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Abstract—In a (simulated) reverberant environment, both

human listeners and laboratory rats are able to perceptually

integrate the direct wave of a sound source with the reflec-

tions of the source, leading to a fused image as coming from

the location around the source (the precedence effect). This

perceptual grouping effect produces perceived spatial sepa-

ration between sound sources and facilitates selective

attention to the target source. However, the neural corre-

lates of the unmasking effects of perceived spatial separa-

tion have not been reported in the literature. The lateral

nucleus of the amygdala (LA) is critical for processing eco-

logically salient sensory signals (e.g., threatening sounds)

and mediating auditory fear conditioning. LA neuronal

responses to a sound increase if the sound is fear condi-

tioned. This study investigated whether in awake rats the

perceptual fusion-induced separation between a fear-

conditioned target sound and a noise masker enhances LA

responses to the target. The results show that frequency-

following responses (FFRs, i.e., sustained potentials based

on phase-locked firing of neuron populations to periodical

sound waveforms) recorded in the LA to a tone-complex,

which was masked by a wideband noise, were enhanced

after the tone-complex became fear conditioned. More

importantly, the fear-conditioned tone-complex, but not the

pseudo-conditioned tone-complex, elicited further larger

LA FFRs when it was perceived as separated from the mas-

ker than when it was perceived as co-located with the mas-

ker. The results suggest that in the LA there exists a neural

correlate of selective attention to ecologically significant

sounds with a high degree of stimulus specificity.
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INTRODUCTION

The amygdala mediates fear-related attention toward the

most salient signal, such as a threat, under stressful

circumstance (e.g., Meck and MacDonald, 2007) and

forms auditory fear conditioning (for reviews see Phelps

and LeDoux, 2005; Maren, 2011). The lateral nucleus of

the amygdala (LA) occupies the initial stage receiving

inputs from the auditory thalamus and associate

auditory cortex (LeDoux et al., 1990; Romanski and

LeDoux, 1993). Previous animal studies have shown

that responses of LA neurons to a sound markedly

increase after the sound becomes fear conditioned

(Maren et al., 1991; Quirk et al., 1995; Collins and Paré,

2000; Maren, 2000).

There has been extensive debate regarding whether

amygdala responses to emotionally salient stimuli are

either automatic without attention (e.g., Whalen et al.,

1998; Vuilleumier et al., 2001; Anderson et al., 2003;

Pasley et al., 2004) or attentionally modulated (e.g.,

Pessoa et al., 2002; Bishop et al., 2007; Straube et al.,

2007; Mothes-Lasch et al., 2011; for a critical review see

Brosch and Wieser, 2011). For example, in the

Mothes-Lasch et al. (2011) study, brain blood oxygen

level-dependent (BOLD) responses to angry speech

prosody against those to emotionally neutral prosody

were investigated using a cross-modal distraction

paradigm in which both the acoustic and visual stimuli

were presented simultaneously. The results indicate the

higher activation to angry prosody versus neutral prosody

in the left amygdala, left insula, and bilateral superior

temporal cortex when participants attended to the gender

of the speaker’s voice (the auditory attributes). However,

this effect was completely absent when participants’

attention was directed to the non-emotional visual

stimulus, suggesting that the shift of attention to the

visual distracter reduces the acoustically anger-

prosody-induced activation in the amygdala and the

cortical regions. To further understand the relationship

between amygdala activity and selective attention to

emotional stimuli, it is necessary to examine whether LA

responses in laboratory animals to an ecologically

significant sound can be enhanced when the attention

allocated to the ecologically significant sound is further

facilitated.

What is the suitable experimental paradigm that

modulates auditory spatial attention without affecting

bottom-up sensory-input impacts in both humans and

laboratory animals? Masking of a target sound can be
d.
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reduced if a spatial separation is introduced between the

target and the masker. The spatial unmasking is caused

by a combination of three effects: (1) the head-

shadowing effect (which improves the signal-to-masker

ratio in sound-pressure level at the ear near the target),

(2) the interaural-time-difference-disparity effect (which

enhances auditory neuron responses to the target

sound), and (3) the psychological effect (which

facilitates spatial attention to the target). Interestingly,

when the listening environment is reverberant, in which

a sound source induces numerous reflections bouncing

from surfaces, both the unmasking effect of head

shadowing and that of interaural-time-difference

disparity are limited or even abolished, but the

psychological unmasking caused by perceived spatial

separation between the target and masker is still

effective (Koehnke and Besing, 1996; Freyman et al.,

1999; Zurek et al., 2004; Kidd et al., 2005). Thus,

introducing a (simulated) reverberant listening condition

can be used for isolating the psychologically unmasking

effect. This unmasking effect is closely associated with

the auditory precedence effect (see below).

What is the precedence effect? What is the role of the

precedence effect in noisy, reverberant environments? In

a (simulated) reverberant environment, to distinguish

signals from various sources and particularly recognize

the target source, listeners need to not only perceptually

integrate the direct wave with the reflections of the target

source (Huang et al., 2008, 2009) but also to perceptually

integrate the direct wave with the reflections of the

masking source (Brungart et al., 2005; Rakerd et al.,

2006). More specifically, when the delay between a

leading sound (such as the direct wave from a sound

source) and a correlated lagging sound (such as a

reflection of the direct wave) is sufficiently short,

attributes of the lagging sound are perceptually captured

by the leading sound (Li et al., 2005), causing a single

fused sound image as coming from a location near the

leading source (the precedence effect, see Wallach et al.,

1949; Zurek, 1980; Freyman et al., 1991; Litovsky et al.,

1999; Huang et al., 2011). This perceptual fusion is able

to produce perceived spatial separation between

uncorrelated sound sources. For example, when both the

target and masker are presented by a loudspeaker to the

listener’s left and by another loudspeaker to the listener’s

right, the perceived location of the target and that of the

masker can be manipulated by changing the inter-

loudspeaker time interval for the target and that for the

masker (Li et al., 2004). More in detail, for both the target

and masker, when the sound onset of the right

loudspeaker leads that of the left loudspeaker by a short

time (e.g., 3 ms), both a single target image and a single

masker image are perceived by human listeners as

coming from the right loudspeaker. However, if the onset

delay between the two loudspeakers is reversed only for

the masker, the target is still perceived as coming from

the right loudspeaker but the masker is perceived as

coming from the left loudspeaker. The perceived

co-location and perceived separation are based on

perceptual integration of correlated sound waves

delivered from each of the two loudspeakers. It has been
confirmed that perceived target–masker spatial

separation facilitates the listener’s selective attention to

target signals and significantly improves recognition of

target signals (Freyman et al., 1999; Li et al., 2004; Wu

et al., 2005; Rakerd et al., 2006; Huang et al., 2008,

2009). It should be emphasized that when the two

loudspeakers are symmetrical to the listener, a change

between the perceived co-location and the perceived

separation alters neither the target-to-masker ratio in

sound pressure level at each ear nor the stimulus-image

compactness/diffusiveness (Li et al., 2004).

Does the precedence effect occur in laboratory

animals? It has been documented that in behaving rats

the precedence effect can be demonstrated and the 1-ms

inter-sound delay is within the range for producing

perceptual fusion (e.g., Kelly, 1974; Hoeffding and

Harrison, 1979). The precedence effect has also been

demonstrated in other laboratory species such as barn

owls (Spitzer and Takahashi, 2006). Particularly, the

precedence-effect-induced separation also modulates

body responses to the target sound in laboratory rats

(see below).

How to use the precedence effect to establish a simple

and efficient animal behavioral model for studying

selective spatial attention? The startle reflex, the whole-

body reflexive response to sudden and intense sensory

stimuli (Koch, 1999; Yeomans et al., 2002), can disrupt

cognitive/behavioral performances (Hoffman and

Overman, 1971; Foss et al., 1989). Prepulse inhibition

(PPI) of startle is the suppression of the startle reflex

when a weaker sensory stimulus (the prepulse) shortly

precedes the intensive startling stimulus (Hoffman and

Searle, 1965; Hoffman and Ison, 1980). In rats, PPI is

enhanced when the prepulse stimulus becomes fear

conditioned (Huang et al., 2007; Zou et al., 2007; Li

et al., 2008; Du et al., 2009b, 2010, 2011b), suggesting

that selective attention to the ecologically salient

prepulse stimulus facilitates PPI (Li et al., 2009).

Moreover, when the prepulse is masked by a broadband

noise, the conditioning-induced PPI enhancement in rats

can be further increased by precedence-effect-induced

perceived spatial separation between the fear-

conditioned prepulse stimulus and the masking noise

without affecting bottom-up sensory-input impacts (Du

et al., 2009b, 2010, 2011b), suggesting that the

perceived spatial separation facilitates selective

attention to the conditioned prepulse and improves the

conditioned-prepulse-induced PPI.

As mentioned before, responses of LA neurons to a

sound increase if the sound is fear conditioned (Maren

et al., 1991; Quirk et al., 1995; Collins and Paré, 2000;

Maren, 2000). This study extended this line of research

by investigating whether a target–masker perceived

spatial separation (induced by the precedence effect)

affects LA responses to the target sound before and

after the sound is fear conditioned.

When a target sound and one or more masking

sounds occur simultaneously, both the target and

masker(s) elicit responses of auditory neurons. How can

the auditory responses specific to the target be

isolated? Frequency-following responses (FFRs), which



Y. Du et al. / Neuroscience 225 (2012) 249–257 251
are sustained potentials based on phase-locked firing of

neuron populations to low-to-medium-frequency

periodical sound waveforms (Worden and Marsh, 1968),

are particularly useful for studying attentional modulation

of stimulus-specific auditory responses when one or

more sound sources are presented simultaneously (Du

et al., 2011a). In laboratory rats, FFRs to tone-

complexes can be directly recorded within the LA (Du

et al., 2009a) and the auditory midbrain inferior

colliculus (Ping et al., 2008; Du et al., 2009c). The

purpose of this study was to investigate whether LA

FFRs in awake rats to a masked tone-complex can be

unmasked (enhanced) by a perceived spatial separation

between the tone-complex and the masker, either

before or after the tone-complex is fear conditioned.
EXPERIMENTAL PROCEDURES

Animal preparation

Fourteen young-adult male Sprague–Dawley rats (11 weeks,

280–300 g), which were treated in accordance with the

Guidelines of the Beijing Laboratory Animal Center, and the

Policies on the Use of Animals and Humans in Neuroscience

Research (Society for Neuroscience, 2006), first received

electrode-implantation surgery. Briefly, one stainless steel

recording electrode (10–20 kX) insulated by a silicon tube

(0.3 mm in diameter) except the 0.25-mm diameter tip (Zheng

et al., 2008) was aimed at unilateral LA (with left–right

counterbalance across rats) in each of the 10% chloral hydrate

(400 mg/kg, i.p.) anesthetized rats. Referenced to Bregma, the

stereotaxic coordinates were: anteroposterior, �3.1 mm;

mediolateral, ±5.2 mm; depth, �7.8 mm. Two micro-screws

embedded into the skull served as the reference and ground

electrodes. Electrodes were mounted on the skull with dental

cement and connected to a male adaptor. Rats were given one-

week for recovery in a room with 24 ± 2 �C temperature and a

12 h light/dark cycle, with food and water available ad libitum.
Stimuli

A 50-ms lower-frequency-harmonic (1.3, 2.6, and 3.9 kHz) tone-

complex and a 50-ms higher-frequency-harmonic (2.3, 4.6, and

6.9 kHz) tone-complex were used as the target stimuli. A 600-

ms (including 5-ms linear onset/offset ramps) segment of

broadband noise (0–10 kHz) starting 300 ms before the tone-

complex onset was used as the masker. All sound waves were

processed by a TDT System II (Tucker-Davis Technologies,

FL, USA), and presented by two spatially separated (i.e., left

and right) TDT loudspeakers in the frontal field with a 90� angle

and 14.1 cm away from the rat’s head position. Calibrated by a

sound level meter (Brüel & Kjær, B&K, Type 2230), the

intensity of the tone-complex under quiet conditions was fixed

at 56 dB SPL when each loudspeaker was played alone. Under

noise-masking conditions, the intensity of the single-source

masking noise was held constant at 60 dB SPL while the

whole-spectrum intensity of the tone-complex was adjusted to

produce 4 signal-to-noise ratios (SNRs): �8, �4, 0, and 4 dB.
Physiological recordings

Recordings were conducted in a sound-attenuating chamber.

Facing the frontal field, the awake rat was placed in a one-

piece-dress-like holder, which was hung in the air. The

specially designed holder, which was made of soft cloth, limited

the rat’s body moment but left rat’s head, limbs, and tail
unrestrained. The electrode male adaptor on the rat’s head was

then connected to a female adaptor that was connected to a

TDT DB4 amplifier. Recordings started 30 min after the

adaptation (see below) when the rat exhibited minimal body

movement. Trials contaminated by artifacts (e.g.,

myoelectricity) were excluded from the analyses.

Neural potentials were recorded for an 80-ms epoch (10 ms

before tone-complex onset to 20 ms after tone-complex offset)

for FFRs in quiet and a 630-ms epoch (10 ms before noise

onset to 20 ms after noise offset) for FFRs in noise, amplified

1000 times, filtered through 200–10000 Hz band pass, and

averaged 50 times per condition.
Procedures

Each rat underwent a 2-day testing procedure. On Day 1, rats

first adapted to the restraining clothes in the recording chamber

for 30 min. And then the following stimuli were presented: (1)

unilateral (left loudspeaker only, right loudspeaker only) tone-

complex in quiet, (2) bilateral tone-complex in quiet with the

following inter-loudspeaker onset delay: �1 ms (right

loudspeaker leading), 0 ms, and +1 ms (left loudspeaker

leading), and (3) bilateral tone-complex in masking noise (more

detail see below).

Under noise-masking conditions, both the tone-complex and

the masker were presented by each of the two loudspeakers. The

inter-loudspeaker onset delay for the tone-complex was �1 ms

(right leading) or +1 ms (left leading). Due to the precedence

effect, we assume that a single fused tone-complex image

would be perceived at the right loudspeaker in some trials

(when right loudspeaker led) and at the left loudspeaker in

other trials (when left loudspeaker led). The inter-loudspeaker

onset delay for the noise masker was also �1 or +1 ms. Thus,

there were two types of perceived spatial relationships between

the tone-complex and the masker: perceptual co-location (when

the tone-complex and masker shared the same leading

loudspeaker) and perceptual separation (when the tone-

complex and masker had different leading loudspeakers). In

addition, there were two types of hemispherical relationships

between the side (left or right) of the recording electrode and

the side (left or right) of the perceived location of tone-complex:

ipsilateral and contralateral. Thus, there were 2 (stimulus type:

lower-frequency-harmonic, and higher-frequency-harmonic) � 4

(SNR) � 2 (perceptual spatial relationship between tone-

complex and masker: co-location, and separation) � 2

(perceptual hemispherical relationship between tone-complex

image and recording side: ipsilateral, and contralateral)

conditions. The presentation order of the 32 conditions was

arranged with a pseudo-random manner with each condition

repetitively presented 50 times. The stimulus onset asynchrony

was 1000 ms for the tone-complex both in quiet and in noise.

Also on Day 1, after FFR recordings, rats underwent a

discriminative fear conditioning procedure (fear conditioning of

only one tone-complex and conditioning-control manipulation

(pseudo-conditioning) of the other tone-complex). For a rat, the

conditioned stimulus (CS+) was one of the two tone-complexes

and the pseudo-CS+ was the other tone-complex. Each of the

two types of CSs was delivered by the two loudspeakers with

balanced left–right leading, and the unconditioned stimulus (US)

was a 6-mA rectangular-pulse (duration = 3 ms) of footshock

(generated by a Grass S-88 stimulator) delivered to the rear paw

(Zou et al., 2007; Du et al., 2011b).

During the fear-conditioning manipulation, 10 temporally

paired combinations of the US and the CS+ were presented

every 30 s (US started 3 ms before CS+ ending, and co-

terminated with CS+). During the conditioning-control

manipulation, 10 temporally unpaired (random) combinations of

the US and the pseudo-CS+ were presented every 30 s. For

half of the 14 rats, the lower-frequency-harmonic tone-complex
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was used as the CS+ and the higher-frequency one was used as

the pseudo-CS+, while the other half received the contrary

manipulations.

On Day 2 (24 h after discriminative conditioning), FFRs were

recorded again with the recording procedure described above.

Data analyses

For FFRs to the contralaterally (unilaterally) presented tone-

complex in quiet, a 1-kHz low-pass filter was applied to smooth

the potential, and the peak-potential response latency was

determined by measuring the time interval between the sound

onset and the first positive peak of the response waveform.

For FFRs in quiet, fast Fourier transform (FFT) was

performed for each unfiltered FFR waveform. The spectral

peak amplitude of a 100-Hz-wide band centered at either

1.3 kHz (the fundamental frequency (F0) of the lower-frequency

tone-complex) or 2.3 kHz (the F0 of the higher-frequency tone-

complex) was labeled as the FFR F0 amplitude.

For FFRs in noise, FFT at each condition was performed for

a period from the tone-complex onset to 10 ms after the

tone-complex offset, which contained both signal information

and masker information. The spectral peak amplitude of a

100-Hz-wide band centered at either 1.3 kHz (for the lower-

frequency tone-complex) or 2.3 kHz (for the higher-frequency

tone complex) was labeled as the FFR F0 amplitude of signal

in noise-masking conditions (AMPs+ n). On the other hand,

the mean spectral amplitude of two 100-Hz-wide sidebands

centered at 1.2 and 1.4 kHz (for the lower-frequency tone-

complex) or 2.2 and 2.4 kHz (for the higher-frequency tone-

complex) was defined as the amplitude of noise (AMPn). The

response SNR at each stimulus SNR was defined as the

following:

Response SNR ¼ 20lgðAmpsþn=AmpnÞ
Histology

Rats were killed with an overdose of chloral hydrate after the

experiment. Lesion marks were made via recording electrodes

by an anodal DC current (500 lA for 10 s). Brains were stored

in 10% formalin with 30% sucrose, then sectioned at 50 lm in

the frontal plane in a cryostat (�20 �C). Sections were

examined to determine the locations of recording electrodes.

RESULTS

Histology

According to histological examination (Fig. 1), recording

electrodes were precisely located in the LA area in

seven rats with the left-inserted electrode and in six rats

with the right-inserted electrode. The electrode placed in

left LA area in one rat (open triangle) displayed over-

threshold impedance. Rats with either electrode

misplacement or over-threshold impedance were

removed from data analyses, leaving valid data from 12

rats.

LA FFRs were selectively enhanced by fear
conditioning

Before the fear conditioning/conditioning-control

manipulation, both the lower-frequency-harmonic tone-

complex and the higher-frequency-harmonic tone-

complex elicited reliable FFRs in the LA either in quiet or

under the noise-masking condition. For example, the
lower-frequency tone-complex was able to elicit FFRs

either for each of its three harmonic components in quiet

(Fig. 2a, b) or for the two low-frequency components (1.3

and 2.6 kHz) under noise masking even though the onset

field-potential response to the tone-complex was

undetectable (Fig. 2c, d).

After the fear conditioning/conditioning-control

manipulation, both the latency of LA evoked potentials

and spectral power of LA FFRs changed with the

stimulus specificity. For the latency (defined by the first

positive peak of LA evoked potentials and averaged

across rats and tone-complex types), when a tone-

complex contralateral to the recording side was

presented without noise masker and used as the CS+,

it was 8.27 ms (SD = 0.19 ms) before the conditioning/

conditioning-control manipulation and 7.75 ms (SD=

0.41 ms) after the manipulation. The latency difference

was significant (t11 = 5.616, p< 0.001, paired-t test).

However, when the tone-complex served as the

pseudo-CS+, it was 8.21 ms (SD= 0.16 ms) before

the conditioning/conditioning-control manipulation and

8.13 ms (SD = 0.31 ms) after the manipulation. The

latency difference was not significant (t11 = 1.36,

p> 0.05). And the latency around 8.2 ms before fear

conditioning is consistent with our previous report that it

is 6.29 ± 0.46 ms in the rat IC (Du et al., 2009c) and

8.03 ± 0.68 ms in the rat LA (Du et al., 2009a).

For the FFR amplitude, as shown by Fig. 3, under the

condition without noise masking, the amplitude of LA

FFRs to the F0 of the CS+ was significantly enhanced

(F(1,11) = 10.09, p< 0.01, within-subject (ANOVA,

analysis of variance)) whenever it was presented

bilaterally (IC, ipsilateral loudspeaker led contralateral

loudspeaker; ST, simultaneously presented; CI,

contralateral loudspeaker led ipsilateral loudspeaker) or

unilaterally (I, ipsilateral only; C, contralateral only).

However, the F0 amplitude of LA FFRs to the pseudo-

CS+ was not affected by the manipulation under each

of the stimulation conditions (i.e., IC, CI, ST, I, C)

(F(1,11) < 1, p> 0.05, within-subject ANOVA).

When the tone-complexes were co-presented with the

noise masker, as Fig. 4 shows, LA FFRs (represented by

response SNR for the F0 component) to the CS+ after

the conditioning/conditioning-control manipulation

(Fig. 4c, d) were larger than those before the

manipulation (Fig. 4a, b). However, the enhancement of

LA FFRs did not occur for the pseudo-CS+ (Fig. 4e, f).

Also, the CS+ elicited stronger LA FFRs than the

pseudo-CS+ after the conditioning/conditioning-control

manipulation, regardless of whether the CS was

perceived ipsilaterally (Fig. 4c vs. e) or contralaterally

(Fig. 4d vs. f) to the side of recording electrode.

Following a combination of FFRs to the perceived

ipsilateral tone-complex and FFRs to the perceived

contralateral tone-complex after the fear conditioning/

conditioning-control manipulation, 2 (stimulus type:

CS+, pseudo-CS+) � 4 (stimulus SNR) repeated-

measures ANOVAs show that under the perceived CS-

masker co-location condition (full lines in Fig. 4c–f), LA

FFRs to the CS+ were significantly larger than those to

the pseudo-CS+ (F(1,23) = 10.85, p< 0.01) without



Fig. 1. Locations of electrodes aimed to the lateral nucleus of the amygdala (LA) in 14 rats. The electrode was correctly inserted within the LA area

in 13 rats (12 filled circles and one open triangle), but misplaced in one rat (open circle). One rat with correct electrode placement displayed over-

threshold impedance (open triangle).

Fig. 2. Typical FFR waveforms and FFR spectra to the lower-frequency-harmonic (1.3, 2.6, and 3.9 kHz) tone-complex. (a and b) FFR waveform

and spectrum to the tone-complex in quite; (c and d) FFR waveform and spectrum to the tone-complex under noise masking.
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significant interaction between CS type and SNR

(F(3,69) < 1, p> 0.05). Under the perceived CS-masker

separation condition (dashed lines in Fig. 4c–f), the CS

type interacted significantly with SNR (F(3,69) = 4.84,

p< 0.01), and further paired t-tests indicate significantly

larger LA FFRs to the CS+ than those to the pseudo-

CS+ at each of the four SNRs (all t(23) > 4.7,

p< 0.001). Thus, although the CS+ and the pseudo-

CS+ were homogeneous (each CS type contains both

lower-frequency tone-complex and higher-frequency

tone-complex), FFRs to the CS+ were significantly

larger than FFRs to the pseudo-CS+ after the fear

conditioning/conditioning-control manipulation.

Effects of perceptual spatial separation on LA FFRs
before conditioning

To simplify the description and statistical analyses of the

results before the conditioning/conditioning-control
manipulation, the response SNR data for LA FFRs were

combined across the two types (lower- and higher-

frequencies) of the tone-complex. Fig. 4a, b show that

the spatial separation effect (dashed line vs. solid line)

appears to be determined by the interaction between

stimulus SNR and laterality relationship between the

electrode and the CS image: The marked separation

effect occurred only at low SNRs when the recording

side was ipsilateral to the side of perceived position of

the tone-complex.

For FFRs to the ipsilateral CS image (Fig. 4a), a 2

(separation type: co-location, separation) � 4 (stimulus

SNR) repeated-measures ANOVA reveals a significant

interaction between separation type and SNR

(F(3,69) = 24.55, p< 0.001). Further paired t-tests show

that FFRs to the CS under the separation condition

were remarkably larger than those under the co-location

condition when the stimulus SNR was either �8 or



Fig. 3. Normalized F0 amplitudes of FFRs to the CS+ (a) and those to the pseudo-CS+ (b) in quiet under various unilateral/bilateral stimulation

conditions before (black bars) and after (diagonal bars) the conditioning/conditioning-control manipulation. The amplitude evoked by contralateral

stimulation only (condition C) was used as the reference condition (amplitude = 1) for normalization. Error bars in each panel are standard errors of

the mean (SE). Abbreviations: IC, ipsilateral loudspeaker (relative to recording site) led contralateral; ST, simultaneously bilateral stimulation; CI,

contralateral loudspeaker led ipsilateral; I, ipsilateral loudspeaker only; C, contralateral loudspeaker only.

Fig. 4. Response SNRs of LA FFRs to the CS (CS+, pseudo-CS+) as a function of the stimulus SNR under the condition of perceptual CS-masker

spatial separation (dashed lines) or the condition of perceptual co-location (solid lines) either before (a, b) or after (c–f) the fear conditioning/

conditioning-control manipulation.
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�4 dB (both t(23) > 9.38, p< 0.001) but not when the

stimulus SNR was 0 or 4 dB (both t(23) < 1.9, p> 0.05).

However, for FFRs to the contralateral CS image

(Fig. 4b), neither the interaction between separation
type and SNR (F(3,69) < 1, p> 0.05) nor the main effect

of separation type (F(1,23) = 3.25, p> 0.05) was

significant. The main effect of SNR was significant

(F(3,69) = 74.34, p< 0.001).
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Spatial separation enhanced LA FFRs to the CS+ but
not the pseudo-CS+ after the fear conditioning/
conditioning-control manipulation

As indicated by Fig. 4c–f, after the fear conditioning/

conditioning-control manipulation, the spatial separation

effect on LA FFRs was affected by the CS type (CS+

or pseudo-CS+). Thus, descriptions and statistical

analyses of the results were conducted for FFRs to the

CS+ and for FFRs to the pseudo-CS+, respectively.

Obviously, perceptual separation remarkably

enhanced FFRs to the CS+ (Fig. 4c, d, dashed line vs.

solid line) but not FFRs to the pseudo-CS+ (Fig. 4e, f,

dashed line vs. solid line). For FFRs to the ipsilateral

CS+ image (Fig. 4c) and FFRs to the contralateral

CS+ image (Fig. 4d), 2 (separation type) � 4 (SNR)

repeated-measures ANOVAs show similar results:

spatial separation significantly enhanced LA FFRs (both

F(1,11) > 81.6, p< 0.01) without any significant

interaction with SNR (both F(3,33) < 2.5, p> 0.05).

However, for FFRs to the ipsilateral pseudo-CS+ image

(Fig. 4e) and FFRs to the contralateral pseudo-CS+

image (Fig. 4f), 2 (separation type) � 4 (SNR) repeated-

measures ANOVAs indicate that neither the interaction

between separation type and SNR (both F(3,33) < 2,

p> 0.05) nor the main effect of separation type (both

F(1,11) < 3.8, p> 0.05) was significant. Thus, perceived

spatial separation between the CS and the noise

masker could enhance LA responses to the emotionally

salient CS with the stimulus specificity.

DISCUSSION

Fear conditioning elicits stimulus-specific plasticity
in LA

Consistent with previous reports that auditory fear

conditioning enhances CS-elicited LA responses (Maren

et al., 1991; Quirk et al., 1995; Collins and Paré, 2000;

Maren, 2000), the results of this study show that when a

neutral tone-complex became fear conditioned, both LA

FFRs to this CS+ increased and the latency of field-

potential responses to this CS+ from the contralateral

side decreased. However, the enhancement of LA FFRs

did not occur if the tone-complex was manipulated with

the conditioning-control procedure (the pseudo-CS+).

Statistical analyses also confirm that LA FFRs to the

CS+ were significantly larger than those to the pseudo-

CS+ after the fear conditioning/conditioning-control

manipulation. Thus, the conditioning-induced

enhancement of LA FFRs to the CS+ is stimulus

specific, supporting the view that the conditioned

plasticity results from a process of CS–US associative

learning with a stimulus specificity (Rogan et al., 1997;

Collins and Paré, 2000; Goosens et al., 2003).

Also, since the FFRs are sustained potentials based

on phase-locked firing of neuron populations to

periodical sound waveforms, the results support the

view that the LA is the core structure of conditioned

plasticity represented by an increase not only in firing

rate but also in the synchronization of neural activity

(Fanselow and LeDoux, 1999; Blair et al., 2001; Maren

and Quirk, 2004).
Perceived spatial separation enhances LA FFRs to
the fear-conditioned stimulus

When the two loudspeakers are spatially symmetrical to

the listener, the precedence-effect-induced perceived

spatial separation between the target stimulus and the

masker does not substantially affect either the signal-

to-masker ratio at the ear or the compactness/

diffusiveness of the stimulus images (Li et al., 2004). In

other words, changes in the perceived spatial

relationship between the target and the masker do not

affect the impact of bottom-up sensory inputs.

Previous studies have confirmed that the perceived

spatial separation facilitates selective attention to the

target stimulus in both humans (e.g., Freyman et al.,

1999; Li et al., 2004) and rats (Du et al., 2009b, 2010,

2011b). In this study, before the tone-complex became

fear conditioned, a shift from the condition of perceptual

co-location to the condition of perceptual separation

enhanced LA FFRs to the tone-complex merely at low

SNRs (�8 and �4 dB) only when the tone-complex

image was ipsilateral to the recording side. The results

are consistent with previous reports that FFRs in both

the LA and the IC of rats exhibit a feature of ipsilateral-

input dominance which may result from the greater

contribution of ‘‘EE’’ neurons (neurons are excited by

stimuli at either ear) than other binaural neurons in the

IC in forming binaural FFRs (Du et al., 2009a,c).

More importantly, following the tone-complex became

fear conditioned, the perceptual separation generally

enhanced LA FFRs to the conditioned tone-complex at

each of the SNRs, regardless of whether the tone-

complex image was ipsilateral or contralateral to the

recording side. Also, the separation-induced

enhancement after fear conditioning was stimulus-

specific: it did not occur for LA FFRs to the pseudo-

CS+. Thus, this study provided evidence that in rats

the formation of selective attention to an ecologically-

relevant (fear-conditioned) acoustic stimulus is

correlated with the enhancement of LA responses to the

stimulus. The results particularly agree with the

behavioral report that the amygdala mediates fear-

related attention toward the most salient signal, such as

a threat, under stressful circumstances (Meck and

MacDonald, 2007). Moreover, the results of this study

support the results of human studies showing attentional

modulation of amygdala responses to emotionally

salient stimuli (Pessoa et al., 2002; Bishop et al., 2007;

Straube et al., 2007; Mothes-Lasch et al., 2011).

However, it should be noted that recent studies in

humans have also shown that amygdala responses to

an emotional stimulus contain both the automatic and

attentionally controlled components (Luo et al., 2010;

Pourtois et al., 2010; Shafer et al., 2012). More

specifically, using the high temporal resolution method

of either magnetoencephalography (MEG) (Luo et al.,

2010) or intracranial local field potential recordings

(Pourtois et al., 2010), it has been revealed that the

early amygdala response to emotional information is

independent of attentional modulation but the later

amygdala response exhibits remarkable attentional

modulation. Thus, the discrepancies of the views about
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the automaticity/non-automaticity of amygdala responses

to emotional stimuli can be reconciled (see Brosch and

Wieser, 2011).

It would be of interest to know the neural pathways

mediating attentional modulation of LA activity, because

these pathways may be related to the facilitation of

selective attention to the target when the target is

perceived as spatially separated from the masker due to

the precedence effect. It has been known that the

posterior parietal cortex (PPC) mediates spatial

attention shift/orienting in humans (e.g., Yantis et al.,

2002) and directed spatial attention in rats (e.g., Reep

and Corwin, 2009). Also, one recent study has shown

that pharmacological blockade of the PPC eliminates

the enhancing effect of perceptual spatial separation on

PPI elicited by the fear-conditioned target sound in rats

(Du et al., 2011b). The PPC has reciprocal neural

connections with both the auditory cortex and the medial

prefrontal cortex (Reep et al., 1994), and the two brain

structures send axonal projections to the amygdala

(Romanski and LeDoux, 1993; McDonald et al., 1996).

Thus, the enhancement of CS-evoked LA responses

under the condition of perceptual separation may be

attributed to the functional connections between the

PPC and the LA.

CONCLUSIONS

For the first time, this study demonstrates attentional

modulation of LA responses to the emotionally salient

stimuli in awake rats under noise-masking conditions

where the bottom-up sensory-input impacts were kept

constant. Although amygdala activations to emotionally

salient signals may contain automatic components, a

facilitation of allocating attentional resources to the

emotionally salient stimulus can further enhance the

neural representation of the stimulus in the LA,

particularly under masking circumstances. Thus, the

interaction between emotion and attention mediated by

reciprocating neural connections between amygdala and

some cortical regions, such as the PPC, may contribute

to more efficient and adaptive actions to the ecologically

important events in challenging (e.g., noisy, reverberant)

environments.
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