA in the BSTov, CEA and PVN 30 min after a
remote injection of amphetamine (2 mg/kg i.p.) under home-cage or restraint stress conditions.
Values represent means + SEM. ***P < 0.001 with respect to control values. Abbreviations:
BSTov, bed nucleus of the stria terminalis, oval subdivision; CEA, central nucleus of the
amygdala; PVN, paraventricular nucleus of the hypothalamus.
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Fig. 8.
Graph to show the relative levels of c-fos mRNA in the BSTov, CEA and PVN 30 min after a
remote injection of IL-1β (0.5 μg/kg i.p.) under 60 dBA (control) or 100 dBA (stressful) noise
conditions. Values represent means + SEM. *P < 0.05; **P < 0.01 with respect to control
values. Abbreviations: BSTov, bed nucleus of the stria terminalis, oval subdivision; CEA,
central nucleus of the amygdala; PVN, paraventricular nucleus of the hypothalamus.
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Fig. 9.
Graphs to show the effect of adrenalectomy and low-dose corticosterone replacement (ADX)
vs. sham surgery on the relative levels of c-fos mRNA in the (A) BSTov, (B) CEA and (C)
PVN 30 min after a remote injection of amphetamine (2 mg/kg i.p.) under conditions of
background (60 dBA) or stressful (100 dBA) levels of white noise. Values represent means +
SEM. *P < 0.05; **P < 0.01; ***P < 0.001 with respect to the 60 dBA sham group; †P < 0.05;
††P < 0.01 with respect to the 60 dBA ADX group; ##P < 0.01 with respect to the 100 dBA
sham group. Abbreviations: BSTov, bed nucleus of the stria terminalis, oval subdivision; CEA,
central nucleus of the amygdala; PVN, paraventricular nucleus of the hypothalamus.
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Fig. 10.
Schematic diagram to show possible mechanisms for processive stress inhibition of c-fos
mRNA expression (−) in the BSTov and CEAl by an activating stimulus (+). Model A:
activating stimuli use a single pathway to stimulate the CEAl and BSTov, and processive stress
inhibits neurons along this activational pathway. Model B: activating stimuli use different
pathways to stimulate the CEAl and BSTov, and processive stress inhibits neurons along these
different activational pathways. Model C, on which our working hypothesis is based: activating
stimuli use different pathways to stimulate the CEAl and BSTov, but stress directly inhibits
the CEAl and BSTov through a separate pathway, thus setting up a competition between
activation and inhibition. Abbreviations: BSTov, bed nucleus of the stria terminalis, oval
subdivision; CEAl/CEAm, central nucleus of the amygdala, lateral/medial division; PVN,
paraventricular nucleus of the hypothalamus.
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