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Previously, we demonstrated that transection of the fimbria/
fornix blocked the excitatory effect of corticotropin-releasing
hormone (CRH) on startle (CRH-enhanced startle), suggesting
that the hippocampus and its efferent target areas that com-
municate via the fimbria may be critically involved in CRH-
enhanced startle. The bed nucleus of the stria terminalis (BNST)
receives direct projections from the ventral hippocampus via
the fimbria/fornix. Therefore, the role of the ventral hippocam-
pus, the BNST, and the amygdala in CRH-enhanced startle was
investigated. NMDA lesions of the BNST completely blocked
CRH-enhanced startle, whereas chemical lesions of the ventral
hippocampus and the amygdala failed to block CRH-enhanced
startle. However, the same amygdala-lesioned animals showed
a complete blockade of fear-potentiated startle, a conditioned
fear response sensitive to manipulations of the amygdala. In
contrast, BNST-lesioned rats had normal fear-potentiated star-

tle. This indicates a double dissociation between the BNST and
the amygdala in two different paradigms that enhance startle
amplitude. Microinfusions of CRH into the BNST, but not into
the ventral hippocampus, mimicked intracerebroventricular
CRH effects. Furthermore, infusion of a CRH antagonist into the
BNST blocked CRH-enhanced startle in a dose-dependent
manner. Control studies showed that this blockade did not
result from either leakage of the antagonist into the ventricular
system or a local anesthetic effect caused by infusion of the
antagonist into the BNST. The present studies strongly suggest
that CRH in the CSF can activate the BNST, which could lead to
activation of brainstem and hypothalamic BNST target areas
involved in anxiety and stress responses.
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Intracerebroventricular infusion of corticotropin-releasing hor-
mone (CRH) elicits a constellation of behavioral, physiological,
and endocrinological changes similar to those produced by natu-
ral stressors (cf. Dunn and Berridge, 1990). Thus far, however,
the exact anatomical sites responsible for these behavioral and
physiological actions of CRH after intracerebroventricular ad-
ministration have not been identified. As part of an effort to
delineate the neural circuitry underlying intracerebroventricular
CRH effects, recently we investigated a possible involvement of
the septum, using increased acoustic startle amplitude after CRH
(CRH-enhanced startle) as a behavioral measure (Lee and Davis,
1997). Electrolytic lesions of the whole septum and the medial
septum, but not the lateral septum, blocked CRH-enhanced star-
tle. However, fiber-sparing chemical lesions of the medial septum
failed to block CRH-enhanced startle, suggesting that the block-
ade seen with electrolytic lesions was probably caused by damage
to fibers of passage, presumably the fornix. Supporting this con-
clusion, functional lesions of the fornix induced by knife cuts of
the fimbria/fornix completely blocked CRH-enhanced startle.

The fimbria/fornix is the main output pathway for the hip-
pocampus (cf. Amaral and Witter, 1995). Therefore, the blockade
of CRH-enhanced startle by transection of the fimbria/fornix

suggests that the hippocampus might be critically involved in
CRH-enhanced startle. Among its subdivisions, however, the
dorsal hippocampus seems not to be involved, because electrolytic
lesions of this area did not block CRH-enhanced startle (Lee and
Davis, 1997). A possible involvement of the ventral hippocampus
in CRH-enhanced startle has not been investigated. Interestingly,
the ventral hippocampus projects to the bed nucleus of the stria
terminalis (BNST) via the fimbria/fornix (cf. Canteras and Swan-
son, 1992; Cullinan et al., 1993; Amaral and Witter, 1995). Fur-
thermore, both the ventral hippocampus and the BNST contain a
moderate amount of CRH receptors (De Souza et al., 1984;
Chalmers et al., 1995; Sawchenko and Swanson, 1985). Therefore,
it is conceivable that CRH given intracerebroventricularly pri-
marily binds to the ventral hippocampus and modulates startle
amplitude via hippocampal–BNST connections. Alternatively,
both the ventral hippocampus and the BNST may be the primary
receptor sites for CRH given intracerebroventricularly.

The amygdala complex also has been implicated in CRH-
enhanced startle. Liang and colleagues (1992) reported that elec-
trolytic lesions of the amygdala blocked CRH-enhanced startle,
whereas CRH infused into the amygdala failed to mimic intrace-
rebroventricular CRH effects on startle. Because the amygdala
has direct projections to the nucleus reticularis pontis caudalis
(Hitchcock and Davis, 1991), a part of the primary acoustic startle
circuit (Davis et al., 1982; Lee et al., 1996), these data suggest that
the amygdala may play an obligatory role in CRH-enhanced
startle, even though it is not the primary receptor site for CRH
given intracerebroventricularly. In other words, CRH given in-
tracerebroventricularly may bind to receptors in structures affer-
ent to the amygdala, such as the BNST or hippocampus, thereby
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exciting the amygdala indirectly. In turn this would lead to an
increase in startle amplitude via the direct connections between
the amygdala and the nucleus reticularis pontis caudalis.

In the present series of studies we attempted to determine the
location of the primary receptor site(s) for intracerebroventricu-
lar CRH using the CRH-enhanced startle paradigm. Three crite-
ria were considered to be necessary for a given structure x to be
identified as a primary receptor site for CRH given intracere-
broventricularly. First, chemical lesions of structure x should
block intracerebroventricular CRH effects. Second, CRH infused
directly into structure x should mimic intracerebroventricular
CRH effects. Third, a CRH antagonist infused directly into
structure x should antagonize effects of CRH given intracerebrov-
entricularly. Based on these three criteria, the present studies
examined the role of the BNST, ventral hippocampus, and amyg-
dala complex in CRH-enhanced startle.

MATERIALS AND METHODS
Animals
Male Sprague Dawley rats (Charles River, Kingston, NY) weighing
350–450 gm were used. The animals were housed in groups of three
before surgery in 20 3 24 3 36 cm hanging wire cages and were housed
singly in 19 3 20 3 25 cm wire cages after surgery. The animal colony
was on a 12 hr light /dark schedule (lights on at 7 A.M.) with food and
water continuously available.

Startle apparatus
The startle apparatus is been described in detail in the accompanying
article (Lee and Davis, 1997). Briefly, five separate stabilimeters consist-
ing of an 8 3 15 3 15 cm Plexiglas and wire mesh cage suspended
between compression springs within a steel frame were used. Cage
movement resulted in displacement of an accelerometer where the re-
sultant voltage was proportional to the velocity of cage displacement.
Startle amplitude was defined as the peak accelerometer voltage that
occurred during the first 200 msec after onset of the startle stimulus.

The startle stimuli were delivered by high-frequency Radio Shack
super tweeters located 10 cm behind each stabilimeter. Startle stimuli
were 50 msec bursts of white noise at various intensities. Throughout all
experiments, background white noise was 55 dB.

Presurgery matching. Three to 4 weeks after delivery, the animals were
placed in the startle test cages and given a presurgery matching test
consisting of a 5 min acclimation period followed by 60 startle eliciting
noise bursts at 105 dB, at a 30 sec intertrial interval (ITI). The animals
were subsequently divided into sham or lesion groups, having similar
mean startle amplitudes across the last 10 startle stimuli.

Surgery
NMDA lesions of the BNST, ventral hippocampus, and basolateral nucleus
of the amygdala and ibotenic acid lesions of the central nucleus of the
amygdala. The lesions were made by infusing 200 nl of NMDA (20
mg/ml) into the BNST or the ventral hippocampus over 4 min. The
coordinates relative to bregma were 20.2 mm anteroposterior (AP),
61.7 mm mediolateral (ML) and 26.8 mm dorsoventral (DV) for the
BNST (n 5 20), and 24.8 mm AP, 65.0 mm ML, and 28.0 mm DV for
the ventral hippocampus (n 5 40). For lesions of the basolateral nucleus
of the amygdala (BLA; n 5 15), NMDA was infused in two different
locations, using the following coordinates relative to bregma: 22.7 mm
AP, 65.2 mm ML, and 28.6 mm DV (200 nl /4 min) and 22.7 mm AP,
65.2 mm ML, and 28.3 mm DV (100 nl /2 min). Lesions of the central
nucleus of the amygdala (CeA) were made using ibotenic acid (Research
Biochemicals, Natick, MA), because a pilot study showed that ibotenic
acid was more effective than NMDA in lesioning the CeA without much
damage to the BLA. One hundred fifty nanoliters of the ibotenic acid
solution (15 mg/ml in 0.1 M PBS, pH 7.4) was infused over 3 min at the
following coordinates relative to bregma: 22.2 mm AP, 64.3 mm ML,
and 28.6 mm DV (n 5 15). For the control animals (n 5 15), an
equivalent amount of phosphate buffer was infused into the ventral
hippocampus, amygdala, or BNST (n 5 5 in each case), using the
procedures described above.

Intra-BNST and intraventral hippocampus cannula implantation. The
BNST was cannulated bilaterally using the following coordinates with

respect to bregma: 20.5 mm AP, 61.5 mm ML, and 27.8 mm DV (n 5
10). Cannulation of the ventral hippocampus was also bilateral, and the
coordinates with respect to bregma were 24.8 mm AP, 65.0 mm ML,
and 28.0 mm DV (n 5 15).

Intra-BNST, lateral ventricle, or intra-CeA cannulation combined with
intracisternal cannulation. In different animals, the BNST, lateral ventri-
cles, or CeA were cannulated bilaterally with concomitant intracisternal
cannulation. The coordinates with respect to bregma were 22.3 mm AP,
64.0 mm ML, and 29.0 mm DV (CeA; n 5 10); 20.5 mm AP, 61.5 mm
ML, and 25.0 mm DV (lateral ventricles; n 5 7); and 20.5 mm AP, 61.5
mm ML, and 27.8 mm DV (BNST; n 5 10). The coordinates for
intracisternal cannulation were 211.6 mm AP, 60.0 mm ML, and 27.8
mm DV.

Test procedure and drug administration
Postsurgery matching. One week after surgery, the animals were tested
with an identical matching procedure used for presurgery matching. The
decision regarding which animals would be infused with CRH on test 1
and which would be infused with artificial CSF (ACSF) was made so that
the mean startle amplitudes across the last 10 trials in the postmatching
test were equivalent in the CRH and vehicle groups in a given test day.

Intracerebroventricular CRH test. The effect of intracerebroventricular
CRH on startle was tested 1 d after postsurgery matching. The animals
were given a predrug baseline test, which was identical to the matching
test. Immediately after the test, the animals were removed from the cage,
and half were infused with CRH (1 mg/5 ml over 2 min; human/rat CRH,
Peninsula Laboratory), whereas the other half were infused with the
vehicle ACSF (5 ml /2 min). After intracerebroventricular infusion, the
animals were placed back in the startle chambers and presented with 240
startle-eliciting noise bursts at a 30 sec ITI (post-drug test). Forty-eight
hours later, the animals were tested again using a crossover design in
which the animals infused with CRH on test 1 were infused with ACSF
on test 2 and vice versa.

Intra-BNST and intraventral hippocampus infusion of CRH. The general
protocol for testing the effects of CRH directly infused into the BNST
and the ventral hippocampus on startle was similar to that used in testing
the effects of intracerebroventricular CRH on startle. Immediately after
the predrug baseline test, the animals were removed from the cage and
infused bilaterally with one of four doses of CRH into the BNST [0
(ACSF), 40, 80, or 160 ng/0.6 ml total] over 3 min. Subsequently, the
animals were placed back into the startle chambers and given a postdrug
test as described above. The test was 2 hr long, consisting of 240 startle
trials. This rather long test session was chosen, because a pilot study
showed that the excitatory effect of CRH on startle after intra-BNST
infusion lasted as long as the intracerebroventricular CRH effect on
startle. All animals were tested four times with each of the CRH doses.
Each test was 48 hr apart, and the injection order was based on a Latin
square design. For intraventral hippocampus infusions of CRH, infusion
and testing procedures were identical to those of the intra-BNST study,
except three rather than four doses of CRH (0, 40, and 80 ng/0.3 ml) were
used.

Intracisternal CRH in combination with intra-BNST infusion of a-helical
CRH9–41. The test procedures were similar to those for intracerebro-
ventricular CRH, except that various doses of a-helical CRH9–41
(a-hCRH9–41) [0 (ACSF), 2, 4, or 6 mg total; Peninsula Laboratory] were
infused into the BNST 5 min before intracisternal infusion of CRH (0.5
mg). The total volume infused into the BNST was 0.3 ml /side, and the
infusion rate was 0.1 ml /1 min. All animals were tested four times with
each of the a-hCRH9–41 doses. Each test was 48 hr apart, and the
injection order was based on a Latin square design. To verify the location
of cannulas in the BNST functionally, the animals were tested with
intra-BNST infusion of 160 ng of CRH 48 hr after the last intra-BNST
CRH antagonist test session. Again, general procedures for infusion and
testing were the same as those used previously.

Intracisternal CRH in combination with either intracerebroventricular
infusion or intra-CeA infusion of a-hCRH9–41. The test procedures were
similar to those of the intracerebroventricular CRH test, except that
either 6 mg of a-hCRH9–41 (total) or ACSF was infused bilaterally into
the lateral ventricles or the CeA 5 min before intracisternal infusion of
CRH (0.5 mg). The total volume infused into the lateral ventricle or the
CeA was 0.3 ml /side, and the infusion rate was 0.1 ml /1 min. All animals
were tested with both a-hCRH9–41 and ACSF infused into the lateral
ventricles over two test sessions. Each test was 48 hr apart, and the
injection order was counterbalanced.

Potentiated startle training. Two days after their last CRH test, the
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animals received potentiated startle training. The fear-potentiated startle
effect, which is blocked by lesions of the amygdala (Campeau and Davis
1995; Sananes and Davis, 1992), was used as a functional test of success-
ful amygdala lesions in the rats previously tested with CRH. On each of
2 consecutive days, the animals were placed in the startle chambers, and
after a 5 min acclimation period received 10 light–shock pairings. The
conditioned stimulus was a 3700 msec duration, 750 ft lambert light
generated by an 8 W fluorescent bulb, which was attached to the back of
the individual chambers. The unconditioned stimulus, a 0.6 mA foot
shock, was generated by five Lehigh Valley SGS-004 constant current
shockers located outside of the chamber. Shock intensity was measured
using a method described previously (Davis and Astrachan, 1978). The
shock was delivered during the last 500 msec of the 3700 msec light at an
average ITI of 4 min (range, 3–5 min). To obtain a measure of how the
lesions might have affected reactivity to foot shocks, stabilimeter output
during the 10 shocks was sampled for a 200 msec period after the onset
of the shock. The mean level of cage output across the 20 foot shocks over
the 2 training days was computed for each animal and used as an
indicator of shock reactivity. Throughout potentiated startle training,
background white noise was 55 dB. The training was performed in the
dark, except during light–shock pairing trials.

Potentiated startle testing af ter lesions of the BNST or amygdala complex .
Forty-eight hours after the last potentiated startle training session, the
animals were brought into the startle chambers and subjected to a
potentiated startle test. After a 5 min acclimation period, 40 50-msec-
long, 95 dB startle-eliciting white noise bursts were delivered. These
startle noise bursts, called leaders, were used to provide steady, habitu-
ated baseline levels of startle before fear-potentiated startle testing.
Immediately after the 40 leaders, 20 50 msec noise bursts at each of three
intensities (90, 95, and 105 dB) were presented. Half of the stimuli at
each of these intensities were presented in darkness (noise alone trials),
and the other half were presented 3200 msec after the onset of the light
(3700 msec total duration; light noise trial). All startle stimuli were
presented in a balanced, irregular order, and the ITI was 30 sec. The
tests were given in the dark, except during light noise trials, and through-
out the test the background white noise was 55 dB.

Potentiated startle testing with intra-CeA a-hCRH9–41. The fear-
potentiated startle effect, which is blocked by infusion of local anesthetics
into the amygdala, was used as a functional test to evaluate whether
a-hCRH9–41 might have local anesthetic effects. A day after the second
fear-potentiated startle-training session, the animals were brought into
the startle chambers and 5 min later presented with 20, 95 dB startle-
eliciting white noise bursts (leaders). After the leaders, three noise alone
trials and three light noise trials were presented in a quasirandom order.
All startle-eliciting noise bursts were 95 dB. This rather short test was
given to match the animals into two subgroups having similar mean
potentiated startle levels but minimizing the amount of extinction. The
following day, the animals were again brought into the startle chambers
and given a fear-potentiated startle test session (PS test 1). Before the
test session, however, one of the two subgroups of animals was infused
with ACSF (0.3 ml), and the remaining group was infused with
a-hCRH9–41 (6 mg in 0.3 ml of ACSF). Infusions were made bilaterally
into the CeA (3 mg/side), and the infusion rate was 0.1 ml /1 min.

Forty-eight hours later, the animals were subjected once more to a
fear-potentiated startle test (PS test 2). In this case, animals that received
ACSF in PS test 1 were now infused with a-hCRH9–41 and vice versa. In
an effort to make the level of conditioning to the light at the beginning of
PS test 2 similar to that before PS test 1, the animals received a short
retraining session (5 light–shock pairings rather than 20 pairings) 24 hr
before PS test 2.

Histology
At the completion of the studies, the animals were perfused, and their
brains were removed and fixed in 30% sucrose in 10% formalin solution.
Coronal sections (40 mm) were cut through the relevant brain areas, and
every third section was mounted onto gelatin-coated slides. For verifica-
tion of cannulation, the sections were stained with cresyl violet. Chemical
lesions were verified using the Kluver–Barrera method to assess damage
to cell bodies versus fibers of passage separately.

Data analysis
A predrug startle score was computed by taking the mean of the last 10
startle amplitudes of the predrug test. For each animal, the postdrug startle
test scores were blocked by 20 (12 startle score blocks), with the mean score
of each block designated as the raw startle score. Throughout the experi-

ments, there were no significant differences in the baseline startle levels
before any infusion of drugs (Table 1). Therefore, for graphic illustrations
of the effect of CRH or ACSF on startle, percent change scores were
derived by subtracting the baseline scores from each raw startle score after
infusion. These difference scores were then divided by the baseline scores
and multiplied by 100 [(post 2 pre)/pre 3 100].

For statistical evaluations of the drug effects, predrug baseline and
mean startle amplitude over the last 120 trials after CRH infusion (last
60 min, trials 121–240) were calculated and compared with predrug
baseline and mean startle amplitudes after ACSF infusion using
ANOVA. For statistical evaluation of the intra-BNST and intraventral
hippocampal CRH infusions on startle, each animal’s predrug baseline
and mean startle amplitude over the last 120 trials after different doses of
CRH infusion were calculated and compared using a one-way ANOVA.
BNST and amygdala lesion effects on fear-potentiated startle were as-
sessed by comparing mean startle amplitude in the absence and presence
of light combined over the three intensities of startle-eliciting noise
bursts using ANOVA. Effects of the CRH antagonist on fear-potentiated
startle were also evaluated in the same way using a one-way ANOVA.

RESULTS
Effects of chemical lesions of the hippocampus, BNST,
and amygdala complex on CRH-enhanced startle and
fear-potentiated startle
Histological verification showed that 10 of the 20 animals had
only partial lesions of the BNST, and one animal had a misplaced
cannula. Thus, in total, nine animals were included in the data
analysis. The center of our ventral hippocampal lesions was aimed

Table 1. Baseline startle levels before infusion of drugs

Pre-ACSF Pre-CRH

Chemical lesion
Hippocampus 265 6 29 189 6 23
BNST 254 6 38 347 6 63
BLA 319 6 96 333 6 66
CeA 269 6 33 215 6 40
Sham 228 6 49 229 6 35

F(4,44) 5 1.81; p , 0.144
Microinfusion

BNST
ACSF 335 6 48
40 ng 226 6 39
80 ng 283 6 44
160 ng 198 6 35

F(3,24) 5 9.72; p , 0.001
Hippocampus

ACSF 193 6 52
40 ng 235 6 51
80 ng 237 6 36

F(2,16) 5 0.61; p , 0.558
Intra-BNST antagonist

ACSF 351 6 66
3 mg 315 6 98
6 mg 475 6 125

F(2,12) 5 3.19; p , 0.095
Intracerebroventricular antagonist

ACSF 253 6 100
6 mg 165 6 28

F(1,6) 5 0.83; p , 0.396
Intra-CeA antagonist

ACSF 185 6 36
6 mg 185 6 41

F(1,7) 5 0.28, p , 0.615
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at the anterior part of this area, which is known to project to the
BNST (Cullinan et al., 1993); as a result, the posterior aspect of
the ventral hippocampus was consistently spared in all animals.
Many of the ventral hippocampus lesioned animals showed bilat-
eral partial lesions (n 5 14) or unilateral lesions (n 5 6) and
therefore were excluded from the data analysis. An additional
eight animals who had an abnormally low baseline startle ampli-
tude (,70 units; n 5 5) and intracerebroventricular cannula
misplacements (n 5 3) were also excluded. Among the remaining
12 animals that were included in the data analysis, five showed
multiple holes in the lesion area, likely attributable to the severity
of the lesion. Although verification of these lesions was difficult,
the remaining tissue suggested that the area was clearly lesioned,
so that their data were included. Seven animals who had complete
lesions of the ventral hippocampus without visible damage of
passing fibers were also subjected to further data analysis. Seven
of the CeA-lesioned animals were excluded from data analysis
because of either misplacement of intracerebroventricular cannu-
las or partial lesions or overly extensive lesions, which encroached
on the medial part of the BLA. NMDA lesions of the BLA
showed consistent sparing of the most posterior part of the BLA
in all animals. Eight of 15 animals showed further sparing of the
BLA and therefore were not included in the data analysis. Three
sham-lesioned animals were not included in the data analysis
because of misplacement (n 5 2) or loss (n 5 1) of the cannulas.
As a result, the numbers of rats used for data analysis in each
group were BNST, 9; ventral hippocampus, 12; CeA, 8; BLA, 7;
and sham, 12. Histological reconstructions of the smallest and
largest chemical lesions of these areas are illustrated in Figure 1C.

Figure 1 shows the effects of intracerebroventricular CRH (Fig.
1A) or ACSF (Fig. 1B) on startle amplitude after chemical
lesions of the four areas mentioned above. NMDA lesions of the
BNST completely blocked CRH-enhanced startle, whereas ibo-
tenic acid lesions of the CeA and NMDA lesions of the BLA or
ventral hippocampus failed to do so. Supporting this conclusion,
separate 2 3 2 ANOVAs using drug (ACSF vs CRH) and time
(predrug vs postdrug) as within-subject factors showed that the
animals with sham, BLA, CeA, or ventral hippocampus lesions
showed a significant drug by time interaction (sham, F(1,11) 5
34.335; p , 0.001; BLA, F(1,6) 5 8.24; p , 0.028; CeA, F(1,7) 5
6.04; p , 0.044; and ventral hippocampus, F(1,11) 5 5.32; p ,
0.042), indicating that CRH increased startle amplitudes signifi-
cantly in these animals. On the other hand, animals with BNST
lesions failed to show a significant drug by time interaction (F(1,8)

5 0.00; p , 0.968), indicating blockade of CRH-enhanced startle
after the lesions.

In a recent study, we showed that knife cuts of the fimbria/
fornix blocked CRH-enhanced startle, whereas lesions of the
dorsal hippocampus did not (Lee and Davis, 1997). Given the fact
that the fimbria/fornix is the major output pathway for the hip-
pocampal formation, the failure to block CRH-enhanced startle
by either dorsal hippocampal (Lee and Davis, 1997) or ventral
hippocampal lesions (current study) is puzzling. Interestingly,
although NMDA lesions of the ventral hippocampus overall
failed to block CRH-enhanced startle, further investigation of the
data revealed that there was a clear dichotomy in lesion effects
among ventral hippocampal-lesioned animals. Thus, five animals
who had tissue damage in the lesion area, indicative of severe
lesions, showed unusually large increases in startle after CRH
(about a 350–400% increase compared with the typical 150–
200% increase), whereas the other seven animals showed a mean
increase in startle amplitude of ,20% after the CRH infusion. A

separate ANOVA using these two subgroups as independent
groups showed a significant drug by time by group interaction
(F(1,10) 5 9.51; p , 0.012), indicating a difference in the magni-
tudes of CRH-enhanced startle between these two subgroups
(Fig. 2). Thus far, however, we have not been able to determine
the critical histological difference between these subgroups.

A previous study showed that large electrolytic lesions of the
amygdala blocked CRH-enhanced startle (Liang et al., 1992). It is
possible, therefore, that the failure of chemical lesions of either
the CeA or BLA in the present study resulted from inadequate
lesions. To test this, the animals with lesions of the BLA, CeA, or
BNST were trained and tested for fear-potentiated startle, which
is known to be blocked by chemical lesions of either the CeA
(Campeau and Davis, 1995) or the BLA (Sananes and Davis,
1992). Figure 3 shows that lesions of the CeA and the BLA, but
not the BNST, completely blocked fear-potentiated startle. An
overall ANOVA showed that the main trial type effect was sig-
nificant (noise alone vs light-noise, F(1,26) 5 19.27; p , 0.001),
whereas the main group effect was not (F(3,26) 5 1.60; p , 0.214).
More importantly, however, there was a significant two-way in-
teraction between lesion and trial type (F(3,26) 5 5.39; p , 0.005).
A post hoc test using Tukey’s multiple comparisons showed that
the magnitude of fear-potentiated startle was significantly greater
in the sham-lesioned animals compared with the BLA-lesioned
( p , 0.019) or the CeA-lesioned animals ( p , 0.018) but not
with the BNST-lesioned animals ( p , 0.776). These results were
not attributable to differences in sensitivity to foot shocks after
chemical lesions, because a comparison of shock reactivity among
the BLA, CeA, BNST, and sham lesion groups showed no sig-
nificant difference in reactivity to foot shocks after lesions. Taken
together, NMDA lesions of the BNST, which successfully blocked
CRH-enhanced startle, did not have any effect on fear-
potentiated startle, whereas chemical lesions of the BLA or the
CeA completely blocked fear-potentiated startle but had no effect
on CRH-enhanced startle.

Effects of intra-BNST and intra-hippocampus (anterior)
infusions of CRH on startle
Nine of the 10 intra-BNST animals showed proper locations of
the cannula tips and were subjected to data analysis. The anterior
part of the ventral hippocampus was substantially more difficult to
cannulate, and only 9 of 15 animals had cannula tips located
inside of the hippocampus bilaterally. Figure 4B shows the com-
posites of the bilateral BNST and the ventral hippocampus can-
nula placements.

Intra-BNST infusion of CRH increased startle amplitude in a
dose-dependent manner. Although the magnitude of increasing
startle amplitude after intra-BNST CRH was not as large as that
induced by intracerebroventricular CRH (70% increase from
baseline vs .100% increase from baseline), the onset of the CRH
effect was immediate, as expected if the BNST is a primary
receptor site. In contrast, there is a 20–30 min delay in the onset
of CRH-enhanced startle after intracerebroventricular infusions.
If this delay reflects the time required for CRH to diffuse into a
primary receptor site, direct infusion of CRH into the receptor
site should elicit its effect without any delay. Furthermore, al-
though intra-BNST CRH increased startle significantly during the
first 60 min after infusion (F(3,24) 5 3.21; p 5 0.041), the excita-
tory effect of CRH on startle was larger and more stable through-
out the second hour of the test session, similar to characteristics
of intracerebroventricular CRH-enhanced startle.

In contrast, CRH infused into the ventral hippocampus did not
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Figure 1. Effects of sham lesions and chemical lesions of the bed nucleus of the stria terminalis, ventral hippocampus, and central or basolateral nucleus
of the amygdala on mean percent change of startle amplitude after intracerebroventricular infusion of 1 mg of CRH (A ) or ACSF (B). Each data point
represents the mean percent change of 20 postdrug test trials. C, Smallest (lef t) and largest (right) lesions of these areas.
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show significantly different effects on startle compared with ACSF
infusion. Both CRH and ACSF increased startle somewhat over
the first 40 min of the test period but did not have any effects on
startle for the remaining 80 min of the test session. The nonspe-
cific and transient nature of this excitatory effect may be attrib-
utable to mechanical excitation after pressure injections.

An ANOVA on the effects of CRH after intra-BNST infusions
showed significant dose (F(3,24) 5 2.99; p , 0.05), and time main
effects (predrug baseline vs postdrug, F(1,8) 5 7.275; p , 0.027)
and a significant time by dose interaction (F(3,24) 5 6.52; p ,
0.002). The main infusion order effect was not significant ( p ,
0.235), suggesting that the infusion sequence of the different
doses was not a determining factor for the significant dose effect.
Subsequent tests, using Dunnett’s multiple comparisons, showed
that there were significant differences in startle amplitudes after
both 80 ng (t(8) 5 4.72; p , 0.01) and 160 ng (t(8) 5 4.87; p , 0.01)
CRH infusions compared with infusion of ACSF. The difference
in startle amplitudes after ACSF and 40 ng CRH infusions was
not significant ( p . 0.05).

In contrast, intraventral hippocampus infusions of neither
ACSF nor different doses of CRH induced significant changes in
startle amplitude through the second hour of the test sessions
( p . 0.05). However, analysis based on the data from the first 60
min of the test session showed a significant main time effect
(preinfusion vs postinfusion, F(1,8) 5 10.24; p , 0.013) without a

significant main dose effect ( p , 0.570) or a significant interac-
tion between dose and time ( p , 0.557), indicating that intra-
ventral hippocampus infusion of CRH induced no dose-related
changes in startle amplitude. Figure 4A shows a summary of the
behavioral data after intra-BNST and intraventral hippocampus
infusions of ACSF and CRH.

Effects of intra-BNST infusions of a-hCRH9–41 on
CRH-enhanced startle
Three of 10 animals were not included in the data analysis
because of death (n 5 1), loss of cannula (n 5 1), and cannula
misplacement (n 5 1). Figure 5C illustrates a composite of the
BNST cannula placements.

Figure 5A shows that intra-BNST infusions of a-hCRH9–41

attenuated the effect of 0.5 mg of CRH infused into the fourth
ventricle in a dose-dependent manner. This conclusion was con-
firmed by an overall ANOVA that yield a significant main time
effect (pre- vs post-CRH infusion, F(2,12) 5 16.85; p , 0.006) and
a significant time by dose interaction (F(2,12) 5 5.12; p , 0.025).
A post hoc test, using Dunnett’s multiple comparisons, showed
that the magnitudes of CRH-enhanced startle were not different
when ACSF or 3 mg of a-hCRH9–41 were infused into the BNST
concomitantly with intracisternal infusion of CRH (t(6) 5 2.04;
p . 0.05). However, the magnitude of CRH-enhanced startle was
significantly reduced when 6 mg of a-hCRH9–41, compared with
ACSF, was infused into the BNST concomitantly with intracis-
ternal CRH (t(6) 5 3.15; p , 0.05). Furthermore, the dose-
dependent reduction of the CRH effect by the CRH antagonist
was not due to the particular infusion order of the antagonist,
because there was no main infusion order effect ( p , 0.327).

In addition, the cannula placements in the BNST in the antag-
onist study appeared to be directed toward functionally relevant

Figure 2. Mean percent change of startle amplitude after intracerebro-
ventricular infusion of 1 mg of CRH or ACSF. The open circles show the
behavioral data of the animals that had a blockade of CRH-enhanced
startle after NMDA lesions of the ventral hippocampus [group 1 (G1)],
and the closed circles show the behavioral data of the animals that had
super CRH-enhanced startle after lesions [Group 2 (G2)]. Notice the
difference in the scale.

Figure 3. Effects of sham lesions and NMDA lesions of the bed nucleus
of the stria terminalis and central or basolateral nucleus of the amygdala
on fear-potentiated startle. Each bar represents the mean startle ampli-
tude over 30 noise alone trials (10 of each at 90, 95, and 105 dB; black
bars) or 30 light noise trials (10 of each at 90, 95, and 105 dB noise in the
presence of light; white bars). The difference (hatched bars) between the
noise and light noise trials indicates the magnitude of fear-potentiated
startle.
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sites for the excitatory effect of CRH on startle, because a subse-
quent infusion of 160 ng CRH into the same sites increased
startle amplitude significantly (t(5) 5 3.90; p , 0.011) (Fig. 5B).
Indeed, in these animals (n 5 6; one animal was excluded in this
experiment because of loss of the cannula after the antagonist
study), the magnitude of the increase in startle was comparable to
that found after intracerebroventricular infusion of a much
higher amount of CRH.

Effects of intracerebroventricular infusion of 6 mg of
a-hCRH9–41 on CRH-enhanced startle
The BNST is located immediately ventral to the lateral ventricles.
Therefore, one could argue that the blockade seen with intra-

BNST infusion of a-hCRH9–41 resulted from leakage of the
antagonist into the lateral ventricles. Therefore, to be certain that
leakage into the ventricle could not explain the intra-BNST
antagonist effect, 6 mg of a-hCRH9–41 was infused intentionally
into the lateral ventricle in combination with intracisternal infu-
sion of 0.5 mg of CRH. All seven animals showed correct cannula
placements (bilateral lateral ventricle and unilateral fourth ven-
tricle) and were therefore included in the data analysis.

Figure 6 shows that 6 mg of a-hCRH9–41 infused into the
lateral ventricles did not block the effect of 0.5 mg of CRH given
intracisternally on startle. In fact, if anything, the CRH effect
seemed even larger after this dose of the antagonist. An overall

Figure 4. Effects of various doses of CRH infused into the bed nucleus of the stria terminalis (A ) or the ventral hippocampus (B), on mean percent
change of startle amplitude. Each data point represents the mean percent change of 20 postdrug test trials. C, Histological reconstructions showing
placements of cannula tips of the animals included in the data analysis.

6440 J. Neurosci., August 15, 1997, 17(16):6434–6446 Lee and Davis • Role of Hippocampus, BNST, and Amygdala on CRH Effects



ANOVA revealed that there was a main effect of time, reflecting
the pretreatment to posttreatment increase in startle amplitudes
after CRH infusion (F(1,6) 5 9.18; p , 0.023) but no main
antagonist effect (F(1,6) 5 0.57; p , 0.478) or time by antagonist
interaction (F(1,6) 5 1.03; p , 0.349). Thus, intracisternal infusion
of 0.5 mg of CRH increased startle amplitude significantly, re-
gardless of whether ACSF or a-hCRH9–41 was concomitantly
infused into the lateral ventricles. This makes it highly unlikely
that the blockade of CRH-enhanced startle seen with the same
dose of a-hCRH9–41 infused locally into the BNST resulted from
leakage of the CRH antagonist into the lateral ventricles located
just dorsal to the BNST infusion sites.

Effects of intra-CeA infusion of 6 mg of a-hCRH9–41 on
CRH-enhanced startle and expression of fear-
potentiated startle
In the first part of the present experiment, a-hCRH9–41 was
infused into the CeA concomitantly with intracisternal CRH to

examine the anatomical specificity of the blockade of CRH-
enhanced startle seen with intra-BNST infusions of a-hCRH9–41.
Two of 10 animals were excluded because of cannula misplace-
ments. Figure 7C, lef t panel, illustrates a composite of cannula
locations within the CeA.

Figure 7A showed that 6 mg of a-hCRH9–41 infused into the
CeA did not block the excitatory effect of 0.5 mg CRH given
intracisternally on startle. An overall ANOVA revealed a signif-
icant main effect of time (F(1,7) 5 11.94; p , 0.011), indicative of
the excitatory effect of CRH, but neither a main antagonist effect
(F(1,7) 5 0.01; p , 0.944) nor a time by antagonist interaction
(F(1,7) 5 0.53; p , 0.489). These data suggest that CRH receptors
in the amygdala are not a part of the neural circuitry used by CRH
given intracerebroventricularly, whereas CRH receptors in the
BNST are critically involved in mediating CRH-enhanced startle.

In the second part of the present experiment, the possibility
that nonspecific effects of the antagonist (i.e., local anesthetic

Figure 5. A, Mean percent change of startle
amplitude after fourth ventricle infusion of 0.5
mg of CRH into rats pretreated 5 min earlier with
various doses of the CRH antagonist into the
BNST. The same rats were subsequently tested
with intra-BNST infusion of 160 ng of CRH, and
the behavioral data are shown in B. Each data
point represents the mean percent change of 20
postdrug test trials. i.c., Intracisternal. C, Histo-
logical reconstructions showing placements of
intra-BNST cannula tips of the animals included
in the data analysis.
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effects) may have caused the blockade of intracisternal CRH was
investigated. Because NMDA lesions of the BNST block CRH-
enhanced startle, one could argue that a-hCRH9–41 infused into
the BNST blocked the intracisternal CRH effect not by pharma-
cological antagonism but by causing reversible inactivation of the
BNST. Hence, after the main experiment looking at the effects of
a-hCRH9–41 infused into the amygdala on intracisternal CRH,
the same rats were trained and then tested for fear-potentiated
startle after infusion of 6 mg of a-hCRH9–41 into the CeA. It is
well known that the CeA is essential for the expression of
fear-potentiated startle (Hitchcock and Davis, 1986, 1987; Cam-
peau et al., 1992). Therefore, if 6 mg of a-hCRH9–41 did cause a
local anesthetic effect, it should block the expression of fear-
potentiated startle. To test this, 48 hr after the last CRH–a-
hCRH9–41 test, the same animals were trained, and 2 d later the
level of fear-potentiated startle was tested after intra-CeA infu-
sion of either ACSF or 6 mg of a-hCRH9–41, using a crossover
design. Figure 7B shows that ACSF or 6 mg of a-hCRH9–41

infused into the CeA failed to block the expression of fear-
potentiated startle. Thus, an overall ANOVA showed a highly
significant increase in startle in the presence versus absence of the
light (fear-potentiated startle, F(1,7) 5 23.40; p , 0.001) but no
interaction between the fear-potentiated startle effect and the
antagonist effect (F(1,7) 5 3.30; p , 0.119). The present study
provides the first evidence demonstrating that CRH in the CeA
may not be involved in the expression of fear-potentiated startle.
More importantly, because the functional integrity of the CeA is
critical in expressing fear-potentiated startle, and because infu-
sion of local anesthetics into the amygdala blocks the expression
of conditioned fear (Helmstetter, 1994), including fear-
potentiated startle (J. M. Hitchcock and M. Davis, unpublished
observation), making the reasonable assumption that the putative

local anesthetic effects of compounds will be similar in different
brain areas, these data suggest that a-hCRH9–41 does not have
local anesthetic effects at a 6 mg dose.

DISCUSSION
The BNST may be a primary receptor site for CRH
given intracerebroventricularly
The present studies strongly suggest that the BNST might be a
primary receptor site for the excitatory effect of intracerebroven-
tricular CRH on the acoustic startle reflex. NMDA lesions of the
BNST blocked CRH-enhanced startle. Intra-BNST infusions of
CRH significantly increased startle amplitude, and a CRH antag-
onist, a-hCRH9–41, dose-dependently blocked CRH-enhanced
startle.

The role of the hippocampus in CRH-enhanced startle is
unclear. Because our ventral hippocampal lesions aimed to dam-
age the anterior part of the ventral hippocampal/subiculum area,
which projects directly into the BNST (Cullinan et al., 1993), the
posterior aspect of this area was consistently spared. Therefore, it
is clear that the effects of whole hippocampal or complete ventral
hippocampal lesions need to be examined. At the present time,
neither lesions of the dorsal hippocampus (Lee and Davis, 1997)
nor those of the ventral hippocampus (present study) blocked
CRH-enhanced startle. However, a subset of the ventral
hippocampus-lesioned animals showed almost complete blockade
of CRH-enhanced startle, whereas animals with seemingly more
severe damage showed robust CRH-enhanced startle. Although
we have replicated this effect, we have no further information to
explain the differences between these two subgroups. Lesion
studies accompanied by various counterstaining methods for dif-
ferent neurotransmitters (e.g., GABA and acetylcholine) are
clearly needed. Because intraventral hippocampal infusions of
CRH did not enhance startle, we predict that the hippocampus
may play a modulatory role for CRH-enhanced startle rather than
being a primary receptor site.

The finding that large electrolytic lesions of the amygdala
blocked CRH-enhanced startle (Liang et al., 1992) is still not
resolved by the present data. Our suspicion is that the electrolytic
lesions destroyed fibers projecting from the BNST to the startle
pathway. Further studies using electrolytic lesions in combination
with retrograde or anterograde tracing techniques will be re-
quired to address this issue.

Implications for a possible distinction between fear
and anxiety
Intracerebroventricular infusion of CRH elicits a pattern of be-
havioral changes typically observed during states of fear or anx-
iety (cf. Dunn and Berridge, 1990). Although there is a close
correspondence between these two emotional states, they also
differ in important ways. Fear is a natural, adaptive change
elicited by a potentially threatening stimulus, which prepares an
animal to cope with provocation. Fear generally is elicited by an
identifiable stimulus and subsides shortly after its offset. Anxiety
also is a change in state that has many of the same signs and
symptoms of fear. However, it may not be clearly associated with
a single eliciting stimulus, may last for long periods once acti-
vated, and may lack clear adaptive significance.

Defined in this way, fear-potentiated startle clearly represents a
measure of conditioned fear, because it is rapidly produced by a
definable stimulus and dissipates quickly once that stimulus is
turned off. On the other hand, CRH-enhanced startle may be

Figure 6. Mean percent change of startle amplitude after fourth ventricle
infusion of 0.5 mg of CRH into rats pretreated 5 min earlier with 6 mg of
the CRH antagonist into the lateral ventricles. Each data point represents
the mean percent change of 20 postdrug test trials. I.c., Intracisternal;
i.c.v., intracerebroventricular.
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more akin to anxiety, because it has a more gradual onset and
lasts for a very long time.

The present studies found a double dissociation between the
amygdala and BNST with respect to fear-potentiated and CRH-
enhanced startle. Lesions of the BNST, but not the CeA or BLA,
completely blocked CRH-enhanced startle. Conversely, the same
lesions of the BNST did not block fear-potentiated startle,
whereas lesions of the CeA or BLA did. Moreover, a-hCRH9–41

infused into the BNST, but not into the CeA, significantly atten-
uated CRH-enhanced startle, consistent with the idea that only
receptors in the BNST are involved in CRH-enhanced startle. If
one agrees that CRH-enhanced startle is a measure of anxiety,
whereas fear-potentiated startle is a measure of fear, the present
results suggest that the BNST may be a neural substrate related to
anxiety states, whereas the amygdala may be critical for fear
responses.

Supporting this hypothesis, Möller et al. (1994) reported
that c-fos antisense infused into the amygdala failed to block
intracerebroventricular CRH-induced suppression of punished
responses, suggesting that the amygdala may not mediate anx-
iogenic effects induced by intracerebroventricular CRH.
Walker and Davis (1996) found that blockade of glutamate
receptors in the BNST, but not in the CeA, blocked the
unconditioned anxiogenic effects of a bright light (20 min
duration), which produces a slowly developing increase in
startle amplitude that lasts for a long time once the light is
turned off (Walker and Davis, 1997). Davis et al. (1995)
showed that electrolytic lesions of the BNST blocked contex-
tual conditioning or long-term sensitization of startle when
fear-potentiated startle training occurred daily but had no
effect on fear-potentiated startle itself. Gray et al. (1993)
reported that lesions of the BNST attenuated increases in

Figure 7. A, Mean percent change of startle amplitude
after fourth ventricle infusion of 0.5 mg CRH into rats
pretreated 5 min earlier with 6 mg of the CRH antagonist
into the CeA. Each data point represents mean percent
change of 20 postdrug test trials. I.c., Intracisternal. B,
Effects of ACSF or 6 mg of the CRH antagonist infused
into the CeA on expression of fear-potentiated startle.
Each bar represents the mean startle amplitude over 30
noise alone trials (10 of each at 90, 95, and 105 dB; black
bars) or 30 light noise trials (10 of each at 90, 95, and 105 dB
noise in the presence of light; white bars). The difference
(hatched bars) between the noise and light noise trials
indicates the magnitude of fear-potentiated startle. C, His-
tological reconstructions showing placements of intra-CeA
cannula tips of the animals included in the data analysis.
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plasma levels of ACTH and corticosterone after reintroduc-
tion into a context previously paired with foot shocks.

The hypothesis that the BNST may be a neural substrate
related to anxiety, however, should not be taken as contradictory
to a wealth of evidence pointing to the critical role of the amyg-
dala in various stress and anxiety responses. Stress, including
intracerebroventricular infusion of CRH, induces strong c-fos
activation within the amygdala (Arnold et al., 1992; Honkaniemi,
1992; Honkaniemi et al., 1992; Imaki et al., 1993), along with
increased CRH mRNA (Swanson and Simmons, 1989; Mamalaki
et al., 1992; Makino et al., 1994a,b, 1995). Furthermore, CRH is
released in the amygdala after restraint stress (Pich et al., 1995).

Similar to intracerebroventricular CRH effects, intra-amygdala
infusion of CRH has been reported to produce anxiogenic be-
havior (Liang and Lee, 1988; Lee and Tasi, 1989; Elkabir et al.,
1990), and a CRH antagonist infused into the amygdala signifi-
cantly attenuated stress-induced freezing (Heinrichs et al., 1992;
Swiergiel et al., 1993) or anxiogenic effects of alcohol withdrawal
(Rassnick et al., 1993; Menzaghi et al., 1994).

The BNST is a primary target of the amygdala (de Olmos et al.,
1985; Sun et al., 1991; Alheid et al., 1995), and both the BNST and
the amygdala share almost identical brainstem target areas impli-
cated in stress and anxiety responses (Schwaber et al., 1980;
Takeuchi et al., 1982, 1983; Sofroniew, 1983; Swanson et al., 1984;
Veening et al., 1984; Holstege et al., 1985; Gray and Magnuson,
1987, 1992; Moga et al., 1989). Interestingly, some of the projec-
tions to the amygdala (cf. Gray, 1993) and the projections from
the amygdala to the BNST contain CRH (Sakanaka et al., 1986;
Gray, 1990). Therefore, together with finding that CRH neurons
in the amygdala can be activated by CRH (Uryu et al., 1992), one
can hypothesize that stress may induce release of CRH in the
amygdala, which then releases CRH in the BNST. Activation of
the BNST by CRH would activate various brainstem target areas
involved in stress and anxiety responses. This would explain why
lesions of the BNST but not the amygdala blocked effects of CRH
given intracerebroventricularly (present study), whereas amyg-
dala manipulations are effective in blocking stress and anxiety
responses caused by various stressors. If the BNST is indeed the
final common pathway for stress and anxiety responses, one
would predict that lesions of the BNST or a CRH antagonist
infused into the BNST would block various stress and anxiety
responses as effectively as these same treatments do when applied
to the amygdala.

Clinical implications
Patients with post-traumatic stress disorder (PTSD) or depres-
sion often show elevated CSF concentrations of CRH (Nemeroff
et al., 1984; France et al., 1988; Arató et al., 1989; Bánki et al.,
1992a,b; Darnell et al., 1994). However, neither the origin nor the
function of this elevated CSF CRH is known. The present studies
provide evidence that CSF CRH may play an active role in CNS
functions via interacting with the BNST.

If CSF CRH activates the BNST, which in turn chronically
activates its target areas critical for stress and anxiety responses
(see above), this may be responsible for enhanced anxiety ob-
served in many of these patients. As one of the biological models
of PTSD and depression predicts (cf. Post et al., 1981; Charney et
al., 1993), such effects might be amplified by stress-induced kin-
dling of various limbic areas, including the amygdala and BNST.
The amygdala and BNST show particularly dense concentrations
of CRH cell bodies and receptors (Cummings et al., 1983; De
Souza et al., 1984; Sawchenko and Swanson, 1985; Sakanaka et

al., 1987; Chalmers et al., 1995; Lovenberg et al., 1995), and
chronic stress increased CRH mRNA in the CeA and BNST
(Mamalaki et al., 1992; Makino et al., 1994a,b, 1995). Taken
together, these data raise the possibility that stress may sensitize
CRH systems in limbic structures, such as the amygdala and/or
BNST, leading to a persistent increase in CRH transmission. If
so, nonpeptide CRH antagonists could have major prophylactic
effects in halting the spiral of stress-induced sensitization of
limbic circuits. The present results would suggest that CRH
antagonists that selectively bind to CRH receptors in the BNST
may be especially promising in this regard.
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