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Introduction 

Subjective tinnitus is a potentially serious neurological condition affecting 10-15% 

of the general population (Bhatt et al., 2016; Tunkel et al., 2014). It is considered a 

symptom that is commonly associated with hearing loss including noise-induced hearing 

loss (NIHL). Subjective tinnitus is the perception of intermittent or constant “ringing” 

buzzing” or “hissing” sounds in the absence of an external sound source. The incidence 

of tinnitus increases during aging and is particularly prevalent in veterans due to NIHL. 

Patients suffering from tinnitus often experience difficulty concentrating, sleep 

deprivation, anxiety, and depression. (Hall et al. 2011), making it a debilitating condition. 

Currently there are no FDA approved drugs to prevent or treat tinnitus, mainly due to a 

lack of understanding of its cellular and molecular pathways.  

 Evidence obtained from both animal and human studies suggest that tinnitus 

results from the dysfunction of several neuronal networks encompassing both auditory 

and non-auditory pathways. Acoustic trauma is capable of damaging cochlear hair cells 

and auditory nerve fibers that can lead to a reduction of auditory inputs. In response to 

this cochlear deafferentation, the central auditory system appears to increase neural 

gain to over-compensate for the reduced sensorineural input from the cochlea. Animal 

studies suggests that NIHL causes hyperactivity in multiple areas of traditional and non-

traditional auditory pathways (e.g., Bauer, 2004; Eggermont and Roberts, 2012; 

Kaltenbach, 2011). Animals with behavioral evidence of tinnitus typically exhibit 

increased spontaneous firing rates, abnormally high synchrony, and burst firing in the 

dorsal and ventral subdivisions of the cochlear nucleus, as well as the inferior colliculus 

(IC). This could subsequently lead to a reorganization of tonotopic maps within the 

auditory cortex structures (Noble and Tyler, 2009; Vogler et al., 2011; Robertson and 



Mulders, 2012; De Ridder et al., 2014; Schoisswohl et al., 2019). These findings 

suggest that phantom percepts of sound arise from cochlear deafferentation, and reach 

awareness only when the hyperactivity in the auditory cortex is linked to a larger 

network that supports perception. 

In the central nervous system, an imbalance between excitatory and inhibitory 

neural activities can lead to pathological conditions such as tinnitus, schizophrenia, 

autism, and Alzheimer disease. Dysfunctions of inhibitory neurons, mainly neurons that 

produce and respond to gamma-aminobutyric acid (GABA), are implicated in tinnitus. In 

addition, tinnitus is associated with an increase in spontaneous activity and sound-

evoked activity in the IC following NIHL (Richardson et al. 2012; Longenecker and 

Galazyuk, 2011; Ma et al., 2006; Mulders and Robertson, 2011; Mulders et al., 2011). 

Along with increased spontaneous activity, a decrease in the firing of GABA neurons is 

also found (Richardson et al., 2012; Dong et al. 2010). Glutamic acid decarboxylase 

(GAD) is an enzyme in the brain that catalyzes the synthesis of GABA. Decreased 

mRNA expression of GAD has been shown to be linked to other related neurological 

disorders such as schizophrenia, bipolar disorder, and autism (Akbarian and Huang 

2006). 

Besides GABA dysregulation, several molecular pathways could be involved in 

tinnitus. The T-type calcium channels generate synchronized oscillatory activity in 

thalamocortical circuits through calcium-dependent low-threshold spikes, which underlie 

thalamic burst firing (Cheong and Shin, 2013). Among three T-type calcium channels 

(CaV3.1, CaV3.2, and CaV3.3), CaV3.1 is richly expressed in thalamic neurons, and 

plays a central role in the generation of thalamocortical rhythms (Cain and Snutch, 



2013; Kim et al., 2001; Choi et al., 2015). Abnormal thalamocortical activity can be 

attributed to the disruption of coherent oscillatory activity between thalamus and cortex 

following hearing loss (Eggermont and Roberts, 2012; Eggermont and Tass, 2015).  In 

addition, the hyperexcitability of auditory circuits may potentially be due to other 

molecular targets such as L-type calcium channels. Excess calcium influx into neurons 

in auditory pathways may be attributed to the underlying mechanisms of tinnitus 

(Monzani et al., 2015). Based on these previous studies, we tested a drug candidate, 

tetrandrine (TET), which can block both T-type and L-type calcium channels, and found 

that it was effective in treating noise-induced tinnitus in our animal model (Zuo et al., 

2017).  TET is a drug approved in China for silicosis, hypertension, inflammation, and 

lung cancer with a long history of good safety profile (Xie et al., 2002). Here, based on 

this interesting finding. TET was further tested, along with other calcium channel 

antagonists, to reveal possible molecular mechanisms of noise-induced tinnitus, and 

explore new molecular targets to treat tinnitus. 

 Both animal and clinical studies have shown that certain drug candidates were 

promising in treating tinnitus, however the molecular target and mechanisms remain 

unclear, with most of them are involved in calcium signaling. Gabapentin (GAB) has 

been initially found to be 50% effective in reducing psychoacoustic loudness in patients 

(Richardson et al., 2012; Bauer and Brozoski 2006). GAB was designed to mimic the 

neurotransmitter GABA; however it does not bind to GABA receptors. Its mechanism of 

action as an antiepileptic agent likely involves its inhibition of the alpha 2-delta subunit 

of voltage-gated calcium channels, which is critical for the function of L-type calcium 

channels. Similarly, ethosuximide (ESM) is commonly prescribed to treat seizures and 



acts as a T-type calcium channel blocker (Browne et al., 1975). Nimodipine (NMDP) is 

an FDA approved L-type calcium channel blocker developed to treat high blood 

pressure and has also been found to be effective in labyrinthine dysfunction (Monzani, 

2015; Lassen et al., 1996; Pianese et al., 2002), dizziness (Monzani, 2015; Wu et al., 

2013), and tinnitus (Monzani et al., 2015; Davies et al., 1994; Monzani et al., 2012). 

While not many recent studies have further investigated the use of NMDP in treating 

tinnitus, past clinical studies have demonstrated that it might be effective (Davies et al., 

1994). Here, I examined possible effects of these drug candidates in order to determine 

possible molecular signaling for tinnitus. This preliminary data will inform our next steps 

in the identification of effective molecular targets for tinnitus treatment. 

Materials and Methods 

The procedures were completed in accordance with the Northeast Ohio Medical 

University Institutional Animal Care and Use Committee. A total of 13 C57/BL/6J mice 

(9 male/4 females) were included in the study and underwent behavioral training for 

tinnitus detection, tinnitus induction, and treatment application and efficacy measures. 

The sound-based avoidance detection (SBAD) method was used for detecting tinnitus 

and testing the response to different pharmacological doses (Zuo et al., 2017). 

Traumatic noise exposure was used to induce tinnitus in the mice. 

Behavioral Training and Testing for Tinnitus Detection: Experimental mice were placed 

in a shuttle box that was divided into two compartments. Mice were trained to cross 

from side to side when sound cues were presented through MF1 speakers (“Go” trial). 

Mice were trained to remain still when no sound was presented in the shuttle box (“No-

Go” trial). This training was performed over 15 days. The animals were given a 15-30 



minute acclimation period in the shuttle box before training began. A training session 

included 100 randomly assigned trials per day, lasting approximately 30-40 minutes per 

session. The Go trial sound cues were randomly played as white noise or narrow-band 

noise at center frequencies of 8, 16, 20, 32, and 40 kHz, and pure tones of 8, 16, 20, 

32, and 40 kHz, all of which were presented at random intensities ranging from 85-100 

decibels sound pressure level (dB SPL) at 5 dB increments. To reinforce the training 

sessions, the mice were shocked if they did not cross from one compartment to the 

other during the Go trials. They were also shocked if they crossed sides during the No-

Go trials. After the 15th training day, mice were tested for 3 days to obtain three baseline 

scores. Testing procedures were repeated after noise exposure to be compared with 

baseline scores. All baseline and post noise exposure testing sessions presented 

randomized 90 Go trials and 30 No-Go trials with shocks enabled during the Go trials 

but disabled during No-Go trials.  

Tinnitus Induction: Following the successful completion of training (>/= 90% correct rate 

for Go and No-Go trials), and baseline testing for 8 mice (4 males and 4 females) at 

approximately 5 months of age and 5 mice (All males) at approximately 3 months of 

age, the mice were re-trained for three consecutive days. They were then exposed to 

traumatic noise levels over a two-day period to induce tinnitus. To protect the mice from 

bilateral NIHL which would affect the performance during Go trials, one ear was 

occluded with an ear plug, while the other ear was exposed to the noise. The mice were 

placed in a sound booth where they were exposed to a constant 116 dB SPL broadband 

noise (4-25 kHz) for two hours. Following the noise exposure, the mice were housed for 

one month, and then tested to see if they have developed tinnitus. To determine if an 



animal exhibited successful tinnitus induction, Chi-Squared tests using a α level of 0.05 

were computed to compare no-go scores at baseline and post-exposure. A statistically 

significant reduction in No-Go scores post-noise exposure compared to baseline was 

considered an indication for tinnitus. If tinnitus was not present in the mice one-month 

post-noise exposure, testing procedures were repeated after one month. This continued 

to up to 3 months (4 total months post noise exposure).  

Pharmacological testing: The drugs that were tested included TET, GAB, ESM, and 

NMDP. Saline was also included to characterize the stress-related effects of animal 

handling, restraint and needle injections that could affect Go and No-Go performance. 

Mice that tested positive for tinnitus (n=6), underwent a series of treatment regimens 

that involved various drug combinations and dosages. Appropriate drug dosages used 

in this study were determined by previous preliminary work completed at this lab. Mice 

were weighed the day of testing to calculate drug volume. The mice were tested 2 hours 

after every intraperitoneal (IP) injection. GAB and ESM were dissolved by saline, while 

TET was dissolved in dimethyl formamide. NMDP was dissolved using corn oil.  

Similar to our tinnitus detection statistical analysis, efficacy of all treatment 

regimens were determined by chi-squared testing with an α level of .05. If there was a 

statistically significant improvement in No-Go scores post treatment compared to post-

noise exposure, it would indicate successful tinnitus treatment. All statistical analyses 

were computed using Jeffrey’s Amazing Statistical Package (JASP) 0.9.0.1.  

 

 

 



Results 

Chi-squared tests were first used to determine if mice were tinnitus positive by 

comparing the baseline No-Go scores to post-noise exposure No-Go scores. A 

significant difference (p < 0.05) of the test indicated a tinnitus positive mouse. 6 mice (4 

males and 2 females) were found to be tinnitus positive for a success rate of 46% out of 

the 13 mice trained. Following this analysis, the mice were tested accordingly to 

determine if their No-Go scores could be improved by different drug doses and 

combinations. Preliminary data indicated that TET dosages of 60 mg/kg and 30 mg/kg 

were effective in treating tinnitus positive mice, while a dose of 15 mg/kg did not 

significantly improve the No-Go scores (Figure 1). 

 

 

Figure 1. Preliminary data on the effects on different dosages of TET in tinnitus Go (A) and No-Go (B) 

scores. Dosages of 60 mg/kg, 30 mg/kg, and 15 mg/kg were used to determine the effectiveness of TET 

in treating tinnitus, with the 60 and 30 mg/kg doses leading to significant differences, and the 15 mg/kg 

dose having no significant difference. 

 Three months post noise exposure, two mice (11060-1 and 11060-2 in Figure 2) 

exhibited no statistically significant change in the No-Go scores from all three baselines 

(p > .31). While one mouse (11061-3) showed a significant drop of 26.67% in its No-Go 

score on day 3 of testing 3 months after noise exposure (p = 0.002), this was not 



enough to be considered an indication of tinnitus. In this mouse (11061-3), no 

statistically significant changes were exhibited in the Go-scores from baseline in all 3-

month post noise exposure scores (p > 0.31), while one mouse (11060-1) had a 

significant drop in its Go-score on day 3 of testing (p < 0.001). One mouse (11060-2) 

had statistically significant drops in its Go-scores on days 2 and 3 of testing (p </= 0.03), 

possibly due to hearing loss following noise exposure.  

The 3 control mice were tested with GAB at 40 mg/kg, ESM at 300 mg/kg, and 

NMDP at 30 mg/kg to observe the possible behavioral effects of these drugs. On 

average, GAB did not have a significant change in the Go-scores of the mice with an 

increase of 2.1%, as well as NMDP with an increase of 1.36%. ESM did cause a 

significant difference in the mice with a decrease of 6.05% in the Go scores (Figure 3a). 

Individually, only one of the three animals exhibited a significant change in the go 

performance post ESM application (11061-1 in Figure 3a; 18.89% decrease, p=0.002). 

The average change in No-Go scores for all tested drugs ranged from 3.33% to 4.43%, 

all of which were not significant. No significant effects on No-Go performance were 

observed from each individual animal (Figure 3b). We therefore concluded that the 

tested dosages were appropriate for testing.   

 

 



 

 

Figure 2. Go (A) and No-Go (B) training and testing correct rates (%) for control group. Mouse 11061-3 

had a No-Go score significantly different from the baseline only on day 3 of testing post-noise trauma 

after 3 months, however the remaining days were all tinnitus negative. Drug testing was carried out to 

observe behavioral effects at different concentrations. TD = training day; 3M = three months post noise 

exposure. 



 

 

Figure 3. Averaged drug testing results of control mice (11060-1, 11060-2, and 11061-3) for correct rates 

(%)  ofGo (A) and No-Go (B) test trials. 3 tinnitus tests were compared with the drug tests results. There 

was a significant difference in average performance of Go trials when tested with ESM (300mg/kg). While 

this average change in score was significant, only one animal in the group (11061-3) yielded a significant 

reduction in the Go score (*p < .05). 

  



 Group 1 included three animals that were successfully trained and tested positive 

for tinnitus post noise exposure (Figure 4). One mouse (11060-3), had significant 

decreases in No-Go scores on day 2 and 3 of 3-month tinnitus testing with decreases 

ranging approximately 23% to 27% (p </= 0.005,). One mouse had no significant 

differences on all 3 days of testing (p = 0.313, 0.161, 0.448). However, it did 

subsequently exhibit hyperactive behaviors consist with other tinnitus mice. One mouse 

had significant decreases in No-Go scores on day 1, 2, and 3 of testing, with decreases 

ranging from approximately 23% to 37% (p </= 0.005).  

 On average for Group 1, the Go-Scores (Figure 5A) significantly decreased in 

two of the following treatments: TET 60mg/kg (p = 0.02) and TET 60mg/kg+GAB 

40mg/kg (p = 0.006) while they significantly increased in treatment with GAB at 40 

mg/kg (p = 0.02). Individually, significant decreases were seen in one mouse (11061-1) 

treated with TET 60mg/kg (p = 0.03) and one mouse (11060-3) treated with TET 

60mg/kg+GAB 40mg/kg (p = < .001). In the averaged No-Go scores (Figure 5B), 4 of 

the treatments had significant improvements, which included TET 60mg/kg (p < .001), 

TET 60mg/kg+ GAB40mg/kg (p < .001), NMDP 30mg/kg (p < .001), and TET 

10mg/kg+NMDP 10mg/kg (p < .001). Individually, two of the animals exhibited 

significant improvements in No-Go scores for the treatment of TET 60mg/kg (11060-3, p 

= 0.04; 11061-1, p < .001), TET 60mg/kg+ GAB 40mg/kg (11060-3, p = 0.01; 11061-1, 

p < .001), and NMDP 30mg/kg (11060-3, p = 0.01; 11061-1, p < .001). Individually for 

the TET 10mg/kg+NMDP 10mg/kg treatment, one animal had significant improvement 

(11061-1, p < .001). In one of the treatments groups, ESM 300 mg/kg+GAB 40mg/kg, a 

significant decrease in No-Go scores was observed (p < .001). Additionally in the No-Go 



scores, no significant difference was seen in the following treatments: GAB 40mg/kg (p 

= 0.382), ESM 300mg/kg (p = 0.298), ESM 300mg/kg+GAB 40mg/kg (p = 0.72), and 

NMDP 10mg/kg (p = 0.382). Refer to Figures 6 and 7 for Group 1 individual and 

averaged data respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 4. Go (A) and No-Go (B) training and testing correct rates (%) for Group 1. Two of the mice were 

found to be tinnitus positive after 3 months from noise exposure, while mouse 11060-4 was not, however 

it displayed erratic behavior during all three testing days and thus was included in Group 1. Drug testing 

was carried out with the specified drug concentrations and combinations. TD = training day, 3 M = three 

months post noise exposure. 



 

 

Figure 5. Average Go (A) and No-Go (B) correct rates (%) for Group 1. 3 month tinnitus tests were 

statistically compared to each individual treatment condition using chi-square tests (*p < 0.05, **p < 0.01, 

***p < 0.001).  

 



Group 2 included three animals that were successfully trained and tested positive 

for tinnitus post noise exposure (Figure 6). Average Go scores for this group 

significantly decreased in three of six treatment conditions: saline (p = 0.002), GAB 

80mg/kg (p = 0.03), and TET 60mg/kg +GAB 80mg/kg (p < 0.001). (Figure 7A). 

Average No-Go scores did not improve in any treatment condition for Group 2 (Figure 

7B). Two treatment conditions (GAB 80mg/kg and GAB 40 mg/kg) yielded significant 

decreases in average No-Go scores (p < .001). While there was no significant 

improvement in average No-Go performance during the TET 60mg/kg+GAB 80mg/kg 

treatment condition, two of three animals exhibited significant improvements(11035-1; p 

= 0.02; 11036-1; p =0.002), while the third animals demonstrated significant decreases 

in its performance (11035-2; p = 0.003). In the saline treatment, average No-Go 

performance was not significantly affected; however one mouse (11035-2) exhibited 

significant decreases in its performance (p < 0.006). 

 

 

 

 

 



 

 

Figure 6. Go (A) and No-Go (B) training and testing correct rates (%) for Group 2. Mouse 11036-1 was 

tinnitus positive 3 months after noise exposure across all three testing days (p </= 0.04), while mice 

11035-1 and 11035-2 were tinnitus positive across two and one testing day/s respectively after 4 months 

(p </= 0.006). While animal 11035-2 only demonstrated tinnitus-like behavior for only one out of three 

testing days post noise exposure, it displayed erratic behavior during all three testing days and thus was 

included in Group 2. Drug testing was carried out with the specified concentrations and combinations. TD 

= training day, 3/4 M = three- or four-months post noise exposure. 



 

 

Figure 7. Average Go (A) and No-Go (B) correct rates (%) for Group 2. 3 and 4-month tinnitus tests were 

statistically compared to each individual treatment condition using chi-square tests (*p < 0.05, **p < 0.01, 

***p < 0.001). 

 



 In summary of the drugs’ effects on tinnitus animals, average Go scores in Group 

1 were significantly decreased by treatments of TET 60mg/kg and TET 60mg/kg+GAB 

40mg/kg, and significantly improved by GAB 40mg/kg (Figure 5A). The average No-Go 

scores in Group 1 significantly improved for the treatments of TET 60mg/kg, TET 

60mg/kg+GAB 40mg/kg, NMDP 30 mg/kg, and TET 10mg/kg+NMDP 10mg/kg (Figure 

5B). In Group 2, the average Go score significantly decreased with treatments of saline, 

GAB 80 mg/kg, and TET 60mg/kg+GAB 80 mg/kg (Figure 7A). The average No-Go 

scores for Group 2 significantly decreased with treatments of GAB 80mg/kg and GAB 

40 mg/kg (Figure 7B).  

 

Discussion 

Dysregulation of calcium signaling in the central nervous system is associated 

with several neurological diseases. Based on our preliminary studies, we examined if 

calcium channels blockers could modify tinnitus in our noise-induced models. Our 

results strongly suggested that, in contrast to our original hypothesis, T-type calcium 

channels were most likely not involved in tinnitus pathology since its specific blocker, 

ESM, has no effects on tinnitus even at a high dosage. Interestingly, our data did 

implicate that L-type calcium channels might be involved: two blockers of L-type calcium 

channels (TET and NMDP) were effective to eliminate tinnitus. However, GAB, a 

blocker for high-voltage calcium channels including L-type calcium channels, could 

cause worsening tinnitus. Since high-voltage calcium channels also include other 

calcium channels such as P- and Q- channels. This unexpected result could be due to 

complicated GAB inhibitions of these different channels in the brain. Thus, based off 



these initial findings, L-type channels may be involved in noise-induced tinnitus. It is 

also clear that TET alone can be an effective drug for treating tinnitus. 

Both experimental groups displayed statistically significantly reduced average Go 

scores when injected with saline. It is possible that the injection process caused stress 

related factors that would affect SBAD performance, however it is worth noting that 

there were no significant changes in No-Go scores pre and post saline injection. 

Additionally, in Group 1, one mouse exhibited significant decreases in its Go scores 

when treated with TET (60 mg/kg), and another exhibited significant decreases when 

treated with TET (60 mg/kg)+GAB (40 mg/kg). Individually, the Go scores remained 

above 80%. Regarding the aged group (Group 2), when treated with TET (60 mg/kg) 

and combination therapy of TET (60 mg/kg) and GAB (80 mg/kg), there were significant 

reductions in Go scores. Individually however, the decreased Go scores post treatment 

were all above 80% for both therapies and there was no significant change in No-Go 

scores. This is in contrast with findings from Group 1 which displayed significantly 

improved averaged No-Go scores when treated with both treatment regimens. These 

discrepancies between age groups needs to be investigated further, but it is possible 

that age related decline of hearing, learning, and/or memory can affect behavioral data. 

With our current pharmacological approach, we were not able to identify any 

brain structures involved in tinnitus. It is known that the IC activity is largely associated 

with the onset of tinnitus. It acts as a relay site coordinating descending and ascending 

auditory signaling from cortical and subcortical sources. As such it is believed to have 

an intricate system of inhibitory signaling necessary for modulation which is largely 

mediated by GABAergic neurons (e.g. Ito et al., 2009). Dysfunction of GABA neurons is 



believed to be associated with increases in spontaneous activity that could lead to the 

perception of phantom sounds (Richardson et al. 2012; Longenecker and Galazyuk, 

2011; Ma et al., 2006; Mulders and Robertson, 2011; Mulders et al., 201). In the IC, 

high voltage calcium channel currents are contributed to primarily by high threshold 

voltage-activated calcium channel types, including L-, N, and P-types, while low voltage 

threshold activated calcium channels such as T-type calcium channels have lower 

expression and do not seem to significantly contribute to the action potentials and 

neuronal firing of the IC (N’Gouemo and Morad, 2003). Thus, when using ESM to block 

the activity of the T-type calcium channels, the low contribution of T-type calcium 

channels in IC activity did not cause any significant changes, while blocking the L-type 

calcium channels had a significant effect due to its strong contribution to the overall 

calcium currents of the IC. In the future, I plan to use molecular techniques to directly 

quantify gene expressions of these channels in the ICs of mice with or without tinnitus, 

which would lead to a clearer picture on how these channels are involved in tinnitus.  

There are several limitations in this study. First, our findings were obtained from 

a small number of mice positive for tinnitus due to the low-rate of noise-induced tinnitus. 

Due to a small sample size, we opted to include all tinnitus positive mice (including 

those that did not statically indicate tinnitus, but had behavioral signs of tinnitus) for 

analysis and they did consistently support the use of TET in treating tinnitus. However, 

a lower dose of TET should be explored in order to avoid possible behavioral changes. 

In the future, more strict criteria should be followed when testing animals to provide 

reliable and consistent results. The discrepancies of findings between our two 

experimental group highlights potential age-related effects such as hearing sensitivity, 



memory and learning that could affect our behavioral data. Therefore, when using this 

experimental mouse model, we advise testing animals under the age of one year. 

Additionally, improving methods for noise-induced tinnitus or establishing new methods 

to induce tinnitus could increase the likelihood of mice developing tinnitus so that a 

larger sample size can be used. Other alternatives such as salicylate induced tinnitus 

may lead to more animals with temporal tinnitus, however it is not an accurate 

representation of most forms of tinnitus experienced by humans, as noise trauma and 

aging are believed to be more associated with the development and maintenance of 

subjective tinnitus in the general population.  

Besides increasing our sample size to obtain stronger data, we will expand our 

studies to map new molecular targets for treating tinnitus and use different blockers and 

agonists of L-type calcium channels to confirm if L-type calcium channels are involved 

in tinnitus. Once a narrower list of molecular targets has been made, single molecular 

fluorescence in situ hybridization (smFISH) will be performed in order to analyze the 

gene expression of these certain targets in the brain.  

 

 

 

 

 

 

 

 



Reference  

Akbarian, S., & Huang, H. S. (2006). Molecular and cellular mechanisms of altered 
GAD1/GAD67 expression in schizophrenia and related disorders. Brain research 
reviews, 52(2), 293-304. 

Bauer CA (2004). Mechanisms of tinnitus generation. Current opinion in otolaryngology 
& head neck surgery, 12(5), 413-7. 

Bhatt, J. M., Lin, H. W., & Bhattacharyya, N. (2016). Prevalence, Severity, Exposures, 
and Treatment Patterns of Tinnitus in the United States. JAMA otolaryngology-- 
head & neck surgery, 142(10), 959–965. 

Browne, T. R., Dreifuss, F. E., Dyken, P. R., Goode, D. J., Penry, J. K., Porter, R. J., ... 
& White, P. T. (1975). Ethosuximide in the treatment of absence (petit mal) 
seizures. Neurology, 25(6), 515-51 

Brozoski, T. J., & Odintsov, B. (2012). Gamma-aminobutyric acid and glutamic acid 
levels in the auditory pathway of rats with chronic tinnitus: a direct determination 
using high resolution point-resolved proton magnetic resonance spectroscopy (1H-
MRS). Frontiers in systems neuroscience, 6, 9. 

Cain, S. M., & Snutch, T. P. (2013). T-type calcium channels in burst-firing, network 
synchrony, and epilepsy. Biochimica et Biophysica Acta (BBA)-
Biomembranes, 1828(7), 1572-1578. 

Cheong, E., & Shin, H. S. (2013). T-type Ca2+ channels in normal and abnormal brain 
functions. Physiological reviews, 93(3), 961-992. 

Choi, S., Yu, E., Lee, S., & Llinás, R. R. (2015). Altered thalamocortical rhythmicity and 
connectivity in mice lacking CaV3. 1 T-type Ca2+ channels in 
unconsciousness. Proceedings of the National Academy of Sciences, 112(25), 
7839-7844. 

Davies, E., Knox, E., & Donaldson, I. (1994). The usefulness of nimodipine, an L-
calcium channel antagonist, in the treatment of tinnitus. British journal of 
audiology, 28(3), 125-129. 

De Ridder, D., Vanneste, S., Weisz, N., Londero, A., Schlee, W., Elgoyhen, A. B., & 
Langguth, B. (2014). An integrative model of auditory phantom perception: tinnitus 
as a unified percept of interacting separable subnetworks. Neuroscience & 
Biobehavioral Reviews, 44, 16-32.  

Dong, S., Mulders, W. H., Rodger, J., Woo, S., & Robertson, D. (2010). Acoustic trauma 
evokes hyperactivity and changes in gene expression in guinea‐pig auditory 
brainstem. European Journal of Neuroscience, 31(9), 1616-1628. 

Eggermont, J. J., & Roberts, L. E. (2012). The neuroscience of tinnitus: understanding 
abnormal and normal auditory perception. Frontiers in systems neuroscience, 6, 53. 

Eggermont, J. J., & Tass, P. A. (2015). Maladaptive neural synchrony in tinnitus: origin 
and restoration. Frontiers in neurology, 6, 29. 

Hall, D. A., Láinez, M. J., Newman, C. W., Sanchez, T. G., Egler, M., Tennigkeit, F., ... 
& Langguth, B. (2011). Treatment options for subjective tinnitus: self reports from a 
sample of general practitioners and ENT physicians within Europe and the USA. 
BMC Health Services Research, 11(1), 1-15. 

Ito, T., Bishop, D. C., & Oliver, D. L. (2009). Two classes of GABAergic neurons in the 
inferior colliculus. Journal of Neuroscience, 29(44), 13860-13869. 



Kaltenbach, J. A. (2011). Tinnitus: models and mechanisms. Hearing research, 276(1-
2), 52-60.  

Kim, D., Song, I., Keum, S., Lee, T., Jeong, M. J., Kim, S. S., ... & Shin, H. S. (2001). 
Lack of the burst firing of thalamocortical relay neurons and resistance to absence 
seizures in mice lacking α1G T-type Ca2+ channels. Neuron, 31(1), 35-45. 

Lassen, L. F., Hirsch, B. E., & Kamerer, D. B. (1996). Use of nimodipine in the medical 
treatment of Menière's disease: clinical experience. The American journal of 
otology, 17(4), 577-580. 

Longenecker, R. J., & Galazyuk, A. V. (2011). Development of tinnitus in CBA/CaJ mice 
following sound exposure. Journal of the Association for Research in 
Otolaryngology, 12(5), 647. 

Liu, Q. Y., Karpinski, E., & Pang, P. K. (1992). Tetrandrine inhibits both T and L calcium 
channel currents in ventricular cells. Journal of cardiovascular pharmacology, 20(4), 
513-519. 

Ma, W. L. D., Hidaka, H., & May, B. J. (2006). Spontaneous activity in the inferior 
colliculus of CBA/J mice after manipulations that induce tinnitus. Hearing 
research, 212(1-2), 9-21. 

Monzani, D., Barillari, M. R., Ciufelli, M. A., Cavazza, E. A., Neri, V., Presutti, L., & 
Genovese, E. (2012). Effect of a fixed combination of nimodipine and betahistine 
versus betahistine as monotherapy in the long-term treatment of Ménière's disease: 
a 10-year experience. ACTA otorhinolaryngologica italica, 32(6), 393. 

Monzani, D., Genovese, E., Pini, L. A., Di Berardino, F., Ciufelli, M. A., Galeazzi, G. M., 
& Presutti, L. (2015). Nimodipine in otolaryngology: from past evidence to clinical 
perspectives. ACTA otorhinolaryngologica italica, 35(3), 135.  

Mulders, W. H. A. M., & Robertson, D. (2011). Progressive centralization of midbrain 
hyperactivity after acoustic trauma. Neuroscience, 192, 753-760. 

Mulders, W. H. A. M., Ding, D., Salvi, R., & Robertson, D. (2011). Relationship between 
auditory thresholds, central spontaneous activity, and hair cell loss after acoustic 
trauma. Journal of comparative neurology, 519(13), 2637-2647. 

N'Gouemo, P., & Morad, M. (2003). Voltage-gated calcium channels in adult rat inferior 
colliculus neurons. Neuroscience, 120(3), 815–826.  

Noble, W., & Tyler, R. (2007). Physiology and phenomenology of tinnitus: Implications 
for treatment. International Journal of Audiology, 46(10), 569-574. 

O'Brien, D. C., Robinson, A. D., Wang, N., & Diaz, R. (2019). Transdermal lidocaine as 
treatment for chronic subjective tinnitus: A pilot study. American journal of 
otolaryngology, 40(3), 413-417. 

New approaches to the management of peripheral vertigo: efficacy and safety of two 
calcium antagonists 

Richardson, B. D., Brozoski, T. J., Ling, L. L., & Caspary, D. M. (2012). Targeting 
inhibitory neurotransmission in tinnitus. Brain research, 1485, 77-87. 

Robertson, D., & Mulders, W. (2012). The inferior colliculus: involvement in hyperactivity 
and tinnitus. In Tinnitus (pp. 121-135). Springer, New York, NY. 

Schoisswohl, S., Agrawal, K., Simoes, J., Neff, P., Schlee, W., Langguth, B., & 
Schecklmann, M. (2019). RTMS parameters in tinnitus trials: a systematic 
review. Scientific reports, 9(1), 1-11. 



Tunkel, D. E., Bauer, C. A., Sun, G. H., Rosenfeld, R. M., Chandrasekhar, S. S., 
Cunningham Jr, E. R., ... & Whamond, E. J. (2014). Clinical practice guideline: 
tinnitus executive summary. Otolaryngology–Head and Neck Surgery, 151(4), 533-
541. 

Vogler, D. P., Robertson, D., & Mulders, W. H. (2011). Hyperactivity in the ventral 
cochlear nucleus after cochlear trauma. Journal of Neuroscience, 31(18), 6639-
6645.  

Wu, C., Liao, L., Yan, X., Li, M., Wu, S., Wang, J., ... & Yangxue Qingnao Granule 
CHRONIC CEREBRAL HYPOPERFUSION STUDY GROUP. (2013). Effects of 
Yangxue Qingnao Granules on chronic cerebral circulation insufficiency: a 
randomized, double‐blind, double‐dummy, controlled multicentre 
trial. Psychogeriatrics, 13(1), 29-34. 

Xie, Q. M., Tang, H. F., Chen, J. Q., & Bian, R. L. (2002). Pharmacological actions of 
tetrandrine in inflammatory pulmonary diseases. Acta Pharmacologica Sinica, 
23(12), 1107-1113. 

Zuo, H., Lei, D., Sivaramakrishnan, S., Howie, B., Mulvany, J., & Bao, J. (2017). An 
operant-based detection method for inferring tinnitus in mice. Journal of 
neuroscience methods, 291, 227-237. 

 

 

 


	Identifying Molecular Pathways Underlying Noise-Induced Tinnitus
	Recommended Citation

	tmp.1638998972.pdf.1ddcS

