Differential reductions in acoustic startle document the
discrimination of speech sounds in rats (L)
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The intensity of a noise-induced startle response can be reduced by the presentation of an otherwise
neutral stimulus immediately before the noise (“prepulse inhibition” or PPI). This effect has been
used to study the detection of gaps and other stimuli, but has been applied infrequently to complex
stimuli or the ability to discriminate among multiple stimuli. To address both issues and explore the
potential of PPI, rats were presented a series of 5 tasks, most contrasting a pair of speech sounds.
One of these (the “standard” stimulus) occurred frequently but rarely preceded the startle stimulus.
The second occurred infrequently (as an “oddball”) and always preceded a noise. In each such task,
startle responses were inhibited more by the oddball than by the standard stimulus, usually within
the first test. This suggests that PPI can be adapted to studies of the discrimination of speech and
other complex sounds, and that this method can provide useful information on subjects’ ability to
discriminate with greater ease and speed than other methods. © 2007 Acoustical Society of America.
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I. INTRODUCTION

Studies of “reflex modification” use changes in the la-
tency or magnitude of reflex responses to assess information
processing. In one variant, stimuli that precede a loud noise
can decrease the size of the subsequent startle response, a
change described as “prepulse inhibition” (PPI). The present
study was designed to determine if PPI can be adapted to
study the processing of speech sounds by animals.

PPI has been studied for more than 40 years (Hoffman
and Searle, 1965). Early studies surveyed the impact of pa-
rameters including the intensity of the initial stimulus, or
“prepulse,” the intensity of the startle stimulus, and the du-
ration of the interstimulus interval ( Hoffman and Ison,
1980). The results permitted the use of PPI to explore the
mechanisms underlying detection, for instance by assessing
the impact of damage to auditory cortex on the inhibition
produced by a variety of prepulses (Bowen et al., 2003).

Currently, PPI is used in at least two overlapping con-
texts. First, it is used to measure the capacity for “sensorimo-
tor gating” (Braff and Geyer, 1990). The concern here is
mechanisms that act early in information processing to focus
that processing in an automatic or “preattentive” way. Sec-
ond, PPI is used to study later “attentive” steps in the selec-
tion of information for processing. In each of these cases,
recent research has used PPI to test for information process-
ing deficits in a variety of populations (e.g., Hawk et al.,
2003) and to explore some of the mechanisms that underlie
deficits in information processing (e.g., Schell et al., 2000).
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Though PPI has been used extensively to study detec-
tion, it has been used much less often to study the discrimi-
nation of multiple stimuli from the background and each
other. Further, of discrimination studies using PPI, most have
used an explicit attentional manipulation to stimulate dis-
crimination (e.g., Hawk er al., 2003). If one wanted to use
PPI to study discrimination in animals, it would seem neces-
sary to manipulate task structure instead, for instance by cre-
ating prepulses that relate to the startle stimulus differently.
To our knowledge, the first study to use such an approach
exposed rats to tone pairs that ascended or descended in fre-
quency (Clark ef al., 2000a). One stimulus helped to define
the acoustic background: It was presented very frequently,
but rarely preceded a noise. The other stimulus, or “oddball,”
was designed to stand out from this background: It was pre-
sented infrequently and always preceded a noise. Across a
wide range of stimulus parameters, startle responses were
inhibited more by the oddball than the background stimulus.
These and many subsequent results (Fitch and Peiffer, 2006)
suggest that PPI can be adapted to the study of discrimina-
tion and represents a more flexible experimental tool than
generally recognized.

We hoped to extend this success by refining PPI and
applying it to speech sounds, stimuli that are more complex
than those emphasized in past work. Speech sounds seem to
merit attention both as examples of complex sounds and for
any insights they can provide into mechanisms of speech
perception. Already, animal models of speech perception
seem to be making valuable contributions to our understand-
ing of how acquired or developmental pathologies affect lan-
guage processing (Fitch and Peiffer, 2006).
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FIG. 1. Sound spectrograms of the 6 speech sounds used as stimuli. The 2
sounds that served as oddballs are described on the left. The 4 that served as
standard stimuli are described in the middle. The combinations that defined
the 4 discrimination tasks are specified on the right.

Past results show that animals can discriminate a variety
of speech sounds (Brown and Sinnott, 2005). At the same
time, these studies suggest that operant methods reveal such
discriminations only with considerable time and effort (e.g.,
Kluender et al., 1987). This obviously slows progress in re-
search that uses speech perception in animals to study lan-
guage processing. To address this issue, we studied speech
perception in rats using an adaptation of PPI, a paradigm in
which other discriminations can be acquired with impressive
speed and that premininary results suggest can be applied to
speech sounds (Clark et al., 2000a,b).

Il. METHODS
A. Animals and test chamber

The subjects were 12 female Sprague-Dawley rats aver-
aging 139 days of age. Except during tests, each was housed
individually in a wire-mesh cage with constant access to
food and water. The colony was maintained at constant tem-
perature and humidity, and on a reversed 12:12 h light:dark
cycle. All methods and experimental treatments were ap-
proved by the University of Texas IACUC.

During testing, an animal was housed in a 20X20
%20 cm® wire-mesh cage in a 67X 67X 67 cm® chamber
lined with 5-cm acoustic foam. The cage was centered on a
startle platform (Lafayette Instrument Co.) that uses a piezo-
electric transducer to generate a continuous record of activity
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level. Sounds generated using an RP2.1 (Tucker-Davis Tech-
nologies) were delivered by a speaker (Optimus Bullet Horn
Tweeter) mounted above the cage, about 20 cm from its cen-
ter. Stimuli were adjusted for the speaker’s frequency re-
sponse using SigCal (Tucker-Davis Technologies). Sound in-
tensities were measured using an ACO Pacific microphone
(PS9200-7016) placed at a height approximating that of a
standing rat’s head.

B. Stimuli and startle response

Startle responses were elicited by 50-ms bursts of white
noise at 102.0 dB. The waveform of each response (the peak
to peak voltage within 500 ms of the noise) was sampled at
10 kHz using an RP2.1 and processed using MATLAB.

The stimuli also included six speech sounds that served
as prepulses. These were derived from syllables (consonant-
[e]-[d]) spoken by a female native English speaker in a
sound-proof chamber. During recording, these were sampled
at 10 us with 16-bit resolution. To adjust them to a rat’s
hearing, frequencies were doubled without changing the am-
plitude envelope (STRAIGHT vocoder, Kawahara er al.,
1998). To shorten prepulses and equate them for elements
other than the initial consonant, all were truncated at 100 ms
into the vowel. The intensity of the loudest 100 ms of each
stimulus then was adjusted to about 60 dB (58.8—60.9).

The resulting stimuli included [bee], [pz], [g&], [f=],
[dze], and [se] (Fig. 1). Initial testing paired [ba] with si-
lence in a detection task. Later tasks required the discrimina-
tion of the sounds in the following pairs, presented in this
order: [ba]/[px], [be]/[gz], [[€]/[d3x], [f]/[se]. Order was
not counterbalanced because of pilot data suggesting that the
later tasks might be the more difficult, along with our initial
uncertainty on rats’ ability to master any of these tasks.

These pairings were designed to create tasks that could
be solved by exploiting differences on particular dimensions
(but see caveat below). Specifically, the first pair combines
bilabial stop consonants differing in voicing ([b] voiced, [p]
voiceless). These should be discriminable on the basis of
voice onset time, a temporal difference. The second includes
consonants differing in place of articulation, permitting a
spectral discrimination revolving around the origins and tra-
jectories of the second formant (low initially then ascending
in [b], high initially then descending in [g]). The third con-
trasts a voiceless fricative with a voiced affricative. These
should be discriminable using the duration of each conso-
nant’s initial noise burst (longer in [{] than [d3]). This is a
temporal difference, but of a different type from that distin-
guishing [b&] and [pa]. The fourth combines voiceless fri-
catives differing in place of articulation. These could be dis-
criminated on the basis of the frequency range of the initial
noise burst (relatively narrow and low for [f], relatively
broad and high for [s]), potentially representing a second
type of spectral distinction. It is important to note, however,
that the availability of a dimension does not guarantee the
exploitation of that dimension. Natural speech sounds vary in
multiple ways (Handel, 1993) and we cannot be sure how
discriminations here were achieved.
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C. Test procedures

Following 1 test on the detection task, each subject ex-
perienced 5 tests presenting [be] and [pe], followed by 4
tests on each of the remaining 3 tasks. Each test included 3
phases. The first, in the detection task, consisted of 5 min of
silence. In the other tasks, it involved the presentation at 1/s
of a standard stimulus, which always was the second stimu-
lus in a pair. Our goal here was to habituate any responses to
this stimulus, causing it to recede into the background.

The second phase introduced the remaining speech
sound (the first in each pair) and the startle stimulus. Ten of
each were presented, with an interstimulus interval of 5 ms
and spaced an average of 30 s (range=15-45 s) apart. Since
the standard stimulus continued to appear at 1/s, it seems
reasonable to refer to the newly introduced speech sound as
an oddball (Clark ef al., 2000a). This phase was designed to
highlight the relationship between the oddball and startle
stimulus. The interstimulus interval was selected on the basis
of pilot testing. It is shorter than generally optimal for PPI
(e.g., Hoffman and Searle, 1965). This disparity may relate
to the fact that much of the information available to support
discriminations was concentrated prior to the vowel, and thus
105 ms or more before the startle stimulus.

Each test concluded with a 20-min “test phase” in which
animals were exposed to a mixture of “cued” and “uncued”
trials, each involving the presentation of the startle stimulus
5 ms after a prepulse. Based on prior usage (Clark et al.,
2000a), cued trials refer to those on which the oddball served
as the prepulse. Uncued trials were those on which no stimu-
lus (detection) or the standard stimulus (discriminations) pre-
ceded the startle stimulus. Each test included 10 blocks of 4
trials, each including 3 cued trials and one uncued, in ran-
dom order and at intervals that again averaged 30 s. Except
during these trials, “unreinforced” presentations of the stan-
dard stimulus continued at 1/s. Considering this, uncued tri-
als are those on which there should be no prepulse that
stands out from the background. Conversely, cued trials are
those on which a prepulse should stand out, as long as the
subject can distinguish the standard and oddball prepulses.
Accordingly, one would expect greater PPI on cued than un-
cued trials, again as long as discrimination is possible.

D. Analysis

The critical data emerged from the test phase and in-
cluded the average magnitudes of responses on cued and
uncued trials. Average responses on the 1 day of detection
testing were compared using a ¢ test for dependent samples.
The initial analysis of the discrimination data applied to each
of these tasks an analysis of variance (ANOVA) using stimu-
lus (standard, oddball) and day of testing (5 days for [ba]/
[pe], 4 days for others) as within-subject factors. Ratios of
the responses on cued and uncued trials (cued/uncued) were
used to describe performance on each task and to compare
levels of performance on the 4 discrimination tasks. Each
data set was tested for heterogeneity of variance. Where
found, significant heterogeneity was eliminated by logarith-
mic transformation prior to ANOVA. Throughout, a probabil-
ity of 0.05 was used to define significance.
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FIG. 2. Solid lines depict daily mean (SEM) levels of startle (represented
in volts on left axis) on cued and uncued trials (filled and open squares,
respectively). Dashed lines depict mean cued/uncued ratios (scale on the
right). Successive test days are represented on the horizontal axis. As indi-
cated, panels (a)—(d) describe performance on the four tasks requiring the
discrimination of speech sounds.

lll. RESULTS

On the only day of detection testing, mean levels of
startle on cued and uncued trials were 1.60 (SEM=0.28) and
3.52 (0.40), respectively. A t test for dependent samples con-
firmed a reliable reduction in the magnitude of startle on
cued trials [£#(11)=8.25, p<0.001, two-tailed].

The first discrimination task included 5 days of
training using [ba] and [pz] as prepulses. ANOVA on
these data revealed a reliable main effect of stimulus
[F(1,11)=26.19, p<0.001], reflecting reduced levels of
startle on cued trials [Fig. 2(a)]. This analysis also revealed a
reliable main effect of days [F(4,44)=10.20, p<0.001]. To-
gether with the absence of a reliable interaction, this reflects
similar declines in cued and uncued responses over the
5 days of testing. These results are consistent with cued/
uncued ratios that were stable and averaged significantly be-
low 1 [mean=0.66, SEM=0.06, #(11)=5.59, p<<0.001, one-
sample ¢ test, two-tailed].
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Analysis of the data from the remaining 3 tasks revealed
similar results. In each, ANOVA revealed a reliable stimulus
effect [F(1,11)=13.99, p=<0.003], reflecting lower levels of
startle on cued trials [Figs. 2(b)-2(d)]. In no case was the
main effect of day or the interaction significant. Again, these
results are consistent with cued/uncued ratios that were
stable over days, with averages consistently below 1 [#(11)
=293, p<0.014].

Though task order was not counterbalanced, we com-
pared performance across the 4 discrimination tasks. This
analysis subjected the cued/uncued ratios to a task X day
ANOVA, including 4 days of testing on each task (the last 4
of those on [ba]/[pa]). This revealed a reliable main effect
of task [F(3,33)=4.04, p=0.015]. This was clarified by the
comparison of ratios averaged over days using the Tukey
test. This revealed just one reliable difference, between the
tasks with the highest and lowest average ratios ([fe]/[s]
and [ba]/[ga], respectively; p <0.05, Fig. 2).

IV. DISCUSSION AND CONCLUSIONS

Our results are consistent with evidence documenting
the value of PPI in studies of sensory function (e.g., Wecker
et al., 1985). They also add to a more recent and smaller
literature suggesting the utility of discriminative forms of
PPI in studies of stimulus discrimination, sensorimotor gat-
ing, and attentional processes (e.g., Clark er al, 2000a;
Hazlett et al., 2001). They extend these studies by demon-
strating how easily PPI can be applied to the discrimination
of complex sounds in animals. The paradigm described here
elicited reliable detection within a single 30-min test. Fur-
ther, it revealed reliable discriminations in each of 4 tasks
presenting different pairs of speech sounds. As in the case of
detection, discrimination on each of these was achieved rap-
idly, most or all within the first test.

The rapidity with which these discriminations were dis-
played is consistent with previous descriptions of PPI as re-
flexive and unlearned (e.g., Hoffman and Ison, 1980). On the
other hand, some of our data are equivocal on this point,
suggesting that stable discrimination on our most difficult
task may not have been achieved until the second test day
(data not shown). This suggests that perceptual or other
learning may be required, at least when PPI is used to moni-
tor some, possibly difficult, discriminations. This is consis-
tent with the changes over tests and conditions seen in some
previous studies (Crofton et al., 1990).

These results confirm the ability of nonhuman animals
to discriminate human speech sounds. In itself, this finding is
not novel (e.g., Brown and Sinnott, 2005). However, the ease
with which discriminations were achieved here contrasts
with the results of most past studies of speech processing by
animals (e.g., Sinnott and Mosteller, 2001). Some of this
contrast probably reflects our use of natural speech sounds,
which incorporate more potential cues for discrimination
than the synthetic stimuli used in much recent operant work
(e.g., Sinnott and Mosteller, 2001). But even operant studies
using natural speech sounds have required many trials for the
emergence of reliable discriminations (e.g., Kluender erf al.,
1987). This suggests that stimulus features account for only
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part of the difference in efficiency between operant methods
and PPI. Consequently, our results support the application of
PPI to tests of complex sound discrimination in animals, sug-
gesting that at least some tasks could be studied more effi-
ciently with some variant of reflex modification than with the
operant methods that currently dominate the field.
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