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Parameters affecting gap detection in the rat
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The present research used a startle amplitude reduction paradigm to investigate the ability
of the rat's auditory system to track rapidly changing acoustic transients. Specifically examined
was the ability of brief gaps in otherwise continuous noise to reduce the amplitude of a subse­
quently elicited acoustic startle reflex. The duration of the gap, time between gap offset and startle
elicitation (the interstimulus interval or lSI), and rise-fall characteristics of the gap were sys­
tematically varied. Consistent with previous research, gaps reliably reduced startle amplitude.
Gaps 2 msec long were reliably detected, and a 50-msec lSI resulted in the greatest amplitude
reduction. Gaps presented at short ISIs produced amplitude reduction that followed a different
time course than did gaps presented at longer ISIs. These results may reflect differences in the
length of time available for the processing of the stimulus and may involve two different processes.

An important aspect of the functioning of the auditory
system is the ability to accurately track rapidly changing
acoustic transients. Auditory temporal acuity is important
in the comprehension of human speech, in which temporal
patterns as well as frequency spectra must be analyzed
(Davis & McCroskey, 1980; Haggard, 1985; Lauter &
Hirsh, 1985).

Auditory temporal acuity involves in part the ability to
discriminate and track gaps, which are brief silent periods
in otherwise continuous sound. If the auditory system con­
tinues to respond as if a recently terminated stimulus is
still present, the transition to a new stimulus will be
blurred and its detectability will be compromised (see,
e.g., Plornp, 1964). In theory, this failure to resolve the
temporal detail of acoustic information will occur to the
extent that the neural activity engendered by an auditory
stimulus outlasts the actual physical event (see, e.g., Pen­
ner, 1975; Williams, Elfner, & Howse, 1979). For a gap
to be detectable, according to this model, the neural ac­
tivity produced by an ongoing signal must decay at sig­
nal offset to a level such that the difference between it
and the increase in neural activity accompanying the return
of the signal would be detectable. The smallest detecta­
ble gap would thus have a duration just long enough for
this to occur.

In humans, the ability to detect gaps is at least as im­
portant as is the ability to process frequency and inten-
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sity information in the comprehension of speech. Research
has shown that the ability to detect gaps is related to per­
formance on speech perception tests in adults (Corso,
Corso, & Corso, 1981; Trinder, 1979), that hearing­
impaired persons have elevated gap detection thresholds
(see, e.g., Buus & Florentine, 1985), and that deficits in
gap detection correlate with language and learning disa­
bilities in children (McCroskey & Kidder, 1980).

By using a number of techniques and species of ani­
mals, researchers have attempted to characterize the limits
of auditory temporal resolution and the factors that af­
feet it. Experiments have involved humans (see, e.g., Per­
rott & Williams, 1971; Plornp, 1964; Williams et al.,
1979), the house finch (Dooling, Zoloth, & Baylis, 1978),
and the chinchilla (Giraudi, Salvi, Henderson, & Hamer­
nik, 1980) as subjects. Typically the parameters that have
been manipulated include the duration of the gap, the fre­
quency characteristics, intensity, and duration of the sound
in which the gap is embedded, and the temporal location
of the gap within the acoustic background (see, e.g., Fitz­
gibbons, 1984; Forrest & Green, 1987). Despite the diver­
sity of techniques and species, the minimum detectable
gap has consistently been demonstrated to be in the range
of 2-6 msec, defining the limit of the auditory system's
ability to track rapidly changing acoustic stimuli.

A gap is most readily detected when it is embedded in
a high-frequency, subjectively intense acoustic signal of
at least a few hundred milliseconds in duration. Deviations
from these ideal conditions result in a minimum detecta­
ble gap that is longer in duration, and models of auditory
processing that can account for these data have been pro­
posed. Specifically, the ability to detect brief gaps is
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viewed as primarily the result of two independent factors:
one of these is the listener's sensitivity to the spectra of
the signal, especially its high-frequency components, and
the other is the sensitivity of the listener's auditory sys­
tem to brief changes in the signal's intensity (for a review,
see Green, 1985).

The assessment techniques used in the above research
are similar because they rely on the cooperation of the
subject being tested, either through the following of in­
structions and verbal reports with human subjects or
through reliance on a motivated, operant baseline perfor­
mance maintained by appetitive or aversive schedules as
a response measure with other species. Problems with
these techniques arise when the subject cannot cooperate
for one reason or another. In humans, infants and those
who are developmentally handicapped are difficult to as­
sess for hearing deficits because of their limited ability
to cooperate, yet it is precisely these individuals who
would most benefit from early detection and correction
of hearing abnormalities (see, e.g., Benham-Dunster &
Dunster, 1985). In other species, independent variables
that affect motivational states or motor coordination, such
as drug administration or exposure to a stressor, can con­
found the assessment of sensory changes measured by
operant performances.

A technique based on the modification of reflexes by
innocuous sensory events that briefly precede the reflex­
eliciting stimuli has shown much promise as an objective
tool in assessing changes in the temporal acuity of the au­
ditory system. Many reflexes, such as the whole-body
startle reflex of the rat and the reflexive human eye-blink,
can be reduced in amplitude if the reflex-eliciting stimu­
lus is preceded at an appropriate temporal interval by vir­
tually any detectable change (prestimulus) in the sensory
environment (for reviews, see Hoffman & Ison, 1980;
Ison & Hoffman, 1983). The magnitude of the reduction
in reflex amplitude is related to the detectability of the
stimulus. By comparing the amplitude of the reflex on
trials in which the prestimulus precedes the reflex-eliciting
stimulus with the amplitude of the reflex on trials in which
it is elicited without the prestimulus, the detectability of
the prestimulus can be monitored objectively (see, e.g.,
Marsh, Hoffman, Stitt, & Schwartz, 1975; Reiter & Ison,
1977). Subjects do not have to be trained, and their coop­
eration is not needed.

Techniques involving reflex modification that utilized
brief pulses of pure tones or white noise as prestimuli have
been successfully used in a variety of situations to assess
changes in auditory functioning (for a review, see Crofton,
1992). To date, however, there have been relatively few
investigations either of gaps as reflex-modifying events
or of the parameters that affect amplitude reduction by
gap prestimuli. Ison (1982) used gaps in white noise in
a reflex-reduction paradigm to assess temporal resolution
in rats and found that the threshold for detection was about
3.5 msec. This compares favorably with measures ob­
tained by other methods and from other species, and was
the first documentation of the limit of auditory temporal

acuity in the rat. The variables manipulated were the du­
ration of the gap and the temporal relationship between
the gap and the reflex-eliciting stimulus. Ison and Pinck­
ney (1983) replicated this experiment using human subjects
and found that the results with a reflex-reduction para­
digm agreed closely with gap-detection thresholds ob­
tained using the method of limits.

The data collected by Ison (1982) were paradoxical­
he found no pronounced increases in the ability of a gap
to reduce startle amplitude as gap duration increased be­
yond 7 msec as long as the temporal interval between gap
onset and the startle-eliciting stimulus onset (the stimulus
onset asynchrony, or SOA) was 190 rnsec. Gaps continued
to increase in their ability to reduce startle amplitude, how­
ever, as their duration grew toward 40 msec if the SOA
was reduced to 40 msec. This was the first time in over
20 years of research focusing on reflex modification that
such a second temporal process had been reported.

More recently, Ison, O'Connor, Bowen, and Bocirnea
(1991) essentially replicated these findings in rats; gaps
presented at short SOAs continued to increase in their abil­
ity to reduce startle amplitude as their duration increased
from 2 to 30 msec. Gaps presented at long SOAs pro­
duced a maximum degree of reflex reduction at durations
of 4 msec, beyond which increases in duration did not
cause further reductions of startle amplitude. They also
found that functional decortication by topical application
of a potassium chloride solution eliminated the amplitude
reduction produced by gaps presented at long, but not
short, SOAs. They concluded that the use of long SOAs
allowed time for a greater degree of sensory processing
of the gap, thus short gaps had a greater sensory impact.
The use of short SOAs did not permit this, and so a more
salient (i.e., longer) gap was needed to produce a com­
parable degree of startle amplitude reduction. The sen­
sory processing that made short gaps effective at longer
SOAs reflected cortical influence, since functional decor­
tication eliminated this phenomenon.

The present series of experiments are an extension of
the research conducted by Ison (1982) and Ison et al.
(1991). In the present research, the temporal interval be­
tween gap offset and the startle-eliciting stimulus (SES)
onset, the duration of the gap itself, and the rise-fall time
of the gap were each varied systematically over a large
range of values. In contrast with the research conducted
by Ison (1982), gap offset-not gap onset-was used as
the reference point for determining the temporal distance
between the gap and the onset of the SES because, for
gaps of a specific duration, this kept the time between the
gap and the onset of the SES constant during the critical
period immediately before the elicitation of startle.

This change of reference point was intended to control
for an inevitable confound built into this sort of an ex­
periment, noted by Ison (1982). If the onset of the gap
is used as the reference point for determining the tem­
poral distance between the gap and the onset of the SES,
the duration of the gap will be confounded with the dura­
tion of the acoustic background between the gap offset



and the onset of the SES-the longer the gap, the shorter
the background duration will be. If, on the other hand,
the gap offset is used as the reference point, the duration
of the gap will be confounded with the duration of the
acoustic background that precedes the onset of the gap­
the longer the gap, the shorter the duration of the back­
ground will be.

The use of gap offset as a reference point produced a
systematic variation in the duration of the acoustic signal
that preceded the gap as the gap duration varied, as dis­
cussed above. To control for this, the duration of the
acoustic signal that preceded the gap (the intertrial inter­
val) was varied at random from trial to trial among sev­
eral values, the shortest of which was 16 sec. Since the
duration of the gaps varied by tens of milliseconds at most,
it is doubtful that the small contribution that they made
to variations in the duration of the acoustic signal that pre­
ceded the gaps would be detectable, given that the random
variation of the intertrial interval was orders of magni­
tude greater.

Also used in the present research were two sorts of con­
trol trials. One type was used by Ison (1982) and Ison
et al. (1991) and consisted of a trial in which the SES was
presented after a period of unbroken background noise
(a "no gap" condition). The other type consisted of the
rise-fall time associated with the gap being presented be­
fore the SES, without the gap itself (a zero-duration gap
condition). On these trials, the background noise declined
to silence and then immediately began its return to its
original amplitude. These trials were included to assess
the detectabilityof any high-frequency transients that might
be generated by the rapid switching of the background
noise needed to produce the gap. Such transients, if
present, would presumably make the gaps easier to detect.

EXPERIMENT 1

Method
Subjects. The subjects were 12 male albino Sprague-Dawley rats,

all approximately 90 days old at the beginning of testing. They were
individually housed and allowed ad lib food and water except dur­
ing testing. They were maintained on a 10:14-h reversed dark: light
cycle and tested within a few hours of the midpoint of the "night"
portion of the cycle.

Apparatus. An Apple lIe microcomputer was used to control
all programming, logic, timing, and response measurement func­
tions, supplemented with Coulbourn Instruments solid-state mod­
ules where necessary. A printer linked with the computer supplied
hard copy of all data.

The dependent variable in this experiment was the amplitude of
the rat's whole-body acoustic startle reflex. To measure this, the
subjects were placed individually in one of two small plastic tubs
(20 x iox 10 em) fitted with lids that snapped securely onto the tops.
A rectangular section of each of the lids (l5x7.5 ern) had been
cut out and replaced with an acoustically transparent aluminum mesh
to allow good penetration of the stimuli into the tub. During test­
ing, each of these containers was placed on one of two Coulbourn
Instruments movement transducer platforms (Model E45-12). The
output voltages from the platforms' strain gauge bridges (Coulbourn
Instruments Model S72-25) were sent through low-pass filters with
cutoff frequencies of 30 Hz, rectified, integrated, and passed to a
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Computer Continuum 8-bit analog/digital-digital/analog converter
board. The Apple lIe microcomputer sampled the incoming vol­
tages at a frequency of 1000 Hz for 150 msec, beginning with the
onset of the SES; the peak values during this interval served as the
rats' response amplitude on that trial.

The two platforms were located in a sound-attenuated chamber,
heavily treated on the inside with an anechoic material. Located
22.5 ern above each platform were three Radio Shack ultrahigh fre­
quency tweeters (Model 40-1377), with output spectra that reflected
fairly flat frequency response from 5 to 40 kHz. Two of these trans­
ducers, wired in parallel, were used to deliver the SES, and the
third was used for the background white noise in which the gap
was embedded.

The background white noise was set at 60 dB SPL(A). (An
A-weighted scale was used for all noise measurements so that the
measured intensities of the stimuli would correspond more closely
to the frequency sensitivity of the rat.) The rise-fall time of the
gap was controlled by increasing or decreasing the gain of a voltage­
controlled amplifier (Coulbourn Instruments Model S77-o5); the
controlling VOltage was supplied by the Computer Continuum 8-bit
analog/digital-digital/analog converter board, which was pro­
grammed to increase or decrease its output voltage according to
a cosine function. The SES was a 120-dB-SPL(A) burst of white
noise, with a loo-jtsec rise-fall time and a duration of 50 msec.
Both the background noise and the SES were produced by Coul­
bourn Instruments white noise generators (Model S81-o2) modi­
fied so that their output spectra were flat to approximately
ooסס10 Hz. The stimuli were amplified with a Crown solid-state
stereo amplifier (Model DC3OO).

Procedure. The basic paradigm consisted of the repeated pre­
sentation of the SES, with an intertrial interval that varied among
16, 18, 20, 22, and 24 sec in a random fashion. Present through­
out testing was the background white noise in which the gap, if
present on a particular trial, was embedded. A trial thus consisted
of an average of 20 sec of white noise and ended with the presen­
tation of the gap and the SES, and the assessment of startle ampli­
tude. The next trial began immediately, with the white noise
continuing for approximately 20 sec before another gap and SES
was presented, and so on.

Variations in the duration of the gap and the temporal relation­
ship between the gap and the SES were the independent variables
investigated in this experiment. Gap duration was varied among
1,2,3,4,5,6,8, and 10 msec. Also included were trials in which
the SES was presented alone (no-gap trials), and trials in which
a zero-duration gap was presented, as mentioned above. The zero­
duration gap consisted of only the rise-fall characteristics of the
gaps. The rise-fall time used for all gaps and for the zero-duration
gap trials was fixed at I msee to minimize high-frequency transients
that are commonly generated by the rapid switching of an acoustic
stimulus; these trials were included to determine whether or not
the rise-fall characteristics of the gaps were detectable. These 10
types of trials were presented 30 times each in a block randomized
sequence, making a total of 300 trials for a given test session.

Each rat was exposed to six test sessions, spaced at least 48 h
apart. Varied between test sessions for each rat was the time be­
tween gap offset and the onset of the SES (the interstimulus inter­
val, or lSI). The ISis used were 25,50, 75, 100, 150, and200 msee.
These were presented to each rat in a sequence determined by a
Latin square matrix. Thus, each subject was exposed to a total of
60 experimental conditions, representing the factorial combinations
of the two independent variables.

Results
Mean startle amplitude was computed for each rat for

each condition, and grand means were then computed
across subjects for each condition. The grand means are
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Figure 1. Mean startle amplitude as a function of gap duration and interstimulus interval (lSn. The line at
the top running parallel to the horizontal axis represents the grand mean of the "no gap" condition. (Vertical
error bars for SO-msec lSI represent ±l SEM.)

depicted in Figure 1. For the sake of clarity, the standard
error of the mean (SEM) is shown only for the gaps pre­
sented at a 50-msec lSI; the value of the SEM was about
the same for all experimental conditions. The line paral­
lel to the horizontal axis represents the mean, computed
across the ISis used, of the grand means for the no-gap
condition.

It can be seen that the zero-gap condition was not dif­
ferent from the no-gap condition, indicating that the
rise-fall time used was by itself not detectable. It also ap­
pears that the longer the gap duration, the greater was
the reduction in reflex amplitude. Surprisingly, even the
shortest gap used, only 1 msec in duration, appears to
have been able to reduce reflex amplitude.

It also can be seen that an lSI of 50 msec produced the
most pronounced reflex amplitude reduction, whereas an
lSI of 25 msec produced the least. The other lSI values
used were clustered together between these two. With the
exception of the 25-msec lSI, the functions depicted by
the plotted data for each of the ISis seem to be best de­
scribed by two straight lines, one with a steep slope that
extends from gap durations of 0 to 2 msec and a second
of lesser slope that extends from gap durations of 3 to
10 msec. The 25-msec lSI data seem to be best described
by a single straight line. The slope of this line is steeper
than that of any of the other functions depicted from gap
durations of 3 to 10 msec.

These trends were tested for statistical reliability using a
10 (gap duration) x 6 (lSn analysis of variance (ANOVA)
with repeated measures on both factors. A main effect was
found for gap duration [F(9,649) = 32.52, p < .001]
and for lSI [F(5,649) = 11.15, P < .001]; their inter­
action was not reliable [F(45,649) = .67, n.s.).

The data were further analyzed using post hoc Tukey
tests. It was found that, overall, the 50-msec lSI condi-

tion was reliably different from all others (p < .05) and
that the 25-msec lSI condition was reliably different from
the 75- and 150-msec lSI conditions (p < .05). No other
comparisons were reliably different.

It was further found that, overall, the lO-msec gap was
reliably different from the no-gap, zero-gap, l-msec gap,
and 2-msec gap conditions (p < .05), and that the
8-msec-gap, 6-msec-gap, and 5-msec-gap conditions were
reliably different from the no-gap, zero-gap, and l-msec­
gap conditions (p < .05). The 4-msec-gap, 3-msec-gap,
2-msec-gap, and l-msec-gap conditions were reliably dif­
ferent from the no-gap and zero-gap conditions (p < .05).
No other comparisons were reliably different.

Discussion
A number of conclusions can be drawn from these data.

Consistent with previous research (lson, 1982; Ison et al.,
1991), a gap in otherwise continuous noise reliably re­
duced the amplitude of the rat's acoustic startle reflex.
Also consistent with previous research (e.g., Marsh et al.,
1975; Schwartz, Hoffman, Stitt, & Marsh, 1976), an in­
verse relationship was found between reflex amplitude re­
duction and stimulus saliency-the larger the gap, the
greater the degree of reflex reduction. The 50-msec lSI
produced the greatest degree of reflex reduction in the
present study. This is consistent with the findings of other
studies that used pulses of noise or pure tones as prestimuli
(see, e.g., Hoffman, Stitt, & Leitner, 1980).

Surprisingly, gaps as brief as 1 msec were able to reli­
ably reduce reflex amplitude in the present study. This
indicates that these brief gaps were detectable to the sub­
jects. The l-msec value falls below the range of reported
values, obtained through other techniques, that estimate
the limit of auditory temporal resolution; it is also less
than the estimate of 3.5 msec reported by Ison (1982)



using a technique very similar to the one used in the
present study. One explanation for the difference between
the present findings and those of Ison may be that the re­
sults reported here are based on the assumption that since
a gap of 1 msec in duration reliably reduced reflex am­
plitude, it must have been detectable. Ison defined gap
detection threshold as the gap duration that reduced reflex
amplitude half as well as the most effective gap duration.
Applying this technique to the data for an lSI of 50 msec
in the present study still results in a "threshold" estimate
of 1 msec.

A more likely reason for the differences between the
present findings and those ofIson (1982) may be the dif­
ferent rise-fall times used. The present study used a rise­
fall time of 1 msec, whereas the rise-fall time used by
Ison was much less than 1 msec. It is possible that the
longer rise-fall time used in the present research, although
not detectable by itself, enhanced the saliency of the gaps
to the point where even the briefest duration used was
detectable. This possibility is examined in Experiment 3,
in which the rise-fall time is systematically varied.

Previous research has shown that prestimuli presented
at ISIs shorter or longer than the optimum of approxi­
mately 50 msec produce a lesser degree of reflex reduction
(Hoffman et al., 1980). In the present study, gap pre­
stimuli produced reflex reduction that grew rapidly as the
lSI moved from 25 to 50 msec, and then decreased less
rapidly as the lSI moved to 75 msec. If the efficacy of
very brief gaps in reducing startle amplitude is interpreted
as a reflection of greater cortical processing, as suggested
by Ison et al. (1991), this process would appear to be max­
imal at ISIs of approximately 50 msec, declining thereafter.

Ison (1982) found that an interaction existed between
gap duration and lSI-gaps of long duration engendered
the greatest degree of reflex reduction at short ISis,
whereas brief gaps were most effective in reducing reflex
amplitude if they were presented at long ISis. The author
used gaps as long as 40 msec to demonstrate this. No reli­
able interaction was found between gap duration and lSI
in the present study, but the longest gap duration used
was 10 msec as opposed to 40 msec; the values used for
ISIs corresponded to those used by Ison.

Despite this, the functions obtained in the present study
are very similar to those found in previous research. The
plots of the data for ISis of 50, 75, 100, 150, and
200 rnsec, depicted in Figure 1, correspond closely to the
shape of the functions previously reported for gaps pre­
sented at "long" (190 msec) ISIs by Ison (1982). Further­
more, the plot of the data in the present study for an lSI
of 25 msec corresponds closely to the shape of the func­
tions previously reported for gaps presented at "short"
(40 msec) ISIs by Ison. As mentioned above, the plot for
the 25-msec lSI can also be seen to have the steepest slope
for gap durations of 3 to 10 msec, compared with the other
plots. Although no reliable interaction between gap du­
ration and lSI was found in the present study, it is possi­
ble that an interaction would have been identifiable if a
greater range of values of gap duration had been used.
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Experiment 2 explores this possibility, utilizing a greater
range of gap durations and also a greater range of ISIs.

EXPERIMENT 2

Experiment 2 was identical in most details to Experi­
ment 1. It differed in that, as noted above, a greater range
of values was used for the ISIs. Also, a greater range of
values was used for gap duration, again including values
that corresponded to those used by Ison (1982).

Method
Subjects. The subjects were 10male albino Sprague-Dawley rats.

They were similar in all respects to the subjects used in Experi­
ment I and were housed under identical conditions.

Apparatus. The equipment used in Experiment 2 was identical
to that used in Experiment I.

Procedure. The procedure used in Experiment 2 was almost iden­
tical to that used in Experiment I. The gap durations were varied
among 5, 10, 15,20, 25, 30,40, and 50 msec. No-gap trials and
zero-gap trials were also included. The ISIs were varied among 20,
30, 50, 100, 200, 300, and 500 msec. Each subject was exposed
to a total of 70 experimental conditions, representing the factorial
combinations of the two independent variables.

Results
As in Experiment 1, mean startle amplitude was com­

puted for each rat for each condition, and grand means
were then computed across subjects for each condition.
The grand means are depicted in Figure 2. For the sake
of clarity, the SEM is shown only for the gaps presented
at a 500-msec lSI; as in Experiment 1, the value of the
SEM was about the same for all experimental conditions.
The line parallel to the horizontal axis represents the
mean, computed across the ISis used, of the grand means
for the no-gap condition.

The trends noted in Experiment 1 can also be seen in
the data plotted in Figure 2. With the exception of the
20- and 30-msec ISIs, the functions depicted by the plotted
data for each of the other ISis seem to be best described
by two straight lines, one with a steep slope that extends
from gap durations of 0 to 5 msec and a second of lesser
slope that extends from gap durations of 10 to 50 msec.
The 20- and 30-msec lSI data also seem to be best de­
scribed by two straight lines, except that the first has a
steep slope extending from gap durations of0 to 25 msec
and the second is essentially a straight horizontal line that
extends from gap durations of 25 to 50 msec.

For the shortest gap durations, the most pronounced
reflex reduction was engendered by gaps presented at an
lSI of 50 msec. Ifone ignores the zero-gap condition, the
plot of these data is virtually a straight horizontal line.
At this lSI, almost maximal reflex reduction was produced
by gaps of 5 msec in duration, and there is virtually no
increase in the degree of reflex reduction as gap duration
increases from 5 to 50 msec.

A different pattern can be seen for the two shortest ISis
of 20 and 30 msec. A 5-msec gap produced the least reflex
reduction when presented at an lSI of 20 msec, but a 50­
msec gap produced the most reflex reduction when pre-
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Figure 2. Mean startle amplitude as a function of gap duration and interstimulus interval (lSI). The line at the
top running parallel to the horizontal axis represents the grand mean of the "no gap" condition. (Vertical error
bars for l06-rnsec lSI represent ±1 SEM.)

sented at an lSI of 20 msec. The 30-msec lSI shows a
similar pattern at longer gap durations but is more simi­
lar to the 50-msec lSI at the shortest gap durations.

These trends were tested for statistical reliability with
a 10 (gap duration) x 7 (lSI) ANDVA with repeated mea­
sures on both factors. A main effect was found for gap
duration [F(9,621) = 70.61, p < .001] and for lSI
[F(6,621) = 11.15, p < .001]; their interaction was not
reliable [F(54,621) = 1.09, n.s.].

The data were further analyzed using post hoc Tukey
tests. It was found that, overall, the 20-,30-, and 50-msec
lSI conditions were reliably different from all others (p <
.05) but not from each other. No other comparisons were
reliably different.

It was further found that, overall, the 30-, 40-, and
50-msec-gap-duration conditions were reliably different
from the no-gap, zero-gap, 5-msec-gap, and 10-msec-gap
conditions (p < .05), but not from each other. The 15-,
20-, and 25-msec gap conditions were reliably different
from the no-gap, zero-gap, and 5-msec gap conditions
(p < .05) but not from each other. The 5- and lO-msec
gap conditions were reliably different from the no-gap and
zero-gap conditions (p < .05) but not from each other.
All other comparisons were not reliably different.

Although the interaction between gap duration and lSI
was not statistically reliable, assessing the relationship be­
tween these two variables was one of the a priori assump­
tions for Experiment 2. Accordingly, further analyses
using post hoc Tukey tests were performed to investigate
this issue. It was found that for a gap of 5 msec, an lSI
of 20 msec reliably produced the least reflex reduction,
and an lSI of 50 msec produced the most (p < .05). A
lO-msec-gap presented at an lSI of 30 msec was not reli­
ably different from the same gap presented at an lSI of

50 msec, but both produced reliably more reflex reduc­
tion than did the gap presented at a 20-msec lSI (p <
.05). A gap of 25 msec presented at an lSI of 30 msec
produced reliably more reflex reduction than did the same
gap presented at an lSI of 50 msec (p < .05); the gap
presented at a 30-msec lSI was not reliably different from
the gap presented at ISis of 20 or 50 msec. A gap of
40 msec presented at an lSI of either 20 or 30 msec pro­
duced reliably more reflex reduction than did the same
gap presented at an lSI of 50 msec (p < .05), but they
were not reliably different from each other.

The trends shown in the plots for each lSI were also
analyzed using post hoc Tukey tests. It was found that
differences among the points making up the plot for the
20-msec lSI were no longer reliable with gap durations
of 25 msec and longer; as mentioned above, the function
leveled off at this point. For the 30-msec lSI plot, this
was true at gap durations of 15 msec and longer. For the
50-msec lSI, differences were no longer reliable with gap
durations of 5-msec and longer; as mentioned above, the
entire function is essentially flat save for the no-gap and
zero-gap conditions. Differences among points making up
the l00-msec lSI plot ceased to be reliably different at gap
durations of 20 msec and beyond; for the 200-, 300-, and
500-msec lSI plots, the functions leveled off at 15 msec.

Discussion
The results of Experiment 2 extend the findings of Ex­

periment 1. In Experiment 1, the function for gaps pre­
sented at an lSI of 50 msec was virtually flat at durations
of 3 msec and beyond. In Experiment 2, this trend was
continued for gaps of longer duration. Apparently in­
creases in gap duration are not accompanied by further
increases in reflex reduction when the lSI is 50 msec. For



this lSI, then, reflex reduction seems to be maximal when
gap duration is a very brief 3 msec. This stands in con­
trast to the findings of Ison (1982), who found no pro­
nounced increases in the ability of a gap to reduce startle
amplitude as gap duration increased beyond 7 msec, when
presented at an lSI of 190 msec. More recently, Ison et al.
(1991) found that increases in gap duration beyond 4 msec
are not accompanied by increases in reflex reduction when
the lSI is 100 msec. The present data are consistent with
these latter findings. The differences between them and
the earlier findings by Ison may reflect differences in the
lSI used and may also reflect the fact that gap onset was
used by Ison as the reference point for determining the
temporal distance between the gap and the onset of the
SES, as discussed above.

In Experiment I it was noted that, of all the ISIs used,
the 50-msec lSI tended to produce the greatest degree of
reflex reduction, whereas the 25-msec lSI tended to pro­
duce the least. It was also noted that the plot for the
25-msec lSI seemed to have the steepest slope, compared
with the other plots. In Experiment 2, this trend was also
found. For gaps 5 msec in duration, an lSI of 50 msec
produced the greatest reduction in reflex amplitude,
whereas the 20-msec lSI produced the least. As gap du­
ration increased, there were no further increases in reflex
reduction when an lSI of 50 msec was used, as noted
above. However, when the lSI was kept to 20 msec, in­
creases in gap duration were accompanied by increases
in reflex reduction until the gap duration reached 25 msec.
At this point, mean startle amplitude was reliably smaller
than it was for 25-msec gaps presented at a 50-msec lSI.

These findings are, for the most part, consistent with
previous research. As previously mentioned, Ison (1982)
demonstrated that gaps of increasingly longer duration
continued to increase in their ability to reduce startle am­
plitude if they were presented at a brief lSI, while showing
no pronounced tendency to do this if they were presented
at longer ISIs. Although these trends exist in the present
data, in contrast to Ison's research, increases in gap du­
ration beyond 25 msec become relatively ineffective in
further reducing reflex amplitude even when presented
at brief ISIs.

The data presented in Experiment 2 are consistent with
the suggestion by Ison et al. (1991) that the ability of a
very brief gap to reduce startle amplitude is dependent
on a sufficient amount of time-dependent processing.
Given a sufficient lead time, brief gaps are readily detect­
able; with ISIs of 50 msec and longer, increases in gap
duration beyond 5 msec do not greatly increase the degree
of reflex reduction obtained. If this processing time is
decreased, as in the case of the briefest ISIs used in Ex­
periment 2, brief gaps become harder to detect, as indi­
cated by the startle amplitude reduction that they produce.
At these short ISIs, gaps gradually increase in saliency
until they reach a duration of about 25 msec. Apparently,
the short lSI can be compensated for by the longer gap
duration.
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EXPERIMENT 3

The data collected in Experiment I indicated that gaps
as brief as I msec were reliably detected by the subjects.
This value falls below the range of reported values that
estimate the limit of auditory temporal resolution. It was
suggested in Experiment 1 that this might reflect the use
of a l-msec rise-fall time for the gaps, which may have
enhanced the saliency of the gaps and made even very
brief ones detectable. The present experiment investigated
this by systematically varying gap duration and the rise­
fall time of the gaps.

Method
Subjects. The subjects were 12male albino Sprague-Dawley rats.

They were similar in all respects to the subjects used in Experi­
ments 1 and 2, and were housed under identical conditions.

Apparatus. The equipment used in Experiment 3 was identical to
that used in Experiments 1 and 2. As in Experiments 1 and 2, the
rise-fall time of each gap was controlled by increasing or decreasing
the gain of a voltage-controlled amplifier; the controlling voltage
was supplied by the output of a digita1-to-analog converter, which
was programmed to increase or decrease its output voltage accord­
ing to a cosine function. Variations in the duration ofthe rise-fall
time were produced by varying the number of steps used in increas­
ing or decreasing the output of the digital-to-analog converter.

Procedure. The procedure used in Experiment 3 was very simi­
lar to that used in Experiment 1. Within a given test session, gap
duration was varied among 1, 2, 3,4,5,6,8, and 10 rnsec. Also
included were no-gap trials and zero-gap trials. These 10 types of
trials were presented 30 times each in a block randomized sequence.
Gaps were always presented at an lSI of 50 msec, since Experi­
ments 1 and 2 indicated that this lSI produced maximal reflex re­
duction when used with brief gaps.

Each rat was exposed to six test sessions, spaced at least 48 h
apart. Varied between test sessions for each rat was the rise-fall
time of the gaps. The rise-fall times used were .25, .5, 1, 1.5,2,
and 2.5 msec. These were presented to each rat in a sequence de­
termined by a Latin square matrix. Thus, each subject was exposed
to a total of 60 experimental conditions, representing the factorial
combinations of the two independent variables.

Results
As in the first two experiments, mean startle amplitude

was computed for each rat for each condition, and grand
means were then computed across subjects for each con­
dition. The grand means are depicted in Figure 3. Again,
for the sake of clarity, the SEM is shown only for the gaps
presented with a .25-msec rise-fall time; as in Experi­
ments 1 and 2, the value of the SEM was about the same
for all experimental conditions. The line parallel to the
horizontal axis represents the mean, computed across the
rise-fall times used, of the grand means for the no-gap
condition.

It can be seen that varying the rise-fall time of a gap
influenced its saliency. Gaps presented with a .25-msec
rise-fall time routinely produced less reflex reduction than
did those presented with any other. Furthermore, a l-msec
gap presented with a .25-msec rise-fall time does not ap­
pear to be different from the no-gap and zero-gap con­
trol conditions.
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Figure 3. Mean startle amplitude as a function of gap duration and gap rise-fall time. The line at the top run­
ning parallel to the horizontal axis represents the grand mean of the "no gap" condition. (Vertical error bars for
.25-msec rise/fall time represent ±1 SEM.)

With the exception of the plot for the .25-msec rise-fall
time data, all of the functions in Figure 3 appear to be
quite similar and describable with single straight lines ex­
cept for the points representing the shortest gap durations.
It can be seen that increasing the rise-fall time from .25
to .5 msec greatly enhances the ability of a l-msec gap
to reduce startle amplitude. Increasing the rise-fall time
to 1 msec further increases the ability of a l-msec gap
to reduce startle amplitude, at which point a maximum
is apparently reached; further increases in rise-fall time
do not produce a greater degree of reflex reduction. It
can also be seen for the zero-gap conditions that some
of the rise-fall times used were by themselves capable
of reflex amplitude reduction. The 1.5-,2-, and 2.5-msec
rise-fall times apparently were able to reduce startle
amplitude when compared with their no-gap counterparts.

These trends were tested for statistical reliability using
a 10 (gap duration) x 6 (rise-fall time) ANOV A with
repeated measures on both factors. A main effect was
found for gap duration [F(9,649) = 33.42, p < .(XH]
and for rise-fall time [F(5,649) = 1O.9,p < .001]; their
interaction was not reliable [F(45,649) = .79, n.s.).

The data were further analyzed using post hoc Tukey
tests. It was found that, overall, the .25-msec rise-fall
time condition was reliably different from all others (p <
.05) and that the .5-msec rise-fall condition was reliably
different from the 2.5-msec rise-fall condition. No other
comparisons were reliably different.

It was also found that, overall, the no-gap and zero­
gap-duration conditions were reliably different from each
other and from all others (p < .05). Also, the l-msec­
gap-duration condition was reliably different from all
others (p < .05) except the 2-msec-gap-duration condi­
tion. No other comparisons were reliably different.

Although the interaction between gap duration and
rise-fall time was not statistically reliable, assessing the
relationship between these two variables was one of the
a priori assumptions for Experiment 3. Accordingly, fur­
ther analyses using post hoc Tukey tests were performed
to investigate this issue. It was found that for a rise-fall
time of .25 msec, the no gap, zero gap, and 1-msec gap
were not reliably different from each other but reliably
different from all other durations, which in tum were not
reliably different from each other. This indicated that the
function for the .25-msec rise-fall time leveled off at a
gap duration of 2 msec. A similar pattern emerged for
the .5-msec rise-fall time, except that the 1-msec-gap­
duration condition was reliably different from all others
including the no-gap and zero-gap conditions (p < .05).

The relationship among the various rise-fall times was
also explored for the zero-gap and 1-msec gap-duration
conditions using post hoc Tukey tests. It was found that
for the zero-gap condition, rise-fall times of .25, .5, and
1 msec were not reliably different from each other. They
were reliably different from all others (p < .05); the only
exception was that the 1- and 1.5-msec rise-fall times were
not reliably different from each other. The 1.5-msec
rise-fall time was reliably different from both the 2- and
2.5-msec rise-fall times (p < .05), which were not dif­
ferent from each other. For the 1-msec gap duration, the
.25- and the .5-msec rise-fall times were reliably differ­
ent from each other and from all others (p < .05); no
other comparisons were reliably different from each other.

Discussion
A number of conclusions can be inferred from these

data. It appears that when presented with a brief rise-fall
time, gaps of 2 msec in duration are detectable. This is



consistent with other studies that have estimated the limit
of auditory temporal resolution. The present data also in­
dicate that the subjects' ability to detect a l-msec gap in
Experiment 1 was probably due to the use of a l-msec
rise-fall time. When presented with a rise-fall time of
.25 msec, a l-msec gap was undetectable, whereas pre­
senting it with a .5-msec rise-fall time resulted in reli­
able reflex reduction. Although a l-rnsec rise-fall time
presented alone (in the zero-gap condition) was not de­
tectable, increasing it slightly to 1.5-msec allowed reli­
able detection, in contrast to the no-gap condition. This
makes sense, since a rise-fall time of I msec would re­
sult in slightly less than 2 msec of silence, whereas a
rise-fall time of 1.5 msec would result in slightly more
than 2 msec of silence.

GENERAL DISCUSSION

A consistent finding in the present series of experiments
is that very brief gaps can reliably reduce the amplitude
of the rat's acoustic startle response. The present data in­
dicate that for the rat, the shortest detectable gap had a
duration of 2 msec when presented with a very brief
rise-fall time. The 2-msec figure found here is consis­
tent with other estimates of the limit of temporal acuity
in the mammalian auditory system (see, e.g., Forrest &
Green, 1987; Penner, 1975).

Indeed, it is remarkable that such brief pauses in on­
going noise can produce such profound alterations in the
amplitude of a subsequently elicited reflex. In Experi­
ment 3, gaps only 2 msec in duration were capable of re­
ducing startle amplitude by approximately 65 %. This
degree of reflex reduction is consistent with the findings
of others working with pulses of noise or pure tones (see,
e.g., Hoffman & Ison, 1980) and is a further indication of
the extreme sensitivity that reflex reduction offers as a
tool for the assessment of sensory functioning. The present
data also indicate that the lSI resulting in the most pro­
nounced reflex reduction with the briefest detectable gaps
is approximately 50 msec. This is consistent with previous
research (Hoffman et al., 1980) and indicates that this is
the lSI of choice if one wants to assess the limits of, or
subtle changes in, auditory temporal resolution in rats.

It has been proposed that the limit of the auditory sys­
tem's ability to resolve temporal detail is imposed by the
extent to which the time course of neural activity outlasts
the physical stimulus that initiated the activity (see, e.g.,
Penner, 1975; Plomp, 1964). The detectabi1ity of a gap
would therefore be determined by the rate of decay of such
neural activity. This activity would have to decay suffi­
ciently after gap onset so that it would be discriminably
different from the following increase in neural activity
produced by the gap offset. If this is true, then, as indi­
cated by the zero-gap condition in Experiment 3, a decay
in activity sufficient for detection was permitted by a 1.5­
sec rise-fall time but not by a 1-msec rise-fall time.

It also follows from this that the family of curves seen
in Figure 3 may be interpreted as a behavioral represen-

GAP DETECTION IN THE RAT 403

tation of the decay of neural activity in the auditory sys­
tem for an ongoing stimulus terminated with varying
degrees of abruptness. Thus, besides documenting the
time needed for the decay to occur, the figure also allows
the shape of the decay to be seen. For the stimulus termi­
nated most abruptly, the .25-msec rise-fall condition, the
decay of neural activity appears to be curvilinear and fast,
taking only about 2 or 3 msec.

Ison (1982) proposed that two different processes are
involved in the ability of brief gaps in ongoing noise to
reduce the amplitude of the rat's acoustic startle reflex.
One is seen when very brief gaps are presented at long
ISIs, and it is relatively insensitive to increases in gap du­
ration beyond approximately 5 msec. The other, evident
at short ISIs, appears to be dependent on gap duration for
expression and develops slowly and steadily over a much
greater range of gap durations.

The present findings are consistent with this proposi­
tion. At ISIs of 50 msec and longer, the ability of gaps
to reduce startle amplitude behave in accordance with
other sorts of prestimu1i, as documented by Hoffman and
Ison (1980). At the most effective lSI, 50 msec, reflex
amplitude decreased as gap duration increased from 0 to
3 msec. At this gap duration, further increases in gap du­
ration had no further effect on startle amplitude. Startle
amplitude was reduced to about 40% of control values
(i.e., reflex amplitude was reduced by 60%) by gaps of
3 msec in duration, and the bulk of research points to this
figure as a ceiling beyond which further gains in reflex
reduction are not obtainable. At greater, nonoptimum ISIs,
reflex reduction is not maximal and further gains in reflex
reduction toward the maximum can be obtained by in­
creasing the duration of the stimulus.

At ISIs of less than 50 msec, another process might be
at work. It is different because it increases gradually and
in a roughly linear fashion over a much greater range of
gap durations, becoming maximal at durations of approx­
imately 30 msec. Startle amplitude was reduced here to
about 15% of control values, which is a much greater
degree of reflex reduction than has been previously re­
ported. These differences are best illustrated by comparing
the plot for the 20-msec lSI with the plot for the 50-msec
lSI in Figure 2. The shapes of the two functions are quite
different, suggesting that the underlying mechanism might
be different.

To understand what these two processes might be, it
is necessary to speculate about the neural structures that
support the processing of gaps. A fair amount is known
about the structures involved in both the acoustic startle
response and startle amplitude reduction, and this infor­
mation suggests possible neural substrates for gap detec­
tion. The neural circuit for the acoustic startle reflex itself
has been demonstrated to involve the auditory nerve, the
ventral cochlear nucleus, the nuclei of the lateral lem­
niscus, the nucleus reticularis pontis cauadalis of the hind­
brain (where the motor components of the startle reflex
are probably coordinated), spinal interneurons, and lower
motor neurons before being elaborated by the various
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muscle groups involved (Davis, Gendelman, Tischler, &
Gendelman, 1982; Leitner, Powers, & Hoffman, 1980).
Thus, the reflex is almost completely supported by hind­
brain structures.

Startle amplitudereduction appears to involvea pathway
that parallels this, diverging at the level of the laterallem­
niscus and ascending to the level of the inferior colliculus
of the midbrain, then descending via the lateral tegmen­
tal area into the hindbrain. The inferior colliculus may
be the site at which the processing of prestimuli initiate
the neural activity that eventually reduces startle ampli­
tude (Leitner & Cohen, 1985; Leitner, Powers, Stitt, &
Hoffman, 1981; Saitoh, Tilson, Shaw, & Dyer, 1987).
Electrophysiological evidence suggests that at least part
of the inhibitory interaction between the neural activity
engendered by a prestimulus and that produced by a sub­
sequent SES occurs at or before the nucleus reticularis
pontis cauadalis (Wu, Suzuki, & Siegel, 1988).

The acoustic prestimuli used in the neurophysiological
research mentionedabove were brief bursts of either white
noise or pure tones. It is possible that gaps are processed
in the same manner, and the limits imposed on gap de­
tection identified in the present research would therefore
be set by structures in the auditory system at the level of
the hindbrain or the midbrain. The functional decortica­
tion work performed on rats by Ison et al. (1991) sug­
gests that this may be too simple a conclusion, however.
After bilateral topical application of a potassium chloride
solution to the dura overlying the rats' cortex, Ison et al.
found that brief (2-15 msec) gaps presented at a l00-msec
lSI no longer reduced acoustic startle amplitude. Startle
amplitude reduction produced by prestimuli consisting of
noise offset (i.e., the leading edge of a gap) at short
(30 msec and less) ISIs and by pulses of noise was not
affected by this manipulation.

Given this differential sensitivity of different ISIs to
functional decortication, and the different time courses
for amplitude reduction by gaps produced by different
ISIs, Ison et al. (1991) proposed that brief gaps become
detectable at long ISIs because of the greater time avail­
able for processing these mild stimuli and that this extra
processing depended on a functional cortex. In the present
research, this would be the process that was relatively in­
sensitive to increases in gap duration beyond approxi­
mately 5 msec. The second process, which in the work
conducted by Ison et al. and in the present study was much
more dependent on gap duration for expression, does not
involve a functional cortex. On the basis of the neuro­
physiological evidence discussed above, it is possible that
the inferior colliculus is involved in this second process.

As noted by Ison et al. (1991), functional decortication
by topical potassium chloride application alters activity
in the cortex and also in other areas of the brain that re­
quire cortical input for normal functioning (see, e.g.,
Weiss, 1961). It is therefore possible that the effects of
functional decortication on brief gaps presented at long
ISIs are indicative of a disruption of function in such a
noncortical area of the brain. Thus, such data do not re-

quire that amplitude reduction produced by brief gaps
presented at long ISIs be the result of processing in the
cortex itself-they only require that there be some corti­
cal influence in the area where the processing occurs. It
is thus entirely possible that the inferior colliculus is also
involved in the processing of brief gaps presented at long
ISIs and that its influence on startle may be modulated
by cortical input to the lateral tegmental area of the mid­
brain reticular formation. The activity of the midbrain
reticular formation has been shown to change after func­
tional decortication (Weiss, 1961).

If, as proposed by Ison et al. (1991), longer process­
ing time is indeed the reason why amplitude reduction can
be produced by very brief gaps that are presented at long
ISIs, the explanationmust be extended to account for why,
in the present study, a 50-msec lSI appears to be ideal
for the detection of brief gaps. As has been documented
in this series of experiments, ISIs that are longer, as well
as shorter, than 50 msec are not as effective in reducing
startle amplitude, yet it would seem that the longer ISIs
would afford an even greater amount of time for the pro­
cessing of the brief stimuli and thus further enhance its
detectability. Perhaps at ISIs beyond 50 msec, the sen­
sory "trace" of the gap begins to fade, and it therefore
becomes a less salient stimulus.
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