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Abstract
The medial division of the central nucleus of the amygdala (CeAM) and the lateral division of the
bed nucleus of the stria terminalis (BNSTL) are closely related. Both receive projections from the
basolateral amygdala (BLA) and both project to brain areas that mediate fear-influenced behaviors.
In contrast to CeAM however, initial attempts to implicate the BNST in conditioned fear responses
were largely unsuccessful. More recent studies have shown that the BNST does participate in some
types of anxiety and stress responses. Here, we review evidence suggesting that the CeAM and
BNSTL are functionally complementary, with CeAM mediating short- but not long-duration threat
responses (i.e., phasic fear) and BNSTL mediating long- but not short-duration responses
(sustained fear or ‘anxiety’). We also review findings implicating the stress-related peptide
corticotropin-releasing factor (CRF) in sustained but not phasic threat responses, and attempt to
integrate these findings into a neural circuit model which accounts for these and related observations.
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A now-familiar and widely-adopted neural circuit model of fear places the amygdala in center
stage and assigns different functions to different amygdala subdivisions (Fig. 1). Thus, the
basolateral group (BLA) screens incoming sensory information for threat cues and, if such cues
are detected, passes this information on to the central nucleus of the amygdala’s medial
subdivision (CeAM), which mediates threat responses by way of its many projections to areas
that mediate specific fear-influenced behaviors (c.f., Davis, 1992;Fanselow and LeDoux,
1999;Maren, 2001;Pare et al., 2004).

In the following pages, we review evidence suggesting that this model is incomplete, and
should be expanded to include the bed nucleus of the stria terminalis (specifically, it’s lateral
subdivision – BNSTL). In fact, by many criteria, the CeA and BNST are closely related (Alheid
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et al., 1995; Alheid and Heimer, 1988; Johnston, 1923). Of particular interest, both receive
projections from the BLA (c.f., Dong et al., 2001a; Pitkanen, 2000) and project in turn to many
of the same brain areas that mediate fear-associated behaviors (e.g., Gray and Magnuson,
1987, 1992; Holstege et al., 1985; Hopkins and Holstege, 1978; Peyron et al., 1998; Rosen et
al., 1991; Schmued, 1994; Schwaber et al., 1982). Although these similarities have been
appreciated for some time, early lesion studies found no evidence for an involvement of the
BNST in several fear-associated behaviors including freezing and blood pressure changes to
10- or 120-sec presentations of an auditory CS (LeDoux et al., 1988), or fear-potentiated startle
to 3.7-sec presentations of a visual CS (Hitchcock and Davis, 1991), even though other studies
have shown that these same responses are disrupted by CeA lesions or inactivation (e.g.,
Campeau and Davis, 1995; Goosens and Maren, 2001; Hitchcock and Davis, 1991; Iwata et
al., 1986; Walker and Davis, 1997b). Thus, for many years then, CeAM but not BNSTL outputs
were thought to mediate conditioned fear responses. We now believe that those earlier findings
have been interpreted too broadly, and that the CeA and BNST serve similar but complementary
functions. In the following pages, we present evidence that CeAM mediates short- but not long-
duration threat responses (referred to elsewhere as phasic versus sustained responses), and the
BNSTL long- but not short-duration threat responses. We suggest further that brain
corticotropin releasing factor (CRF) plays a selective role in the latter (i.e., BNSTL-dependent
response). Our evolution towards this position began with two sets of findings that are discussed
in turn below.

CRF-Enhanced versus Fear-Potentiated Startle
In 1986, Swerdlow et al. (1986) reported that CRF infusions into the lateral cerebral ventricle
markedly increased startle amplitude in rats, and that these increases were prevented by
pretreatment with the anxiolytic compound chlordiazepoxide. This “CRF-enhanced startle”
effect was later replicated in our own laboratory by Liang et al. (1992b) who reported large
dose-dependent startle increases that began approximately 30 minutes after the infusion had
ended and which grew steadily over the course of a 2-hour test period. Lee and Davis (1997)
subsequently identified the BNST as the likely location of the CRF receptors that mediated
this effect. They showed, in particular, that excitotoxic lesions of the BNST but not CeA
blocked CRF-enhanced startle (Fig. 2A), that infusion of the CRF receptor antagonist α-helical
CRF9–41 (αhCRF) into the BNST, but not into the CeA, also blocked CRF-enhanced startle,
and that intra-BNST CRF infusions mimicked the effect of intra-ventricular infusions. In fact,
CRF receptor protein and mRNA are abundant in the BNST – much more so than in CeA (Ju
et al., 1989; Potter et al., 1994; Van Pett et al., 2000; Wynn et al., 1984) – and consistent with
this distribution, Liang et al. (1992a) had previously shown that intra-amygdala CRF infusions,
in contrast to intra-BNST CRF infusions, do not increase startle. Lee and Davis (1997) also
confirmed, in the same lesioned rats that were tested for CRF-enhanced startle, that CeA but
not BNST lesions disrupted fear-potentiated startle. Overall then, these results demonstrated
a double dissociation between the involvement of the BNST and CeA in CRF-enhanced versus
fear-potentiated startle (Fig. 2A). These behavioral results, along with others that will be
presented in the following pages, are summarized in Table 1.

The involvement of BNST CRF receptors in anxiety-associated behaviors is not limited to
startle increases, but appears instead to reflect a more general involvement in anxiety itself.
For example, intra-BNST CRF infusions have also been found to elicit anxiety-associated
behaviors in the elevated plus-maze and social interaction tests (Lee et al., 2008; Sahuque et
al., 2006; and see Sajdyk et al., 2008 for similar effects produced by chronic inhibition of
GABA synthesis in the BNST), to produce conditioned place aversions to places associated
with CRF infusion (Sahuque et al., 2006), to elicit cardiovascular responses that are associated
with fear and anxiety (Nijsen et al., 2001), and to have anorectic effects which, in the same
study, were not similarly observed with intra-CeA CRF infusions (Ciccocioppo et al., 2003).
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Light-Enhanced versus Fear-Potentiated Startle
During the same time that the BNST’s involvement in CRF-enhanced startle was being
characterized, we were also evaluating the effect on startle of testing rats in illuminated versus
darkened test cages. We found that rats tested in illuminated test cages show higher-amplitude
startle responses than rats tested in the dark (Walker and Davis, 1997a) and that this effect was
disrupted by several anxiolytic compounds (Walker and Davis, 1997a; Walker and Davis,
2002a; and see also de Jongh et al., 2002). In fact, illuminated environments are generally
thought to be anxiogenic in this species, presumably because rats, and many other rodents, are
at increased risk of predation (e.g., Crawley and Goodwin, 1980; DeFries et al., 1966; File and
Hyde, 1978).

Although behaviorally very similar, fear-potentiated and light-enhanced startle are different in
that fear-potentiated startle reflects anticipatory fear of a specific and imminent threat (i.e.,
shock), whereas light-enhanced startle is perhaps better thought of as a more diffuse sort of
anxiety in response to a less certain threat – characteristics which have elsewhere been used
to distinguish between ‘fear’ and ‘anxiety’, respectively (e.g., Blanchard et al., 2003; Blanchard
et al., 1993). The temporal profile of startle increases in these two paradigms is also different,
with fear-potentiated startle having a very rapid onset and offset (measured in msec and sec’s
respectively – e.g., Davis et al., 1989), and light-enhanced (as well as CRF-enhanced) startle
having a more gradual onset and offset (Walker and Davis, unpublished observations, de Jongh
et al., 2003).

Subsequent findings indicated that the neural substrates of these two effects are also different.
We found, specifically, that intra-CeA infusions of the AMPA receptor antagonist NBQX block
fearpotentiated but not light-enhanced startle, whereas intra-BNST infusions block light-
enhanced but not fear-potentiated startle (Fig. 2B) (Walker and Davis, 1997b). This double
dissociation is very similar to that previously noted for CRF-enhanced versus fear-potentiated
startle. NBQX infusions into the BLA, which as noted earlier projects to both structures (c.f.,
Dong et al., 2001a;Pitkanen, 2000;Sah et al., 2003), disrupted light-enhanced as well as fear-
potentiated startle. For light-enhanced startle, the biggest effects occurred in rats with cannula
placements in the more caudal part of the BLA, which is the primary site of origin of BLA-to-
BNST projections (Dong et al., 2001a).

CRF Mediation of BNST-Dependent Light-Enhanced Startle but not CeA-
Dependent Fear-Potentiated Startle

The involvement of the BNST in both CRF- and light-enhanced, but not fear-potentiated startle,
suggest that light-enhanced startle, and perhaps BNST-dependent responses more generally,
might be especially sensitive to CRF receptor blockade. Indeed, de Jongh et al. (2003) reported
that i.c.v. infusions of the CRF-R1/2 antagonist αhCRF had no effect on fear-potentiated startle
to a 3.7-sec light, but non-monotonically disrupted light-enhanced startle, significantly
disrupting it at an intermediate (5 µg) dose but not at a higher dose (25 µg). Those results are
consistent with a preferential involvement of CRF receptors in BNST- versus CeA-mediated
effects, but might alternatively reflect preferential access of i.c.v.-infused αhCRF to the BNST
neurons that lie immediately adjacent to the lateral ventricle, and more restricted access to CeA
or other neurons that don’t. However, using oral administration of the new1 and selective CRF-

1GSK876008 is a novel non-peptide CRF-R1 antagonist synthesized by the Medicinal Chemistry Department of GlaxoSmithKline
Medicines Research Centre (Verona, Italy). Following oral administration, GSK876008 shows a CNS bioavailability of 66% (58–73%,
CL95) and a half life of 1.6 h (1.4–1.7 h CL95) at 10 mg/kg, with exposure increasing linearly up to doses of 300 mg/kg. In vitro,
GSK876008 shows a functional potency (pA2) of 7.14 ± 0.12 on recombinant human CRF1 receptors expressed in CHO cells, but is
inactive on human CRF2 receptors or the CRF binding protein, or on 83 other G-protein coupled receptors, channels, enzymes and
transporters up to a concentration of 10 µM (di Fabio et al., 2008).
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R1 antagonist GSK876008 (Di Fabio et al., 2008,) at doses which dose-dependently (linear)
disrupt CRF-enhanced startle, we too have observed a non-monotonic disruption of light-
enhanced startle but no disruption in the same animals at the same doses of fear-potentiated
startle (Fig. 3 - Walker et al., 2008). In fact, not only did we fail to see a significant disruption
of fear-potentiated startle (i.e., to a 3.7-sec shock-associated light), but in a second experiment
with a different group of rats (some trained with weaker-than-usual conditioning procedures
to rule out differences in response strength as an explanation for differential vulnerability to
CRF receptor blockade), we obtained a significant fit of the dose-response curve to a quadratic
function with an apparent enhancement of fear-potentiated startle at an intermediate dose (Fig.
4). As we have observed similar effects in several other experiments, we believe that this
enhancement of phasic fear by a CRF antagonist is both real and meaningful, and will present
one possible account in a subsequent section.

Although our experiments with GSK876008 do not rule out a contribution of CRF-R2 receptors
to fear-potentiated startle, a recent finding that CRF-R2 (as well as CRF-R1) knockout mice
show normal fear-potentiated startle to a discrete CS (i.e., a 30-sec light/tone compound CS)
suggest they may not (Risbrough et al., 2008). In that same study, CRF-R2 knockouts did show
a significant attenuation of post-shock startle increases, which provided a positive behavioral
control for the negative effect on startle increases to the discrete CS.

Two Hypotheses for the Differential Involvement of the BNST and CeA in Fear-
Potentiated versus CRF- and Light-Enhanced Startle

Given the many similarities between fear-potentiated and light-enhanced startle – i.e., both use
increased startle as a behavioral measure and light as a stimulus to produce this effect – their
differential susceptibility to CeA versus BNST inactivation and to CRF-R1 blockade is perhaps
surprising. These similarities are also quite useful however in that they greatly constrain the
range of possible interpretations for the dissociations just noted. We previously suggested that
there are two major possibilities – either that the CeA plays a special role in mediating
conditioned fear responses and the BNST unconditioned responses or, alternatively, that the
CeA plays a special role in mediating short-duration fear responses and the BNST longer-
duration responses (Walker and Davis, 1997a). A similar argument can be made with respect
to the involvement CRF receptors.

One approach to evaluating the relative merit of these alternatives would be to assess the effect
of the aforementioned treatments on startle increases to a stimulus that is both conditioned and
also of long duration. If, for example, BNST inactivation were to disrupt startle increases to
such a stimulus, then the conditioned versus unconditioned account would no longer seem
tenable, whereas the short-versus long-duration account would remain viable. We have now
developed procedures to do this and have found, for both site-specific NBQX infusions and
for CRF-R1 blockade, that the short-versus long-duration hypothesis is the better account.

The design that we are now using is depicted in Figure 5. Rats receive 8 presentations (ISI =
3 min) on each of 3 days of a variable duration (3 sec to 8 min) 60-Hz clicker stimulus (68 dB)
together with co-terminating footshock (0.5 sec, 0.35 mA). The sequencing of the different
duration CSs is different on each of the 3 conditioning days and thus, unpredictable. Twenty-
four hours before the first conditioning session and 48 hours after the last, rats are presented
with a series of startle-eliciting noise bursts (95 dB, ISI=30 sec) presented first in the absence
(phase I) and then in the presence (phase II) of a fixed-duration 8-min CS. Training and testing
occur in the same chamber, but various contextual elements are changed in order to minimize
fear responses to the context itself. Specifically, during conditioning, the shockbars are
exposed, the chamber lights are on, and an alcohol-wetted gauzepad (90% EtOH) is placed just
outside the test cage as an olfactory stimulus. During testing, sandpaper inserts are placed over
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the floorbars, 2 beaded-wire chains are suspended from the top of the test chamber as a tactile
stimulus, and the chamber lights are off. Because the duration of the CS during conditioning
is variable, fear is maintained for the duration of the CS (8 min) during testing as the rats cannot
predict in advance when the CS will end and the US occur (during testing, the US does not
occur at all of course but the rat has no way of knowing this in advance). For each animal, and
for each phase, a startle percent change score from the pre-conditioning to the post-conditioning
test is calculated, which serves as the measure of sustained fear in this paradigm. Percent rather
than absolute change scores are used because percent change scores remain stable, assuming
stable fear levels, across markedly different startle baselines brought about by experimental
manipulations, individual differences, or different noise-burst intensities (Walker and Davis,
2002b). As such, interpretation of treatment effects on fear-potentiated startle, using this
measure, are not readily confounded by treatment effects on baseline startle that may also occur
with some manipulations.

Using an earlier version of this design (8 presentations per day of a noise CS), we first evaluated
the effect of pre-test NBQX infusions into the BLA, the CeA, and the BNST. As shown in
Figure 6, BNST infusions decreased the late component of fear-potentiated startle (i.e., minutes
5–8 of the CS) but actually increased the early component (i.e., minutes 1–4). These results
are consistent with the possibility that the BNST selectively mediates sustained fear responses,
and may also be consistent with the enhancement of phasic (i.e., short-duration) fear-
potentiated startle by the selective CRF-R1 antagonist GSK876008 that was noted in the
preceding section (e.g., Fig. 4). Infusions into the BLA blocked both components and, in this
study, infusions into the CeA blocked neither. The ineffectiveness of CeA infusions was a
surprise given previous findings that electrolytic (Hitchcock and Davis, 1987) or chemical
(Campeau and Davis, 1995) CeA lesions or intra-CeA NBQX infusions (Walker and Davis,
1997b) do block fear-potentiated startle to 3.7-sec CSs. It is possible that the cutoff for short-
duration fear is very short and that we simply missed the CeA’s involvement (or more exactly,
the involvement of CeA AMPA receptors). A finer scale analysis with more animals will be
required to determine when short-duration fear becomes long-duration fear as defined by this
measure.

Again, this pattern does not appear to be idiosyncratic to studies in which startle is used as a
response measure. Especially relevant are findings from Waddell et al. (2006), who reported
that BNST lesions disrupt conditioned suppression (i.e., of bar pressing for food) to a 10-min
but not 1-min clicker CS. Although these data are consistent with our hypothesis, the authors
interpreted their findings somewhat differently. In particular, they suggested that the
involvement of the BNST was a function of the CS-onset to US-onset interval (i.e., the BNST
selectively mediates responses to a temporally distant CS), rather than the duration of the
conditioned response. This is a viable interpretation because rats in their study were trained
with either 1 or 10 min clicker presentations and, for both, the footshock did not occur until
the very end of the CS. Because our study used US’s that were distributed throughout the CS,
Waddell et al.’s (2006) interpretation would not seem to account for our data. A minute-by-
minute analysis of their findings might indicate whether our interpretation would apply to
theirs. That is, we would predict that a lesion-induced disruption of conditioned suppression
would become increasingly apparent towards the end of the CS (i.e., as response duration
grows), whereas their hypothesis would predict just the opposite (i.e., a lesion effect would be
more apparent early on, when the US is still somewhat distant).

Preferential Involvement of CRF in Sustained versus Phasic Threat
Responses

As noted above, we believe that CRF receptors participate preferentially in BNST- as opposed
to CeA-dependent responses. As such, we have also compared the effect of CRF-R1 blockade
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(oral administration) on short- versus long-duration startle increases to conditioned fear stimuli.
Data are shown for two experiments – one comparing the effect of the selective CRF-R1
antagonist GSK876008 on startle increases to a short (3.7-sec) versus long-duration (8-min)
low-frequency-filtered 72-dB white noise CS (Fig. 7, left panel), and the other comparing the
effect of GSK876008 on startle increases to a short (3.7-sec) versus long-duration (8-min) 60-
Hz 72-dB clicker CS (Fig. 7, right panel). In both cases, oral administration of the CRF-R1
antagonist dose-dependently blocked fear-potentiated startle to 8-min CS presentations but did
not disrupt, and again even enhanced in some animals, fear-potentiated startle to 3.7-sec CS
presentations. GSK876008 also had no effect on phasic startle increases (i.e. to a 3.7-sec clicker
CS presentation) in rats trained using the sustained fear conditioning paradigm (Fig. 8),
confirming that it is the duration of the fear response during testing that confers sensitivity to
CRF-R1 blockade, and not the nature of training.

Does the Sustained Fear System Inhibit the Phasic Fear System? A
Speculative Account of Unexpected Findings

One of the more curious aspects of these data is the non-monotonic disruption of light-enhanced
following oral administration of GSK876008 (Walker et al., 2008; and see also de Jongh et
al., 2003 for similar effects of the CRF antagonist α-helical CRF). We have also seen non-
monotonic disruptions by GSK876008 of pre- to post-shock ‘baseline’ startle increases – which
most likely reflect BNST-dependent context conditioning or possibly non-associative
sensitization – and will discuss those findings in a later section. Curiously however, these non-
monotonic effects are not consistent across behaviors in that linear dose-response curves for
the same antagonist at similar concentrations were observed for CRF-enhanced startle in our
study (Fig. 3), and for CRF-induced forepaw treading in gerbils, separation-induced
vocalizations in rat pups, and defensive behavior by marmosets in the human threat test in Di
Fabio et al. (2008). Although U-shaped dose-response functions for CRF receptor antagonists
might, in some cases, be attributed to high antagonist levels displacing CRF from the CRF
binding protein, which would then increase free CRF (Behan et al., 1996) and possibly mitigate
the behavioral effects of lower doses, we do not believe that this explanation would account
for our results insofar as GSK876008 is a non-peptide antagonist that would not be expected
to interact with the CRF binding protein and in binding studies, demonstrably does not (up to
10 µM, D. Trist, personal communication).

We have also considered the possibility that interactions between the sustained and phasic
threat response systems might account for these effects, and perhaps also for the augmentation
of CeAM-dependent startle increases that have been observed in several other experiments. As
indicated earlier, and depicted in Figure 9, we believe that threat-encoding neurons project to
both CeAM and BNSTL, activating CeAM neurons rapidly and BNSTL neurons more slowly.
Interestingly, CeAM also receives projections from BNSTL (see Fig. 10, and also Dong and
Swanson, 2004;Dong et al., 2001b;Grove, 1988;Sun and Cassell, 1993) as well as from the
lateral CeA (Huber et al., 2005;Petrovich and Swanson, 1997). As discussed in a later section,
the lateral CeA (CeAL) is closely affiliated with BNSTL (Gray and Magnuson, 1987), and
contains many CRF-positive neurons that project to BNSTL. In fact, these neurons are a
significant source of the CRF which is found in the BNST (e.g., Sakanaka et al., 1986). Thus,
we believe that CeAL may also be a component of the sustained fear system. Notably,
projections from CeAL to CeAM are inhibitory (Collins and Pare, 1999;Huber et al., 2005).
Those from BNSTL have not, to our knowledge, been functionally characterized, but evidence
that BNST inactivation potently increases phasic fear-potentiated startle is consistent with this
view (Meloni et al., 2006b). Thus, there is good evidence in support of the hypothesis that the
sustained fear system exerts an inhibitory influence on the phasic fear system.
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What then might the behavioral implications of this circuitry be? In response to a sustained
threat stimulus, the initial facilitatory effect on startle would be mediated by direct and indirect
projections from CeAM to those brainstem neurons that mediate the basic startle reflex. During
a sustained threat signal, as CRF is released into the BNSTL and its neurons gradually come
on line, it too would influence startle by way of it’s own projections to these same areas. This
increase in the BNSTL’s activity would be accompanied by a concomitant decrease in the
CeAM’s contributions due to active inhibition by CeAL and perhaps BNSTL neurons (i.e., the
sustained fear system). If however, the sustained fear system were inactivated (e.g., by high
doses of a CRF receptor antagonist), then the inhibitory signal to CeAM would be lost, allowing
CeAM neurons to once again participate in the behavioral response. If the effect on startle of
the BNSTL’s inhibitory influence on CeAM neurons was less readily disrupted than its
facilitatory effect on startle itself, this would generate a U-shaped dose-response function such
as that observed with light-enhanced and perhaps also for context-potentiated startle. To state
this more concretely, low doses of the CRF-R1 antagonist would block enough receptors in
BNSTL to prevent sustained startle increases but not enough to disinhibit CeAM neurons. At
higher doses, the CRF-R1 antagonist would prevent both effects, allowing CeAM neurons to
once again mediate startle increases in response to BLA input.

This hypothesis also accounts for the differently-shaped, linear dose-response function
observed for CRF receptor antagonist effects on CRF-enhanced startle and several other
behaviors that might not involve the CeAM because, for these behaviors, disinhibition would
be irrelevant as there would be nothing to disinhibit (e.g., CRF acts directly on CRF receptors
in the BNST with no apparent involvement of the CeA). The model also predicts that in
instances where there is already some degree of tonic inhibition (as appears generally to be the
case for the CeA – e.g., Nose et al., 1991), CRF receptor blockade or BNSTL inactivation might
actually augment responses to phasic threat signals as we have also observed in several (but
not all) of our experiments with GSK876008, and what Meloni et al. (2006b) have reported
following intra-BNST infusions of the GABA-A receptor agonist muscimol. The model is not
wholly without challenges (mainly with respect to findings regarding “saturation” experiments
which are discussed in a later section) and remains largely conjectural, but certainly amenable
to experimental investigation. It would also predict, for example, that intra-CeA NBQX
infusions, that do not normally disrupt light-enhanced startle, would disrupt light-enhanced
startle in rats also treated with a high dose of the CRF receptor antagonist. The particular model
presented here is one of probably many variations on the more general theme that high
antagonist doses influence the output of different sets of neurons (e.g., due to differences in
receptor reserve) with different behavioral effects, than lower antagonist doses.

CeA Influences on BNSTL Function: A Special Role for CeAL?
A possible role for CeAL in sustained fear was briefly alluded to in the preceding section and
will be discussed in more detail here. In fact, the lateral subdivision of the CeA is distinct from
the medial subdivision in a number of key respects, including cell morphology (McDonald,
1982), neurochemical content (Cassell et al., 1986; Sun and Cassell, 1993; Wray and Hoffman,
1983), and intrinsic (c.f., Jolkkonen and Pitkanen, 1998) as well as extrinsic connectivity (c.f.,
Pitkanen, 2000; Sah et al., 2003). Although both project to BNSTL (c.f., Dong et al., 2001a),
projections from CeAL are unique in that they express a wide variety of peptides including,
quite prominently, CRF (Cassell et al., 1986; Day et al., 1999; Gray and Magnuson, 1987;
Moga and Gray, 1985; Otake and Nakamura, 1995; Shimada et al., 1989b; Veening et al.,
1984; Wray and Hoffman, 1983). In fact, CeAL neurons are a major source of CRF within the
BNSTL as judged by the marked (though certainly not complete) depletion of BNST CRF
following CeA lesions (Sakanaka et al., 1986). Perhaps, sustained threat cues generate
sustained high-frequency activity patterns in CeAL neurons which have been shown elsewhere
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to be especially favorable for peptide release (e.g., Bartfai et al., 1988; Bourque, 1991; Ip,
1994; Lundberg et al., 1986; Whim, 1989).

A handful of studies have explored the influence of CeA-to-BNST projections on stress- and/
or threat-related behavior, although in most cases it has been difficult to specifically isolate
the individual contributions of CeAL versus CeAM neurons. In one such study, Nakagawa et
al. (2005) found that naloxone-precipitated morphine withdrawal increased Fos protein
expression in the most lateral part of the CeA (i.e., the capsular subdivision) and also in the
BNST (medial as well as lateral divisions). Excitotoxic lesions of either structure (i.e., CeA or
BNST) significantly reduced place aversions to the context in which withdrawal occurred.
Importantly however, whereas as excitotoxic CeA lesions significantly reduced CeA Fos
expression, excitotoxic BNST lesions did not reduce CeA Fos expression. This pattern
indicates an important contribution of both areas to the behavior, and suggests a serial flow of
information from CeA to BNST.

Two other studies have evaluated the behavioral relevance of this pathway using variations on
the crossed-lesion design. In the first, Erb et al. (2001) showed that neither unilateral intra-
CeA TTX infusions nor unilateral infusions into the BNST of the CRF receptor antagonist D-
Phe CRF12–41 disrupted shock-induced reinstatement of extinguished cocaine-seeking
behavior, but that the combination of both treatments on opposite sides of the brain did. They
concluded that a “CRF-containing pathway from CeA to BNST is involved in mediating the
effects of CRF…on the reinstatement of cocaine seeking.” In the other, Jasnow et al. (2004)
found that social defeat behavior in Syrian Hamsters was reduced by pre-defeat unilateral
electrolytic CeA lesions and also by pre-test unilateral infusions into the BNST of the CRF
receptor antagonist D-Phe CRF12–41. However, the combination of both treatments, again on
opposite sides of the brain, produced an even greater effect, leading them to conclude that
“stress activates CRF-containing neurons in the CeA, which then releases CRF within the
BNST.”

Although the results of both studies are consistent with the conclusions that were drawn, they
are not definitive insofar as the crossed ‘lesion’ design was only partially implemented. The
most telling outcome is these types of design is a demonstration that contralateral treatments
are more effective than ipsilateral treatments, as this controls for the total amount of damage.
Also, the use of TTX in Erb et al. (2001) and electrolytic lesions in Jasnow et al. (2004) would
have interrupted projections from the BLA which pass through the CeA on their way to the
BNST (c.f., Dong et al., 2001a; and see also Fig. 11 which is reproduced from Davis and
Whalen, 2001). As discussed in a later section, these projections may play an important role
in sustained fear. There are in fact, very few studies that have evaluated the CeA’s role in
sustained fear responses using techniques in which effects on fibers-of-passage would not be
a concern, and the results from these studies have been variable. Thus, excitotoxic CeA lesions
were found to block conditioned corticosterone responses to a context CS in Van de Kar et al.
(1991) and to either block (Goosens and Maren, 2001; Zimmerman et al., 2007) or not block
(Koo et al., 2004) conditioned freezing responses to a context CS, in more recent studies.

As described earlier, we have found that intra-CeA infusions of the AMPA receptor antagonist
NBQX do not block either light-enhanced startle (Fig. 2) or sustained startle increases to an 8-
min noise CS (Fig. 6). Although these results are consistent with the view that the CeA is
not involved in sustained fear, they too, as with negative results in general, are not definitive.
It is possible, for example, that short-duration phasic fear responses are mediated by the
activation of AMPA receptors on CeAM neurons, but that longer duration startle increases
require the activation of other transmitter types acting on CeAL neurons. Van Nobelen and
Kokkinidis (2006), for example, have found that startle increases which occur in the immediate
aftermath of shock and which may reflect BNST-dependent (Gray et al., 1993;Sullivan et
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al., 2004) context conditioning (Kiernan et al., 1995;Richardson, 2000) are not blocked by
intra-amygdala NBQX infusions but are blocked by intra-amygdala infusions of the GABA-
A agonist muscimol, Thus, a definitive conclusion as to what role, if any, the CeA has in
sustained fear will require further study using treatments that have more general effects on
CeA function, or more selective effects on CeAL function. To this end, we are currently
evaluating the role of CeAL and CeAM in sustained versus phasic fear using ligands for
receptors which are differentially distributed in these areas.

Results from Behavioral Occlusion Studies Support the View that Phasic and
Sustained Startle Increases are Mediated by Independent Systems

The findings reviewed above, obtained primarily from lesion and inactivation studies, strongly
suggest that phasic and sustained startle increases, and perhaps phasic and sustained threat
responses more generally, are mediated by different neural systems. Although the results from
lesion and inactivation studies have contributed greatly to our current understanding of brain-
behavior relationships, they can also lead to false conclusions when taken in isolation (e.g.,
due to distant or non-specific effects as argued in Anagnostaras et al., 2002). However,
evidence for a dissociation between phasic and sustained threat response systems comes not
only from loss-of-function studies in compromised animals, but also from behavioral occlusion
experiments in healthy animals.

For these experiments, we reasoned that if a particular system that positively modulates startle
amplitude were fully activated, then it would not be possible to increase startle further with a
second treatment that acts through the same system. If, however, the second treatment acts
through a different system, then further increases in startle amplitude would be possible. As
an initial ‘proof-of-principle’ experiment, we first conditioned rats by pairing a 3.7-sec light
with footshock and later tested them for fear-potentiated startle immediately after an injection
of either strychnine or saline. Because strychnine increases startle by disinhibiting neurons in
the brainstem and spinal cord (Kehne et al., 1981) and because this effect is independent of
the amygdala (Hitchcock and Davis, 1986), we predicted that strychnine-enhanced startle
would add to, rather than occlude amygdala-dependent fear-potentiated startle. As shown in
Table 2 (Experiment 1), this is exactly what happened. Whether fear-potentiated startle was
evaluated in saline-injected rats or in rats whose baseline startle amplitude had been elevated
by strychnine (i.e., from a mean of 69 units to a mean of 376 units), the effect of the conditioned
fear stimulus was the same – a 75% increase from non-CS to CS test trials (Walker and Davis,
2002b). Not all combinations of startle-potentiating stimuli show additivity however. As also
indicated in Table 2, the effect on startle of an auditory CS occludes the effect on startle of a
visual CS (Experiment 2), as does the transient startle-elevating effect of footshock itself
(Experiment 3). As each of these phenomena is amygdala- but not BNST-dependent (e.g.,
Campeau and Davis, 1995; Gewirtz et al., 1998; Hitchcock and Davis, 1991; Sananes and
Davis, 1992), occlusion was predicted and subsequently observed, thereby establishing the
validity of this approach.

The telling experiment however was to see if CRF-enhanced startle would add to or occlude
fear-potentiated startle (Experiment 4). As indicated in the Table 2, the conditioned fear
stimulus increased startle just as effectively in vehicle-infused control rats (i.e., 44% increase
from a mean baseline startle response of 115 units), as in rats whose baseline had already been
increased by CRF (i.e., 48% increase from a CRF-elevated baseline of 702 units). These
findings, then, provide complementary evidence in favor of the hypothesis that short-duration
fear CSs increase startle through neural systems other than those that mediate CRF-enhanced
startle. We predict, but have not yet tested, that CRF-evoked startle increases will occlude
startle increases to a long-duration fear CS.
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Findings from Context Conditioning Studies Also Implicate the BNST and
CRF in Sustained but not Short-Duration Threat Responses

Because context is also a long-duration stimulus, which evokes long-duration responses, we
would expect that those responses would be similarly vulnerable to BNST lesions/inactivation
and to CRF receptor blockade. In fact, Gray et al. (1993) found many years ago that pre-training
excitotoxic BNST lesions disrupt ACTH and corticosterone responses to a shock-paired
context. This was later replicated by Sullivan et al. (2004) who reported that post-training
electrolytic BNST lesions also disrupted freezing responses to a context CS but had no effect
on either response when evoked by a 20-sec tone CS. In contrast, electrolytic CeA lesions
disrupted responses to both CS types. Very recently, Resstel et al. (2008) reported that pre-test
intra-BNST CoCl2 infusions, which block neurotransmitter release but not action potential
propagation, also disrupts context-elicited freezing, as well as heart rate and arterial blood
pressure increases. Time course analyses of context-evoked tachycardia suggested that the
effect of BNST inactivation increased with time (10 min test), but that the effects on context-
evoked blood pressure changes did not. Thus, evidence for a preferential involvement of the
BNST in the early versus late component of these responses was mixed over these intervals,
depending on the particular response being considered. Indirect evidence consistent with an
involvement of the BNST in context-elicited fear can also be found in Waddell et al. (2006)
who reported that the reinstatement of extinguished fear by footshock – a phenomenon thought
to depend on conditioning to the shock-paired context (c.f., Bouton et al., 2006) – is also
disrupted by BNST lesions. Overall, then, there is good evidence from several recent studies
that an intact and functional BNST is required for context fear expression.

There is also evidence that CRF is involved. Several authors have reported that freezing to
context CSs are disrupted by CRF receptor antagonists (Deak et al., 1999; Hikichi et al.,
2000; Kalin and Takahashi, 1990) and a very recent report by Risbrough et al. (2008) indicates
that fear-potentiated startle to a context CS, assessed immediately after footshock, is absent in
CRF-R1 knockout mice and significantly reduced, compared to wild-type controls, in CRF-
R2 knockouts. Notably, both knockouts showed normal fear-potentiated startle to a discrete
CS.

We too have observed what appears to be a selective disruption of context- as opposed to phasic
cue-potentiated startle (i.e., Walker et al., 2008). Recall that we previously found that oral
administration of the CRF-R1 antagonist GSK876008 did not disrupt fear-potentiated startle
to a 3.7-sec light (Fig. 3, panel C). In that same study, the same rats were also tested for
‘baseline’ startle (i.e., in the absence of the explicit CS) prior to and then again after
conditioning in the same context where conditioning took place – in both cases after receiving
GSK876008. This allowed us to evaluate the effect of GSK876008 on pre- to post-conditioning
startle increases. Control and low-dose rats did indeed show an increase in ‘baseline’ startle
that was roughly comparable in magnitude to fear-potentiated startle to the explicit 3.7-sec
visual CS. However, whereas fear-potentiated startle to the explicit CS was not disrupted by
any dose of GSK86008, the pre- to post-conditioning startle increases were disrupted at doses
of between 3 and 30 mg/kg but not, interestingly enough, at the higher dose of 60 mg/kg (Fig.
12) – a nonmonotonic dose-response curve similar to that previously observed with respect to
light-enhanced startle. Because this study was not designed with the specific intent of
evaluating context conditioning, we did not include context discrimination controls which
would be necessary to rule out the possibility that these increases were due to non-associative
sensitization. However, because long-lasting non-associative sensitization appears also to be
a BNST-dependent phenomenon (e.g., Gewirtz et al., 1998, and more recent unpublished
findings discussed in the following section), these findings, by either interpretation, would
count as yet another example of BNST-dependent long-duration startle increases that are
susceptible to CRF-R1 blockade. Note also that in control and low-dose rats, the effects on
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fear-potentiated startle to the 3.7-sec visual CS were not occluded by but instead summated
with pre- to post-shock startle increases, as we would expect if phasic and sustained startle
increases are mediated by different systems (see previous section on occlusion).

It is tempting to speculate how broadly the above interpretation might apply. Context CSs are
unique in that they are spatial, mulit-modal, and configural, and it is these characteristics to
which the selective vulnerability of the responses they evoke – e.g., to hippocampal lesions –
have most often been attributed. For BNST inactivation and CRF receptor blockade however,
the more parsimonious interpretation is that their selective vulnerability is instead a function
of response duration. In view of recent findings that long- but not short-duration responses to
unimodal shock-associated CSs are also selectively vulnerable to hippocampal lesions (e.g.,
Otto and Poon, 2006; Parsons and Otto, 2008), we wonder if the involvement of the
hippocampus in context-elicited fear might also depend on stimulus and/or response duration
rather than the spatial, multi-modal, and configural nature of context CSs.

A possible strike against both hypotheses are results from Davis and colleagues who replicated
the well-established effect of dorsal hippocampus lesions on context CS-elicited freezing but
showed also, in the same animals, that context-dependent fear-potentiated startle (McNish et
al., 1997) and contextual blocking (McNish et al., 2000) were intact. Other findings from those
studies indicated that lesion-induced hyperactivity may have selectively interfered with the
ability of the animals to freeze, without appreciably disrupting fear itself. These results suggest
caution when interpreting the results of freezing studies. Importantly, however, other findings
that have implicated the hippocampus in context fear are less readily explained by performance
deficits (c.f., Anagnostaras et al., 2001), and it is those data to which a possible involvement
in sustained fear would apply.

BNST Involvement in Shock-Dependent Non-Associative Startle Increases
To evaluate the possibility that a partial contribution of the BNST to phasic fear had been
missed in earlier experiments due to ceiling effects, Gewirtz et al. (1998) trained and tested
sham- and BNST-lesioned rats using a slow-acquisition repeated-test procedure which allowed
for an evaluation of lesion effects over the entire course of conditioning (i.e., on weak fear
responses which appear early in conditioning as well as stronger responses which occur later).
On each of 20 days, rats received 10 startle-eliciting noise bursts to assess baseline startle
amplitude, 2 pairings of a 3.7-sec light and coterminating footshock, and 3 test trials with and
3 test trials without the 3.7-sec CS. Fear-potentiated startle to the light was clearly evident by
the fourth test day and continued to grow over the course of the study. Even during the first
few days, however, when fear-potentiated startle was relatively weak, sham- and BNST-
lesioned rats showed comparable levels of fear-potentiated startle. Unexpectedly however,
BNST lesions did influence one aspect of performance. In shocked but not non-shocked control
rats, baseline startle amplitude (i.e., to the 10 noise bursts delivered at the beginning of each
session) grew steadily over the course of training. Indirect evidence suggested that the increase
was due to non-associated shock-induced sensitization rather than context fear, although the
latter could not be ruled out. Importantly, this increase was absent in BNST-lesioned rats.

More recently, we evaluated the effect on shock-induced sensitization of pre-test intra-cranial
NBQX infusions. While using an earlier version of the protocol shown in Figure 52, we again
observed baseline increases in control rats but unreliable increases during the long-duration

2The procedure differed from that shown in Figure 5 in that rats received 14 (instead of 8) 0.4-mA (instead of 0.35 mA) footshocks that
were randomly distributed across (instead of co-terminating with) 2 8-min fixed-duration CSs (instead of 8 variable duration CSs). The
1st CS began 5 minutes after the rats were placed into the test chamber. The 2nd 8-min CS began 8-min after termination of the 1st. Rats
were removed from the test chamber 8 minutes after termination of the 2nd. The CS was a constant low-frequency-filtered noise rather
than a clicker.
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CS. As such, we limited our analyses to the baseline increases (and revised the procedure for
obtaining sustained startle increases to the CS to that shown in Fig. 5). As shown in Figure 13,
these baseline increases were prevented by pre-test NBQX infusions into the BNST and were
significantly attenuated by pretest NBQX infusions into the BLA. NBQX did not reduce startle
in rats that had not received shocks, indicating that NBQX was specifically disrupting the
shock-related increase rather than startle in general.

For several reasons, we believe that these increases reflect non-associative sensitization rather
than context conditioning. First, the train and test contexts were made dissimilar by changing
various elements of the context (as described earlier for the sustained fear training/testing
procedure). Second, startle increases were shown in unimplanted animals from a control
experiment to decay in approximately 2 weeks, either with or without repeated testing. That
is, the decay occurred independently of, and was not accelerated by a nominal extinction
procedure (i.e., repeated testing) as one would expect if the startle increases were due to
conditioning. These data are shown in Figure 14. Moreover, once sensitization had decayed to
pre-conditioning levels, re-introduction of the contextual elements that were present during
shock again increased startle. This strongly suggests that the rats were able to discriminate the
training from testing contexts, and that startle increases in the latter (test context) reflected
sensitization rather than an over-generalized context response. Overall, the results of this series
of experiments confirmed those of Gewirtz et al. (1998), extended them by showing a specific
disruption of the expression of sensitization by BNST inactivation, and suggested a similar
though perhaps weaker involvement of the BLA.

A Specific Neural Circuit for Sustained Fear
The results reviewed above suggest to us a particular relationship between the BLA and the
BNSTL, and a particular role for CRF (see Fig. 15). Particularly influential to our thinking are
results from an unpublished experiment in which we found that bilateral intra-BLA infusions
of an NBQX / muscimol (3 µg / 0.1 µg) cocktail completely blocked CRF (1 µg, i.c.v.) -
enhanced startle (Fig. 16). As noted earlier, CRF does not increase startle when infused into
the BLA (Liang et al., 1992a), so we do not believe that i.c.v.-infused CRF is diffusing to and
activating BLA CRF receptors. We suspect instead that CRF may increase startle by acting
presynaptically on BLA terminals within the BNSTL where it promotes glutamate release and,
therefore, the excitatory drive onto BNSTL neurons. In fact, very recent findings using CRF1-
promotor-linked GFP, strongly suggest that many CRF1 receptors in the BNST are indeed
located pre-synaptically (Justice et al., 2008), with very few post-synaptic receptors in the
lateral BNST’s oval nucleus. The model illustrated in Figure 15 would also account for
previously unexplained findings that electrolytic (Liang et al., 1992a) but not excitotoxic CeA
lesions block CRF-enhanced startle (Lee and Davis, 1997) because, as indicated earlier (e.g.,
Fig. 11), electrolytic but not excitotoxic lesions would transect BLA to BNST projections.

Results from Dr. Maria Forray’s laboratory (Forray et al., 2005, and personal communication)
are also relevant to this proposal. They have found that [K+]-evoked glutamate release is
persistently elevated in rats receiving chronic immobilization stress (2 hr/day for 15 days), and
that this increase is normalized by intra-BNST infusions of the CRF-R1 antagonist NBI 27914.
Perhaps then, stress activates the BNSTL by increasing CRF levels which then potentiate the
release of glutamate from BLA terminals. In fact, chronic or repeated stress of various sorts
does increase total (Chappell et al., 1986; Santibanez et al., 2006; Stout et al., 2000) as well
as extracellular (Olive et al., 2002) CRF in the BNST of rats, and stress (Albeck et al., 1997;
Hatalski et al., 1998; Hsu et al., 1998; Kalin et al., 1994; Makino et al., 1999)] and the stress-
related hormone corticosterone both increase CRF mRNA in CeA neurons (Makino et al.,
1994; Shepard et al., 2000; Thompson et al., 2004; Watts and Sanchez-Watts, 1995).
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A similar role has been posited for dopamine, which also enhances glutamatergic transmission
in the BNST and appears to do so in a CRF-R1-dependent manner (Kash et al., 2008). In fact,
Meloni et al. (2006a) reported that CRF-enhanced startle, in rats, is blocked by systemic
injections of the D1 receptor antagonist SCH 23390. Vinkers et al. (2007) were unable to
replicate this in mice however, and also reported normal CRF-enhanced startle in D1-receptor
knockouts. They suggested that species or dosage differences (including non-selectivity at the
doses used by Meloni and colleagues) may have accounted for the different outcomes of those
two studies. Systemic administration of the D1 receptor agonist chloro-APB also increases
startle (Meloni and Davis, 1999), but we have not been able to disrupt this effect with oral
administration of the CRF-R1 antagonist GSK876008 (Miles and Davis, unpublished
observations). Overall, these behavioral observations suggest in rats at least that dopamine may
act downstream from BNST CRF receptors. Anatomical data however indicate that dopamine-
positive terminals synapse onto CRF-positive BNSTL neurons (Meloni et al., 2006a; Phelix
et al., 1994). In fact, these projections appear to play a trophic role as judged by the marked
decrease in BNST CRF mRNA following 6-OHDA lesions to the median forebrain bundle
(Day et al., 2002). In reality, of course, the circuitry is likely to be much more complex than
a simple serial pathway in either direction. In any case, the existing anatomical,
electrophysiological, and behavioral data suggest that further analyses of this potentially
important influence on BNST function is well-warranted.

Does BNST Plasticity Mediate Stress-Induced Anxiety?
As discussed earlier, the standard model of fear conditioning suggests that conditioning-related
plasticity occurs in the BLA, and that the CeA serves as a more-or-less passive relay to various
other brain areas that mediate the specific signs and symptoms of fear. A revisionist view
suggests that the CeA may play a more active role, perhaps being a site of plasticity itself (c.f.,
Pare et al., 2004). Consistent with this latter view is the finding that intra-CeA infusions of the
protein synthesis inhibitor anisomycin disrupt fear memory consolidation (Wilensky et al.,
2006). These sorts of studies must be interpreted with caution however as the BLA and CeA
lie immediately adjacent to one another and as such, drugs infused into one may readily diffuse
to the other. This is not a problem with the BNST however, which is well removed from both
structures.

Using the same paradigm that we had previously used to show that intra-BNST NBQX
infusions block the expression of non-associative stress-induced startle increases, we also
evaluated the involvement of the BNST in the development of sensitization. For these
experiments, NBQX was infused prior to shock and rats were retested 48 hours later (as before,
in the presence of different contextual elements so as to minimize conditioned fear responses
to the context). In contrast to vehicle-infused rats, those that received NBQX infusions showed
virtually no evidence of sensitization (Fig. 17, left panel), despite vigorous reactions to the
footshock itself (i.e., there was no evidence that the disruption of sensitization was secondary
to an impairment of the animals ability to perceive the US). Many days later, after sensitization
in controls had decayed to baseline, rats were tested once more – this time in the presence of
the same contextual elements that were present during shock. As predicted, startle again
increased in rats that had previously received vehicle infusions, but did not increase in rats that
had received pre-shock NBQX infusions (Fig. 17, right panel). Thus, AMPA receptor
activation in the BNST appears to be necessary not only for the expression of sensitization, as
shown earlier, but also for the development of non-associative sensitization and also associative
context fear.

In the same series of experiments, we found no evidence that the BLA participates in the
development of sensitization (Fig. 18). Specifically, neither NBQX nor an NBQX/AP5 cocktail
disrupted sensitization when infused into the BLA prior to footshock, even though both of
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these treatments have been found in many previous studies to disrupt associative fear
conditioning when infused into the BLA prior to phasic fear conditioning (c.f., Walker and
Davis, 2002c). These data suggest that the BNST may be a more promising target than the
amygdala with respect to the development of compounds with prophylactic value for stress-
induced anxiety. The abundance of so many different peptides in the BNST, and in CeAL
neurons which project to BNSTL (e.g., Batten et al., 2002;Cassell et al., 1986;Eiden et al.,
1985;Gray and Magnuson, 1992;Haring et al., 1991;Harrigan et al., 1994;Honkaniemi,
1992;Honkaniemi et al., 1992;Huber et al., 2005;Ju et al., 1989;McDonald, 1989;Moga et
al., 1989;Roberts et al., 1980;Roberts et al., 1982;Sakanaka et al., 1981;Shimada et al.,
1989a;Shimada et al., 1989b;Woodhams et al., 1983;Wray and Hoffman, 1983) suggest many
possibilities.

Our finding that BNST inactivation disrupts the development of sensitization without obvious
effects on shock responses has parallels in several other studies from very different domains.
Of particular interest are findings from Delfs et al. (2000) who found that intra-BNST infusions
of a noradrenergic β1/β2 receptor antagonist cocktail (betaxolol + ICI 118,551), or of the non-
selective β-receptor antagonist S-propranolol, or of the noradrenergic α2 agonist clonidine
(which inhibits norepinephrine release via actions on presynaptic receptors (Forray et al.,
1995; Forray et al., 1997) each block the development of withdrawal-induced place aversions
with only modest (e.g., teeth chattering, eye twitching) or non-existent (e.g., wet dog shakes,
jump escapes) effects on the acute somatic signs of withdrawal. Similar results have been
reported by Cecchi et al. (2007). The noradrenergic system was targeted in these studies
because of the extraordinarily high levels of norepinephrine found in the BNST (e.g.,
Brownstein et al., 1974; Kilts and Anderson, 1986) and released during stress (Pacak et al.,
1995; Pardon et al., 2002).

Results from Deyama and colleagues, who have investigated the BNST’s role in pain and pain-
motivated behavior, are again very similar. They found that conditioned place avoidance to a
context associated with either somatic (intraplantar formalin injection) or visceral (intra-
peritoneal acetic acid injection) pain is prevented by both pre-training excitotoxic BNST
lesions (Deyama et al., 2007) and also by pre-training intra-BNST infusions of the
noradrenergic β1-receptor antagonist timolol (Deyama et al., 2008a; Deyama et al., 2008b).
These same manipulations do not however disrupt pain behavior itself (i.e., the immediate
response to acetic acid or formalin injection).

Finally, Waddell et al. (2008) found that pre-shock intra-BNST infusions of the CRF receptor
antagonist αhCRF disrupt the shock-induced reinstatement of extinguished fear-potentiated
startle – an effect thought by many to be mediated by context fear (c.f., Bouton et al., 2006).
It should also be noted however that a very recently published study found no effect of pre-
defeat intra-BNST muscimol infusions on the development of conditioned defeat behavior in
Syrian Hamsters (Markham et al., 2008). Thus, there is some behavioral and/or neurochemical
specificity to these effects.

All in all then, results from several studies from very different domains indicate that normal
BNST activity is necessary for the development of both associative and non-associative
responses to a variety of aversive stimuli, in ways that cannot be accounted for by a simple
mediation of aversion itself.

Direct Evidence of Stress-Related Plasticity in the BNST
The behavioral results reviewed above provide direct evidence for a critical involvement of
the BNST in stress-induced plasticity, but only indirect evidence that such plasticity occurs in
the BNST itself. Clearly however, the BNST is capable of such plasticity. In one of the first
such demonstrations, Vyas et al. (2003) showed that chronic restraint stress (2 hr day/10 days)
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led to significant changes in dendritic morphology in the BNST, with increases being observed
for the number of dendritic branch points and also for dendritic length – effects which were
not observed in the amygdala. Similarly, Pego et al. (2008) has reported that a 4-week period
of chronic unpredictable stress led to an overall increase of BNST volume and, at a finer level
of analysis, of dendritic length for bipolar BNST neurons and total spine number. These effects
were accompanied by and significantly correlated with an increase in anxiety-like behavior on
the elevated plus maze (shown elsewhere to be modulated by BNST manipulations – e.g.,
Cecchi et al., 2002; Sahuque et al., 2006; and see also Waddell et al., 2006 for lesion effects
on the conceptually similar zero-maze) whereas BNST-independent fear-potentiated startle
was unaffected. Stress-related changes have also been found in the BNST, but again not in the
amygdala, for the expression of the Kv4.2 potassium-channel subunit following a 4-day
regimen of 1 hr/day restraint stress (Guo et al., 2007), and so too have changes in the expression
levels of mRNA for different 5HT receptor subtypes (Hammack and Rainnie, this issue). In
short, it seems increasingly clear that the BNST has a unique relationship with stress, being
especially vulnerable to its effects and mediating many of its behavioral and autonomic
consequences.

Summary, Conclusions, and Possible Clinical Relevance
A few short years ago, it was possible to author a review on the BNST’s involvement in stress
and anxiety that was both comprehensive and concise. That this has become increasingly
difficult is testimony to the ever-growing body of relevant findings and interest in this area.
We have focused here on those findings most directly relevant to our hypothesis that the BNST
plays a special role in longer-duration, sustained, anxiety-like responses and CeAM in shorter-
duration fear responses. As the distinction between fear and anxiety remains uncertain, both
at a definitional and biological level, it is premature to suggest that the BNST plays a special
role in clinical anxiety (or other mood disorders such as depression which are increasingly
thought to be related to anxiety and which also appear, based on results from animal models,
to involve the BNST – e.g., Cooper and Huhman, 2005; Hammack et al., 2004; Jasnow et
al., 2004). There is however a growing body of circumstantial evidence which is consistent
with that view.

In healthy humans for example, context-elicited startle increases appear to be selectively
vulnerable (i.e., compared to phasic, explicitly cued increases) to anxiolytics such as acute
benzodiazepines (Grillon et al., 2006) and chronic SSRIs (Grillon et al., 2009). Moreover, in
PTSD and panic disorder patients, it is these sustained rather short-duration startle increases
that appear to be selectively exaggerated (c.f., Grillon, 2008).

In rats, Santibanez et al. (2006) have shown that chronic desipramine (a tricyclic
antidepressant) prevents the lasting increase in CRF-like immunoreactivity in the BNSTL of
animals exposed to repeated restraint stress. Also in rats, anxiolytic doses of the benzodiazepine
chlordiazepoxide and the SSRI fluoxetine (chronic administration), assessed in the novelty-
induced hypophagia paradigm, reduce novelty-induced fos activation in the BNSTL (Bechtholt
et al., 2008; but see also Lino-de-Oliveira et al., 2001). Conversely, an analysis of Fos responses
to several anxiogenic drugs indicates activation in several brain areas including, for each,
BNSTL (Singewald et al., 2003). These effects of anxiolytic and anxiogenic treatments on
BNST function act as a bridge between the animal and human literature but are at best
circumstantial. Imaging of the BNST in anxious humans would perhaps be more validating,
but is technically challenging due to the relatively small size of the BNST and its close
proximity to the lateral ventricle. Nonetheless, a recent fMRI study (Straube et al., 2007) did
find BNST activation in human subjects with spider phobias, but not control subjects, during
anticipation of visual imagery associated with phobogenic stimuli (and see also Kalin, 2005
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for what appears to be activation of the non-human primate BNST during a human intruder
paradigm).

The results of these types of studies point increasingly to the BNST as a nodal point for at least
some types of anxiety responses, and as a potentially important area-of-interest therefore for
the development of new pharmacologic approaches to the treatment of anxiety and perhaps
even depression. We have focused on the role of CRF, several other groups have explored the
role of norepinephrine (Crestani et al., 2008; Delfs et al., 2000; Fendt et al., 2005; Liang et
al., 2001; Morilak et al., 2003), and there is growing interest in the possible modulation of
BNST-dependent anxiety by sex hormones (c.f., Toufexis, 2007) – an interest fueled by well-
described differences in the incidence of anxiety disorders in men and women (c.f., Shekhar
et al., 2001) and by findings that the BNST in rats as well as humans is sexually dimorphic
(although these differences occur predominantly in the medial BNST which has not been
implicated as consistently in anxiety anxiety - Allen and Gorski, 1990; Chung et al., 2002).
Still, these initial forays are likely to be only scratches on the surface of a very deep vessel of
possibilities. In fact the abundance of so many neuroactive peptides and peptide receptors
within the BNST and its afferents, not only in rats as noted elsewhere, but also in humans (e.g.,
Lesur et al., 1989; Walter et al., 1991), indicates that there are many unexplored opportunities
and avenues of investigation. The BNST is indeed target-rich environment.
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Figure 1.
The basolateral complex of the amygdala receives sensory input from afferent areas including
various thalamic nuclei and cortical fields. If this information is processed as a threat signal
(e.g., as a result of conditioning), it is passed on to the medial division of the central nucleus
of the amygdala, and also to the anterolateral BNST – areas that project, in turn, to a common
set of target areas (some shown here) that mediate fear-associated behaviors. Arrows indicate
functional connections, and do not imply mono-synaptic projections.
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Figure 2.
Panel A – Excitotoxic lesions of the BNST block CRF-enhanced startle but not fear-potentiated
startle to a 3.7-sec shock-paired CS, whereas excitotoxic lesions of the CeA block fear-
potentiated startle to the 3.7-sec CS, but do not affect CRF-enhanced startle (data from Lee
and Davis, 1997). Panel B – Infusions of the AMPA receptor antagonist NBQX into the BNST
block light-enhanced startle but not fear-potentiated startle to a 3.7-sec CS, whereas NBQX
infusions into the CeA block fear-potentiated but not light-enhanced startle (data from Walker
and Davis, 1997b). Potentiation scores are expressed as differences from control (i.e., either
sham-lesioned or vehicle-infused).
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Figure 3.
Rats were tested sequentially for CRF-enhanced startle, then light-enhanced startle, and then
fear-potentiated startle. Prior to each test, the selective CRF-R1 antagonist GSK876008 was
administered orally (for each test, each rat received the same dose that it received in the other
two tests). GSK876008 dose-dependently disrupted CRF-enhanced startle (panel A; significant
linear trend), non-monotonically disrupted light-enhanced startle (panel B; significant
quadratic trend), and did not disrupt at all fear-potentiated startle (panel C). Data from Walker
et al (2008)
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Figure 4.
The selective CRF-R1 antagonist did not disrupt, but modestly enhanced at the intermediate
dose, fear-potentiated startle to a 3.7-sec CS (significant quadratic trend). Rats were trained
with either normal (20 × 0.4 mA footshocks) or weak (10 × 0.25 mA footshocks) training
procedures. Data from Walker et al. (2008).
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Figure 5.
Sustained Startle Test and Conditioning Procedure. For conditioning, rats receive 8
presentations of a variable duration (3 sec, 10 sec, 20 sec, 1 min, 2 min, 4 min, 6 min, and 8
min) 60-Hz 72-dB, clicker stimulus together with co-terminating footshock. Startle amplitude
to 50-msec 95-dB noise bursts (ISI = 30 sec) is measured before and after conditioning, for 8
minutes in the absence and then for 8 minutes in the presence of the clicker. In normal rats, the
clicker does not increase startle prior to conditioning, but does increase startle after
conditioning. Black bars indicate periods when the clicker is present; arrows indicate
footshock.
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Figure 6.
The effect on fear-potentiated startle to an 8-min 72-dB 2-kHz filtered white-noise CS was
evaluated in rats after intra-cranial infusions of the AMPA receptor antagonist NBQX (3 µg/
side in 0.5 µl phosphate-buffered saline). Intra-BNST infusions (N=11) decreased the sustained
component of fear-potentiated startle, but augmented the early component, relative to vehicle
infusions (N=25, pooled across structures). Due to an extreme outlier in the PBS group (606%
potentiation during block 1) which distorted the normal distribution, these data were analyzed
non-parametrically by Mann-Whitney on block 2 - block 1 difference scores (U=63, p=.019).
Rats with amygdala infusions were divided, following histological verification of cannula
placement, into BLA (N=6) or CeA (N=8) groups. Intra-BLA infusions appeared to disrupt
both components, whereas intra-CeA infusions disrupted neither. These results are consistent
with the view that the BNST participates selectively in sustained threat responses.
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Figure 7.
In two different experiments, the selective CRF-R1 antagonist GSK876008 disrupted
potentiated startle to an 8-min CS but did not disrupt potentiated startle to a 3.7-sec presentation
of the same stimulus.
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Figure 8.
Rats trained with variable duration clicker presentations and co-terminating footshocks show
an increase in startle not only to 8-min clicker presentations (as shown previously in Figure 7,
right panel), but also to 3.7-sec presentation of the clicker as shown here. These increases are
different however in that they are not disrupted by GSK876008. These results indicate that it
is the duration of the response during testing rather than the duration of the CS during training
that confers sensitivity to CRF-R1 blockade.
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Figure 9.
Schematic drawing illustrating hypothetical involvement of the CeA and BNST in short- and
long-duration startle increases. In this model, CeAM neurons respond immediately to neural
activity which signals threat, whereas BNST neurons respond more slowly, perhaps requiring
the sustained activation of CRF receptors. Once on-line however, the BNST takes over,
mediating sustained startle increases and perhaps also inhibiting the CeAM neurons which
mediated the initial response. Under ordinary circumstances, this would allow for a seamless
transition from the early to the late components of a sustained threat response. Under some
circumstances however – when, for example, there is a pre-existing level of activity in the
BNST perhaps due to a low level of ongoing anxiety – inhibition of the BNST may actually
promote CeAM-mediated threat responses as we have seen following intra-BNST NBQX
infusions (and see also Meloni et al., 2006b) and on several occasions following systemic
administration of a CRF-R1 antagonist. BNST-to-CeAM projections might also be involved in
the non-monotonic effect of CRF receptor blockade observed by us (Walker et al., 2008) and
also by (de Jongh et al., 2003). This would require that intermediate doses of the antagonist
disrupt the facilitatory influence on startle of the BNST’s descending projections, but leave
intact the inhibitory influence on startle of it’s projection to CeAM. If, at higher doses, both
the behavioral effect of both projections were disrupted, then CeAM neurons would be
disinhibited, allowing them once again to mediate startle increases, this time to a sustained
threat stimulus. This model is of course purely conjectural, but would account for several
otherwise surprising findings. Open circles and solid lines indicate active neurons and
connections; gray circles and dashed lines indicate inactive or suppressed neurons and
connections.
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Figure 10.
Intra-BNST infusions of biotinylated dextran amine, an anterograde neuronal tracer (panel A),
reveals projections to many of the same hypothalamic and brainstem areas (panels C–F) that
the CeAM projects to (c.f., Davis, 2000; Davis and Whalen, 2001). These projections would
allow the BNST to mediate many of the same types of threat responses that the CeAM is thought
to mediate. The BNST also projects to CeAM (panel B), perhaps allowing the BNST to
modulate CeAM output. The photomicrograph shown above was prepared by Dr. Chungjun
Shi who has generously allowed us to reproduce it here.

Walker et al. Page 35

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2010 November 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 11.
Photomicrographs prepared and generously provided by Dr. Chungjun Shi, of 30-µm
horizontal sections through a rat brain, cut at a slight angle so as to include the amygdala and
BNST in the same plane of section. Infusions of the anterograde tracer biotinylated dextran-
amine (BDA) into the posterior BLA (BLp) reveal strong projections both to the medial and
lateral CeA (labeled here as CM and CL) and also to the BNST. Because those that project to
the BNST pass directly through the CeA, electrolytic CeA lesions or intra-CeA infusions of
Na+-channel blockers such as TTX would interrupt this pathway.
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Figure 12.
This figure shows the effect of GSK876008 on pre- to post-shock changes in ‘baseline’ startle
(i.e., on test trials without the 3.7-sec CS), which may be a conditioned response to the context
CS. The shape of the dose-response curve was similar to that previously seen for light-enhanced
startle in that intermediate doses of the CRF-R1 antagonist disrupted these increases.
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Figure 13.
Pre-test infusions of NBQX infusions into BNST (3 µg/side) prevented pre- to post-shock
session increases in ‘baseline’ startle amplitude. Although intra-BLA infusions did not
significantly reduce these increases, the response was nominally comparable and an overall
ANOVA found a significant Treatment (i.e., vehicle vs. NBQX) effect, without a Treatment
X Placement interaction).
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Figure 14.
Pre- to post-shock startle increases most likely reflect non-associative sensitization rather than
context conditioning. First, rats were trained and tested in the presence of a different set of
contextual cues. Second, when rats were repeatedly exposed to the test chamber in the absence
of shock, startle amplitude decayed to pre-shock levels within 5 days of the final shock session
and this effect did not require, nor was it accelerated by context exposure (i.e., a nominal
extinction procedure) as would be expected if it were a conditioned effect. Third, when rats
were re-tested in the presence of cues that were present during shock, rats in both groups showed
an increase in startle, suggesting that they had formed an association between the context and
shock, and that this association could be expressed under appropriate circumstances. Thus, rats
show non-associative sensitization when tested within several days of shock in a neutral
context, and conditioned fear when tested at longer intervals in the shock context.
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Figure 15.
Neural Circuit Model of Sustained Fear. In this model, threat-related information is relayed
from the BLA to the BNST. The flow of information is gated by CRF, perhaps released from
CeAL neurons, which binds to receptors on BLA terminals. Activation of these receptors
increases glutamate release and, therefore, excitatory drive onto the BNST neurons that project
to other areas, mostly in the brainstem, that mediate behaviors influenced by fear.
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Figure 16.
The facilitatory effect on startle of i.c.v. CRF infusions was blocked by infusions into the
basolateral amygdala of an NBQX (3 µg) / muscimol (0.1 µg) cocktail. As previous findings
indicate that i.c.v.-infused CRF increases startle by acting on CRF receptors in the BNST and
not the amygdala, these data suggest that CRF may increase startle by amplifying excitatory
amygdala input onto BNST neurons.
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Figure 17.
Pre-shock NBQX infusions (3 µg/side) prevented the development of non-associative shock-
induced sensitization (left panel). A subset of these rats (N=19) received a 2nd test in the neutral
context on day 12, and one more test in the shock context on day 13, after the sensitized response
had decayed (in this experiment, by approximately 50%), the two groups performed similarly
when tested in the neutral context. When tested in the shock context, the groups again diverged
with rats that received pre-shock PBS infusions showing startle levels approximately 120%
greater than their pre-shock values, while rats that had received pre-shock NBQX infusions
showing startle levels nearly identical to pre-shock levels. Thus, intra-BNST NBQX infusions
appeared to prevent the development not only of non-associative sensitization, but also of fear
conditioning to the shock-associated context.
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Figure 18.
Pre-shock infusions of NBQX (Experiment 1) or of an NBQX/AP5 cocktail (Experiment 2)
into the BLA had no apparent effects on the development of shock-induced sensitization.
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Table 1

This table summarizes the results of those studies that have directly compared (i.e., within the same study) the
effect of (A) CRF receptor antagonists, (B) BNST inactivation, or (C) CeA inactivation on phasic versus sustained
duration fear responses. Direct comparisons between the effects of different manipulations on the same response
– either (D) phasic or (E) sustained are also shown. In some (shaded cells) but not all cases, these alternate
comparisons are made using data which appear earlier in the table.
The comparisons consistently show that CRF receptor antagonists and BNST manipulations disrupt sustained
but not phasic fear, whereas CeA manipulations often have the opposite effect. Interpretation of the effect of
CeA manipulations is complicated by several factors. First, electrolytic CeA lesions would most likely transect
BLA-to-BNST projections such that disruptive effects on sustained fear would be predicted based on the
hypothesis outlined in this chapter. Second, sustained startle increases produced by CRF administration are
thought to act directly on BNST neurons (with no involvement of the CeA) whereas sustained fear responses
produced by environmental stimuli may involve release into the BNST of CRF from CeAL terminals. Thus, even
though CRF- and sustained threat-induced startle increases are both of long duration, a differential involvement
of the CeA is predicted due to the different origin of CRF in these paradigms. Third, studies showing that AMPA
receptor antagonist infusions into the CeA do not disrupt sustained fear should be interpreted with caution insofar
as sustained threat signals may activate relevant CeA neurons (i.e., those in the lateral subdivision) through non-
AMPA (e.g., peptide) receptors. Even with these caveats however, the data are fairly consistent in suggesting a
special role for the CRF and the BNST in sustained fear, and a negligible or at least different role for the CeA in
phasic fear.

A. Effect of CRF receptor antagonists on Short- vs. Long-Duration Fear Response

Study and Treatment Effect on Phasic Fear Effect on Sustained Fear

Walker et al. (2008) FPS to 3.7-sec visual CS not disrupted Light-Enhanced Startle (20 min exposure
to bright light) non-monotonically

  Oral administration of the blocked
  CRF-R1 antagonist
  GSK876008 Startle increases evoked by sustained

exposure to shock-paired context non-
monotonically blocked

De Jongh et al. (2006) FPS to 3.7-sec visual CS not disrupted Light-Enhanced Startle (20 min exposure
to bright light) non-monotonically

  i.c.v. infusion of the non disrupted
  selective CRF antagonist
  α-helical CRF

Walker, Miles, and Davis FPS to 3.7-sec clicker CS not FPS to 8-min clicker CS blocked
(unpublished) disrupted

FPS to 8-min filtered noise CS blocked
  Oral administration of the FPS to 3.7-sec filtered noise CS not
  CRF-R1 antagonist disrupted
  GSK876008
B. Effect of BNST Disruption on Short- vs. Long-Duration Fear Response

Study and Treatment Effect on Phasic Fear Effect on Sustained Fear

Gewirtz et al. (1998) FPS to 3.7-sec visual CS not disrupted Long-lasting sensitization of startle by
repeated footshocks across multiple days

  Electrolytic lesion blocked

Lee and Davis (1997) FPS to 3.7-sec visual CS not disrupted CRF-enhanced startle blocked
  Excitotoxic lesion

Waddell et al. (2006) Conditioned Suppression to 60-sec CS Conditioned Suppression to 10-min CS
not disrupted blocked

  Excitotoxic lesion

Sullivan et al. (2004) Freezing to 20-sec CS not blocked Freezing to context CS blocked
Corticosterone response to 20-sec CS Corticosterone response to context CS

  Electrolytic lesions not disrupted blocked

Walker and Davis (1997b) Light-enhanced startle (20 min Light-enhanced startle (20 min stimulus
stimulus duration) not disrupted duration) disrupted (AMPAr antagonist

  AMPA receptor antagonist (AMPAr antagonist infusion) infusion)
  infusion
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C. Effect of CeA Disruption on Short- vs. Long-Duration Fear Response

Study and Treatment Effect on Phasic Fear Effect on Sustained Fear

Lee and Davis (1997) FPS to 3.7-sec visual CS blocked CRF-enhanced startle not disrupted
(excitotoxic lesion) (excitotoxic lesion)

  Excitotoxic lesion

Sullivan et al. (2004) Freezing to 20-sec CS
blocked

Freezing to context CS
blocked

  Electrolytic lesions Corticosterone response to 20-sec CS Corticosterone response to context CS
blocked blocked

Walker and Davis (1997b) FPS to 3.7-sec visual CS blocked Light-enhanced startle (20 min stimulus
duration) not disrupted

  AMPA receptor antagonist
infusions
D. Effect on Phasic Fear Responses of CeA vs BNST Manipulations

Study and Treatment Study and Treatment Effect of BNST Manipulations

Hitchcock and Davis (1991) FPS to 3.7-sec visual CS blocked FPS to 3.7-sec visual CS not disrupted
  Electrolytic (For CeA,
  unilateral combined with
  contralateral transection of
  ventro-amygdalafugal
  pathway; for BNST,
  bilateral)

Lee and Davis (1997) FPS to 3.7-sec visual CS blocked FPS to 3.7-sec visual CS not disrupted
  Excitotoxic lesion

Sullivan et al. (2004) Freezing to 20-sec tone CS blocked Freezing to 20-sec CS not disrupted
  Electrolytic lesions Corticosterone response to context CS Corticosterone response to 20-sec CS

blocked not disrupted

Walker and Davis (1997b) FPS to 3.7-sec visual CS blocked FPS to 3.7-sec visual CS blocked
  AMPA receptor antagonist
  infusions
E. Effect on Sustained Fear Responses of CeA vs BNST Manipulations

Study and Treatment Effect of CeA Manipulations Effect of CeA Manipulations

Lee and Davis (1997) CRF-enhanced startle not disrupted CRF-enhanced startle disrupted
  Excitotoxic lesion

Sullivan et al. (2004) Freezing to context CS blocked Freezing to context CS blocked
  Electrolytic lesions Corticosterone response to context CS Corticosterone response to context CS

blocked blocked

Walker and Davis (1997b) Light-enhanced startle (20 min Light-enhanced startle (20 min stimulus
stimulus duration) not disrupted duration) blocked

  AMPA receptor antagonist
  infusions

Walker and Davis FPS to 8-min filtered-noise CS not FPS to 8-min filtered-noise enhanced
(unpublished observations) disrupted during 1st half of CS and blocked

during 2nd half minutes
  AMPA receptor antagonist
  infusions
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Table 2

Additivity vs. Occlusion. Column 2 shows raw startle amplitude (bolded) in the absence of the visual CS startle
under control conditions (top of cell) and after startle amplitude has been increased by one of several different
treatments (bottom of cell). Column 3 shows startle amplitude in the presence of the visual CS for both conditions.
The percent increase is indicated in column 4.

(Startle Amplitude) (Startle Amplitude) % Increase by CS

Experiment 1
(Amy + Brainstem)

baseline (69) + visual CS (126) 75%

w/strychnine (376) + visual CS (623) 75% - no occlusion

Experiment 2
(Amy + Amy)

baseline (260) + visual CS (455) 88%

w/auditory CS (360) + visual CS (408) 18% - occlusion

Experiment 3
(Amy + Amy)

baseline (325) + visual CS (617) 89%

after footshock (612) + visual CS (772) 26% - occlusion

Experiment 4
(Amy + BNST)

baseline (115) + visual CS (166) 44%

w/CRF (702) + visual CS (1040) 48% - no occlusion
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