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Abstract

In 2006, Turner and colleagues (Behav Neurosci, 120:188-195) introduced the gap-startle
paradigm as a high-throughput method for tinnitus screening in rats. Under this paradigm, gap
detection ability was assessed by determining the level of inhibition of the acoustic startle reflex
produced by a short silent gap inserted in an otherwise continuous background sound prior to a
loud startling stimulus. Animals with tinnitus were expected to show impaired gap detection
ability (i.e., lack of inhibition of the acoustic startle reflex) if the background sound containing the
gap was qualitatively similar to the tinnitus pitch. Thus, for the gap-startle paradigm to be a valid
tool to screen for tinnitus, a robust startle response from which to inhibit must be present. Because
recent studies have demonstrated that the acoustic startle reflex could be dramatically reduced
following noise exposure, we endeavored to 1) modify the gap-startle paradigm to be more
resilient in the presence of hearing loss, and 2) evaluate whether a reduction in startle reactivity
could confound the interpretation of gap prepulse inhibition and lead to errors in screening for
tinnitus. In the first experiment, the traditional broadband noise (BBN) startle stimulus was
replaced by a bandpass noise in which the sound energy was concentrated in the lower frequencies
(5-10 kHz) in order to maintain audibility of the startle stimulus after unilateral high frequency
noise exposure (16 kHz). However, rats still showed a 57% reduction in startle amplitude to the
bandpass noise post-noise exposure. A follow-up experiment on a separate group of rats with
transiently-induced conductive hearing loss revealed that startle reactivity was better preserved
when the BBN startle stimulus was replaced by a rapid airpuff to the back of the rats neck.
Furthermore, it was found that transient unilateral conductive hearing loss, which was not likely to
induce tinnitus, caused an impairment in gap prepulse inhibition as assessed with the traditional
BBN gap-startle paradigm, resulting in a false-positive screening for tinnitus. Thus, the present
study identifies significant caveats of the traditional gap-startle paradigm, and describes
experimental parameters using an airpuff startle stimulus which may help to limit the negative
consequences of reduced startle reactivity following noise exposure, thereby allowing researchers
to better screen for tinnitus in animals with hearing loss.
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1.0 INTRODUCTION

Subjective tinnitus is often described as a ringing or buzzing sensation in one or both ears or
emanating from inside the head in the absence of an external sound. In the United States,
approximately 25% of the adult population has experienced tinnitus, with nearly 8%
reporting frequent bouts (Shargorodsky et al., 2010) and an estimated 1-2% suffering from
severe, chronic, debilitating tinnitus (McCombe et al., 2001). According to a recent study,
tinnitus is also a significant concern for members of the military; 49% of personnel exposed
to blast trauma reported tinnitus as the primary audiologic complaint (Cave et al., 2007). In
the general population, aging and noise exposure continue to be leading causes of hearing
loss and tinnitus. Unfortunately for patients who develop persistent tinnitus, there are no
widely accepted or FDA-approved treatments that completely abolish the phantom auditory
perception.

In an effort to study the putative brain regions and neural mechanisms underlying tinnitus,
several animal models have been developed, many of which require extensive animal
training prior to tinnitus assessment (Bauer et al., 2001; Bauer et al., 1999; Guitton et al.,
2003; Heffner, 2011; Heffner et al., 2002; Heffner et al., 2005; Jastreboff et al., 1988;
Lobarinas et al., 2004; Lobarinas et al., 2006; Ruttiger et al., 2003; Yang et al., 2011). In
2006, Turner and colleagues introduced a high-throughput method for screening tinnitus in
rats based on gap detection ability and its effect on the acoustic startle reflex (i.e., the large
motoric response to a sudden, loud sound) (Turner et al., 2006). The dependent measure in
this traditional gap-startle paradigm is the amplitude of the acoustic startle reflex elicited by
a broadband noise (BBN), a reflex that can be suppressed when a silent gap inserted in an
otherwise continuous background sound is detected prior to the presentation of the startle
stimulus (Ison, 1982; Ison et al., 1991). Turner and colleagues hypothesized that animals
would have poorer gap detection ability (as measured by a lack of gap prepulse inhibition of
the acoustic startle reflex) if the background sound in which the gap was embedded was
qualitatively similar to their tinnitus (i.e., tinnitus would effectively “fill in” the gap). Several
research groups, including our own, have since adopted the gap-startle paradigm to test for
behavioral evidence of noise-induced tinnitus in rodents (Dehmel et al., 2012; Engineer et
al., 2011; Holt et al., 2010; Kraus et al., 2010; Longenecker et al., 2011; Middleton et al.,
2011; Turner et al., 2006; Wang et al., 2009; Zhang et al., 2011). In each of these studies,
gap detection ability was determined based on the assessment of gap prepulse inhibition,
which involved a calculation of the ratio of the startle amplitude generated during trials that
contain a brief silent gap versus the amplitude of the startle response in trials without the
preceding gap.

Ultimately, for the gap-startle paradigm to be a valid tool to screen for evidence of tinnitus,
animals must not only be able to hear the background sound in which the gap is present but
also react robustly to the acoustic startle stimulus. Therefore, to help preserve audibility,
many researchers have elected to induce tinnitus by exposing animals to loud noise in only
one ear (Dehmel et al., 2012; Kraus et al., 2010; Longenecker et al., 2011; Middleton et al.,
2011; Turner et al., 2006; Wang et al., 2009; Zhang et al., 2011). However, despite using a
unilateral noise exposure, a recent study on mice showed a considerable reduction (52%) in
the acoustic startle reflex that persisted three months after exposure, even when hearing
levels had recovered completely (Longenecker et al., 2011). Similar to a recent study
(Engineer et al., 2011), our pilot testing revealed that some animals failed to startle
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following unilateral noise exposure, requiring that they be excluded from further tinnitus
assessment, as any attempt to measure gap prepulse inhibition is rendered moot if the
animals fail to generate a startle response. Excluding animals not only limits the high-
throughput nature of the gap-startle paradigm, but could serve to eliminate animals that may
indeed be experiencing tinnitus yet fail to startle. To avoid having to exclude animals, we
sought to optimize the gap-startle paradigm to be more resilient to hearing loss.

In the present study, we conducted two separate experiments in which the startle stimulus of
the gap-startle paradigm was modified in an effort to better preserve the startle response in
rats with unilateral hearing loss. First, in rats exposed unilaterally to loud, high-frequency
noise, the traditional BBN startle stimulus was replaced with a bandpass noise (5-10 kHz) in
which the sound energy was concentrated at frequencies below the noise exposure (16 kHz)
so that the startle stimulus would be more audible to the noise-exposed ear. In a follow-up
experiment on a separate group of rats with unilateral conductive hearing loss via an
earplug, the acoustic startle stimulus was replaced with a rapid airpuff delivered to the back
of the rats neck to determine if the multimodal (auditory + tactile) nature of the airpuff
would help preserve the startle reflex following unilateral hearing loss. Moreover, because a
temporary earplug does not produce tinnitus in rats (Bauer et al., 2001), it was possible to
evaluate whether unilateral hearing loss alone could confound the measures of gap prepulse
inhibition and lead to a false-positive screening for tinnitus. Ultimately, this study reports
experimental parameters which may help to optimize the gap-startle paradigm for tinnitus
assessment in animal models, and alerts other investigators to the caveats we have
discovered using this common tinnitus screening tool. Preliminary findings of this work
were presented in abstract form at the annual meeting of the Association for Research in
Otolaryngology (Lobarinas et al., 2012).

2.0 MATERIALS AND METHODS

2.1 Subjects

At total of 32 adult, male, albino Sprague Dawley SASCO rats (3-5 months, 325-450 g)
were used in this study; 26 animals in Experiment 1 and six animals in Experiment 2. Rats
were housed in Plexiglas cages, allowed free access to food and water, and were maintained
on a normal 12 hour light/dark cycle in a temperature controlled room. All experimental
procedures used in the present study were approved by the University at Buffalo-
Institutional Animal Care and Use Committee (IACUC).

2.2 Testing Apparatus and General Procedures

Startle reflex testing was performed by placing each rat in an acoustically-transparent, wire-
mesh (0.5 cm x 0.5 cm) cage (20 cm L, 7 cm W, 6 cm H) mounted on a Plexiglas base (20
cm x 10 cm) which rested on a pressure sensitive 35 mm piezoelectric transducer (MCM
28-745) that generated a voltage proportional to the magnitude of the startle response. Prior
to animal testing, the baseline noise floor and waveform output of the startle platform were
inspected using an oscilloscope and various weights (10-40 g) dropped from a fixed
distance (3 cm). The startle platform was placed inside a custom-built, medium density fiber
(MDF), sound-attenuating cubicle (57 cm L, 46 cm W, 46 cm H) that was lined with
acoustic foam (noise floor <20 dB SPL at frequencies >4000 Hz). Sound stimuli were
generated (TDT RX6, ~100 kHz sampling rate), amplified, and delivered via a free-field
speaker (Fostex FT17H) placed above the startle platform (25 cm). The sound within the
cubicle was calibrated using a Larson Davis sound level meter (SLM 824) and a % or %4 inch
condenser microphone. The output of the startle platform was amplified (Behringer
ADAB8000), digitized and low-pass filtered by an A/D converter (TDT RX8, ~6 kHz
sampling rate), and stored on a computer for offline analysis.
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2.3 Experiment 1

In pilot experiments using the gap-startle paradigm, a broadband noise (BBN) burst was
used to elicit the acoustic startle reflex, as this is the startle stimulus that has been used in all
previous reports (Dehmel et al., 2012; Engineer et al., 2011; Holt et al., 2010; Kraus et al.,
2010; Longenecker et al., 2011; Middleton et al., 2011; Turner et al., 2008; Turner et al.,
2006; Wang et al., 2009; Yang et al., 2007; Zhang et al., 2011). However, following
unilateral high-frequency noise exposure, it was observed that, although hearing was
preserved in the non-exposed ear, the startle response was abolished in many animals,
requiring them to be excluded from any tinnitus assessment. We suspected that this
impairment in startle reactivity occurred because the saliency of the high-frequency
component of the BBN was reduced due to the profile of the hearing loss in the noise-
exposed ear. Therefore, we replaced the traditional BBN with a bandpass noise (5-10 kHz)
that concentrated the sound energy at lower frequencies so that the startle stimulus would
remain audible to both ears after unilateral noise exposure. Experiment 1 presents data from
26 rats that were unilaterally exposed to a narrowband noise centered at 16 kHz and tested
with the bandpass noise (5-10 kHz) startle stimulus before and after noise exposure (7-30
days post) to determine whether improving the audibility of the startle stimulus would help
preserve a robust acoustic startle reflex in noise-exposed animals.

2.3.1 Experiment 1: Noise Exposure—The left ear of each rat (n=26) was exposed to a
120-126 dB SPL narrowband noise centered at 16 kHz (bandwidth=100 Hz) for 1 h. All
subjects were anesthetized with isoflurane gas (5% induction, 1-2% maintenance), and
placed on a temperature-controlled heating pad (37 °C) within a calibrated sound field.
Narrowband noise was created from a high- and low-pass filtered Gaussian noise (TDT
RP2.1), amplified (Crown XLS-202) and presented via a free-field speaker (Fostex FT17H
horn tweeter) positioned 2 cm from the entrance of the left ear canal. The right
(contralateral) ear was protected with a pediatric ear probe filled with plumbers tack; an
approach that was shown in our previous study to prevent damage from the noise exposure
(Kraus et al., 2010).

2.3.2 Experiment 1: Acoustic Startle Reflex as a Function of Presentation
Level—To determine the effectiveness of a bandpass noise (5-10 kHz) in eliciting a robust
startle response before and after noise exposure, the input-output function of the acoustic
startle reflex was evaluated by randomly varying the intensity of the startle stimulus in a
given testing session. The input-output schedule consisted of 100 trials with 10 presentations
at each startle intensity level (70, 75, 80, 85, 90, 95, 100, 105, 110 and 115 dB SPL). The
inter-trial interval (ITI) was also randomly varied (7-15 s). Sound was generated using
Tucker Davis Technologies (TDT) RPVDS and a Real Time Processor (RP2.1). A Gaussian
noise function was digitized with a sampling rate of 100 kHz, filtered, converted to analog,
and presented through a high-frequency speaker (Fostex FT17H horn tweeter) in a calibrated
sound field. Baseline behavioral testing of the bandpass noise input-output function
consisted of three to five sessions conducted on non-consecutive days over a two week
period. All baseline data were derived from the final baseline session, and compared to the
corresponding results from the single post-noise session which occurred 7-30 days after
noise exposure.

2.4 Experiment 2

Because in Experiment 1 it was found that replacing the traditional BBN with a bandpass
noise still failed to generate a robust startle response in many of the noise-exposed rats (see
section 3.2), we explored an alternative way to elicit a robust startle reflex that would be
better preserved in rats with unilateral hearing loss. In addition to loud acoustic stimuli, it is
well known that rodents exhibit a robust startle reflex when a rapid airpuff is delivered to the
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head and/or back of the neck (Varty et al., 1998; Varty et al., 1999). Based on these previous
reports, the traditional gap-startle paradigm was modified by replacing the acoustic startle
stimulus with an airpuff. In a separate group of rats (n=6), we investigated whether the
multimodal (auditory + tactile) nature of the airpuff would elicit a robust startle response
before and during unilateral conductive hearing loss, and the results were compared to those
generated by the commonly-used BBN startle stimulus. An additional aim of Experiment 2
was to determine whether a reduction in startle reactivity could confound the interpretation
of gap prepulse inhibition. Because temporary conductive hearing loss was not likely to
induce tinnitus (Bauer et al., 2001), it was possible to evaluate if unilateral hearing loss
alone impaired gap prepulse inhibition, resulting in a false-positive screening for tinnitus.

2.4.1 Experiment 2: Conductive Hearing Loss—To induce a conductive hearing loss,
a small cotton otoblock was inserted into the left ear canal of each rat under light isoflurane
anesthesia (1-1.5%), and then the canal was filled with a silicone elastomer (Kwik-Sil) via
injection. The fast-drying elastomer provided a secure and tightly-sealed earplug that could
not be removed by the rats as it was deeply inserted into the canal. The attenuation of the
elastomer was verified by comparing pre-earplug auditory brainstem responses (ABRs) to
those collected immediately after the ear plug was inserted (post-earplug ABRs). Note that
throughout the manuscript, ‘post-earplug’ refers to conditions when the earplug was in
place. The ABRs were obtained using a Tucker Davis Technologies System 3 Real Time
Signal Processing System running BioSig32 and SigGen (Tucker Davis Technologies,
Alachua, FL, USA). Rats were anesthetized with isoflurane (5% induction, 1-2%
maintenance) for ABR threshold testing. Tone bursts (2 ms, 0.5 rise-fall time, 21/s) were
presented at 6, 12, 16, 20, 24, and 32 kHz at intensities ranging from 10-100 dB SPL in 5
dB steps. Subdermal electrodes were placed at the ipsilateral pinna and the vertex, with an
electrode at the contralateral pinna serving as a ground. The contralateral ear (non-silicone
plugged) was occluded with a pediatric ear probe filled with plumbers tack during testing.
ABR evoked potentials were averaged over 1024 repetitions, amplified (RA16PA, Tucker
Davis Technologies), filtered (100—- 3000 Hz bandpass) and digitized. Threshold at each
frequency was defined as the lowest sound intensity to generate a visible waveform that was
reproducible.

2.4.2 Experiment 2: Acoustic Startle Reflex as a Function of Presentation
Level—As in Experiment 1, the input-output function of the acoustic startle reflex was
evaluated, this time in response to a BBN burst (20 ms), by randomly varying the intensity
of the BBN startle stimulus in a given testing session. Measurements were obtained before
and after insertion of the earplug to assess the effects of a unilateral ear blockage on the
acoustic startle reflex. The BBN was generated via the TDT RPVDS Gaussian noise
function and was consistent with what others have reported in previous studies using the
gap-startle paradigm (Dehmel et al., 2012; Engineer et al., 2011; Holt et al., 2010; Kraus et
al., 2010; Longenecker et al., 2011; Middleton et al., 2011; Turner et al., 2008; Turner et al.,
2006; Wang et al., 2009; Yang et al., 2007; Zhang et al., 2011).

2.4.3 Experiment 2: Airpuff Startle Reflex—The airpuff startle reflex was elicited with
a brief (20 ms) airpuff (19 PSI) to the back of the neck delivered by triggering a solenoid air
valve (Med Associates ESUB-PHM-276) placed 3 cm above the animal in the startle
chamber. Although a concurrent acoustic startle sound was not presented via a speaker, the
airpuff itself produced a broadband acoustic signal. The overall acoustic level of the airpuff
was measured at 112 dB SPL (Larson Davis SLM824). Thus, the airpuff represented both an
auditory and tactile stimulus.
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2.4.4 Experiment 2: Gap Prepulse Inhibition of the Startle Reflex—As described
in the Introduction, it has been hypothesized that animals with tinnitus will demonstrate
poorer gap detection ability that can be measured as a lack of suppression of the startle
reflex during trials that contain a brief silent gap preceding the startle stimulus (i.e., tinnitus-
positive rats will show impaired gap prepulse inhibition). As depicted in the general
schematic in Figure 1, each trial of the gap-startle paradigm started with a background
carrier sound that was presented for the duration of the ITI, and then a brief silent gap (75
ms) was inserted 100 ms prior to delivery of the startle stimulus (either BBN at 115 dB SPL
or airpuff). The carrier sound was a narrowband noise centered at 6, 12, 16, 20, or 24 kHz
(60 dB SPL; bandwidth ranged from 100-5000 Hz to account for differences in the critical
band at the various carrier frequencies). Each session with either the BBN or airpuff startle
stimulus consisted of 200 block-randomized trials (20 gap trials and 20 no-gap trials per
frequency), and the ITI was randomly varied (7-15 seconds).

2.4.5 Experiment 2: Timeline—During the first three weeks, rats underwent baseline
behavioral testing for airpuff gap prepulse inhibition, BBN input-output function, and BBN
gap prepulse inhibition, with three baseline measurements conducted each week for each of
the behavioral tests. Following the completion of all baseline behavioral testing, ABRs were
performed to assess baseline auditory thresholds. During the following week, unilateral
conductive hearing loss was induced by plugging the left ear of each rat, and post-earplug
ABRs were immediately performed to assess the level of attenuation produced by the
earplug. Forty-eight hours after earplug insertion, rats underwent post-earplug behavioral
testing for BBN input-output, and BBN- and airpuff gap prepulse inhibition. To ensure that
all of the post-earplug behavioral tests occurred with a consistent level of conductive hearing
loss, rats underwent all three post-earplug behavioral tests in the same day, with each test
separated by several hours. All baseline data presented were derived from the third baseline
session, and compared to the corresponding results from the single post-earplug session.

2.5 Data Analysis and Statistics

For both Experiment 1 and 2, the measurement window of each trial was from the end of the
ITI (time 0) to 400 ms. Two epochs were analyzed for each trial. The root-mean-square
(RMS) power of Epoch 1 was computed from 0-25 ms (post-1T1) and served as the noise
floor. In sessions using an acoustic startle stimulus (which occurred at 100 ms post-ITl), the
RMS power of Epoch 2 was computed from 110-210 ms (i.e., Epoch 2 began 10 ms after
startle stimulus onset). Because of the longer delay inherent in the presentation of the
airpuff, the time window of Epoch 2 was shifted to 120-220 ms for the airpuff sessions. In
both the acoustic and airpuff sessions, the raw startle responses were derived from the RMS
power of Epoch 2.

To be consistent with the majority of studies that have assessed gap prepulse inhibition
using the gap-startle paradigm, we calculated the gap:no-gap ratio from the startle responses
in the two conditions based on the following formula: gap:no-gap ratio = Gap / No-Gap,
where No-Gap represented the average startle amplitude of the 20 trials that did not include
a preceding gap, and Gap represented the startle amplitude of each of the 20 gap trials. Thus,
for a given carrier frequency in a given session, 20 values were first generated, and then the
mean of these values was calculated to describe the gap:no-gap ratio for the given carrier
frequency. For example, a gap:no-gap ratio of 0.2 represented a session in which the mean
response during the gap trials was only 20% of the amplitude of the mean response during
the no-gap trials, whereas a gap:no-gap ratio of 1.0 would occur if the responses during the
gap trials matched those of the no-gap trials. An animal was classified as having impaired
gap prepulse inhibition at a particular carrier frequency if there was a statistically significant
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elevation in the gap:no-gap ratio during conductive hearing loss compared to the baseline
level (i.e., post-earplug vs. baseline).

Statistical analyses were conducted on the data from Experiment 1 and 2 using either a two-
way repeated measures analysis of variance (ANOVA), one-way repeated measures
ANOVA, or paired t-test, depending on the comparison of interest (see Results section for
the details of each specific comparison). All statistical comparisons used an alpha value of
0.05. When an ANOVA was used, post hoc testing was performed with Student-Newman-
Keuls tests to avoid type | errors associated with multiple comparisons. Sigma Stat 3.5 was
used for all statistical analyses. All results are presented as mean + SEM.

3.0 RESULTS

3.1 Habituation of Startle Reflex at Baseline in Experiment 1 and 2

Based on pilot testing, we were aware that over multiple baseline sessions the startle
response could be attenuated due to habituation. In the present study, the level of habituation
was calculated in both Experiment 1 and 2, and the results provide the rationale for using
only the final baseline session for comparison to the results post-noise exposure (Experiment
1) or post-earplug (Experiment 2) rather than averaging the results from the multiple
baseline sessions. In Experiment 1, the group mean startle responses to the 115 dB SPL
bandpass noise were greater during the first session compared to the final session (first:
1.57+0.15 V vs. final: 1.09+0.10 V; one-way repeated measures ANOVA, Student-
Newman-Keuls test, P<0.001), yet there was no difference in the second to last session
versus the final session (second to last: 1.02+0.09 vs. final: 1.09+0.11 V; Student-Newman-
Keuls test, P>0.05), indicating that the responses had stabilized. In Experiment 2, the BBN
startle responses during the no-gap trials at the various carrier frequencies did not differ
between the first baseline session compared to the final baseline session except at the 20
kHz carrier frequency (first: 1.43+0.24 V vs. final: 1.00£0.21 V; two-way repeated
measures ANOVA, Student-Newman-Keuls test, P<0.005). Furthermore, the airpuff startle
responses during the no-gap trials did not differ between the first baseline session compared
to the final baseline session at any of the various carrier frequencies (two-way repeated
measures ANOVA, Student-Newman-Keuls test, P>0.05). These results suggest that the
changes observed between the final baseline session and the single post-noise exposure
session (Experiment 1) or post-earplug session (Experiment 2) were not likely to be
influenced greatly by habituation that occurred between the final baseline session and the
post-noise/earplug session.

3.2 Experiment 1: Effect of Unilateral Noise Exposure on Bandpass Noise Startle Reflex

In all noise-exposed animals (n=26), sound overstimulation was presented unilaterally to
ensure that the rats would retain normal hearing in one ear. Because the effect of 16 kHz
noise exposure at 120-126 dB SPL was likely to result in damage in the mid- to high-
frequency region of the cochlea, the acoustic startle stimulus was modified (i.e., bandpass
noise at 5-10 kHz) so that it would be more audible to the noise-exposed ear than the
traditional BBN. The magnitude of the mean startle response at baseline and post-noise
exposure was determined as a function of the bandpass noise (5-10 kHz) stimulus intensity
(70-115 dB SPL)(Figure 2A). A two-way repeated measures ANOVA found a significant
interaction (P<0.001) between bandpass noise stimulus intensity and condition (baseline
noise floor vs. baseline response vs. post-noise exposure noise floor vs. post-noise exposure
response). Post hoc analysis revealed that the noise floor did not differ between baseline and
post-noise exposure, and that the stimulus intensity did not affect the noise floor (Student-
Newman-Keuls tests, P>0.05). The mean noise floor was 0.046+0.004 V at baseline and
0.04620.006 V post-noise exposure. Additional post hoc analysis revealed that at baseline
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the startle responses were significantly above the noise floor at stimulus intensities from 85—
115 dB SPL (Student-Newman-Keuls tests, P<0.001), whereas the startle responses post-
noise exposure were significantly above the noise floor at intensities of 90-115 dB SPL
(Student-Newman-Keuls tests, P<0.001). When the amplitude of the startle response was
compared between the baseline and post-noise exposure conditions, unilateral noise
exposure resulted in a significant reduction in the startle response at 85-115 dB SPL (e.g., at
115 dB: 1.0940.10 V baseline vs. 0.47+0.09 V post-earplug; Student-Newman-Keuls tests,
P<0.005). Furthermore, given the saturation of the input-output function in the post-noise
condition (i.e., the response at 115 dB SPL was not different from the response at 110 dB
SPL,; Student-Newman-Keuls test, P>0.05), it is unlikely that any further increase in the
intensity of the startle stimulus would have resulted in an appreciable increase in startle
response.

In addition to determining the effect of unilateral noise exposure on the group mean startle
response (Figure 2A), we investigated whether the loss of startle reactivity was consistent
amongst animals. In Figure 2B, which plots each rats bandpass noise startle amplitude at
115 dB SPL post-noise exposure relative to its own baseline response at 115 dB SPL, it is
apparent that the vast majority of animals showed a dramatic reduction in their acoustic
startle reflex (i.e., the values fell well below the dashed line of unity, with several animals
having a post-noise exposure response that was near the noise floor). Thus, despite
modifying the acoustic startle stimulus so that its sound energy was concentrated at lower
frequencies (5-10 kHz), the startle response was still reduced by more than 70% in nearly
half (12/26) of the noise-exposed rats (Figure 2B).

3.3.1 Experiment 2: Unilateral Conductive Hearing Loss

Conductive hearing loss was induced by filling the left ear of rats (n=6) with a silicone
elastomer earplug. Figure 3 shows the mean ABR thresholds at 6-32 kHz at baseline and
post-earplug. A two-way repeated measures ANOVA found a significant interaction
(P<0.001) between frequency and condition on the ABR threshold. Post hoc analysis
showed that the earplug caused a significant elevation in the ABR threshold at all
frequencies (Student-Newman-Keuls tests, P<0.001), yet the post-earplug threshold at 6 kHz
was significantly lower than the threshold at all of the other frequencies (Student-Newman-
Keuls tests, P<0.01).

3.3.2 Experiment 2: Effect of Unilateral Conductive Hearing Loss on BBN Startle Reflex

The input-output function of a BBN stimulus was assessed at baseline and during unilateral
conductive hearing loss induced by the elastomer earplug. Figure 4 shows the mean startle
amplitude to a BBN as a function of increasing stimulus presentation level (70-115 dB SPL)
at both baseline and post-earplug. A two-way repeated measures ANOVA found a
significant interaction (P<0.001) between stimulus intensity and condition (baseline noise
floor vs. baseline response vs. post-earplug noise floor vs. post-earplug response) on the
BBN startle amplitude. Post hoc analysis revealed that the noise floor was not different
between the baseline and post-earplug sessions, and that the stimulus intensity did not affect
the noise floor (Student-Newman-Keuls tests, P>0.05). The mean noise floor was
0.061+0.002 V at baseline and 0.043+0.002 V post-earplug. Additional post hoc analysis
found that at baseline the startle response was above the noise floor at stimulus intensities
from 105-115 dB SPL (Student-Newman-Keuls tests, P<0.001), whereas only the startle
responses to the 110 and 115 dB SPL stimuli were above the noise floor during the post-
earplug session (Student-Newman-Keuls tests, P<0.05). Finally, unilateral conductive
hearing loss caused a significant reduction in the startle response at 105-115 dB SPL (e.qg.,
at 115 dB: 1.67+0.29 V baseline vs. 0.38+0.09 V post-earplug; Student-Newman-Keuls
tests, P<0.001). To summarize, despite a 77% reduction in amplitude caused by unilateral
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conductive hearing loss, the response to the 115 dB SPL stimulus exceeded the noise floor
(i.e., the rats still startled, albeit modestly, to the loud BBN). Ultimately, these results
highlight the importance of examining the input-output function of the startle response to
evaluate whether the startle reflex is preserved after unilateral hearing loss.

3.3.3 Experiment 2: Effect of Unilateral Conductive Hearing Loss on Gap Detection Ability
as Assessed with the BBN Gap-Startle Paradigm

When the gap:no-gap ratio at baseline was compared to that post-earplug for each rat, all
rats showed a statistically significant reduction post-earplug for at least two carrier
frequencies (P<0.05, paired t-test for each rat). Out of the 30 baseline versus post-earplug
comparisons made (six animals, each tested at five carrier frequencies), there were 18
instances when the gap:no-gap ratio during BBN stimulation was significantly elevated by
unilateral conductive hearing loss: 3/6 rats at 6 kHz, 0/6 rats at 12 kHz, 6/6 rats at 16 kHz,
5/6 rats at 20 kHz and 4/6 rats at 24 kHz. Figure 5A shows the group mean gap:no-gap ratio
during BBN stimulation when the background carrier sound varied from 6-24 kHz at
baseline and post-earplug. A two-way repeated measures ANOVA found a significant main
effect (P<0.001) for condition (baseline vs. post-earplug) on the gap:no-gap ratio, and post
hoc analysis revealed that the gap:no-gap ratio was significantly elevated post-earplug at the
12, 16, 20 and 24 kHz carrier frequencies (Student-Newman-Keuls tests, P<0.005). Because
it was unlikely that temporary unilateral conductive hearing loss induced tinnitus (Bauer et
al., 2001), these findings are consistent with a false-positive screening for tinnitus as defined
by a statistically significant reduction in gap prepulse inhibition, and identify a serious
confound in using a measure of gap prepulse inhibition to screen for tinnitus in animals with
unilateral hearing loss.

In addition to calculating the gap:no-gap ratio, a statistical comparison was also made
between the raw startle amplitudes during the gap trials versus no-gap trials at each carrier
frequency, under the premise that a lack of statistical difference between these two stimulus
conditions would represent impaired gap detection ability. As expected, at baseline, all of
the individual rats demonstrated BBN startle amplitudes in the gap trials that were
significantly lower than that of the no-gap trials at all carrier frequencies (P<0.05, paired t-
test for each rat), indicating that the rats could detect the silent gaps in the background
sounds. Figure 5B shows the group mean BBN startle amplitudes in the gap and no-gap
trials at baseline when the background carrier sound varied from 6-24 kHz. A two-way
repeated measures ANOVA found a significant interaction (P<0.001) between carrier noise
frequency and stimulus condition (noise floor vs. gap trials vs. no-gap trials) on the BBN
startle amplitude. Post hoc analysis revealed that the noise floor and the responses during the
gap trials were not different from each other, and were not affected by the various carrier
frequencies (Student-Newman-Keuls tests, P>0.05). In contrast, all of the responses in the
no-gap trials exceeded the noise floor (mean: 0.052+0.004 V), and the startle amplitudes in
the no-gap trials were significantly greater than that of the gap trials at all carrier frequencies
(Student-Newman-Keuls tests, P<0.001; Figure 5B, compare black and grey bars).
Furthermore, the startle amplitude in the no-gap trials at 6 kHz was significantly greater than
at the other carrier frequencies (Student-Newman-Keuls tests, P<0.001), whereas the startle
amplitude in no-gap trials at 20 kHz were smaller than at the 12 and 24 kHz carrier
frequencies (Student-Newman-Keuls tests, P<0.05; Figure 5B, black bars).

During unilateral conductive hearing loss, three of the six rats tested showed a lack of
statistical difference in the BBN startle amplitude between the gap and no-gap conditions for
at least one carrier frequency (P>0.05, paired t-test for each rat). Figure 5C shows the effect
of conductive hearing loss on the group mean BBN startle amplitudes in the gap and no-gap
conditions when the background carrier sound varied from 6-24 kHz. Due to the dramatic
reduction in startle amplitude compared to baseline, there is a 5-fold decrease in the scale of
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the ordinate in Figure 5C versus 5B. A two-way repeated measures ANOVA found a
significant interaction (P<0.005) between carrier noise frequency and stimulus condition
(noise floor vs. gap trials vs. no-gap trials) on the BBN startle amplitude during the post-
earplug session. Similar to the results at baseline, post hoc analysis revealed that the noise
floor and the responses during the gap trials were not different from each other, and were not
affected by the various carrier frequencies (Student-Newman-Keuls tests, P>0.05).
Additional post hoc analysis found that the startle amplitude in the no-gap trials at 6 kHz
was significantly greater than at the 16, 20 and 24 kHz carrier frequencies (Student-
Newman-Keuls tests, P<0.05), and the no-gap responses at 12 kHz were significantly greater
than at the 16 and 20 kHz carrier frequencies (Student-Newman-Keuls tests, P<0.05),
whereas the startle amplitude in no-gap trials at 16 kHz were smaller than at all of the other
carrier frequencies (Student-Newman-Keuls tests, P<0.05; Figure 5C, black bars).
Furthermore, the responses in the no-gap trials all exceeded the noise floor (mean:
0.037+0.002 V; Student-Newman-Keuls tests, P<0.05), despite a significant reduction in the
startle amplitudes in the no-gap trials post-earplug (e.g., 90% reduction in no-gap startle
amplitude at 16 kHz; 1.06+0.19 V baseline vs. 0.11+0.03 V post-earplug, paired t-test,
P<0.005; compare black bar in 5B vs. 5C). Finally, the startle amplitudes in the no-gap trials
were significantly greater than that of the gap trials at all carrier frequencies (Student-
Newman-Keuls tests, P<0.05; Figure 5C, compare black and grey bars), indicating that the
animals were still able to detect the gaps in the background sounds despite the large
reduction in the raw startle amplitude.

3.3.4 Experiment 2: Effect of Unilateral Conductive Hearing Loss on Airpuff Startle Reflex

In addition to a loud acoustic stimulus, it is well established that rodents with normal
hearing demonstrate a robust startle reflex when a rapid airpuff is delivered to the head and/
or back of the neck (Varty et al., 1998; Varty et al., 1999). Figure 6 shows the group mean
startle amplitudes elicited by either a BBN at 115 dB SPL or an airpuff stimulus in the same
rats (n=6) at baseline and during conductive hearing loss. A two-way repeated measures
ANOVA found a significant main effect for both stimulus (BBN vs. airpuff; P<0.001) and
condition (baseline vs. post-earplug; P<0.005). Post hoc analysis revealed that at baseline
the group mean airpuff startle amplitude was significantly greater than that of the BBN
(2.70£0.26 V airpuff vs. 1.67+0.29 V BBN; Student-Newman-Keuls test, P<0.001; Figure 6,
grey bars). This finding was not surprising given that it has been shown that combining
concurrent acoustic and tactile stimulation (as would be the case in an airpuff stimulus)
results in a greater startle reflex than either stimulus modality presented alone (Li et al.,
1999). Additional post hoc analysis showed that conductive hearing loss significantly
reduced the group mean startle response to both the BBN stimulus (77% reduction;
1.67+0.29 V baseline vs. 0.38+£0.09 V post-earplug) and the airpuff stimulus (46%
reduction; 2.70+0.26 V baseline vs. 1.45+0.20 V post-earplug)(Student-Newman-Keuls
tests, P<0.001; Figure 6, black bars). Thus, when the earplug was inserted, the airpuff startle
response remained significantly greater than that of the BBN (Student-Newman-Keuls test,
P<0.001). It is likely that the startle response to the airpuff stimulus was better preserved
than that of the BBN because the tactile component of the airpuff stimulus was not affected
by unilateral conductive hearing loss.

3.3.5 Experiment 2: Effect of Unilateral Conductive Hearing Loss on Gap Detection Ability
as Assessed with the Airpuff Gap-Startle Paradigm

Using the airpuff startle stimulus, when the gap:no-gap ratio at baseline was compared to the
post-earplug ratio for each rat (using paired t-tests for each carrier frequency), two rats
showed an elevated gap:no-gap ratio after insertion of the earplug for at least one carrier
frequency, whereas four of the six rats showed a decreased gap:no-gap ratio for at least one
carrier frequency. Figure 7A shows the group mean gap:no-gap ratio during airpuff
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stimulation when the background carrier sound varied from 6-24 kHz at baseline and post-
earplug. A two-way repeated measures ANOVA found a significant main effect (P<0.001)
for carrier frequency on the gap:no-gap ratio. Post hoc analysis revealed that at baseline the
group mean gap:no-gap ratio during airpuff stimulation was significantly greater at 6 and 12
kHz than 16, 20 and 24 kHz (Student-Newman-Keuls tests, P<0.001), whereas at post-
earplug the group mean gap:no-gap ratio was significantly greater at 12 kHz versus 16, 20
and 24 kHz (Student-Newman-Keuls tests, P<0.005). Unlike BBN stimulation (Figure 5A),
unilateral conductive hearing loss did not increase the group mean gap:no-gap ratio during
airpuff stimulation at any carrier frequency (Student-Newman-Keuls tests, P>0.05; Figure
7A).

Figure 7B shows the group mean airpuff startle amplitudes in the gap and no-gap conditions
at baseline when the background carrier sound varied from 6-24 kHz. A two-way repeated
measures ANOVA found a significant interaction (P<0.001) between carrier noise frequency
and stimulus condition (noise floor vs. gap trials vs. no-gap trials) on the airpuff startle
amplitude. Post hoc analysis revealed that the responses in both the gap- and no-gap trials
exceeded the noise floor at all carrier frequencies (Student-Newman-Keuls tests, P<0.005),
and the noise floor was unaffected by carrier frequency (Student-Newman-Keuls tests,
P>0.05; mean noise floor: 0.043+£0.004 V). Additional post hoc analysis found that the
airpuff startle amplitude in the gap trials at 6 and 12 kHz were significantly greater than at
the other carrier frequencies (Student-Newman-Keuls tests, P<0.001), and the startle
amplitude in gap trials at 24 kHz was smaller than at the 20 kHz carrier frequency (Student-
Newman-Keuls tests, P<0.05; Figure 7B, grey bars). Finally, the airpuff startle amplitudes in
the no-gap trials were significantly greater than that of the gap trials at all carrier frequencies
(Student-Newman-Keuls tests, P<0.005; Figure 7B, compare black and grey bars),
indicating that the rats could detect the gaps.

During conductive hearing loss, one of the six rats tested showed a lack of statistical
difference in the airpuff startle amplitude between the gap and no-gap conditions at both 6
kHz (1.22+0.19 V gap trials vs. 1.53+0.16 V no-gap trials, P>0.05, paired t-test) and 12 kHz
(1.12+0.17 V gap trials vs. 1.48+0.20 V no-gap trials, P>0.05, paired t-test). Figure 7C
shows the effect of conductive hearing loss on the group mean airpuff startle amplitudes in
the gap and no-gap conditions when the background carrier sound varied from 6-24 kHz
(note the 10-fold increase in ordinate scaling in Figure 7C versus Figure 5C). A two-way
repeated measures ANOVA found a significant interaction (P<0.005) between carrier noise
frequency and stimulus condition (noise floor vs. gap trials vs. no-gap trials) on the airpuff
startle amplitude during the post-earplug session. Similar to the results at baseline, post hoc
analysis revealed that the airpuff startle responses in both the gap and no-gap trials exceeded
the noise floor at all carrier frequencies (Student-Newman-Keuls tests, P<0.05), and the
noise floor was unaffected by carrier frequency (Student-Newman-Keuls tests, P>0.05;
mean noise floor: 0.040+0.002 V). Additional post hoc analysis found that the airpuff startle
amplitude in the no-gap trials at 6 kHz were significantly greater than at the other carrier
frequencies (Student-Newman-Keuls tests, P<0.05; Figure 7C, black bars), whereas the
startle amplitude in the gap trials at 6 and 12 kHz were significantly greater than at 16, 20
and 24 kHz carrier frequencies, similar to the findings at baseline (Student-Newman-Keuls
tests, P<0.01; Figure 7C, grey bars). Lastly, the airpuff startle amplitudes in the no-gap trials
were significantly greater than that of the gap trials at all carrier frequencies (Student-
Newman-Keuls tests, P<0.001; Figure 7C, compare black and grey bars), which indicates
that the rats were able to detect the gaps in the background noises during unilateral
conductive hearing loss.
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4.0 DISCUSSION

In contrast to the overt behavioral training required to assess tinnitus in animals using
conditioning paradigms, the gap-startle paradigm, first proposed by Turner and colleagues
(2006), has offered researchers an alternative, seemingly high-throughput tool for tinnitus
screening in animal models. Although the gap-startle paradigm intends to screen animals for
tinnitus based on their gap detection ability, the dependent measure in the traditional
paradigm is the amplitude of the acoustic startle reflex as generated by a loud BBN. Thus, a
failure of the animal to startle following hearing loss renders any subsequent tinnitus
screening moot. Because our pilot testing as well as a previous study found that startle
reactivity was significantly reduced following unilateral noise exposure (Longenecker et al.,
2011), we endeavored to better preserve the startle response in rats with unilateral hearing
loss by modifying the startle stimulus from the traditional gap-startle paradigm.

In our first experiment, the traditional BBN startle stimulus was replaced with a bandpass
noise in which the sound energy was concentrated in the lower frequencies (5-10 kHz), and
the startle responses before and after unilateral noise exposure were compared. Despite
optimizing the startle stimulus by having it be more audible to the noise-exposed ear, a
significant decrease in the startle amplitude post-noise exposure was still observed (Figure
2A; 57% reduction at 115 dB SPL). This impairment in the acoustic startle response was
similar to the 52% reduction reported recently for a group of mice unilaterally exposed to
loud noise (116 dB SPL) (Longenecker et al., 2011). Further inspection of the present data
revealed that unilateral noise exposure caused a >70% reduction in the acoustic startle
response in nearly half (12/26) of the noise-exposed rats (Figure 2B). It is noteworthy that
increasing the intensity of the stimulus above 115 dB SPL would not likely have improved
startle reactivity because the input-output function of the response had saturated (Figure
2A).

Having observed that the acoustic startle reflex was dramatically reduced following
unilateral noise exposure, we then performed a separate experiment designed to investigate
the possible ramifications of reduced startle reactivity on the level of gap prepulse inhibition
as measured by the gap:no-gap ratio, as these issues could confound tinnitus screening. By
inserting an earplug into only one ear, we assessed the effects of temporary unilateral
conductive hearing loss on the gap:no-gap ratio in rats that did not likely have tinnitus
(Bauer et al., 2001). Unexpectedly, it was found that when the traditional BBN startle
stimulus was used, the group mean gap:no-gap ratio at 12, 16, 20 and 24 kHz carrier
frequencies was significantly elevated post-earplug (Figure 5A); findings consistent with a
false-positive screening for tinnitus based on the statistical criterion used in previous studies
(Longenecker et al., 2011; Zhang et al., 2011). In contrast, Turner et al. (2006) did not
observe a significant increase in the gap:no-gap ratio at 10 kHz during a less severe earplug-
induced conductive hearing loss (average threshold shift of 22 dB SPL; 5-35 dB SPL range
across animals) than that observed in the present study (Figure 3). Unlike the present study,
perhaps the less severe conductive hearing loss did not impair the acoustic startle reflex,
thereby leaving the gap:no-gap ratio unaffected. However, it remains unknown how much
unilateral hearing loss is required to impair startle reactivity as the raw startle amplitudes
before or following insertion of the earplug were not reported by Turner and colleagues.

We suggest that the elevation in the gap:no-gap ratio at 12—-24 kHz observed in the present
study using the traditional BBN gap-startle paradigm was the consequence of a loss of
startle reactivity following unilateral hearing loss, and not a gap detection deficit (or
tinnitus). As shown in Figure 5C, the rats demonstrated a statistically significant inhibition
of their startle responses during the gap trials as these responses were lower than those
during the no-gap trials at all carrier frequencies, which is consistent with an ability to detect
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the gaps. Although not previously acknowledged in studies which have used the gap-startle
paradigm to screen for tinnitus, an impairment in gap detection ability is not the only way to
cause an elevation of the gap:no-gap ratio and thus meet the statistical criterion to be
considered “tinnitus”. To generalize, consider two opposing scenarios in which the gap:no-
gap ratio can be elevated compared to baseline levels; one which involves impaired gap
detection ability, and another which does not. For example, if an animal indeed fails to
detect the preceding gap, the response to the startle stimulus during gap trials would increase
toward the amplitude of the response in the no-gap trials, thereby resulting in an elevated
gap:no-gap ratio. However, in an alternative scenario, if an animal is still able to detect the
gap post-hearing loss (i.e., the response during gap trials remains small, similar to baseline
conditions), yet its startle response during the no-gap trials has decreased, the gap:no-gap
ratio would also be elevated. As shown in Figure 8, it is clear that the gap:no-gap ratio at 16
kHz derived from the traditional gap-startle paradigm increased post-earplug, not because
the animals failed to detect the gaps, but because the startle response during the no-gap trials
decreased dramatically while the response in the gap trials remained unchanged at the level
of the noise floor. These results highlight the problem with assuming that a reduction in gap
prepulse inhibition as measured by an elevated gap:no-gap ratio was solely the result of a
gap detection deficit. The caution against directly equating changes in the gap:no-gap ratio
to gap detection ability is further evident when one considers that the trend for the earplug to
decrease the gap:no-gap ratio in the airpuff gap-startle paradigm should not be ascribed to
improved gap detection (Figure 7A). Put simply, would insertion of an earplug and listening
with only one ear be expected to improve gap detection?

Recall that the central hypothesis of the traditional gap-startle paradigm is that tinnitus
impairs an animals gap detection ability, which can be measured as an increase in the
gap:no-gap ratio (Dehmel et al., 2012; Engineer et al., 2011; Kraus et al., 2010;
Longenecker et al., 2011; Middleton et al., 2011; Turner et al., 2006; Wang et al., 2009;
Zhang et al., 2011). However, without statistically comparing the raw startle values in the
gap and no-gap trials before and after attempts to induce tinnitus, it is not possible to
evaluate whether or not an elevation in the gap:no-gap ratio occurred due to a gap detection
deficit, or simply a loss of startle reactivity. Given the present findings that unilateral noise
exposure (Figure 2) and conductive hearing loss (Figure 4) reduced startle reactivity, and the
gap:no-gap ratio increased in the absence of a gap detection deficit (Figure 5), it becomes
difficult to interpret previous studies in which it was reported that noise-exposed animals
were experiencing tinnitus based solely on an increase in the gap:no-gap ratio at specific
carrier frequencies. Perhaps similar to the present study in which unilateral conductive
hearing loss resulted in a false-positive screening for tinnitus using the traditional gap-startle
paradigm, the noise-exposed animals in previous studies demonstrated an elevated gap:no-
gap ratio (and thus were classified as having tinnitus) due to a loss of startle reactivity that
went unreported. Furthermore, although a frequency-specific elevation in the gap:no-gap
ratio has been used in previous animal studies to classify the tinnitus pitch following noise
exposure (Dehmel et al., 2012; Kraus et al., 2010; Longenecker et al., 2011; Middleton et
al., 2011; Turner et al., 2006; Wang et al., 2009; Zhang et al., 2011), it is worth noting that
we observed a similar finding in animals that were not likely experiencing tinnitus (Figure
5A, compare non-significant elevation at 6 kHz vs. significant elevation at 16 kHz). In the
present study, the frequency-specific elevation in the gap:no-gap ratio was presumably due
to differences in the severity of the reduction in the startle response in the no-gap trials at the
various carrier frequencies (Figure 5C, black bars).

The results of the present study indicate that the traditional gap-startle paradigm is not
resilient to unilateral hearing loss, and this leads to a confound in using the gap:no-gap ratio
to assess tinnitus. Thus, we suggest that the traditional BBN startle stimulus be replaced
with a rapid airpuff, as the startle response to this multimodal stimulus was much better
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preserved in animals with unilateral hearing loss (Figures 6-8). By using the more resilient
airpuff stimulus, it is expected that fewer noise-exposed animals will need to be excluded
from tinnitus screening because their startle response failed to exceed the noise floor. In
addition to this experimental modification, we suggest that researchers revise the statistical
analyses used to determine whether or not animals demonstrate a gap detection deficit post-
noise exposure. Our results show that it is inappropriate to assume that a reduction in gap
prepulse inhibition as measured by an elevated gap:no-gap ratio is solely the result of a gap
detection deficit (Figure 5). Therefore, instead of comparing the gap:no-gap ratio before and
after noise exposure (or between controls and noise-exposed animals), we suggest that a
statistical comparison be performed between the raw startle amplitudes during the gap trials
versus no-gap trials at each carrier frequency, as this approach will provide a better
assessment of gap detection ability. For example, if a noise-exposed animal shows a
statistically significant reduction in its startle response during the gap trials compared to the
no-gap trials, we would argue that this animal is able to detect the gap in the background
sound, irrespective of the calculated gap:no-gap ratio.

Although we have identified ways to optimize the gap-startle paradigm for tinnitus
screening in animals, we suggest that there are two key issues that remain unresolved
concerning the use of the gap-startle paradigm to screen for behavioral evidence of tinnitus.
First, it is unknown how sensorineural hearing loss and the resulting plasticity throughout
the brain affects the circuits mediating sensorimotor gating. Exposure to noise levels known
to induce sensorineural hearing loss results in plasticity throughout the central auditory
pathway (for review, see (Syka, 2002)) as well as in non-classical auditory structures such as
those in the limbic system (Gaoble et al., 2009; Kraus et al., 2010; Wallhausser-Franke et al.,
2003). Given the involvement of both auditory and non-auditory structures in the neural
circuitry generating and regulating the startle reflex (for review, see (Swerdlow et al.,
2000)), it remains to be determined if noise-induced plasticity within these structures
confounds measures of gap prepulse inhibition using the gap-startle paradigm. Second, it is
prudent to acknowledge that, to our knowledge, the working hypothesis that tinnitus
effectively “fills in the gap’ has not been confirmed in humans. Certainly, this hypothesis
will need to be abandoned if 1) gap detection ability as assessed with audiological testing is
found to be normal in persons with tinnitus, or 2) the gap-startle paradigm fails to reveal a
gap detection deficit (not simply an altered gap:no-gap ratio compared to controls) at only
the specific frequencies matching the patients tinnitus pitch. However, should the gap-startle
paradigm prove capable of objectively measuring tinnitus in humans, then we would
encourage researchers using animal models to consider adopting the experimental
parameters and analyses outlined in the present study to limit the confounding issue of
reduced startle reactivity caused by hearing loss.
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ABBREVIATIONS
ABR auditory brainstem response
BBN broadband noise
ITI inter-trial interval
SPL sound pressure level
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Figure 1.

Schematic representation of the gap-startle paradigm. For both no-gap (A) and gap (B) trials,
a continuous background carrier noise (6, 12, 16, 20 or 24 kHz narrowband noise; 60 dB
SPL) was presented for the duration of the inter-trial interval. The startle response was
elicited with either a 20 ms broadband noise at 115 dB SPL or a 20 ms airpuff to the back of
the neck (112 dB SPL). For gap trials (B) a 75 ms silent gap was inserted into the
background carrier noise 100 ms prior to the startle stimulus.
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Figure 2.

Unilateral noise exposure dramatically reduced the startle response to a bandpass noise (5—
10 kHz) startle stimulus. (A) Group mean input-output function of the startle response to a
bandpass noise of varying intensity (70-115 dB SPL) before (grey) and after (black)
unilateral noise exposure. The startle amplitude was significantly greater than the noise floor
at stimulus intensities of 85-115 dB SPL at baseline, and at stimulus intensities of 90-115
dB SPL following unilateral noise exposure (two-way repeated measures ANOVA and
Student-Newman-Keuls tests, P<0.001; baseline noise floor: 0.046+0.004 V; post-noise
exposure noise floor: 0.046+0.006 V). Noise exposure caused a significant reduction in the
startle response from baseline at stimulus intensities of 85-115 dB SPL (two-way repeated
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measures ANOVA and Student-Newman-Keuls tests,* P<0.005). Values represent mean +
SEM for n = 26. (B) For each rat (single black circle), the startle response to a bandpass
noise at 115 dB SPL post-noise exposure is plotted relative to its own baseline startle
response at 115 dB SPL. If the post-noise exposure startle response was unchanged from
baseline, the datum point fell on the dashed grey line of unity, whereas those values plotted
below the line of unity represent rats whose startle response was reduced following
unilateral noise exposure. For several rats, the startle response following unilateral noise
exposure was reduced to the level of the noise floor (dashed black line).

Hear Res. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Lobarinas et al.

ABR Threshold (dB SPL)

100
90
80
70
60
50
40
30
20
10

0

Page 21
% *
*
N *
% | Baseline
B Post-earplug

*| - = . T T
6 12 16 20 24 32

Frequency (kHz)

Figure 3.

Unilateral conductive hearing loss elevated ABR thresholds. The group mean ABR
threshold post-earplug (black) was significantly elevated from baseline (grey) at all tested
frequencies (6-32 kHz) (two-way repeated measures ANOVA and Student-Newman-Keuls
post hoc tests, * P < 0.001). The average threshold shift generated by the earplug ranged
from 27-53 dB SPL, with the threshold shift at 6 kHz significantly lower than the shift at
higher frequencies (12-32 kHz) (one-way repeated measures ANOVA and Student-
Newman-Keuls post hoc tests P< 0.01). Values represent mean + SEM for n = 6.
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Figure 4.

Input-output function of the startle response to a broadband noise (BBN) startle stimulus
presented at varying intensity (70-115 dB SPL) before (grey) and during (black) unilateral
conductive hearing loss. The group mean startle response was significantly above the noise
floor at stimulus intensities of 105-115 dB SPL at baseline (two-way repeated measures
ANOVA and Student-Newman-Keuls tests, P<0.001; baseline noise floor: 0.061+0.002 V),
and at stimulus intensities of 110-115 dB SPL during unilateral conductive hearing loss
(two-way repeated measures ANOVA and Student-Newman-Keuls tests, P<0.05; post
earplug noise floor: 0.043+0.002 V). The startle amplitude during unilateral conductive
hearing loss was significantly reduced from baseline for BBN startle stimuli at and above
105 dB SPL (two-way repeated measures ANOVA and Student-Newman-Keuls tests, * P <
0.001). Values represent mean + SEM for n = 6.
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Broadband noise (BBN) gap prepulse inhibition of the acoustic startle response (A) and raw
startle amplitudes during gap and no-gap trials before (B) and during (C) unilateral
conductive hearing loss. (A) During unilateral conductive hearing loss (black), the gap:no-
gap ratio was significantly elevated compared to baseline (grey) at 12—-24 kHz (two-way
repeated measures ANOVA and Student-Newman-Keuls tests, * P<0.005). (B) At baseline,

the group mean broadband noise startle amplitude during the gap trials (grey) was not

significantly different from the noise floor (0.052+0.004 V) at any carrier noise frequency,
whereas the startle amplitudes during no-gap trials (black) were above the noise floor at all
frequencies. Additionally, the group mean broadband noise startle amplitude during gap
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trials was significantly lower than during no-gap trials at all carrier noise frequencies (two-
way repeated measures ANOVA and Student-Newman-Keuls post hoc tests, * P<0.001). (C)
During unilateral conductive hearing loss, the no-gap startle amplitudes were dramatically
reduced from baseline (note the 5-fold reduction in ordinate scaling compared to panel B).
The group mean startle amplitudes during the gap trials (grey) was not significantly different
from the noise floor (0.037+0.002 V) at any carrier noise frequency, whereas the startle
amplitudes during no-gap trials (black) were above the noise floor at all frequencies.
Additionally, the group mean broadband noise startle amplitude during gap trials was
significantly lower than during no-gap trials at all carrier noise frequencies (two-way
repeated measures ANOVA and Student-Newman-Keuls post hoc tests, * P<0.05). Values
represent mean = SEM for n = 6.
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Figure®6.

Startle responses to a 115 dB SPL broadband noise (BBN) startle stimulus and airpuff startle
stimulus before (grey) and during (black) unilateral conductive hearing loss. The amplitude
of the startle response elicited by the airpuff was significantly greater than that produced by
the 115 dB SPL BBN startle stimulus at baseline and post-earplug (two-way repeated
measures ANOVA and Student-Newman-Keuls post hoc tests, P<0.001). During unilateral
conductive hearing loss, startle amplitude was significantly reduced from baseline for both
the BBN and airpuff startle stimuli (two-way repeated measures ANOVA and Student-
Newman-Keuls post hoc tests, * P<0.001). Values represent mean = SEM for n = 6.
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Airpuff gap prepulse inhibition of the startle response (A) and raw startle amplitudes during
gap and no-gap trials before (B) and during (C) unilateral conductive hearing loss. (A) The
group mean airpuff gap:no-gap ratio did not differ between baseline and post-earplug
conditions at any carrier noise frequency (two-way repeated measures ANOVA and Student-
Newman-Keuls post hoc tests, P>0.05). At baseline (B) and during unilateral conductive
hearing loss (C), the group mean airpuff startle amplitude during gap trials (grey) and no-
gap trials (black) were above the noise floor (baseline: 0.043+0.004 V; post-earplug:
0.040+0.002 V) at all carrier noise frequencies. Furthermore, the group mean airpuff startle
amplitude during gap trials was significantly lower than during no-gap trials at all carrier
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noise frequencies during baseline (B) as well as during unilateral conductive hearing loss
(C) (two-way repeated measures ANOVAs and Student-Newman-Keuls post hoc tests, *
P<0.005). Note the 10-fold increase in ordinate scaling in panel C versus Figure 5C. Values
represent mean = SEM for n = 6.
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Figure8.

Comparison of group mean gap and no-gap startle amplitudes for the 16 kHz carrier noise
frequency during broadband noise (BBN) and airpuff gap prepulse inhibition testing at
baseline and during unilateral earplug. For all conditions, the startle amplitude during the
gap trials (grey bars) was significantly lower than during the no-gap trials (black bars)(two-
way repeated measures ANOVA and Student-Newman-Keuls post hoc tests, * P<0.05).
Above each pair of grey and black bars is the calculated gap:no-gap ratio, the measure
traditionally used to assess gap detection ability in the gap- startle paradigm. The significant
increase in the gap:no-gap ratio during BBN stimulation post-earplug compared to baseline
is consistent with a false-positive for tinnitus (two-way repeated measures ANOVA and
Student-Newman-Keuls post hoc test, T P<0.001). Given that the startle response in the gap
trials at BBN Post Plug was significantly lower than that of the respective no-gap trials, the
elevated gap:no-gap ratio was not the result of a gap detection deficit but rather the dramatic
reduction in startle reactivity in the no-gap trials. Values represent mean £ SEM for n = 6.
n.s., non-significant statistical difference.
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