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Prepulse inhibition (PPI) of startle is the suppression of the startle reflex when a weaker sensory stimulus (the prepulse) shortly precedes
the startling stimulus. PPI can be attentionally enhanced in both humans and laboratory animals. This study investigated whether the
following three forebrain structures, which are critical for initial cortical processing of auditory signals, auditory fear conditioning/
memories, and spatial attention, respectively, play a role in the top-down modulation of PPI in rats: the primary auditory cortex (A1),
lateral nucleus of the amygdala (LA), and posterior parietal cortex (PPC). The results show that, under the noise-masking condition, PPI
was enhanced by fear conditioning of the prepulse in a prepulse-specific manner, and the conditioning-induced PPI enhancement was
further increased by perceptual separation between the conditioned prepulse and the noise masker. Reversibly blocking glutamate
receptors in the A1 with 2 mM kynurenic acid eliminated both the conditioning-induced and perceptual separation-induced PPI enhance-
ments. Blocking the LA eliminated the conditioning-induced but not the perceptual separation-induced PPI enhancement, and blocking
the PPC specifically eliminated the perceptual separation-induced PPI enhancement. The two types of PPI enhancements were also
eliminated by the extinction manipulation. Thus, the top-down modulation of PPI is differentially organized and depends on operations
of various forebrain structures. Due to the fine-tuned modulation by higher-order cognitive processes, functions of PPI can be more
flexible to complex environments. The top-down enhancements of PPI in rats are also useful for modeling some mental disorders, such
as schizophrenia, attention deficit/hyperactivity disorder, and posttraumatic stress disorder.

Introduction
The startle reflex, the whole-body reflexive response to sudden
and intense sensory stimuli (Landis and Hunt, 1939; Koch, 1999;
Yeomans et al., 2002), can disrupt cognitive/behavioral perfor-
mances (Hoffman and Overman, 1971; Foss et al., 1989). Pre-
pulse inhibition (PPI) of startle is the suppression of the startle
reflex when a weaker sensory stimulus (the prepulse) shortly pre-
cedes the startling stimulus (Hoffman and Searle, 1965; Hoffman
and Ison, 1980). According to the “protection of processing”
theory (Graham, 1975), receiving a sensory stimulus triggers
both the information processing for the stimulus signal and the
gating mechanism dampening effects of disruptive inputs, and
PPI may provide a protection of the early processing of the pre-
pulse signal from interference. Thus, PPI is generally recognized
as an operational measure of sensorimotor gating (Braff and
Geyer, 1990; Swerdlow et al., 1991; Cadenhead et al., 1993).

Although the PPI-mediating circuitry resides in the brainstem
(Davis and Gendelman, 1977; Fox, 1979; Li and Frost, 2000) (for

review, see Fendt et al., 2001; Li and Yue, 2002), indicating that
PPI principally reflects an automatic process at the preattentive
stage, PPI can be top-down modulated by either feature-based
attention or spatial attention to the prepulse in both humans and
rats (for review, see Li et al., 2009). In rats, for instance, when the
prepulse is fear conditioned, it draws more attention and the
conditioned prepulse-induced PPI is enhanced (Huang et al.,
2007; Zou et al., 2007; Li et al., 2008; Du et al., 2009b, 2010; Ishii
et al., 2010). Also, a precedence effect-induced perceived spatial
separation between the conditioned prepulse and the noise
masker further enhances PPI by facilitating spatial attention to
the prepulse (Du et al., 2009b, 2010). Clearly, the top-down at-
tentional modulation of PPI contains various components that
may involve different forebrain structures. This study investi-
gated whether the following three forebrain structures are in-
volved in the attentional modulation of PPI in rats: the primary
auditory cortex (A1), lateral nucleus of the amygdala (LA), and
posterior parietal cortex (PPC).

The A1 occupies the initial stage of cortical processing of au-
ditory signals and provides auditory inputs to other cortical or
forebrain subcortical regions including the PPC and amygdala
(Romanski and LeDoux, 1993; Reep et al., 1994). It also projects
directly to the auditory midbrain, such as the inferior colliculus
(IC) (Herbert et al., 1991; Druga et al., 1997), which is also a
structure in the PPI circuitry (Li et al., 1998a,b). The LA, which is
involved in the formation of emotional learning (Romanski and
LeDoux, 1992; Pitkänen et al., 1997), storage of fear memories
(Blair et al., 2005; Schafe et al., 2005), and attentional bias toward
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the threat (Maren, 2007; Meck and MacDonald, 2007; Cisler and
Koster, 2010), also plays a role in affecting PPI (Swerdlow et al.,
2001), while the PPC is important in mediating spatial attention
shift/orienting in humans (Kim et al., 1999; Yantis et al., 2002;
Greenberg et al., 2010) and directed spatial attention in rats (Reep
and Corwin, 2009).

Materials and Methods
Animal preparation. According to the target forebrain structure (A1, LA,
or PPC) and the injected agent [the broad-spectrum antagonist of gluta-
mate receptors, kynurenic acid (KYNA), or the vehicle, Locke’s solu-
tion], 86 young-adult male Sprague Dawley rats (age, 10 weeks; weight,
280 –300 g) were randomly assigned to six structure/injection agent
groups: (1) A1/KYNA (n � 14), (2) A1/vehicle (n � 14), (3) LA/KYNA
(n � 16), (4) LA/vehicle (n � 14), (5) PPC/KYNA (n � 14), and (6)
PPC/vehicle (n � 14).

To examine the anatomical specificity of KYNA injection, another 10
rats with KYNA injection within the barrel field of primary somatosen-
sory cortex (S1BF) were used as the anatomical control group. The S1BF
is located both on top of the LA area and next to the A1 area.

The surgical procedures were the same as used in our previous
studies (Du et al., 2009a,c). Briefly, injection guide cannulae (C317G
guide cannula; Plastics One) were bilaterally implanted into one of
the four forebrain structures in each of the 10% chloral hydrate-
anesthetized (400 mg/kg, i.p.) rats. Referenced to bregma, the stereo-
taxic coordinates of the structures were the following: (1) A1:
anteroposterior, �4.6 mm; mediolateral, �6.5 mm; depth, �4.2 mm;
(2) LA: anteroposterior, �3.1 mm; mediolateral, �5.2 mm; depth, �7.8
mm; (3) PPC: anteroposterior, �4.4 mm; mediolateral, �3.1 mm;
depth, �1.6 mm (Fox et al., 2003); (4) S1BF: anteroposterior, �3.1 mm;
mediolateral, �5 mm; depth, �2.5 mm.

Rats were given 1 week for recovery from surgery in a room with the
temperature of 24 � 2°C and a 12 h light/dark cycle, with food and water
available ad libitum. These rats 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 approved by
the Society for Neuroscience (2006).

Stimuli and apparatus. The apparatus for PPI testing have been de-
scribed in detail in our previous reports (Du et al., 2009b, 2010). Briefly,
the rat’s whole-body startle reflex, which was induced by an intense 10 ms
broadband noise burst (0 –10 kHz, 100 dB SPL) delivered by a loud-
speaker above the rat’s head, was measured by a custom-made electrical
scale (National Key Laboratory on Machine Perception, Peking Univer-
sity) in a soundproof chamber. Beginning with the onset of the startling
stimulus, electrical voltage signals were collected and sampled (at a fre-
quency of 16 kHz) for a sufficiently long time (500 ms). Since a distinct
waveform complex of the startle response could be reliably induced by
the startling stimulus [Zou et al. (2007), their Fig. 2], in a trial, the
peak-to-peak amplitude between the primary peak component (with the
latency mainly between 15 and 20 ms) and the subsequent peak compo-
nent (with the latency of mainly between 20 and 25 ms) were digitized
and measured. The prepulse stimulus was delivered by two spatially sep-
arated (i.e., left and right) loudspeakers in the frontal field with a 100°
separation angle and 52 cm away from the rat’s head position.

The prepulse, which started 100 ms before the startling pulse, was a
50 ms lower-frequency-harmonic (1.3, 2.6, and 3.9 kHz) or higher-
frequency-harmonic (2.3, 4.6, and 6.9 kHz) tone complex. Each of the
two prepulse signals was digitally generated by MATLAB software and
converted by a custom-developed sound delivery system (National
Key Laboratory on Machine Perception, Peking University) with the
16 kHz sampling rate and 16 bit resolution. Sound levels were calibrated
by a sound level meter (Brüel & Kjær; type 2230) whose microphone was
placed at the central location of the rat’s head when the rat was absent,
using a “Fast”/”Peak” meter response. The single-source sound level of
the prepulse for each of the two horizontal loudspeakers was fixed at 60
dB SPL.

Procedures. After 1 week of recovery from surgery, each rat went
through the 6 d testing procedure. For the first 3 successive days, the rat

was placed into the restraining cage (Zou et al., 2007), whose dimensions
matched the size of the rat, and the rat could not reorient their body
position. For 30 min on each of the 3 d, the rat was exposed to a broad-
band noise (60 dB SPL), which was continuously presented by each of the
two horizontal loudspeakers. Neither the prepulse nor the startling noise
was presented. This procedure was to adapt the rat to the restraining cage
and testing chamber.

On the fourth day, startle responses before conditioning (procedure
stage BC) was measured. The rat was placed in the restraining cage for 5
min, receiving 10 presentations of startling stimulus without prepulse
presentation on the broadband-noise background whose intensity was
60 dB SPL. The interval between startling stimuli varied between 25 and
35 s (mean, 30 s). Then the two-session PPI testing was conducted with
the two prepulse stimuli being randomly and evenly presented in each
session (i.e., the lower- and higher-frequency prepulse stimuli were used
in each session). The prepulse was presented from each of the two hori-
zontal loudspeakers with the inter-loudspeaker onset delay being either
�1 ms (left leading) or �1 ms (right leading) in each of the two testing
sessions. Due to the precedence effect (Wallach et al., 1949; Litovsky et
al., 1999; Li and Yue, 2002), a type of perceptual fusion of correlated
leading and lagging sounds based on the attribute-capturing process (Li
et al., 2005; Huang et al., 2011), a single fused prepulse image would be
perceived at the left loudspeaker in some trials (when the left loudspeaker
led) and at the right loudspeaker in other trials (when the right loud-
speaker led). In addition to the prepulse, a broadband noise (0 –10 kHz,
60 dB SPL) was continuously delivered from each of the two horizontal
loudspeakers as the masker. The inter-loudspeaker onset delay for the
masker was �1 ms in one session and �1 ms in the other session, leading
to a fused continuous noise masker image at the left loudspeaker in one
session and at the right loudspeaker in the other session. Thus, two types
of perceived spatial relationships between the prepulse and the masker
were created in each session: perceptual separation (when prepulse and
masker had different leading loudspeakers) and perceptual colocation
(when prepulse and masker shared the same leading loudspeaker). Note
that a change between the precedence effect-based perceived spatial sep-
aration and colocation does not affect the impact of bottom-up sensory
inputs but facilitates selective spatial attention to the attended signal (Li
et al., 2004).

In a testing trial, the startling noise burst started 50 ms after the offset
of the prepulse, making the interstimulus onset interval 100 ms (50 � 50
ms). Then a new trial started �30 s (varying from 25 to 35 s) after the
offset of the prepulse. In each testing session, 10 trials were assigned to the
condition of perceptual spatial separation (5 trials for each of the two
prepulse stimuli), 10 trials were assigned to the condition of perceptual
colocation (5 trials for each of the two prepulse stimuli), and 5 trials were
assigned to the no-prepulse (startling stimulus only) condition.

Then, on the same day, after the PPI testing, rats underwent both the
manipulation of fear conditioning and the manipulation of conditioning
control (so simply called the conditioning/conditioning-control manip-
ulation). The conditioned stimulus (CS) was the prepulse stimulus deliv-
ered by each of the two horizontal loudspeakers with balanced left-right
leading, and the unconditioned stimulus (US) was 6 mA rectangular-pulse
(duration, 3 ms) footshock using Grass S-88 stimulator (Grass) (Du et al.,
2009b, 2010). For each rat, during the fear-conditioning manipulation, 10
temporally synchronized (paired) combinations of the footshock (US) and
one of the prepulse stimuli (CS) were presented every 30 s (US started 3
ms before CS ending, and coterminated with CS). During the
conditioning-control manipulation, 10 temporally random (unpaired)
combinations of the footshock and the other prepulse were presented
every 30 s. In each group, one-half of the rats received fear conditioning
of the lower-frequency prepulse and conditioning control of the higher-
frequency prepulse, and the other one-half of the rats received the con-
trary manipulations.

On the fifth day (24 h after the conditioning/conditioning-control
manipulation), PPI after conditioning (procedure stage AC) was mea-
sured with the procedure described above. Note that both the condi-
tioned prepulse and the conditioning-control prepulse were always
presented in each of the two testing sessions. Then, either the KYNA (2
mM in Locke’s solution; Sigma-Aldrich) or Locke’s solution was injected
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slowly into bilateral A1 (2.0 �l on each side),
LA (1.0 �l on each side), PPC (2.0 �l on each
side), or S1BF (2.0 �l on each side) over a pe-
riod of �1 min. Drug administration was
made through the guide cannula, which was
connected to a 5.0 �l microsyringe via polyeth-
ylene tubing (inner diameter, 0.38 mm; outer
diameter, 1.09 mm; Clay Adams, division of
BD Biosciences). PPI after injection (proce-
dure stage AI) was tested 15 min after the in-
jection. Since the blocking effect of KYNA is
reversible (Li and Kelly, 1992; Malmierca et al.,
2003), PPI testing was conducted again 2 h af-
ter the injection of KYNA when the injected
structure recovered from blocking (procedure
stage AR).

On the sixth day, all rats underwent the ma-
nipulation of fear extinction. Without pairing
the US, the conditioned prepulse was pre-
sented 60 times and the conditioning-control
prepulse was presented 20 times with the inter-
stimulus interval of 30 s. For each rat, the total
80 prepulse presentations (60 for CS and 20 for
CS control) were evenly divided into four ex-
tinction sessions with the intersession interval
of 10 min. After the extinction manipulation,
PPI was measured again (procedure stage AE).

Data analyses. The amount of PPI was calcu-
lated with the following generally used formu-
la: PPI � (amplitude to startling sound
alone � amplitude to startling sound preceded
by prepulse)/(amplitude to startling sound
alone).

Since in each group, one-half of the rats were
fear conditioned with the lower-frequency pre-
pulse (when the higher-frequency prepulse was
the conditioning-control stimulus) and the
other one-half of the rats were fear conditioned with the higher-
frequency prepulse (when the lower-frequency prepulse was
conditioning-control stimulus), PPI values were averaged over the two
subgroups after normalization. PPI values for each individual rat were
normalized relative to the PPI value before the conditioning/
conditioning-control manipulation (procedure stage BC) under pre-
pulse/masker colocation condition. Mixed and within-subject repeated-
measures ANOVAs followed by Bonferroni’s pairwise comparisons (for
comparisons between procedure stages) and paired t tests (for compari-
sons between perceived colocation and spatial separation) were per-
formed using SPSS 13.0 software. The null-hypothesis rejection level was
set at 0.05.

Histology. When all recordings were finished, rats were killed with an
overdose of chloral hydrate. Lesion marks were made via the cannula by
an anodal DC current (500 �A for 10 s). Brains were stored in 10%
formalin with 30% sucrose, and then sectioned at 50 �m in the frontal
plane in a cryostat (�20°C). Sections were examined to determine loca-
tions of injection cannulae.

Results
Histology
According to histological examination (Fig. 1), injection cannu-
lae were precisely located within left A1 area in 13 rats and right
A1 area in 12 rats in the A1/KYNA group (filled circle); within left
A1 area in 12 rats and right A1 area in 13 rats in the A1/vehicle
group (open circle); within left LA area in 14 rats and right LA
area in 12 rats in the LA/KYNA group (filled circle); within left LA
area in 12 rats and right LA area in 13 rats in the LA/vehicle group
(open circle); within left PPC area in 13 rats and right PPC area in
13 rats in the PPC/KYNA group (filled circle); within left PPC
area in 12 rats and right PPC area in 12 rats in the PPC/vehicle

group (open circle); within left S1BF area in 10 rats and right
S1BF area in 10 rats in the S1BF/KYNA group.

Rats with unilateral or bilateral misplaced injection cannulae
(filled square) were removed from data analyses. Thus, descrip-
tions and statistical analyses here were based on the data from 12
rats in each of six groups (A1/KYNA, A1/vehicle, LA/KYNA, LA/
vehicle, PPC/KYNA, and PPC/vehicle) and 10 rats in S1BF/
KYNA group.

Responses to the startling stimulus alone
Table 1 shows the group mean amplitude of startle response to
the startling stimulus alone (when the prepulse was not pre-
sented) in each of the rat groups. The baseline startle amplitude
significantly increased after the conditioning/conditioning-
control manipulation (all p � 0.05, by within-subject repeated-
measures ANOVA and pairwise comparisons) and reduced to the
level at the procedure stage BC after fear extinction. Injection of
either KYNA or Locke’s solution into one of the four brain struc-
tures did not significantly influence the startle amplitude to the
startling stimulus alone (all p � 0.05).

Baseline PPI
In this study, two types of tone complexes (lower-frequency and
higher-frequency ones) were used as the prepulse stimuli. Table 2
shows the unnormalized PPI values obtained at the procedure
stage BC (before the conditioning/conditioning-control manip-
ulation) under prepulse/masker colocation condition for all the
rat groups. In each group, the values of PPI induced by the lower-
frequency prepulse and those by the higher-frequency prepulse
did not significantly differ (all p � 0.05 by paired t tests).

Figure 1. Histological locations of injection cannulae in all 96 rats. Correct locations of cannulae in KYNA groups are labeled by
filled circles and in vehicle control groups by open circles. Misplaced cannulae are labeled by filled squares.
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Effects of KYNA injection on PPI induced by
conditioned prepulse
Figure 2 shows the results of PPI for rat groups with injection of
KYNA (left panels) or Locke’s solution (right panels) into the A1
(top panels), LA (middle panels), and PPC (bottom panels), respec-
tively, during different procedure stages. To emphasize the most
important results of the present study, we first summarize the effects
of injecting KYNA into one of the three brain structures when the
prepulse was the conditioned tone complex (Fig. 2a,c,e).

For each of the three rat groups with KYNA injection (A1/
KYNA, LA/KYNA, PPC/KYNA), there is no evidence in Figure 2
to suggest that at procedure stage BC the perceived spatial sepa-
ration between the prepulse and masker enhanced PPI. However,
there is evidence to suggest that, when the prepulse became con-
ditioned (procedure stage AC), PPI was remarkably enhanced,
and the enhancement was further increased by the perceived spa-
tial separation. Then, injection of KYNA markedly reduced the
two PPI enhancements (procedure stage AI) and the degree of the
reductions was brain structure dependent. Also, the injection
effects disappeared 2 h after the injection (procedure stage AR).
Finally, following the extinction manipulation (procedure stage
AE), the PPI level returned to that at procedure stage BC.

Statistical tests were applied to examine the observations. For
each of the three groups, a 5 (procedure stage: BC, AC, AI, AR,
AE) � 2 (perceived spatial relationship, simply called separation
type: colocation, separation) within-subject repeated-measures
ANOVA shows that the interaction between the two factors was
significant (all F(4,44) � 23; p � 0.001). Pairwise comparisons (for
comparisons between procedure stages) and paired t tests (for
comparisons between separation types) show that (1) at proce-
dure stage BC, the effect of separation type on PPI was not signif-
icant (all t(11) � 1.7; p � 0.05); (2) the PPI level at procedure stage
AC was significantly larger than that at procedure stage BC (p �
0.01); (3) at procedure stage AC, the effect of separation type on
PPI was significant (all t(11) � 7.4; p � 0.001).

Following injection of KYNA into one of the three brain struc-
tures, both the conditioning-induced and separation-induced

PPI enhancements were changed and the changes depended on
the injected brain structure (see below).

Effects of blocking the A1 on PPI induced by
conditioned prepulse
Following injection of KYNA into the A1 (Fig. 2a, procedure
stage AI), perceived spatial separation-induced PPI enhance-
ments disappeared (colocation vs separation, t(11) � 0.335, p �
0.05). Also, the PPI level at procedure stage AI became signifi-
cantly smaller than that at procedure stage AC (p � 0.05), but not
significantly different from that at procedure stage BC (p � 0.05).
Two hours after the injection (procedure stage AR), the PPI level

Table 1. Startle amplitudes to the startling stimulus alone

Groups

Amplitude in the device scale unit

Before
conditioning

After
conditioning

After
injection

After
recovery

After
extinction

A1/KYNA (n � 12) 1425 � 281 1640 � 299 1662 � 258 1644 � 296 1400 � 354
A1/vehicle (n � 12) 1486 � 246 1662 � 258 1720 � 251 N/A 1516 � 187
LA/KYNA (n � 12) 1104 � 466 1336 � 537 1354 � 571 1267 � 535 1055 � 561
LA/vehicle (n � 12) 1207 � 424 1400 � 438 1432 � 423 N/A 1267 � 456
PPC/KYNA (n � 12) 1346 � 355 1541 � 379 1598 � 406 1564 � 405 1355 � 460
PPC/vehicle (n � 12) 1290 � 415 1449 � 413 1479 � 426 N/A 1268 � 506
S1BF/KYNA (n � 10) 1109 � 316 1252 � 433 1286 � 220 1268 � 390 997 � 212

Values represent mean � SD.

Table 2. Group mean baseline PPI values (under perceived prepulse/masker
colocation and before the conditioning/conditioning-control manipulation)

Groups
Lower-frequency
prepulse (%)

Higher-frequency
prepulse (%)

A1/KYNA (n � 12) 31.7 � 7.1 31.5 � 8.9
A1/vehicle (n � 12) 32.7 � 9.4 32.8 � 11.1
LA/KYNA (n � 12) 34.6 � 12.2 34.6 � 11.9
LA/vehicle (n � 12) 36.6 � 17.4 36.4 � 15.7
PPC/KYNA (n � 12) 31.2 � 7.5 30.5 � 7.9
PPC/vehicle (n � 12) 34.4 � 7.0 32.0 � 7.8
S1BF/KYNA (n � 10) 36.0 � 7.4 36.9 � 7.8

Values represent mean � SD.

Figure 2. Normalized PPI induced by the conditioned prepulse at different procedure stages
in A1/KYNA group (n � 12) (a), A1/vehicle group (n � 12) (b), LA/KYNA group (n � 12) (c),
LA/vehicle group (n � 12) (d), PPC/KYNA group (n � 12) (e), and PPC/vehicle group (n � 12)
(f ). The filled bars represent the conditions when the prepulse was perceptually colocated with
the noise masker, while the diagonal bars represent the conditions when the prepulse was
perceptually separated with the noise masker. BC, Before conditioning; AC, after conditioning;
AI, after injection; AR, after recovery; AE, after extinction. In this and the next figures, all the PPI
values were normalized relative to the value at the procedure stage BC and under the prepulse/
masker colocation condition. Error bars represent the SEM. **p � 0.01 and *p � 0.05 (by
repeated-measures ANOVA, Bonferroni’s pairwise comparisons, and paired t tests).
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recovered to that at procedure stage AC (p � 0.05) and became
significantly larger than that at procedure stage AI (p � 0.01).
Moreover, the significant effect of separation type reappeared
(t(11) � 8.152; p � 0.001). After the extinction manipulation, the
PPI level returned to that at procedure stage BC (p � 0.05), and
the effect of separation type became not significant (t(11) � 1.616;
p � 0.05). Thus, blocking the A1 completely abolished both the
conditioning-induced PPI enhancement and the perceptual
separation-induced PPI enhancement.

Effects of blocking the LA on PPI induced by
conditioned prepulse
Following injection of KYNA into the LA (Fig. 2c, procedure
stage AI), the PPI level became significantly reduced compared
with that at procedure stage AC (p � 0.01). More specifically, the
group mean reduction was 26.3% under the colocation condition
and 30.0% under the separation condition, leading to that the PPI
level returned to that at procedure stage BC (p � 0.05). However,
the effect of separation type on PPI was still significant (t(11) �
2.282; p � 0.05). Two hours after the injection (procedure stage
AR), the PPI level was significantly larger than that at procedure
stage AI (p � 0.01) and became not significantly different from
that at procedure stage AC (p � 0.05). Also, the effect of separa-
tion type remained significant (t(11) � 7.233; p � 0.001). At pro-
cedure stage AE, the PPI level returned to that at procedure stage
BC (p � 0.05), and the effect of separation type became not
significant (t(11) � 0.788; p � 0.05). Thus, blocking the LA abol-
ished the conditioning-induced PPI enhancement but not the
perceptual separation-induced PPI enhancement.

Effects of blocking the PPC on PPI induced by
conditioned prepulse
Following injection of KYNA into the PPC (Fig. 2e, procedure
stage AI), although the PPI level became significantly smaller
than that at procedure stage AC (p � 0.01), it was still signifi-
cantly larger than that at procedure stage BC (p � 0.05). Also, the
effect of separation type on PPI became not significant (t(11) �
0.029; p � 0.05). Two hours after the injection (procedure stage
AR), the PPI level was significantly larger than that at procedure
stage AI (p � 0.05) and became not significantly different from
that at procedure stage AC (p � 0.05). Also, the effect of separa-
tion became significant again (t(11) � 9.973; p � 0.001). At pro-
cedure stage AE, the PPI level returned to that at procedure stage
BC (p � 0.05) and the effect of separation type became not sig-
nificant (t(11) � 0.150; p � 0.05). Thus, blocking the PPC abol-
ished the perceptual separation-induced PPI enhancement but
not the conditioning-induced PPI enhancement.

Effects of vehicle injection on PPI induced by
conditioned prepulse
Figure 2, b, d, and f, show the PPI levels for rat groups with
injection of Locke’s solution into the A1, LA, or PPC at different
procedure stages when the prepulse was the conditioned tone
complex. Briefly, the only difference in PPI between the vehicle
injection groups and the KYNA injection groups was that, in each
of the three vehicle groups, the injection did not significantly
change either the conditioning-induced PPI enhancement (pro-
cedure stage AI vs procedure stage AC, p � 0.05) or the separa-
tion effect (at procedure stage AI, PPI under separation condition
was still larger than that under colocation condition; all t(11) �
4.5, p � 0.01).

PPI induced by conditioning-control prepulse
Figure 3 shows the PPI levels for rat groups with injection of
either KYNA (left panels) or Locke’s solution (right panels) into
the A1, LA, or PPC at different procedure stages when the pre-
pulse was the conditioning-control tone complex.

For the three groups with the injection of KYNA, the
conditioning-control manipulation did not cause any marked
effects on PPI. For either the A1/KYNA group (Fig. 3a) or the
PPC/KYNA group (Fig. 3e), injection of KYNA did not change
PPI induced by the conditioning-control prepulse. A 5 (proce-
dure stage: BC, AC, AI, AR, AE) � 2 (separation type) within-
subject ANOVA confirms that the main effect of procedure stage
and the main effect of separation type were not significant (all
F � 4.7; p � 0.05), and the interaction between the two factors
was not significant (both F(4,44) � 1.6; p � 0.05).

However, for the LA/KYNA group, injection of KYNA into
the LA reduced the PPI level by 15.7% in the group mean under
the colocation condition and 19.7% under the separation condi-
tion, and this PPI reduction disappeared 2 h after the injection (Fig.
3c). A 5 (procedure stage) � 2 (separation type) within-subject
ANOVA shows that the main effect of procedure stage was signifi-

Figure 3. Normalized PPI elicited by the conditioning-control prepulse at different proce-
dure stages in A1/KYNA group (n � 12) (a), A1/vehicle group (n � 12) (b), LA/KYNA group
(n � 12) (c), LA/vehicle group (n � 12) (d), PPC/KYNA group (n � 12) (e), and PPC/vehicle
group (n � 12) (f ). See Figure 2 legend for the explanation of symbols and abbreviations. *p �
0.05 (by repeated-measures ANOVA and Bonferroni’s pairwise comparisons).
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cant (F(4,44) �3.459; p�0.05), the main effect of separation type was
not significant (F(1,11) � 0.4; p � 0.05), and the interaction between
the two factors was not significant (F(4,44) � 1.0; p � 0.05). Pairwise
comparisons show that the PPI level at procedure stage AI was sig-
nificantly smaller than those at procedure stage AC and procedure
stage AR (p � 0.05).

Meanwhile, neither the conditioning-control manipulation
nor injection of Locke’s solution affected PPI in each of the three
vehicle control groups (A1/vehicle, LA/vehicle, PPC/vehicle). For
each group, a 4 (procedure stage: BC, AC, AI, AE) � 2 (separation
type) within-subject ANOVA confirms that either the main effect
of procedure stage or the main effect of separation type was not
significant (all F � 4.4; p � 0.05), and the interaction between the
two factors was not significant (all F � 1.4; p � 0.05).

Effects of blocking the S1BF area on PPI induced by
conditioned prepulse
To examine the anatomical specificity of KYNA injection, PPI
was tested in 10 rats with KYNA injection into the S1BF area. As
Figure 4 shows, bilateral injection of 2 �l of KYNA into the S1BF
did not significantly affect PPI under either the colocation or the
separation condition, when PPI was induced by either the condi-
tioned prepulse or the conditioning-control prepulse (all p �
0.05). Thus, the results confirm the anatomical specificity of the
blocking effect of KYNA injection.

Discussion
Two types of top-down enhancements of PPI
The PPI level depends on the salience and processing depth of the
prepulse signal (Carlson and Willott, 1996; Ison et al., 1998;
Röskam and Koch, 2006; Franklin et al., 2007; Huang et al., 2007;
Zou et al., 2007; Li et al., 2008; Du et al., 2009b, 2010). Fear
conditioning of the prepulse specifically improves the ecological
salience of the conditioned prepulse stimulus and facilitates rats’
attention to the “selected” prepulse, thereby enhancing PPI as
revealed in this and previous studies (Huang et al., 2007; Zou et
al., 2007; Li et al., 2008; Du et al., 2009b, 2010; Ishii et al., 2010).
Also, the precedence effect-based perceived spatial separation be-
tween the masker and the conditioned prepulse (but not the
conditioning-control prepulse) causes a further enhancement of
PPI as revealed by this and previous studies (Du et al., 2009b,
2010). More importantly, this study for the first time reveals that
the three forebrain structures, A1, LA, and PPC, contribute to the
two types of PPI enhancements differently.

Contributions of the A1
Synthesized and released within the CNS, KYNA is the only
known endogenous antagonist of excitatory amino acid (gluta-
mate) receptors (Swartz et al., 1990). Using KYNA as a blocking
means has several advantages over other chemically or physically
blocking methods (such as local injection of anesthetics to block
sodium channels and local cooling): First, due to its broad-
spectrum nature in blocking glutamate receptors, KYNA blocks
both non-NMDA and NMDA receptors (Stone and Connick,
1985; Kessler et al., 1989; Thomson et al., 1989). Thus, KYNA
generally blocks glutamate receptor-mediated excitatory inputs
to the injected area, reducing excitation of neurons in the area. In
addition, since KYNA does not influence axonal conduction, ac-
tivity of unrelated axons passing the injected area is not affected.
Finally, the blocking effect of KYNA is reversible (Li and Kelly,
1992; Malmierca et al., 2003).

The results of this study show that both the conditioning-
induced and perceptual separation-induced PPI enhancements
were completely eliminated by reversibly blocking excitatory glu-
tamate receptors in the A1 with KYNA, suggesting that the initial
cortical processing of the conditioned-prepulse signals is critical
for the formation of the two types of top-down enhancements
of PPI.

It is known that the A1 is the primary cortical source for
providing auditory signals to other cortical regions and forebrain
subcortical structures including the PPC and amygdala (Roman-
ski and LeDoux, 1993; Reep et al., 1994) (for review, see Wang et
al., 2008). If some of the forebrain structures receiving auditory
signals from the A1 are closely involved in the conditioning-
induced and/or perceptual separation-induced PPI enhance-
ments, blocking the A1 diminishes acoustically driven activities
of these forebrain structures and eliminates the top-down mod-
ulations. In addition, by measuring regional cerebral blood flows
(O’Leary et al., 1997; Hugdahl et al., 2000), neuromagnetic fields
(Fujiwara et al., 1998; Poghosyan and Ioannides, 2008), hemody-
namic responses (Jäncke et al., 1999; Krumbholz et al., 2007), or
intracranial electrophysiological activities (Bidet-Caulet et al.,
2007), studies using human participants suggest that the A1 is
involved in auditory attention. Particularly, using the method of
magnetoencephalography, our recent studies have shown that
the human A1 plays a role in integrating both spectral (feature)
cues and spatial cues to perceptually segregate co-occurring
speech sounds in a complex listening environment (Du et al.,
2011). Electrophysiological studies using laboratory animals have
also shown that the A1 is important for mediating attention in
rats (Polley et al., 2006; Jaramillo and Zador, 2011), ferrets
(Fritz et al., 2007), and cats (Lee and Middlebrooks, 2011).
Thus, blocking the A1 may impair both auditory object/
feature-based attention and auditory spatial attention, leading
to that attention-impaired rats do not exhibit any attentional
modulations of PPI. Moreover, the A1 sends descending axonal
projections to some important relay sites in the pathway mediat-
ing PPI, including the IC (Herbert et al., 1991; Druga et al., 1997;
Coomes et al., 2005; Schofield, 2009), pedunculopontine teg-
mental nucleus (PPTg), and laterodorsal tegmental nucleus
(Schofield and Motts, 2009; Schofield, 2010). Thus, the A1 may
directly mediate the top-down modulations of PPI via its direct
projections to the PPI pathway. Since blocking the A1 does not
have any effects on PPI if the prepulse is not conditioned, the role
of the A1 in modulating PPI occurs only when the prepulse stim-
ulus becomes ethologically significant.

Figure 4. Normalized PPI elicited by the conditioned prepulse (left panel) and conditioning-
control prepulse (right panel) at different procedure stages in the S1BF/KYNA group (n � 10).
See Figure 2 legend for the explanation of symbols and abbreviations. **p � 0.010 and *p �
0.05 (by repeated-measures ANOVA, Bonferroni’s pairwise comparisons, and paired t tests).
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Contributions of the LA
In this study, the conditioning-induced but not the perceptual
separation-induced PPI enhancement was eliminated by revers-
ibly blocking the LA. It is known that the LA is important for the
formation of fear conditioning (Romanski and LeDoux, 1992;
Pitkänen et al., 1997), suggesting that it is the LA that establishes
the association between the conditioned prepulse (CS) and the
footshock (US). More importantly, since the amygdala mediates
fear-related attention toward the most salient signal, such as a
threat, under stressful circumstance (Meck and MacDonald,
2007), and the LA is the critical site for storing memories of the
CS–US association (Blair et al., 2005; Schafe et al., 2005), the LA
may play a role in retrieving the ecological meanings of the
conditioned prepulse and allocating selective attention to the
conditioned prepulse that signals a potential threat (the foot-
shock). Thus, blocking the LA may impair expression of the
memories of the prepulse–footshock association, and conse-
quently, reduce the rat’s attention to the conditioned pre-
pulse. Since blocking the LA abolished conditioning-induced
but not perceptual separation-induced PPI enhancement, the
LA mainly mediates object/feature-based selective attention to
the conditioned prepulse stimulus.

Based on our knowledge, there are two possible pathways for
the top-down PPI modulations by amygdala: (1) the amygdala
projects to the globus pallidus (Haber et al., 1985), which in turn
sends inhibitory projections to the PPTg (Takahashi et al., 2007);
(2) the amygdala projects to the deeper layers of the superior
colliculus (Meloni and Davis, 2000), another important relay site
in the PPI pathway (Fendt et al., 2001). Unlike blocking the A1,
blocking the LA reduces the PPI level even when the prepulse is
the conditioning-control tone complex, suggesting that the
amygdala also provides conditioning-unrelated influences to the
PPI pathway.

Since the reduction of the PPI induced by the conditioned
prepulse was obviously larger than that of the PPI induced by the
conditioning-control prepulse, the PPI reduction after blocking
the LA when the prepulse was the conditioned tone complex
cannot be explained by a general, conditioning-unrelated func-
tion of the LA in modulating PPI.

Contributions of the PPC
The results of this study also show that blocking the PPC mildly
reduced the conditioning-induced PPI enhancement but com-
pletely abolished the perceptual separation-induced PPI en-
hancement, indicating that the PPC specifically contributes to
spatial attention to the conditioned prepulse. It is known that, in
humans, the PPC plays a role in spatial attention (Kim et al., 1999;
Yantis et al., 2002; Greenberg et al., 2010). In rats, it mediates
spatial orientation (Reep and Corwin, 2009), attentional set-
shifting (Fox et al., 2003), long-term memory representation of
spatial information (Kesner, 2009), sustained attention against
competing distractors (Broussard and Givens, 2010), and incre-
mental processing of conditioned stimuli (Bucci et al., 1998).
Anatomically, the rat PPC has reciprocating neural connections
with the auditory cortex and the medial prefrontal cortex (Reep
et al., 1994), both of which send axonal projections to the
amygdala (Romanski and LeDoux, 1993; McDonald et al., 1996).
Thus, in the testing environment used in this study, the PPC
mainly allocates spatial attention specifically to the conditioned
prepulse.

Effects of the conditioning/conditioning-control
manipulation on responses to the startling stimulus alone
Consistent with previous reports (Du et al., 2010), the results of
this study show that, following the conditioning/conditioning-
control manipulation (at the procedure stage AC), the startle
amplitude to the startling stimulus alone became significantly
larger in each of the rat groups (Table 1). Within a testing session,
the trials with the startling stimulus alone intermixed with both
those with the startling stimulus preceded by the conditioned
prepulse and those with the startling stimulus preceded by the
conditioning-control prepulse. Thus, the enhanced baseline star-
tle response would be associated with sustained fear and/or anx-
iety without the prepulse specificity (Du et al., 2010). Note that
fear-potentiated startle has been traditionally defined as an in-
crease in startle amplitude in the presence versus the absence of
the conditioned fear stimulus (i.e., CS) when the CS duration is
usually set at a sufficiently long value (e.g., 3700 ms) and the CS
ending is a few hundred milliseconds behind the offset of the
startling stimulus (Kim et al., 1993; Walker and Davis, 1997).
Thus, the design of this study was not specifically for investigating
fear-induced potentiation of startle.

Moreover, in this study, injection of KYNA into the A1, LA,
PPC, or S1BF did not affect the increase of the startle amplitude in
the trials with the startling stimulus alone, suggesting that the
potentiation of startle following the conditioning/conditioning-
control manipulation was not mediated by the A1, LA, PPC, or
S1BF. The results are generally consistent with the reports in the
studies by Kim et al. (1993) and Walker and Davis (1997) show-
ing that, after fear conditioning, the baseline startle amplitude
(when only the startling stimulus was presented) was not sub-
stantially reduced by either injection of the non-NMDA-receptor
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione into the baso-
lateral amygdaloid nuclei (including the LA) (Kim et al., 1993)
or injection of the specific AMPA receptor antagonist 2,3-
dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline into one of
the three brain regions: the basolateral amygdala, central nucleus
of the amygdala, and bed nucleus of the stria terminalis (Walker
and Davis, 1997).

New animal models for studying mental disorders
In patients with schizophrenia, impaired PPI that is induced by the
attended prepulse, but not ignored prepulse, is more correlated with
the severity of some critical symptoms (Dawson et al., 2000; Braff et
al., 2001; Hazlett et al., 2007). However, the correlation between
symptoms and PPI deficits cannot be detected in the passive-
attention PPI paradigm (Swerdlow et al., 2006). Moreover, in chil-
dren with attention deficit/hyperactivity disorder (ADHD), PPI
induced by attended prepulse is reduced, but it is unaffected if
children with ADHD are instructed to ignore the prepulse (Hawk
et al., 2002, 2003). Since the impaired attentional modulation of
PPI is more correlated with the two disorders than impaired base-
line PPI, and particularly, the two disorders have their roots in
dysfunctions of the A1 (Javitt et al., 1993; Bekker et al., 2005), the
amygdala (Aleman and Kahn, 2005; Serene et al., 2007), and the
PPC (Danckert et al., 2004; Curatolo et al., 2009), the top-down
modulation of PPI in rats will be useful for establishing new
animal models for studying the two mental disorders.

Furthermore, as shown by the results of this study, both the
conditioning-induced and perceptual separation-induced PPI
enhancements can be completely eliminated by the extinction
manipulation. Thus, it is also of interest to know whether the
extinction of PPI enhancement involves the forebrain structures,
such as the auditory cortex, amygdala, and prefrontal cortex
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(Falls et al., 1992; Quirk et al., 1997; Milad and Quirk, 2002), and
the extinction of top-down PPI enhancements in rats also be-
comes useful for studying posttraumatic stress disorder (PTSD)
(Adamec, 1997).

Summary: differentially organized top-down modulations
of PPI
Although the primary pathway that mediates PPI is located in the
brainstem (Fendt et al., 2001; Li and Yue, 2002), PPI can be
top-down modulated (Li et al., 2009). Previous studies have sug-
gested that multiple forebrain structures are involved in regulat-
ing PPI (Bakshi and Geyer, 1998; Miller et al., 2010).

This study, for the first time, provides evidence that the three
forebrain structures, A1, LA, and PPC, contribute to the
conditioning-induced PPI enhancement and the perceptual
separation-induced PPI enhancement differently. We conclude
that the neural bases underlying attentional modulations of PPI
are differentially organized: The PPC is mainly involved in the
spatially attentional modulation, the LA is mainly involved in
nonspatially attentional modulation, and the A1 is involved in
both the spatially and nonspatially attentional modulations.
Thus, the differentially organized top-down enhancements of
PPI refine functions of PPI, making the gating process more flex-
ible to complex environments. In the future, it is important to
investigate whether the top-down enhancements of PPI are use-
ful for studying mental disorders, such as schizophrenia, ADHD,
and PTSD.
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