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Prepulse inhibition (PPI) is the suppression of the startle reflex when the intense startling stimulus
is shortly preceded by a weaker non-startling stimulus (prepulse). In rats, the auditory precedence-
. effect-induced perceived spatial separation between the fear-conditioned prepulse and a noise masker
. facilitates selective attention to the prepulse and enhances PPI. However, whether the perceptual
. separation between the prepulse and a noise masker can also enhance PPl in humans remains unclear.
. Also, the relationship between the PPl enhancement and the change in early cortical representations
. of prepulse signals is unclear. This study for the first time reveals that in a sound-attenuated laboratory
environment, relative to the listening condition with perceptual co-location between the prepulse
stimulus and a noise-masking stimulus, the perceptual separation between the two stimuli significantly
. enhances the group-mean PPI. More importantly, the early cortical responses (N1/P2 complex) to
. the prepulse stimulus are also enhanced by the perceptual separation in most listeners, and the
. perceptual-separation-induced enhancement of the N1 component is positively correlated with the
. perceptual-separation-induced PPl enhancement. Thus, the perceptual separation enhances PPI
: through facilitating selective attention to the prepulse, leading to an enhancement of the early cortical
. representation of the prepulse signal in temporal auditory cortical fields.

e startle re ex is the whole-body re exive response to sudden and intense sensory stimuli, which disrupts
. cognitive/behavioral performancest. Prepulse inhibition (PPI) is the normal reduction of the startle re ex whena
: weaker sensory stimulus (the prepulse) shortly precedes the startling stimulus®®. e “protection-of-processing”
. theory proposed by Graham (1975) suggests that receiving a prepulse simultaneously triggers both the sensory
: processing for the prepulse and the gating mechanism dampening the disrupting in uence from startle. Since
: the consequences of PPI include the reduction of behavioral responses to disruptive stimuli by regulating the
© motor/premotor system, PPI has been generally recognized as an operational measure of sensorimotor gating.
e level of PPI has also been considered as a measure of the salience of the prepulse stimulus in both rodents
and humans®.
Although PPI is thought to be automatic, previous studies have shown that PPI can be top-down modulated
by attention and emotion®. In humans, attention can modulate the magnitude of PPI87. In an active PPI para-
. digm (when participants are asked to attend to the prepulse), PPI is greater when the prepulse is attended than
: when ignored®®. In rats, selective attention to the prepulse also enhances PP1: PPI is larger when the prepulse is
. emotionally salient than when it is emotionally neutral®®. Particularly, when a prepulse becomes fear conditioned
- inrats, it draws more attention and elicits larger PP1*:13, More interestingly, in rats, when a noise masker is pre-
: sented, the auditory precedence-e ect-induced perceptual separation between the fear-conditioned prepulse and
© the noise masker further enhances PPI14-8,
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What is the precedence e ect? In a reverberant environment, listeners receive not only the direct wave from
a sound source but also numerous time-delayed re ections of the source. If the time delays between the arrival
of the direct wave and each of the re ected waves are su  ciently short (e.g., 1-10 ms or more, depending on the
nature of the stimulus), due to the perceptual capture of the attributes of the delayed and correlated re ections
by the direct wave from the source??, listeners typically perceive a single “fused” image of the source located at or
near the original site of the source.  is phenomenon has been generally known as the precedence e ect®?!, e
minimum delay allowing a listener to perceive the lagging sound as a discrete echo is called the echo threshold?’,
indicating the perceptual fusion tendency (a large echo threshold suggests a large perceptual fusion tendency).

e perceptual fusion will be broken at delays larger than the echo threshold. As the most important acoustic
stimuli for human communication, speech sounds contain distinct patterns of periodicities and transients, and
cause larger echo thresholds (over 14 ms) than other types of sounds such as noise bursts?*?2, Although the
precedence e ect for speech sounds can occur at any lead-lag delays shorter than the echo threshold, it has been
con rmed that when a 3-ms delay is introduced beteween the leading speech sound and the correlated lagging
speech sound (which simulates the re ection of the leading speech sound), not only the leading and lagging
speech sounds are well fused perceptually, but also a single speech-sound image is perceived as coming from the
location of the leading speech sound??4,  us, the delay of 3 ms was also used in this study.

In humans, when both a target speech sound and a masker sound (noise or speech) are presented by each
of the two spatially separated loudspeakers with an inter-loudspeaker delay of 3 ms, the target and the masker
are perceived as either from the same loudspeaker when the target and masker share the same leading loud-
speaker (the perceived co-location condition), or from di erent loudspeakers when the leading loudspeaker for
the target is di erent from that for the masker (the perceived separation condition). Importantly, recognition of
the target speech under the condition of perceived target-masker separation (when the leading loudspeaker for
the target is di erent from that of the masker) is signi cantly better than that under the condition of perceived
co-location?-2*, even though neither the masker energy at each ear nor the sound-image compactness/di u-
siveness is changed?®. e enhancement of recognition is caused by the promotion of listener’s selective spatial
attention to the target signal, and is associated with activation of some spatial attention-related brain regions, such
as the superior parietal lobule?*.

In rats, when the conditioned prepulse and a noise masker are perceived spatially separated, selective attention
to the conditioned prepulse signal is further facilitated, leading to that PPI is further enhanced'*-*%. Moreover,
in the rodent model of schizophrenia induced by social isolation rearing, perceptual separation-induced PPI
enhancement completely disappears'4158,

Although people with schizophrenia exhibit de cits in PPI%, only the impairment of the attentional modu-
lation of PPI (but not impairment of the baseline PPI) is signi cantly correlated with the symptom severity of
schizophrenia?®?’, To establish a new paradigm for examining attentional modulation of PPI in humans, it is of
interest and importance to know whether the perceptual separation between the prepulse stimulus and a masker
can enhance PPl in healthy humans. e rst purpose of this study was to investigate whether perceptual separa-
tion between the prepulse stimulus and the noise masker can a ect PPI in healthy young human adults.

e N1/P2 ERP complex, a group of components of the early cortical auditory-evoked potentials, can be
reliably elicited by various acoustic stimuli (e.g. single syllables, noise burst, pure tones), even when a noise or a
speech masker is co-represented?®2°, Zhang et al. (2014) have recently reported that a target syllable /bi/ induces
steady N1/P2 complex when the target is co-presented with a noise masker or a speech masker. More impor
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Figure 1. PPI values under either the perceptual co-location condition or the perceptual separation condition
for individual participants in Experiment 1, when the inter-stimulus interval (1SI) between the prepulse and the
startling sound was either 60 or 120 ms.
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Figure 2. Comparisons of the PPI magnitude between the perceptual co-location condition and the perceptual
separation condition when the ISI was either 60 or 120 ms. 60CO, perceptual co-location condition with the 1SI
of 60 ms; 60SEP, perceptual separation condition with the ISI of 60 ms; 120CO, perceptual co-location condition
with the ISI of 120 ms; 120SEP, perceptual separation condition with the ISI of 120 ms. *p < 0.05.

perceived spatial separation, regardless of whether the ISI was either 60 or 120 ms.  us, when the prepulse and
the noise masker were perceptually separated, the PPl magnitude was higher than that when the prepulse and the
noise masker were perceptually co-located.

Correlation between PPl Enhancement and ERP Enhancement. Grand-mean ERP waveforms to
the target sound (i.e., the prepulse stimulus as used in Experiment 1) recorded from the electrode site Cz across
participants are shown in Fig. 3. As Fig. 3 shown, the target stimulus evoked a larger N1/P2 complex when
the masker and the target were perceptually separated than when the masker and the target were perceptually
co-located.

e average values of N1 peak, P2 peak, and N1/P2 peak-to-peak amplitudes to the target under either the
co-location condition or the separation condition were displayed in Fig. 4. As shown in Fig. 4, relative to the
co-location condition, perceptual separation between the target sound and the noise masker enhanced the values
of N1 peak, P2 peak, and N1/P2 peak-to-peak amplitudes.

Separated paired t tests showed that the separation e ect was signi cant for the values of N1 peak (p =0.032),
P2 peak (p=0.026), and N1/P2 peak-to-peak amplitudes (p =0.0002). However, the N1 and P2 latencies were not
signi cantly a ected by the listening condition (p =0.408, p=0.452, respectively).

Figure 5 shows the correlations between the PPI enhancement induced by perceptual separation and the
separation-induced enhancements of the N1 peak amplitude, P2 peak amplitude, and N1/P2 peak-to-peak
amplitude, respectively. Pearson correlation coe cients were calculated. Surprisingly, the separation-induced
PP1 enhancement was signi cantly correlated only with the N1-component enhancement (Adjusted r =0.449,
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Figure 3. Group-mean ERP waveforms to the prepulse stimulus, recorded from the electrode site Cz across
20 participants under either the perceptual co-location condition or the perceptual separation condition.

e prepulse stimulus evoked a larger N1/P2 complex when the prepulse and the masker were perceptually
separated relative to when the perceptual co-location condition.

p=0.047, top panel of Fig. 5), but not the P2-component enhancement or the N1/P2-complex enhancement
(p=0.194, p=0.343, respectively, middle and bottom panels of Fig. 5).

Discussion

In the present study, at the ISI (between the prepulse o set and the startle-stimulus onset) of either 60 or 120 ms,
the PPI magnitude was larger in the majority of participants when the prepulse and the noise masker were percep-
tually separated than when the prepulse and the noise masker were perceptually co-located. e group-mean PPI
magnitude under the perceptual separation condition was also signi cantly larger than that under the perceptual
co-location condition. Note that shi s between the two listening condition do not alter either the signal (pre-
pulse)-to-noise ratio or the compactness of sound images, thereby without a ecting the peripheral processing.

us, the separation-induced PP1 enhancement was a consequence of the perceptual processing.

It has been known that the PPI level is determined by the salience and processing depth of the prepulse sig-
nal®. In humans, the precedence-e ect-induced perceived spatial separation between target speech and masker
facilitates selective spatial attention to the target signal stream and improves recognition of target speech??2, e
results of this study suggest that perceptual separation between the prepulse and the masker facilitates selective
attention to the prepulse and then causes an enhancement of PPI.

e results of this study are also consistent with those of some previous studies using laboratory rats!?131517.18,
In these animal studies, when the prepulse became fear conditioned, it drew more attention and elicited larger
PPI'2%3, Furthermore, when the conditioned prepulse and a noise masker were perceived spatially separated, PPI
was further enhanced by the perceptual separation*-. Also, the perceptual separation-induced PPI enhance-
ment shows both feature-based and location-based speci city!>":18; Only the conditioned prepulse perceived
coming from the conditioned location can elicit the enhancement of PP1Y.

Previous studies of the attentional modulation of PPI have focused on feature-based attention to the prepulse,
such as instructing participants to listen to tones with certain frequencies?®?’. e perceptual separation-induced
PPI modulation paradigm used in this study o ers a new paradigm to examine the spatially attentional modu-
lation of PPI. Clearly, further studies combining the feature-based and spatial location-based attentional modu-
lation of PPI are needed to deeply investigate the complex mechanism underlying top-down modulation of PPI.

e results of Experiment 2 of this study showed that the perceptual separation of the target stimulus (the
prepulse stimulus used in PPI testing) and the noise masker signi cantly enhanced the early cortical representa-
tion of the target signal (i.e., the N1/P2 complex to the prepulse stimulus). More importantly, across listeners,
the N1-amplitude enhancement induced by the perceptual separation was positively correlated with the PPI
enhancement induced by perceptual separation.

Previous psychoacoustic studies have shown that the perceptual separation between the target speech
and a masker facilitates the listener’s selective attention to target speech and improves recognition of target
speech???, Previous electrophysiological studies have also shown that at the active-listening condition but not
the passive-listening condition, when listeners attend to a target syllable/bi/, perceptual separation of the target
syllable from a speech masker enhances the N1/P2 complex to the syllable?®. In the present study, since the partic-
ipants were instructed to attend to the prepulse, an active-listening condition was introduced and the perceptual
separation further facilitated selective attention to the prepulse, thereby enhancing the early cortical ERP compo-
nents (N1/P2 complex). e results of this study are consistent with the previous reports?2%37.
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Figure 4. Comparisons of the group-mean N1, P2, and N1/P2 complex amplitudes to the prepulse stimulus
recorded at the electrode site Cz between the perceptual co-location condition and the perceptual separation
condition.

e results of this study suggests that when listeners attend to the target (the prepulse), moving the masker
image away from the location of the target image facilitates selective attention to the target, thereby enhancing the
early cortical representation of the prepulse. Moreover, since the N1 and P2 latencies are not a ected by percep-
tual separation, perceptual separation mainly enhances the processing depth, but not the processing speed.  us,
we propose that because perceptual separation facilitates attention to the prepulse signal, it enhances the cortical
representation of the prepulse signal and induces the PPl enhancement.
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Figure 5. Correlations between the separation-induced enhancement of the early cortical representation (N1,
P2, or N1-P2) of the prepulse stimulus and the separation-induced PPl enhancement. Only the enhancement
of the N1 component, but not the P2 enhancement or the N1P2 complex, was signi cantly correlated with PPI
enhancement.

More interestingly, only the separation-induced N1 enhancement, but not the P2 enhancement, is positively
correlated with the separation-induced PPl enhancement. Some studies have suggested that N1 and P2 are gener-
ated indi erent brain regions**®!. Generators of N1 are located in the temporal auditory cortical elds, including
the Heschl's gyrus and the superior temporal polysensory area (STP)®, but P2 is generated in the higher sensory
cortex®. Moreover, N1, but not P2, is related to the function of the inferior parietal lobe (IPL), which plays a role
in auditory spatial attention®.  us, N1, compared to P1, is generated from the auditory cortical elds and more
related to the auditory spatial attention. Annic et al. (2014) have shown that N1 isin uenced by stimulus-driven
attention to the prepulse, while P2 is in uenced by goal-directed attention to the prepulse’. e results of this
study suggest that perceptual separation facilitates spatial attention to the prepulse, and enhances the early cortical
representation of the prepulse (N1 component) in the temporal auditory cortical elds, and then enhances PPI.
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Since animal studies have also shown that the posterior parietal cortex (PPC) plays a role in mediating the
perceptual separation-induced PP1 enhancement$, further brain-imaging studies should be conducted to exam-
ine whether the human PPI enhancement induced by perceptual separation is based on the function of PPC?*,

In conclusion, this study reveals that in human listeners, the auditory precedence-e ect-induced perceptual
separation between the prepulse stimulus and a noise masker, which does not a ect the peripheral process-
ing, signi cantly enhances both PPI and scalp ERPs to the prepulse stimulus. More importantly, the percep-
tual separation-induced PPI enhancement is positively correlated with the perceptual separation-induced
enhancement of the N1 component of the early cortical representation of the prepulse signal, suggesting that
the perceptual separation-induced PPI enhancement is caused by the enhancement of prepulse representation
in the temporal auditory cortical elds when selective attention to the prepulse is facilitated by the perceptual
separation.

Methods
Experiment 1: Effects of Perceptual Separation on PPIl. Participants. Eighteen healthy adults (12
males and 6 females, mean age = 33.7 + 8.7 years) participated in Experiment 1. All the participants were right-
handed native Chinese speakers with normal (audiometric thresholds <25dB HL between 250 and 8000 Hz) and
bilaterally balanced hearing (interaural threshold di erences at each of the frequencies did not exceed 10dB). e
participants were paid a modest stipend for their participation.

is study was conducted according to the principles expressed in the Declaration of Helsinki. e proce-
dures of Experiment 1 and those of Experiment 2 of this study were approved by the Committee for Protecting
Human and Animal Subjects of the Department of Psychology at Peking University. All participants gave written
informed consent before their participation in this study.

Apparatus and stimuli.  Each participant sat comfortably in a recliner chair in a sound-attenuated room?¢, Two
4-mm Ag/AgCl electrodes were positioned below and lateral to the right eye over the orbicularis oculi, with a
ground electrode behind the right ear. Electrode resistances were <5kQ. e eyeblink component of the acous-
tic startle system was measured using a human EMG startle re ex system (EMG XEYE human startle re ex,
Tianminghongyuan Instruments, Beijing, China)®. EMG activity was band-pass Itered (10-500 Hz) and ampli-
ed by 40,000. Electrical voltages were collected and sampled at a frequency of 1000 Hz for 450 ms (150 ms before
and 300 msa er the startling stimulus onset). For a single trial, the maximum peak-to-peak amplitude of the star-
tle response within the time window of 20-300 msa er the onset of startle stimulus was digitized and measured.
e prepulse was a burst of Gaussian noise with the duration of 150 ms (including 30-ms rise-fall times),
which was synthesized using the “randn()” function in the MATLAB function library (the Math Works Inc.,
Natick, MA, USA) at the sampling rate of 16 kHz with 16 bit resolution. All the acoustic signals, calibrated by a
sound-level meter (AUDiIt and System 824, Larson Davis, USA), were delivered from a notebook computer sound
card (AT SB450 AC97) and presented by headphones (HD 265 linear, SENNHEISER, Germany).

Testing procedures. e PPI testing began with a 3min adaptation period of the presentation of broadband back-
ground noise (60dB SPL).  en atwo-session PPI testing was conducted. e prepulse (broadband white noise,
150 ms, 65dB SPL) was presented from the two headphones with an inter-ear onset delay being either +3 ms (le
leading) or —3 ms (right leading). Due to the precedence e ect?®?, in each of the participants with normal hear-
ing, a single fused prepulse image would be perceived at the le ear in some trials (when the le -ear sound led to
the right-ear one) and at the right ear in other trials (when the right-ear sound led). In fact, before testing, either
the prepulse or the noise masker was presented to participants binaurally, and each of the participants reported
that only a single prepulse image or a single noise image was perceived at the leading ear.

During the testing, in addition to the prepulse, a broadband noise (0-10kHz, 60dB SPL) was continuously
delivered from the two headphones as the masker. e inter-ear onset delay for the masker was +3ms (thele ear
was the leading ear and the fused noise-masker image was at the le ear) in one testing session and —3 ms (the
right ear was the leading ear and the fused noise-masker image was at the right ear) in the other session.  us, two
types of perceived laterality relationships between the prepulse and masker were created: perceptual separation
(when prepulse and masker had di erent leading ears) and perceptual co-location (when prepulse and masker
shared the same leading ear).

In a testing trial with the presentation of both prepulse and startling stimuli, the startling white-noise burst
(40 ms, 104 dB SPL) started either 60 or 120 msa erthe o setofthe prepulse. e next testing trial started about
20s later (varying from 15 to 255).

In each of the 2 testing sessions, 6 types of trials were used: (1) 4 prepulse/masker co-location trials with the ISI
of 60 ms; (2) 4 prepulse/masker co-location trials with the ISl of 120 ms, (3) 4 prepulse/masker separation trials
with the ISI of 60 ms, (4) 4 prepulse/masker separation trials with the ISI of 120 ms, (5) 8 startling-pulse-alone tri-
als, and (6) 8 prepulse-alone trials. All the 32 trials were presented in a pseudo-random order for each participant.

To maintain participants’ attention across trials throughout each of the sessions, participants were asked to
report the total number of the weak-sound burst (the prepulse) at the end of each of the 2 sessions (in total 24
prepulse stimuli were presented in a session). By doing so, the listening to the prepulse stimulus became an
active listening task?®, and participants’ attention to the prepulse signal was modulated by the shi between the
co-location condition and the separation condition.

Data analyses.  Startle eyeblink responses were recorded as electromyographic activity. Each trial was visually
inspected for spontaneous and voluntary blinks. Trials with ocular artifact exceeding 2100 puV were excluded
from analyses (trial exclusion rate <5%). e peak values of the startle-eyeblink EMG were averaged among the
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