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Audiogenic stress is known to activate the hypothalamo-
pituitary-adrenocortical (HPA) axis in rats. The goal of the
present study was to determine whether the medial geniculate
nuclei (including all auditory nuclei of the thalamus), which are
obligatory relays in the transmission of auditory information to
the forebrain, are critically involved in HPA activation by audio-
genic stress. To this end, corticosterone levels and regional
brain activity indexed by c-fos mRNA induction, elicited by 30
min of 105 dB white noise, were measured. Compared with
unoperated and sham-operated rats, complete medial genicu-
late nuclei lesions blocked corticosterone release normally in-
duced by loud noise. The effects of the lesions were specific to
loud noise insofar as corticosterone release in response to
restraint or ether stress was not reduced in lesioned rats.

We have determined previously that audiogenic stress is
associated with a specific regional pattern of c-fos mRNA
induction. Rats sustaining complete medial geniculate lesions
demonstrated a blockade of c-fos mRNA induction in several
audiogenic stress responsive regions, also known to directly
innervate medial parvocellular neurons of the paraventricular

hypothalamic nucleus. Thus, in addition to blockade in the
paraventricular hypothalamic nucleus, c-fos mRNA induction in
the lesioned animals was abolished in the bed nucleus of the
stria terminalis, especially its anterior medial and ventral as-
pects, the septohypothalamic nucleus, and the anteroventral
preoptic area, compared with unoperated and sham-operated
rats. Several additional regions in the lesioned rats failed to
show reliable c-fos mRNA induction compared with naive rat
controls. Nearly all other regions that showed reliable c-fos
mRNA induction in the unoperated and sham-operated rats
displayed either similar or slightly reduced levels in complete
medial geniculate-lesioned rats, suggesting that these regions
are not part of a critical HPA activational circuit in response to
audiogenic stress. On the basis of these results, putative cir-
cuits from the medial geniculate nuclei to the paraventricular
nucleus of the hypothalamus involved in activation of the HPA
axis by audiogenic stress are discussed.
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The CNS plays an essential role in the regulation of glucocorti-
coid secretion in response to stressful events. Most of the evi-
dence indicates that the release of glucocorticoids by stress is
mediated through the hypothalamo-pituitary-adrenocortical
(HPA) axis (for reviews, see Whitnall, 1993; Akil and Morano,
1996; Herman et al., 1996). Corticotropin-releasing hormone
(CRH) containing neurons of the medial parvocellular paraven-
tricular nucleus (mpPVN) of the hypothalamus are at the origin
of the HPA axis (Antoni, 1986; Swanson et al., 1988). These
mpPVN hypothalamic neurons have been proposed to provide
the initial common node activated by several types of stressful
events (Sawchenko, 1991). Although the afferent innervation of
mpPVN neurons is relatively well documented (Sawchenko and
Swanson, 1982, 1983; Cunningham et al., 1990; Cullinan et al.,
1996; Herman et al., 1996), it is not yet clear which of these inputs
are critical for activation of mpPVN neurons in response to most
stressors. In one of the best characterized systems, HPA activa-
tion via immune challenge is mediated by medullary cat-

echolaminergic neurons, which directly innervate mpPVN neu-
rons (Li et al., 1996; Sawchenko et al., 1996). The precise
pathways through which most other stressors activate mpPVN
neurons remain largely speculative (Herman et al., 1996; Herman
and Cullinan, 1997).

To help delineate the functional circuits involved in mpPVN
activation, several studies using immediate-early genes (e.g., c-fos,
c-jun, zif/268) have mapped the neural circuits mediating HPA
activation to various stressors (Campeau et al., 1991; Schreiber et
al., 1991; Sharp et al., 1991; Arnold et al., 1992; Pezzone et al.,
1992, 1993; Smith et al., 1992; Duncan et al., 1993; Senba et al.,
1993; Bonaz and Tache, 1994; Melia et al., 1994; Beck and
Fibiger, 1995; Cullinan et al., 1995, 1996; Day and Akil, 1996;
Duncan et al., 1996; Li et al., 1996). The few detailed and
quantitative analyses of immediate-early gene expression have
revealed that different stressors (restraint /immobilization, forced
swim, and fear) activate a large number of brain areas (Beck and
Fibiger, 1995; Duncan et al., 1996); however, the complex char-
acteristics of the stressful stimuli and the inability to control for
processes other than stress in these studies render the assignment
of a stress-specific role for any Fos positive region difficult.

Recently, we found that auditory stimulation produces distinct
patterns of c-fos mRNA induction in rat brain based on the
intensity of the acoustic stimulus (Campeau and Watson, 1997).
First, after exposure to the experimental cages, rats displayed an
auditory intensity-independent wide pattern of brain c-fos mRNA
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induction, including several cortical, thalamic, and brainstem
structures, presumably reflecting exploratory behavior. Second, a
number of auditory structures (cochlear nuclei, superior olivary
complex, nuclei of the lateral lemniscus, inferior colliculus, and
the medial division of the medial geniculate body/posterior in-
tralaminar nucleus) showed a clear intensity-dependent increase
in c-fos mRNA induction. Third, exposure of rats to the highest
noise intensities (90 and 105 dB, A scale), which were stressful as
indicated by significant corticosterone release, produced higher
c-fos mRNA induction in some areas contained mostly in the
forebrain, compared with rats exposed to lower, nonstressful
noise intensities. Some of these audiogenic stress-responsive fore-
brain structures have direct projections to mpPVN neurons.

The main goals of the present study were to determine whether
auditory signals induced by loud noise need to reach the forebrain
to activate the HPA axis and how the previously determined
regional pattern of c-fos mRNA induction would be altered by
removing direct auditory inputs to the forebrain. Centrally, au-
ditory signals are processed and relayed by a number of brainstem
nuclei (cochlear nuclei, superior olivary complex, nuclei of the
lateral lemniscus) to the inferior colliculus (Aitkin, 1990; Helfert
et al., 1991). In turn, the inferior colliculus relays auditory infor-
mation to several nuclei of the thalamus (all subdivisions of the
medial geniculate body, and the surrounding suprageniculate and
intralaminar nuclei), which will collectively be called the medial
geniculate nuclei here and which provide obligatory relays for
auditory information to reach the auditory cortex and other
forebrain areas (LeDoux et al., 1985, 1987, 1990). Thus, the
necessity of forebrain auditory inputs in audiogenic stress-
induced HPA activation was tested by disrupting all the medial
geniculate nuclei. The effects of fiber-sparing excitotoxic lesions
with ibotenic acid injections in the medial geniculate nuclei were
assessed by quantifying c-fos mRNA induction regionally using in
situ hybridization histochemistry and by measuring corticoste-
rone secretion, which is significantly elevated in response to
audiogenic stress (Henkin and Knigge, 1963; Collu and Jequier,
1976; Borrell et al., 1980; Armario et al., 1984; Irwin et al., 1989;
Segal et al., 1989; Britton et al., 1992; Campeau and Watson,
1997). The results indicated that the medial geniculate body is
part of a circuit necessary for the release of corticosterone spe-
cifically in response to loud noise but not to restraint or ether
stress.

MATERIALS AND METHODS
Subjects. Naive male albino Sprague Dawley rats (n 5 48) weighing
250–300 gm on arrival from Charles River Company (Kingston, NY)
were used as experimental animals. They were housed in groups of two
in plastic cages (20 3 25 3 50 cm). The animal colony was maintained on
a 12 hr light /dark cycle (lights on at 7:00 A.M.). Rats were acclimated to
the colony room for 1 week before the experiments began. Water and
laboratory chow were freely available. The ambient noise level in the
animal colony was ;50 dB (A scale). All procedures were performed
between 7:00 A.M. and 1:00 P.M.

Apparatus. The experimental boxes were two identical 20 3 25 3 30
cm Plexiglas cages with the floor made of stainless steel rods (2 mm bars
spaced 1.2 cm apart, center to center). The cages were enclosed in a
ventilated, dimly lit (20 W incandescent bulb), sound-attenuating LeHigh
Valley chamber (53 3 56 3 96 cm). A Grass AM7 Audio Monitor
speaker, placed between and adjacent to the two experimental cages, was
used to deliver white noise (0–20 kHz). The noise source was a General
Radio Random-Noise Generator (Type 1390-A). The intensity of the
noise was measured by placing a Radio Shack Realistic Sound Level
Meter (No. 33–2050; A scale) in the closed cages. Ambient noise in the
LeHigh Valley acoustic enclosure was ;55 dB (A scale). This will be
referred to hereafter as the background noise level of the experimental
cages.

For restraint stress, rats were wrapped for 30 min in a flexible white
plastic rectangle (28 3 20 cm) attached to a 21 3 8 3 8 cm rigid clear
Plexiglas frame. Ether stress was produced by placing rats in a 1.0 cubic
foot glass jar containing gauzes saturated with diethyl ether for 3 min.

Surgery. Rats were anesthetized by intraperitoneal injections of 50
mg/kg sodium pentobarbital (Butler). They were shaved and placed in a
Kopf stereotaxic instrument equipped with blunt earbars. The skin
overlying the skull was disinfected (Betadine), an incision was made, and
small burr holes were drilled through the skull bone to allow penetration
of the injector (Hamilton 1 ml syringe). Bilateral excitotoxic lesions (n 5
18) aimed at all auditory subnuclei of the thalamus (all subdivisions of
the medial geniculate body, suprageniculate nucleus, and intralaminar
nucleus) were produced with two 0.3 ml injections of ibotenic acid (10

Figure 1. Examples of incomplete and complete excitotoxic lesions of
the medial geniculate nuclei produced by ibotenic acid injections, in
coronal brain sections stained with cresyl violet. A, Line drawing showing
the approximate regional boundaries of the various thalamic nuclei de-
picted in B and C. B, Brain section from a rat showing incomplete damage
of the medial geniculate nuclei, particularly in the ventral subdivision
(MGV ). C, Brain section from a rat with complete medial geniculate
nuclei cell loss. Note that reactive gliosis has replaced the area normally
containing neurons in all medial geniculate subdivisions. APT, Anterior
pretectal nucleus; MGD, dorsal division of the medial geniculate body;
MGM, medial division of the medial geniculate body; MGV, ventral
division of the medial geniculate body; SG, suprageniculate nucleus.
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mg/ml in 0.1 M sodium phosphate buffer, pH 7.4) per side. The injector
was lowered into the brain and left in place for 3 min before and 7 min
after each injection. Following the flat skull coordinate system of Paxinos
and Watson (1986), the first injection was made at 5.2 mm posterior, 3.1
mm lateral, and 6.8 mm ventral to Bregma, and the second injection was
made at 6.5 mm posterior, 3.2 mm lateral, and 6.8 mm ventral to Bregma.
The rate of infusion was 0.05 ml /min. After the injections, the scalp
incision was closed with surgical stainless steel wound clips, and rats were
kept warm and under observation until recovery from anesthesia. The
same procedures were followed for sham-operated rats (n 5 15), except
that only the vehicle solution (sodium phosphate buffer) was injected.
Eleven rats served as unoperated controls.

Behavioral procedures. Habituation began 24 hr after surgery. This
consisted of handling the rats for 3–4 min and then placing them in the
experimental cages for 10 min daily for 6 consecutive d (days 1–6). On
day 7, half of the rats were given a 30 min session of restraint stress, and
blood was collected by tail nicks at 0, 30, 60, 90, and 120 min after the
beginning of restraint. The same procedures were performed on the
other half of the rats on day 8. On day 9, approximately half of the rats
(mixed from those receiving restraint on days 7 and 8) were given a 3 min
exposure to ether vapor, which was sufficient in all cases to produce
anesthesia. Blood was collected via tail nicks 15 min after initiation of
ether vapor, a time at which peak corticosterone release in response to
ether was reported in a previous study from our laboratory (Vazquez and
Akil, 1993). Two additional habituation sessions were given on days 10
and 11. On day 12, half of the rats were placed in the experimental boxes
for 60 min. In half of these, background noise remained on for the whole
session, and in the other half, white noise of 105 dB was turned on for the
last 30 min. Blood was collected via tail nicks immediately after removal
of the rats from the experimental cages. The same procedures were
performed on day 13 for the second half of the rats. An additional
habituation session was given to all rats on day 14. The same procedures
performed on days 12–13 were performed on days 15 and 16, with the
exception that the rats were exposed to the condition to which they had
not been exposed previously. At the end of these sessions, rats were
decapitated immediately after removal from the experimental cages;
trunk blood, adrenals, and thymus were collected, and the brains were
removed rapidly and frozen in chilled isopentane (240°C). Four rats that
were not handled or exposed to any other procedures served as naive
controls and were decapitated immediately after removal from the colony
room.

Corticosterone radioimmunoassay. Blood obtained from tail nicks or
after decapitation was collected into ice-chilled tubes containing EDTA.
Blood samples were centrifuged at 2000 rpm for 10 min, and the resulting
plasma was pipetted into chilled 0.5 ml Ependorf microcentrifuge tubes
and stored at 220°C until assayed.

Corticosterone was measured by radioimmunoassay using a specific
rabbit antibody raised in our laboratory, with ,3% cross-reactivity with
other steroids (Dr. Dana Helmreich, personal communication). Plasma
samples were diluted 1:100 in 0.05 M sodium phosphate buffer containing
0.25% bovine serum albumin, pH 7.4, and corticosterone was released
from binding proteins by heat (70°C, 30 min). Duplicate samples of 200
ml to which 50 ml of trace (3H-corticosterone, Amersham, Arlington
Heights, IL; 50 Ci/mmol, 10,000 cpm/tube), and 50 ml of antibody (final
concentration 1:12,800) were incubated at 4°C overnight. The addition of
0.5 ml of chilled 1% charcoal /0.1% dextran mixture in buffer for 10 min
at 4°C was used to separate bound from free corticosterone and then
centrifuged for 10 min at 3000 rpm (Sorvall RC-5B). The supernatant
was poured into 4 ml of scintillation fluid, and bound 3H-corticosterone
was counted on a Packard CA2000 liquid scintillation analyzer and
compared with a standard curve (range, 0–80 mg/dl). Variability was
kept to a minimum (,5%) by measuring all samples within the same
assay.

In situ hybridization histochemistry and histology. Brains were removed
rapidly, frozen in chilled isopentane (240°C), and stored at 280°C. They
were then sliced (10 mm) in a Bright cryostat, thaw-mounted onto
polylysine-coated slides, and stored at 280°C until they were processed.
Sections were fixed in buffered paraformaldehyde (4%) for 1 hr, rinsed

Figure 2. Histological reconstructions of the cell loss (shaded area on the
lef t) induced by ibotenic acid injections in a representative rat sustaining
complete lesions of the medial geniculate nuclei. Note the substantial cell
loss in the hippocampus, which was similar in rats sustaining complete and
incomplete medial geniculate lesions (reconstructions not shown). Cell
loss was similar bilaterally, but shown unilaterally here to allow descrip-
tion of regional structures on the right side of each section. Reconstruc-
tions were made on photocopies of plates from the rat brain atlas of
Paxinos and Watson (1986), with the negative numbers to the right of each
section indicating posterior distance from Bregma. APTD, APTV, APT,
Anterior pretectal nuclei; CA1, CA2, CA3, hippocampal areas; DLG,
VLGPC, VLGMC, dorsal and ventral lateral geniculate nuclei; DG,
PoDG, dentate gyrus; DT, dorsal terminal nucleus of the accessory optic
tract; IGL, intergeniculate leaf; IMA, intramedullary area; IntG, interme-
diate geniculate nucleus; LPMC, LPLC, lateral posterior nuclei; MGD,
MGM, MGV, medial geniculate dorsal, medial, and ventral subdivisions;
MZMG, marginal zone of the medial geniculate; Oc2MM, Oc2ML, occip-
ital cortex; OPT, olivary pretectal nucleus; OT, nucleus of the optic tract;

4

PoT, posterior nucleus, triangular; PIL, posterior intralaminar nucleus;
PLi, posterior limitans nucleus; PP, peripeduncular nucleus; RSA, retro-
splenial cortex; S, subiculum; SG, suprageniculate nucleus; SNL, substan-
tia nigra lateralis; SPFPC, subparafascicular nucleus; ZI, zona incerta.
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with 23 SSC (sodium citrate), and deproteinated with Proteinase K (0.1
mg/ml) for 10 min at 37°C. Sections were rinsed in H2O for 5 min,
acetylated in 0.1 M triethanolamine containing 0.25% acetic anhydride
for 10 min, rinsed for 5 min in H2O, and dehydrated in alcohols.

35S-labeled cRNA c-fos riboprobes were prepared from cDNA sub-
clones in transcription vectors using standard in vitro transcription meth-
odology. The rat c-fos cDNA clone (courtesy of Dr. T. Curran, St. Jude
Children’s Research Hospital, Memphis, TN) was subcloned in pGem3Z
and cut with HindIII to yield a 680 nucleotide (nt) cDNA template. The
rat CRH cDNA clone (courtesy of Dr. R. T. Thompson, University of
Michigan) was subconed in pGem3Z and cut with XbaI to yield a 770 nt
cDNA template. Copy riboprobes were produced in a reaction mixture
(120 min at 37°C) consisting of 1 mg linearized plasmid, 13 T7 transcrip-
tion buffer (BRL, Bethesda, MD), 125 mCi 35S-UTP, 150 mM NTPs, 12.5
mM dithiothreitol, 20 U RNase inhibitor, and 6 U polymerase (T7).
Riboprobes were separated from free nucleotides over a Sephadex
G50–50 column. Riboprobes were diluted in hybridization buffer to yield
;1.5 3 10 6 dpm/30 ml buffer. The hybridization buffer consisted of 50%
formamide, 10% dextran sulfate, 33 SSC, 50 mM sodium phosphate
buffer, pH 5 7.4, 13 Denhardt’s solution, and 0.1 mg/ml yeast tRNA.
The hybridization mixture (30 ml) was applied to each slide, and sections
were coverslipped. Slides were placed in covered plastic boxes lined with
filter paper moistened with 50% formamide in H2O and incubated for
12–16 hr at 55°C. Coverslips were then removed, and slides were rinsed

several times in 23 SSC. Incubation in RNase A (200 mg/ml) followed for
60 min at 37°C, and slides were washed successively in 23, 13, 0.53, and
0.13 SSC for 5–10 min each, with an additional wash in 0.13 SSC for 60
min at 65°C. Slides were rinsed in fresh 0.13 SSC, dehydrated in
alcohols, and exposed to Kodak BIOMAX MR x-ray film.

Pretreatment with RNase A (200 mg/ml at 37°C for 60 min) before
hybridization prevented labeling, which served as a control experiment.
Another control was provided by hybridizing some sections with the
sense cRNA strands, which in all cases did not lead to significant
hybridization to tissue sections.

Importantly, three to five slides for a given brain region from each rat
included in the study were processed simultaneously to allow direct
comparisons in the same regions. Multiple in situ hybridizations were
performed at different levels of the brain, with all animals represented to
reduce the effects of technical variations within regions. Sections of all
rats in the same region were exposed on the same x-ray film to further
minimize variations. Semiquantitative analyses were performed on dig-
itized images from x-ray films in the linear range of the gray values
obtained from an acquisition system (Northern Light lightbox model B
95, a CCD Pulnix TV camera model TM-745 fitted with a Nikkor 55 mm
lens, connected to a graber card on board a Macintosh Quadra 840AV,
captured with National Institutes of Health Image v1.59). Signal pixels of
a region of interest were defined as having a gray value of 3.5 SD above
the mean gray value of a cell-poor area close to the region of interest.

Figure 3. Mean plasma corticosterone (mg/dl) obtained in rats from the various groups [unoperated, sham-operated, medial geniculate nuclei complete
lesions (MGN COMP LES), MGN incomplete lesions (MGN INCOMP LES)] 1 hr after cage placement (white bars) or after 30 min of 105 dB white noise
( gray bars). The SEM is indicated above each bar. The numbers (n) at the bottom indicate the number of rats in each group. *p , 0.05 compared with
all other groups under the 105 dB noise condition.

Table 1. Mean body, adrenals, and thymus weights (6SEM)

Experimental group N
Body
(gm)

Adrenals (mg/
100 gm BW)

Thymus (mg/100
gm BW)

Naive 4 415 (10) 16 (1) 134 (11)
Unoperated 11 414 (8) 13 (1) 133 (9)
Sham-operated 15 402 (8) 15 (1) 120 (8)
MGN lesions complete 9 385 (7) 15 (1) 104 (11)
MGN lesions incomplete 9 408 (6) 15 (1) 109 (9)

BW, Body weight.
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The number of pixels and the average gray values above the set back-
ground were then computed for each region of interest and multiplied,
giving an integrated densitometric measurement. An average of three to
six measurements were made on different sections, for each region of
interest, and these values were further averaged to get a single integrated
density value per region for each rat. Slides undergoing in situ hybrid-
ization were stained with cresyl violet and used extensively in the
determination of regional boundaries on the digitized images. Sections in
the region of the lesions were fixed in paraformaldehyde (4%) for 60 min,
rinsed in H2O, and stained with cresyl violet for determination of the
lesioned areas.

Statistics. One-way ANOVA was performed on body, adrenals, and
thymus weights. Mixed design ANOVAs were used to analyze plasma
corticosterone levels after restraint, ether, and noise stress. These were
followed by post hoc Tukey multiple mean comparisons to determine the
source of significant effects.

For purposes of statistical analysis, the mean c-fos and CRH-
integrated density values were transformed to natural logarithm values to
reduce between-group variances observed in some regions. One-way
ANOVAs were performed on the transformed mean integrated densities
obtained from each region in which c-fos mRNA or CRH mRNA was
measured. This was followed by Tukey’s post hoc multiple mean com-
parisons to determine more exactly the source of the differences obtained
with the initial ANOVA. Statistical significance in all instances was set to
p 5 0.05.

RESULTS
Histology
Histological verifications of the lesions induced with the fiber-
sparing excitotoxin ibotenic acid revealed that nine rats sustained
relatively complete and bilateral loss of neurons (.90%) in all
medial geniculate subnuclei, the suprageniculate nucleus, and the
posterior intralaminar nucleus, whereas the other nine rats dis-
played sparing in one or more of these nuclei unilaterally or
bilaterally, as exemplified in Figure 1. All rats that sustained
complete or incomplete medial geniculate nuclei lesions also
sustained significant cell loss in the hippocampus, particularly the
dorsal dentate gyrus and CA3 region, as represented in recon-
structions of the lesioned areas in Figure 2. Additional but more
variable cell loss was observed in the lateral geniculate nucleus,
the lateral posterior nucleus, the posterior thalamic nucleus, the
parvocellular part of the subparafascicular nucleus, the peripe-
duncular nucleus, and the substantia nigra pars lateralis. On the
basis of histological verifications, the lesioned rats were divided
into the complete (n 5 9) or incomplete (n 5 9) medial geniculate
nuclei-lesioned groups.

Body, adrenals, and thymus weights and mpPVN CRH
mRNA levels
Because of the possible chronicity of the stress induced by the
excitotoxic lesions, indices normally associated with chronic
stress, including body weight measured immediately before eu-
thanesia, wet adrenals and thymus weights, and CRH mRNA
levels in the parvocellular neurons of the paraventricular nucleus
of the hypothalamus were evaluated. No significant signs of
chronic stress were obtained from the ANOVAs performed on
body, adrenals, or thymus weights: F(4,43) 5 1.90, 2.55, and 1.82;
all p values . 0.05, respectively (Table 1). The integrated densi-

Figure 4. Mean plasma corticosterone (mg/dl) obtained in rats from the various groups (indicated in graph) immediately before (time 0) and at several
times (30, 60, 90, 120 min) after initiation of 30 min restraint stress. The SEM is indicated at each time point. *p , 0.05 compared with unoperated and
sham-operated rats.

Table 2. Mean corticosterone levels 15 min after 3 min ether stress
(6SEM)

Experimental group N
Corticosterone
(mg/dl)

Unoperated 6 18.7 (9)
Sham-operated 7 20.2 (8)
MGN lesions complete 4 21.7 (11)
MGN lesions incomplete 5 21.2 (9)
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Table 3. Mean integrated densities (/100 6 SEM)

Brain region

Experimental group

Naive Unoperated Sham-operated MGN lesions

Forebrain
Nucleus accumbens core* 11 (2.4) 141** (17) 131** (18) 57*** (15)
Nucleus accumbens shell* 7.5 (2.9) 110** (18) 121** (10) 44*** (14)
BNST medial* 3.4 (2.2) 69** (5.9) 80** (11) 5.5 (2.6)
BNST ventral* 3.4 (2.1) 44** (3.5) 44** (5.0) 6.0 (1.9)
Caudate nucleus dorsal* 22 (3.7) 76*** (12) 64*** (17) 37 (8.7)
Caudate nucleus ventral 7.6 (1.4) 8.3 (1.9) 11 (5.1) 6.3 (0.4)
Dorsal endopiriform nucleus* 15 (1.8) 109** (5.4) 101** (12) 51*** (6.6)
Medial septum 7.8 (4.8) 27 (6.6) 33 (12) 13 (3.7)
Lateral septum* 63 (62) 422*** (26) 486*** (41) 92 (52)
Septohypothalamic nucleus* 6.6 (3.4) 175** (25) 205** (33) 29 (21)

Amygdala
Anterior cortical nuclei* 45 (8.4) 82*** (6.3) 76 (11) 53 (5.4)
Basolateral nucleus* 32 (5.8) 93** (12) 63 (11) 36 (1.0)
Lateral nucleus* 4.9 (0.7) 49** (2.8) 35*** (6.9) 20*** (6.0)
Central nucleus* 10 (1.7) 13 (2.4) 16**** (2.8) 5.0 (1.1)
Medial nucleus* 12 (0.6) 68*** (8.2) 85*** (44) 23 (5.1)

Hippocampus
Dentate gyrus dorsal 31 (5.8) 42 (7.5) 35 (3.7) 20 (1.6)
Dentate gyrus ventral* 4.6 (2.9) 44*** (11) 41*** (11) 13 (8.2)
CA1 16 (2.6) 30 (5.4) 23 (5.4) 22 (2.1)
CA2 6.7 (2.1) 7.2 (1.8) 4.6 (0.8) 7.0 (2.2)
CA3* 31 (2.8) 108*** (14) 87*** (8.7) 88*** (14)

Cortex
Cingulate* 150 (39) 1540*** (153) 1126*** (180) 1089*** (222)
Claustrum* 477 (182) 1106*** (179) 902*** (45) 806 (152)
Frontal 355 (87) 590 (103) 416 (74) 428 (159)
Infralimbic* 20 (4.6) 302*** (50) 276*** (42) 261*** (38)
Lateralorbital 314 (75) 598 (111) 597 (64) 543 (181)
Occipital (visual)* 1226 (97) 2821*** (198) 2267*** (387) 1772 (196)
Parietal 2165 (178) 2678 (181) 2608 (417) 2045 (463)
Perirhinal* 30 (8.3) 178*** (16) 128*** (23) 114*** (21)
Piriform 618 (53) 873 (87) 801 (65) 754 (118)
Temporal (auditory)* 883 (192) 2085** (43) 1764** (299) 860 (185)

Hypothalamus
Anterior area* 16 (0.5) 144** (17) 139*** (24) 74*** (4.4)
Anteroventral preoptic area* 15 (8.6) 103** (12) 96** (14) 23 (7.2)
Dorsomedial nucleus* 34 (1.5) 335** (20) 345** (47) 153*** (55)
Lateral nucleus* 9.2 (6.1) 117*** (26) 113*** (17) 42 (24)
Lateral preoptic area* 10 (3.3) 187** (23) 214** (23) 67*** (32)
Medial preoptic area 14 (9.5) 19 (2.9) 35 (12) 15 (5.2)
Medial preoptic nucleus 5.3 (1.2) 12 (2.7) 19 (4.9) 6.2 (2.9)
Paraventricular nucleus* 12 (5.3) 142** (32) 159** (15) 27 (14)
Supramammillary nucleus* 21 (9.2) 347** (13) 335** (29) 93*** (53)
Ventromedial nucleus* 1.3 (0.2) 24*** (6.6) 25*** (8.8) 7.1*** (0.3)

Thalamus
Anterodorsal nucleus 111 (17) 58 (7.8) 89 (20) 98 (8.7)
Anteroventral nucleus* 45 (9.0) 282*** (24) 268*** (45) 168*** (26)
Central nuclei* 92 (37) 549*** (53) 401*** (76) 477*** (51)
Mediodorsal nucleus* 3.9 (1.6) 72*** (6.2) 77*** (20) 63*** (15)
Paraventricular nucleus* 92 (5.3) 353*** (24) 389*** (38) 271*** (37)
Ventroposterolateral nucleus 184 (100) 152 (11) 185 (29) 207 (52)
Subparafascicular nucleus* 13 (7.1) 124*** (36) 156*** (19) 130*** (13)

Table continues.
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tometric levels of CRH mRNA were 6420 (6749) for the naives
(n 5 3), 5866 (6605) for the unoperated (n 5 6), 5447 (6914) for
the sham-operated (n 5 6), and 6311 (6994) for the auditory
thalamic-lesioned (n 5 3) rats, and did not differ among any of the
groups: F(3,14) 5 0.43; p . 0.05.

Corticosterone
The increase in corticosterone levels induced by loud noise was
blocked in rats sustaining complete lesions of the medial genicu-
late nuclei, as indicated in Figure 3. Noise-induced corticosterone
release was blocked only in the complete lesions group: F(3,40) 5
7.12; p , 0.001 (Tukey’s, p , 0.05). The corticosterone levels in
the 55 dB background noise condition were not different among
groups: F(3,40) 5 0.29; p . 0.05.

The reduction in corticosterone levels in response to loud noise
could not be attributed to gross nonspecific effects of the lesions
after corticosterone release in response to all stressors. For in-
stance, as depicted in Figure 4, rats sustaining complete or in-
complete medial geniculate lesions displayed high levels of corti-
costerone after 30 min restraint stress. In fact, the corticosterone
levels of both lesioned groups were significantly higher than those
of the unoperated and sham-operated rats at the 30 min time
point: F(3,40) 5 3.70; p , 0.05 (Tukey’s, p , 0.05). The return to
near basal corticosterone levels after restraint was very similar in
all groups (see Fig. 4), suggesting relatively normal feedback
inhibition in lesioned rats. Likewise, the levels of corticosterone
in response to a 3 min exposure to ether was reliable but not
different among any of the groups: F(3,18) 5 0.92; p . 0.05, as
reported in Table 2.

c-fos mRNA induction
In situ hybridization of c-fos mRNA was performed on sections
from 18 rat brains to determine the changes in regional activity
produced by medial geniculate nuclei lesions in response to au-
diogenic stress. The brains of six unoperated and six sham-
operated rats, randomly chosen from those exposed to loud noise
on the last day, were processed. Only three of the nine rats found

to sustain complete medial geniculate lesions after histological
verification had been exposed to noise on the last day, and these
were processed in addition to sections from three naive rat brains.

Unoperated and sham-operated rats displayed a broad regional
pattern of c-fos mRNA induction 30 min after the initiation of 105
dB white noise exposure, as presented in Table 3. This regional
pattern of c-fos mRNA induction in the unoperated and sham-
operated rats was similar to that observed in our previous study
(Campeau and Watson, 1997). More than half (44) of the 62 brain
regions analyzed semiquantitatively by integrated densitometry
exhibited statistically significant c-fos mRNA induction in one or
more of the experimental groups, compared with the naive rats
(ANOVAs, p , 0.05). With few exceptions (4), the regional c-fos
mRNA induction in sham-operated rats was statistically indistin-
guishable from that of the unoperated rats (see Table 3). Repre-
sentative examples of c-fos mRNA induction in the unoperated,
sham-operated, and complete medial geniculate nuclei-lesioned
rats after 105 dB noise exposure are presented at seven levels of
the neuraxis in Figures 5 and 6.

c-fos mRNA induction in the complete medial geniculate-
lesioned rats was significantly different in comparison with the
unoperated and sham-operated rats in several brain regions. First,
c-fos mRNA induction in the lesioned rats was reliably blocked in
six areas that demonstrated significant induction in the unoper-
ated and sham-operated rats. These included the anterior medial
and ventral bed nucleus of the stria terminalis, the septohypotha-
lamic nucleus, the anteroventral preoptic area, the paraventricu-
lar hypothalamic nucleus, and the temporal (auditory) cortex. An
example of c-fos mRNA induction in the unoperated and sham-
operated rats and its blockade in lesioned rats is depicted in
magnified sections of the hypothalamic paraventricular nucleus in
Figure 7. Standard scores (z scores) computed from the raw
integrated densitometric values for each of these regions are
illustrated in Figure 8 to help visualize and compare the group
variations without the regional differences in overall c-fos mRNA
induction. Several additional regions showing significant c-fos

Table 3. Mean integrated densities (/100 6 SEM) (continued)

Brain region

Experimental group

Naive Unoperated Sham-operated MGN lesions

Midbrain, pons, brainstem
Dorsolateral central gray* 15 (2.2) 119*** (17) 126*** (31) 93*** (35)
Lateroventral central gray* 19 (9.0) 75*** (13) 110*** (16) 45 (21)
Cochlear nuclei* 59 (5.3) 701*** (141) 519*** (83) 531*** (53)
Cuneiform nucleus* 15 (3.3) 78*** (15) 75*** (19) 68*** (7.5)
Inferior colliculus* 650 (85) 2882*** (106) 2330*** (319) 2590*** (180)
Nucleus lateral lemniscus* 22 (5.2) 524*** (85) 389*** (83) 350*** (100)
Superior olivary complex* 27 (6.0) 496*** (68) 387*** (32) 420*** (85)
Locus coeruleus* 1.7 (1.2) 11*** (2.8) 14*** (8.5) 9.3 (3.7)
Raphe dorsal 8.7 (2.1) 11 (1.8) 23 (8.3) 12 (1.0)
Raphe medial* 1.4 (0.7) 8.0*** (0.3) 10*** (1.5) 5.3 (0.8)
Dorsal tegmental nucleus 13 (5.0) 25 (4.4) 31 (6.3) 34 (5.7)
Laterodorsal tegmental nucleus 17 (7.0) 35 (2.8) 31 (9.1) 32 (9.2)
Ventral tegmental nucleus 13 (2.9) 19 (0.9) 23 (4.2) 25 (6.6)

Cerebellum
Lobules (1-10) 6610 (1392) 6002 (1177) 6534 (1918) 5586 (453)
Flocculus* 253 (111) 1400*** (174) 1554*** (364) 1044*** (265)

*One-way ANOVA: p # 0.05; Tukey multiple mean comparisons: **p , 0.05 vs naive and MGN-lesions groups; ***p , 0.05 vs naive group; ****p , 0.05 vs MGN-lesions
group.
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mRNA induction in the unoperated and sham-operated rats did
not show reliable induction in the lesioned rats. The claustrum,
occipital cortex, dorsal part of the caudate nucleus, lateral sep-
tum, medial nucleus of the amygdala, ventral dentate gyrus,
lateral hypothalamic nucleus, lateroventral central gray, locus
coeruleus, and median raphe were among these regions (see
Table 3).

A large number of regions in the complete medial geniculate
nuclei-lesioned rats displayed either reliable, but reduced, or

comparable levels of c-fos mRNA induction compared with
unoperated and sham-operated rats. Intermediate c-fos mRNA
induction in the lesioned rats was observed in the nucleus
accumbens core and shell, the dorsal endopiriform nucleus, the
hypothalamic dorsomedial nucleus, the lateral preoptic area,
and the supramammillary nucleus. Figure 9 presents these
regions in standardized (z scores) forms. Statistically indistin-
guishable c-fos mRNA induction in several regions (17) of the
three experimental groups was observed in many cortical (cin-

Figure 5. Representative autoradiographic coronal sections processed for c-fos mRNA in situ hybridization in rats of the unoperated (UNOP),
sham-operated (SHAM ), and complete medial geniculate nuclei-lesioned (MGN) groups exposed to 105 dB white noise on the last experimental day.
Note the reduction in c-fos mRNA induction in the ventral lateral septum (LS), septohypothalamic nucleus (SHy), anteroventral preoptic area (PO), and
paraventricular hypothalamic nucleus (PVN ) in the MGN rat compared with the UNOP and SHAM rats. Similar c-fos induction levels were observed,
however, in rats from the three groups in the frontal (Fr), cingulate (Cg), lateralorbital (LO), and piriform (Pir) cortex.
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gulate, infralimbic, and perirhinal), thalamic (anteroventral,
central, mediodorsal, paraventricular, and subparafascicular
nuclei), and brainstem auditory regions (cochlear nuclei, infe-
rior colliculus, nuclei of the lateral lemniscus, and superior
olivary complex). Additional areas included the hippocampal
CA3 region, the ventromedial hypothalamic nucleus, the dor-
solateral central gray, the cuneiform nucleus, and the cerebel-
lar flocculus. Some of these regions are presented in standard-
ized scores in Figure 10.

DISCUSSION
The results of this experiment indicated that loud noise reliably
induces the release of corticosterone, as shown previously (Hen-
kin and Knigge, 1963; Collu and Jequier, 1976; Borrell et al.,
1980; Armario et al., 1984; Irwin et al., 1989; Segal et al., 1989;
Britton et al., 1992; Campeau and Watson, 1997), and that this
can be blocked by lesions of the medial geniculate nuclei. Fur-
thermore, the disruption of the HPA activation to audiogenic
stress was relatively specific, because corticosterone release in
response to restraint or ether stressors was not abolished in the
lesioned rats.

The lesion completeness requirement for the blockade of cor-

ticosterone release induced by loud noise was suggested by the
finding that neuronal sparing in any of the medial geniculate
subnuclei was associated with audiogenic stress-induced cortico-
sterone release similar to that of sham-operated controls. In our
previous study, we observed reliable c-fos mRNA induction in
response to loud noise in several nuclei of the auditory thalamus,
including the ventral and dorsal divisions of the medial geniculate
body, and particularly in the medial nucleus of the medial genic-
ulate body and the posterior intralaminar nucleus (Campeau and
Watson, 1997). All of these subnuclei were consistently lesioned
in rats judged to have complete auditory thalamic lesions. Al-
though the spared areas of the incompletely lesioned rats could
provide important information regarding the efferent pathway
activated by loud noise, sparing was not discrete and consistent
enough to specify any particular auditory thalamic subnuclei
involvement. A more precise role for any auditory thalamic sub-
nuclei in audiogenic stress could only be resolved with additional
studies attempting to specifically disrupt different subnuclei. The
fact that the medial nucleus of the medial geniculate body, the
suprageniculate nucleus, and the posterior intralaminar nucleus
have been linked to auditory emotional learning (LeDoux et al.,

Figure 6. Representative autoradiographic coronal sections processed for c-fos mRNA in situ hybridization in rats of the unoperated (UNOP),
sham-operated (SHAM ), and complete medial geniculate nuclei-lesioned (MGN ) groups exposed to 105 dB white noise on the last experimental day.
Note the reduction in c-fos mRNA induction in the auditory cortex (Te) and supramammillary nucleus (Sm). Similar c-fos induction levels were observed,
however, in the inferior colliculus (IC), nuclei of the lateral lemniscus (LL), and pontine nuclei (Pn).
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1984, 1991; Campeau and Davis, 1995) raises the possibility that
these same nuclei might also be critically involved in audiogenic
stress-induced activation of the HPA axis.

That the lesions did not produce a severe and nonspecific
general disruption of HPA activation to all stressful events was
suggested by the finding that restraint and ether stress reliably
increased corticosterone levels in the complete medial geniculate
nuclei-lesioned rats. The higher levels of corticosterone observed
in response to restraint in the lesioned rats, regardless of medial
geniculate lesions completeness, might be explained by the con-
comitant and similar hippocampal damage produced in these
animals. Enhanced or prolonged release of corticosterone to
restraint, but not to ether, has been reported previously in hip-
pocampectomized rats (Fendler et al., 1961; Knigge, 1961; Her-
man et al., 1995). In addition, as suggested by the lack of differ-
ences in body, adrenals, or thymus weights, in the levels of
hypothalamic CRH mRNA, or in the basal levels of corticoste-
rone measured before restraint (time 0), it seems unlikely that the
specific disruption of audiogenic stress was attributable to the
chronic or sustained stress produced by the surgery, lesions, or
other aspects of the present experimental protocol. Together,
these findings indicate that the medial geniculate nuclei are part
of a necessary circuit involved in activation of the HPA axis by
audiogenic stress, presumably via one or more of their ascending
forebrain efferents. Because there are no reported descending
efferents from the medial geniculate nuclei (LeDoux et al., 1985),
it is unlikely that the lesion effects observed in the present study
could have been produced because the lesions disrupted descend-
ing midbrain or brainstem efferents from the medial geniculate
nuclei.

A previous study reported that mammillary peduncular elec-
trolytic lesions or posterior hypothalamic deafferentation in rats
inhibited corticosterone release in response to 30 min of a ringing
alarm of an unspecified intensity or frequency (Feldman et al.,
1972). These lesions were suggested to block an efferent pathway
from the reticular brainstem to the hypothalamus. In view of our
findings, however, it is possible that the lesions reported by
Feldman and coworkers disrupted acoustic projections to the
medial geniculate nuclei. Additional studies will be required to
determine the possible role of direct brainstem projections to the
paraventricular hypothalamic nucleus with the audiogenic stres-
sor used in the present study.

Medial geniculate nuclei disruption altered the regional pattern
of c-fos mRNA induction in response to audiogenic stress, which
was strongly related to the type of regional pattern observed in
our previous study (Campeau and Watson, 1997). For instance,
c-fos mRNA induction in several cortical, thalamic, and brainstem
regions obtained in the unoperated and sham-operated rats was
also observed at comparable or slightly reduced levels in the

Figure 7. Representative autoradiographic coronal sections processed
for c-fos mRNA in situ hybridization magnified in the region of the
paraventricular nucleus of the hypothalamus. A, Line drawing showing

4

the approximate regional boundaries of the various hypothalamic nuclei
at the levels depicted in B, C, and D. Brain sections from unoperated
(UNOP; B), sham-operated (SHAM; C), and complete medial geniculate-
lesioned (MGN; D) rats. Note the absence of c-fos mRNA in the para-
ventricular nucleus of the lesioned rat ( D) 30 min after audiogenic stress.
AHC, Anterior hypothalamic area, central; AHP, anterior hypothalamic
area, posterior; f, fornix; PaDC, paraventricular nucleus, dorsal cap;
PaLM, paraventricular nucleus, lateral magnocellular; PaMP, paraven-
tricular nucleus, medial parvocellular; PaV, paraventricular nucleus, ven-
tral; Pe, periventricular nucleus; SPa, subparaventricular nucleus; VRe,
ventral reuniens nucleus; Xi, xiphoid thalamic nucleus; ZI, zona incerta;
3V, third ventricle.
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complete medial geniculate-lesioned rats. Activation of these
regions was previously found to be associated more intimately
with exposure of rats to the experimental context (Campeau and
Watson, 1997). The results of the present study thus suggest that
medial geniculate lesions do not alter to a great extent the
regional activity in response to exposure to the experimental
context, and they further suggest that these regions are not part of
a necessary HPA activational circuit recruited by audiogenic
stress.

c-fos mRNA induction in several auditory nuclei (cochlear

nuclei, superior olivary complex, nuclei of the lateral lemniscus,
inferior colliculus) below the level of the medial geniculate nuclei
was found to be similar between the lesioned and control rats.
Our previous study indicated that high c-fos mRNA induction was
obtained in these nuclei in response to loud (105 dB, A scale)
noise (Campeau and Watson, 1997). These results therefore
suggest that activity in the auditory system below the level of the
medial geniculate nuclei is not sufficient to mediate activation of
the HPA axis. Furthermore, blockade of loud noise-induced
HPA activation by medial geniculate lesions cannot be explained

Figure 8. Mean standard (z) scores (12) computed from the
transformed integrated densitometric values in regions for
which complete medial geniculate nuclei lesions (MGN Le-
sions) abolished c-fos mRNA induction in response to 105 dB
white noise, compared with unoperated and sham-operated
rats. SD in all instances is 1.0. BNST, Bed nucleus of the stria
terminalis; Septohyp. Nuc., septohypothalamic nucleus; AV,
anteroventral; PVN Hypo., paraventricular nucleus of the
hypothalamus; Ctx, cortex.

Figure 9. Mean standard (z) scores (12) computed from the
transformed integrated densitometric values in regions for
which complete medial geniculate nuclei lesions (MGN Le-
sions) produced intermediate c-fos mRNA induction com-
pared with the unoperated and sham-operated rats in re-
sponse to 105 dB white noise. SD in all instances is 1.0. Nuc.
Acc., Nucleus accumbens; Dor. Endopir. Nuc., dorsal en-
dopiriform nucleus; DM Hypo. Nuc., dorsomedial hypotha-
lamic nucleus; Lat., lateral; Supramam. Nuc., supramammil-
lary nucleus.
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simply by the fact that lesioned rats have severe hearing impair-
ments, because animals sustaining similar lesions display several
acoustically driven behaviors (Kryter and Ades, 1943; Oester-
reich et al., 1971; Campeau and Davis, 1995).

On the other hand, c-fos mRNA induction in many of the
regions that were specifically responsive to audiogenic stress in
our previous study (Campeau and Watson, 1997) failed to show
significant c-fos mRNA induction in the complete medial
geniculate-lesioned rats, compared with the unoperated and
sham-operated rats. These regions included the anterior bed
nucleus of the stria terminalis (medial and ventral nuclei), the
septohypothalamic nucleus, the anteroventral preoptic area, and
the paraventricular nucleus of the hypothalamus. c-fos mRNA
induction was prevented in several additional regions of the
complete medial geniculate-lesioned rats, but this reduction did
not reach statistical significance compared with the unoperated
and sham-operated rats, perhaps because of the small number of
lesioned animals available for analysis. These regions included
the claustrum, the occipital cortex, the dorsal part of the caudate
nucleus, the ventral lateral septum, the medial nucleus of the
amygdala, the ventral dentate gyrus, the lateral hypothalamic
nucleus, the lateroventral central gray, the locus coeruleus, and
the median raphe. Several of these regions were also previously
observed to be specifically responsive to loud noise (Campeau
and Watson, 1997). Thus, disruption of auditory inputs to the
forebrain seems to block brain activity specifically associated with
audiogenic stress-responsive forebrain structures.

The physiological and anatomical /functional results obtained
after complete medial geniculate nuclei lesions suggest a few
putative pathways involved in activation of the HPA axis with
respect to the known anatomy of medial geniculate nuclei effer-
ents. In rats, the medial geniculate nuclei give rise to two main
efferent projections: the auditory areas of the temporal cortex and
the lateral nucleus of the amygdala/amygdalostriatal transition
area (LeDoux et al., 1985, 1990). Neither of these structures show
loud noise-specific c-fos mRNA induction nor do they provide

direct efferents to medial parvocellular PVN neurons; however,
through additional intra-amygdaloid connections (Stefanacci et
al., 1992; Pitkanen et al., 1995), information relayed by the lateral
nucleus of the amygdala is known to reach several other amyg-
daloid subnuclei, which have demonstrated connections to extra-
amygdaloid areas that show audiogenic stress-responsive c-fos
mRNA induction. These include projections from several amyg-
daloid nuclei to the preoptic area, ventral and medial bed nucleus
of the stria terminalis, and septohypothalamic nucleus/ventral
lateral septum (Krettek and Price, 1978; Swanson and Cowan,
1979; Weller and Smith, 1982; McDonald, 1987). In turn, several
areas among these have demonstrated projections to mpPVN
hypothalamic neurons (Sawchenko and Swanson, 1983; Simerly
and Swanson, 1988; Cullinan et al., 1993; Moga and Saper, 1994;
Cullinan et al., 1996). On the basis of these functional and
anatomical data, putative HPA activational circuits in response to
audiogenic stress are depicted in Figure 11.

Most of the c-fos mRNA induction results in response to
audiogenic stress are consistent with the putative HPA activa-
tional circuits discussed above, with the exception of the amyg-
dala. Indeed, c-fos mRNA induction in most amygdaloid nuclei is
not consistently reliable (Campeau and Watson, 1997; present
study); however, additional results from our laboratory suggest
that the lateral nucleus of the amygdala is necessary for cortico-
sterone release in response to audiogenic stress (our unpublished
observations). It is thus possible that c-fos mRNA induction does
not offer a good index of functional activation, at least in the
lateral nucleus of the amygdala, under our experimental condi-
tions. An alternative pathway might involve projections from the
auditory thalamus to the temporal /perirhinal cortex region, and
from there to the subiculum, which has known projections to the
bed nucleus of the stria terminalis and has been shown to play a
role in stress (Herman et al., 1992, 1995; Cullinan et al., 1993). As
is the case for the amygdala, the subiculum shows low levels of
c-fos mRNA induction, similar to other regions of the hippocam-
pal formation, in response to audiogenic stress. Clearly, addi-

Figure 10. Mean standard (z) scores (12) computed from
the transformed integrated densitometric values in some
regions for which all groups exposed to 105 dB white noise
displayed reliable and similar c-fos mRNA induction. SD in
all instances is 1.0. Ctx, Cortex; Cent. Thal. Nuc., central
thalamic nuclei; MD Thal. Nuc., mediodorsal nucleus of the
thalamus; SubParaf. Thal. Nuc., subparafascicular nucleus of
the thalamus; Nuc. Lat. Lemn., nuclei of the lateral lemnis-
cus; Coll., colliculus.
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tional lesion studies combined with c-fos mRNA induction mea-
surements are necessary to determine more precisely the role of
these structures in HPA activation by audiogenic stress. Without
the additional information provided by the disruption of a par-
ticular region displaying c-fos mRNA induction in response to a
particular stimulus, it might be difficult to ascribe an exact func-
tion to such region given that c-fos induction alone cannot discern
between direct or indirect effects of a treatment.

In conclusion, the present data indicate that the auditory thal-
amus is part of the sensory afferent limb of a circuit necessary for
activation of the HPA axis by audiogenic stress, but not by
restraint or ether stress, presumably through medial geniculate
efferents to the forebrain. Combined with the results of previous
studies indicating the necessity of different CNS pathways for
activation of the HPA axis with different types of visceral stres-
sors (immune and hyperosmotic challenges) (for review, see
Sawchenko et al., 1996), the available evidence suggests the
existence of several different functional activational pathways to
mpPVN neurons recruited by different types of stressful events.
Thus, in addition to the documented functional activational path-
way from medullary catecholamine cell groups to mpPVN neu-
rons, the present study strongly suggests the existence of fore-
brain activational pathways to the mpPVN, which remain to be
clearly delineated.
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