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Damage to the auditory system following high-level sound exposure reduces afferent
input. Homeostatic mechanisms appear to compensate for the loss. Overcompensation
may produce the sensation of sound without an objective physical correlate, i.e.,
tinnitus. Several potential compensatory neural processes have been identified, such as
increased spontaneous activity. The cellular mechanisms enabling such compensatory
processes may involve down-regulation of inhibitory neurotransmission mediated by
γ-amino butyric acid (GABA), and/or up-regulation of excitatory neurotransmission,
mediated by glutamic acid (Glu). Because central processing systems are integrated and
well-regulated, compensatory changes in one system may produce reactive changes in
others. Some or all may be relevant to tinnitus. To examine the roles of GABA and
Glu in tinnitus, high resolution point-resolved proton magnetic resonance spectroscopy
(1H-MRS) was used to quantify their levels in the dorsal cochlear nucleus (DCN), inferior
colliculus (IC), medial geniculate body (MGB), and primary auditory cortex (A1) of rats.
Chronic tinnitus was produced by a single high-level unilateral exposure to noise, and
was measured using a psychophysical procedure sensitive to tinnitus. Decreased GABA
levels were evident only in the MGB, with the greatest decrease, relative to unexposed
controls, obtained in the contralateral MGB. Small GABA increases may have been present
bilaterally in A1 and in the contralateral DCN. Although Glu levels showed considerable
variation, Glu was moderately and bilaterally elevated both in the DCN and in A1. In the
MGB Glu was increased ipsilaterally but decreased contralaterally. These bidirectional and
region-specific alterations in GABA and Glu may reflect large-scale changes in inhibitory
and excitatory equilibrium accompanying chronic tinnitus. The present results also suggest
that targeting both neurotransmitter systems may be optimal in developing more effective
therapeutics.
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INTRODUCTION
Chronic tinnitus affects a large number of people, with perhaps
3–5 percent of the tinnitus population significantly disturbed
by their condition. Exposure to damaging high-level sound is
likely the leading cause of tinnitus in young people (Muhr and
Rosenhall, 2011) and the second leading cause in older adults
(Nondahl et al., 2002). Damage to the peripheral auditory sys-
tem, in the long-term, reduces afferent input to the central
auditory system and appears to stimulate compensatory cen-
tral changes. The compensation, or perhaps overcompensation,
may produce the sensation of sound where none exists, i.e.,
tinnitus. The neural correlates of tinnitus identified in animal
studies are summarized in Table 1. Cellular mechanisms respon-
sible for these changes have been hypothesized to include a
down-regulation of inhibitory neurotransmission, such as that

mediated by the neurotransmitter γ-amino butyric acid (GABA)
and/or an up-regulation of excitatory neurotransmission, such
as that mediated by the excitatory neurotransmitter glutamate
(Glu). Can alterations in the concentration of these compounds
be directly detected in the brains of animals with objectively
confirmed evidence of tinnitus?

Over the past decade animal models have contributed sig-
nificantly to the neuroscience of tinnitus (Roberts et al., 2010).
While diverse, all animal models assume that the sensation of
tinnitus results from relatively primitive alterations in central
auditory processing. In animals, tinnitus is induced by manipula-
tions, such as high-level sound exposure, that commonly produce
tinnitus in humans. The presence of tinnitus can be revealed by
appropriately designed psychophysical procedures (Brozoski and
Bauer, 2008). In the present experiment, the brains of rats with
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Table 1 | Candidate compensatory mechanisms potentially

responsible for compensatory “restoration” of central function

following sensory organ damage.

Increased spontaneous neural activity.

Increased synchronous activity across parallel afferents.

Increased regularity of action potentials within individual neurons.

High-frequency discharge clustered into bursts of action potentials.

Over-representation of “lost” frequency bands in tonotopic organization.

psychophysical evidence of sound-induced chronic tinnitus were
imaged, and point-resolved proton magnetic resonance spectra
(1H-MRS) were obtained from tissue volumes localized to areas
in the auditory pathway that have been identified in one or more
studies as potentially involved in mediating tinnitus. Analyzed
areas included the dorsal cochlear nucleus (DCN), the inferior
colliculus (IC), the medial geniculate body (MGB) or auditory
thalamus, and primary auditory cortex (A1).

Recent technical improvements have enabled the acquisition of
well-resolved spectra from small tissue volumes. Point-resolved
spectroscopy (PRESS) can be used to optimize signal strength
from small volumes, while ultra-short echo times can be used to
reduce signal multiplets thereby improving peak dispersion and
the resolution of complex spectra such as those obtained from
brain tissue. Insertion of asymmetric variable power RF pulses
into the probe sequence can be used to reduce the otherwise
intrusive water peak that obscures signals above 3 ppm (Mlynarik
et al., 2008). Separation of spectral lines and extraction of weak
signals can be further enhanced by using very high-level magnetic
fields and additionally through the use of a tunable pickup coil
(Odintsov, 2011).

In the present investigation spectra were obtained from brain
volumes of interest (VOI). The brain spectra were calibrated
against spectra obtained from glass phantoms, filled with known
concentrations of GABA and Glu, and comparable in size to the
VOI. GABA and Glu were selected for analysis because they are,
respectively, the major inhibitory and excitatory neurotransmit-
ters in the auditory pathway; their concentrations are at detectible
levels in small brain volumes, and they have been identified as
potentially playing a significant role in tinnitus.

MATERIALS AND METHODS
SUBJECTS
Twenty adult male Long–Evans rats (Harlan, Indianapolis, IN),
90 days old at the start of the experiment, were individually
housed and maintained at 25◦C with a 12/12 h reversed light/dark
schedule. Ten months prior to spectroscopy 16 of the animals par-
ticipated in a study examining the effect of supplementary dietary
taurine on tinnitus. The experimental protocol was approved by
the Laboratory Animal Care and Use Committee of Southern
Illinois University School of Medicine and the University of
Illinois at Urbana Champaign.

TINNITUS INDUCTION
Half of the animals (n = 10) were unilaterally exposed once to
band limited noise for 1 h. These subjects will be referred to as

“exposed.” The remaining animals (n = 10) were treated iden-
tically, but unexposed. They will be referred to as “unexposed.”
Sound exposure parameters were identical to those reported pre-
viously to produce tinnitus in rats (Bauer and Brozoski, 2001;
Brozoski et al., 2012). All subjects, exposed and unexposed,
were anesthetized to an areflexive state, using either an isoflu-
rane/O2 mixture (Aerrane, Baxter Healthcare Corp., Deerfield,
IL, USA), or a ketamine/xylazine mixture (24.6 and 3 mg/kg,
respectively; ketamine, Ketaset, Fort Dodge Animal Health, Fort
Dodge, IA; xylazine, Anased, Lloyd Laboratories, Shenandoah,
IA). For the exposed animals, peak level was 116 dB (SPL) cen-
tered at 16 kHz, with the noise band falling to ambient level at
8 kHz and 24 kHz. The sound was delivered monaurally using a
speaker driver (FT17H, Fostex, Tokyo, Japan) in a custom enclo-
sure funneling the sound to a flexible tube that fit snugly into
the auditory canal. Sound levels were calibrated using a Brüel
and Kjaer (Norcross, GA, USA) Pulse sound measurement sys-
tem (Pulse 13 software), equipped with a 3560C high-frequency
module, and a 4138 pressure-field microphone (Brüel and Kjaer)
coupled to the transducer using rubber tubing with the internal
dimensions of an adult rat external auditory canal. All sound lev-
els reported in the present experiment are unweighted pressure
levels re 20 μPa.

HEARING LEVELS
Hearing thresholds were determined immediately before and after
exposure (for exposed rats) using auditory brainstem-evoked
potentials (ABR). They were also obtained at the conclusion
of tinnitus testing. ABR measurements were obtained using
either a TDT System 3 Real Time Signal Processing System run-
ning BioSig32 and SigGen (Tucker Davis Technologies, Alachua,
FL, USA), or an IHS Smart EP System, running IHS High
Frequency Software (v. 2.33) and using IHS high frequency trans-
ducers (HFT9911–20–0035, Intelligent Hearing Systems, Miami,
FL). Evoked responses were differentially recorded from a sub-
cutaneous vertex needle electrode referenced to an electrode
at the occiput. Evoked responses for 10 msec epochs follow-
ing stimulus onset were amplified × 100,000, bandpass filtered
(100–3000 Hz), and averaged for 512 repetitions of each
frequency-intensity level combination. Digitized records of the
evoked responses (40 μsec resolution) were exported to Excel
(Microsoft, Redmond, WA, USA) for analysis and threshold
determination. Hearing thresholds for each ear were defined by
the lowest stimulus level that produced statistically distinct and
visually distinct evoked waveforms, defined as the maximum
peak-to-peak deflection within the 10 msec window following
stimulus onset. Custom applications written for Excel were used
for analysis.

TINNITUS ASSESSMENT
Tinnitus was measured after sound exposure, using a behavioral
assay shown to be sensitive to tinnitus in rats, and described
in detail elsewhere (Bauer and Brozoski, 2001; Brozoski et al.,
2012). Briefly, an operant conditioned-suppression procedure
was used to determine the animal’s perception of test tones and
silent periods embedded in an ambient of low level (60 dB, SPL)
broad-band noise (BBN). The key feature of the procedure was
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that animals were required to discriminate between the presence
and absence of sound when tested with a variety of sounds
varying in composition, frequency, and level. While the features
of tinnitus in rats (and humans) cannot be directly known, it
is certain that tinnitus cannot sound like silence. The animals
were tested daily in commercial operant test chambers (Lafayette
Instruments, Mod. 80001, Lafayette, IN, USA) equipped with
lid-mounted speakers. Speaker-off periods (i.e., silence) had a
special significance because lever pressing for food during the
silent periods led to a foot shock at the end of that period. The
behavior of interest was lever pressing during randomly pre-
sented test sounds (1 min duration) that substituted for some of
the speaker-off presentations (also 1 min duration). Assessment
sessions consisted of 10 randomly inserted, non-contiguous, pre-
sentations. Two of the 10 were always silent (i.e., speaker-off)
periods. The remaining eight presentations were of a randomly
selected tone or noise, with different levels in each presentation.
Lever pressing was quantified using a relative rate measure, the
suppression ratio (R). R was determined as a running measure
for successive 1 min segments of each session using the formula
R = B/(A + B), where A was the number of lever presses in the
preceding 1 min segment and B the number of lever presses in
the current 1 min segment. R can vary between 0 and 1. A value
of 0 is attained when lever pressing in the current minute is
0, a value of 0.5 when lever pressing in the current minute is
equal to that of the previous minute and a value of 1 when lever
pressing in the previous minute is zero. R provided a running
index of behavior, in 1 min segments, and enabled a quantita-
tive comparison between subjects as well as unbiased compilation
of group data. R is a useful index of perceptual performance in
that it is very sensitive to short-term behavioral effects, such as
those produced by sensory events, but it is very insensitive to
gradual behavioral effects, such as those produced by changes
in motivational status, for example, satiation. In the context of
the present procedure, it was expected that exposed rats with
tinnitus would have lower R values than unexposed rats, when
tested with stimuli that resembled their tinnitus. All test sessions
were 60 min in duration. Further details of the psychophysical
procedure appear in an open-source document (Brozoski et al.,
2012).

Exposed and unexposed rats were treated identically and tested
in parallel. Individual animal and group discrimination functions
were derived from the final 3–5 sessions of each test series, where
performance variability was minimal. Test stimuli were BBN, and
8, 10, 16, 20, 24, and 32 kHz tones. Each stimulus was tested across
a range of levels from low to high audibility. Evidence of tinni-
tus was determined by the divergence of group discrimination
functions. For subjects with tinnitus, test stimuli that resembled
their tinnitus served as a signal for response (lever press) sup-
pression. In contrast, for unexposed subjects without tinnitus,
the signal for suppression was silence. Test stimuli with sensory
features resembling tinnitus, therefore, produced greater suppres-
sion (i.e., fewer lever presses) in subjects with tinnitus. Previous
research (Bauer and Brozoski, 2001) has shown that Long–Evans
adult rats, unilaterally exposed to high-level band-limited noise
centered at 16 kHz, show evidence of tinnitus in a range between
10 and 30 kHz.

SPECTROSCOPY: PREPARATION
Prior to spectroscopy, each animal in its home cage, was placed
in a double-wall sound insulated booth for 20 h without food
but with freely available water. The objective was to equate the
baseline acoustic environment for all subjects, and to reduce the
acoustic ambient to a low-level. The sound floor in this environ-
ment across the audible frequency range for rats was less than
10 dB (SPL). Ten minutes prior to spectroscopy, animals were
pretreated i.p. with 10 mg/kg 3-mercaptopropionic acid (prod-
uct M5801, Sigma-Aldrich, St. Louis, MO) to arrest post-mortem
GABA inflation (van der Heyden and Korf, 1978). Immediately
before acquisition, animals were given a lethal dose of anesthetic
(Euthasol, Virbac, Ft. Worth, TX), decapitated, the mandible
removed, and excess muscle tissue dissected away from the skull.
The head was placed in a polyethylene holder along with a 1 mm
diameter glass capillary filled with CuSO4 (3 mM). The image
phantom of the capillary indexed the left hemisphere, making
VOI laterality unambiguous.

SPECTROSCOPY: CALIBRATION
Prior to spectrum acquisition, glass vessels 2 mm in diameter were
prepared with either 10 mM of GABA or 10 mM of Glu dissolved
in sterile normal saline. Initial attempts to include one or more
calibration vessels along with the brain during spectrographic
data acquisition distorted the field, making shimming impossi-
ble. Therefore, calibration spectra were obtained either before or
after acquisition of brain spectra. Initial calibrations were done
with GABA and Glu in combination with compounds, such as
creatine, that were expected to produce unwanted spectral lines
potentially obscuring those of GABA and Glu. Spectrograms of
the mixtures were used to identify GABA and Glu peaks, from
among their multiplets, that provided the clearest separation from
background. Calibration and peak selection were further refined
using arrays of phantoms distributed in the field of view as shown
in Figure 1. Taking into account all calibration results, GABA lev-
els were determined using the peak at 2.18 ppm and Glu using the
peak at 3.68 ppm (Figure 2).

SPECTROSCOPY: DATA ACQUISITION
At the conclusion of behavioral testing, the rats were individually
imaged and volume-localized 1H-MRS spectra were determined.
Spectra were obtained using a vertical bore Varian Unity/Inova
600 mHz NMR spectrometer with a 14.1 T magnet. To reduce
the displacement error of microvolume localized 1H-MRS, caused
by large chemical shifts in the strong magnetic field, a hybrid
short-pulse sequence, obtained from R. Gruetter (Mlynarik et al.,
2008), was used. The pulse sequence was optimized for signal
acquisition in the spectral band containing the neurochemicals of
interest, i.e., GABA and Glu. Signals were further optimized using
a tunable pickup coil (Odintsov, 2011).

For each animal, an initial MRI brain scan was used to locate
the VOI for 1H-MRS. Contiguous transverse (i.e., coronal) slices,
0.5 mm thick (26 μm planar resolution), were obtained, extend-
ing 13 mm caudally from Bregma (26 slices total). VOI for 1H-
MRS were determined within the auditory pathway as indicated
in Table 2. The VOI for each auditory region was kept constant
and its placement was made as standard as possible using image
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FIGURE 1 | Calibration of GABA spectra using an array of phantoms,

each containing 10 mM GABA in sterile normal saline, distributed across

the imaging field of view. Using multiple phantoms arrayed throughout the

field of view illustrates optimized field shimming and selection of the
least-variant spectral peak, from among the multiplets at each location, used
to quantify the compound of interest (in this example, GABA).

reference points. 1H-MRS spectra were obtained bilaterally in the
order indicated in Table 2, with acquisition parameters optimized
for each VOI. When shimming, the water peak for all spectra
was held constant at 4.7 ppm, and its line width minimized (typi-
cally 30–45 Hz). Three hundred scan repetitions were adequate to
resolve all spectra, with the exception of the DCN (Table 2).

SPECTROSCOPY: DATA ANALYSIS
Spectra, as TIFF images, were imported into Image J (ver. 1.44p,
http://imagej.nih.gov/ij). Peaks in closest approximation to the
calibration peaks for GABA and Glu, were outlined, and the area
under each curve (AUC) for each was determined. AUCs were
expressed in spectrum baseline (i.e., curve lower bound) units in
order to correct for image gain. AUC values were copied to an
Excel (2007, Microsoft, Redmond, WA) spreadsheet for analysis.
The AUC of each neurochemical was converted to concentration

level (mM), taking into account VOI volume, calibration vessel
volume, known calibration concentration, and calibration AUC,
as indicated in Equation 1.

VOI est conc = [(VOI AUC/calib AUC) × (calib conc)]
× (calib vol/VOI vol) (1)

Pair-wise comparisons were made between exposed and unex-
posed VOI. Reported significance levels were derived from inde-
pendent t-tests.

RESULTS
EVIDENCE OF TINNITUS
Significant tinnitus was evident in the exposed rats approximately
four months after exposure. The protocol in the present exper-
iment (exposure before psychophysical training and testing),
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FIGURE 2 | Calibration spectra of GABA and Glu, obtained using the

same scanning parameters (see Methods for details) used to capture

VOI spectra. The peak, from among the multiplets, used to quantify GABA
and Glu is shown by the pointer.

reveals tinnitus as a downshift in discrimination functions. This
happens because the sensory correlate of speaker-off periods,
i.e., tinnitus in exposed animals, is the conditioned stimulus for
response suppression. Therefore, stimuli resembling the speaker-
off sensation suppress responding. Frequency-specific suppres-
sion was evident in both individual (Figure 3) as well as group
data (Figure 4), between 16 and 24 kHz. Individual subjects
showed some variation in the frequency range of their sup-
pression, from rather narrow (Figure 3A) to broad (Figure 3B).
This may reflect the tonality of their tinnitus. In addition,
some individuals showed evidence of tinnitus plus hyperacusis.

Nevertheless, all of the exposed rats showed some evidence of
tinnitus.

GABA AND Glu LEVELS
1H-MRS data were collected at the conclusion of psychophysi-
cal testing. Data from six exposed and five unexposed rats were
included in the spectral analysis. Data from seven initial rats
were used to adjust and optimize experimental parameters and
were not included in the final analysis. Data from two rats were
discarded when pituitary tumors were detected. Mean age at
the time of spectroscopy was 19.8 and 17.8 months, respec-
tively, for the exposed and unexposed animals. The mean interval
between exposure and spectroscopy was 16.2 months. Acquisition
of spectra from one animal, along with attendant field shimming,
required approximately 7 h to complete. One session was run per
day. Spectra for the four auditory areas of interest, DCN, IC,
MGB, and A1, are summarized in Figures 5–8. Each figure depicts
selection of the VOI in the top panel, a representative individual
spectrum from that VOI in the center panel, and estimated GABA
and Glu average levels for exposed and control animals in the
bottom panel. GABA and Glu estimated mM levels are reported
separately for each hemisphere, ipsilateral, and contralateral, with
respect to sound exposure. Decreased GABA concentration was
evident only in the MGB, with the greatest decrease, relative to
unexposed controls, obtained in the contralateral MGB (Figure 7;
p = 0.033). GABA levels in the exposed MGB were 0.38 mM
(±0.18) contralateral and 1.62 mM (±0.64) ipsilateral, as com-
pared to unexposed levels of 2.77 mM (±1.04) contralateral and
2.57 mM (±1.39) ipsilateral. Error (±) is the standard error of the
mean. Therefore, a GABA decrease, and potential loss of GABA-
mediated inhibition, was most evident in the auditory thalamus
in the direct pathway from the exposed ear, i.e., the contralateral
MGB. Small GABA increases may have been present bilaterally in
A1 (Figure 8) and in the contralateral DCN (Figure 5) however,
these differences were not statistically significant.

Glu level variation, both within and between treatment
groups, was higher than GABA variation. Despite the variation,
Glu was significantly (p = 0.039) elevated in the exposed ipsi-
lateral DCN, 18.77 mM (±9.76) while unexposed was 12.36 mM
(±2.32). Contralateral DCN Glu levels were not significantly
different in exposed and unexposed rats. The contralateral

Table 2 | 1H-MRS acquisition parameters.

Area of interest Hemisphere Volume (mm)

of analysis

x, y, z dimension

Approximate

on-center caudal

distance from

Bregma

Spectrum acquisition

Number of Duration Measurement

repetitions (min) sequence

Dorsal cochlear nucleus (DCN) Right (ipsilat) 1.5, 2, 1.5 −10.5 2900 74 5

Left (contra) 1.5, 2, 1.5 −10.5 2900 74 8

Inferior colliculus (IC) Right (ipsilat) 2, 2, 2 −7.5 300 7 1

Left (contra) 2, 2, 2 −7.5 300 7 2

Medial geniculate body (MGB) Right (ipsilat) 1.5, 2, 2 −5 300 7 6

Left (contra) 1.5, 2, 2 −5 300 7 7

Primary auditory cortex (A1) Right (ipsilat) 1.5, 2, 3 −3.5 300 7 3

Left (contra) 1.5, 2, 3 −3.5 300 7 4
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FIGURE 3 | Examples of tinnitus in individual rats. (A) A rat with
focal narrow-band tinnitus in the vicinity of 20 kHz, and (B) A rat with
rather broad-band tinnitus localized between 10 and 24 kHz.
Error bars show the standard error of the mean of the

unexposed group. Relative rate of lever pressing, as indicated
by the suppression ratio (see Text), is shown on the y-axis,
and test stimulus across stimulus levels (dB, SPL) is shown on
the x-axis.

exposed level was 6.52 mM (±5.00) while unexposed was
3.08 mM (±2.09) (Figure 5). Exposed ipsilateral and contralat-
eral Glu levels were elevated in A1 with respect to unexposed
controls, but not significantly so (Figure 8; p = 0.082, ipsilat-
eral; p = 0.145, contralateral). However, significance was nega-
tively impacted by high variation in spectra obtained from A1.
Field shimming was difficult for A1, and this suggested that the
measurement variation may have been a consequence of field
anisotropy near the periphery, rather than intrinsic tissue factors.
A1 exposed ipsilateral Glu was 3.12 mM (±1.64) while unexposed
was 1.32 mM (±0.54). Exposed contralateral A1 Glu was 2.60 mM
(±1.55) while unexposed was 0.81 mM (±0.59).

In the MGB Glu was significantly decreased contralaterally
(1.24, ± 0.67 vs. 4.55, ± 1.13; p = 0.029) and non-signficantly

increased ipsilaterally (4.36, ± 1.91 vs. 2.59, ± 1.11; p = 0.448).
In summary, these results suggest enhanced Glu-mediated exci-
tation in the DCN, and potentially in A1, although variation in
cortical levels obscured significance. In the IC, exposed vs. unex-
posed differences in both GABA and Glu were small (Figure 6).

HEARING THRESHOLDS
The sound exposure used to produce tinnitus was unilateral. This
was done to preserve free-field hearing thresholds, a requirement
for psychophysical testing. Immediately after exposure (peak
sound level at 116 dB, SPL), exposed ear hearing thresholds, as
indicated by ABR, were elevated approximately 60 dB at 20 kHz
(Figure 9, top panel). Thresholds for unexposed ears were not
affected by the exposure. At the conclusion of psychophysical
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FIGURE 4 | Frequency-specific group evidence of tinnitus. The statistics
in each panel represent a comparison of exposed and unexposed groups
for stimulus levels above the OFF setting. As in Figure 3, relative lever
pressing is shown on the y-axis and test stimulus across levels is shown on
the x-axis. Error bars show the standard error of the mean.

testing, and prior to MRS data collection, ABR thresholds for
exposed ears returned to normal levels (Figure 9, bottom panel).
Recovery of threshold sensitivity is typical for this level of expo-
sure (Bauer and Brozoski, 2001) in Long Evans rats.

DISCUSSION
VOLUME LEVEL VS. NEUROTRANSMITTER LEVEL
The present results indicated that there was a GABA decrease
in the MGB and Glu increase in both the DCN and A1,

FIGURE 5 | GABA and Glu levels (mM/ml) in the dorsal cochlear

nucleus (DCN) of exposed and unexposed rats. Top panel: size and
location of the VOI; Mid panel: a typical individual 1H-MRS; Lower panel:
group average GABA and Glu levels. Error bars show the standard error of
the mean. Asterisk next to the axis label indicates the direct pathway with
respect to the trauma-exposed ear. Asterisk next to the data bar indicates
statistical significance (p ≤ 0.05).

accompanying chronic tinnitus in a rat model. This would
support the hypothesis that region-specific loss of inhibition
and increased excitatory neurotransmission, underpins chronic
acoustically induced tinnitus. However, support of the neu-
rotransmitter hypothesis must be tempered when taking into
account limitations of the current method. Neurochemical con-
centrations were determined ex vivo using point-resolved 1H-
MRS and a 14.1 T magnet. Spectra were effectively resolved
from volumes down to 4.5 mm3 (i.e., the DCN volume). But
the reported levels reflect concentrations of the compounds of
interest throughout the tissue volume from which spectra were
obtained. Using an MRI scan of each brain, care was taken to place
the measurement volume entirely within each area of interest.
Within each VOI, however, 1H-MRS cannot distinguish concen-
trations in specific sub-VOI compartments, for example, within
neurotransmitter vesicles. In addition to their role as neurotrans-
mitters, GABA and Glu also participate in general metabolic func-
tions, for example as components of the tricarboxylic acid cycle
GABA shunt. A further complexity is that GABA is derived from
Glu by enzymatic decarboxylation. Therefore, the concentration
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FIGURE 6 | GABA and Glu levels (mM/ml) in the inferior colliculus (IC)

of exposed and unexposed rats. No significant differences were obtained
between exposed and unexposed animals in the IC. Graphic parameters as
in Figure 5.

levels reported in the present research cannot be construed as
neurotransmitter levels. However, in the present experiment com-
parisons were made between exposed and unexposed rats, treated
identically except for one high-level sound exposure. On average
the sound exposure occurred 16 months prior to spectroscopy. It
is unlikely that general metabolic consequences of the exposure
would linger to influence the results. A reasonable interpreta-
tion would be that between-treatment-group variation in GABA
and Glu levels reflects functional changes heavily dependent upon
neurotransmitter variation (Stagg et al., 2011b).

REPORTED LEVELS, CALIBRATION, AND COMPARISON TO OTHER
ESTIMATES
The GABA and Glu levels reported in the present study were
concentrations determined in reference to external calibration
standards (see Methods). In contrast, many 1H-MRS studies
report relative levels with respect to an internal standard, which
is another signal within the spectrum, such as that of N-acetyl
aspartate (Stagg et al., 2011a), or water (Puts et al., 2011). When
using an internal standard it must be assumed that the standard

FIGURE 7 | GABA and Glu levels (mM/ml) in the medial geniculate

body (MGB) of exposed and unexposed rats. GABA and Glu
concentrations were significantly lower in the contralateral MGB of
exposed animals. Graphic parameters as in Figure 5.

compound remains constant in concentration across conditions
and VOI. The advantage of using an internal standard is that vari-
ation in local measurement conditions, for example shimming
parameters, does not affect the reported values. The primary dis-
advantage of using an internal standard is that concentration of
the standard compound might not be constant across individuals
and conditions, thus affecting the reported ratios. A second dis-
advantage is that only relative level ratios can be reported, actual
concentration levels remain unknown. When using an external
standard, as in the present research, physical concentration levels
are known and internal standard variation is irrelevant. However,
when using an external standard, accuracy is dependent upon the
calibration method. The external method described in the present
study attempted to establish both realistic and stable calibration
conditions (Figures 1 and 2). Calibration spectra were deter-
mined from phantoms similar in volume to the VOI and filled
with realistic concentrations of GABA and Glu. Calibration spec-
tra were also determined proximate in time to the brain spectra.
Unfortunately attempts to simultaneously calibrate by including
phantoms along with the brain at the time of data acquisition
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FIGURE 8 | GABA and Glu levels (mM/ml) in primary auditory cortex

(A1) of exposed and unexposed rats. Although differences between
exposed and unexposed animals were not statistically significant,
significance levels may have been masked by measurement variability
stemming from field anisotropy rather that neurochemical variability.
Graphic parameters as in Figure 5.

were not fruitful. Calibration phantoms included along with the
brain produced field distortions that made shimming impossible.
Also, placing phantoms alongside the brain put the phantoms in
the field periphery where locally poor isotropy yielded calibration
spectra of low quality.

Glu levels reported in the present study varied between 0.81
and 18.77 mM, while GABA levels varied between 0.09 and
2.77 mM, depending upon the VOI. These ex vivo levels are
comparable to levels reported by others using similar 1H-MRS
methods. Mlynarik et al. (Mlynarik et al., 2008) reported whole
rat brain Glu levels of 10.3 (±8%) and GABA levels of 1.5 (±13%)
mM/kg. In comparison to contemporary studies using tradi-
tional quantitative analytic methods, Glu levels reported in the
present study were within range while GABA levels were some-
what higher. For example a recent report by (Zhu et al., 2011)
using current-generation high performance liquid chromatog-
raphy and whole brain homogenates, reported adult rat brain
GABA levels of about 0.5 (±25%) mM/mg and Glu levels of

10 (±10%) mM/mg. The GABA discrepancy between the present
study and that of (Zhu et al., 2011) may derive from differences
between the methods, liquid chromatography depending upon
solvent extraction from whole brain homogenates, and 1H-MRS
depending on spectra derived from in situ tissue in the audi-
tory pathway. It may also be that in the present study there was
some GABA inflation, despite the use of 3-mercaptopropionic
acid to arrest post-mortem elevation. A GABA inflation error, if
present, should have affected exposed and unexposed rats equally
since GABA (and Glu) levels were determined using the same
procedural sequence for all animals (Table 2).

GABA DECREASE IN THE MGB
It has been hypothesized that a loss of inhibition in the cen-
tral auditory pathway underpins chronic tinnitus (Holt et al.,
2010; Wang et al., 2011; Brozoski et al., 2012). Indirect evidence
supporting the hypothesis comes from pharmacological stud-
ies where systemically administered GABA agonists have been
shown to decrease or eliminate behavioral evidence of tinnitus
(Brozoski et al., 2007b, 2010; Yang et al., 2011). The hypothesis
is also indirectly supported by studies showing increased levels of
spontaneous neural activity in animals with evidence of tinnitus
(Brozoski et al., 2002; Kaltenbach and Godfrey, 2008; Middleton
et al., 2011). The role of the MGB, i.e., the auditory thalamus,
in tinnitus is currently not well defined. Recent imaging evidence
suggests that altered thalamic circuits may gate abnormal brain-
stem spontaneous activity to the cortex and limbic structures in
tinnitus patients (Rauschecker et al., 2010). The MGB is an oblig-
atory relay for ascending auditory information. Loss of inhibition
in the MGB could increase the impact of spontaneous brainstem
activity on higher processes, and induce the perception of sound
in the absence of peripheral stimulation. Understanding the func-
tion of GABA in the MGB is currently evolving. The density
of post-synaptic GABA-A receptors is quite low (Halonen et al.,
2009). However, GABA-A receptors containing a δ subunit in sub-
stitution for the more common γ subunit, have a high density
in the MGB compared to other forebrain areas (Halonen et al.,
2009; Richardson et al., 2011). δ-subunit-containing GABA-A
receptors appear to be primarily extra-synaptic and are responsi-
ble for mediating tonic inhibition (Richardson et al., 2011). This
suggests that ambient extracellular GABA is important for reg-
ulating the general balance of inhibition/excitation in the MGB.
Tinnitus may be mediated by loss of inhibitory volume transmis-
sion in the MGB mediated by down-regulation of extracellular
GABA. Although the density of GABAergic interneurons in the
rat MGB is apparently very low (Winer and Larue, 1996), glia
have been shown to be a significant source of GABA in other brain
areas (Olah et al., 2009). The loss of MGB GABA reported in the
present experiment may reflect decreased extracellular-levels as
well as lowered levels in glia. The net decrease in inhibition would
increase rostral excitation.

Llinas et al. (2005) present a cortico-thalamic network model
to account for tinnitus and other neuro-psychiatric disorders.
In their model, cortical pyramidal cell feedback to the audi-
tory thalamus, both indirectly, via the thalamic reticular nucleus,
and directly, enables low-frequency thalmo-cortical oscillation.
In this model, loss of afferent inhibitory input to the thalamus
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FIGURE 9 | Auditory brainstem response thresholds for exposed and

unexposed rats. Top panel: thresholds before and immediately after
acoustic exposure. Significant threshold elevation was evident only

in the exposed ear. Bottom panel: thresholds prior to spectroscopy
show normal levels in both groups. Error bars show the standard error of
the mean.

is hypothesized to lead to “edge effect” enhancement of low-
frequency (8 Hz) oscillation, the result being the sensation of
tinnitus. Interestingly the model also predicts increased low-
frequency oscillation, and presumably, associated tinnitus, in
the presence of “protracted hyperpolarization of thalamic cells”
(Llinas et al., 2005). Therefore, in the Llinas model, elevated
GABA intrinsic to the MGB would be expected to produce
chronic tinnitus. The present results, however, show just the
opposite, with MGB GABA decreased in rats with tinnitus.
Further research with cellular-level resolution will be required to
answer more detailed questions concerning the role of GABA in
specific circuits.

Glu INCREASE IN DCN
In addition to lowered MGB GABA levels, the present research
also showed moderately elevated Glu levels in the DCN. Increased

spontaneous neural activity in the DCN is associated with tin-
nitus in rodent models (Brozoski et al., 2002; Kaltenbach et al.,
2004), while altered tonotopic organization of the auditory cortex
has also been associated with tinnitus in rats (Yang et al., 2011).
In fact there may be widespread increases in central gain func-
tions following sensory loss, such as that produced by traumatic
high-level sound exposure (Norena, 2011). Adaptive alterations
in brain function are primarily mediated by plastic glutamatergic
synapses via long-term potentiation (LTP) and long-term depres-
sion (LTD) (Zhuo, 2009; Lovinger, 2010; Kullmann and Lamsa,
2011). While LTP and LTD, as characterized in vitro, have dura-
tions of only an hour or so, it is clear that the same processes are
involved in chronic changes that have been reported in adult rat
A1 in the context of specific pharmacological and acoustic expo-
sures (Hogsden et al., 2011). Increased Glu levels in the DCN and
A1 found in the present study, in rats with chronic tinnitus, may
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well reflect very long-term increases in excitatory neurotrans-
mission. Both LTP and LTD have been identified in DCN local
networks (Tzounopoulos et al., 2007). Furthermore, Glu associ-
ated alterations of cochlear nucleus function have been identified
following cochlear damage (Zeng et al., 2009).

NULL EFFECT IN THE INFERIOR COLLICULUS (IC)
Given considerable evidence that the IC is involved in chronic tin-
nitus in animals (Brozoski et al., 2007a; Holt et al., 2010) and
humans (Gu et al., 2010), it was somewhat surprising that nei-
ther GABA nor Glu levels in the IC were different in exposed
versus unexposed animals (Figure 6). One explanation may be
that average neural activity level was only slightly elevated in the
IC of exposed animals. While significantly involved in tinnitus,
the neural correlate in the IC may involve alterations in patterns
of neural activity, such as infrequent bursts of high-frequency
spikes and decreased inter-spike interval variance (Bauer et al.,
2008), rather than gross level increases. As such, volume GABA
and Glu alterations may not be evident. It also might be noted
that studies reporting loss of IC GABA receptors after cochlear
damage, also report permanent threshold elevations (Dong et al.,
2010). In the present study hearing thresholds were essentially

normal at the time of tinnitus testing and spectroscopy (Figure 9,
bottom panel).

IMPLICATIONS FOR TINNITUS THERAPY
There is no generally effective therapeutic intervention for tinni-
tus in current clinical application. In contrast, in animal models
of tinnitus, several GABA agonists have been found to effectively
attenuate or eliminate evidence of tinnitus (Brozoski et al., 2007b,
2010; Yang et al., 2011). Interestingly, while peripheral blockade of
cochlear glutamatergic NMDA receptors has been shown to atten-
uate acoustic-trauma-induced tinnitus in a rat model (Guitton
and Dudai, 2007), administration of the systemic NMDA antag-
onist ketamine, was not effective (Yang et al., 2011). Clinically,
neither GABA agonists, for example the many available benzo-
diazepine derivatives, nor NMDA antagonists, have been shown
to be effective in well-controlled trials. The present research sug-
gests that a combined approach, targeting both decreased GABA
function and elevated Glu function, may be more fruitful.
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