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Abstract

The bed nucleus of the stria terminalis is a limbic forebrain structure that receives heavy projections from, among other areas, the

basolateral amygdala, and projects in turn to hypothalamic and brainstem target areas that mediate many of the autonomic and behavioral

responses to aversive or threatening stimuli. Despite its strategic anatomical position, initial attempts to implicate the bed nucleus of the

stria terminalis in conditioned fear were largely unsuccessful. Recent studies have shown, however, that the bed nucleus of the stria

terminalis does participate in certain types of anxiety and stress responses. In this work, we review these findings and suggest from the

emerging pattern of evidence that, although the bed nucleus of the stria terminalis may not be necessary for rapid-onset, short-duration

behaviors which occur in response to specific threats, the bed nucleus of the stria terminalis may mediate slower-onset, longer-lasting

responses that frequently accompany sustained threats, and that may persist even after threat termination.
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1. Introduction

The last several decades have seen enormous growth in

our understanding of the neurobiological basis of fear. Much

of this understanding is based on results from animal studies

in which the ability of experimental manipulations (e.g., a

brain lesion or drug injection) to modify an animal’s

response to conditioned fear stimuli (e.g., stimuli that

predict shock) is evaluated. Because anxiety disorders

may reflect dysregulation in the neural fear systems engaged

by these tasks, it is hoped that the results from these studies

will advance an understanding of clinical anxiety and will

help guide the development of biologically based therapies

for their treatment.

Results from these studies have identified the basolateral

amygdala (defined here as the amygdala subdivision con-

sisting of the lateral, basolateral, and basomedial amygdala

nuclei) as a key player in fear and fear-learning. For example,

lesions and pre-test infusions into the basolateral amygdala

of compounds that disrupt basolateral amygdala function

dramatically reduce, and in many cases abolish altogether,

behavioral and autonomic responses to conditioned fear

stimuli (cf., Davis, 2000; Fendt and Fanselow, 1999;

LeDoux, 2000). Identification of the basolateral amygdala’s

crucial role in fear-related behaviors has provided a starting

point for delineating more completely the neural circuitry

that regulates fear and anxiety. Immediately downstream

from the basolateral amygdala are two structures of partic-

ular interest—the central nucleus of the amygdala and the

bed nucleus of the stria terminalis (see Fig. 1). These

structures are interesting because they project, in turn, to a

common set of target areas—areas that are thought, individ-

ually, to mediate the specific signs and symptoms of fear and

to act collectively to produce an integrated fear response.

This arrangement is depicted schematically in Fig. 2.

In the following sections, we will focus on the role of

the bed nucleus of the stria terminalis. Because the bed

nucleus of the stria terminalis and central nucleus of the

amygdala are anatomically, neurochemically, cytoarchitec-

tonically, and embryologically related (cf., Alheid et al.,

1995), we will highlight, wherever possible, the functional

similarities and differences between these two structures as
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suggested by various experimental outcomes, and will

attempt to integrate these data into a coherent theory of

bed nucleus of the stria terminalis versus central nucleus of

the amygdala function as it relates to fear, stress, and

anxiety.

2. Acute fear responses to shock-predicting stimuli

(fear-potentiated startle and freezing)

In our laboratory, fear is studied using the potentiated

startle paradigm. In this procedure, initially developed by

Fig. 1. Photomicrographs of a horizontal section of the rat brain showing a deposit of biotinylated dextran amine (BDA) into the posterior basolateral nucleus

of the amygdala (BLp). Panel A shows a horizontal section more ventral than that shown in panel B. Note that fibers originating from cells in the BLp stream

through the more anterior part of the basolateral amygdala (Bla) to terminate in the medial (CM) and lateral (CL) divisions of the central nucleus of the

amygdala. However, other fibers pass directly through the central nucleus en route to the anterior (BNSTal) and posterior (BNSTpl) regions of the lateral bed

nucleus of the stria terminalis. Thus, electrolytic lesions of the central nucleus of the amygdala would not only disrupt function of the central nucleus but also

disrupt input from the basolateral amygdala to the bed nucleus of the stria terminalis. BDAwas deposited via iontophoresis using a 5% solution in phosphate-

buffered saline at a current of 4 AA over 10 min. The brain was blocked in such as way to capture the amygdala and the more dorsally located bed nucleus of

the stria terminalis in the same 30-Am section. Other abbreviations: ac—anterior commissure; L—lateral nucleus of the amygdala; Me—medial nucleus of the

amygdala; opt—optic tract; VP—ventral pallidum. This very difficult procedure was carried out by Dr. Changjun Shi, who graciously allowed us to include

this figure.

Fig. 2. The bed nucleus of the stria terminalis and central nucleus of the amygdala receive projections from the basolateral amygdala and project, in turn, to

downstream target areas that mediate many of the behavioral, autonomic, and electrophysiological consequences of fear and anxiety, some of which are shown

here.
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Brown et al. (1951), rats receive pairings of an initially

neutral, soon-to-be conditioned stimulus (CS—e.g., a tone

or light) and an aversive unconditioned stimulus (US—in

almost all cases a footshock). Rats are later tested for fear to

the CS by presenting them with a series of startle-eliciting

noise bursts. Some of these noise bursts are presented in the

presence of the fear-eliciting CS and some are presented in

its absence. Startle responses elicited in the presence of the

CS are typically larger in amplitude than responses elicited

in the absence of the CS. The magnitude of this difference is

thought to reflect the degree of CS-elicited fear.

In 1986, Hitchcock and Davis reported that electrolytic

lesions of the central nucleus of the amygdala completely

blocked fear-potentiated startle. Excitotoxic fiber-sparing

lesions of the central nucleus of the amygdala are similarly

effective (Campeau and Davis, 1995) as are pre-test infu-

sions into the central nucleus of the amygdala of the alpha-

amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)

receptor antagonist 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-

benzo[ f]quinoxaline-7-sulfonamide (NBQX) (Walker and

Davis, 1997b). Transections of the fiber bundle (i.e., the

ventro-amygdalafugal pathway) that connects the central

nucleus of the amygdala to the brainstem circuitry that

mediates the startle response also block fear-potentiated

startle (Hitchcock and Davis, 1991).

Because the bed nucleus of the stria terminalis, like the

central nucleus of the amygdala, is heavily innervated by the

basolateral amygdala and projects in turn to the brainstem

circuitry that mediates the startle response, one might

reasonably expect that lesions of the bed nucleus of the

stria terminalis would also disrupt fear-potentiated startle.

However, Hitchcock and Davis (1991) found no effect on

fear-potentiated startle of post-training electrolytic bed

nucleus of the stria terminalis lesions. The lack of bed

nucleus of the stria terminalis involvement in fear-potenti-

ated startle has since been replicated using pre-training bed

nucleus of the stria terminalis lesions (Gewirtz et al., 1998)

and also using pre-test infusions into the bed nucleus of the

stria terminalis of the AMPA receptor antagonist NBQX

(Walker and Davis, 1997b).

The involvement of the central nucleus of the amygdala

but not the bed nucleus of the stria terminalis in conditioned

fear is not idiosyncratic to a particular CS modality or

response measure. The same pattern of results has been

reported by Iwata et al. (1986) and LeDoux et al. (1988),

who have used auditory CSs to evoke fear, and conditioned

freezing and arterial blood pressure responses as fear meas-

ures. Excitotoxic lesions of the central nucleus of the

amygdala but not the bed nucleus of the stria terminalis

blocked these responses. Central nucleus of the amygdala

lesions have also been shown to disrupt bradycardic

responses to auditory fear CSs (Kapp et al., 1979), analgesic

responses to contextual fear CSs (Helmstetter, 1992) and

other conditioned fear behaviors (cf., Davis, 2000), although

the involvement of the bed nucleus of the stria terminalis in

these responses has not been evaluated.

More recently, Treit et al. (1998) have reported that

amygdala lesions (basolateral and central) disrupt passive

avoidance of an electrified shock probe, and that midazolam

infusions into the central nucleus of the amygdala have a

similar effect (Pesold and Treit, 1995). However, large

lesions of the bed nucleus of the stria terminalis do not

disrupt shock-probe avoidance (Treit et al., 1998). In this

paradigm, the shock probe can be thought of as a condi-

tioned fear stimulus, and avoidance as either the conditioned

response or as a byproduct of conditioned fear. In either

case, despite similar anatomical connections, it is again clear

that the bed nucleus of the stria terminalis and the central

nucleus of the amygdala can be functionally dissociated.

Together, these findings indicate that the bed nucleus of

the stria terminalis is not necessary for the elaboration of

fear responses evoked by explicit shock-predicting cues.

What then is the role, if any, of the bed nucleus of the stria

terminalis in fear and anxiety?

3. CRH-enhanced startle

In 1986, Swerdlow et al. reported that infusions of

corticotropin releasing hormone (CRH) into the lateral

cerebral ventricle markedly increased the amplitude of the

acoustic startle response in rats. Consistent with the view

that these increases reflected anxiety, the benzodiazepine

anxiolytic, chlordiazepoxide, reduced startle amplitude in

CRH-treated rats but not in rats whose startle amplitude had

been increased by the non-anxiogenic agents strychnine and

amphetamine.

CRH-enhanced startle was later replicated in our labo-

ratory. Liang et al. (1992b) reported large dose-dependent

increases in startle amplitude that began approximately 30

min after CRH infusion and grew steadily over the course of

a 2-h test period. These increases were prevented by pre-

treatment with the CRH receptor antagonist, a-helical CRH

(ahCRH), and were reversed by delayed ahCRH infusions

(see also Swerdlow et al., 1989). The effects of intracere-

broventricular (i.c.v.) infusions were mimicked by intra-

cisternal but not by intrathecal CRH infusions and were not

disrupted by lesions of the paraventricular nucleus of the

hypothalamus (Liang et al., 1992a). Together, these findings

indicated that the effects of CRH on startle were mediated

directly, by CRH receptors in the brain, and did not involve

activation of the CRH-regulated hypothalamic–pituitary–

adrenal axis.

Lee and Davis (1997a) suggested three criteria that

should be met before a given brain area is identified as

the primary receptor site through which the effects of CRH

on startle are mediated. First, lesions of the candidate area

should block CRH-enhanced startle. Second, CRH infused

directly into the area should increase startle amplitude and,

third, infusions of CRH receptor antagonists into the candi-

date area should block the effects of i.c.v. CRH infusions.

Based on the known distribution of central CRH receptors,
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the ability of several brain areas to meet these criteria were

evaluated. Of the areas examined (i.e., the medial and lateral

septum, the dorsal and ventral hippocampus, the basolateral

amygdala, the central nucleus of the amygdala, and the bed

nucleus of the stria terminalis), the only area to meet all

three criteria was the bed nucleus of the stria terminalis (Lee

and Davis, 1997a,b). For example, excitotoxic lesions of the

bed nucleus of the stria terminalis (Fig. 3), but not the

septum, hippocampus, basolateral amygdala, or central

nucleus of the amygdala, completely blocked CRH-

enhanced startle, as did intra-bed nucleus of the stria

terminalis infusions of ahCRH. Infusions of CRH directly

into the bed nucleus of the stria terminalis increased startle

amplitude and did so at doses much lower than those that

were required with i.c.v. administration (80 versus 1000 ng).

As expected, based on previous findings, neither bed

nucleus of the stria terminalis lesions nor intra-bed nucleus

of the stria terminalis ahCRH infusions disrupted fear-

potentiated startle to a shock-paired cue.

4. Light-enhanced startle

In 1997, Walker and Davis described a new animal

model of anxiety termed light-enhanced startle (Walker

and Davis, 1997a). In this paradigm, startle amplitude is

measured during two consecutive test phases, each lasting

20 min. During the first phase, rats are tested in the dark.

During the second phase, rats are tested again in the dark or,

alternatively, in the presence of bright light. Startle ampli-

tude increases from phase I to phase II during dark! light

test sessions but not during dark! dark test sessions.

The effect of light on startle is consistent with other

findings suggesting that bright lights are aversive to rats and

mice (e.g., Crawley, 1981; DeFries et al., 1966; File and

Hyde, 1978). That these effects reflect an anxiogenic

influence of illumination is also supported by findings that

light-enhanced startle is disrupted by both benzodiazepine

(i.e., chlordiazepoxide) and non-benzodiazepine (i.e., flesi-

noxan, buspirone, and propranolol) anxiolytics (de Jongh et

al., 2002; Walker and Davis, 1997a, 2002a).

To begin to delineate the neural circuitry of light-en-

hanced startle, and to compare this with the neural circuitry

that mediates the effect of conditioned fear on startle,

Walker and Davis (1997b) infused the AMPA receptor

antagonist NBQX or vehicle (i.e., phosphate-buffered sal-

ine) into the central nucleus of the amygdala, the basolateral

amygdala or the bed nucleus of the stria terminalis imme-

diately before testing. One week later, the same animals

received light-shock pairings, and were subsequently tested

for fear-potentiated startle, also after receiving NBQX or

vehicle infusions. NBQX infusions into the bed nucleus of

the stria terminalis but not the central nucleus of the

amygdala abolished light-enhanced startle (Fig. 3). Infu-

sions into the central nucleus of the amygdala but not the

bed nucleus of the stria terminalis abolished fear-potentiated

startle. Infusions into the basolateral amygdala disrupted

both.

Thus, as with the CRH experiments described earlier,

these experiments demonstrated a double dissociation

Fig. 3. Behavioral dissociations between the central nucleus of the amygdala and bed nucleus of the stria terminalis. Excitotoxic lesions of the bed nucleus of

the stria terminalis but not central nucleus of the amygdala block CRH-enhanced startle (percentage increase from pre-infusion baseline to 60–120 min post-

infusion), whereas excitotoxic lesions of the central nucleus of the amygdala but not bed nucleus of the stria terminalis block fear-potentiated startle (percentage

increase from noise burst only to CS + noise burst test trials) (left panel). Infusions of the AMPA receptor antagonist, NBQX, into the bed nucleus of the stria

terminalis but not the central nucleus of the amygdala block light-enhanced startle (percentage increase from dark to light), whereas NBQX infusions into the

central nucleus of the amygdala but not bed nucleus of the stria terminalis block fear-potentiated startle (right panel). *P < 0.05 versus control group (sham

lesion or vehicle infusions).
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between the roles of the bed nucleus of the stria terminalis

and the central nucleus of the amygdala in startle increases

produced by fear-inducing or anxiogenic stimuli.

5. Long-term sensitization of the acoustic startle

response by repeated footshock

In the fear-potentiated startle experiments described ear-

lier, rats were tested at the completion of fear conditioning,

typically after 20 CS-shock pairings. In these experiments,

pre-test manipulations of the bed nucleus of the stria

terminalis (i.e., lesions or NBQX infusions) did not disrupt

fear-potentiated startle. It is possible, however, that an

involvement of the bed nucleus of the stria terminalis in

fear-potentiated startle might be evident earlier in training,

when conditioned fear is relatively weak.

To examine this possibility, Gewirtz et al. (1998) trained

and tested sham- and bed nucleus of the stria terminalis-

lesioned rats using a slow-acquisition, repeated-testing pro-

cedure. On each of 20 days, rats received 10 startle-eliciting

noise bursts (to assess baseline startle amplitude), followed

by six test trials (three noise burst alone and three CS + noise

burst trials) and two light-shock training trials. Fear-poten-

tiated startle was clearly evident by the fourth test day (i.e.,

after six training trials) and continued to grow over the

course of the study. Even at early timepoints, however,

when fear-potentiated startle was relatively weak, sham- and

bed nucleus of the stria terminalis-lesioned rats showed

comparable levels of fear-potentiated startle. These results

provided additional evidence that the bed nucleus of the

stria terminalis was not necessary for the expression of fear-

potentiated startle. Also, because this study used pre-train-

ing lesions, the results suggested that the bed nucleus of the

stria terminalis was not necessary for fear learning (see also

LeDoux et al., 1988).

Unexpectedly, bed nucleus of the stria terminalis lesions

did influence one aspect of performance. In shocked but not

non-shocked control rats, baseline startle amplitude (i.e.,

startle amplitude to the 10 noise bursts delivered at the

beginning of each test session) grew steadily over the course

of training. The increase did not appear to reflect contextual

fear conditioning, but seemed instead to reflect a long-term

sensitization to startle stimuli produced by repeated foot-

shock administration. This increase was absent in bed

nucleus of the stria terminalis-lesioned rats.

6. What does the bed nucleus of the stria terminalis do?

A provisional hypothesis based on results from fear

conditioning and acoustic startle studies

Is there a common element to the paradigms in which

bed nucleus of the stria terminalis manipulations interfere

with behavior? An early hypothesis was that the bed nucleus

of the stria terminalis mediates unconditioned fear res-

ponses, whereas the central nucleus of the amygdala medi-

ates conditioned fear responses (Walker and Davis, 1997b).

The hypothesis recently received additional support from

Fendt et al. (2002) who examined unconditioned freezing

responses to an 11-min presentation of the predator odor

trimethylthiazoline. In this study, intra-bed nucleus of the

stria terminalis infusions of the g-amino-n-butyric acid

(GABA)A receptor agonist, muscimol, blocked trimethylth-

iazoline-induced freezing. Intra-amygdala infusions of mus-

cimol were ineffective, and it was shown in an earlier report

(Wallace and Rosen, 2001) that excitotoxic lesions of the

lateral nucleus of the amygdala were equally ineffective.

Thus, these data are consistent with the view that the bed

nucleus of the stria terminalis but not the amygdala mediates

unconditioned fear reactions. However, there are several

findings that are not consistent with this hypothesis.

Gray et al. (1993) reported that pre-training bed nucleus

of the stria terminalis lesions significantly attenuate condi-

tioned adrenocorticotropin hormone, corticosterone, and

prolactin responses to a shock-paired context, and Onaka

and Yagi (1998) have reported that pre- but not post-training

intra-bed nucleus of the stria terminalis infusions of the

noradrenergic neurotoxin, 5-amino-2,4-dihydroxy-a-meth-

ylphenylethylamine, significantly attenuate conditioned

oxytocin and vasopressin responses that also occur when

rats are re-exposed to a shock-paired context. In Onaka and

Yagi (1998), a small but significant effect on freezing was

also noted, and this occurred with pre- as well as post-

training lesions. Schulz and Canbeyli (1999) also reported a

small but significant effect of bed nucleus of the stria

terminalis lesions on what appears to be conditioned freez-

ing to context, and Nijsen et al. (2001) reported that rats

receiving intra-bed nucleus of the stria terminalis infusions

of the CRH receptor antagonist, ahCRH, are more active

than vehicle-infused rats when returned to the context in

which they had previously been shocked.

Perhaps, it is significant that in each of these cases, context

(i.e., a long duration stimulus) was used as the controlling

variable. In fact, Walker and Davis (1997b) suggested, as an

alternative hypothesis, that the bed nucleus of the stria

terminalis mediates long-duration responses, whereas the

central nucleus of the amygdala mediates short-duration

responses to threatening or aversive stimuli. Long-duration

responses may be evoked by long-duration conditioned or

unconditioned stimuli or, alternatively, by unconditioned

stimuli that are unpredictably presented insofar as these too

require a sustained state of defensive preparedness. The two

hypotheses are not wholly independent because response

duration is, in part, a function of predictability (i.e., when

danger may occur without warning, a defensive posture must

be continuously maintained), and predictability implies con-

ditioning (i.e., aversive stimuli are predicted by the occur-

rence of conditioned stimuli). How does this alternative

hypothesis fit with the data presented thus far?

In the light-enhanced startle experiments, startle is meas-

ured from between 5 and 20 min after light onset. Pilot data
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suggested that this light onset—noise burst interval is

necessary in order for light to evoke a maximal increase.

At shorter intervals (i.e., 60 s), the excitatory effect is weak,

and at very brief intervals (i.e., 3.2 s), the effect of light is

often inhibitory (Davis et al., 1989). We have also observed

that when the light is turned off, after a 20-min on-time,

startle does not abruptly return to baseline but remains

elevated for at least another 20 min (Walker and Davis,

unpublished observations). Thus, light-enhanced startle

requires a long-duration stimulus and the effect of this

stimulus far outlasts its duration.

CRH-enhanced startle may be similarly characterized. As

with light-enhanced startle, CRH-enhanced startle appears

to be a slow-onset and slow-offset response, at least with

i.c.v. administration (Lee and Davis, 1997a; Liang et al.,

1992b). In our studies, the effect is not evident for at least 20

min after the infusions are completed, and even after

infusions of the CRH receptor antagonist, ahCRH, response

offset is similarly delayed (i.e., almost 90 min to return to

baseline—Liang et al., 1992b). It is unclear whether the

gradual onset, protracted timecourse, and slow decay of

CRH-enhanced startle reflects response characteristics of the

bed nucleus of the stria terminalis itself, the time required

for CRH to occupy and then dissociate from CRH receptors,

or emergent properties of the neural circuitry within which

the bed nucleus of the stria terminalis is embedded. With

respect to the latter, Koob (1999) has suggested that CRH-

responsive neurons in the bed nucleus of the stria terminalis

and elsewhere, once activated by emotional stressors, excite

brainstem noradrenergic nuclei which then feedback to

CRH-responsive neurons to stimulate further CRH release.

Interactions between the noradrenergic system and CRH-

responsive neurons figure prominently in other bed nucleus

of the stria terminalis-mediated behaviors and will be

discussed in greater detail in later sections.

The effect on startle of repeated footshock also fits the

pattern. In Gewirtz et al. (1998), the effect developed

gradually over many days and persisted for at least 24 h

(i.e., the interval between the final shock on the preceding

training day and the baseline test on the following day).

All of this stands in contrast to the response characteristics

of fear-potentiated startle. In our laboratory, startle responses

are typically elicited 3.2 s after CS onset, and significant

potentiation can be obtained using CS onset-startle elicita-

tion intervals as short as 50 ms (Davis et al., 1989). The

decay of CS-elicited fear is similarly abrupt. We typically

find that startle amplitude approaches baseline levels within

30 s of CS offset (e.g., Paschall, 2002). In fact, startle

amplitude appears to approach baseline much quicker, within

just a few seconds of CS offset, based on several experiments

in which we have measured startle amplitude at these very

short intervals (e.g., Davis et al., 1989).

Overall, the data presently available argue for the exis-

tence of two phenomenologically and anatomically dissoci-

able response systems, each capable of mediating increases

in the amplitude of the acoustic startle response. One, which

includes as an integral component the bed nucleus of the

stria terminalis, can be characterized as a sluggish response

system that once activated continues to influence behavior

long after the initiating stimulus has been terminated. The

other system, which includes the central nucleus of the

amygdala as an integral component, can be characterized as

a rapid response system that mediates short-term responses

to specific threat cues (i.e., stimulus-specific fear responses).

We refer to the former, sustained type of response as

anxiety, and to the latter stimulus-specific, short-lasting type

of response as fear.

7. Further evidence for the independence of anxiety (bed

nucleus of the stria terminalis) and fear (central nucleus

of the amygdala) systems

The view that fear and anxiety are mediated by inde-

pendent systems is also supported by recent findings in

which we evaluated the effect on startle of separate or

combined presentations of stimuli whose influence on startle

is mediated via either the central nucleus of the amygdala or

bed nucleus of the stria terminalis (Walker and Davis,

2002b). In one experiment, the potentiating effect on startle

of two different conditioned fear stimuli (i.e., a light and a

tone) were evaluated (two central nucleus of the amygdala-

dependent responses). In a second experiment, the effect on

startle of a visual CS (central nucleus of the amygdala

dependent) was evaluated before and after a brief series of

footshocks that produce a short-lasting elevation of the

startle response that is also central nucleus of the amygdala

dependent and bed nucleus of the stria terminalis independ-

ent (Davis, 1989; Gewirtz et al., 1998; Hitchcock et al.,

1989). And in a third experiment, we evaluated the effect on

startle of a visual fear CS (central nucleus of the amygdala

dependent) in rats that had received i.c.v. infusions of either

CRH (bed nucleus of the stria terminalis-dependent res-

ponse) or vehicle shortly before.

For the first two experiments, increases of startle ampli-

tude produced by one stimulus (i.e., the visual CS) occluded

further increases produced by the second (i.e., the auditory

CS or footshock). This is consistent with the view that these

stimuli compete for and, using appropriate parameters,

saturate a limited resource (e.g., activation of central nucleus

of the amygdala neurons). In contrast, increases in startle

amplitude produced by the visual CS did not occlude the

very large increases produced by sustained activation of

CRH receptors in the third experiment. These results,

summarized in Fig. 4, indicate that short-lasting stimulus-

specific fear responses can be superimposed, without attenu-

ation, on an anxiety/stress-enhanced baseline, and provide

further evidence for the existence of partially independent

central nucleus of the amygdala and bed nucleus of the stria

terminalis-containing systems.

Our current ideas concerning the role of the bed nucleus

of the stria terminalis in stress and anxiety have been
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formulated largely on the basis of findings from the acoustic

startle studies reviewed above. More recent findings, mostly

from other laboratories and using very different paradigms,

are reviewed below. We believe that these data are largely

consistent with the provisional model of bed nucleus of the

stria terminalis function suggested above, and are partic-

ularly exciting given their obvious clinical implications.

8. The bed nucleus of the stria terminalis is implicated in

the aversive impact of drug withdrawal, and in the

stress-induced reinstatement of drug-seeking behavior

8.1. Withdrawal

Based on evidence that (a) opiate withdrawal is associ-

ated with large increases in noradrenergic activity, (b) these

increases play a role in the somatic and behavioral con-

sequences of opiate withdrawal (cf., Maldonado, 1997), and

(c) the bed nucleus of the stria terminalis receives an

extremely rich input of noradrenergic fibers (Brownstein

et al., 1974; Kilts and Anderson, 1986), Aston-Jones et al.

(1999) and Delfs et al. (2000) evaluated the role of

noradrenergic innervation of the bed nucleus of the stria

terminalis in naltrexone-precipitated opiate withdrawal.

Withdrawal was associated with pronounced activation of

bed nucleus of the stria terminalis neurons as judged by c-

fos staining, and this activation was markedly reduced by

systemic injections of the h-adrenoceptor antagonist pro-

pranolol. In morphine-dependent but not control rats that

received injections into the bed nucleus of the stria ter-

minalis of the retrograde tracer, wheat-germ agglutinin-

gold (WGA-gold), and subsequent systemic injections of

naltrexone, many neurons were observed in the nucleus

tractus solitarius and A1 noradrenergic cell groups that were

triple-labeled for fos, for the noradrenergic marker tyrosine

hydroxylase, and for WGA-gold. This finding indicated that

activation of the bed nucleus of the stria terminalis during

withdrawal was associated with a marked activation of these

bed nucleus of the stria terminalis-projecting brainstem

noradrenergic neurons. Very few triple-labeled neurons were

found in another noradrenergic nucleus, the locus coeruleus.

With this information in hand, the authors then evaluated

the effect on withdrawal-induced place aversions of 6-

hydroxydopamine-induced lesions to either the ventral nor-

adrenergic bundle, which carries fibers from the nucleus

tractus solitarius and the A1 cell groups to the bed nucleus

of the stria terminalis, or the dorsal noradrenergic bundle,

which carries fibers from the locus coeruleus to areas other

than the bed nucleus of the stria terminalis (O’Donohue et

al., 1979; Terenzi and Ingram, 1995; Woulfe et al., 1990).

For this procedure, morphine-dependent rats were injected

with naltrexone and confined to one compartment of a two-

compartment test box for 30 min. On another day, rats were

injected with saline and confined to the other compartment.

Conditioned place avoidance was tested a day later by

measuring the amount of time spent in either compartment

when rats were allowed free access to both. Rats with dorsal

bundle transections, and non-lesioned control rats, avoided

the compartment in which they had previously been con-

fined after receiving naltrexone injections. Rats with trans-

ections of the bed nucleus of the stria terminalis-projecting

ventral bundle showed significantly less avoidance of the

compartment associated with withdrawal. The effect of

ventral bundle lesions was not secondary to a general

disruption of withdrawal itself because the somatic signs

of withdrawal (e.g., teeth chatter, wet shakes, eye twitch)

were mostly unaffected. To determine if ventral bundle

transections disrupted learning in general, other rats were

trained for conditioned place avoidance using footshock

rather than withdrawal. Ventral bundle lesions did not

disrupt avoidance in these animals.

In another experiment, the authors infused directly into

the bed nucleus of the stria terminalis, just before with-

drawal, a cocktail of h1- and h2-adrenoceptor antagonists
(betaxolol and ICI 118,551), or the mixed h1/h2-adreno-
ceptor antagonist propranolol (Aston-Jones et al., 1999). As

with ventral bundle lesions, both of these treatments blocked

Fig. 4. Fear and anxiety are mediated by independent, non-occluding

systems. Rats were tested for fear-potentiated startle to a visual CS before

and after ‘‘baseline’’ startle amplitude was increased by either a brief series

of footshocks, an auditory conditioned fear stimulus, or CRH. The effect of

these treatments on baseline startle amplitude is shown below each set of

bars. The effect of the visual fear CS on startle amplitude is shown as a

percentage increase from these baselines. Startle amplitude increases

produced by footshock or by the auditory CS (both central nucleus of the

amygdala-dependent increases) occluded further increases produced by the

visual CS (also central nucleus of the amygdala-dependent). Startle

amplitude increases produced by CRH (bed nucleus of the stria

terminalis-dependent) did not occlude these increases. *P< 0.05 versus

pre-treatment levels of fear-potentiated startle.
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the place aversion produced by withdrawal, but again had

only mild effects on the somatic signs of withdrawal (see

also McNally and Akil, 2002). The effects on place aversion

were site-specific (infusions dorsal to the bed nucleus of the

stria terminalis were ineffective) and stereoselective (infu-

sions of the inactive isomer, R-propranolol, were not effec-

tive). Significant though generally less impressive results

were obtained with the a2-adrenoceptor agonist ST-91.

These results are informative because they indicate that

the disruptive effects on conditioned place avoidance pre-

viously described can be attributed to a disruption of the

affective consequences of withdrawal, rather than to an

influence on the conditioned response per se.

In fact, in these studies, the aversive withdrawal state can

be thought of as both an unconditioned response (i.e., to

naltrexone) and an unconditioned stimulus (i.e., with which

the context is paired). Because it is unconditioned and also

of long duration, the results are compatible with either

hypothesis of bed nucleus of the stria terminalis function

as previously described. It is interesting therefore that, in the

previous study, lesions of the ventral bundle did not interfere

with conditioned place aversion learning when footshock

(i.e., also an unconditioned, but short duration stimulus) was

used as the US (Delfs et al., 2000). It should also be noted,

however, that non-dependent subjects were used in the

footshock experiment. Because chronic morphine may

modify neurotransmission within the bed nucleus of the

stria terminalis (Walker et al., 2000), inferences about

normal bed nucleus of the stria terminalis function extrapo-

lated from morphine-dependent subjects should be treated

with caution.

Although withdrawal-induced place aversions may de-

pend on the bed nucleus of the stria terminalis, this does not

imply that they are independent of the amygdala. In fact,

Watanabe et al. (2002) very recently reported that naloxone-

precipitated withdrawal in morphine-dependent rats is

blocked by pre-withdrawal infusions into the central nucleus

of the amygdala of the AMPA receptor antagonist CNQX,

and the NMDA receptor antagonists, [+]-3-[2-carboxypiper-

azin-4-yl]-propanephosphonic acid (CPP) and [5R,10S]-[+]-

5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-

imine (MK801). Also, Heinrichs et al. (1995) have reported

that pre-withdrawal intra-central nucleus of the amygdala

infusions of the CRH receptor antagonist ahCRH also

prevent the development of place aversions produced by

intra-central nucleus of the amygdala methylnaloxonium.

The large volume of infusate used in this study (1 Al)
suggests that caution should be exercised in attributing the

effects of ahCRH to actions within the central nucleus of

the amygdala. However, as reviewed in the following

sections, activation of the bed nucleus of the stria terminalis

in some, but not all, paradigms may depend on afferent

input from the central nucleus of the amygdala.

The bed nucleus of the stria terminalis may also be

involved in the hedonic or motivational properties of

drug-taking behavior—at least in drug-dependent rats.

Walker et al. (2000) reported that infusions into the bed

nucleus of the stria terminalis of the opiate receptor antag-

onist, methylnaloxonium, suppressed heroin self-adminis-

tration in rats that had previously received subcutaneous

morphine pellet implants. Decreased self-administration did

not appear to be secondary to competing withdrawal behav-

iors insofar as methylnaloxonium did not elicit somatic

signs of withdrawal. When infused into the nucleus accum-

bens, methylnaloxonium also suppressed heroin self-admin-

istration but only at a much higher dose (suppression was

observed at 8 but not 2 ng following intra-bed nucleus of the

stria terminalis infusions and 128 but not 32 ng following

infusions into the nucleus accumbens). Methylnaloxonium

did not suppress lever pressing in non-dependent rats (i.e.,

those implanted with control pellets). The authors suggested

that dependence may be associated with a qualitative switch

in the functional status of opioid transmission within the bed

nucleus of the stria terminalis. The same laboratory has

found that infusions into the dorsolateral bed nucleus of the

stria terminalis of the dopamine D1 receptor antagonist,

SCH23390, reduce lever pressing for cocaine (Epping-

Jordan et al., 1998).

8.2. Reinstatement

It is widely believed that stress is a major contributing

factor to relapse following drug abstinence in humans (cf.,

Sinha et al., 2000). As such, an understanding of the neural

pathways and processes by which stress influences relapse

is of particular clinical significance. In this regard, recent

findings implicating the bed nucleus of the stria terminalis

are particularly exciting.

An involvement of the bed nucleus of the stria terminalis

in reinstatement was first reported by Erb and Stewart

(1999). In this study, rats were trained to lever-press for

intravenous cocaine delivery, the response was then extin-

guished, and later reinstated by a brief series of footshocks.

However, footshock did not reinstate lever pressing in

animals that had first received intra-bed nucleus of the stria

terminalis infusions of the CRH receptor antagonist, D-Phe

CRF12–41 (D-Phe). D-Phe infusions into the amygdala, even

at a 10-fold higher dose, did not block footshock-induced

reinstatement. Other data suggested that activation of CRH

receptors within the bed nucleus of the stria terminalis

directly triggered reinstatement. Specifically, intra-bed

nucleus of the stria terminalis but not intra-amygdala CRH

infusions mimicked the reinstating effect of footshock.

Thus, these data suggest that stress reinstates cocaine-seek-

ing behavior by releasing CRH into the bed nucleus of the

stria terminalis.

Although the above study indicated that amygdala CRH

receptors do not participate in reinstatement, amygdala

neurons may. In fact, central nucleus of the amygdala

neurons project to the bed nucleus of the stria terminalis

and many of these neurons contain CRH (Dong et al., 2001;

Sakanaka et al., 1986; Sun et al., 1991). To determine if this
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pathway plays a role in stress-induced reinstatement, Erb et

al. (2001) infused tetrodotoxin unilaterally into one central

nucleus of the amygdala, D-Phe unilaterally into one bed

nucleus of the stria terminalis, or tetrodotoxin into one

central nucleus of the amygdala plus D-Phe into the con-

tralateral bed nucleus of the stria terminalis. Reinstatement

by footshock was significantly greater in rats that received

unilateral tetrodotoxin infusions into the central nucleus of

the amygdala or unilateral D-Phe infusions into the bed

nucleus of the stria terminalis, compared to rats that received

infusions into the central nucleus of the amygdala plus the

contralateral bed nucleus of the stria terminalis. One inter-

pretation is that a serial pathway from CRH-containing

central nucleus of the amygdala neurons to the bed nucleus

of the stria terminalis mediates stress-induced reinstatement.

Even with the combined manipulation, however, reinstate-

ment was not completely blocked (in contrast to the pre-

vious report in which bilateral intra-bed nucleus of the stria

terminalis infusions of the same dose of D-Phe did block

reinstatement) (Erb and Stewart, 1999).

Erb et al. (2001) suggest, as one possibility for the

incomplete block of reinstatement, that CRH is also released

locally (i.e., from bed nucleus of the stria terminalis neu-

rons) and that this local release is driven by stress-induced

norepinephrine release. In fact, immunocytochemical light

and electron microscopy studies indicate that noradrenergic

terminals within the bed nucleus of the stria terminalis

synapse onto local CRH-containing neurons (Phelix et al.,

1994). The authors refer, in Leri et al. (2002), to unpub-

lished observations that the footshock regimen used to

induce reinstatement increases extracellular norepinephrine

levels within the bed nucleus of the stria terminalis, and that

these increases are blocked by systemic injections of cloni-

dine at doses that also block reinstatement. The increases in

bed nucleus of the stria terminalis norepinephrine levels

were not, however, blocked by i.c.v. D-Phe infusions, even

at doses that did prevent reinstatement. This pattern is

consistent with the view that footshock increases norepi-

nephrine release which in turn increases CRH release which

in turn reinstates drug-seeking behavior. In fact, Leri et al.

(2002) recently reported that infusions of a h1/h2 receptor

antagonist cocktail (betaxolol and ICI-118,551, respec-

tively) into the bed nucleus of the stria terminalis signifi-

cantly and dose-dependently reduced footshock-induced

reinstatement. Infusions into the central nucleus of the

amygdala were even more effective, essentially blocking

reinstatement at all doses tested. The effects of infusions

into both sites were specific to stress-induced reinstatement

as they did not affect reinstatement produced by a non-

contingent priming injection of cocaine. On the basis of

these results, the authors suggest that CRH-containing

central nucleus of the amygdala neurons that project to

CRH-containing bed nucleus of the stria terminalis neurons

play a necessary and permissive role in their activation, and

that both sets of neurons (i.e., central nucleus of the

amygdala and bed nucleus of the stria terminalis) can be

driven by noradrenergic inputs. This arrangement is de-

picted schematically in Fig. 5.

From where do these noradrenergic inputs arise? As

previously mentioned, the ventral noradrenergic bundle is

the major source of noradrenergic innervation for both the

bed nucleus of the stria terminalis and central nucleus of the

amygdala. Shaham et al. (2000b) have reported that 6-

hydroxydopamine lesions of the bed nucleus of the stria

terminalis-projecting ventral noradrenergic bundle block

reinstatement. On the other hand, clonidine infusions into

the locus coeruleus, which provide minimal noradrenergic

input to the bed nucleus of the stria terminalis, do not. Thus,

these data strongly suggest that noradrenergic inputs to the

bed nucleus of the stria terminalis, arising primarily from the

nucleus tractus solitarius and A1 cell groups, play an

important role in stress-induced reinstatement of drug-seek-

ing behavior.

Fig. 5. Anatomical and pharmacological interactions implicated in

footshock-induced reinstatement of drug-seeking behavior. Data from

Stewart and colleagues (cf., Shaham et al., 2000a) suggest that footshock-

induced reinstatement is mediated by a serial pathway from CRH-releasing

central nucleus of the amygdala neurons to CRH-receptive/containing bed

nucleus of the stria terminalis neurons. CRH release from central nucleus of

the amygdala and bed nucleus of the stria terminalis neurons may require

activation of h-adrenoceptors within the central nucleus of the amygdala

and bed nucleus of the stria terminalis by A1 and NTS neurons. Many of

these same anatomical and neurochemical interactions have been implicated

in conditioned place aversions produced by drug withdrawal (cf., Aston-

Jones et al., 1999) and in several other bed nucleus of the stria terminalis-

dependent behavioral influences. The basolateral amygdala, ventral

tegmental area, and nucleus accumbens—previously implicated in reinstate-

ment produced by cues associated with drug availability (basolateral

amygdala; e.g., Fuchs and See, 2002; Kantak et al., 2002) and by

noncontingent drug injections (nucleus accumbens and ventral tegmental

area; e.g., McFarland and Kalivas, 2001; Stewart, 1983)—are shown for

completeness but have not been directly implicated in stress-induced

reinstatement. Filled arrowheads and solid lines indicate pathways and

structures thought to participate in footshock stress-induced reinstatement.

Open arrows and dashed lines indicate pathways and structures that may

contribute but that have not been directly implicated.
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Using a conditioned place preference procedure, Wang et

al. (2001) found further evidence for an involvement of the

bed nucleus of the stria terminalis in stress-induced relapse.

In this study, rats received injections of saline and were

placed into one compartment of a two-compartment test

box. On alternate days, rats received injections of morphine

and were placed into the other compartment. Within 7 days,

rats given access to either compartment spent significantly

more time in the compartment that had previously been

paired with morphine (i.e., conditioned place preference).

Rats were retested 30 days later, after receiving on every

third day, a brief series of either footshock or sham-foot-

shock. Shocked animals maintained their conditioned place

preference; non-shocked rats did not. Intra-bed nucleus of

the stria terminalis infusions of clonidine 30 min before

footshock prevented maintenance of the conditioned place

preference. Clonidine infusions into the locus coeruleus

were ineffective. Because the interval between the final

footshock and place preference testing was 24 h, the results

indicate that the bed nucleus of the stria terminalis, in these

experiments, is mediating a long-lasting influence of foot-

shock stress on conditioned place preference behavior.

In another experiment by this group, a previously estab-

lished conditioned place preference was extinguished by

injecting rats with saline on each of 21 days and confining

them to both compartments. Ten days after the final extinc-

tion session, rats were tested for conditioned place prefer-

ence behavior before and after a brief series of footshocks.

When tested before footshock, none of the experimental

groups showed a conditioned place preference. When tested

after footshock, the conditioned place preference was rein-

stated. However, reinstatement was blocked by infusions of

clonidine into the bed nucleus of the stria terminalis and was

also blocked by 6-hydroxydopamine lesions of the ventral

noradrenergic bundle. Reinstatement was not blocked by

clonidine infusions into the locus coeruleus or by 6-hydrox-

ydopamine lesions of the dorsal bundle.

Overall, the results from these studies highlight not only

an important role of the bed nucleus of the stria terminalis in

drug-seeking behavior and its modulation by stress, but

perhaps more generally, the important role of noradrenergic/

CRH interactions within the bed nucleus of the stria

terminalis. These same interactions figure prominently in

other, very different, bed nucleus of the stria terminalis-

mediated behavioral effects and will be discussed further in

subsequent sections.

9. Defeat and depression

9.1. Conditioned defeat

When a Syrian hamster is introduced into the home cage

of a smaller Syrian hamster, agonistic encounters ensue in

which the smaller hamster is typically defeated by the larger

hamster (Potegal et al., 1993). Once defeated, hamsters will

no longer defend their home cage, even when confronted

with a smaller intruder that would not normally defeat the

resident (Potegal et al., 1993). Overexpression within the

basolateral amygdala of cAMP-response element binding

protein (CREB) enhances the acquisition of conditioned

defeat (Jasnow et al., 2002). When CREB is overexpressed

after defeat, 48 h before testing, conditioned defeat is not

affected. These results suggest that neural changes support-

ing these long-lasting behavioral effects occur within the

basolateral amygdala. Indeed, pre-test intra-amygdala infu-

sions of the GABAA receptor agonist, muscimol, com-

pletely eliminate the submissive/defensive behaviors that

characterize defeat even though these same animals show

normal or even elevated levels of other behaviors (e.g.,

locomotor or exploratory behavior, Jasnow and Huhman,

2001).

Through what downstream target areas are these effects

mediated? The central nucleus of the amygdala and bed

nucleus of the stria terminalis are obvious candidates. Jas-

now et al. (1999) previously reported that pre-test i.c.v.

infusions of CRH receptor antagonists significantly reduce

submissive/defensive behavior in defeated Syrian hamsters.

To determine the locus for this effect, Jasnow et al. (sub-

mitted for publication) recently infused the CRH receptor

antagonist, D-Phe, into either the bed nucleus of the stria

terminalis or central nucleus of the amygdala before testing.

Infusions into the bed nucleus of the stria terminalis but not

the central nucleus of the amygdala significantly reduced the

total duration of submissive/defensive behaviors. Jasnow et

al. (submitted for publication) then lesioned one central

nucleus of the amygdala, or infused D-Phe into one bed

nucleus of the stria terminalis, or combined a unilateral

central nucleus of the amygdala lesion with a unilateral

infusion of D-Phe into the contralateral bed nucleus of the

stria terminalis. The mean duration of submissive/defensive

behaviors was significantly lower in rats that received

unilateral central nucleus of the amygdala lesions (compared

to sham/vehicle controls) and nonsignificantly lower in rats

that received unilateral D-Phe infusions. The mean duration

of submissive/defensive behaviors was even lower in ani-

mals with the combined manipulation. The authors sug-

gested that the expression of conditioned defeat depends on

a serial pathway from the central nucleus of the amygdala to

the bed nucleus of the stria terminalis. As in Erb et al.

(2001), however, conditioned defeat was not completely

blocked by this manipulation, suggesting the existence of

other transmitter systems and/or additional circuitry.

9.2. Depression

It has been suggested that the lasting effects of defeat

mimic certain features of clinical depression and social

stress in humans (e.g., Kudryavtseva and Avgustinovich,

1998; Martinez et al., 1998). Using a more established

model of depression, Maier and colleagues have obtained

evidence that the bed nucleus of the stria terminalis is
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necessary for the escape deficits that are the hallmark feature

of learned helplessness. The classic finding is that rats

receiving inescapable shock show escape deficits that persist

for several days even when tested in a shuttle-box in which

escape from shock is possible. It should be noted that

‘‘learned helplessness’’ is probably a misnomer as it is

now generally appreciated that the effect of inescapable

shock on escape deficits reflects a lingering effect of foot-

shock stress rather than a cognitive appraisal that escape

attempts are futile. In fact, other stressors, such as social

defeat, also produce escape deficits (Williams and Lierle,

1988) and, interestingly, inescapable shocks increase defeat-

like behavior in resident–intruder paradigms (Williams and

Lierle, 1986).

Maier (1990) has reported that rats also freeze when

shocked in the shuttle-box and that this freezing is poten-

tiated by inescapable shock delivered 24 but not 72 h earlier

in a different context. Maier et al. (1993) have characterized

the immediate effects of shock (i.e., on freezing in the

shuttle-box) as ‘‘fear,’’ and the lingering effects of inescap-

able shock (i.e., on escape deficits and the potentiation of

freezing) as ‘‘something more akin to anxiety’’—a view

with obvious parallels to our own perspective on bed

nucleus of the stria terminalis versus central nucleus of the

amygdala function.

Large electrolytic amygdala lesions have no effect on

escape deficits, but nearly abolish conditioned fear as

assessed with freezing (Maier et al., 1993). Large excito-

toxic lesions of the bed nucleus of the stria terminalis do just

the opposite (Maier, personal communication). Specifically,

bed nucleus of the stria terminalis lesions completely block

the escape deficits produced by inescapable shock, but do

not disrupt freezing in animals that previously received only

restraint. However, bed nucleus of the stria terminalis

lesions do disrupt the potentiation of freezing by prior

shocks. A similar effect was reported for rats with dorsal

raphe lesions (Maier et al., 1993), suggesting possible

interactions between these two interconnected (e.g., Peyron

et al., 1998; Vertes, 1991) structures.

Given the consistency with which CRH receptors have

been implicated in bed nucleus of the stria terminalis-

dependent behavioral effects, it is noteworthy that systemi-

cally administered CRH receptor antagonists given before

inescapable shock (Takamori et al., 2001) or before escape

testing (Mansbach et al., 1997) also block escape deficits in

this paradigm. In another animal model of depression—

chronic intermittent stress (cf., Moreau et al., 1998)—Stout

et al. (2000) have reported that chronic stress is associated

with significantly elevated extracellular levels of CRH

within the bed nucleus of the stria terminalis.

Curiously, there are two reports that implicate the bed

nucleus of the stria terminalis in adaptive coping. Schulz

and Canbeyli (2000) have reported that electrolytic bed

nucleus of the stria terminalis lesions increase the duration

of immobility from the first to the second of two forced

swim tests, and decrease the number of escape attempts.

Thus, in this model of depression, damage to the bed

nucleus of the stria terminalis increases rather than decreases

learned despair. Also, Henke (1984) has reported that

electrolytic bed nucleus of the stria terminalis lesions

increase the severity of gastric ulceration produced by

restraint stress. These findings also suggest an adaptive role

of the bed nucleus of the stria terminalis in coping. An

obvious difference between these two studies and those

suggesting that the bed nucleus of the stria terminalis

mediates the deleterious effects of stress is that Schulz and

Canbeyli (2000) and Henke (1984) both used electrolytic

lesions. This treatment would have destroyed not only

intrinsic bed nucleus of the stria terminalis neurons, but

also fibers of passage (e.g., from the hippocampus) that

project through the bed nucleus of the stria terminalis on

their way to other structures—perhaps structures that medi-

ate adaptive coping responses.

10. Bed nucleus of the stria terminalis mediation of

panic and other anxiety behaviors

Rats that receive chronic infusions into the dorsomedial

hypothalamus of the GABA synthesis inhibitor, L-allylgly-

cine, show behavioral (in the elevated plus-maze and social

interaction paradigms) and autonomic (heart rate, respira-

tory rate, and blood pressure) responses to peripheral lactate

infusions (Shekhar and Keim, 2000; Shekhar et al., 1996)

that are indicative of anxiety and that are not observed in

untreated controls (i.e., rats without disinhibition of the

dorsomedial hypothalamus). Rats that receive daily injec-

tions into the basolateral amygdala of very low doses of the

GABAA receptor antagonist bicuculline, of the CRH recep-

tor agonist urocortin, or of CRH itself, are similarly sensi-

tive to lactate (Sajdyk and Gehlert, 2000; Sajdyk et al.,

1999; Sajdyk and Shekhar, 2000). Because lactate infusions

also elicit behavioral and autonomic responses in patients

with panic disorder, but not in healthy controls (Papp et al.,

1993), it has been suggested that these treatments reproduce

certain features of panic disorder.

Shekhar and Keim (2000) recently reported that pre-test

infusions of the GABAA receptor agonist, muscimol,

directly into the bed nucleus of the stria terminalis block

the behavioral but not autonomic responses to lactate

infusions in rats that have received chronic L-allylglycine

infusions into the dorsomedial hypothalamus. L-Allylgly-

cine infusions directly into the bed nucleus of the stria

terminalis increased anxiety in the social interaction and

elevated plus-maze models, but did not sensitize rats to

lactate (Shekhar and Keim, 2001). Intra-bed nucleus of the

stria terminalis urocortin infusions also increased anxiety in

the social interaction test, and this effect was blocked by

pretreatment with the CRH1/CRH2 receptor antagonist,

astressin, and by the selective CRH1 receptor antagonist,

N-cyclopropylmethyl-2,5-dimethyl-N-propyl-N-(2,4,6-tri-

chloro-phenyl)-pyrimidine-4,6-diamine (Keim et al., 2002).

D.L. Walker et al. / European Journal of Pharmacology 463 (2003) 199–216 209



On the basis of these results, the authors suggested that the

bed nucleus of the stria terminalis may mediate lactate-

induced anxiety in panic-prone rats (Shekhar and Keim,

2001), and that bed nucleus of the stria terminalis disinhi-

bition may model aspects of generalized anxiety disorder.

Decreased open-arm time in the elevated plus-maze

following intra-bed nucleus of the stria terminalis L-allyl-

glycine infusions is interesting in light of a previous finding

(Treit et al., 1998) that electrolytic bed nucleus of the stria

terminalis lesions have no effect in this paradigm. On the

other hand, Scott (1999) found, in ovariectomized female

rats (non-ovariectomized females were not tested), that

electrolytic lesions of the anterolateral bed nucleus of the

stria terminalis did reduce plus-maze anxiety. Although the

response of females to bed nucleus of the stria terminalis

lesions was not directly compared to that of males, it is

possible that gender-related differences in bed nucleus of the

stria terminalis function confer differential sensitivity to bed

nucleus of the stria terminalis manipulations.

11. Gender and sex hormone influences on anxiety and

stress—possible involvement of the bed nucleus of the

stria terminalis

11.1. Sexual dimorphism in the bed nucleus of the stria

terminalis

The bed nucleus of the stria terminalis is volumetrically

and neurochemically sexually dimorphic. Several studies

have demonstrated gender-related volumetric differences in

bed nucleus of the stria terminalis subregions of both rats

(Hines et al., 1992) and humans (Allen and Gorski, 1990;

Chung et al., 2002). Neurochemical differences have also

been reported (cf., De Vries and Miller, 1998; Koolhaas et

al., 1998; Stefanova and Ovtscharoff, 2000)—being partic-

ularly well documented with respect to cholecystokinin

(Micevych et al., 1988) and vasopressin (Brot et al.,

1993). For example, concentrations of these neuroactive

peptides in the bed nucleus of the stria terminalis fluctuate

across the estrus cycle, are markedly reduced by ovariec-

tomy or castration, and respond to sex steroid (i.e., estradiol

and testosterone) replacement (Micevych et al., 1988; Oro et

al., 1988; Planos et al., 1995; Simerly and Swanson, 1987).

Together with increasing evidence for an involvement of the

bed nucleus of the stria terminalis in anxiety, and with well-

established differences in the incidence of anxiety disorders

in men and women (cf., Shekhar et al., 2001), these findings

invite speculation as to the possible contribution of the bed

nucleus of the stria terminalis to gender and sex hormone

influences on behavior.

Previous findings suggest that cue-specific fear condi-

tioning (i.e., amygdala dependent but not bed nucleus of

the stria terminalis dependent) is comparable in male and

female rats (Anagnostaras et al., 1998; Maren et al., 1994)

and also in cycling versus lactating females (Toufexis et

al., 1999). However, it is possible that gender differences

or sex hormone effects would be apparent in paradigms

that assess bed nucleus of the stria terminalis-dependent

rather than central nucleus of the amygdala-dependent

behaviors.

11.2. CRH-enhanced startle

We recently compared CRH-enhanced startle in cycling

and lactating female rats using procedures similar to those

described earlier. Because lactation is associated with high

progesterone levels, and because progesterone and its

GABAA receptor modulating metabolites (most notably

allopregnanolone) (cf., Lambert et al., 2001; Lan and

Gee, 1994) are anxiolytic (e.g., Akwa et al., 1999; Bitran

et al., 1995, 1999; Brot et al., 1997), we anticipated that

lactating rats might show lower levels of CRH-enhanced

startle compared to cycling females. In fact, although both

groups showed a significant increase in startle amplitude

after CRH infusions, lactating females showed significantly

less CRH-enhanced startle compared to cycling females

(Fig. 6A).

Other differences exist between lactating and cycling

females which might mediate, or at least contribute to, their

differential sensitivity to CRH. To examine specifically the

contribution of progesterone and its metabolites, we next

examined the effect of progesterone replacement in ovar-

iectomized rats. Rats received an intraperitoneal (i.p.) injec-

tion of 250 Ag estradiol (i.e., to induce the expression of

progesterone receptors) followed 24 h later by 200 Ag
progesterone. They were tested 4 h later. Control rats

received vehicle injections (corn oil) only. CRH-enhanced

startle was markedly lower in progesterone-injected rats

than in vehicle-injected rats, suggesting that progesterone

or its metabolites do indeed blunt the effect of CRH on

startle.

As alluded to above, progesterone’s anxiolytic actions

may be mediated indirectly via neuroactive metabolites.

Because progesterone receptors exist in low levels in most

CNS areas unless their expression is induced by estrogen, it

is possible to evaluate the contribution of non-progesterone-

receptor-mediated effects (i.e., metabolite effects) by assess-

ing the influence of progesterone in non-estrogen-primed

rats. To do this, we subcutaneously implanted silastic

capsules containing or not containing progesterone into

ovariectomized rats, and tested rats for CRH-enhanced

startle 7 days later. Radioimmunoassay analysis of tail blood

collected from a subset of control and progesterone-treated

rats indicated high progesterone levels in treated rats and

negligible levels in controls. Both groups showed significant

CRH-enhanced startle. However, this effect was again

blunted in progesterone-treated rats. These data reinforce

the earlier results, and suggest that the effect of progesterone

may be mediated indirectly by progesterone metabolites.

Progesterone given in combination with inhibitors of its

metabolism will be used to test this hypothesis.
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11.3. Light-enhanced startle

In a different series of experiments, we have begun to

evaluate gender differences with respect to light-enhanced

startle. Although light-enhanced startle has been robust

across numerous replications, and has since been replicated

elsewhere (e.g., de Jongh et al., 2002), we have been unable

to reliably reproduce the phenomena in our new laboratory.

We believe, but are not certain, that this difference is a

function of basal stress levels that may interact with light-

enhanced startle. Based on evidence suggesting an influence

of gender and hormone status in anxiety, we recently

compared light-enhanced startle in intact, ovariectomized

and lactating female rats, and in intact and castrated males.

The results are shown in Fig. 6B. Light-enhanced startle

was statistically significant in each of the three female

groups, but statistically absent in intact male rats. In

castrated males, the mean level of light-enhanced startle

was comparable to that observed in females. These data

suggest that male rats are less sensitive to the anxiogenic

effects of bright light, perhaps due to circulating androgen

levels.

11.4. Bed nucleus of the stria terminalis involvement in

gender and sex hormone influences on classical condition-

ing of the eyeblink response in male and female rats

Although these studies were motivated by evidence of

sexual dimorphism within the bed nucleus of the stria

terminalis and by evidence that the bed nucleus of the stria

terminalis responds to circulating levels of gonadal ste-

roids, we have not yet conducted the critical experiments

that are necessary to directly implicate the bed nucleus of

the stria terminalis in these effects. A very interesting

series of studies by Tracey Shors and colleagues, however,

has identified the bed nucleus of the stria terminalis as a

key player in gender-related differences with respect to

stress effects on classical conditioning of the eyeblink

response.

In previous studies, Shors and colleagues reported that

acute stress (either restraint stress plus tail shock or swim

stress) 24 h before noise–periorbital shock pairings signifi-

cantly facilitates eyeblink conditioning in male rats, and

significantly disrupts eyeblink conditioning in female rats

(Beylin and Shors, 1998; Servatius and Shors, 1994; Shors,

2001; Shors et al., 1998; Wood and Shors, 1998). The

effects cannot be attributed to stimulus-specific fear because

they persist even when the conditions under which stress is

administered differ markedly from the conditions present

during conditioning (Shors, 2001). In male rats (females

have not been tested), intra-basolateral amygdala but not

intra-central nucleus of the amygdala infusions of the

NMDA receptor antagonist, DL-2-amino-5-phosphonopenta-

noic acid (AP5), before the stressor block facilitated con-

ditioning (Shors and Mathew, 1998). Stress given after

conditioning, 24 h before testing, is ineffective (Shors,

2001).

The diametrically opposed effect of stress in male and

female rats is, in and of itself, quite fascinating. Equally

interesting, and of even greater relevance to the present

discussion are recent findings that excitotoxic bed nucleus

of the stria terminalis lesions prevent the disruptive effect of

stress in females (Bangasser et al., 2002) and also block the

facilitative effect of stress in males (Bangasser et al., 2002;

Zhao et al., 2001). As the effect of these stressors persists

well beyond their presentation (i.e., at least 24 h), the

common element vis-à-vis other studies reviewed herein is

easily recognized—the bed nucleus of the stria terminalis in

this study is mediating a persistent long-lasting effect of

aversive stimuli.

Fig. 6. Gender and sex hormone effects on CRH-enhanced (panel A) and

light-enhanced (panel B) startle. (A) Lactating rats (high progesterone)

show significantly lower levels of CRH-enhanced startle (startle amplitude

from 60 to 120 min post-infusion as a percentage of pre-infusion levels)

than cycling females. In ovariectomized rats, progesterone + estrogen (to

induce progesterone receptor expression) prevented CRH-enhanced startle.

Chronic progesterone without estrogen priming also disrupted CRH-

enhanced startle, perhaps by anxiolytic actions of progesterone metabolites.

(B) Female but not intact male rats show significant levels of light-

enhanced startle. Light-enhanced startle in castrated males approached

significance, suggesting an inhibitory influence of gonadal hormones.

*P < 0.05 versus 0% potentiation; +P < 0.05 versus controls.
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Liang et al. (1983) have also found evidence for an

involvement of the bed nucleus of the stria terminalis in

memory modulation. In this study, male rats were trained in

a standard inhibitory avoidance task and then received intra-

bed nucleus of the stria terminalis infusions of either saline

or naloxone, followed by either sham- or electrical stimu-

lation of the amygdala. In rats that received saline infusions,

amygdala stimulation disrupted retention assessed 24 h later.

In rats that received intra-bed nucleus of the stria terminalis

but not intra-caudate naloxone infusions, retention was not

impaired by amygdala stimulation. Naloxone, on its own

(i.e., without amygdala stimulation), did not influence

retention.

12. Conclusion

An involvement of the bed nucleus of the stria terminalis

is evident in paradigms in which behavior is influenced by

long-duration stimuli (e.g., CRH- or light-enhanced startle)

and in paradigms that assess the persistent behavioral effects

of even a brief stressor (e.g., long-term shock-dependent

increases in baseline startle, conditioned defeat, the effects

of inescapable shock in the learned helplessness model or on

subsequent eyeblink conditioning). Despite behavioral out-

comes that are often similar in form (i.e., increased startle),

the bed nucleus of the stria terminalis has not been shown to

mediate behaviors elicited by specific short-lasting threats in

which the danger period has a clear offset (i.e., fear-

potentiated startle or freezing to a discrete conditioned fear

stimulus). Many, although not all, of the findings discussed

above are also consistent with the conditioned versus

unconditioned hypothesis of bed nucleus of the stria termi-

nalis function. As suggested earlier, the two variables (i.e.,

response duration and conditioning) are often intertwined

insofar as aversive stimuli that cannot be predicted (i.e.,

whose delivery is not forewarned by conditioned fear

stimuli) are more likely to elicit sustained states of defensive

preparedness.

In our view, these characteristics of bed nucleus of the

stria terminalis-dependent behavior suggest a special role in

anxiety, as opposed to fear, insofar as anxiety, unlike fear, is

typically thought of as a sustained state of apprehension

unrelated to immediate environmental threats. For some of

the behavioral effects described earlier, it may be more

appropriate to consider a role for the bed nucleus of the stria

terminalis in stress. In fact, it is often difficult to know

whether it is the cognitive (e.g., anxiety) or physiological

(e.g., stress) consequences of threatening or aversive stimuli

that mediate their long-lasting behavioral effects—particu-

larly in animal models.

It is widely suspected that chronic stress confers added

vulnerability to individuals at-risk for the development of

psychiatric disorders (e.g., Gispen-De Wied and Jansen,

2002). These deleterious effects of stress are thought to be

mediated, at least in part, by dysregulation (e.g., overactiva-

tion) of the hypothalamic–pituitary–adrenal axis (cf., Gut-

man and Nemeroff, 2002; McEwen, 1999; Sapolsky, 1992).

Because regulation of the hypothalamic–pituitary–adrenal

axis by the hippocampus and other limbic structures is

mediated in part by synaptic relays in the bed nucleus of

the stria terminalis (Cullinan et al., 1993; Feldman et al.,

1990; Gray et al., 1993; Herman et al., 1994; Onaka and

Yagi, 1998; Prewitt and Herman, 1998; Zhu et al., 2001), the

bed nucleus of the stria terminalis is in a key position to

regulate not only anxiety, but also stress responses impli-

cated in neuropathology and in the precipitation of other

neuropsychological disturbances.

Our original findings suggested that at least some bed

nucleus of the stria terminalis-dependent behaviors (i.e.,

CRH- and light-enhanced startle) were independent of the

central nucleus of the amygdala. However, there are now

several instances (e.g., conditioned defeat and the stress-

induced reinstatement of drug-seeking behavior) in which

the central nucleus of the amygdala and bed nucleus of the

stria terminalis manipulations have been shown to have

similar influences, and it has been suggested that a serial

pathway, from CRH-containing central nucleus of the

amygdala neurons to CRH-receptive bed nucleus of the

stria terminalis neurons, is involved. One possibility is that

central nucleus of the amygdala neurons fire briefly (i.e.,

perhaps at stimulus onset), and this evokes a more sustained

response from CRH-responsive bed nucleus of the stria

terminalis neurons. This type of arrangement could perhaps

account for the persistence of bed nucleus of the stria

terminalis-dependent effects over many minutes. However,

for bed nucleus of the stria terminalis-dependent behavioral

effects that persist for many days (e.g., stress effects on

eyeblink conditioning), it seems likely that stress sensitizes,

in a bed nucleus of the stria terminalis-dependent manner,

neural pathways involved in their mediation.

In fact, plasticity within the bed nucleus of the stria

terminalis is suggested by the results of several studies.

Walker et al. (2000) suggested that morphine dependence is

associated with a qualitative switch in the functional status

of opioid transmission within the bed nucleus of the stria

terminalis, Mulders et al. (1997) found that adrenalectomy

markedly reduced bed nucleus of the stria terminalis inner-

vation of the paraventricular nucleus of the hypothalamus,

and Pelton et al. (1997) reported that footshock or i.c.v.

vasopressin given 48 h before i.c.v. CRH infusions, sensi-

tized rats to CRH’s startle-enhancing effect. With respect to

the latter, it is perhaps relevant that vasopressin levels within

the bed nucleus of the stria terminalis are responsive to

circulating testosterone levels (Brot et al., 1993; De Vries

and Miller, 1998) and that testosterone levels, in turn,

respond to various stressors including footshock stress and

social defeat (Huhman et al., 1991; Rivier and Rivest,

1991). Overall then, converging evidence suggests that the

bed nucleus of the stria terminalis is highly plastic and that

bed nucleus of the stria terminalis plasticity can be triggered

by stress. Perhaps, then, plasticity within the bed nucleus of
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the stria terminalis accounts for the duration of bed nucleus

of the stria terminalis-mediated behavioral influences that

persist many days.

Finally, although gender-related anxiety differences have

thus far received limited attention from animal researchers,

early findings implicating the bed nucleus of the stria

terminalis in these differences are particularly exciting

and, hopefully, will encourage further research into this

aspect of bed nucleus of the stria terminalis function.
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