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Tinnitus or ringing of the ears is a subjective phantom sensation necessitating behavioral
models that objectively demonstrate the existence and quality of the tinnitus sensation.
The gap detection test uses the acoustic startle response elicited by loud noise pulses
and its gating or suppression by preceding sub-startling prepulses. Gaps in noise bands
serve as prepulses, assuming that ongoing tinnitus masks the gap and results in impaired
gap detection. This test has shown its reliability in rats, mice, and gerbils. No data exists
for the guinea pig so far, although gap detection is similar across mammals and the
acoustic startle response is a well-established tool in guinea pig studies of psychiatric
disorders and in pharmacological studies. Here we investigated the startle behavior and
prepulse inhibition (PPI) of the guinea pig and showed that guinea pigs have a reliable
startle response that can be suppressed by 15 ms gaps embedded in narrow noise bands
preceding the startle noise pulse. After recovery of auditory brainstem response (ABR)
thresholds from a unilateral noise over-exposure centered at 7 kHz, guinea pigs showed
diminished gap-induced reduction of the startle response in frequency bands between 8
and 18 kHz. This suggests the development of tinnitus in frequency regions that showed
a temporary threshold shift (TTS) after noise over-exposure. Changes in discharge rate
and synchrony, two neuronal correlates of tinnitus, should be reflected in altered ABR
waveforms, which would be useful to objectively detect tinnitus and its localization to
auditory brainstem structures. Therefore, we analyzed latencies and amplitudes of the
first five ABR waves at suprathreshold sound intensities and correlated ABR abnormalities
with the results of the behavioral tinnitus testing. Early ABR wave amplitudes up to
N3 were increased for animals with tinnitus possibly stemming from hyperactivity and
hypersynchrony underlying the tinnitus percept. Animals that did not develop tinnitus after
noise exposure showed the opposite effect, a decrease in wave amplitudes for the later
waves P4–P5. Changes in latencies were only observed in tinnitus animals, which showed
increased latencies. Thus, tinnitus-induced changes in the discharge activity of the auditory
nerve and central auditory nuclei are represented in the ABR.

Keywords: prepulse inhibition, gap detection, noise exposure, behavioral model of tinnitus, auditory brainstem

responses

INTRODUCTION
Until recently, there were no reliable behavioral models to deter-
mine whether or not animals perceive the phantom sound known
as tinnitus. Recently a test was developed by Turner et al. (Turner
et al., 2006) based on the modification of the acoustic startle.

The mammalian acoustic startle response, which is elicited
by sudden, loud sound, is characterized by muscle contractions
of the face, neck, limb, and back resulting in a crouching pos-
ture. The primary startle reflex-eliciting circuit consists of the
dorsal and ventral cochlear nucleus (DCN and VCN), cochlear

Abbreviations: ABR, auditory brainstem response; BBN, broad-band noise; DCN,
dorsal cochlear nucleus; IC, inferior colliculus; LL, lateral lemniscus; MNTB,
medial nucleus of the trapezoid body; PPI, prepulse inhibition; SOC, superior
olivary complex; TTS, temporary threshold shift; VCN, ventral cochlear nucleus.

root neurons, and the lateral superior olive, which deliver star-
tle stimulus information to the caudal pontine reticular nucleus
that mediates the startle via its projections to relevant mus-
cles (Koch, 1999). The force produced during the startle can be
enhanced or suppressed in the course of fear-potentiation via
projections from structures such as auditory cortex, thalamus,
amygdala, and hippocampus (Koch, 1999; Swerdlow et al., 2001;
Li et al., 2009). Preceding the startle stimulus 30–500 ms with a
non-startle-eliciting sensory input diminishes the startle ampli-
tude. This “prepulse inhibition” (PPI) of the startle is mediated by
a gating pathway comprised of the cochlear nucleus, inferior col-
liculus (IC), superior colliculus, and pedunculopontine tegmental
nucleus, which project to the caudal pontine reticular nucleus.

The tinnitus test developed by Turner et al. (Turner et al., 2006)
uses a gap embedded in different narrow gap-carrier bands as a
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prestimulus (gap-PPI) that reduces the startle amplitude. Animals
perceiving tinnitus in a specific frequency band are predicted
to have diminished detection of gaps embedded in gap-carrier
bands similar to the tinnitus frequency. The ongoing tinnitus
thus, masks the gap. This reduces the gating efficiency of the gap,
producing a larger startle. This test thus not only detects tinnitus
but also reveals its frequency content.

As the test relies on a pre-attentive modification of reflex
behavior and the PPI doesn’t require learning (Swerdlow et al.,
2000; Fendt et al., 2001; Li et al., 2009), it takes less time and
effort compared to tests requiring training (Jastreboff et al., 1988;
Bauer and Brozoski, 2001; Heffner and Harrington, 2002; Ruttiger
et al., 2003; Lobarinas et al., 2004), enabling simultaneous testing
of many animals over long time periods. Gap-PPI is not influ-
enced by threshold shifts limited to one ear (Bauer and Brozoski,
2001; Turner et al., 2006), which is important in studies using
noise over-exposure to induce tinnitus.

To date, gap-PPI has been reliably used to demonstrate
noise- and salicylate-induced tinnitus in rats, mice, and ger-
bils and has been validated with other conditioning tech-
niques (Bauer and Brozoski, 2001; Turner et al., 2006, 2012;
Yang et al., 2007; Turner and Parrish, 2008; Longenecker and
Galazyuk, 2011; Nowotny et al., 2011). Here, we apply this
test to guinea pigs, which have become a model species for
auditory neuroscience because of easier accessibility of their
cochleas and auditory brainstems for manipulations and record-
ings compared to rats and mice. We describe the basic fea-
tures of the guinea pigs’ startle and gating and show that noise

exposure results in gap-PPI deficits comparable to that shown
in rats.

While ABR’s have been used to measure hearing threshold and
can detect hearing loss, recent studies show that thresholds can
recover after noise exposure even in the face of defective auditory
nerve synapses and decreased ABR wave I amplitudes (Kujawa
and Liberman, 2009; Lin et al., 2011), which can be one factor
in the development of tinnitus. Therefore, changes in the ABRs
can be used as an objective measure of tinnitus in addition to the
gap detection testing. Furthermore, ABRs could reveal areas of the
auditory brainstem that are involved in the tinnitus pathology.

The ABRs recorded here were comprised of five positive and
four negative peaks (Figure 1) as described previously for guinea
pigs and cats (Wada and Starr, 1983a; Simha et al., 1988; Melcher
et al., 1996a; Hsu et al., 2008; Gourevitch et al., 2009). In the
ongoing discussion about the generators of certain components
of the ABR, there is a general consensus that the first wave or
P1–N1 is generated by the VIIIth nerve (Wada and Starr, 1983a;
Simha et al., 1988; Melcher and Kiang, 1996; Melcher et al.,
1996a,b). There is evidence that P2 is generated by the anteroven-
tral and posteroventral cochlear nucleus (Buchwald and Huang,
1975; Simha et al., 1988; Melcher and Kiang, 1996; Melcher et al.,
1996a,b). Contribution of the trapezoid body is seen starting with
the N2 wave (Wada and Starr, 1983a,b,c; Simha et al., 1988). Wave
P3 as well as N3 is attributed to superior olivary complex (SOC)
and medial nucleus of the trapezoid body (MNTB) (Achor and
Starr, 1980; Gardi and Bledsoe, 1981; Simha et al., 1988; Melcher
and Kiang, 1996; Melcher et al., 1996a,b). P4 and N4 have been
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FIGURE 1 | ABR waveform morphology. Typical waveform (12 kHz, 80 dB SPL) illustrating the peaks (P) and troughs (N) of the ABR waves measured in
guinea pig.
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found to represent SOC and the lateral lemniscus (LL) or the
trapezoid body (Buchwald and Huang, 1975; Wada and Starr,
1983b; Simha et al., 1988; Popelar et al., 2008). There is also a
general consensus that P5 is generated by the IC and/or the LL
(Melcher and Kiang, 1996; Melcher et al., 1996a,b; Popelar et al.,
2008).

We recorded ABRs to tonal stimulation (4, 6, 7, 8, 9, 12,
16 kHz) in 10 dB steps up to 90 dB SPL. Latencies as well as
interpeak latencies and amplitudes of all five positive and negative
waves were measured after recovery from TTS. These parameters
were compared between normal, non-exposed animals, and noise
exposed animals that had or had not developed tinnitus and this
comparison was done for stimulus frequency regions inside and
outside the tinnitus frequency region based on the results of the
behavioral gap detection testing.

Part of the behavioral test results were used as confirmation of
tinnitus occurence in a different study (Dehmel et al., 2012).

METHODS
ANIMALS
Male pigmented guinea pigs from Cady Ridge Farms (270–380 g
at study onset; Chelmsford, MA, USA) were used in this study.
All procedures were performed in accordance with the National
Institutes of Health (NIH) Guidelines for the Use and Care of
Laboratory Animals (NIH publication no. 80-23) and guide-
lines provided by the University Committee on Use and Care
of Animals of the University of Michigan. The number of ani-
mals used differed for the different parts of the presented results,
they are indicated in each figure legend and are as follows: 13
animals were used to characterize the TTS following the noise
exposure, eight animals were used to characterize the dependence
of the startle on the startle pulse level, 14 animals were used to
characterize the gap- and noise pulse-PPI, of those seven were
noise-exposed and four were sham-exposed and continued gap-
and noise pulse-PPI testing after the exposures.

BEHAVIORAL TESTING
A Kinder Behavioral Testing System (Poway, CA, USA) with
testing cage and platform enclosed in a 40 × 30 × 35 cm test-
ing chamber with speakers contained in the ceiling was used.
The walls were lined with blue-pads to reduce reverberations
ensuring that the 15 ms gap was “clean” as judged from an oscillo-
gram. Two testing chambers were placed in a single walled sound
booth. The signal spectra outside the gap-carrier/noise pulse
bands were between 19 dB SPL and 24 dB SPL for the different fre-
quency bands of the gap-carrier/noise pulse (4–6 kHz: 19 dB SPL,
8–10 kHz, and 12–14 kHz: 23 dB SPL, 16–18 kHz: 24 dB SPL).
Gap-carrier/noise pulse bands and startle pulse calibrations were
performed using a microphone (B&K ¼ inch 4136 and spectrum
analyzer SR760, Stanford research systems) and guinea pig cloth
model inside the testing cage with closed chamber and booth.

For the gap-PPI a 15 ms gap (excluding 5 ms offset/onset
ramps) was embedded in four different 2 kHz gap-carrier bands
(4–6 kHz, 8–10 kHz, 12–14 kHz, 16–18 kHz) and a broad-band
noise (BBN) with two levels (60 and 70 dB SPL). The gap-carriers
were played before the startle pulse for a variable time starting
between 3.1 and 8.1 s to prevent anticipation of the startle pulse

(Figure 2B). The prepulse in the noise pulse-PPI consisted of a
15 ms pulse (excluding 5 ms rise-fall time) of the same frequency
bands as the gap-carrier (Figure 2A). The startle pulse (115 dB
SPL, BBN, 20 ms) followed the gap onset or noise pulse by 100 ms.
The maximum startle response in a time window 250 ms after the
startle pulse was recorded.

One block of the test session began with a recording trial
with no sound to record the animals’ background movement
(Figure 2C). This was followed by two presentations of the startle
pulse alone. At the outset this habituated the startle response to a
more stable startle level (Swerdlow et al., 2000). This was followed
by alternating trials of each gap-carrier band with gap (in the gap-
PPI test) or noise pulse (in the noise pulse-PPI test) preceding the
startle pulse and trials with the startle pulse only. For the gap-
PPI the trials with 60 and 70 dB SPL background alternated as
well as the sequence of gap preceding the startle pulse (“with gap”
condition) or no gap preceding the startle pulse (“without gap”
condition). Inter-stimulus trial time (without gap-carrier presen-
tation in the gap-PPI session) was pseudorandomly varied (from
0 to 5 s) to prevent startle anticipation and interval-based habit-
uation (Figures 2A,B). Together with the variable time length
of the gap-carrier this resulted in a separation of the startle
pulses between 3.1 and 13.1 s (Figures 2A,B). This block of trials
containing all stimulus conditions (level and frequency of gap-
carrier/noise pulse, trial with or without gap/noise pulse) was
repeated 10 times. The sound booth and the testing chamber
doors were opened for a short break between the gap-PPI and
noise pulse-PPI session. Both sessions lasted about 35 min each.

The gap-PPI and noise pulse-PPI testing was performed
throughout the study on two days each week (Monday and
Thursday, unless otherwise noted; Figure 2C). ABRs and noise
exposures were performed on the following day (Tuesdays or
Fridays). Baseline gap-PPI and noise pulse-PPI testing were
performed for 2–3 weeks before the noise exposure. After the first
noise exposure, testing continued for another two weeks until the
animals received a second noise or sham exposure (n = 9 animals;
all of the control animals); two other animals received only one
noise exposure (both no-tinnitus animals). After the last noise
exposure the gap-PPI and noise pulse-PPI testing continued for
2–3 weeks. Behavioral data after the noise exposure was used only
for days after the animals ABR had recovered.

NOISE EXPOSURE
The noise exposure was performed under anesthesia (first dose:
14 mg/kg body weight Xylazine and 110 mg/kg Ketamine; addi-
tional dose 2–3 h later, when responses to toe pinch occured:
4 mg/kg Xylazine and 13 mg/kg Ketamine). Body temperature was
kept constant with a temperature controlled heating pad. The left
ear was exposed for 2 h and the right ear was plugged with pieces
of soft, moldable silicon ear plugs. A Beyer DT 48 speaker was
enclosed in a custom-made housing that attached to a 3 cm silicon
tube that ended in a cone-shaped plastic tip inserted about 2 mm
tightly into the ear canal. Pilot experiments showed no influence
of the noise on the unexposed ear. The noise was generated with
digital signal processing hardware (TDT, Alachua, FL, USA) and
Matlab and its spectrum is shown in Figure 2B. The noise was cal-
ibrated by inserting the plastic tip into a tube attached to a B&K ¼
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FIGURE 2 | Stimulus structure for the noise pulse-PPI test (A) and

Gap-PPI test (B) showing a trial without the prepulse followed by a trial

with the prepulse. Note that the timeline is not entirely drawn to scale,
because of the comparably long inter-trial interval time (ITT), which was
pseudo-randomly varied between 0 and 5 s and the long pseudo-randomly
varied time of 3.1–8.1 s between the start of a trial and the presentation of

the startle pulse. The experimental timeline is shown in (C). Behavioral
testing was done throughout the experiment, including 2–3 weeks before the
first, and 2–3 weeks after the last exposure. Note that two of the 11 animals
tested received only one noise exposure. The exposures and ABRs were
done either on Tuesdays or Fridays for a certain animal; in the example shown
in the (C) they were done on Fridays.

inch microphone (4136) and spectrum analyzer (SR760 Stanford
research systems).

ABR RECORDINGS
Prior to ABR measurements the animals received an injection
of antibacterial solution (enrofloxacin, 10 mg/kg body weight,
Baytril, Bayer, KS, USA), after the ABR they received an injection
of 10 ml saline and antibacterial eardrops (ofloxacin, 0.3%, Floxin
Otic, Daiichi Sankyo Inc., Edison, NJ, USA).

ABR recordings were performed using BioSigRP software and
RX5/RA4LI hardware (TDT, Alachua, FL, USA). The speaker

(Beyer DT 48) calibration and acoustic stimulation were per-
formed with SigGenRP software and RX8/PA5 hardware (TDT,
Alachua, FL, USA). The speaker was coupled to the animals’
ear canal as described above for the noise. ABRs were recorded
immediately before and immediately after the noise exposure.
ABRs were performed weekly on days following the behavioral
testing after the exposure (Tuesdays, Fridays) under anesthe-
sia (5 or 10 mg/kg body weight Xylazine) (AnaSed Injection,
Akorn Inc., Decatur, IL, USA) and 20 or 40 mg/kg body weight
Ketamine (Hospira Inc., Lake Forest, IL, USA). Body tempera-
ture was kept constant with a temperature controlled heating
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pad. Sanded 0.6 × 25 mm injection needles placed subdermally
at vertex and on each masseter were used for recording, ground-
ing, and reference. ABRs were recorded for 10 ms tone pips
(2 ms ramp, 11 stimuli/s) starting with a level of 90 dB SPL,
and decremented in 10 dB steps. Each level was repeated 250
times and the lower levels near threshold were re-run to record
a second set of 250 presentations. ABR waveforms were visu-
ally inspected across levels; threshold was the lowest level of
sound that resulted in one or more of the ABR waves being
distinguishable by eye from the background noise. The second
set of repetitions for the low levels was checked for waveform
consistency.

DATA ANALYSIS
Data analysis and plotting were performed with Sigma Plot
(Version 11, Systat Software Inc., Chicago, IL, USA) and SPSS
(Version 17, SPSS Inc., Chicago, IL, USA). Two-Way repeated
measure ANOVAs were performed on the averaged absolute star-
tle data within each gap-carrier band for either the gap-PPI
or noise pulse-PPI. Repeated within subject factors were trial
type (with or without prepulse) and sound level (60 or 70 dB,
Figure 6), an additional between subject factor was the animal
group (control or exposure group, Figure 7; control or “tinnitus”
or “no-tinnitus” group, Figure 9). Post-hoc all pairwise multiple
comparisons were done using Holm–Sidak (p = 0.05).

ABR’s were analyzed without any knowledge of group of ani-
mal. All ABR’s were analyzed at 4, 6, 7, 8, 9, 12, and 16 kHz and
from 90 to 50 dB SPL in decrements of 10 dB. Latency (time in
ms at which the positive peak occurred after the stimulus onset)
and interpeak latency (time between positive peaks) of each
consecutive peak were measured (Figure 1). Increased interpeak
latencies indicate further shifting of the peak in addition to the
shift of P1.

Two types of linear mixed model statistics were used to reveal
significant differences in ABR amplitudes and latencies. First, four
linear mixed models with wave (P1, N1, etc.), group (control, tin-
nitus, no-tinnitus) and interaction as fixed effects and a pairwise
comparison of groups for each wave were used to investigate sig-
nificant differences between groups. This was done separately for
amplitudes and latencies for ABR frequencies within the tinnitus
frequency region (according to the behavioral test) and outside
the tinnitus frequency region (results of those tests noted with
< and > symbols). Second, linear mixed models with group,
dB level, and interaction as fixed effects and pairwise compari-
son at each dB level revealed significant differences between the
groups for single dB levels. This was done separately for each wave
amplitude peak (P1, N1, etc.) and wave latency (PL P1, IPL 2–1,
etc.) for frequencies with tinnitus and frequencies without tin-
nitus (results noted with * and ‡ symbols above and below the
respective dB levels). Differences were significant at the 0.05 level,
adjustment for multiple comparisons with Bonferroni.

RESULTS
TEMPORARY THRESHOLD SHIFT FOLLOWING UNILATERAL
NARROW BAND NOISE EXPOSURE
Since noise over-exposure is the most common cause of tinni-
tus among patients with known tinnitus origin (Davis and Rafaie,

2000; Eggermont, 2005) noise exposure was used to induce tinni-
tus in guinea pigs. In order to distinguish its effects on auditory
thresholds from those on the measured tinnitus, unilateral noise
exposure conditions were chosen (1/4 octave noise band centered
at 7 kHz; Figure 3B) that resulted in a TTS in the exposed ear
(Figure 3A). A center frequency of 7 kHz was chosen because it
is within the central region of the guinea pig audiogram (Heffner
et al., 1971; Prosen et al., 1978; Gourevitch et al., 2009), allow-
ing the development of tinnitus within the hearing range of the
guinea pig above and below the center of the noise band. The
immediate mean threshold shift in the left/exposed ears during
the first hour after the exposure was 50 dB centered at 8 kHz
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FIGURE 3 | Characterization of the narrow band noise over-exposure

protocol leading to TTS. (A) ABR threshold shift pre-exposure vs.
immediately after the noise overexposure (black triangles) and one and two
weeks after the exposure (white triangles and dots). The mean and
standard deviation of the 1st and/or 2nd noise exposures (17 ABRs) of 13
animals are shown for the immediate (1 h) threshold shift (black triangles),
one week (three animals/fiveABRs; white triangles) and 11–14 days after the
noise exposure (seven animals/nine ABRs; white dots). ∗Marks significance
in one-sample t-test against a mean threshold shift equaling 0 performed
for each test frequency: p <= 0.001. (B) Noise Spectrum centered at 7 kHz,
bandwidth 6.4–7.6 kHz (1.21 kHz, 1/4 octave band), RMS 97 dB SPL.
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(black triangles, Figure 3A, p <= 0.001). One and two weeks
after the exposure, the ABR thresholds of the exposed ears had
recovered to their pre-exposure values (white triangles and dots,
Figure 3A, p = 0.05).

THE ACOUSTIC STARTLE RESPONSE IN THE GUINEA PIG
Influence of the startle pulse level
The strength of the startle response was assessed for different
startle pulse levels embedded in background noise (Figure 4). In
this example, pulses embedded in the 12–14 kHz/70 dB SPL back-
ground elicited startle responses that increased in amplitude for
sound levels above 80 dB SPL. No obvious (across the group of
animals tested) and consistent (over the two test days for each
animal) saturation of the startle response was observed up to the
highest level of 115 dB SPL tested. The average 0.32 N for the
startle at a level of 115 dB (Figure 4) was clearly not the max-
imal startle response of guinea pigs, which was dependent on
the stimulus parameters (e.g., mean of 0.41 N with the startle
pulse embedded in BBN 70 dB SPL; see Figure 6A). Therefore,
115 dB SPL was the chosen level for the subsequent gap-PPI and
noise pulse-PPI tests to ensure a reliable startle response without
presenting unnecessarily loud startle pulses above the saturation
point.

Reliability of the startle response
A sufficiently large startle response is a prerequisite for observ-
ing its reduction by gaps or noise pulses. However, the startle
response amplitude is affected by startle pulse level, stimulus rep-
etition rate, and test session duration. The startle amplitude as
well as the general background movement (without sound pre-
sentation) over the time course of a test session is shown in
Figure 5. The decrement in startle response amplitudes over time,
commonly described as short-term habituation (black and white
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sound presentation).

circles, Figure 5) occurred in conjunction with decrements in the
background movement of the animal such as walking, scratching,
etc., over time (white triangles, Figure 5). The habituation affects
the startle responses with and without the preceding gap in a sim-
ilar way, because the habituation is a characteristic of the startle
response itself, not of the circuitry mediating the sensorimotor
gating i.e., reduction of the startle response by the gap. Thus, both
graphs shifted to lower startle amplitudes in parallel over the time
course of the session. Although the normalized startle response
was variable, it did not show a clear pattern over time, especially
when comparing the responses in the four different gap-carrier
bands (gray graphs in the four panels of Figure 5; a Two-Way
repeated measures ANOVA on ranks of the normalized startle,
with the gap-carrier bands and trial number as repeated within
subjects factors, revealed a significant effect of the gap-carrier
bands but not of the trial number and no significant interaction
between bands and trial number, p = 0.05). Moreover, the star-
tle responses were clearly larger than the background move-
ments (white triangles, Figure 5). These data demonstrate that
it is possible to reliably measure the startle behavior of the
guinea pig.

Gap- and noise pulse-salience are indicated by reduced startle
responses
A preceding gap reduced the startle response (white circles,
Figure 5) even in the first trial of a session compared to the “with-
out gap” condition (black filled circles, Figure 5). This reduction
reflects the ability of the animal to detect the gap, which serves as
a prepulse that reduces the startle response without the require-
ment of learning (Fendt et al., 2001; Li et al., 2009). Figure 5
also shows that the normalized startle did not increase over the
time of the session, suggesting that the length of the gap was
sufficiently above detection threshold not to be influenced by
attention (Gewirtz and Davis, 1995).

The baseline gap-PPI for gaps in noise and noise pulse-PPI for
noise pulses in quiet before noise exposure are shown in Figure 6.
The results of the noise pulse-PPI test are used to indicate the
salience of the same noise band used as a gap-carrier. Thus, a
good performance on the noise pulse-PPI task indicates a solid
salience of the noise band also used as gap-carrier. This helps to
distinguish threshold changes from changes that affect gap detec-
tion. The normalized startle (startle “with gap”/“without gap”,
right Y axis, Figure 6A) was smaller for the 70 dB SPL back-
ground noise bands (lower panels in Figure 6A) compared to
the 60 dB SPL noise bands (upper panels in Figure 6A), pre-
sumably because of the greater gap salience in a louder carrier
background i.e., producing a larger reduction of the startle by the
gap. The normalized startle decreased as the frequency band of
the gap-carrier increased and was smallest for the BBN carrier
(0.81 for the 4–6 kHz and 0.49 for the BBN carrier). The reduc-
tion of the startle by the gap was significant for both levels and
all gap-carrier bands (p < 0.05). The size of the absolute startle
without the gap (black dots, left Y axis Figure 6) decreased from
the 60 dB SPL background carrier to the 70 dB SPL background
carrier, indicating a greater masking effect of a louder background
on the startle pulse. Therefore, when the two levels of the gap-
carrier were compared, for the 70 dB SPL level a smaller absolute
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FIGURE 5 | Short-term habituation of the startle responses and

decrement of the background movement during a during a

gap-PPI test session. Each stimulus condition was repeated 10 times.
The mean ± SEM of the responses from 14 animals is shown over
four test days (two consecutive weeks, Monday, and Thursday) for
different background bands (4–6 kHz, 8–10 kHz, 12–14 kHz, 16–18 kHz,
all at 70 dB SPL). Black filled circle graphs designate the absolute

responses to a startle pulse without preceding gap; white circle graphs are
the responses when the startle pulse follows a 15 ms gap, white triangle
graphs indicate the background movement of the animal in intermingled trials
without sound presentation (left Y axis). The gray line graphs plot the
normalized startle response (startle “with gap”/startle “without gap”; right Y
axis with gray labels) derived from the mean startle responses of all days of
all animals.

startle was accompanied by a greater reduction of the startle due
to the gap. Also in the noise pulse-PPI paradigm the reduction
of the startle due to the noise pulse was larger for the 70 dB
SPL compared to the 60 dB SPL noise pulse (normalized star-
tle response, bars in upper panel vs. lower panel of Figure 6B).
The normalized startle response varied for the 70 dB SPL noise
pulse between 0.53 for the 4–6 kHz noise pulse and 0.37 for the
BBN pulse. These baseline data show that the guinea pigs’ abil-
ity to detect gaps and noise pulses can be reliably measured by
the PPI tests. The 70 dB SPL gap-carrier and noise pulse con-
ditions resulted in larger reductions of the startle response, and
thus, are better suited to observe an increase in the normalized
startle i.e., decreasing gap or noise pulse detection. We, therefore,
concentrated on the gap-PPI and noise pulse-PPI in the 70 dB SPL
condition after the noise exposure.

DECREASED GAP DETECTION AFTER NOISE EXPOSURE AS AN
INDICATOR OF TINNITUS
After establishing a baseline for the gap- and noise pulse-PPI,
seven animals were over-exposed with noise and four animals

served as controls, receiving a sham exposure. One to two weeks
after noise exposure, after the ABR thresholds had recovered
(Figure 3), the normalized startles of the noise exposed animals
were increased for the gap in the 8–10 kHz gap-carrier band
(white bars, Figure 7A), the difference between the startle in the
“with gap” and “without the gap” condition was not signifi-
cant. This indicates decreased gap detection for the noise exposed
group compared to the control group. In contrast to the gap-PPI,
the noise pulse-PPI (Figure 7B) showed a significant difference
between the “with pulse” and “without pulse” condition indicat-
ing a significant detection of the pulses for all frequency bands.
Therefore, the decreased gap detection in the 8–10 kHz band
after noise exposure was not a result of decreased salience of the
gap-carrier. The diminished gap detection after noise exposure
in the 8–10 kHz gap-carrier band is hypothesized to be a reflec-
tion of tinnitus that develops in the noise exposed animals and is
pronounced in this frequency band as it “masks the gap”.

Not all patients with abnormal audiograms or noise exposures
develop tinnitus (Lockwood et al., 2002; Kaltenbach et al., 2005).
Therefore, an analysis based on groups of animals that develop
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FIGURE 6 | Guinea pigs show significant detection of gaps in

background noise and noise pulses of 60 and 70 dB SPL. Baseline
gap-PPI (A) and noise pulse-PPI (B) are shown before noise exposure
for five different noise bands of the gap-carrier and noise pulse: 4–6 kHz,
8–10 kHz, 12–14 kHz, 16–18 kHz, and BBN. Top panels show the PPI of a
15 ms gap embedded in a 60 dB SPL gap-carrier and of a 15 ms pre pulse of
60 dB SPL, lower panels show the respective data for 70 dB SPL gap-carrier
and noise pulse. The data is from 14 animals, during the three or four
test-days per animal directly before the noise exposure (two days per week,
Monday and Thursday), for 10 repetitions per stimulus condition. Normalized

startle (bars, right Y-axis) was calculated by dividing all trials of all animals
with gap (A) or noise pulse (B) by all trials without gap or noise pulse.
The absolute startle response is shown as mean ±95% confidence
interval of all trials without and of all trials with the gap or noise pulse (black
and white dots and lines, left Y-axis). Gray dotted line at 1 is the startle
without the gap or noise pulse preceding (normalized startle, right Y axis).
The black line designates the mean +95% confidence interval of responses
due to random background movements (recorded without sound
presentation). The ∗ marks significance in Two-Way repeated measures
ANOVA (p < 0.05).

tinnitus vs. those that do not is ideal. The distribution of gap-PPI
data for the different gap-carrier bands is shown for individual
animals in Figure 8. In agreement with the significant increase
in the normalized startle across the group of noise exposed ani-
mals (Figure 7), the distribution of normalized startles for the
8–10 kHz carrier was shifted toward higher values compared to
the control animals (black line distribution curve, top panel vs.
bottom panel of 8–10 kHz in Figure 8). The distribution of the
data of single animals for the 8–10 kHz gap-carrier (colors of
stacked histogram, top row panels in Figure 8) divides the noise
exposed group into two subgroups, which mark the extremes of
the distribution: animals whose data points are above the mean
of the control group (“tinnitus” group, pale, striped bars), and a
second group of animals, whose data points are at or below the
mean of the control group (“no-tinnitus” group: dark bars). The
tinnitus animals were also characterized by increased normal-
ized startle responses compared to their pre-exposure responses.

Although there was only a significant difference for the noise
exposed vs. the control group as a whole for the 8–10 kHz gap-
carrier (Figure 7), the “tinnitus” group animals tend to have
higher normalized startle values also for the 12–14 kHz, 16–
18 kHz gap-carrier bands (pale bars shifted to the right compared
to dark bars, top row panels Figure 8).

The absolute startles of the gap-PPI and noise pulse-PPI task,
together with the resulting normalized startles are shown for the
“tinnitus” and “no-tinnitus” groups of animals (classified with
Figure 8) in comparison to the control group in Figure 9. There
was no significant difference between the “with gap” and “without
gap” condition in the 8–10, 12–14, and 16–18 kHz bands in the
tinnitus group (Figure 9A), indicating deteriorated gap detection
in those bands, whereas the control groups’ data showed signif-
icant differences in all bands. The difference between the “with
prepulse” and “without prepulse” condition (Figure 9B) was sig-
nificant for all three groups of animals in all frequency bands. This
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FIGURE 7 | After noise exposure animals cannot detect a gap in the

8–10 kHz band anymore (A), while their noise pulse-PPI (B) is still

significant (detectible) in all bands. The normalized startle response
(mean + SEM) of exposed animals (white bars; N = 7) is shown in
comparison with control sham exposed animals (black bars; N = 4)

for the four different gap-carrier/noise pulse bands. Normalized startle
responses were derived from the mean of all trials of one animal for one day
with the gap normalized to the mean of all trials of one animal of one day
without the gap. ∗Indicates significance in Two-Way repeated measures
ANOVA (p < 0.05).

indicates tinnitus residing in the 8–18 kHz bands, which dimin-
ishes the gap detection in those bands. Even though the absolute
startle “without gap” was decreased for the 8–10 kHz and the
12–14 kHz band in the “tinnitus” group compared to the control
group it was still larger than the startle “with gap” in the control
group i.e., giving room for further reduction of the startle due to
the gap. That means that the failure to decrease the startle by the
gap was not caused by a floor effect, further supporting tinnitus
as underlying cause for the increased normalized startle.

MODIFICATIONS OF ABR WAVES ACCOMPANYING TINNITUS
MANIFESTATION
Amplitudes of all ABR waves for frequencies with and without
tinnitus were larger for tinnitus animals and smaller for the no-
tinnitus group compared to the control group. The increase in
amplitude across all sound levels of the tinnitus animals com-
pared to the control group was significant for the earlier waves
N1, P2, and N3 (con < tinn labels, Figure 10A), whereas the
amplitude decrease across sound levels of the no-tinnitus group
was significant for the later waves P4, N4, and P5 (con > notinn
labels, Figure 10A, p < 0.05, Linear mixed model, pairwise com-
parison of groups for each wave, details see Methods). Significant
increases in the tinnitus groups’ wave amplitudes were not con-
fined to the frequency range of the tinnitus, but were observed
for frequencies with tinnitus (N1), frequencies without tinnitus
(P2), and for both frequency ranges (N3). In case of single levels
showing significant differences these were observed at the highest
levels tested (* and ‡ labels at 80 and 90 dB, Figure 10A, p < 0.05,
Linear mixed model, pairwise comparison at each level for each
IPL, details see Methods). ABR wave latencies tended to be longer
in tinnitus animals and shorter in no-tinnitus animals. However,
while there were no significant changes for the no-tinnitus group,
the latency increase for the tinnitus animals was significant for

P1, IPL 2–1, IPL 4–3, and IPL 5–4 (con < tinn labels, Figure 10B,
p < 0.05, Linear mixed model, pairwise comparison of groups
for each wave, details see Methods). These significant increases in
latency for the tinnitus group were specific for frequencies with
tinnitus (IPL 2–1 and IPL 5–4) or affected both frequency ranges
(PL P1 and IPL 4–3).

DISCUSSION
PPI OF THE ACOUSTIC STARTLE RESPONSE IN THE GUINEA PIG
In rats, startle reductions of 45–50% occur for 15 and 20 ms gaps
in a 75 dB SPL BBN background (Wang et al., 2009b; Swetter et al.,
2010). The similarity to the data obtained here (reduction of 51%
in a 70 dB SPL BBN) underlines the suitability of the gap-PPI test
in the guinea pig.

The startle response did not saturate at higher startle pulse lev-
els as in other species (Pilz and Schnitzler, 1996; Plappert and Pilz,
2002; Gaese et al., 2009; Sun et al., 2009). However, we measured
the startle response in the presence of background noise used for
the gap- and noise pulse-PPI tests. The background masks the
startle pulse and reduces the startle, so larger startles and greater
saturation occurs without a background noise. Such a masking
effect was also seen in the baseline gap-PPI: increasing the back-
ground noise from 60 to 70 dB SPL decreased the absolute startle
for trials “without gap.”

The average startle for the 115 dB SPL startle pulse was 0.32
N, below the maximal startle but above background movements.
This is important to avoid ceiling and floor effects when measur-
ing PPI, i.e., a lower startle is more resistant to a further reduction,
whereas a higher startle is relatively more reduced (Swerdlow
et al., 2000). Baseline gap-PPI showed no relative floor effect: the
absolute startle “without gap” in the 70 dB SPL condition was
smaller than that in the 60 dB SPL condition, but its reduction
was larger. Therefore, the larger startle response reduction in the
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FIGURE 8 | Noise exposure differentially affects gap-PPI in subgroups of

noise exposed animals. Normalized startle responses for single days after
noise exposure are shown as histograms for the different gap-carrier bands
(panel columns), overlaid with the normal distribution curve of the histograms
(black graph based on mean and standard deviation). Normalized startle
responses were derived from the mean of all trials of one animal for
one day with the gap normalized to the mean of all trials of one animal for
one day without the gap. Data is included for 2–5 days with recovered ABR

thresholds (2, 3, 3, 4, 4, 4 test days in the noise exposed groups and
5 days in the control group). Top row: noise exposed animals (N = 7), bottom
row: control animals (N = 4). The individual animals’ data are identified by the
color of the stacked histograms. Noise-exposed animals are grouped as
“tinnitus” (light, pastel colored striped bars, N = 4) or “no tinnitus” (dark
colored bars, N = 3). “Tinnitus” animals show normalized responses shifted
toward higher startle values. The dotted line in each panel marks 1 (100%
startle).

70 dB SPL condition can be attributed to greater salience of the
gap in a louder carrier.

Short-term habituation of the startle but not of the gap-PPI, as
shown previously, suggests that the animals’ attention remained
constant during the session or that the 15 ms gap length was
sufficiently above detection threshold not to be influenced by
attention. Decreasing attention results in a reduction of PPI if
the prepulses are too close to detection threshold (Wu et al.,
1984; Gewirtz and Davis, 1995). Habituation, a proposed corre-
late of synaptic depression in the caudal pontine reticular nucleus,
is specific for the stimulus modality of the prepulse (Simons-
Weidenmaier et al., 2006). However, in our dataset the animals’
background movement also decreased, suggesting habituation or
decreased arousal during the session.

INFLUENCE OF NOISE-INDUCED TEMPORARY THRESHOLD
SHIFT ON PPI
After recovery from noise exposure guinea pigs showed signif-
icantly diminished gap-PPI but normal noise pulse-PPI in the
8–10 kHz noise band compared to the control group. The abso-
lute startle responses also indicated tinnitus-like behavior in the
12–14 and 16–18 kHz bands in a subgroup of animals. This is
interpreted as tinnitus perception in the 8–10/12–14/16–18 kHz
frequency bands, which corresponds to the frequency regions that
showed TTS immediately after exposure.

Distinguishing tinnitus from other consequences of noise exposure
Gap detection is level-dependent below 20–30 dB SL (Hamann
et al., 2004). However, monaural threshold elevation with an
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FIGURE 9 | Animals in the tinnitus group show no significant

detection of gaps in gap-carrier bands between 8 and 18 kHz.

Normalized (bars, right Y axis, mean) and absolute startles (dot plots,
left Y axis, mean ±95% confidence interval) are shown for the two noise
exposure groups and the control group after the noise/sham exposure.
(A) Gap-PPI and (B) noise pulse-PPI. Black bars and circles: sham exposure
control group (n = 4), white bars and triangles: “tinnitus” group (n = 4),

gray bars and squares: “no tinnitus” group (n = 3). Black symbols
designate the mean of the absolute startles “without gap”, white symbols
designate the mean of the startles “with gap”. Normalized startle responses
were derived from the mean of all trials of one animal for one day with the
gap normalized to the mean of all trials of one animal of one day without the
gap. The ∗ indicates significance in Two-Way repeated measures ANOVA
(p < 0.05).

earplug does not diminish gap-PPI tested with the present
paradigm (Turner et al., 2006). Also, results of the noise pulse-
PPI test have been used to argue against hearing loss as a cause
for diminished gap-PPI (Yang et al., 2007; Turner and Parrish,
2008). In this and previous studies (Turner et al., 2006; Turner
and Parrish, 2008; Wang et al., 2009a) unilateral noise exposures
causing TTS were preferred so as to leave one ear undisturbed to
accomplish the behavioral task. This will be an important chal-
lenge for human studies using the gap-PPI paradigm. Deciding
if one ear is undisturbed is difficult based on the knowledge
that even with normal thresholds noise exposure can cause deaf-
ferentation and loss of hair cells or spiral ganglion cells and other
structural and activity changes (Weisz et al., 2006; Zheng et al.,
2006, 2007; Bauer et al., 2007; Brozoski et al., 2007; Kujawa and
Liberman, 2009; Wang et al., 2009a; Zeng et al., 2009).

Changes in absolute vs. normalized startle—Tinnitus behavior
equals increased startle in the “with gap” condition
Changes in PPI after noise exposure reveal changes in both star-
tle behavior, i.e., changes in the pathway mediating the acoustic
startle, and in PPI, i.e., the pathway mediating sensorimotor gat-
ing (Swerdlow et al., 2000; Yee et al., 2005). Ideally, changes in
sensorimotor gating occur because of gap detection deficits due
to tinnitus, without concomitant changes in startle behavior. This
would be expressed as an increase in the startle “with gap” and
no change of the startle “without gap”. However, this “ideal case”
is unlikely given the unavoidable effects of factors like aging and
experience that influence startle behavior and gating (Friedman
et al., 2004; Swetter et al., 2010). Changes over time unrelated
to noise exposure were taken into account by comparing data
for noise-exposed animals with an experience- and age-matched
control group and resulted predominantly in a decrease in the

startle in trials with and without gaps (not shown). Factors
decreasing the startle over time presumably existed also in noise-
exposed animals, but here development of tinnitus counteracted
the decrease over time and increased the startle in the “with gap”
condition only. Factors decreasing the startle over time should
also affect noise pulse-PPI. However, the noise pulse-PPI was
not diminished after noise exposure, pointing to tinnitus specif-
ically affecting gap-PPI. A comparable absolute startle “without
gap” between the control and experimental groups showed that
changes in the normalized startle data were not contaminated by
“relative floor/ceiling effects” (Swerdlow et al., 2000; Yee et al.,
2005), with a higher startle response being more susceptible to a
reduction and a smaller startle more susceptible to an enhance-
ment. The difference between groups occurred in the startle
response “with gap”, which was higher in the “tinnitus” group
(Figure 9A), consistent with the hypothesis of tinnitus masking
the gap.

Tinnitus and hyperacusis
In the present study, hyperacusis would likely result in decreased
normalized startle responses for the gap- and noise-pulse PPI test
as the gap carrier and noise-pulse are both well above hearing
threshold. The startle response without preceding gap or noise-
pulse should be increased (Sun et al., 2009). These expectations
are met by the no-tinnitus group, which shows decreased nor-
malized startles and increased absolute startles in the gap-PPI and
noise pulse-PPI test. Because tinnitus and hyperacusis often co-
occur (Anari et al., 1999; Schaaf et al., 2003; Nelson and Chen,
2004; Dauman and Bouscau-Faure, 2005), their effects on nor-
malized startle responses in the gap-PPI test could counteract
each other, with tinnitus increasing and hyperacusis decreasing
the normalized startle values.
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with pairwise comparisons of groups across dB level) and significant
differences for single levels are indicated with ∗ (tinnitus vs. control group)
and with ‡ (no-tinnitus vs. control; p < 0.05, linear mixed model statistics with
pairwise comparisons at each level). For details see Methods. P1, P2, P3, P4,
P5: positive wave peaks, N1, N2, N3, N4: negative wave troughs, PL: peak
latency, IPL: interpeak latency, measured between the positive wave peaks.
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The site of tinnitus manifestation
Because of the gap-PPI specificity (pulse-PPI is not influenced,
Figures 7, 9) tinnitus presumably occurs in neuronal groups that
are part of the gap-encoding circuitry. The auditory input path-
ways of the gating circuits mediating the PPI reside in the auditory
brainstem and midbrain (Koch, 1999; Li et al., 2009) and neu-
ronal correlates of gap-detection in the IC match behavioral
performance (Walton et al., 1997). Still top-down modulation
from cortical inputs to the brainstem/midbrain could influence
PPI by changed attention to the prepulses (Li et al., 2009; Du et al.,
2011) and deficits in gap-PPI have been observed after cortex
inactivation (Ison et al., 1991).

Noise-exposure also changes activity levels in structures out-
side the auditory system. Activity changes in structures as
amygdala, hypothalamus, locus coeruleus, and others, have been
implicated in tinnitus development (Wallhausser-Franke et al.,
2003; Zhang et al., 2003; Mahlke and Wallhausser-Franke, 2004;
Wang et al., 2009a; Rauschecker et al., 2010). These struc-
tures also play a role in the modulation of the acoustic star-
tle and of the PPI (Koch, 1999; Li et al., 2009). Descending
modulation of the gating circuit modifying the effectiveness
of a prestimulus for PPI would change the normalized startle.
However, changes in the gating circuit would presumably not
be specific for the frequency or type of the auditory prepulse.
In our data-set gap-PPI changed only for specific gap-carrier
bands (8–10 kHz, 12–14 kHz, and 16–18 kHz) but not for the
4–6 kHz gap-carriers. In addition, the pulse-PPI task did not
show changes. This argues against changes in descending mod-
ulation of the gating circuit underlying the observed tinnitus
like behavior supporting the concept that gap encoding of audi-
tory neurons in the primary gating pathway is disturbed due to
tinnitus.

CHANGES OF ABRs WITH TINNITUS DEVELOPMENT
The amplitude of the tinnitus groups’ ABRs were increased for
the earlier waves up to N3, although this was only significant
for waves N1, P2, and N3 and not specific for the tinnitus fre-
quency range. The increase in amplitude fits the assumption that
tinnitus is caused by hyperactivity and hyper-synchrony in the
auditory brainstem and midbrain, i.e., in the auditory nerve (N1),
anteroventral and posteroventral cochlear nucleus (P2), and SOC
and/or MNTB [N3; (Buchwald and Huang, 1975; Achor and
Starr, 1980; Gardi and Bledsoe, 1981; Wada and Starr, 1983a;
Simha et al., 1988; Melcher and Kiang, 1996; Melcher et al.,
1996a,b)].

This contradicts studies showing reduced wave I and III
amplitudes in patients with tinnitus (Lemaire and Beutter, 1995;
Schaette and Kempter, 2009; Schaette and McAlpine, 2011),
however, corroborates another study showing enlarged wave III
amplitudes in tinnitus patients (Attias et al., 1996). Otherwise
enlarged waves were only found in middle latency responses, not
in the early ABR waves (Gerken et al., 2001; Singh et al., 2011).
Hyperactivity in animals with tinnitus in single unit record-
ings has only been shown in the DCN (Brozoski et al., 2002;
Kaltenbach et al., 2004; Dehmel et al., 2012). Hyperactivity after
noise exposure has been shown in the VCN (Bledsoe et al., 2009;

Vogler et al., 2011). However, hyperactivity after noise exposure
in the auditory nerve, VCN, posteroventral cochlear nucleus, and
their projection targets in the TB and SOC as suggested by our
ABR data would need to be corroborated by unit recordings in
animals with tinnitus.

The no-tinnitus animals showed a tendency for a reduction
of wave amplitudes, which was significant for waves presum-
ably generated by the SOC, TB, and LL [P4, N4; (Buchwald and
Huang, 1975; Wada and Starr, 1983b; Simha et al., 1988; Popelar
et al., 2008)] and by the IC and/or LL [P5; (Melcher and Kiang,
1996; Melcher et al., 1996a,b; Popelar et al., 2008)].

The effects seen in the early waves are not detectable in later
waves starting with P4. This might result from plastic changes of
e.g., synapse efficiency, excitatory-inhibitory balance that coun-
teract the modified input from the lower brainstem.

The discrepancy between the ABR results of our study and
the studies with tinnitus patients (Lemaire and Beutter, 1995;
Schaette and Kempter, 2009; Schaette and McAlpine, 2011) might
result from the longer times between the noise exposure and
development of tinnitus in case of the human studies and/or the
more diverse or unclear causes of tinnitus in patients compared
to the controlled conditions in animal experiments.

There are no other animal ABR studies comparing noise-
exposed animals with and without the development of tinnitus,
however, in the studies investigating the effect of noise exposure a
higher percentage of animals not developing tinnitus might have
resulted in decreased wave I amplitudes, as in our no-tinnitus
group (Kujawa and Liberman, 2009; Lin et al., 2011). In addi-
tion the difference between our study and the studies of Liberman
et al. might be caused by the different noise exposure regimes
(awake, binaural exposure in Libermans’ studies vs. anesthetized,
monaural in our model).

An effect on the latency of the ABR waveforms was only
observed in the tinnitus group which showed a significant pro-
longation of the P1 latency and all interpeak latencies except
IPL 3–2 for the tinnitus frequency range. These data replicate
the prolonged latencies found in tinnitus patients (Lemaire and
Beutter, 1995; Rosenhall and Axelsson, 1995; Gerken et al., 2001;
Kehrle et al., 2008) and are assumed to indicate the effect of the
noise exposure on the auditory nerve and additional conductiv-
ity and processing problems along the auditory pathway, which as
shown here, lead to tinnitus.

Changes in amplitudes and latencies of the different ABR
waves and thus in the gross activity of the respective structures
would also change their function as part of the primary startle
reflex-eliciting circuit (VCN and lateral superior olive) and of the
gating pathway (cochlear nucleus and IC).
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