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Final Technical Report 
Number:   F49620-93-1-0293 P00002 
Title:    Stress-Induced Enhancement of the Startle Reflex 
PI:   Michael Davis 

A major goal of the work funded by the Air Force over the previous grant 
periods was to evaluate the rol^of the amygdala in both conditioned and 
unconditioned fear and anxiety. During the last funding period, covered in the 
current Final Technical Report, we have investigated the role of a brain area 
closely associated with the amygdala, namely the bed nucleus of the stria 
terminalis (BNST), in fear and anxiety, as well as in the anxiety producing effects 
of the peptide, corticotropin releasing hormone. In addition, we have obtained 
further evidence concerning the neural pathway that mediates the primary 
acoustic startle reflex, changes in which we use as our marker of conditioned 
fear. 

A. The role of the amygdala and BNST in fear-potentiated startle using either 
explicit or context cues 

As outlined in previous progress and final technical reports, our laboratory 
and others have shown that the amygdala is critically involved in conditioned fear 
using explicit cues paired with aversive events. For example, if a light is paired 
with footshock and then the acoustic startle reflex is elicited in the presence of 
that light, the startle reflex is greater than when elicited by the same stimulus in 
the absence of the light (fear-potentiated startle). This is an example of fear 
conditioning using an explicit cue (i.e., the light). This effect is completely 
blocked by electrolytic or chemical lesions of the amygdala. Recently, we have 
been testing a new hypothesis which suggests that the BNST may be importantly 
involved in contextual conditioning but not explicit cue conditioning, whereas the 
amygdala is involved in both. Different groups of rats each were given 
electrolytic or sham lesions of either the central nucleus of the amygdala or the 
BNST. One week later, rats were presented with ten startle stimuli every day for 
22 days. These stimuli were followed by either two light-shock pairings and six 
fear-potentiated test trials or six fear-potentiated test trials followed by two light- 
shock pairings. 

As expected, there was a gradual development of fear-potentiated startle over 
the 22 days. Fear-potentiated startle was completely blocked by lesions of the 
amygdala, but not by lesions of the BNST. Under these training conditions, there 
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was a gradual increase in startle amplitude elicited by the initial ten startle 
stimuli, before any lights or shocks were presented, which we consider a measure 
of contextual conditioning or perhaps long-term sensitization of startle. In this 
case lesions of either the amygdala or the BNST blocked contextual conditioning 
or long-term sensitization. Taken together, these data show that lesions of the 
amygdala block both explicit cue and contextual conditioning, whereas lesions of 
the BNST block contextual conditioning, but not explicit cue conditioning. 

B. The role of the BNST vs. the septum and amygdala and the BNST in CRH- 
enhanced startle 

Intraventricular (ICV) infusion of CRH (0.1 - 1.0 Jig) produces a pronounced, 
dose-dependent enhancement of the acoustic startle reflex in rats. This excitatory 
effect begins about 20-30 min after infusion, grows steadily over a 2-hr test 
period, and lasts at least 6 hrs (CRH-enhanced startle). Intraventricular infusion 
of the CRH antagonist a-helical CRH9_4i(ahCRH - 25 or 50 ug) blocked CRH- 
enhanced startle when infused 5 min prior to CRH. Administration of ganglionic 
blockers or prior adrenalectomy did not block the excitatory effect of CRH on 
startle, indicating a central site of action. CRH-enhanced staffle- also was reversed 
when ahCRH was given 90 min after infusion of CRH. This suggests that 
exogenously applied CRH remains in the brain for a very long time after 
administration or that CRH given exogenously initiates a process that results in a 
long-lasting activation of endogenous CRH. While lesions of the paraventncular 
nucleus of the hypothalamus had no effect on CRH-enhanced startle, bilateral 
electrolytic lesions of the central nucleus of the amygdala significantly attenuated 
CRH-enhanced startle. Even though lesions of the amygdala attenuated CRH- 
enhanced startle, local infusion of CRH into the amygdala did not significantly 
elevate startle. These data led to the suggestion that the amygdala is part of the 
neural circuitry required for CRH to elevate startle, but does not appear to be the 
primary receptor area where CRH acts. 

More recently, we have found that electrolytic lesions of the medial septal 
area, but not the lateral septal area, completely block CRH-enhanced startle. 
However, NMDA induced lesions of the same area failed to block the excitatory 
effects of CRH on startle and local infusion of CRH into the medial septal area 
produced only about a 30% elevation in startle. In addition, NMDA-induced 
lesions of the lateral and basolateral nuclei of the amygdala or ibotenic acid- 
induced lesions of the central nucleus of the amygdala failed to block CRH- 
enhanced startle.   On the other hand, either electrolytic or chemical lesions of 
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the BNST did block the excitatory effect of CRH on startle. Hence, we now 
believe that electrolytic lesions of the medial septal area blocked CRH-enhanced 
startle by destruction of the fomix, which carries fibers projecting to the BNST. 
Moreover, the large size of the electrolytic lesions of the amygdala in the original 
study may also have damaged these fibers or caused degeneration of fibers into 
the BNST which somehow disrupted CRH-enhanced startle. 

However, the interesting feature of these CRH results is that lesions that block 
contextual conditioning also block CRH-enhanced startle (e.g., lesions of the 
BNST), whereas lesions that block explicit cue conditioning do not (e.g., lesions 
of the amygdala). This suggests that CRH-enhanced startle and fear-potentiated 
startle are additive and hence may be independent. In fact, CRH given to rats 
trained in our usual fear-potentiated startle paradigm caused a significant increase 
in baseline startle but no effect on the magnitude of fear-potentiated startle, which 
shows simple additivity with CRH-enhanced startle. Moreover, in an extensive 
series of pilot studies, we have not found any blockade of fear-potentiated startle 
after ICV administration of (ahCRH), at doses that completely block CRH- 
enhanced startle. Interestingly, patients with post-traumatic stress disorder show 
very similar data in terms of baseline vs. fear-potentiated startle. 

C. The light-enhanced startle effect 

Although fear-potentiated startle offers several advantages as an animal model 
of fear and anxiety, one disadvantage, common to all procedures which rely upon 
conditioning, is that treatment effects cannot unambiguously be attributed to 
effects on fear vs memory. It is difficult to say, for example, whether a given 
drug which reduces fear-potentiated startle does so because the drug is anxiolytic 
or, alternatively, because the drug has a more general effect on memory 
retrieval. Consequently, it would be valuable to develop a procedure which 
preserves the benefits of fear-potentiated startle, but which relies upon 
unconditioned stimuli to elicit anxiety. 

Previous reports suggest that bright light may be an anxiety provoking 
stimulus for rats and for mice. Recently, we have tested the effects of sustained 
illumination on the startle reflex and the possible role of the amygdala vs. the bed 
nucleus of the stria terminalis on the facilitatory effects of light on the startle 
reflex. Rats were exposed to 20 min. periods of darkness (Phase 1), removed 
from the test chambers, handled and then exposed for another 20 min to either 
darkness or bright light using either 8, 70, or 700 footlamberts of light (Phase 2) 
Throughout both test phases rats were presented with 105-db noise bursts every 
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30 sec. High levels of sustained illumination produced an increase in the 
amplitude of the acoustic startle response and the effect was directly related to the 
intensity of light during the second phase. This effect of light was blocked by 
systemic administration of the anxiolytic compound buspirone. 

Recently, we have found that humans show a significant increase of startle 
amplitude (i'.e., of the eyeblink response) in the dark. The opposite effects of 
illumination in rats vs humans may be attributable to the fact that rats are 
nocturnal whereas humans are diumal. Interestingly, dark-enhanced startle only 
occurred in those subjects who rated the experiment as more unpleasant in the 
dark than in the light, and was correlated with the subjects' self-ratings of how 
fearful of the dark when they were young. Again, these results are consistent with 
the view that the effects of light on startle are related to fear or anxiety. 

D. Effects of glutamate antagonists infused into the bed nucleus of the stria 
terminalis vs. the amygdala on light-enhanced startle 

Because local infusion of glutamate antagonists into the central nucleus of the 
amygdala completely blocks the expression of fear-potentiated startle, we 
wondered whether this treatment would also block light-enhanced startle. As a 
control, we measured the effects of local infusion of glutamate antagonists into 
the bed nucleus of the stria terminalis. The bed nucleus of the stria terminalis is 
considered to be part of the so-called extended amygdala because it is highly 
similar to the central nucleus of the amygdala in terms of its transmitter content, 
cell morphology and efferent connection However, lesions of the bed nucleus of 
the stria terminalis fail to block either fear-potentiated startle or conditioned 
freezing using an explicit cue, suggesting that it may not be involved in explicit 
cue conditioning. As outlined above, lesions of the bed nucleus of the stria 
terminalis blocked long-term sensitization of the startle reflex as well as the 
excitatory effect of the peptide corticotropin releasing hormone on startle. 

Animals were implanted with bilateral cannulas in either the bed nucleus of 
the stria terminalis, the basolateral complex of the amygdala (i.e., the lateral and 
basolateral nuclei), or the central nucleus of the amygdala. One week later 
animals were tested for light-enhanced startle using the procedures described 
above.    Prior to being placed into the chamber during Phase II, half of the 
animals were infused with the AMPA/kainate antagonist 6-nitro-7- 
sulphamoylbenzo(f)quinoxaline-2-3-dione (NBQX - 3 ug/side) and the other half 
with it's vehicle, phosphate buffered saline (PBS). Two days later these 
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procedures were repeated except animals previously infused with NBQX were 
now infused with PBS and vice-versa. 

Consistent with previous results in non-infused rats, light increased the 
amplitude of the startle reflex when animals were shifted from the darkened 
chamber in Phase I to the brightly illuminated chamber in Phase II after infusion 
of PBS into each of the three brain structures. Infusion of the glutamate 
antagonist NBQX into the central nucleus of the amygdala had no effect on light- 
enhanced startle. On the other hand, infusion of NBQX into either the 
lateral/basolateral amygdala complex or the bed nucleus of the stria terminalis 
significantly decreased light-enhanced startle. 

These data strengthen the conclusion that the bed nucleus of the stria 
terminalis and the basolateral amygdala, which receives visual input and projects 
to the bed nucleus of the stria terminalis, are critically involved in light-enhanced 
startle whereas the central nucleus of the amygdala is not. It is, however, 
possible that the cannulas in the central nucleus of the amygdala were misplaced 
and that this accounted for the lack of an effect of inactivation of the central 
nucleus on light-enhanced startle. Previous studies have shown that local infusion 
into the central nucleus of the amygdala blocks the expression of fear-potentiated 
startle. 

If the central nucleus implants in the present study were located properly, then 
infusion of NBQX into these animals should also block fear-potentiated startle. 
To evaluate this, the rats used in the light-enhanced startle experiment were 
trained and tested for fear-potentiated startle after infusion of NBQX into either 
the amygdala or bed nucleus of the stria terminalis. Consistent with previous 
results, infusion of the glutamate antagonist into the central nucleus of the 
amygdala completely blocked the expression of fear-potentiated startle. This was 
also true after an infusion of NBQX into the basolateral nucleus of the amygdala. 
In contrast, infusion of NBQX into the bed nucleus of the stria terminalis had no 
effect on fear-potentiated startle. These data indicate, therefore, that the location 
of the cannulas into the central nucleus of the amygdala was adequate to allow 
infusion of NBQX to totally block fear-potentiated startle. Hence, the 
ineffectiveness of NBQX infused into the central nucleus of the amygdala to block 
light-enhanced startle cannot be attributed to misplaced cannulas. Moreover, 
these data show a double dissociation between inactivation of glutamate receptors 
in the central nucleus of the amygdala vs. the bed nucleus of the stria terminalis 
in relationship to fear-potentiated vs. light-enhanced startle. 
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E. Differential roles of the amygdala vs. the bed nucleus of the stria 
terminalis in fear vs. anxiety 

The series of experiments outlined above shows a clear distinction between the 
central nucleus of the amygdala and the bed nucleus of the stria terminalis m 
relationship to fear-potentiated startle versus CRH-enhanced and light-enhanced 
startle. Lesions or chemical inactivation of the central nucleus of the amygdala 
completely block the expression of fear-potentiated startle but have no effect 
whatsoever on either light-enhanced startle or CRH-enhanced startle. 
Conversely, lesions or chemical inactivation of the bed nucleus of the stria 
terminalis significantly attenuated either light-enhanced startle or CRH-enhanced 
startle without having any effect whatsoever on fear-potentiated startle. At the 
present time, it is still unclear why these two structures separate so completely in 
relationship to fear-potentiated startle versus light-enhanced and CRH-enhanced 
startle. It is especially interesting, for example, that the basolateral amygdala 
appears to be involved in light-enhanced startle, as well as fear-potentiated startle, 
but not in CRH-enhanced startle. Visual information is known to reach the bed 
nucleus of the stria terminalis via projections from the perirhinal cortex to the 
basolateral nucleus. Because light-enhanced startle eventually must depend on 
visual information getting to the bed nucleus of the stria terminalis, the ability of 
chemical inactivation of the basolateral nucleus of the amygdala to block light- 
enhanced startle may reflect interruption of visual information passing through 
the basolateral nucleus of the amygdala to the bed nucleus of the stria terminalis. 
On the other hand, chemical lesions of the basolateral nucleus of the amygdala did 
not block CRH-enhanced startle. This may make sense because CRH-enhanced 
startle would not require visual input to the bed nucleus of the stria terminalis 
and hence interruption of the visual pathway to the bed nucleus of the stria 
terminalis would not be expected to block CRH-enhanced startle. It should be 
emphasized that the very same light is used in both fear-potentiated test and the 
light-enhanced startle test. The only difference is that in fear-potentiated startle 
the light is previously paired with a shock and is presented for a brief period of 
time whereas in light-enhanced startle the light is not paired with a shock and is 
presented for a relatively long period of time. It is likely that the necessity of the 
central nucleus of the amygdala in fear-potentiated startle is dependent on prior 
classical fear conditioning because a great deal of data show that the amygdala is 
critically involved in both the acquisition and expression of stimulus associations. 
This does not seem to be the case for the bed nucleus of the stria terminalis 
because lesions of this structure fail to block changes in behavior produced by 
prior aversive conditioning. It is considerably less clear however, why sustained 
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activation of the central nucleus of the amygdala via a very bright light source 
does not seem to be involved in light-enhanced startle. Similarly, the prolonged 
increase of startle produced by intraventricular administration of CRH also did 
not seem to involve the amygdala but instead the bed nucleus of the stria 
terminalis. It is possible, therefore, that in addition to differences between the 
two structures as they relate to prior classical conditioning, differences in the 
ability of neural networks in the two areas to respond in a sustained way to 
sensory activation could also explain the differences between these two areas in 
fear-potentiated startle versus light-enhanced startle. For example, perhaps the 
amygdala is especially able to respond to the onset of an aversive stimulus but 
then rapidly adapts to such activation so as to be prepared for a subsequent 
presentation of another aversive stimulus. On the other hand, the bed nucleus of 
the stria terminalis may be arranged in such a way that networks within this 
nucleus can respond in a much more sustained way to aversive stimulation leading 
to long-lasting changes in various behavioral responses via projections from the 
bed nucleus of the stria terminalis to different target areas in the hypothalamus 
and brain stem. This could also explain why the bed nucleus is more prominently 
involved in the excitatory effects of CRH on startle compared to the central 
nucleus of the amygdala. That is, the long lasting behavioral effects of CRH 
given intraventricularly would require activation of a structure which could 
respond in a continuous fashion to receptor occupation by CRH compared to a 
structure which only could respond in a phasic way. In fact, it might make sense 
to have separate brain areas respond phasically and tonically to aversive 
stimulation so as to be able to register both the immediate onset of an aversive 
experience as well as its prolonged presence, while maintaining a system such as 
the amygdala to allow responding in a phasic way to another aversive stimulus. 
Otherwise, if the "fear system" were completely saturated, then a subsequent 
presentation of a threatening stimulus might not be fully processed, severely 
comprising survival of the organism. 

We suggest, therefore, that the bed nucleus of the stria terminalis may be a 
system that responds to signals more akin to anxiety than those akin to fear, 
whereas the amygdala is clearly involved in fear and perhaps not as much in 
anxiety. Both these structures have very similar efferent connections to various 
hypothalamic and brainstem target areas known to be involved in specific signs 
and symptoms of fear and anxiety. Both receive highly processed sensory 
information from the basolateral nucleus of the amygdala and hence are in a 
position to respond to emotionally significant stimuli. CRH is known to be 
released during periods of stress or anxiety, some of which may come from CRH 
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containing neurons in the amygdala which project to the bed nucleus of the stria 
terminalis and act on CRH receptors in the bed nucleus of the stria terminalis. 
Thus, phasic activation of the amygdala by certain Stressors could lead to a long- 
term activation of the bed nucleus of the stria terminalis via CRH. If so, then 
compounds that specifically block CRH receptors in the bed nucleus of the stria 
terminalis might be especially effective in the treatment of anxiety while leaving 
the fear response largely intact. 

F. The primary acoustic startle pathway. 

In 1982, our laboratory proposed that acoustic startle was mediated by four 
synapses; three in the brainstem (the ventral cochlear nucleus; an area just medial 
and ventral to the ventral nucleus of the lateral lemniscus, and the nucleus 
reticularis pontis caudalis) and one synapse onto motoneurons in the spinal cord . 
Electrolytic lesions of these nuclei eliminated acoustic startle and single pulse 
electrical stimulation of these nuclei elicited startle-like responses with a 
progressively shorter latency as the electrode was moved farther down the startle 
pathway. 

Because electrolytic lesions of the area just medial and ventral to the ventral 
nucleus of the lateral lemniscus eliminated the acoustic startle reflex, we 
concluded that this area must be part of a primary acoustic startle pathway. When 
we did the initial lesion work on this project, techniques were not yet available to 
selectively destroy cells vs. cells plus fibers passing through the area of the lesion. 
Using newly developed techniques to accomplish this, we found that N-methyl-D- 
aspartate (NMDA)-induced lesions of the ventral nucleus of the lateral lemniscus 
or the area just ventral and medial to it did not affect startle, whereas NMDA- 
induced lesions of cell bodies in the nucleus reticularis pontis caudalis completely 
eliminated startle. 

These new data questioned the importance of the area around the ventral 
nucleus of the lateral lemniscus in mediating the acoustic startle reflex, even 
though this area is known to receive direct auditory input. On the other hand, all 
data still supported the critical importance of the nucleus reticularis pontis 
caudalis in the acoustic startle reflex. However, until very recently, it has been 
unclear how auditory information gets to this traditionally non-auditory part of 
the brainstem. It is now know that a same group of cells embedded in the 
cochlear nerve, termed cochlear root neurons, send thick axons through the 
trapezoid body directly to an area just medial and ventral to the lateral lemniscus 
and continue on up to the deep layers of the superior colliculus. However, they 
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give off thick axon collaterals which terminate directly in the nucleus reticularis 
pontis caudalis onto cells which then project to motoneurons in the spinal cord 
and brain stem. 

We have now found that bilateral kainic acid-induced lesions of the cochlear 
root neurons essentiaUy eliminated both whole body acoustic startle and the pinna 
reflex in rats. Although damage to the auditory root, where the cochlear root 
neurons reside, has not been fully ruled out, other tests indicated that these 
animals could clearly orient to auditory stimuli (e.g. suppression of licking) and 
had normal compound action potentials recorded from the cochlear nucleus . 

Hence, we now believe that the acoustic startle pathway may be simpler than 
we had originally thought, consisting of only three synapses onto 1) cochlear root 
neurons; 2) neurons in the nucleus reticularis pontis caudalis and 3) motoneurons 
in the facial motor nucleus (pinna reflex) or spinal cord (whole body startle). 
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