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bstract

Prepulse inhibition (PPI; also termed startle reduction or reflex modification, see Ref. [H.S. Hoffman, J.R. Ison, Reflex modification in the domain
f startle: I. Some empirical findings and their implications for how the nervous system processes sensory input, Psychol. Rev. 87 (1980) 175–189])
rovides an efficient and accurate method to assess both simple and complex acoustic discrimination in rodents [J.R. Ison, G.R. Hammond,
odification of the startle reflex in the rat by changes in the auditory and visual environments, J. Comp. Physiol. Psychol. 75 (1971) 435–452].
ssessment of acoustic processing using PPI is less time consuming than operant conditioning paradigms, allows for the testing of many subjects

imultaneously, and largely eliminates confounds due to motivation and attention [M. Clark, G. Rosen, P. Tallal, R.H. Fitch, Impaired processing of
omplex auditory stimuli in rats with induced cerebrocortical microgyria, J. Cog. Neurosci. 12 (2000) 828–839]. Moreover, PPI procedures allow
or data acquisition from the first day of testing, and can be used on rats as young as P14–15 [J.T. Friedman, A. Peiffer, M. Clark, A. Benasich,
.H. Fitch, Age and experience related improvements in gap detection in the rat, Dev. Brain Res. 152 (2004) 83–91; M. McClure, S. Threlkeld,
. Rosen, R.H. Fitch, Rapid auditory processing and learning deficits in rats with P1 versus P7 neonatal hypoxic-ischemic injury, Behav. Brain
es. 172 (2006) 114–121; S.W. Threlkeld, M.M. McClure, G.D. Rosen, R.H. Fitch, Developmental timeframes for the induction of microgyria
nd rapid auditory processing deficits in the rat, Brain Res. 1109 (2006) 22–31]. For these and additional reasons, the PPI paradigm has more

ecently been adapted to the assessment of complex acoustic discrimination (tone sequences and FM sweeps), and applied to the study of normally
eveloping as well as neuropathologically affected rodent populations.

The purpose of the current review is to provide a background on the PPI paradigm, and to summarize what has been learned more recently using
odified versions of PPI with rodent models.

2007 Elsevier Inc. All rights reserved.

eywords: Startle reduction; Reflex modification; Acoustic discrimination; Sensory threshold; Oddball paradigm

ontents

1. A brief review of prepulse inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Adapted models of prepulse inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2.1. PPI (or reflex modification, startle reduction) apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.2. Silent gap detection procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.3. Oddball two-tone sequence detection procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.4. Oddball FM sweep detection procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3. Findings on complex acoustic discrimination using prepulse inhibition (PPI) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

4. Implications for the use of PPI in assessing sensory processing as a f

Conflict of interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Acknowledgement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

∗ Corresponding author. Tel.: +1 860 486 2554.
E-mail address: roslyn.h.fitch@uconn.edu (R.H. Fitch).

361-9230/$ – see front matter © 2007 Elsevier Inc. All rights reserved.
oi:10.1016/j.brainresbull.2007.07.013
unction of other variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

mailto:roslyn.h.fitch@uconn.edu
dx.doi.org/10.1016/j.brainresbull.2007.07.013


2 esearc

1

a
s
i
e
d
v
m
a
i
a

s
D
a
t
t
n
a
“

c
i
o
t
i
d
i
I
i
c
c
n
s
t
d
T
p
o
b
i

i
r
S
s
o
e
p
h
n
e
a
t
t

i
t
u
l
O
u
c

i
u
A
t
n
P
i
g
i
p
s

e
m
h
t
i
l
f
i
b
i
i
i
s
s
t
l

2

m
s
a
s
T
t
i

2
a

P

R.H. Fitch et al. / Brain R

. A brief review of prepulse inhibition

The acoustic startle reflex (ASR) is behaviorally manifest as
rapid contraction of muscles. This reflexive response is con-

istently evoked following the presentation of an unexpected
ntense stimulus (e.g., a loud noise burst). In rats, the ASR can be
licited by acoustic stimuli more than 80 dB above the auditory
etection threshold [40]. In humans, ASR is typically indexed
ia eye-blink measures [21]. In rodents, however, ASR move-
ents can be quantified and indexed by placing the animal on
load-cell platform that transduces and transmits movement-

nduced pressure information (which is in turn recorded and
nalyzed [6,28–32]).

The circuit mediating the ASR is composed of only a few
ynapses and is relatively simple, with extremely short latency.
ata suggest that when a sufficiently intense startle eliciting

uditory stimulus (SES) such as a noise burst is presented,
he signal is transmitted from the auditory nerve to the ven-
ral cochlear nucleus, the nuclei of the lateral lemniscus, the
ucleus reticularis pontis caudalis (PnC), spinal interneurons,
nd finally to spinal motor neurons to elicit the characteristic
startle” response [9,11,26].

A reduction or attenuation of this ASR (startle reduction)
an be induced through prepulse inhibition (PPI [18]). That is,
f a non-startling stimulus or “prepulse” (i.e., auditory, visual
r tactile) is presented 20–500 ms before the SES, the ampli-
ude of the ASR is significantly reduced—provided the subject
s capable of processing the stimulus [11,15,42]. Moreover, the
egree of ASR attenuation is directly related to the detectabil-
ty of the stimulus preceding the SES (the prepulse [19,25]).
n its simplest form, PPI paradigms use a brief and moderately
ntense (65–75 dB) pure-tone, or a light flash, as the prepulse
ue. However, more recent methods have also adapted this pro-
edure to the use of silent gaps embedded in background white
oise (see Refs. [16,25]). In such paradigms, variable duration
ilent gaps (e.g., from 0 to 100 ms; 0 ms presented on uncued
rials, and 2–100 ms gaps presented on cued trials) are embed-
ed in background low-level (60–75 dB) broadband white noise.
hese variable duration gaps (including the 0 ms “no gap”) are
resented in random order, usually 20–100 ms before the SES,
n each trial. Using such paradigms, threshold gap detection can
e reliably ascertained, since PPI will not be evident if the gap
s too short to be detected [10,14,25].

The circuit mediating PPI appears to involve central nuclei
ncluding the cochlear nucleus, the inferior colliculus, the supe-
ior colliculus, and the pedunculopontine tegmental nucleus.
pecifically, it is believed that when a non-startling acoustic
timulus (prepulse) is presented, the signal travels from the level
f the cochlea to the inferior colliculus, that then sends collat-
rals to the superior colliculus (where somatosensory or visual
repulse information would enter the stream if present). From
ere, an excitatory input to the pedunculopontine tegmental
ucleus appears to inhibit the PnC, a major nucleus involved in

liciting the startle reflex. Thus, when a SES occurs (20–500 ms
fter the presentation of a prepulse cue), there is an inhibition of
he ASR via inhibition of the PnC [11,22,23,26,42]. With regard
o the use of complex stimuli or stimulus changes to cue PPI,
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t is also possible that higher acoustic structures may feed into
his circuit (e.g., thalamus [46] and cortex [20]). However, it is
nclear to what degree these structures are involved in stimu-
us processing per se versus general forebrain regulation of PPI.
verall, findings indicate that our understanding of the circuitry
nderlying PPI, particularly as concerns the use of variations in
omplex acoustic stimuli as prepulse cues, is not yet complete.

Numerous studies have been conducted to assess factors that
nfluence PPI as a function of lesions or neurochemical manip-
lations to the PPI circuitry itself (see Ref. [42] for review).
ccordingly, animal models of impaired PPI appear to translate

o clinical models of impaired PPI in humans (e.g., schizophre-
ia [3]). However, in the current review, we discuss the use of
PI in a system where PPI circuitry is assumed to be largely

ntact (based on screening through simple tone and long silent
ap PPI tasks), and the PPI paradigm can thus be used to assess
ndividual and between-group variations in discrimination of the
repulse cue specifically as a function of spectral and temporal
timulus properties.

Our interest in the use of this paradigm is multi-faceted. First,
vidence suggests that deficits in rapid auditory discrimination
ay be highly predictive of subsequent language difficulties in

uman populations [1,2,5]. As such, any acoustic discrimina-
ion paradigm that can easily be applied to animal models lends
tself to the perceptual assessment of pathologies associated with
anguage dysfunction in human populations (see Ref. [12] for
urther discussion). Second, the adapted PPI paradigm lends
tself specifically to the study of neurodevelopmental models,
ecause it can be used in very young animals (as young as P14
n rats [33,45]). Third, PPI does not require associative learn-
ng or memory (although experience does lead to significant
mprovement [8,10,14,44]), thus supporting experimental dis-
ociation of cognitive processing (learning and memory) versus
ensory discrimination thresholds. Finally, on a practical level,
he paradigm can be automated and adapted to the assessment of
arge numbers of animals over relatively short periods of time.

. Adapted models of prepulse inhibition

As stated above, we have developed and implemented a
odified version of the PPI paradigm, based loosely on clas-

ic neurophysiological mismatch negativity paradigms utilizing
background presentation of repeating tone-sequences inter-

persed by reversals or “oddball” tone pairs (e.g., Ref. [24]).
his paradigm has been further adapted to the discrimination of

hree-tone sequences and FM sweeps. The methods employed
n these paradigms are detailed further below.

.1. PPI (or reflex modification, startle reduction)
pparatus

During testing each subject is placed on a Med Associates
HM-250 load cell platform (St. Albans, VT) in an opaque-

alled, polypropylene cage located in a quiet testing room

Fig. 1). The output voltages from the platforms are sent through
PHM-250-60 linear load cell amplifier, and passed into a
iopac MP100WS Acquisition system (Biopac Systems, CA)
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Fig. 1. Tes

onnected to a Power Macintosh 7200, where the signal is
ectified on-line. This combined apparatus acts to record the
mplitude of the subject’s whole-body acoustic startle reflex.
he Biopac system acquires the transduced movement signals
t a frequency of 1000 Hz throughout a session of testing. The
poch of interest is between 150 and 200 ms in duration, begin-
ing with the onset of the SES noise-burst. The peak amplitude
f movement-induced pressure (measured in mV) is extracted
ia algorithm from this time-window, and serves as each sub-
ect’s startle response measure for that trial. Auditory stimuli are
enerated on a Tucker–Davis sound system, and output through
ambridge Sound Works speakers positioned 50 cm above the
latforms. The SES is a 50 ms “burst” of white noise with a 0 ms
ise/fall time, presented at 105 dB.

Importantly, all subjects in every study are always run on
simple single-tone detection procedure (using a 7 ms, 75 dB

ure-frequency tone as the prepulse cue) in order to establish
aseline uncued startle and attenuated PPI (cued/uncued × 100)
alues for each subject. These scores (along with subsequent
cores on simple tasks such as long silent gap detection) pro-
ide a base to ascertain comparability of PPI across groups.
ssuming these scores do not differ, this equivalency supports a
irect focus on spectro-temporal properties of the prepulse cue
uring further testing. For example, deficits in neuropatholog-
cal groups may be seen in the detection of short but not long
uration silent gaps using PPI, indicating group differences in
uditory temporal acuity rather than PPI per se.

.2. Silent gap detection procedure

The gap detection test paradigm consists of repeated pre-

entation of an SES with an inter-trial interval (ITI) of 24, 22,
8 or 16 s [25]. The ITI is variable to prevent anticipation of
he SES. A variable duration silent gap embedded in contin-
ously presented broadband white background noise (75 dB)

I
u
I
m

pparatus.

ccurs 50 ms before the SES (gap duration on each trial ran-
omly selected depending on task; long gap detection, 0–100 ms;
hort gap detection, 0–10 ms). A single trial consists of: 75 dB
ontinuous background white noise; presentation of a silent
ap; 50 ms of additional background white noise; and presen-
ation of the SES (a 50 ms 105 dB white noise burst). This
equence is repeated for the next trial. Trials that do not con-
ain gaps (uncued trials) are the same as above but the “gap”
s 0 ms in duration. Thus, gap duration represents the inde-
endent variable. For the purpose of statistical comparison, the
-gap condition is the “uncued” trial (baseline startle response),
hile the “cued” conditions include all other gap durations

which are compared individually to the 0-gap to ascertain
hreshold).

.3. Oddball two-tone sequence detection procedure

This auditory paradigm also consists of repeated presenta-
ion of the SES with a variable duration inter-trial interval (ITI)
anging from 16 to 24 s [25]. However, the oddball presenta-
ion format involves the repeated presentation of a “standard”
timulus (75 dB), separated by an inter-stimulus interval. Stimuli
resented are comprised of two or more 7 ms tones in a sequence
see Fig. 2 for sample two-tone stimulus trials). In half the tri-
ls, a standard stimulus is presented immediately before the SES
i.e., uncued trial). In the remaining trials, an “oddball” stimulus
also 75 dB) is presented before the SES (i.e., cued trial). Presen-
ation of cued and uncued trials is randomized. Subjects receive
variable number of trials per session and a variable number of
ays of testing (depending on test). Sessions typically progress
rom a long-duration within sequence inter-stimulus interval or

SI (e.g., 225 ms) to shorter ISIs (e.g., 125, 75, 50, 25, 10 ms),
sing only one ISI across a daily session. The between-sequence
SI is typically 200 ms longer than the within-sequence ISI, to
aintain perceptual contiguity of the tone pair (although shorter
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ig. 2. Sample two-tone sequence trials (cued and uncued). Comparable results
re obtained when the background stimulus is lo-hi, and the oddball is hi-lo
unpublished data); adapted from Ref. [6].

etween-sequence ISIs are sometimes used to increase difficulty
f the task).

As an aside, this oddball startle reduction paradigm parallels
lectrophysiological procedures where a background (standard)
timulus is repeatedly presented, and an unexpected “oddball”
which is similar to the standard, but distinguished by specific
pectral and/or temporal differences) unexpectedly replaces the
epeating (standard) stimulus (see Ref. [24]). Whereas electro-
hysiologists look for differences in acoustic evoked potential
ignal as a function of oddball stimulus novelty (and thus dis-
riminability), our paradigm uses the oddball stimulus to look for
n attenuated behavioral startle response or PPI (which similarly
ndicates perception of the “oddball,” and thus discrimination of
he distinguishing features of that stimulus).

Finally, we have adapted this oddball tone paradigm to the
iscrimination of three-tone sequences, by adding a third 7 ms
igh tone to the standard (repeating background, 75 dB) and
ddball pair. In this format, standard sequences are comprised
f hi-lo-hi while the oddball triplet is lo-hi-hi. This stimu-
us format follows from backward masking paradigms, with
he third tone effectively representing a “masker” (because
t is always high, and therefore irrelevant), and the critical
iscriminatory requirement representing tone order of the ini-
ial pair [38]. In this paradigm, the stimulus durations used
nclude: (1) within ISI = 60 ms, between ISI = 260 ms; (2) within
SI = 30 ms, between ISI = 100 ms; and (3) within ISI = 10 ms,
etween ISI = 60 ms. We found that adult male sham rats require
days of testing at each of these conditions in order to elicit

vidence of tone-triplet discrimination as measured by PPI [38].

.4. Oddball FM sweep detection procedure

As in the oddball tone-pair paradigm, repeating “down-
weeps” (or glides) are interspersed with a comparable
up-sweep” (same start/end frequencies and duration but spec-

rally reversed, 75 dB) on cued trials. Initial assessments use
M sweeps with start 2300 Hz/end 1100 Hz (linear, 0 ms ramp),
resented at decreasing durations (225, 125, 75 and 50 ms; one
uration used per session). Findings show that these stimuli
h Bulletin 76 (2008) 1–7

ffectively differentiate groups with impaired rapid auditory
rocessing [29,30,31,32].

In closing, future applications should continue to apply
he oddball presentation format to PPI in rodents to ascertain

easurements of discrimination for other stimuli of interest,
ncluding for example the study of speech discrimination in
odents [13], as well as ethologically relevant stimuli such as
ltrasonic vocalizations.

. Findings on complex acoustic discrimination using
repulse inhibition (PPI)

a. PPI is reduced as prepulse cue complexity increases/duration
decreases (i.e., as the cue becomes harder to distinguish from
the background).

In one of our earliest reflex modification or PPI stud-
ies, Clark et al. [6] showed that as subjects were tested
over a period of 13 days on the same task (a two-tone
oddball discrimination), with incremental daily reductions
in the between-tone ISI, shams evidenced a gradual shift
in performance—from around 75% attenuated scores at a
332 ms ISI (indicating cued responses averaged 75% of
uncued responses), to around 95% attenuated scores at an
ISI of 24 ms. In this context, higher scores indicate worse
performance, with 100% indicating no difference between
cued and uncued trials, and hence no detection of the cue.
When subjects were returned to a longer stimulus ISI on
Day 13, attenuation scores improved accordingly. Similar
effects are seen when subjects are tested on a two-tone
oddball task using between-tone ISIs of 225, 75, 40 and
10 ms (with between-sequence ISIs always 200 ms greater
to maintain perceptual contiguity of the tone pair). More-
over, when subjects tested on the above task were then tested
on a “speeded-up” version, using within/between ISI ratios
of 40/140 ms, 20/70 ms, and 10/60 ms (which produced a
perceptual effect of “streamed” tones, rather than repeating
pairs), subjects performed markedly worse as indicated by
higher scores [38].

In practice, task difficulty effects are often masked or con-
founded by the prior experience required to move subjects
smoothly from easier to more difficult tasks (and still elicit
discrimination). Specifically, we have developed a standard
battery of tasks that moves from use of a single tone (1 day), to
0–100 ms silent gap (4 days), to 0–10 ms silent gap (5 days),
to two-tone oddball (long to short ISI, minimum 5 days), to
FM sweeps (long to short, minimum 5 days). We have con-
sistently found that if animals are “pushed ahead” to harder
tasks too quickly, they perform at chance levels, and must
be dropped back for further training on easier tasks (unpub-
lished data). Conversely, the more training subjects receive
on “easier” tasks, the better they perform when advanced to
more difficult paradigms [44].

Finally, we have performed one study using a very difficult

(three-tone sequence discrimination) version of our oddball
task, and found that even adult sham rats with considerable
prior experience perform at very marginal (albeit significant)
levels on this task [38].
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b. Increased age (up to adulthood) and increased experience
improve performance.

As might be expected, factors of age and experience are
difficult to tease apart because young animals cannot per-
form difficult tasks, and older animals (at least in our studies)
tend to have a great deal of prior experience. However, some
studies have successfully dissociated these variables. For
example, significant experience effects in PPI are seen across
days for both young and adult rats, with several days age
difference unlikely to be a major factor [8,10,14,31,41,43].

In a more explicit assessment of experience effects, batches
of animals with and without prior PPI experience were com-
pared on the same task as adults. In all cases, prior experience
led to significantly improved performance [44].

The interpretation of these findings is complicated by early
assumptions that, because PPI can be assessed within a single
trial, no “learning” per se is involved [15]. As such, alternate
interpretations for experience effects could include improved
sensory acuity for the prepulse cue, or increased attention (see
Refs. [14,41]). However, Crofton et al. [8] explicitly tested
the putative contributions of associative learning between the
prepulse cue and SES by presenting the stimuli in both a
contingent and non-contingent format, and noted that PPI
was seen only after contingent pairing, strongly supporting
an associative learning component in the experience effects
seen for PPI.

In addition, age effects can be assessed by looking at per-
formance levels on comparable tasks using naı̈ve subjects of
different ages. For example, whereas rats tested for the first
time at P15 on a silent gap detection task showed attenuated
scores around 83% for trials cued by a 75 ms gap [14], litter-
mates tested for the first time on this same task but at age P35
revealed attenuated scores around 73% for the same 75 ms
gap [14]. Considered another way, minimum detectable gaps
shifted from between 10 and 20 ms in P15 subjects to between
5 and 10 ms in P64 subjects ([14], see also Ref. [10]). Similar
effects were seen on a 0–10 ms silent gap task, with animals
tested for the first time at P23 performing around 97% on tri-
als cued by a 6 ms gap (i.e., chance [37]), but animals tested
for the first time at P50 performing at around 88% for the
same 6 ms gap [37].

Thus, it is apparent that both increasing age (up to adult-
hood), and increasing experience, both lead to improved
performance in PPI paradigms using complex acoustic dis-
crimination cues (although presumably these are asymptotic
at some point). For example, Crofton et al. [8] reported
asymptotic PPI performance in adult male rats measured
after 5–6 sessions (using a 20 ms silent gap cue). Neverthe-
less, the parameters modulating the point at which asymptotic
effects of experience are seen are likely to be unique to the
stimulus properties and task demand for specific paradigms.
For example, visually-cued PPI emerges later in develop-
ment compared to acoustically-cued PPI [34], and requires

a longer cue-burst interval ([4]; see below for discussion).
It follows that research may show that PPI cued by com-
plex visual (versus acoustic) stimuli in rats requires a longer
period of experience to reach asymptotic levels. In addition,
h Bulletin 76 (2008) 1–7 5

evidence suggests that despite changes in baseline startle,
PPI is not degraded with old age in mice [17] or humans
[27]. Given that parallel literature suggests that acoustic dis-
crimination thresholds plateau and even degrade in old age,
future studies could investigate changes in complex acoustic
processing thresholds over the entire lifespan in rodents using
PPI.

c. Longer cue-burst intervals are required as prepulse cue
(stimulus) complexity increases and/or age and experience
decrease.

Prior research has reported that prepulse cues presented
at an optimal interval prior to the SES lead to maximum
PPI, and this relationship appears to follow an inverted U-
shaped function [25]. Specifically, at very short cue-burst
intervals (<15 ms [41]), the prepulse cue may actually cause
an increase in the startle response (termed “facilitation”). At
longer cue-burst intervals (also called “stimulus onset asyn-
chrony” (the time between prepulse start and SES start [20])
or “interstimulus interval” (the time between prepulse off-
set and SES onset [25])), PPI shows an optimal inhibition of
startle, which then declines again with further increases in
the cue-burst interval. In a key study utilizing psychophysi-
cal variation of both silent gap durations and also the interval
between the prepulse and SES, Leitner et al. [25] demon-
strated that optimal cue-burst intervals for silent gaps under
20 ms in duration was 50 ms, but for gaps above 25 ms, may
approach closer to 20–30 ms (as measured by maximal PPI).
These findings suggest an interaction between: (1) the dura-
tion of the prepulse, (2) the duration between the end of the
prepulse and the start of the SES, and (3) the lead-time from
the start of the prepulse cue to the SES (which is the sum of 1
and 2). In effect, it appears that subjects require an adequate
period of time to effectively process an incoming stimulus,
in order for the prepulse cue to be relayed into the startle
circuit in time to provide significant attenuation of the startle
response.

This time requirement may explain why very short cue-
burst intervals appear to produce facilitation of the startle
response ([41], see also Ref. [26]). That is, when insufficient
time for processing of the prepulse is provided, the prepulse
may have the effect of perceptually “merging” with the SES,
leading to enhanced arousal (and increased startle), rather
than a classic PPI response.

Consistent with this view, we have frequently seen facili-
tation of the startle response in rats, even at longer duration
cue-burst intervals (e.g., 50 ms), under the following con-
ditions: (1) the initial day of testing with naı̈ve subjects; (2)
extremely young subjects (P14–16); and (3) very difficult dis-
crimination tasks (e.g., human speech sounds; see Ref. [13]).
In all of these cases, a requirement for longer stimulus pro-
cessing time might be anticipated. Notably, Parisi and Ison
[34] also reported startle facilitation for young rats (P17–35)
when using a 25 ms noise burst prepulse presented only 4 ms

before the SES, while PPI was seen for cue-burst intervals
of 40–320 ms. These collective data support the view that
adequate processing time for the prepulse cue is required for
effective PPI, and that the criteria defining “adequate time”
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likely changes as a function of age, experience, and stimulus
complexity.

Finally, prepulse cues presented in a non-auditory modal-
ity (e.g., a visual high frequency black–white checkerboard
presented briefly against a “background” of equiluminant
grey) appear to require much longer (around 250 ms) cue-
burst intervals in order to elicit PPI as compared to the
optimal range of 50–100 ms for tones and silent gaps [4].
In this visually cued PPI paradigm, cue-burst intervals
less than about 200 ms lead to startle facilitation in adult
rats [4].

. Deficits associated with neuropathology are most reliably
seen on tasks that generate mid-level performance in shams.

Multiple studies conducted over a period of years using dif-
ferent species (rats and mice), sexes, ages, and subjects with
and without early induced neuropathologies, have revealed
that in order to elicit performance differences between treat-
ment groups on a given task, the task must neither be too
difficult (>95% attenuated scores) nor too easy (<70% atten-
uated scores) for shams. Again, the task that will elicit deficits
for a given group varies with age and experience. Thus, while
the 0–10 ms silent gap tasks elicit deficits in younger neu-
rologically impaired rats and adult mice [7,30,31,35,37,43],
older rats (with some experience) typically only show deficits
on short duration (<75 ms) two-tone sequence or FM sweep
oddball tasks [6,31,32,36,39]. Subjects with a great deal
of prior testing may still be “pushed” to show deficits
on very difficult tasks, such as a speeded version of the
two-tone oddball, or a three-tone oddball discrimination
[28,38].

. Implications for the use of PPI in assessing sensory
rocessing as a function of other variables

In this review, we have demonstrated the effective use
f a modified PPI paradigm to assess the effects of early
rain injury (and also concomitant treatment with neuropro-
ectants [30,32]) on auditory discrimination of complex and
hort duration stimuli. Cumulative results indicate that this
aradigm provides a sensitive assessment of acoustic discrimi-
ation thresholds, and can successfully differentiate groups that
re otherwise unimpaired in PPI as a function of the spec-
ral/temporal properties of stimuli used to cue PPI. Moreover,
hanges in these discrimination thresholds can be measured as
function of age and experience. The current findings have

ignificant relevance in demonstrating that sensory processing
ndices can be quickly and easily obtained from large numbers
f experimental subjects without the requirement of lengthy
nd time-consuming training typical of operant conditioning
aradigms.

We suggest that in the future, the PPI paradigms described
ere could lend themselves to the study of acoustic (and poten-
ially also visual) discrimination as a function of variables

uch as aging, pharmacological manipulations, environmen-
al modifications, social context, and many additional as-yet
nexplored variables known to influence sensory processing
ystems.

[
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