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Neurobiology of Disease

Diminished Cortical Inhibition in an Aging Mouse Model of
Chronic Tinnitus
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Flavoprotein autofluorescence imaging was used to examine auditory cortical synaptic responses in aged animals with behavioral
evidence of tinnitus and hearing loss. Mice were exposed to noise trauma at 1-3 months of age and were assessed for behavioral evidence
of tinnitus and hearing loss immediately after the noise trauma and again at ~24-30 months of age. Within 2 months of the final
behavioral assessment, auditory cortical synaptic transmission was examined in brain slices using electrical stimulation of putative
thalamocortical afferents, and flavoprotein autofluorescence imaging was used to measure cortical activation. Noise-exposed animals
showed a 68% increase in amplitude of cortical activation compared with controls (p = 0.008), and these animals showed a
diminished sensitivity to GABA ,ergic blockade (p = 0.008, using bath-applied 200 nm SR 95531 [6-Imino-3-(4-methoxyphenyl)-1(6H)-p
yridazinebutanoic acid hydrobromide]). The strength of cortical activation was significantly correlated to the degree of tinnitus behavior,
assessed via aloss of gap detection in a startle paradigm. The decrease in GABA , sensitivity was greater in the regions of the cortex farther
away from the stimulation site, potentially reflecting a greater sensitivity of corticocortical versus thalamocortical projections to the
effects of noise trauma. Finally, there was no relationship between auditory cortical activation and activation of the somatosensory cortex
in the same slices, suggesting that the increases in auditory cortical activation were not attributable to a generalized hyperexcitable state
in noise-exposed animals. These data suggest that noise trauma can cause long-lasting changes in the auditory cortical physiology and

may provide specific targets to ameliorate the effects of chronic tinnitus.

Introduction
Tinnitus is a common and often disabling symptom that in-
creases in prevalence with age. It is characterized by the presence
of abnormal spontaneous auditory percepts and is often associ-
ated with other symptoms, such as hyperacusis. Most population
studies place the prevalence of tinnitus at 5-20%, with the pro-
portion of those having moderate to severe symptoms being 20—
30% (Moller, 2011). Tinnitus is almost always associated with
peripheral hearing loss. This has led to the hypothesis that dam-
age to peripheral auditory structures leads to central reorganiza-
tion and that this maladaptive reorganization may lead to
tinnitus. Several specific mechanisms for tinnitus have been pro-
posed, including pathological synchronous cortical activation
(Eggermont, 2007), homeostatic synaptic plasticity (Yang et al.,
2011), or diminished synaptic inhibition (Wang et al., 2011).
The finding that tinnitus may be caused by damage to periph-
eral hearing structures has led to the development of several dif-
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ferent animal models. These models typically involve a lesion of
the peripheral hearing apparatus (Kaltenbach, 2011), and studies
in these tinnitus models have revealed increases in spontaneous
and driven activity seen in cochlear nucleus (Kaltenbach et al.,
1998; Brozoski et al., 2002; Middleton et al., 2011), inferior col-
liculus (Willott and Lu, 1982; Salvi et al., 1990; Szczepaniak and
Moller, 1995), and auditory cortex (Yang et al., 2011). These
findings are consistent with the notion that peripheral hearing
loss causes an increase in excitability in central auditory struc-
tures, possibly to enhance the processing of weakened peripheral
sensory input (Wang et al., 2011). Unfortunately, most animal-
based studies in the literature have used relatively young animals
and studied the development of tinnitus in the acute or subacute
phase after injury. However, tinnitus is most commonly encoun-
tered in the elderly population and frequently persists for many
years. Therefore, in the current study, the functional conse-
quences of chronic tinnitus in an aging population of mice were
examined.

Although multiple central auditory structures have been im-
plicated in tinnitus, recent findings point to a potential role for
the auditory cortex (Miihlnickel et al., 1998; van der Loo et al.,
2009; Norena et al., 2010; Schecklmann et al., 2011; Stolzberg et
al,, 2011; Yang et al., 2011). Understanding the precise mecha-
nisms underlying changes in auditory cortical processing mech-
anisms during tinnitus has important therapeutic implications
because of recent attempts to treat tinnitus via direct modulation
of auditory cortical excitability (Kleinjung et al., 2008). One dif-
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ficulty in studying central mechanisms of tinnitus has been the
separation of peripheral versus central changes in synaptic orga-
nization. Brain slice preparations may therefore be useful because
they allow the isolation of potentially affected subcircuits within
the auditory system.

Here, we examined the earliest level of cortical processing by
studying the effects of stimulating afferents to the auditory cortex
in animals with behavioral evidence of tinnitus. Auditory cortical
activation was measured using flavoprotein autofluorescence,
which permits the measurement of neural activity with high sen-
sitivity and spatial resolution, without the potentially confound-
ing factors present when using exogenous dyes, such as
differential uptake or dye toxicity (Shibuki et al., 2003; Llano et
al., 2009). In addition, given evidence for GABAergic (Wang et
al., 2011) and NMDA (Lobarinas et al., 2006; Hwang et al., 2011)
dysfunction in tinnitus, pharmacologic manipulations of these
systems was also done.

Materials and Methods

Mice. A total of 13 CBA/CAj male mice were used in this study. Six mice
were exposed to closed-field unilateral noise stimulus, four mice were
given sham treatment, and three mice did not receive sham treatment but
were matched for age with the rest of the cohort. The data for the sham-
treated and untreated older mice were similar and were pooled. All pro-
cedures used in the research protocol were approved by the Southern
Illinois University School of Medicine and the University of Illinois Lab-
oratory Animal Care and Use Committees (protocols #P190-06-005 and
#10208, respectively), conformed to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and followed the Soci-
ety for Neuroscience Guidelines for the Use of Animals in Neuroscience
Research.

Noise trauma and behavioral testing. Mice were pretested using the gap
prepulse inhibition (PPI) of acoustic startle procedure (Turner et al.,
2006) and placed into either noise trauma or control (sham trauma)
groups. The noise trauma consisted of a peak-calibrated level of 116 dB,
centered on a 16 kHz octave band. The noise exposure was presented
unilaterally to isoflurane-anesthetized mice for 1 h. Mice were of average
age of 66 d at the time of noise exposure or sham.

Behavioral testing was conducted using startle reflex hardware and
software, customized for this application by the manufacturer (Kinder
Scientific). Background sounds in the startle chamber consisted of 60 dB
SPL, 1000 Hz bandpass filtered noise (48 dB/octave roll off; Krohn-Hite
model 3988) centered at 4, 8, 10, 12.5, 16, 20, 24, and 32 kHz and broad-
band noise. Gap and PPI testing used background sounds presented
through one speaker (Vifa XT25TG30-04) and startle stimuli presented
through a second speaker (Powerline CTS KSN-1005) located in the
ceiling of the testing chamber, 15 cm above the animal’s head. PPI was
measured as a control condition to assess for hearing loss. Prepulse stim-
uli matched the backgrounds used in gap testing in both spectral and
intensity dimensions. For schematic of PPI sound sequence, see Figure
1A . PPI responses were expressed as the ratio of the motor response to
the prepulse to the motor response of the startle pulse, where 1.0 equals
no PPI (suggesting loss of the ability to detect the prepulse). Gap testing
was used to assess behavioral evidence of tinnitus. For schematic of the
gap testing sequence, see Figure 1 B. Gap ratio equals the ratio of the
response to the startle stimulus without gap, to the startle stimulus with a
preceding gap. Because animals with tinnitus perceive sound during the
gap period, they will show reduction in the inhibition of the startle nor-
mally cued by the gap (i.e., the gap ratio will approach 1.0). Occasionally,
values >1.0 are seen, and these are likely related to the fact that the
technique has a floor of zero but no ceiling, coupled with behavioral
variability seen in the technique. A specific value for the gap ratio was not
used to assign mice to belonging to a “tinnitus” group (see below, Anal-
ysis). The use of gap-induced reduction of startle for the assessment of
tinnitus has been validated against conditioning-based approaches to
tinnitus and has been shown to be a reliable metric across several species
(Turner, 2007; Longenecker and Galazyuk, 2011; Turner et al., 2012).
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Auditory brainstem response thresholds. Auditory brainstem response
(ABR) thresholds were obtained for each ear immediately before and
after unilateral noise exposure. However, exit ABRs were not obtained on
all animals because several animals died during ABR testing, likely related
to their old age and use of anesthesia at the time of testing.

Brain slicing. We used a slight modification of the thalamocortical brain
slice preparation developed by Cruikshank et al. (2002). This preparation
was used to increase the likelihood of capturing thalamocortical afferents to
the auditory cortex. Chemoarchitectonic criteria (see Fig. 2), suggests that
the imaging data were derived from primary auditory fields (primary audi-
tory cortex and/or anterior auditory field). Use of the term “auditory cortex”
within this report refers to primary auditory fields and makes no attempt to
distinguish between primary auditory cortex and anterior auditory field.

Brain slices were obtained containing thalamocortical projections
contralateral to the ear that received noise trauma. In brief, mice were
initially anesthetized with a ketamine (1 mg/g)/xylazine (10 mg/g). Mice
were then perfused with chilled (4°C) sucrose-based slicing solution (in
mM): 234 sucrose, 11 glucose, 26 NaHCO;, 2.5 KCl, 1.25 NaH,PO,, 10
MgCl,, and 0.5 CaCl,. The brain was blocked by removing the olfactory
bulbs and the anterior 2 mm of frontal cortex with a razor blade. The
brain was then placed on its cut surface, and an off-horizontal cut was
made from the dorsal surface. This cut was angled at 20° from the hori-
zontal plane such that a small dorsal flap was removed. The brain was
then glued using the newly cut surface onto a cutting platform, and
600-um-thick sections were cut. Sections were allowed to incubate at
32°C for 1 h before use in an incubation solution (26 NaHCOs, 2.5 KCl,
10 glucose, 126 NaCl, 1.25 NaH,PO,, 3 MgCl,, and 1 CaCl,). For flavo-
protein experiments, slices were transferred to a chamber perfused with
ACSF (26 NaHCO;, 2.5 KCl, 10 glucose, 126 NaCl, 1.25 NaH,PO,, 1
MgCl,, and 3 CaCl,) at room temperature, bubbled with 95% oxy-
gen/5% carbon dioxide. The experimenter was blinded to the status of
the animals until after the experiment was completed.

Stimulation and flavoprotein imaging. Glass micropipettes were broken
back to a diameter of 50 um, filled with ACSF, and gently placed onto a
fiber bundle ~100-200 wm ventral to the auditory cortex. The stimulat-
ing electrode was placed in the subcortical white matter rather than the
thalamus because, in our experience and that of others (Broicher et al.,
2010), there is a great deal of slice-to-slice variability in the ability to
capture intact projections from thalamus to cortex. This would make it
difficult in a relatively small sample size to see differences between noise-
exposed and control animals. In several experiments, the stimulating
electrode was moved 2 mm rostrally to the white matter beneath the
secondary somatosensory cortex (Franklin and Paxinos, 2007) to deter-
mine the specificity of the findings to the auditory cortex. Trains of
electrical pulses were delivered using PowerLab software and hardware
and a World Precision Instruments stimulus isolator. Trains were 1 s in
duration, with 2 ms pulses, delivered at 40 pulses/s, and trains were
delivered every 20 s, with five repetitions total.

Flavoprotein autofluorescence was used to measure cortical activa-
tion. This technique takes advantage of the endogenous fluorescence of
mitochondrial flavoproteins. These molecules fluoresce when oxidized
and will cause neuronal tissue to fluoresce when active. Flavoprotein
autofluorescence has been shown to be a highly stable, sensitive, and
specific marker for neuronal activation, both in vivo and in vitro (Shibuki
et al., 2003; Husson et al., 2007; Llano et al., 2009; Reinert et al., 2011). A
fluorescence illuminator (either a Prior Lumen 200 or Olympus X-Cite
Series 120 PC Q) and a UMNIB Olympus filter cube (470—490 nm exci-
tation, 505 nm dichroic, 515 nm emission long pass) was used for fluo-
rescence optics. A coverslip was placed over the slice to provide a stable
imaging plane. All data were collected at four frames per second using an
infinity-corrected 4 X objective (NA 0.13) and a Retiga EXi camera using
4 X 4 binning and StreamPix software.

Drugs. Two hundred nanomolar SR 95531 [2-(3-carboxypropyl)-3-
amino-6-(4-methoxyphenyl)pyridazinium bromide], 50 um APV, 100
uM DNQX, and 1 uMm tetrodotoxin were all purchased from Tocris Bio-
science. In all cases, drugs were dissolved in ACSF just before the exper-
iment, and 1 h wash-in and 1 h washout times were used.

Histology. Cytochrome oxidase staining, parvalbumin immunohisto-
chemistry, and Nissl staining were used to assist in identifying imaged
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regions in brain slices. Previous work suggested that these markers sep-
arate primary auditory fields (primary auditory cortex and anterior au-
ditory field) from nonprimary fields (Caviness, 1975; Wallace et al., 1991;
Molinari et al., 1995; Budinger et al., 2000; Cruikshank et al., 2001; Llano
and Sherman, 2008) Slices were stored in 4% paraformaldehyde in PBS
after each experiment. They were then placed in an ascending sucrose
gradient up to 30% sucrose in PBS, frozen, and resectioned on a freezing
microtome at 75 wm. For immunostaining, sections were washed in PBS,
placed in a microwave for 15 s to increase antigenicity, and then incu-
bated for 30 min in PBS containing 0.3% Triton X-100, followed by 3%
normal goat serum (NGS). Sections were then incubated with primary
antibody solution consisting of monoclonal anti-parvalbumin produced
in mouse [1:1000, catalog #P3088 (Sigma), in 0.3% Triton X-100 and 3%
NGS in PBS]. Secondary antibody consisted of 1:100 goat anti-mouse
IgG coupled to Alexa Fluor 488 (catalog #A-11001; Invitrogen), to pro-
duce green fluorescence. For cytochrome oxidase staining, the method of
Wong-Riley (1979) was used. Sections were incubated with a solution of
0.05% DAB, 4% sucrose, and 20% cytochrome ¢ (Sigma) in PBS in the
dark at 37°C for 4 h and quenched with PBS.

Analyses. For behavioral data, two complementary types of analysis
were done. First, a categorical analysis based on noise-exposure or no-
exposure/controls was done. No attempt was made to segregate animals
based on the presence or absence of tinnitus. Second, a correlation anal-
ysis was done to assess whether a quantitative relationship exists between
tinnitus-related deficits and cortical activation measurements. This was
done because it is likely that some noise-exposed animals may not de-
velop tinnitus and because some older mice (like some older humans)
may spontaneously develop hearing loss and tinnitus. Here, all animals
were pooled, and no assumptions were made about the development of
tinnitus based on group assignment.

For imaging data, in each run, a total of 420 images were collected, and
image size was 260 X 348 pixels (using 4 X 4 hardware binning). The first
5 s (20 frames) were used as a baseline for the subsequent images. All
image analysis, except curve fitting, was done using custom software
written in MATLAB. Time-based analyses were done by computing
change in fluorescence as a function of baseline fluorescence. Time series
for each pixel were corrected for quenching by high-pass filtering each
time series. Several regions of interest were used for analysis. An “on-
beam” region of interest was constructed centered on the column of
activation seen without blockade of GABA, receptors (see Fig. 2). For
this, a 1 mm (rostral-caudal) region of interest from the pial surface to
the gray-white junction was used, and a change in fluorescence was
computed, relative to the first 5 s (20 frames) of the run. An additional
region of interest, termed the “off-beam” region, was of same width of
the above-described on-beam region (1 mm) but was displaced caudally
from the on-beam region and did not overlap the on-beam region. This
off-beam regions corresponds to most of the remainder of the primary
auditory cortex not encompassed in the on-beam region (Cruikshank et
al., 2002; Hackett et al., 2011). For each stimulation site, a series of stim-
ulation amplitudes were used, ranging from 5 to 500 A, and an input—
output curve was constructed. In all cases, input—output curves
resembled a sigmoidal function, and therefore a traditional four-
parameter dose—response curve using ReaderFit software was used to fit
the data. From the fit curves, the minimum, maximum, midpoint
(ECs), and slope could be extracted.

To compute the width of activation, a region of interest comprising the
whole cortex was used. Images from runs at saturation stimulus ampli-
tudes were imported into NIH Image] (http://rsbweb.nih.gov/ij/), and
the curvature of the cortex was corrected using the “Straighten” function
in NIH Image]. NIH Image] was then used to collapse all pixel values
from pia to the white matter into a linear array of bins, and this histogram
was used to compute a full-width at half-maximum.

For image display, spatial averaging was done using a 3 X 3 kernel.
Change in fluorescence over baseline fluorescence maps (Af/f maps)
were overlaid on raw fluorescence images for localization of anatomic
structures.

Statistics. Given the relatively small numbers of animals in each group,
nonparametric statistics were used. To compare across groups (control
vs noise-exposed), a Mann—Whitney U test statistic was used, and, for
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Figure 1. Behavioral assessment of hearing loss and tinnitus behavior in noise-exposed

animals. The top images illustrate temporal sequences of sounds used to assess PP (4) and gap
detection (B). Bar graphs on the left illustrate the mean and SE of the PPI ratio (defined in
Materials and Methods) of control animals (n = 4) and noise-exposed animals (n = 6). Bar
graphs on the right illustrate mean and SE values for the gap detection ratio of control animals
(n = 4) and noise-exposed animals (n = 6). p values are derived from Mann—Whitney U test.

correlation analysis, a Spearman’s correlation was calculated. p < 0.05
was taken as an indicator of statistical significance. Two-tailed testing was
done for all analysis except for behavioral testing (PPI ratio and gap
ratio), in which one-tailed testing was done. This is because responses are
indexed against a theoretical minimum of zero (for PPI) or theoretical
maximum of 1.0 (for gap), and only deviations upward (for PPI) or
downward (for gap) are of relevance. Mann—Whitney test and Spear-
man’s correlations were run using GraphPad software. To assess interac-
tions between noise-exposure and location in auditory cortex (on-beam
vs off-beam) or layer of cortex (supragranular vs infragranular), a mixed-
effects model was used. Data were log transformed to maintain normal-
ity, and post hoc analysis was performed to assess for an interaction of
condition by brain region. Mixed-effects modeling was done in R
(http://www.r-project.org/).

Results

Thirteen aged mice were used in this study. Six animals were
exposed to noise trauma, four animals were exposed to sham
conditions, and three additional age-matched animals were in-
cluded in the control dataset. The mean = SD age at the time that
thalamocortical slices were cut did not significantly differ in the
two groups (controls, 26.7 = 3.6 months; tinnitus animals,
28.6 = 2.6 months; p = 0.285).

Animals were assessed for hearing loss at an average * SD of
24.7 = 1.7 months after the noise exposure or sham. At 16 kHz,
noise-exposed mice demonstrated an increase in PPI ratio rela-
tive to controls (Fig. 1A), suggesting that these noise-exposed
animals had hearing loss at this frequency. There was no increase
in PPI ratio at 12.5 kHz; therefore, 12.5 kHz frequency was used
for assessment of gap detection. An increase in gap ratio was
observed in the noise-exposed animals at 12.5 kHz (Fig. 1B),
suggesting that these animals had behavioral evidence of tinnitus.
No significant differences in gap ratio were seen between groups
when tested at frequencies from 4 to 10 kHz or from 20 to 31 kHz.

Cortical responses were measured in all animals. In all cases,
electrical stimulation of the white matter ventral to the cortex
produced a robust change in fluorescence in a column of the
overlying auditory cortex (Fig. 2A, B). Exposure of the slices to
200 nM SR 95331 caused a significant increase in the magnitude
and breadth of the cortical response to axonal stimulation (Fig.
2C,D). The concentration of 200 nM SR 95331 was chosen be-
cause, in this preparation, we have found that concentrations
higher than 500 nM often lead to paroxysmal activity. The in-
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crease in breadth of the response in all tis-
sues was anisotropic, that is, was only seen
extending into the caudal direction.

Under conditions of normal ACSF, the
peak of activation occurred within ~2 s of
the stimulus onset and then gradually re-
turned to baseline over the subsequent
10-20 s. As shown in Figure 2 E, the peak
in the response dropped by >85% in re-
sponse to blockade of ionotropic gluta-
mate receptors using 100 uM APV and 80
uM DNQX and dropped by >95% with
the use of tetrodotoxin, suggesting that
the changes in cortical fluorescence are
caused by axonal stimulation and that the
majority of the response is driven by
orthodromic and likely thalamocortical
stimulation. In all cases, gradual increases
of stimulation amplitude from 5 to 500
A produced a nonlinear increase in re-
sponse amplitude that resembled sigmoi-
dal response function (Fig. 2F). Nissl
staining (Fig. 2G) and immunostaining
for parvalbumin (Fig. 2H) of different
sections taken from the same slice reveal
that the area of flavoprotein activation
corresponds to an area of cortex with
granularity in layer 4 and strong parvalbu-
min immunopositivity relative to adja- D
cent regions, respectively. Based on these Primary AC
findings and previous work (Cruikshank B
et al., 2002; Hackett et al., 2011), this area
likely corresponds to the primary audi-
tory cortex.

Cortical response magnitude differed
between the control animals and the
noise-exposed animals. Examples of cor-
tical activation are shown in Figure 3, A
and B, demonstrating a substantially
greater response in the noise-exposed
animal. As shown in Figure 4 A, the mean +
SD on-beam response to afferent stimula-
tion in control animals was 1.9 = 0.5%
(n = 7) above baseline, whereas in noise-
exposed animals, this increase was 3.2 = e,

0.8% (n = 6; p = 0.008, Mann—Whitney U

test), yielding a mean increase in response

amplitude of 68%. Blockade of GABA, receptors with 20 nm SR
95531 increased the strength of the responses in both groups,
such that the responses under conditions of GABA, blockade
were not significantly different (mean * SD, 4.29 * 1.36% vs
3.48 * 0.96%; p = 0.29, Mann—Whitney U test). Sensitivity of
this response to GABA, blockade was assessed using the ratio of
the cortical response under conditions of GABA, blockade to
conditions when normal ACSF was used. For control animals, the
mean * SD ratio was 1.86 = 0.33 (n = 7), whereas in noise-
exposed animals, this ratio decreased to a mean = SD value of
1.32 = 0.22 (n = 6; p = 0.008, Mann—Whitney U test; Fig. 4B).
Full-width at half-maximum trended higher in noise-exposed
animals than control animals (mean =+ SD, 1215 # 371 vs 1500 =
223 pwm; p = 0.13) but did not reach the 0.05 threshold.

The off-beam regions of cortex were analyzed for strength of
activation and sensitivity to SR 95531. Analysis of the strength of

Normal ACSF

Figure 2.

GABAA blockade
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A-D, Af/f maps of auditory cortical activations superimposed on raw fluorescence images under conditions of 100
A stimulus and normal ACSF (4), 300 A stimulus and normal ACSF (B), 100 A stimulus and 100 nm SR 95331 (C), and 300 A
stimulus and 200 nm SR 95531 (D). Small dotted arrows show the stimulus site. R, Rostral; C, caudal; L, lateral; M, medial. Color bar
shows percentage change in fluorescence relative to baseline. E, Percentage change in fluorescence over time (averaged over 5
runs, presented 20 s apart), before any drugs were presented (Control), after exposure to 100 m APV and 80 um DNQX (APV +
DNQX), after washout of APV and DNQX (Wash), or after exposure to 1 umtetrodotoxin (TTX). F, Amplitude, expressed as maximum
percentage increase in fluorescence, at a series of stimulus amplitudes from 25 to 500 A, for slice shown in A—D. Raw data were
fit with a four-parameter sigmoid model. Niss| staining (G) and parvalbumin immunostaining (H ) of sections taken from the same

activation in these zones in animals revealed that noise-exposed an-
imals had a significantly greater activation by greater than twofold
compared with control animals (Fig. 4C; mean * SD, control,
0.62 £ 0.23%; tinnitus, 2.1 * 0.9%; p = 0.003, Mann—Whitney U
test). In addition, noise-exposed animals demonstrated significantly
less sensitivity to SR 95531 than controls (Fig. 4 D; mean = SD ratio
of response under SR 95531 conditions vs normal ACSF in control
animals, 5.45 = 2.4 and tinnitus animals, 1.82 = 0.49; p = 0.003,
Mann—Whitney U test). In addition, in a mixed-effects model anal-
ysis, condition X brain region interaction showed a significant effect
of brain region on the difference between tinnitus and control ani-
mals for both amplitude of activation (p = 0.01) and sensitivity to
SR 95531 (p = 0.01).

In addition, increases in cortical activation were seen in noise-
exposed animals in both the infragranular (1.69 vs 2.67%; p =
0.022) and supragranular (2.11 vs 4.43%; p = 0.001) layers (Fig.
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Control

Figure 3.  Examples of Af/f cortical activation maps for a control animal (4) and a noise-
exposed animal (B). Stimulus amplitudes/parameters were identical: 300 A, 2 ms duration
pulses at 40 pulses/s for 1's. Color bar corresponds to the percentage increase in fluorescence
over baseline.
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Figure 4. Comparison of strength of cortical activation and GABA ergic sensitivity in the

on-beam and off-beam regions of the auditory cortex (left and right, respectively). Top row
shows the maximum increase in fluorescence. Bottom row shows the ratio of the response
under conditions of exposure to 200 nm SR 95331 to normal ACSF. Each diamond or triangle
represents a single slice. Horizontal lines represent mean value. P values are derived from
Mann—Whitney U test.

5). An interaction between noise exposure and cortical layers was
observed, such that there was a greater increase in the supra-
granular layers (mixed-effect model, p = 0.01).

Slices from 11 animals (six controls and five noise-exposed)
were exposed to 100 uM APV to assess the effects of NMDA
blockade on cortical activation. APV induced a modest drop in
the cortical response that did not differ between control versus
noise-exposed animals (mean drop of 27 vs 22% in control vs
noise-exposed; p = 0.646, Mann—Whitney U test; Fig. 6).

To assess whether the increase in auditory cortical responsive-
ness was attributable to a generalized increase in excitability ver-
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Figure5.  Comparison of strength of cortical activation in the infragranular and supragranu-

lar layers of the auditory cortex (A and B, respectively). Each diamond or triangle represents a
single slice. Horizontal lines represent mean value. P values are derived from Mann—Whitney U
test.

sus a specific change in the auditory cortical system, responses in
the auditory cortex were compared with responses in the somato-
sensory cortex. Identical analysis protocols were used for the two
cortical areas. The stimulation site for the somatosensory cortex
was ~2 mm rostral to the site for the auditory cortex (Fig. 7A).
This area of cortex does not show barrel architecture, confirming
that this is non-barrel cortex (Fig. 7B). An example of a flavopro-
tein response in the somatosensory cortex is shown in Figure 7C.
In general, somatosensory responses were smaller than those in
the auditory cortex, but the response magnitudes were uncorre-
lated (Fig. 7D; R* = 0.51, p = 0.154, n = 6), suggesting that
changes described above in the auditory cortex were not attrib-
utable to a generalized change in cortical excitability.

Correlations between behavioral measures of hearing loss and
tinnitus, quantified using a paired-pulse protocol and gap detec-
tion protocol, respectively, and cortical responses, were assessed.
There was a significant (p = 0.024) trend for a positive associa-
tion between gap detection ratio at 12.5 kHz and cortical re-
sponse magnitude (Fig. 8A; R* = 0.52, p = 0.024). There was a
nonsignificant trend for a positive correlation between the PPI
ratio at 12.5 kHz and cortical response magnitude (Fig. 8 B; R> =
0.31, p = 0.081).

Discussion

In the current study, we show that aged animals with noise expo-
sure in young adulthood and subsequent behavioral evidence of
hearing loss and tinnitus demonstrate changes in auditory corti-
cal responses to afferent stimulation. Specifically, noise-exposed
animals show a greater magnitude of auditory cortical activation
and show a diminished sensitivity to GABA , blockade than con-
trol animals. These findings appeared to be more prominent in
the upper cortical layers, specific to the auditory cortex (rather
than the somatosensory cortex), and other receptor systems, such
as the NMDA system, did not appear to be altered in tinnitus
animals in this preparation.

Methodological considerations

The current study is limited by the blind approach to stimulation
and imaging in the auditory thalamocortical slice preparation.
Although noise damage was induced at a particular range of fre-
quencies (1 octave band centered at 16 kHz), the frequency rep-
resentation of the stimulated area of cortex in the thalamocortical
slice preparation is not known. Although it is possible to map
frequency representations before slicing using either electrophys-
iological means (Hackett et al., 2011) or non-invasive imaging
(Takahashi et al., 2006), this was not attempted here given the
overall frailty of these aged animals. It should be noted that,
despite this limitation, we did observe significant changes in the
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in cortical activations in relation to the
tonotopic map of the auditory cortex.

It should be noted that the specific cir-
cuitry driving the cortical activation signal
is not known. Given the substantial drop
(>85%) in cortical activation after block-
ade of NMDA and AMPA receptors (Fig.
1E), similar to our previous work in the
somatosensory thalamocortical slice (Llano
etal.,, 2009), we assume that most of the sig-
nal is driven by orthrodromic activation of
thalamocortical afferents. However, there
are other circuit elements, such as short- N
range corticocortical activations, that may
be responsible for the fluorescence signal
and may contribute to the differences seen
between control and tinnitus animals.

Mechanisms underlying

noise-induced changes

The specific behavioral consequence of
noise exposure that is associated with the
changes in cortical responses described
here is not known. Animals in this study
demonstrated evidence for both hearing
loss (evidenced by the elevation of PPI
ratios at 16 kHz) and tinnitus (evidenced
by the elevation of the gap ratio at 12.5
kHz). Therefore, it is not clear whether or
not the physiological changes in auditory
cortical activation that were observed are
driven by hearing loss, tinnitus, or other
factors not tested, such as hyperacusis
(Eggermont, 2012). In this case, the tinni-
tus behavior and hearing loss were par-
tially separable based on sound frequency.
It is not uncommon for the tinnitus frequency to differ from the
center frequency of noise trauma (Longenecker and Galazyuk,
2011) and may often be lower than the traumatic acoustic stim-
ulus in chronic stages, especially in older animals (Wang et al.,
2008). It should be noted that the frequency at which tinnitus-
related deficits were most prominent in the current study, 12.5
kHz, is well within the bandwidth of the trauma stimulus (1
octave band centered at 16 kHz). There are multiple studies
showing that hearing loss induced by noise or other mechanisms
other than acoustic trauma (e.g., salicylate), with or without a
behavioral assessment of tinnitus, can induce similar changes in
the auditory cortex (Wang et al., 2006; Sarro et al., 2008; Sun et
al., 2009, 2012; Xu et al., 2010a,b). In addition, a recent report
demonstrates that early conductive hearing loss can lead to long-
lasting decreases in cortical inhibition (Takesian et al., 2012).
These findings suggest that hearing loss may play a significant
role in the results described here. Future studies that relate the
spectral characteristics of the animals’ behavior to the spectral
representations in the auditory cortex will help to clarify the rel-

Figure 7.
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Figure6. A, Amplitude of the on-beam cortical response in the animals that were tested for APV sensitivity. B, Amplitude of the
cortical activation in the same slices shown in A after exposure to 100 um APV. €, The ratio of the cortical response under conditions
of APV exposure to conditions of normal ACSF exposure. Each diamond or triangle represents a single slice. Horizontal lines
represent mean value. p values are derived from Mann—Whitney U test.
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A, Diagramillustrating the relative locations of stimulating electrodes for auditory cortex (AC) stimulation (left) and
secondary somatosensory cortex (S2) stimulation (right). B, Cytochrome oxidase-stained section from same slice, demonstrating
lack of barrel architecture in the region of cortical activation. SCWM, Subcortical white matter; R, rostral; C, caudal; L, lateral; M,
medial. €, Example of a response in secondary somatosensory cortex to 200 wA stimulus to the subcortical white matter. D,
Correlation between the magnitude of activation in the auditory cortex to the magnitude of activation in the somatosensory cortex
in the same slices. Black circles, Noise-exposed animals; black triangles, sham-treated animals. R2 and p values generated from
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Figure8. A, Correlation between maximum increase in fluorescence versus gap startle ratio
at 12.5 kHz. B, Correlation between maximum increase in fluorescence versus PPl ratio at 16
kHz. Black diamonds, Noise-exposed animals; black triangles, sham-treated animals. R? and p
values generated from Spearman’s correlations.

ative contributions of hearing loss versus tinnitus in changes in
auditory cortical activation.

The data presented here are consistent with the hypothesis
that tinnitus may be associated with cortical hyperexcitability
caused by a downregulation of cortical GABA, synaptic trans-
mission. Although a substantial body of previous work has sug-
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gested that cortical changes may be found in tinnitus (Arnold et
al., 1996; Miihlnickel et al., 1998; Andersson et al., 2000), the
current study, by disconnecting the auditory forebrain from its
peripheral inputs, demonstrates that at least a portion of the cor-
tical changes seen in tinnitus are generated locally. The data dem-
onstrating that noise-exposed animals show greater activations
and lower GABA, sensitivity in the off-beam regions of cortex
also suggest that the cortical changes may not be restricted to a
particular part of the auditory cortex and may be greater in the
corticocortical projections than the thalamocortical projections.
These data are consistent with previous work demonstrating di-
minished cortical GABAergic transmission (Wang et al., 2011),
although these changes are likely dependent on the spectral con-
tent of the noise trauma and pitch of tinnitus percept (Yang et al.,
2011).

GABAergic inhibition appeared sensitive to noise exposure. It
is known that feedforward inhibition can critically shape cortical
information processing. For example, thalamocortical projec-
tions are known to make powerful feedforward synaptic connec-
tions onto intrinsic inhibitory interneurons (Cruikshank et al.,
2007; Schiff and Reyes, 2012). In addition, GABAergic interneu-
rons are interposed between corticocortical projections, often
have their synapses positioned at proximal locations on the den-
dritic shaft (Gonchar and Burkhalter, 1999), and therefore have
significant effect on corticocortical projections (Swadlow, 2003).
There are multiple types of intrinsic GABAergic neurons in the
cortex (Porter et al., 2001; Dumitriu et al., 2007; Gonchar et al.,
2007), and it is not known which of these may be downregulated
after noise damage. It is possible that thalamocortical, corticocor-
tical, or both may be effected by tinnitus, and the identification of
the subtype of downregulated GABAergic neurons may poten-
tially provide a specific therapeutic target for the treatment of
tinnitus. Indeed, drugs that enhance GABA ,ergic synaptic trans-
mission, such as the benzodiazepines, have been shown to pro-
vide some relief for the symptoms of tinnitus but come at the cost
of sedation (Bahmad et al., 2006; Darlington and Smith, 2007).
Therefore, more specific targeting of subpopulations of involved
neurons may prove to have therapeutic value. Other therapies
that dampen synaptic transmission, such as transcranial mag-
netic stimulation, may also has been used to target the cortical
networks underlying tinnitus (Kleinjung et al., 2008), and the
mechanism for the potential efficacy of this approach may lie in
the hyperexcitability described herein.

Finally, this work may shed light on the influence of aging on
tinnitus. In this study, tinnitus behavior and changes in cortical
responsiveness were observed well over 1 year after the noise
trauma and were observed in a population of animals of an age
range known to be associated with significant hearing loss (Zheng
etal,, 1999). In addition, previous work has suggested that aging
isassociated with drops in cortical GABAergic transmission (Ling
etal., 2005; Caspary et al., 2008; Burianova et al., 2009; Hughes et
al., 2010), such that there may be interactions between the drops
in cortical GABA ,ergic transmission associated with normal ag-
ing and with tinnitus. It is not known whether aging plus noise
exposure depress auditory cortical GABA levels decreased be-
yond what would be expected from either insult on its own. How-
ever, such a hypothesized “double-hit” mechanism may help
explain the high levels of tinnitus seen with aging (Meller, 2011).
In addition, given the known differences in the physiology and
GABA sensitivity seen in the auditory cortex with aging, it is likely
that any potential new therapeutic mechanism for tinnitus may
work differently in aged versus young subjects. Therefore, it will
be important to use both aged and young animals in the transla-
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tional approaches to the development of new therapeutic modal-
ities for tinnitus.
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