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RESEARCH ARTICLE

Nervous System Pathophysiology
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and thalamocortical desynchronization by deep brain stimulation
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Abstract

The thalamic medial geniculate body (MGB) is uniquely positioned within the neural tinnitus networks. Deep brain stimulation
(DBS) of the MGB has been proposed as a possible novel treatment for tinnitus, yet mechanisms remain elusive. The aim of this
study was to characterize neurophysiologic hallmarks in the MGB after noise exposure and to assess the neurophysiological
effects of electrical stimulation of the MGB. Fourteen male Sprague-Dawley rats were included. Nine subjects were unilaterally
exposed to a 16-kHz octave-band noise at 115 dB for 90min, five received sham exposure. Single units were recorded from the
contralateral MGB where spontaneous firing, coefficient of variation, response type, rate-level functions, and thresholds were
determined. Local field potentials and electroencephalographical (EEG) recordings were performed before and after high-fre-
quency DBS of the MGB. Thalamocortical synchronization and power were analyzed. In total, 214 single units were identified
(n = 145 in noise-exposed group, n = 69 in control group). After noise exposure, fast-responding neurons become less respon-
sive or nonresponsive without change to their spontaneous rate, whereas sustained- and suppressed-type neurons exhibit
enhanced spontaneous activity without change to their stimulus-driven activity. MGB DBS suppressed thalamocortical synchroni-
zation in the b and c bands, supporting suppression of thalamocortical synchronization as an underlying mechanism of tinnitus
suppression by high frequency DBS. These findings contribute to our understanding of the neurophysiologic consequences of
noise exposure and the mechanism of potential DBS therapy for tinnitus.

NEW & NOTEWORTHY Separate functional classes of MGB neurons might have distinct roles in tinnitus pathophysiology. After
noise exposure, fast-responding neurons become less responsive or nonresponsive without change to their spontaneous firing,
whereas sustained and suppressed neurons exhibit enhanced spontaneous activity without change to their stimulus-driven activ-
ity. Furthermore, results suggest desynchronization of thalamocortical b and c oscillations as a mechanism of tinnitus suppres-
sion by MGB DBS.

auditory thalamus; deep brain stimulation; electrophysiology; medial geniculate body; tinnitus

INTRODUCTION

Acoustic overexposure is the most common cause of tinni-
tus (1). Patients suffering from tinnitus perceive a phantom
sound. To date, the exact pathophysiological mechanisms
involved in tinnitus are still poorly understood. According to

the most accepted theory, tinnitus is generated in response
to a reduction of input from the cochlea to the brain. Even
though tinnitus often arises after hearing loss, persons with
hearing loss do not always develop tinnitus. Therefore, it has
been postulated that not only bottom-up deafferentation but
also a deficient top-down noise-cancelling mechanism plays

Correspondence: G. van Zwieten (g.vanzwieten@maastrichtuniversity.nl).
Submitted 16 December 2019 / Revised 22 December 2020 / Accepted 31 December 2020

www.jn.org 0022-3077/21 Copyright © 2021 the American Physiological Society 661

J Neurophysiol 125: 661–671, 2021.
First published January 6, 2021; doi:10.1152/jn.00752.2019

Downloaded from journals.physiology.org/journal/jn at Universiteit Maastricht (137.120.150.113) on January 20, 2022.

https://orcid.org/0000-0001-7513-1281
mailto:g.vanzwieten@maastrichtuniversity.nl
https://crossmark.crossref.org/dialog/?doi=10.1152/jn.00752.2019&domain=pdf&date_stamp=2021-1-6
http://www.jn.org
https://doi.org/10.1152/jn.00752.2019


a role in tinnitus development (2, 3). Overall, a hyperactive
state is found within tinnitus-related brain structures, char-
acterized by increased spontaneous and bursting activity,
tonotopic reorganization, and enhanced local and long-
range neural synchrony (4–6).

The medial geniculate body (MGB) is part of the auditory
thalamus and has a unique position in auditory pathophysi-
ology (7). This structure acts as a central hub in purported
tinnitus networks, as it connects to both auditory and limbic
structures (3). It has been suggested that theMGB plays a sig-
nificant role in not only the auditory but also the emotional
and attentional aspects of tinnitus (8, 9). MGB neurons inte-
grate and shape neural representations of auditory informa-
tion and control passage to the cerebral cortex (10). The
ventral division of the MGB receives auditory input from the
central inferior colliculus and mainly projects to the primary
auditory cortex. The medial and dorsal MGB receives input
from dorsal and external cortex of the inferior colliculus,
which further projects to belt regions of the auditory cortex.
Moreover, paralimbic structures connect via the thalamic
reticular nucleus to the MGB, which acts as a thalamic gate
and might function as a “noise-cancelling system.” Two tin-
nitus models propose essential involvement of the MGB in
tinnitus pathophysiology. First, it has been suggested that
the inhibitory feedback loop (or thalamic gate) does not
work sufficiently in tinnitus patients (3). Second, thalamo-
cortical oscillations and increased coherence among high-
and low-frequency oscillations indicate presence of thalamo-
cortical dysrhythmia in tinnitus and might be responsible
for the phantom sound (2, 11).

Despite its central position in the auditory network and
multiple pathophysiological hypotheses, the MGB has
received little attention in neurophysiological studies.
Although electrophysiological recordings in human MGB are
unavailable, structural and functional abnormalities in the
thalamus have been investigated in tinnitus patients using
imaging studies (12). A high-resolution magnetic resonance
imaging (MRI) study using voxel-based morphometry showed
increased gray-matter volume at the auditory thalamus (13)
relative to healthy participants, although these findings could
not be replicated by others (14). In a functional MRI study, lat-
eralized activation of MGB was found in unilateral tinnitus,
whereas bilateral tinnitus was associated with bilateral activa-
tion pattern (15).

Thus far, only few MGB-related neurophysiological
studies in the noise-exposed animal model have been
reported. In one study, an increase in spontaneous activ-
ity, burst properties and sound-evoked activity of MGB
neurons was found in awake rats with behavioral evidence
of tinnitus (16). In another study, noise-exposed anesthe-
tized tinnitus rats did not show increased spontaneous fir-
ing rates but showed a reduction in neurons with bursty
firing (17). In an in vitro study on mice brain slices, the fir-
ing rate of MGB neurons was increased in some neurons
and decreased in others after application of salicylate,
which is known to induce temporary tinnitus (18). In one
of our recent studies, MGB DBS was effective in suppress-
ing tinnitus-like behavior in a noise-induced animal
model (19). We, therefore, propose the MGB as a potential
therapeutic target in deep brain stimulation (DBS) for tin-
nitus (20).

The aim of this study was to further characterize the neu-
rophysiologic fingerprint of the MGB in the noise-exposed
animal model and to assess the neurophysiological effects of
electrical stimulation of the MGB. More insight in neuropa-
thophysiological changes after noise exposure will contrib-
ute to further unravel physiological, but also pathological
auditory processing such as in case of tinnitus. To this aim,
single unit recordings from noise-exposed rodents and unex-
posed control animals were recorded. To explore the working
mechanism of MGB DBS, spontaneous local field potentials
(LFPs) and electroencephalographical (EEG) recordings were
performed before and after application of high-frequency
DBS in the MGB.

MATERIAL AND METHODS

Subjects and Experimental Design

Fourteen male Sprague-Dawley rats (Charles River, Sulzfeld,
Germany) were included in this study, aged 7wk and
weighing ±250 g at the start of the experiment. Animals
were housed in pairs with ad libitum access to food and
water, and with a reversed day/night cycle. Experiments
were conducted in the dark period of the day. The experi-
mental protocol was approved by the Animal Experiments
and Ethics Committee of Maastricht University. Subjects
were divided in two groups: noise exposure (n = 9) and
control (n = 5).

Noise Exposure

All subjects were anesthetized by use of ketamine
(10mg/kg and for maintenance 60mg/kg/h) and xylazine
(90mg/kg). Subjects in the noise-exposed group were uni-
laterally exposed to a 16 kHz octave-band noise at 115 dB
for 90min (Ultrasonic Power Amplifier and Ultrasonic
Dynamic Speaker Vifa; Avisoft Bioacoustics, Berlin,
Germany), which was calibrated at speaker-level (Bruel &
Kjaer 2231 dB meter and 4191 microphone). A plug of clay
protected the contralateral ear from noise.

Gap Prepulse Inhibition of Acoustic Startles

Behavioral testing of tinnitus was conducted using Gap
Prepulse Inhibition of Acoustic Startle response paradigm
[GPIAS, detailed description has been provided elsewhere
(21)]. All subjects were tested in two conditions: baseline and
3wk after noise or sham exposure. Briefly, rats were placed
inside a cylinder with vertical aluminum bars and a polyeth-
ylene floor (diameter 17 cm, height 40cm), inside an acoustic
chamber. Calibrated auditory stimuli were amplified
and presented via a speaker (Ultrasonic Power Amplifier
and Ultrasonic Dynamic Speaker Vifa; Avisoft Bioacoustics,
Berlin, Germany), which was centrally located in the ceiling
of the chamber. Background signals consisted of narrow-
band noise of 10, 16, and 20kHz at 75dB. The startle stimulus
was a 20-ms-long, 115-dB-equivalent sound pressure-level
broad band noise (BBN) burst. A silent gap of 50ms was em-
bedded in the background noise, 100ms before the startle
stimulus in all gap trials. One session consisted of 10 gap tri-
als and 10 startle-only trials for every background sound.
Before each session, subjects were acclimatized for 5min
and habituated by presenting 10 startle-only trials. To
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calculate the gap:no gap ratios, amplitude of each gap-startle
was divided by the corresponding mean of no-gap startles.
Two complete sessions per condition were performed for
each subject on separate consecutive days. One additional
complete session was performed at the start of the experi-
ment to habituate the animals to the testing procedure.

Single Unit Recordings

Electrophysiological measurements were conducted 4–5
wk after noise exposure. The order of the experiments in the
two study groups was randomized. Rats were anesthetized
with urethane (1.5 g/kg ip) and fixed in a stereotactic frame
(model 51950, Stoelting Co., Wood Dale, IL) with hollow ear
bars (World Precision Instruments, Sarasota) to allow presen-
tation of auditory stimuli. Body temperature was controlled
and maintained at 37� with a heating pad (ATC1000, World
Precision Instruments, Sarasota, FL). To allow access to the
MGB, a small craniotomy and durotomy was performed con-
tralateral to the side of noise exposure at identified coordi-
nates (22). A glass microelectrode, pulled from Kwik-Fil
(World Precision Instruments, Sarasota, FL) filamented boro-
silicate glass capillaries with a tip diameter of 1mm, contain-
ing 0.9% NaCl, was then carefully lowered into the MGB (AP
�5.4–5.8mm, ML 3.4–3.5mm relative to bregma, DV 3.8–
6.8mm from dura) using a hydrolic drum Microdrive (FHC,
Bowdoin). The electrode was connected to an AlphaMap
data acquisition system (AlphaOmega, Nazareth, Israel),
allowing recording of extracellular neuronal activity (sam-
pling rate, 25kHz; high-pass filter, 350Hz; low-pass filter,
5 kHz). A sound paradigm was designed using a custom-
made MATLAB script (V2015A; MathWorks, Inc., Natick,
MA). Sounds were processed with an external soundcard (E-
MU 0204, Creative Technology, Ltd., Singapore) with a sam-
pling rate of 192kHz and amplified using an Ultrasonic
power amplifier and Ultrasonic Dynamic Speaker Vifa
(Avisoft Bioacoustics, Berlin, Germany). While lowering the
electrode, search stimuli (200ms BBN, 2 presentations/s)
were played. Lowering was stopped each time a well isolated
spike was observed. A standardized paradigm of auditory
stimuli was presented to determine characteristic frequency
and thresholds. This paradigm consisted of 50-ms-long stim-
uli (2 presentations/s) with frequencies from 1kHz to 32kHz
in steps of 1 octave (pseudorandomly presented) and inten-
sities from 100dB to 10dB in steps of 10dB. Next, 100 repeats
of 200ms and 95dB SPL BBN stimuli with two presentations
per second were presented to determine response type.
Lastly, spontaneous firing was recorded for 5min. Per ani-
mal, multiple trajectories were performed. Unstable neurons
and neurons lost during recording were excluded from fur-
ther analyses.

Local Field Potentials and Electroencephalography

After removal of the glass microelectrode, a bipolar elec-
trode was introduced in the MGB (AP �5.7mm, ML 3.9mm,
and DV �6mm relative to bregma). This coaxial gold-coated
electrode had a platinum-iridium inner wire, shaft diameter
of 250mmand tip diameter of�50mm (23). In addition, a corti-
cal electrode consisted of a miniature screw at the vertex,
with subcutaneous reference wire, placed on the left mastoid
bone. Electrodes were connected to a data-acquisition system

(PowerLab 8/35, New South Wales, Australia). Signals were
sampled at 20.000Hz and recorded using LabChart Pro 7 soft-
ware (ADInstruments, Castle Hill, Australia), high-pass filter
was set at 0.1Hz, and low-pass filter at 1kHz. Two periods of
5min of data were recorded before and directly after DBS.

Deep Brain Stimulation

High-frequency stimulation was applied between LFP
measurements. Therefore, the bipolar electrode was con-
nected to a constant-current isolator (DLS 100; WPI, Berlin,
Germany), which was connected to a stimulator (DS8000;
World Precision Instruments, Sarasota, FL). Subjects were
stimulated for 5min continuously. Stimulation parameters
were based on previous experiments (19): frequency of
100Hz, 60 ms pulse width, and 100mA amplitude. Monophasic
pulses were applied.

Tissue Collection and Immunohistochemistry

At the end of electrophysiological recordings, rats were
decapitated, and brains were quickly removed and frozen in
�40�C 2-methyl-butane (isopentane). Brains were serially
cut with a cryostat (Leica CM3050S, Nussloch, Germany) in
50-mm-thick sections. Standard hematoxylin-eosin staining
was performed to evaluate the exact location of tips of stimu-
lation and LFP recording electrodes.

Data Analyses

MATLAB software (V2015A; MathWorks, Inc., Natick) with
custom-written codes was used. Only recordings that showed
stable firing were included for further analysis. Spike thresh-
olds were manually selected per data set by visual and audi-
tory inspection. Spike waveforms were sorted using principal
component analysis and K means clustering, to determine
one or multiple single units per recording. Clusters represent-
ing single units were selected and confirmed by inspection of
their autocorrelation.

All sorted single units were automatically divided into
four main response types, based on the PSTH in response to
BBN stimuli. Criteria for this categorization were based on
previous literature (24, 25). A neuron was considered a “fast”
response type if two criteria were met: 1) the response rate
within 50ms after the stimulus onset was more than 2 stand-
ard deviations higher than its spontaneous firing rate, and 2)
the response within 50ms after stimulus onset rate was
more than 30% higher than the firing rate 50–100ms after
stimulus onset. If only the first criterion was met, the neuron
was considered a “sustained” response type. In case the
response rate within 100ms after stimulus onset was at least
1 standard deviation lower than the spontaneous firing rate,
it was considered a “suppressed” neuron. All other units that
did not show a response on BBN stimuli were assigned to the
“no response” group.

To quantify spike irregularity, coefficient of variation (CV)
was calculated per unit by dividing the standard deviation of
inter spike intervals by the mean. Best frequency of each
unit was defined as the frequency that corresponds to the
highest firing rate within 50ms after stimulus onset for the
highest two intensities (90–100dB). For suppressed response
types, we took the lowest firing rate (i.e., the strongest sup-
pression). In case two or more stimulus conditions had the
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same response, we took the best frequency as the average of
these frequencies. Response rate heatmaps per stimulus in-
tensity were computed for the best frequency of each unit.
Response rate-level functions were calculated for each neu-
ron’s best frequency, 16kHz (the frequency used for noise
trauma), and 1kHz stimulus (far from the affected frequency).
To determine 50% thresholds (L50), a Naka–Rushton function
(26, 27) was fitted to themean response at each stimulus level.
The form of the fitted function was as follows:

Y ¼ Rmax � Xn

L50n þ Xn

� �
þ Rmin; ð1Þ

where Y is the predicted response to a stimulus of level
X, Rmax is the maximum response, and L50 is the stimulus in-
tensity which produces a response equal to 50% of the differ-
ence between Rmax and the spontaneous activity Rmin, which
we took to be the 50% threshold. The exponent n is propor-
tional to the slope of the curve at the intensity L50, for ease of
interpretation this was transformed to units of spikes/s/DB.
The four free parameters, Rmax, L50, Rmin, and n were opti-
mized by minimizing the summed squared error using
MATLAB’s Fminsearch function. In addition, we calculated
a statistical threshold Lth as level, where the fitted-firing rate
was one SD above the minimum rate Rmin (28). Response
dynamic range was calculated as the difference between Lth

and the saturating level Lsat, where the fitted rate is one SD
below Rmax (29).

Fit quality was assessed be the percentage of variance
accounted for by the fittedmodel (30) calculated as:

%Variance ¼ 100 � 1� D m; rð Þ
D R; rð Þ

� �
; ð2Þ

where D(m, r) corresponds to the mean squared differ-
ence between the model predicted response (m, see Eq. 1)
and the observed mean firing rate (r) at each level and
D(R, r) corresponds to the mean squared difference
between the grand mean firing rate (R, calculated across
stimulus levels) and mean firing rate at each stimulus,
separately.

LFP data were analyzed using the fieldtrip MATLAB tool-
box (31) and custom-written scripts. To remove line noise, a
notch filter was applied at 50, 100, and 150Hz. Furthermore,
for power analysis the data were decomposed using single-
spectrum decomposition (32, 33) and the component corre-
sponding to 50Hz was removed before recombining the
data. Data were then down sampled to 250Hz and were
high-pass filtered above 0.7Hz. Sections of data containing
artifacts were visually identified and rejected. Data were cut
into nonoverlapping epochs of 1 s and power and cross-spec-
trum were calculated using a multitaper method with dis-
crete prolate spheroid sequences (DPSS) for frequencies of 1
to 100Hz (smoothing ±4Hz). Connectivity was estimated by
calculating debiased weighted phase lag index (dwPLI) from
these cross spectra (34). To test for recovery after DBS, data
were separated into five bins representing 1-min time inter-
vals of the 5min following DBS.

Statistical Analyses

For GPIAS analysis, Wilcoxon signed rank test was used
and Bonferroni–Holm corrected P values are presented.
Analysis of single units was performed using the following

tests. A v2 test of goodness of fit was performed to compare
distribution of the four response types between groups.
Permutation tests with 1,000 randomizations were used to
test for differences in spontaneous firing rate (SFR), CV, L50,
Rmin, Rmax, slope, Lth, and dynamic range between groups.
To determine differences in rate-level functions, a mixed
ANOVA was performed, including one between-subjects fac-
tor “group” (2 levels, noise-exposed or unexposed) and one
within-subject factor “stimulus intensity” (10 levels, 10
�100dB). Cluster analysis of spike waveforms obtained from
the Gaussian mixture models was performed to test for dif-
ferences between response types. One-way ANOVA was per-
formed to find a relation between response types and
recording coordinates in three dimensions. For LFP analysis,
mixed ANOVA with “group” as between-subjects factor and
“time” (6 levels, baseline and 1–5min post-DBS) as within-
subjects factor were performed to test for differences in
phase synchronization. A significance level a for all statisti-
cal tests was 0.05. Analysis of behavioral data was performed
with SPSS (v. 22.0 for Mac, SPSS, Chicago, IL). MATLAB
Software (R2015a, 64-bit) was used to analyze electrophysio-
logical data.

RESULTS

Gap Prepulse Inhibition of Acoustic Startles

Results of GPIAS are presented in Fig. 1. Gap:no gap ratios
were increased in the noise-exposed group for the 16 and
20kHz background sound (Z=2.55, P = 0.01 and Z=2.66, P =
0.01, respectively), but not for 10kHz (Z= 1.24, P = 0.21). The
control group did not show altered gap:no gap ratios (Z =
�0.14, P = 0.89 for 10kHz, Z = �1.21, P = 0.23 for 16kHz, and
Z = �1.48, P = 0.14 for 20kHz). These GPIAS responses are
similar to earlier published studies (19, 21, 35) and indicate
existence of tinnitus in the noise-exposed group. Our setup
with freely moving subjects did not allow to validly discrimi-
nate individual tinnitus positive and negative animals,
therefore we did not exclude subjects and labeled our group
as “noise-exposed.”

Single Unit Recordings

In total, 214 single units were identified [n = 145 (average
of 16.1 per subject) in the noise-exposed group, n = 69 (av-
erage of 13.8 per subject) in unexposed control group].
Based on PSTH during BBN stimuli, four response types
were distinguished (Fig. 2A): I) fast response (n = 28 for the
noise-exposed group and n = 29 for unexposed controls),
II) sustained response (n = 28 and n = 11), III) suppressed
response (n = 27 and n = 10), and IV) no response (n = 62
and n = 19). Most of the units of group IV were found in the
middle of a trajectory with adjacent responding neurons,
suggesting these responses were likely within the MGB.
The proportions of response types differed between the
noise-exposed group and the unexposed control group, v2

(3, n = 214) = 12.68, P = 0.005 (Fig. 2B). Notably there was a
higher proportion of nonresponsive units and a lower pro-
portion of fast-responsive neurons in the noise-exposed
group compared with the control group, whereas the pro-
portions of sustained and suppressed neurons were similar
in both groups.
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Characteristics of single unit recordings during 5-min
spontaneous recording are presented in Table 1. Overall,
there was increased spontaneous firing in the noise-
exposed subjects (mean SFR of 9.65 ±0.7 and 7.40 ±0.9, P =
0.03). Subgroup analysis revealed that the suppressed-
response-type neurons showed a significantly higher
spontaneous firing rate in the noise-exposed group (mean
of 15.06 ± 1.4 spikes/s, compared with 9.68 ± 2.1 spikes/s, P

= 0.006. An increase was also observed in the sustained
response type, which almost reached significance (mean
9.77 ± 2.2 and 4.20 ± 1.9 spikes/s, P = 0.052). In the fast-
responding and no-responding neurons, there were no dif-
ferences. There was no significant difference in CV
between the two groups.

The sensitivity of individual neurons was characterized by
fitting a Naka–Rushton function (26, 27) to response rates at
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10 sound intensities. Here, we considered the units where
the fit quality exceeded an explained variance of 70%.
Physiological parameters of the rate-level functions are pre-
sented in Table 2. Thresholds (L50 and Lth) of fast-responding
units were significantly higher, indicating lower sensitivity,
in the noise-exposed group. The other response types did
not show altered L50 or Lth thresholds. The other parameters,
Rmin, Rmax, and slope and dynamic range, did not statisti-
cally differ between groups.

Surface plots and rate-level functions during frequency
tuning measurements are shown per response type in Fig. 3.
Visual inspection of the surface plots (Fig. 3A) reveals two
main differences between the noise-exposed and unexposed
control group. First, spontaneous firing of the sustained
and suppressed neurons was higher in the noise-exposed
group, in line with results from Table 1. Second, for fast-
responding neurons, stimulus-evoked responses were higher
particularly for lower intensities in the unexposed group. This
is in line with results from Table 2, where the thresholds were
higher in the noise-exposed group for this neuron type. For
units with a sustained response the pattern wasmoremixed.

To summarize the surface plots, we calculated rate-level
functions from firing rate during 0.05 s after stimulus onset.
Analysis of the rate-level functions of fast-responding cells
during presentation of the best frequency (Fig. 3B, first col-
umn) revealed a significant interaction between groups
(noise-exposed or unexposed control) and stimulus intensity
[F(1,9) =3.23, P = <0.001]. In unexposed controls, higher stim-
ulus intensities led to higher firing rate compared with the
noise-exposed group [main group effect F(1,55) =6.74, P =
0.01). Interestingly, for the sustained cells, there were no sig-
nificant differences between groups. The suppressed response
type showed a difference in firing rate between groups regard-
less of stimulus intensity [main group effect F(1,35) = 4.83, P =
0.03]. Analysis of responses to the 16kHz noise-trauma fre-
quency (Fig. 3B, second column) revealed different results. In
both fast- and sustained-responding neurons, no effect of
noise trauma was found. Notably, there was a significant
group difference for the suppressed neurons [F(1,35)=4.54, P =
0.04], which was independent of intensity of the stimuli. For
the 1kHz control frequencies, there were no significant group
differences found for any response type.

All supplemental material is available at https://doi.org/
10.6084/m9.figshare.12662672.

Local Field Potentials and Electroencephalography

Electrode localization.
After recording single unit activity, the microelectrode was
replaced with a DBS probe capable of recording LFP and

providing electrical stimulation. The DBS electrode positions
used for LFP recording and high-frequency stimulation are
visualized in Fig. 4.

Phase synchronization and power.
Phase synchronization between MGB and cortex and power
were analyzed at baseline (5min) and in 1-min time intervals
after high-frequency stimulation of the MGB (Fig. 5A).
Statistical analysis of thalamocortical phase synchronization
revealed significant main effects of DBS (time) at the b fre-
quency band [20–35Hz, F(1,5) = 4.90, P < 0.001) and c fre-
quency [50–70Hz, F(1,5) = 3.02, P = 0.02]. All effects were
independent of group, as there were no significant interac-
tions. For d (1–4Hz), h (4–8Hz), and a (8–12Hz) bands, no
significant interactions or main effects were observed.
Analysis of power spectra showed a significant suppressing
effect of DBS on all tested frequency bands, without a group
effect (Fig. 5B) in the MGB electrode. For all frequency
bands, DBS led to a brief increase in power, after which it
decreased to levels lower than baseline [d F(1,5) = 8.89, P <
0.001; h F(1,5) = 7.42, P < 0.001; a F(1,5) = 6.24, P < 0.001; b F
(1,5)=3.02, P = 0.02, and c F(1,5)=3.67, P = 0.01]. At the cortical
level, power at these frequency bands did not significantly
change after application of DBS.

DISCUSSION
In this study, we examined neurophysiological character-

istics of the MGB and the effects of DBS of the MGB in the
noise-exposed animal model. Our main findings are first, a
reduction in the population of fast-responding neurons and
a corresponding increase in nonresponsive neurons after
noise exposure. Second, acoustic overexposure leads to an
increased spontaneous firing of sustained- and suppressed-
response-type neurons without influencing the responsive-
ness to stimuli. Third, fast-responding neurons in noise-
exposed subjects showed an increased threshold without a
change in the spontaneous firing rate. In addition, we found
that MGB DBS suppressed thalamocortical synchronicity in
both noise-exposed and control animals.

Neurophysiological Hallmarks of the MGB in the Noise-
Exposed Tinnitus Animal Model

Spontaneous firing rates were increased in the noise-
exposed group. This finding was in line with reports by
others in awake (16), but not in anesthetized (17) tinnitus ani-
mals. Although previous reports did not differentiate
between neuron types, our results show that this increase in
spontaneous firing was only present in a subtype of MGB

Table 1. Characteristics of all single unit responses

Number of Units Spontaneous Firing (Spikes/s) Coefficient of Variation

Noise-Exposed Unexposed Noise-Exposed Unexposed P Value Noise-Exposed Unexposed P Value

All responses 145 69 09.65 ±0.7 7.40 ±0.9 0.03� 1.09 ±0.04 1.18 ± 0.07 0.16
Fast
Sustained
Suppressed
No

28 (19%)
28 (19%)
27 (19%)
62 (42%)

29 (42%)
11 (16%)
10 (14%)
19 (28%)

06.61 ± 1.5
09.77 ±2.2
15.06 ± 1.4
8.61 ± 0.9

8.70 ± 1.8
4.20 ± 1.9
9.68 ± 2.1
6.08 ± 1.2

0.79
0.05
0.006��
0.10

1.21 ± 0.10
1.26 ±0.11
0.86 ±0.07
1.07 ± 0.05

1.23 ±0.11
1.73 ± 0.29
0.92 ±0.12
0.95 ±0.08

0.47
0.08
0.39
0.81

Data are presented as means ± SE. Permutation testing was performed on all single unit responses, with additional post hoc tests per
response type. �P < 0.05, ��P < 0.01.
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neurons: only the suppressed- and sustained-response-
type neurons but not fast-responding and nonrespond-
ing neurons. Interestingly, in the noise-exposed animals,
the number of fast-responding neurons was reduced,
whereas there was an increase in the proportion of non-
responding neurons. The proportion of sustained- and
suppressed-responding neurons remained the same. The
question arises of whether specific response types belong
to different excitatory or inhibitory neuronal cell types.
We could not find differences in waveform, nor loca-
tion of recording. In the rat MGB, there are morpho-
logically different cell types (36). GABAergic neurons
are in low abundance, likely less than 1% in the MGB
of the rat (37) and most recorded neurons are probably
glutamatergic. The increased spontaneous activity of
sustained- and suppressed-response types might
therefore reflect an increase in excitatory neuronal
activity. Hyperactivity of sustained and suppressed
neurons might be the readout at a single neuron level
of thalamocortical dysrhythmia as described by other
electrophysiological studies at the population and
network level (2, 38).

The undisputed connection between tinnitus, hearing
loss, and hyperacusis is a major challenge in the field of
tinnitus research (1). These symptoms often co-exist and
share similar etiological and pathophysiological factors.
It has recently been postulated that there is a certain
degree of hearing loss in almost all human and animal
tinnitus cases, which is sometimes undetectable by
audiograms or auditory brainstem responses (39, 40). A
limitation of our study is that we only compared noise-
exposed animals to sham-exposed controls. Our results
confirmed the existence of tinnitus-like behavior on a
group level, but our setup did not allow to validly differen-
tiate tinnitus positive or negative animals on an individual
level. Therefore, it remains uncertain what the confound-
ing effects of these two symptoms are in our findings.

Based on our findings, it might be postulated that dif-
ferent characteristics of response types reflect different
symptoms. We propose that tinnitus perception might
be due to increased spontaneous activity of sustained
and suppressed neurons, possibly contributing to
increased oscillations and thalamocortical dysrhythmia.
Hearing loss could be reflected by the increase in the
proportion of nonresponding neurons, together with the
loss of fast-response-type neurons and their increased
thresholds. Hyperacusis might be related to an increased
response to external stimuli, which has been shown
before (16). In our study, we found an increased response
in sustained neurons, but this difference did not reach
significance between groups. These hypotheses defi-
nitely need further validation. It is tempting to speculate
that loss of fast-responding neurons is causally linked to
the increase in spontaneous firing rate of sustained and
suppressed neurons. We, however, did not find a corre-
lation between the two factors, which might be due to
the small sample size. Additional electrophysiological
studies in both animal models and humans would be
valuable and might relate specific properties of the
MGB neural subtypes to hearing loss, hyperacusis, and
tinnitus.T
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Thalamocortical dysrhythmia has been proposed as an
underlying mechanism of tinnitus (2, 11). In our study, no
differences in power and corticothalamic synchronization
between noise-exposed tinnitus animals and controls were
found. Thalamocortical dysrhythmia and synchronization
by loss of inhibition has been shown in the salicylate-
induced tinnitus model. An increased cortical c activity
was proven to be associated with enhanced h-c coupling,
as well as a decreased a power and coherence between the
auditory cortex and the MGB (38). Our negative finding
might be due to a small sample size, as our study was not
powered to find group effects for LFP recordings. To avoid
type 2 error, firm conclusions cannot be drawn on the

effect of noise trauma on thalamocortical synchronization
based on our study.

Deep Brain Stimulation of the MGB

Previously, it has been shown that MGB DBS suppresses
tinnitus-like behavior in rats (19). The current study shows a
temporary disrupting effect of MGB DBS on corticothalamic
synchronization in the b and c band. Furthermore, we found
a suppressing effect on the total power of the LFP in all fre-
quency bands after MGB DBS.

The exact working mechanism of DBS remains elusive. An
accepted principle is that high frequency DBS causes an
inactivation or a temporary lesion of the target area (41). In

Bregma -5.6 mmBregma -5.2 mmBregma -4.8 mm

*
500 µm

hipp

MGB

Figure 4. Schematic representation of all local field potential (LFP) electrode locations in the medial geniculate body (MGB). On the right, a representative exam-
ple of hematoxylin-eosin (H&E)-stained section with visible electrode trajectory. Two subjects (electrode locations not in figure) were excluded from LFP analysis
due to incorrect positioning and hardware failure. Noise exposed in red, unexposed control in blue. �Location of the electrode tip. Hipp, hippocampus.
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the noise-exposed animal model as used in the current
study, spontaneous hyperactivity within the MGB could well
be related to tinnitus. MGB DBSmight suppress this aberrant
activity. Other studies report a downregulation of inhibitory
neurotransmission in the inferior colliculus in tinnitus (42–
44). High-frequency DBS at the MGB could cause presynap-
tic GABA release of these projections and herewith suppress
MGB activity. Furthermore, stimulation might suppress cell
body activity by inducing a depolarization block. Besides a
local inhibitory effect, DBS also causes distant excitatory
actions. Direct stimulation of axons nearby the electrode can
induce tonic patterns of action potential in structures that are
in a distance from the stimulated target. Firing characteristics
of postsynaptic cellsmight be influenced bymultiple underly-
ing effects, such as effects on neurotransmitter release,

changes in metabolic activity, and plastic changes such as
long-term potentiation and depression (41). Considering these
complex distant effects, activation of reticular nucleus neu-
rons by MGB DBS might influence thalamic gating function
in tinnitus. Overall, aforementioned mechanisms might lead
to increased thalamocortical c oscillations, which have been
associated with tinnitus (45). Our findings support the theory
that MGBDBS blocks abnormal information flow, such as tha-
lamocortical dysrhythmia, as we found a desynchronizing
effect at the higher frequencies after MGBDBS.

In line with our previous behavioral study (19), the effect
of MGB DBS on synchronization was residual, as corticotha-
lamic synchronization in the b and c bands was initially sup-
pressed, but returned approximately to baseline levels
within 5min. MGB DBS can thus have neurophysiological
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effects that extend the stimulation period and may induce
neural plasticity. This finding is important for future clinical
application of MGB DBS in humans. Stimulation could be
performed in ON and OFF cycles, resulting in a longer bat-
tery life and reduction of stimulation-induced side effects
and habituation effects.

CONCLUSION
The MGB has a prominent role in auditory pathophysiol-

ogy such as tinnitus. Based on single unit recordings, we pro-
pose a distinct role for separate functional classes of neurons
affected by noise trauma, whereby fast-responding neurons
become less responsive or nonresponsive without change to
their spontaneous rate, whereas sustained- and suppressed-
type neurons exhibit enhanced spontaneous activity without
change to their stimulus-driven activity. It seems plausible
that these findings are strongly correlated to tinnitus. In this
light, our LFP findings support suppression of thalamocorti-
cal synchronization as an underlying mechanism of tinnitus
suppression by high-frequency MGB DBS. Further electro-
physiological studies are needed to investigate the role of
different neural response types in neuropathophysiology
of auditory trauma, as well as the possible effects of MGB
DBS on thalamocortical dysrhythmia and thalamic gating
function.
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