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ABSTRACT

This study describes the long-term effects of sound-
induced cochlear trauma on spontaneous discharge
rates in the central nucleus of the inferior colliculus
(ICC). As in previous studies, single-unit recordings in
Sprague-Dawley rats revealed pervasive increases in
spontaneous discharge rates. Based on differences in
their sources of input, it was hypothesized that physio-
logically defined neural populations of the auditory
midbrain would reveal the brainstem sources that
dictate ICC hyperactivity. Abnormal spontaneous activ-
ity was restricted to target neurons of the ventral
cochlear nucleus. Nearly identical patterns of hyperac-
tivity were observed in the contralateral and ipsilateral
ICC. The elevation in spontaneous activity extended to
frequencies well below and above the region of maxi-
mum threshold shift. This lack of frequency organiza-
tion suggests that ICC hyperactivity may be influenced
by regions of the brainstem that are not tonotopically
organized. Sound-induced hyperactivity is often ob-
served in animals with behavioral signs of tinnitus.
Prior to electrophysiological recording, rats were
screened for tinnitus by measuring gap pre-pulse
inhibition of the acoustic startle reflex (GPIASR). Rats
with positive phenotypes did not exhibit unique patterns
of ICC hyperactivity. This ambiguity raises concerns
regarding animal behavioral models of tinnitus. If our
screening procedures were valid, ICC hyperactivity is
observed in animals without behavioral indications of

Correspondence to: Bradford J. May - Department of Otolaryngology—
Head and Neck Surgery - Johns Hopkins University School of
Medicine - 720 Rutland Avenue, Baltimore, MD 21205, USA.
Telephone: 410-614-1878; email: bmay@jhu.edu

the disorder. Alternatively, if the perception of tinnitus
is strictly linked to ongoing ICC hyperactivity, our
current behavioral approach failed to provide a reliable
assessment of tinnitus state.
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INTRODUCTION

According to the hyperactivity model of tinnitus, neurons
in the central auditory system respond to the weakened
input of a sound-damaged cochlea by down-regulating
inhibitory connections (Moller 2007; Middleton et al.
2011; Wang et al. 2011) and enhancing membrane
excitability (Dong et al. 2010; Pilati et al. 2012; Koehler
and Shore 2013; Li et al. 2013). This “rebalancing” may
raise spontaneous activity (i.e., activity in the absence of
sound) to levels that impart a false perception of sound
stimulation (Chen and Jastreboff 1995; Kaltenbach and
Afman 2000; Ma et al. 2006).

While there is considerable evidence that acoustic
damage elevates spontaneous rates throughout the
central auditory system (Eggermont 2003; Manzoor
et al. 2013), a causal relationship between hyperactiv-
ity and tinnitus remains tenuous. One impediment to
the hyperactivity model has been the reliable assess-
ment of an animal’s tinnitus state (Jastreboff and
Sasaki 1994).

Gap pre-pulse inhibition of the acoustic startle
reflex (GPIASR; Turner et al. 2006) has gained
increasing popularity as a simple behavioral assay for
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confirming tinnitus in laboratory animals. Because the
screening procedure is based on an unlearned
auditory reflex, it is well suited for neurophysiological
studies that require efficient screening methods.
GPIASR testing assumes that gap inhibition of the
acoustic startle reflex is attenuated in animals with
tinnitus because tinnitus “fills the gap.” This assump-
tion has been criticized by recent studies showing
inconsistent relationships between the gap stimulus
and the startle response (Fournier and Hebert 2013;
Lobarinas et al. 2013; Hickox and Liberman 2014).

The characterization of tinnitus-related hyperactiv-
ity is further complicated by the physiological diversity
of central auditory neurons. Because different neuron
types are uniquely affected by acoustic trauma (Cai
et al. 2009), hyperactivity may be expressed in one
output pathway of the cochlear nuclei, but not
another. The dorsal cochlear nucleus (DCN) has
received notable attention as a source of tinnitus-
related hyperactivity (Zhang and Kaltenbach 1998;
Brozoski et al. 2002), although similar patterns of
neuropathology have been confirmed in the ventral
cochlear nucleus (VCN) (Vogler et al. 2011).

The central nucleus of the inferior colliculus (ICC)
is an ideal structure for studying how different
subdivisions of the cochlear nucleus influence higher
levels of auditory processing because it receives direct
or indirect inputs from every major projection of the
auditory brainstem (Brunso-Bechtold et al. 1981;
Oliver 1987; Zook and Casseday 1987). These parallel
ascending pathways are transformed within the ICC
into unique response types (Ramachandran et al.
1999; Ehret et al. 2003; Palmer et al. 2013), thus
creating a potential method for identifying remote
sources of local hyperactivity. Because ascending
projections from the DCN are known to modulate
the spontaneous rates of ICC type O units (Davis
2002; Imig and Durham 2005), sound-induced hyper-
activity in the DCN is expected to produce a selective
elevation of the spontaneous activity of that unit type.
Alternatively, VCN hyperactivity is expected to be
reflected in the physiological characteristics of ICC
type V and I units. If it is assumed that hyperactivity is
a specific correlate of tinnitus, the neuropathology
should only be observed in subjects that exhibit
tinnitus behaviors.

METHODS

The effects of acoustic trauma on spontaneous activity
in the ICC were evaluated by treating adult male
Sprague-Dawley rats with a unilateral sound expo-
sure, screening them for tinnitus with a behavioral
procedure, and then recording the spontaneous
activity of physiologically characterized units. All
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procedures were reviewed and approved by the
Institutional Animal Care and Use Committee of
The Johns Hopkins University.

Unilateral Sound Exposure

The inner ear was damaged with a single unilateral
sound exposure. During the exposure, the unanes-
thetized rat was held in a slowly rotating hardware
cloth cage at the center of a sound-attenuating
chamber. Two high-output tweeters (Pyramid TW57)
on the ceiling of the chamber delivered a continuous
16-kHz tone at a peak level of 116-dB sound pressure
level (SPL). An automated program gradually raised
the tone presentation level to its peak level during the
initial 60 s of the exposure. Once attained, the peak
level was maintained for 2 h.

A unilateral exposure was achieved by exposing
one ear to the damaging sound while occluding the
other ear with an acoustic foam plug (EAR, 3 M). The
manufacturer rates the attenuation of the plugs at
41.2 dB at 6 kHz. Our own ABR-based measures
indicate at least 50-dB attenuation at 16 kHz, which is
the frequency of sound exposure. The damaged ear
was expected to trigger the physiological changes that
ultimately induce tinnitus. The undamaged ear en-
sured that subjects could hear the stimuli used in
behavioral testing, thus avoiding a confound between
hearing impairment and tinnitus.

The rats were housed in the laboratory’s vivarium
for 1-4 months after the sound exposure. The
ambient noise spectrum level in this limited access
facility was 32-dB SPL. Institutional housing was
avoided to minimize uncontrolled sources of auditory
stimulation during the recovery period (Lauer et al.
2009).

Behavioral screening was conducted two to three
times a week during the recovery period. Subjects that
developed stable tinnitus behaviors were advanced to
single-unit recording experiments immediately.
Subjects that produced negative test results were
given a minimum of 2 months to develop the
disorder.

Auditory Brainstem Responses

Auditory brainstem responses (ABRs) were measured
immediately before the sound exposure to verify
normal hearing and repeated 1 week after the
exposure to assess acoustic damage. During the
recordings, the rat was lightly anesthetized with
ketamine and xylazine (40:10 mg/kg) and placed on
a regulated heating pad to maintain a core tempera-
ture of 37 °C. Platinum subcutaneous electrodes were
inserted over the bulla of the test ear (active), on the
vertex (reference), and in the ipsilateral leg (ground).
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The rat was placed inside an electrically shielded
sound-attenuating chamber with the head approxi-
mately 45 cm from a widerange tweeter (Fostex
FT28D). The test ear was directed toward the speaker.
The opposite ear was plugged and oriented toward
the foam-lined floor of the chamber. Control exper-
iments confirmed that a threshold shift of 55 dB could
be reliably measured at frequencies above 10 kHz
before the plugged protected ear contaminated the
ABR of the sound-exposed ear.

Sound-evoked brainstem activity was amplified
(300,000x), filtered (300-3,000 Hz), and digitally
sampled (10-kHz sampling rate). The digitized wave-
forms were collected at a rate of 30 waveforms/s and
averaged over 300 repetitions. Input—output functions
were derived by varying the presentation level of pure
tones at frequencies between 2.5 and 40.0 kHz (5-ms
duration, 0.5-ms rise/fall times). Hearing thresholds
were determined by a statistical analysis of the peak-to-
peak voltages of ABR signals (stimulus-on intervals)
relative to recording noise (stimulus-off intervals).

Figure 1 presents the hearing thresholds of sound-
exposed rats in the form of ABR audiograms. This
plotting format depicts the ABR threshold at each
tone frequency in terms of a shift relative to the
average threshold of unexposed Sprague—Dawley rats
in our laboratory (N=174). All thresholds for the
protected ear remained within +15 dB of normal
hearing levels (upper panel). Exposed ears exhibited
variable patterns of acoustic damage (middle panel)
but always featured a sharp transition from normal to
impaired thresholds. The “EDGE” frequency of hear-
ing loss was defined as the frequency that showed the
steepest transition. This value ranged from 10.6 to
26.8 kHz (median=18.9 kHz).

Variations in EDGE frequency complicate statistical
comparisons that combine neurophysiological mea-
sures across subjects. This source of error was
minimized by aligning the EDGE of exposed audio-
grams (lower panel) and then reporting neural
frequency tuning characteristics in terms of octaves
re EDGE. The best frequency (BF, most sensitive
frequency) of an exposed unit was referenced to the
EDGE of the subject in which it was recorded. The
BFs of units in unexposed rats were referenced to the
median EDGE of units in exposed rats (18.9 kHz).

Tinnitus Screening

Sound-exposed rats were behaviorally screened for
tinnitus by measuring gap pre-pulse inhibition of the
acoustic startle reflex (GPIASR). A detailed descrip-
tion of this protocol is provided by Turner et al.
(2006). GPIASR is based on pre-pulse inhibition (PPI),
which is the reduction in startle magnitude that is
observed when a transient sound (i.e., pre-pulse)
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FIG. 1. Auditory brainstem response (ABR) thresholds after unilat-
eral sound exposure. Audiograms are shown for the protected ear
(top) and exposed ear (middle). Neural data were aligned across
subjects by reporting best frequencies in terms of octaves re EDGE.
The EDGE of threshold shift was defined as the steepest threshold
transition in the audiograms of exposed ears (bottom).

precedes a startle-eliciting stimulus. The GPIASR
procedure achieves a similar result by replacing the
pre-pulse with a transient gap in an otherwise
continuous background sound. The background is
usually a pure-tone or narrow band of noise. It is
assumed that subjects with tinnitus will show less
GPIASR when the background sound approximates
the tinnitus pitch because tinnitus “fills the gap.”
Thus, tinnitus is operationally defined as a frequency-
dependent loss of GPIASR.

Acoustic startle reflexes were measured by confin-
ing rats in a hardware cloth cage that was fitted with a
piezoelectric sensor. The force profile of the reflex
was transduced by the sensor, amplified, and digitally
recorded at a 10-kHz sampling rate. The absolute
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magnitude of the reflex was quantified in terms of the
peak-to-peak voltage of the digitized waveform. The
absolute magnitude of startle reflexes may vary
between subjects, as well as within subjects before
and after acoustic trauma or over the course of
prolonged testing. Consequently, GPIASR is usually
reported as a relative startle magnitude which is
calculated as the ratio of response magnitude on
pre-pulse trials with a gap and control trials without a
gap. A small relative startle magnitude indicates
normal gap detection, and a value approaching 1
indicates the presence of tinnitus.

GPIASR testing was conducted with 1/4-octave
noise backgrounds. The center frequency of the noise
varied between 7,071; 10,000; 14,142; and 20,000 Hz.
The level of the noise was fixed at 50-dB SPL. The
noise was turned on for a variable interval (5-30 s),
turned off for 30 ms (i.e., the gap), and then turned
on again for 50 ms before the presentation of the
startle-eliciting stimulus. The startle stimulus was a 20-
ms burst of broadband noise with a presentation level
of 110-dB SPL.

Each session was organized into five sequential
blocks of 12 trials. Blocks contained one gap trial and
two control trials for each of the four noise frequen-
cies. The order of stimulus presentation was random-
ized within each block. Relative startle magnitudes
were calculated for gap and control trials with the
same noise background and then averaged across
blocks.

Rats were classified as tinnitus positive if there was a
reliable elevation of relative startle magnitudes. To be
considered reliable, the loss of gap inhibition had to
be frequency dependent, at least 0.35 in relative
magnitude, and replicated across three consecutive
sessions. The magnitude of the elevation was mea-
sured in relation to the most inhibited gap frequency
produced by the same rat during the same testing
sessions. Thus, each rat served as its own control.

Surgical Preparation and Single-Unit Recording

Because the spontaneous rates of ICC neurons are
suppressed by barbiturate anesthesia (e.g., sodium
pentobarbital), an areflexic state was induced with a
single intramuscular injection of ketamine and
acepromazine (75:2.5 mg/kg). This method of anes-
thesia was selected because it has been reported to
have minimal effects on spontaneous activity in the
ICC (Duque and Malmierca 2014). The spontaneous
rates (SRs) of well-isolated units were monitored
before, during, and after independent injections of
ketamine and acepromazine to confirm those find-
ings. Anesthesia was maintained during electrophysi-
ological recordings with supplemental doses of
ketamine (25—-40 mg/kg). Mucous secretions were
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reduced with an intraperitoneal injection of atro-
pine sulfate (0.1 ml). The site of the surgical incision
was desensitized with subcutaneous lidocaine (1 ml,
100 mg/ml). A core temperature of 37 °C was
maintained with a regulated heating pad. The rat
was euthanized at the end of the experiment with an
intraperitoneal injection of barbiturate (Euthasol, to
effect).

The rat was mounted in standard stereotaxic
coordinates using ear bars and a nose adaptor
(Paxinos et al. 1985). A midline scalp incision was
made to expose the dorsal surface of the skull. A head
post was attached to the anterior skull with dental
acrylic and anchoring screws. The posterior skull was
opened to access the recording site. For most
experiments, the recording site was the ICC contra-
lateral to the sound-damaged ear.

At the completion of surgical preparation, the
head post was secured to a manipulator arm, and
the stereotaxic rail and ear bar were removed from
the contralateral ear to allow monaural acoustic
stimulation of the target ICC. A tungsten microelec-
trode (5 MQ, A-M Systems) was advanced through the
brain with a hydraulic micromanipulator. The elec-
trode signal was amplified (1,000x), filtered (0.2—-4
kHz), and passed to a voltage discriminator. The
digitized spike times of isolated action potentials were
recorded with a National Instruments digital interface
board (model PCI6602).

Entry into the ICC was indicated by the synchro-
nized sound-driven activity of neural units (i.e., hash).
The BF of the electrode site was determined by
manually sweeping the frequency and level of pure
tones. Electrode tracks were considered to be in the
ICC if there was a progressive increase in the BF of
multiunit activity as the electrode advanced and
isolated units exhibited physiological characteristics
that are associated with the central nucleus
(Ramachandran et al. 1999). These properties were
retained by sound-exposed rats at frequencies below
the EDGE of acoustic trauma. The frequency re-
sponse of the acoustic system limited physiological
characterization to units with BFs between 1 and 45
kHz.

When a unit with well-isolated action potentials was
encountered along the electrode track, its BF and
threshold were determined. Next, a frequency response
map (FRM) was constructed from responses to tone
pulses that swept in frequency across the unit’s receptive
field. The frequency sweeps were presented at multiple
sound levels to characterize level-dependent changes in
the unit’s excitatory/inhibitory responses. If the unit
had discernible spontaneous activity, action potentials
were recorded during 10 min of silence. Units with no
spontaneous activity were documented with a l-min
recording period.
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Previous electrophysiological studies have de-
scribed FRM-based classification systems for unit
activity in the ICC (Ramachandran et al. 1999; Ehret
et al. 2003; Palmer et al. 2013). The present analysis is
based on the system of Ramachandran et al. with
three response types. Examples of the response types
are shown in Figure 2.

Type V units have a V-shaped excitatory area
centered on BF (similar to the type V and perhaps VN
units of Palmer et al.). Type I units have narrower, I-
shaped excitatory tuning and lateral inhibition (similar
to the N and perhaps VN units of Palmer et al.). Type O
units have a closed region of excitation centered on BF,
with inhibitory responses to BF tones at higher sound
levels (similar to the C and perhaps TD and TU units of
Palmer et al.). A small percentage of neurons (5.4 %)
could not be classified in unexposed rats. They are
called type X units in this report.

Differences in the inhibitory receptive fields of
FRMs have been used to infer the dominant inputs to
ICC unit types (Davis et al. 1999; Ramachandran et al.
1999). Type V and I units are assumed to receive
direct or indirect inputs from the VCN, while type O
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units receive direct inputs from the DCN (Davis 2002;
Ramachandran and May 2002). In the context of
existing neurophysiological models, DCN-based hy-
peractivity is expected to target type O units
(Kaltenbach 2006; Robertson et al. 2013).
Conversely, VCN-based hyperactivity is directed to-
ward type V and I units (Vogler et al. 2011).

Sound exposure radically altered the FRM shapes
of a subset of ICC neurons. As a result, these neurons
no longer fit the canonical definitions of type V, I, or
O wunits. As shown in Figure 2, units with highly
elevated thresholds and abnormally broad frequency
tuning are classified as “tail” units in the present
description of postexposure response patterns. Tail
units have been observed in the DCN after sound
exposure (Ma and Young 2006).

RESULTS

Sound-induced hyperactivity was characterized by re-
cording well-isolated action potentials in the ICC of rats
with unilateral acoustic trauma (232 units, 16 rats).
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FIG. 2. Representative frequency response maps for physiologically classified units. Type V, I, and O units are commonly encountered in the
ICC of unexposed rats. Tail units are only observed in sound-exposed rats. Black fill indicates excitatory responses. Gray fill indicates inhibitory

responses.
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Normal baselines of spontaneous activity were deter-
mined by recording single-unit responses in unexposed
control rats (149 units, 22 rats). To minimize the
contribution of uneven sampling at outlying frequen-
cies, the analysis of units in sound-exposed rats was
limited to BFs that fell within +2 octaves of the EDGE
frequency of acoustic trauma. BFs in unexposed rats
were similarly limited to #2 octaves of the median EDGE
frequency of sound-exposed rats (18.9 kHz). Recordings
in sound-exposed rats were collected from the contra-
lateral (179 units, 12 rats) or ipsilateral ICC (53 units, six
rats), relative to the damaged ear. Bilateral recordings
were obtained from two rats. Slightly less than half of the
sound-exposures produced behaviorally defined tinni-
tus (88 units, seven rats).

Figure 3 plots SRs in relation to unit BFs. Across all
frequencies, SRs showed extensive overlap between
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FIG. 3. Effects of acoustic trauma on spontaneous activity in the
central nucleus of the inferior colliculus. Symbols indicate the
spontaneous rates of individual units that were recorded in exposed
rats (top) or unexposed rats (bottom). Units in exposed rats are
plotted in relation to the EDGE region of threshold shift (vertical line).
Units in the ipsilateral and contralateral pathways of the exposed ear
are identified by symbol type and color. Units in unexposed rats are
plotted in relation to the median EDGE frequency of exposed rats
(18.9 kHz).
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unexposed and exposed rats and considerable diver-
sity within each treatment. Many units exhibited no
SR (i.e., zero-SR neurons).

Zero-SR neurons were equally prevalent in control
and exposed rats (24.2 and 25 %, Table 1). Thus, it
seems unlikely that significant numbers of neurons
shifted from non-spontaneous to spontaneous activity
after sound exposure. Neurons that do not fire action
potentials in the absence of sound stimulation are not
expected to contribute to a tinnitus percept.
Consequently, zero-SR neurons are not included in
subsequent analyses of hyperactivity.

The median SR of all spontaneously active neurons
was 10.4 spikes/s in unexposed rats and 14.1 spikes/s
in sound-exposed rats (Table 1). The following
sections describe how SR was distributed by unit type,
anatomic region, and tinnitus status.

Analysis by Unit Type

The three ICC unit types show different ranges of
baseline spontaneous activity in unexposed rats.
These differences potentially confound statistical
comparisons with exposed rats. For example, there
could be a difference in the proportion of units of a
high SR type due to sampling error, causing the
ICC to appear hyperactive. Such biases were
avoided by employing a two-factor statistical design
that compared changes in spontaneous activity
between the two treatment groups within the same
unit type.

Table 1 separates ICC activity by unit type. In
unexposed rats, type V units showed the lowest
median SR for active units (1.7 spikes/s) and the
highest percentage of inactive units (57.1 %). In
exposed rats, type V units showed a higher median
SR (7.7 spikes/s) and fewer inactive units (46.8 %).
Both of these outcomes support current models of
tinnitus-related hyperactivity (Ma et al. 2006; Manzoor
et al. 2012).

Type I units displayed intermediate rates of spon-
taneous activity (unexposed=8.0 spikes/s, exposed=
10.5 spikes/s) and the largest change in the percent-
age of zero-SR units (unexposed=15.3 %, exposed=
26.3 %). The near doubling of inactive units in
exposed rats is counter-intuitive from the perspective
of tinnitus-related hyperactivity.

Type O units in unexposed rats exhibited the
highest rates of spontaneous activity (18.4 spikes/s)
and the fewest inactive units (7.5 %). These baselines
changed only slightly following sound exposure (19.5
spikes/s, 5.7 %).

Box plots in the left column of Figure 4 contrast
the unexposed and exposed SR distributions of the
major ICC unit types. The lower and upper limits of
the boxes span the middle 50 % of the two distribu-
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TABLE 1

Comparison of the number, BF range, median spontaneous rate (SR), and percentage of zero-SR neurons in unexposed and
exposed rats

Unexposed

Type N BF range (min, max)  Median SR (spikes/s)  Zero-SR

All 149 -4.2,1.5 10.4 24.2
\Y 42 -4.2,1.3 1.7 57.1
| 59 -3.8, 1.3 8.0 15.3
(@) 40 -2.4,1.3 18.4 7.5
X 8 -1.9,1.5 19.0 12.5
Tail 0

Exposed
Zero-SR
(%) N BF range (min, max)  Median SR (spikes/s) (%)
232 -3.7, 1.7 14.1 25.0
62 -3.5,1.7 7.7 46.8
57 -3.7,1.7 10.5 26.3
53 -3.4,1.7 19.5 5.7
27 -3.7,1.7 15.0 3.7
33 -3.5, 1.1 11.1 30.3

Number of units (N) indicates the total number of units in each sample. BF range is expressed in octaves re EDGE. Median SR is based only on spontaneously active

units with BFs within two octaves of the EDGE

tions (interquartile range, IQR). Each box is
subdivided by the median score. Vertical “whiskers”
extend to the lowest and highest data points within
+1.5 IQR. Data beyond these limits are plotted as
outliers (open symbols). Hyperactivity is indicated by
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The quantile-quantile (Q-Q) plots in the right
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distributions. To illustrate this plotting format, points
representing the 0.75 quantile have been highlighted
with filled symbols. Note that the 0.75 quantile is
equivalent to the upper limits of the boxes in
corresponding box plots. When data points in the Q-
Q plot fall above the unity line (solid line), the
exposed ICC is hyperactive.

Type V units were hyperactive in sound-exposed
rats (upper row, Fig. 4). The box plot of the exposed
SR distribution is shifted upward and elongated,
suggesting an overall increase in spontaneous activity
and more extreme SRs. The corresponding Q-Q plot
contrasts the same two sets of SR at points of rank-
order equality within their respective cumulative
distributions. The resulting points are located exclu-
sively above the unity line, recapitulating the upward
shift that was observed for the box plot of the exposed
SR distribution. Following Q-Q plotting conventions, a
line has been fit to all points within the IQR (dashed
line). Linearity within this range suggests that the two
distributions have the same shape. Deviation from a
unity slope indicates that the exposed SR distribution
is not simply shifted upward; it has been scaled by a
factor of 2.8. In other words, SRs in the middle 50 %
of the exposed distribution are approximately three
times higher than SRs in the unexposed distribution.

Type I units also show signs of hyperactivity
(middle row, Fig. 4). The rate increases are smaller
than those observed for type V units. Box plots show
less elevation of the exposed IQR. The Q-Q plot
indicates a doubling of SR rates within the IQR.

Type O units were not hyperactive (lower row, Fig.
4). This unit type produced the highest SRs of all unit
types, but the distribution was not significantly
altered by sound exposure. Box plots for unexposed
and exposed rats show largely overlapping distribu-
tions. Data points in the Q-Q plot fall close to the
unity line.

A two-way ANOVA (MATLAB, anovan) indicated
statistically significant differences for the main effects
of sound exposure (/] 930=6.94, P<0.01) and unit type
(F2,930=13.59, P<0.001). These results confirm expect-
ed patterns of hyperactivity and general differences in
SR between the three response classifications. A post
hoc analysis of group means (MATLAB, multcompare
with corrections for multiple comparisons) indicated
significant effects of sound exposure on the SRs of
type V and I units, but not type O units. For these
comparisons, the sample of unexposed type V units
(IN=18) was constrained by the exclusion of a relative-
ly high percentage of zero-SR units (57.1 %).

Regionalized Hyperactivity

If the sources of sound-induced ICC hyperactivity
originate in the cochlear nucleus, the DCN is
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expected to project its neuropathology to the contra-
lateral ICC. The VCN will distribute its influences
bilaterally. Thus, the relative contribution of the two
nuclei can be assessed by comparing the lateralization
of hyperactivity.

The SR distributions of the ipsilateral and contra-
lateral ICC are compared in the left column of Figure
5. As expected, contralateral recordings replicated the
global patterns of hyperactivity for each unit type (Fig.
4). The IQR of every ipsilateral distribution closely
matched its contralateral counterpart, indicating
identical patterns of hyperactivity in the ipsilateral
ICC. A two-way ANOVA found no difference in SRs
between the contralateral and ipsilateral ICC (] j94<
0.001, P=0.98). Differences between unit types
remained statistically significant (Fo 194=4.49,
P<0.05). These results implicate the bilateral projec-
tions of the VCN as the primary pathway for chronic
ICC hyperactivity

The EDGE frequency of acoustic trauma represents
the transition from normal hearing thresholds (below
the EDGE) to profound hearing loss (above the
EDGE). It was hypothesized that units with BFs above
the EDGE would exhibit hyperactivity because their
ascending brainstem inputs suffer the most severe
cochlear processing deficits (Mulders et al. 2011).

The SR distributions of below and above EDGE
units are compared in the right column of Figure 5.
This analysis failed to confirm regionalized patterns of
hyperactivity. A two-way ANOVA indicated that SRs
did not differ significantly between below EDGE and
above EDGE units ([ 194=0.04, P=0.85), although SR
differences between unit types were maintained
(F5,124=4.67, P<0.05). As illustrated in Figure 3, these
results suggest that the frequency organization of
hyperactivity is symmetrical. SRs peak near the
EDGE of acoustic trauma and decrease at a similar
rate as BFs move to lower or higher frequencies.

GPIASR Screening

Sound-exposed rats were screened with the GPIASR
procedure to identify the patterns of ICC hyperactivity
that were specific to tinnitus. Behavioral assessments
were conducted before sound exposure and at various
delays after sound exposure. Each rat was given a
postexposure recovery period of at least 8 weeks in
which to develop behavioral signs of tinnitus. If a rat
showed stable indications of tinnitus during this
period, the subject was advanced immediately to
physiological evaluations. In many cases, behavioral
assessments were prolonged to explore the possibility
of delayed induction. The postexposure recovery
period ranged from 5 to 21 weeks in tinnitus-positive
rats and from 9 to 22 weeks in tinnitus-negative rats.
In all cases, the final behavioral assessment was
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performed within 1 week of physiological recording
sessions.

Examples of typical screening results are presented
in Figure 6. Each plot displays relative startle magni-
tudes at four frequencies. Responses at each frequen-
cy have been averaged over three consecutive testing
sessions. Numerical labels indicate the week of testing
relative to the date of sound exposure.

The two rats in the upper and middle panels of
Figure 6 produced positive screening results. In both
instances, GPIASR scores returned to normal base-
lines in the weeks immediately following sound
exposure. These results confirm that unilateral thresh-
old shifts did not strongly influence gap detection.
During subsequent testing, the rats developed a loss of
startle inhibition at frequencies near 14 kHz. The
specificity of the behavioral impairment implies that
gap detection was disrupted by tinnitus with a similar
pitch. One rat required 11 weeks to develop tinnitus,
while the other rat displayed a loss of startle inhibition
after only 4 weeks. The rat in the lower panel of

Figure 6 produced negative test results. The GPIASR
profile did not deviate from pre-exposure baselines
when the rat was tested 4 and 9 weeks after sound
exposure.

It was hypothesized that rats with positive tinnitus
tests would show higher SRs than rats with negative
tests or changes in the SR distributions of particular
physiological response types. These distributions are
compared in Figure 7. Type I and O units produced
similar distributions for the two test outcomes. Type V
units showed lower SRs in rats with positive tinnitus
tests, but activity levels remained higher than unex-
posed baselines (arrow). Although this potential
difference appears to decouple ICC hyperactivity
from tinnitus behavior, the comparison is weakened
by the small number (N=7) of type V units in the
tinnitus-positive group. Once again, the sample of
type V units was constrained by a high percentage of
zero-SR units (60.0 %; Table 2). An additional three
units were eliminated because their BFs fell outside
frequency criteria.
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A two-way ANOVA failed to reveal statistically
significant differences between SRs in tinnitus-
positive and tinnitus-negative rats ([ ;3;=0.04,
P=0.85). Differences between units were significant
(f1,131=b.46, P<0.01). The absence of unique patterns
of hyperactivity among tinnitus-positive rats leads to
opposing interpretations. Hyperactivity may be a
general consequence of sound exposure, or GPIASR
screening may fail to identify all subjects with tinnitus.
Potential problems with GPAISR testing will be
discussed later.

Type X and Tail Units

The sample of non-canonical unit types is summarized
in the upper panel of Figure 8. Units assigned to the
type X classification increased from 5.4 % of the total
sample in unexposed rats to 11.6 % in exposed rats.
The median SR of type X units declined slightly from
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19.0 spikes/s in unexposed rats to 15.0 spikes/s in
exposed rats (Table 1). The number of zero-SR units
decreased from 12.5 to 3.7 %

Tail units were only observed in exposed rats where
they comprised 14.2 % of the total sample. The
median SR of tail units most closely approximated
type I units (11.1 versus 10.5 spikes/s), as did the
percentage of zero-SR units (30.3 % versus 26.3 %).
Given the sharp decline in the number of type I units
(Fig. 8), this response type may contribute to the
sample of tail units.

The box plots in the lower panel of Figure 8 show
the SR distributions of type X and tail units in sound-
exposed rats. In addition, the individual SR distribu-
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TABLE 2
Sample details for major statistical comparisons
Type Contralateral Ipsilateral
N BF range Median SR Zero-SR N BF range Median SR Zero-SR
(min, max) (spikes/s) (%) (min, max) (spikes/s) (%)
\% 48 -3.5,0.9 6.5 50.0 26 -3.2,1.7 8.5 46.2
| 54 -3.7,1.7 12.7 29.6 7 -1.3,0.9 6.5 28.6
@] 35 -1.8, 0.6 19.2 29 16 -34,1.7 19.9 10.5
Type Below EDGE Above EDGE
N BF range Median SR Zero-SR N BF range Median SR Zero-SR
(min, max) (spikes/s) (%) (min, max) (spikes/s) (%)
V 35 -3.5, -0.1 9.2 60.0 39 0.0, 1.7 7.2 38.5
| 31 -3.7, 0.1 12.7 419 30 0.0, 1.7 8.3 16.7
@] 30 -3.4, -0.0 19.2 10.0 24 0.0, 1.7 21.0 0.0
Type Tinnitus positive Tinnitus negative
N BF range Median SR Zero-SR N BF range Median SR Zero-SR
(min, max) (spikes/s) (%) (min, max) (spikes/s) (%)
25 -3.2,0.8 4.9 60.0 49 -3.5,1.7 9.2 42.9
| 18 -3.3,0.4 7.1 27.8 43 —-3.5,1.7 12.7 30.2
@] 25 -1.8, 0.6 20.0 0.0 29 -3.4,1.7 19.5 10.3

Number of units (N) indicates the total number of units in each sample. BF range is expressed in octaves re EDGE. Median SR is based only on spontaneously active

units with BFs within two octaves of the EDGE

tion of type I units and the combined distributions of
V, I, and O units are presented to estimate the
statistical properties of non-canonical units that may
have been derived solely from type I units or from the
mixing of all canonical classifications. The main effect
of the addition of type V and O units is the overall
elevation of the type I distribution, presumably
because of the high SR of type O units. The lower
median SR of tail units closely matches the type I
distribution, while higher median SR of type X units
resembles the combined distribution.

DISCUSSION

The sound-induced hyperactivity of the ICC has been
repeatedly demonstrated. Neurons may show in-
creased SRs (Imig and Durham 2005; Ma et al. 2006;
Bauer et al. 2008; Longenecker and Galazyuk 2011;
Manzoor et al. 2012), greater synchronization or
bursting activity (Wang et al. 2011), decreased inhibi-
tion (Milbrandt et al. 2000; Basta and Ernst 2004;
Wang et al. 2011), and increased excitability (Salvi
et al. 1990). The present study used physiological
criteria to infer the relative contributions of brainstem
sources for this hyperactivity.

The functional taxonomy of the ICC was originally
derived from frequency response maps (FRMs) that
were observed in decerebrate cats (Davis et al. 1999;
Ramachandran et al. 1999). These definitive FRM
shapes are conserved in laboratory rats. Similar

response patterns have been confirmed in a number
of other studies (LeBeau et al. 2001; Yu and Young
2013).

Type O units produce an FRM with a circumscribed
O-shaped island of excitation at threshold
(Ramachandran et al. 1999). Other combinations of
frequency and level tend to evoke inhibitory responses.
Type O units are assumed to receive dominant inputs
from the DCN based on similarities of their FRMs, their
weak binaural properties, and the effects of pharmaco-
logical manipulations of ascending projections from the
DCN (Davis 2002; Ramachandran and May 2002).

Relative to type O units, type V units fall at the
opposite extreme of the inhibitory—excitatory contin-
uum. The FRM is largely excitatory, preserving the
basic V-shaped tuning that is established by mechan-
ical properties of the basilar membrane
(Ramachandran et al. 1999). Type V units are
binaurally excited (EE) and exhibit the “peak”
binaural delay that is typically observed in the medial
superior olive (MSO) (Davis et al. 1999;
Ramachandran and May 2002). Because spherical
bushy cells (SBCs) in the anterior subdivision of the
VCN project bilaterally to the MSO (Cant and
Casseday 1986; Smith et al. 1993), the dominant
ascending inputs of type V units originate in the VCN.

Type I units display strong lateral inhibition. As a
result, the central excitatory region of the FRM is
reduced to a narrow I-shape (Ramachandran et al.
1999). Type I units are excited by contralateral sounds
and inhibited by ipsilateral sounds (EI) (Davis et al.
1999). They exhibit “trough” delay functions that
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suggest that their binaural responses are dictated by
inputs from the lateral superior olive (LSO)
(Ramachandran and May 2002). The LSO receives
excitatory inputs from SBCs in the ipsilateral VCN
(Cant and Casseday 1986; Cant and Benson 2003).
Inhibitory inputs originate in the ipsilateral medial
nucleus of the trapezoid body (MNTB) which are
driven by globular bushy cells (GBCs) in the
contralateral VCN (Kuwabara et al. 1991; Smith
et al. 1991).

Physiological analysis of ICC hyperactivity failed to
support the DCN as a primary tinnitus generator site
(Fig. 4). Type O units did not show evidence of
hyperactivity. Instead, an expanded role for the VCN
was advocated by significant increases in the SRs of
type V and I units.

It is important to point out that the diminished
role of the DCN was noted at least 2 months after
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sound exposure. Although sound-induced hyperactiv-
ity has been repeatedly demonstrated in the DCN (for
a review, see Kaltenbach 2006), recent studies from
our laboratory using the same method of tinnitus
induction suggest that the SRs of DCN type IV units
(i.e., fusiform cells) return to normal baselines after a
recovery period of 1-2 months (median=41 days) (Ma
and Young 2006).

It is intriguing that ablation of the dorsal acoustic
stria reduces spontaneous activity in the ICC
(Manzoor et al. 2012) and prevents the development
of tinnitus behavior (Brozoski et al. 2012). To be
effective, the procedure must be performed soon
after a damaging sound exposure. The same lesioning
strategy does not reverse established tinnitus behav-
iors when it is performed months later (Brozoski and
Bauer 2005). Thus, the transient pathophysiology of
the DCN may be necessary for tinnitus induction,
while the persistent neural reorganization of the VCN
is sufficient for tinnitus maintenance.

Role of the VCN

SRs were bilaterally elevated after a unilateral sound
exposure. This phenomenon was previously described
in the ICC of guinea pigs (Dong et al. 2010). In that
study, the contralateral nucleus showed more pro-
nounced short-term hyperactivity than the ipsilateral
nucleus, and the magnitude of the contralateral effect
declined 4 weeks after sound exposure. This dynamic
asymmetry may be driven by a transient reorganiza-
tion of neurotransmitter systems in the DCN.

Dong et al. (2010) noted pervasive long-term
changes in the expression of genes related to both
excitatory (glutamate) and inhibitory neurotransmis-
sion (GABA and glycine) in the cochlear nuclei,
although the analysis was not applied separately to
the DCN and VCN subdivisions. Significant changes in
gene expression were also observed bilaterally in the
ICC. These observations compliment studies that
explicitly link hyperactivity and tinnitus behavior to
inhibitory changes in the DCN (Middleton et al. 2011)
and ICC (Bauer et al. 2000). Consequently, the
hyperactivity of ICC neurons may reflect both ascend-
ing and local influences that interact with indepen-
dent time courses.

Recent studies have described hyperactivity in
the ICC of guinea pigs using alternative physiolog-
ical classifications (Vogler et al. 2014). Neurons
with monaural rate-level functions showed a statis-
tically significant increase in spontaneous activity
after sound exposure. Because monotonic units are
functionally equivalent to the strictly excitatory type
V units, our present findings replicate sound-
induced hyperactivity in that response classifica-
tion. Conversely, units with non-monotonic rate—
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level functions exhibited lower than normal SRs
after sound exposure. Non-monotonic units are
identified by on-BF inhibition, which is a charac-
teristic of all type O wunits. The slightly negative
slope of the Q-Q plot for type O units provides
subtle evidence for this hypoactivity (Fig. 4). An
important source of ambiguity is the assignment of
type I units to both monotonic and non-monotonic
classifications based on variations in the strength of
on-BF inhibition. If only monotonic units are
hyperactive, as suggested by the results of Vogler
et al., the selective analysis of monotonic type I
units may raise hyperactivity beyond levels that are
reported in the present study.

The bilateral hyperactivity of type V and I units
implicates the VCN as a primary tinnitus generator
site (Fig. 5). Electrophysiological studies of the VCN
have confirmed significant increases in spontaneous
activity after acoustic trauma or mechanical lesions
of the cochlea (Vogler et al. 2011). Unit classifica-
tions based on the shape of peri-stimulus time
histograms (PSTHs) linked the largest rate increases
to primary-like units, which represent the physiolog-
ical counterpart of SBCs. The SRs of onset units
(octopus cells) and chopper units (stellate cells)
were elevated to a lesser degree. Related ABR
studies in human tinnitus patients have reported
an enhancement of wave III and V potentials (Gu
et al. 2012), which is also interpreted as increased
excitability in the SBC pathways. This pathology may
be relayed to the ICC through the indirect binaural
projections of the VCN. Although a single unit
analysis has not been applied to the binaural
brainstem, local hyperactivity is implied by chronic
changes in the expression of excitatory and inhib-
itory neurotransmitters (Potashner et al. 1997,
Suneja et al. 1998).

The potentially reduced role of the DCN as a
primary tinnitus generator site contradicts indepen-
dent observations that surgical ablations of the
dorsal acoustic stria (DAS) eliminate sound-induced
ICC hyperactivity (Manzoor et al. 2012) and prevent
tinnitus behavior in sound-exposed animals
(Brozoski et al. 2012). In both of those studies, the
DAS was lesioned soon after acoustic trauma. The
same lesioning strategy does not reverse tinnitus
behaviors once they have been established (Brozoski
and Bauer 2005). Thus, the transient pathophysiol-
ogy of the DCN may be necessary for tinnitus
induction, while an alternative persistent neural
reorganization is sufficient for tinnitus maintenance.
Because those long-term changes are selectively
associated with type V and I units in the present
study, they may involve either remote or local
changes in the neurotransmitter systems that link
the VCN and ICC.
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Adequacy of Behavioral Screening

Tinnitus-positive rats did not exhibit unique patterns
of hyperactivity (Fig. 7). These findings place in
conflict the most influential behavioral and physio-
logical models of tinnitus. If we accept the behavioral
model that assumes rats with tinnitus show a
frequency-dependent loss of GPIASR (Turner et al.
2006), we must reject the physiological model that
assumes hyperactivity is a specific correlate of tinnitus
(Kaltenbach 2006). Conversely, if we accept hyperac-
tivity as an essential physiological correlate of tinnitus,
we must reject the loss of GPIASR as a behavioral
assay.

When animals are trained to respond to gaps in
an ongoing background sound, tinnitus-positive
subjects are expected to show performance deficits
because tinnitus renders silence less detectable
(Turner et al. 2006; Longenecker and Galazyuk
2011; Lobarinas et al. 2013). These deficits are
exacerbated when the background sound closely
matches the tinnitus percept. In the context of
GPIASR, the deleterious effects of tinnitus on gap
detection are revealed by a frequency-dependent
loss of PPI (Fig. 6).

Existing behavioral approaches are challenged
by their need to match an objective sound to an
unknown tinnitus experience (Campolo et al.
2013). When the stimulus space is repeatedly
sampled to achieve this goal, behavioral subjects
learn to discriminate sound from silence (tinnitus)
based on increasing small differences in pitch,
loudness, location, or timbre. Sharpening the
sound/tinnitus dichotomy further restricts the
range of acoustic variation that is able to support
a positive tinnitus test.

Undesirable learning effects can reduce the mag-
nitude of positive test results over repeated sessions
(Heftner and Harrington 2002; Kaltenbach et al.
2004) and ultimately will lead to false negative test
results. That is, a subset of rats with tinnitus may
display normal GPIASR because they have learned
effective listening strategies for gap detection. The
contamination of the tinnitus-negative group with
misclassified tinnitus-positive rats may have contribut-
ed to the lack of tinnitus-specific hyperactivity in the
present study.

Considerations for Future Studies

Approximately, one quarter of all units in the
unexposed ICC showed no spontaneous activity
(Table 1). Sound exposure did not change the
proportion of zero-SR units. Because these units do
not fire action potentials in the absence of sound
stimulation, they are an unlikely source of tinnitus-
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related neural activity. Inclusion of inactive, stable
units in the analysis of spontaneously active units may
substantially reduce the statistical significance of
sound-induced hyperactivity (Fig. 4).

In structures with multiple physiological response
types such as the ICC, unit classification is an essential
feature of the statistical analysis. Type V and I units
showed the lowest SRs in normal rats and the highest
rate elevation in sound-exposed rats. Type O units
showed the highest baseline rates and no elevation. If
ICC neurons are treated as one generic response
class, sampling biases may lead to critical errors in
statistical interpretation. For example, sampling more
type V units in the unexposed ICC, or more type O
units in the exposed ICC, would produce false
hyperactivity. The opposite sampling bias would
diminish actual hyperactivity.

A dilemma with any system of physiological
classification is the proliferation of unusual response
types after sound exposure (Ma and Young 2006;
Wang et al. 2013). Tail units express the most
profound consequences of cochlear damage (Fig. 8)
and therefore may represent a key element in the
underlying pathophysiology of tinnitus. At the
present time, the physiological characteristics of tail
units cannot be directly linked to the appropriate
baselines of canonical ICC response classes.
Although this study presents indirect evidence for
the transformation of type I units into tail units,
future studies may gain important insights into the
mechanisms of tinnitus induction from a more
detailed functional segregation that is based on
empirical confirmation of their brainstem inputs.
Based on the results of Vogler et al. (2014), further
refinements in the classification of type I units are
also warranted.

Physiological descriptions of sound-induced hyper-
activity are typically organized according to the
relationship between unit BFs and the exposure
frequency. Acoustic damage is surprisingly heteroge-
neous, even under well-controlled laboratory condi-
tions (Fig. 1). When single-unit data must be
combined across experimental animals, this variability
should be managed by aligning the data in terms of
individualized patterns of hearing loss. ABR-based
analyses such as the EDGE frequency are one method
for achieving standardization.

A broad survey of existing laboratory studies reveals
an almost complete lack of consensus regarding
procedures for tinnitus induction and verification.
The exposure stimulus may be a loud tone that is
presented briefly or a moderate broadband noise that
is presented for several hours. Sound-exposed animals
may be tested immediately or allowed to recover for
several months. The recovery process may advance in
a controlled laboratory environment or in the uncon-
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trolled, potentially disruptive sound levels of animal
facilities. The behavioral protocols that ultimately
screen sound-exposed animals for tinnitus also vary
in approach and interpretation. Subjects may experi-
ence lengthy training with operant procedures, or
they may be tested without explicit training using
methods that are based on acoustic startle reflexes. A
positive test result may be based on categorical
behaviors, or statistical trends. Until a systematic
analysis of these critical variables promotes a unified
behavioral strategy that can be applied with reason-
able certainty to individual animals, researchers
investigating the neural reorganization of the sound-
damaged auditory system will continue to struggle
with the fundamental question, does this animal have
tinnitus?
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