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The effect of the NMDA channel blocker memantine
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SUMMARY

Short-term tinnitus develops shortly after the administration of a high dose of salicylate. Since salicylate selectively potentiates N-methyl-
D-aspartate (NMDA) currents in spiral ganglion neurons, it may play a vital role in tinnitus by amplifying NMDA-mediated neurotrans-
mission. The aim of this study was to determine whether systemic treatment with a NMDA channel blocker, memantine, could prevent
salicylate-induced tinnitus in animals. Additional experiments were performed to evaluate the effect of memantine on the auditory brain-
stem response (ABR) and distortion product otoacoustic emissions (DPOAE) to test for changes in hearing function. Thirty-six rats were
divided into 3 groups and treated daily for four consecutive days. One group (n = 12) was injected with salicylate (300 mg/kg/d, IP), the
second (n = 12) was treated with memantine (5 mg/kg/d, IP) and the third group (n = 12) was injected with salicylate and memantine.
All rats were tested for tinnitus and hearing loss at 2, 24, 48 and 72 h after the first drug administration and 24 h post treatment; tinnitus-
like behaviour was assessed with gap prepulse inhibition of acoustic startle (GPIAS), and hearing function was measured with DPOAE,
ABR and noise burst prepulse inhibition of acoustic startle (NBPIAS). Rats in the salicylate group showed impaired GPIAS indicative of
transient tinnitus-like behaviour near 16 kHz that recovered 24 h after the last salicylate treatment. Memantine did not cause a significant
change in GPIAS. Combined injection of salicylate and memantine significantly attenuated GPIAS tinnitus-like behaviour at 48 hours after
the first injection. None of the treatments induced permanent threshold shifts in the ABR and DPOAE, which recovered completely within
one day post treatment. Animals treated with salicylate plus memantine showed results comparable to animals treated with salicylate alone,
confirming that there is no effect of memantine on DPOAE which reflects OHC function. The present study confirms the role of cochlear
NMDA receptors in the induction of salicylate-induced tinnitus.
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RIASSUNTO

1l sodio salicilato, principio attivo dell’aspirina, ¢ una molecola in grado di indurre un acufene transitorio mediante l’attivazione dei
recettori N-metil-D-aspartato (NMDA) a livello periferico e centrale. L’obiettivo primario di questo studio é di valutare la potenzialita
della memantina, inibitore selettivo dei recettori NMDA, nel contrastare l'insorgenza e la persistenza dell’acufene indotto da salicilato
in un modello animale. Obiettivo secondario é lo studio degli effetti della memantina sulla funzione uditiva e sulle cellule ciliate esterne.
Nel nostro studio sono stati utilizzati 36 ratti divisi in tre gruppi: nel primo gruppo (n = 12) gli animali sono stati trattati con salicilato
(300 mg/kg/d, IP), nel secondo (n = 12) con memantina (5 mg/kg/d, IP), nel terzo (n = 12) con entrambi. In tutti gli animali é stato studiato
I’acufene con la tecnica GPIAS ad intervalli di 2, 24, 48, 72 e 96 ore dalla prima somministrazione e la funzione uditiva mediante i prodotti
di distorsione (DPOAE) ed i potenziali evocati uditivi (ABR). Negli animali trattati con salicilato la nostra metodica ha evidenziato la
presenza di un acufene con frequenza vicina ai 16 kHz insorto dopo la prima somministrazione e risoltosi spontaneamente 24 ore dopo l’ul-
tima. Negli animali trattati con salicilato e memantina I’ acufene, seppur presente, ¢ risultato significativamente attenuato, prevalentemente
durante il secondo giorno di trattamento. Né il salicilato né la memantina hanno causato alterazioni permanenti della funzione uditiva;
le variazioni registrate mediante i prodotti di distorsione sono regredite al termine del trattamento. Il nostro studio conferma il ruolo dei
recettori NMDA nell’acufene da salicilato e le potenzialita della memantina nel contrastarne l’insorgenza e la persistenza. Data la facile
reperibilita del farmaco, gia utilizzato nel trattamento della malattia di Alzheimer e del morbo di Parkinson, ed i risultati incoraggianti
ottenuti nel modello animale, sono auspicabili ulteriori approfondimenti nell’'uomo.

PAROLE CHIAVE: Acufene * Memantina * Salicilato  Riflesso di Startle * Recettori NDMA ¢ Ratti
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Introduction

Subjective tinnitus, defined as the perception of a sound
when no external stimulation is present, is a condition that
affects a large portion of the world population, with over
16 million subjects in the US reporting frequent tinnitus !
Tinnitus has been widely studied in humans and animals
to better understand the molecular mechanisms that un-
derlie its onset and persistence, and to identify drugs that
could be used for treatment.

Short-term tinnitus has been reported following admin-
istration of high-doses of sodium salicylate. The molec-
ular mechanisms through which salicylate induces tin-
nitus have been explored 2, especially its effects on the
cyclooxygenase which blocks the conversion of arachi-
donic acid to prostaglandin H2 34, The increased concen-
tration of arachidonic acid acts on N-methyl-D-aspartic
acid (NMDA) receptors, inducing both peripheral and
central effects. NMDA receptors are expressed on the
synapses between inner hair cells and cochlear spiral
ganglion neurons °. In vitro, salicylate potentiates the
NMDA class of glutamatergic currents on cochlear spi-
ral ganglion neurons. Salicylate also impairs outer hair
cell (OHC) electromotility ¢, although prolonged treat-
ment has been reported to strengthen OHC motility 7 ®
and reduces blood flow in the cochlea®. High doses of
salicylate increase the threshold and reduce the ampli-
tude of the compound action potential (CAP), but salicy-
late paradoxically results in hyperactivity in the central
auditory cortex ',

Memantine, a drug recently approved for the treatment
of moderate to severe Alzheimer’s disease !', has been
reported to suppress excitatory neurotransmission be-
tween the hair cell and auditory nerve afferent fibers by
blocking NMDA receptors %, and is likely to exert ef-
fects on the central auditory pathways '*. Memantine has
been previously studied for its ability to suppress tin-
nitus in animals '* and humans ' and found to have little
or no effect; however, Zheng et al., in 2012 '6, reported
encouraging effects of memantine in noise-induced tin-
nitus in the rat.

The animal model used to study tinnitus is the gap pre-
pulse inhibition of the startle reflex (GPIAS); the method
was developed by Turner in 2006 !” and later adopted and
optimized by others ¥, Since GPIAS does not require
any training and relies on a reflex response, it is a very
efficient method of testing for tinnitus compared to time
consuming operant conditioning techniques, thereby al-
lowing a larger number of animals to be evaluated *.
The primary goal of this study was to determine if me-
mantine, a NMDA antagonist, would affect salicylate-
induced tinnitus. A secondary goal was to determine what
effects memantine or the combination of memantine and
salicylate would have on DPOAE and ABR.

Materials and methods

Animals

Thirty-six adult male Sprague Dawley rats (3-5 months,
220-450 g) were used for this study. Rats were divided
into three groups: a SAL group (n = 12) injected IP with
salicylate (300 mg/kg/d) in bacteriostatic saline, 50 mg/
ml (Sigma); a MEM group (n = 12) treated with meman-
tine at a dose of 5 mg/kg/d diluted in bacteriostatic saline,
50 mg/ml (Sigma); a SAL+MEM group (n = 12) injected
with salicylate and memantine combined at the dosage
used in the other groups. All animals were treated daily
for four consecutive days; drug administration was per-
formed 2 h before testing for tinnitus.

The experimental protocol was approved by the Institu-
tional Animal Care and Use Committee of the Catholic
University of the Sacred Heart, Rome Italy. Animals were
housed in a colony with a 12 h light-dark cycle; food and
water were available ad libitum.

Gap prepulse inhibition of acoustic startle

Tinnitus was assessed using gap prepulse inhibition of
acoustic startle as described in our previous investiga-
tion >*. Rats were placed in an acoustically transparent
wire mesh cage (7.2cm W, 20 cm L, 6.5 cm H) on a Plexi-
glas platform; the platform (20 cm x 10 cm) rested on a
50 mm piezoelectric transducer (MCM 28-745). The test
apparatus was located in a soundproof chamber equipped
with a tweeter (Fostex FT17H) on the chamber’s ceiling
about 15 cm above the rat’s head. The continuous back-
ground noise, gap stimulus, prepulse noise burst and star-
tle stimulus were generated with a digital-to-analogue
converter at ~100 kHz sampling rate (Tucker Davis Tech-
nologies, RP2.1, PAS, SA1). Startle amplitude measured
by the piezoelectric transducer was amplified (10-100x),
low-pass filtered at 1,000 Hz; WPI, USA) and fed to the
analogue-to-digital converter on a separate data acquisi-
tion module (TDT, RP2.1) using custom software.
GPIAS sessions were composed of 80 silent gaps trials
(gap) embedded in narrow band noise and 80 no-gap trials
(no-gap) in the narrow band noise (Fig. 1A-C). Twenty gap
and 20 no-gap trials were made at each of the four narrow
band noises centred at 6, 12, 16 or 20 kHz. Gap and no-gap
trials were presented in pairs in random order. Trials were
separated by a variable period ranging from 7 to 15 sec
long. Animals were given a 2-min acclimation period at the
beginning of each session during which no gaps or startle
sounds occurred. Gap trials were composed of a 60 dB SPL
continuous narrow band noise (1,000 Hz wide, centered
at 6, 12, 16 and 20 kHz), and a 50 msec startle stimulus
(broadband noise burst, 116 dB SPL, 50 msec length,
5 msec rise/fall time) preceded by a 100 msec silent gap
that ended 100 msec before the onset of the startle stimu-
lus. In no-gap trials, the background sound was continuous

199




M. Ralli et al.

*_._,..-—u- = Searvie hafen

-""\-\ e

mal -

16 kHz TINNITUS
FILLS GAP

-li %

Gap Prepulse Inhibition of Acoustic Startle

E * ﬂl | Accasti Sarte Refhex
N
5 . | ]i e~
P
st I

NOISE BURST

Noise Burst Prepulse Inhibition of Acoustic Startle

Fig. 1. Schematics of the animal model used to highlight the presence and time course of tinnitus in rats. Gap prepulse inhibition of acoustic startle: (A) Fol-
lowing the startle stimulus without a prepulse gap results in a large amplitude startle reflex. (B) When a 50 msec gap prepulse is inserted prior to the startle
stimulus, the startle reflex response is significantly reduced. (C) Tinnitus fills in the gap and the animal can no longer hear the silent gap, resulting in a reduction
of the startle response similar to the no-gap condition. (D) Noise burst prepulse inhibition of acoustic startle: NBPIAS is used to evaluate whether the animal
can hear the background noise used in the GPIAS paradigm. In NBPIAS, the startle stimulus is presented in a silent environment; this results in a large startle
response. (E) When a 60 dB noise burst prepulse precedes the startle stimulus, the startle response is reduced.

without a silent period preceding the startle stimulus. The
amplitude of the startle reflex signal was measured as the
root-mean-square (RMS) voltage on gap and no-gap trials.
Noise burst prepulse inhibition of the acoustic startle re-
flex (NBPIAS) was used to determine the audibility of the
narrow band noises used for GPIAS assessment (Fig. 1D-
E). NBPIAS was recorded using the same equipment as
GPIAS except that the background noise was removed
and the startle stimulus was presented alone (i.e. in quiet)
or was preceded by a 60 dB SPL narrow band noise burst
(1,000 Hz wide, 100 msec, 5 msec rise/fall time, centred
at 6, 12, 16 or 20 kHz.). Twenty noise burst and 20 quiet
trials were made at each tested frequency.

Gap and noise burst prepulse inhibition of acoustic startle
were calculated as a percentage for each frequency us-
ing the formulas 1-(gap/no-gap) for GPIAS and 1- (noise
burst/quiet) for NBPIAS. For each frequency, a signifi-
cant reduction of GPIAS was interpreted as behavioural
evidence of tinnitus. Conversely, significant inhibition of
the startle response in NBPIAS sessions was interpreted
as evidence that the animal could hear the narrow band
noise used in GPIAS sessions.

Animals were tested daily with GPIAS and NBPIAS be-
fore and 2 h after each drug administration; measurements
were obtained for five consecutive days (four measure-
ments during treatment; one post treatment).

Auditory brainstem response recordings

Hearing function was evaluated in all animals using the
auditory brainstem response (ABR). ABR thresholds
were obtained at 6, 12, 16, 24 and 32 kHz in all animals
before and 14 days after the end of the drug treatment.
Rats were anaesthetized (ketamine 10 mg/kg) and placed
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in a sound attenuating booth; the non-inverting (+) elec-
trode was inserted at the vertex, the inverting (-) electrode
was placed near the pinna of the test ear and the ground
electrode was placed near the pinna of the opposite ear.
A TDT System 3 (BioSigRP, Tucker—Davis Technolo-
gies, Alachua, Florida, USA) data acquisition system was
used for stimulus generation and data acquisition. Tone
bursts corresponding to tested frequencies were presented
monaurally in an open field (Fostex, TD28D, USA) with
the speaker pointed towards the test ear at a distance of
1 cm; the contralateral ear was plugged with a silicon
plug. Responses were filtered (100-3,000 Hz band pass),
digitized (10 kHz sampling rate) and averaged over 1,000
samples at each frequency. Threshold testing began with
the stimulus presented at 100 dB SPL in order to generate
a clear ABR waveform; then the intensity was reduced in
10 dB steps until the ABR response disappeared. Next,
the intensity of the stimulus was increased in 5 dB steps
from below threshold until the ABR response reappeared.
The ABR threshold was defined as the lowest intensity at
which the ABR could be detected and replicated > %,

Distortion product otoacoustic emissions

DPOAEs were measured unilaterally using an otoacous-
tic emission system (Intelligent Hearing System, Miami,
FL, USA). The f2/f1 ratio of the primary tones was set to
1.2. DPOAE input/output functions were measured at 2
frequencies of 4, 8, 12, 16 and 20 kHz. The f1 intensity,
L1, always presented +10 dB above the {2 intensity, L2.
Animals were anaesthetized with ketamine as described
above and placed on a heating pad in a sound-attenuating
booth. The probe assembly was placed in the animal’s
external ear canal. Input/output functions were obtained
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by increasing L1 intensity from 25 to 70 dB SPL at 2
frequencies of 4, 8, 12, 16 and 20 kHz (32 sweeps per fre-
quency pair). DPOAEs were recorded before and 2 h after
each drug treatment for 5 consecutive days.

Statistical analysis

GPIAS and NBPIAS data were analyzed using a two-way
repeated measures analysis of variance (RM-ANOVA,
a < 0.05); post-hoc testing was performed using Tukey’s
test for multiple comparisons. Significant differences be-
tween frequency-specific data recorded at each time point
and baseline values were analyzed using a one-way ANO-
VA (p < 0.05). Statistical analysis of ABR and DPOAE
measurements were performed using a one-way ANOVA
with post-hoc Student-Newman-Keuls analysis. All re-
sults were presented as mean + SEM.

Results

Tinnitus assessment

Figure 1A-C is a schematic of the GPIAS paradigm that
shows the stimulus conditions and hypothetical results
for no-gap, gap and tinnitus conditions. Figure 2 shows
the percent GPIAS values at 6, 12, 16 and 20 kHz before

and at various time points during the four days of drug
treatment. Baseline GPIAS values are represented by the
horizontal dotted line (line width equals baseline stand-
ard deviation; baseline values were 43.8, 42.3, 37.6 and
38.8% for 6, 12, 16 and 20 kHz respectively.

Rats treated with salicylate alone (SAL) showed a signifi-
cant reduction in GPIAS at 16 kHz, consistent with tinnitus-
like behaviour with a pitch near 16 kHz. A significant reduc-
tion occurred between 2 and 72 h with a peak at 48 hours;
GPIAS returned near to baseline levels 24 h after the last day
of drug administration. A statistically significant decrease in
mean GPIAS was observed at 16 kHz at 2 h (p = 0.041),
24 h (p=0.036),48 h (p =0.019) and 72 h (p = 0.047) dur-
ing treatments; 24 h after the end of the treatment mean
values returned near to baseline levels (34.95%; p = 0.65).
GPIAS values did not show a significant change at 6, 12 and
20 kHz during the salicylate treatment (2 to 72 h).

Rats treated with memantine alone (MEM) showed no
significant changes in GPIAS compared to baseline val-
ues during the entire length of treatment (data not shown).
Rats treated with a combination of salicylate and meman-
tine (SAL+MEM) showed less reduction in GPIAS than
rats treated with salicylate alone (SAL), particularly at
16 kHz during the first 48 hours
of treatment. There was a statis-
tically significant difference at

100 6 kHz E i:tmem 100 12 kHz 48 h between the SAL and the
#r NBPIAS S Foome . SAL+MEM groups (p = 0.023).
-5 : L Be E-- ’\ : E-mm R E T } NBPIAS was also tested in the
-
% o _,_,.,-,-!‘“:T"‘"{E oz E‘n—i: — SAL, 'SAL+1\'/IE1'\/I and MEM
£ g E;‘fi .= m-..? groups; no significant changes
;.,: 2“ 2 were observed over the entire
o o testing period between baseline
077 N < ™ < 20T < < N < measures and values obtained
v > ® ol QO“" v > ® v QO% during treatments and post-treat-
> > ment. Data for all groups are
16 kHz 20 kHz compared in Figure 2.
100 100
s "1d-.. I ) % ---- w} il 3 A g ABR
% o1& I ‘} 601 l Baseline ABR threshold values
z 40 S /':E 40 ?_‘:i ?‘{D‘:::!:"‘”i recorded befo.re.treatmer.lt d.1d not
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20 : ) 20 . MEM and SAL+MEM groups
T s 0§ T 8 0% & (Two-way ANOVA, p = 0.36).
> > No significant difference was

Fig. 2. Data obtained in our animal groups showing the time course of tinnitus for different treatments.

seen between baseline and post-
treatment thresholds measured

Percent GPIAS in rats treated with salicylate alone or salicylate and memantine plotted by frequency; NB-

PIAS data are also shown for comparison. The horizontal dotted line represents baseline data. Rats treated
with memantine alone showed no evidence of tinnitus (data not shown). Rats treated with salicylate alone
showed transient tinnitus-like behaviour with a pitch near 16 kHz, starting 2 hours after the first injection,
lasting for the entire length of treatment (4 days) and resolving spontaneously 24 hours after the last day of
drug administration (24 h POST). In rats treated with salicylate and memantine, tinnitus-like behaviour was
greatly attenuated, particularly during the first 48 hours of treatment, suggesting that memantine must sup-

press tinnitus-like behaviour at peripheral or central NMDA receptors.

14 days after the end of treatment
(p = 0.41). These results indicate
that salicylate, memantine or the
combination of the two does not
produce any long term change in
hearing thresholds.
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DPOAEs

DPOAEs were tested in all animals at 4, 8, 12, 16 and
20 kHz, and were measured before, during (2, 24, 48 and
72 h) and 24 h after SAL, MEM and SAL+MEM treat-
ments. A progressive decrease in amplitude was observed
in the salicylate group for low-level DPOAE:s at 8, 12 and
16 kHz. High-level DPOAEs were slightly affected; the
largest changes occurred 2 h after salicylate injection at 8
and 12 kHz. Amplitudes returned to near baseline values
within one day post-treatment. Memantine alone had no
effect on DPOAE amplitude. Treatment with SAL+MEM
resulted in a decline of DPOAE amplitude compara-
ble to salicylate alone. Data for all groups (SAL, MEM,
SAL+MEM) are plotted in Figures 3A and 3B.

Discussion

The effect of memantine on salicylate-induced tinnitus

Memantine, a non-competitive NMDA antagonist that
affects neurotransmission between inner hair cells and
afferent auditory nerve fibers, has been hypothesized to
suppress tinnitus. Memantine is currently approved for
the treatment of moderate to severe cases of Alzheimer’s
disease, and has been proposed for the treatment of Par-
kinson’s disease and certain forms of dementia''. Given
its availability in clinical settings, memantine and its
analogues have been considered as potential treatments
for tinnitus ?’. To test this hypothesis, Lobarinas and col-
leagues treated rats with a moderate dose (150 mg/kg) of
salicylate and obtained behavioural evidence of tinnitus
using an operant lick suppression technique *. Rats were
then treated with 1.5 or 3 mg/kg of memantine combined
with 150 mg/kg of salicylate to determine if memantine
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would suppress tinnitus-like behaviour. While tinnitus
was not completely suppressed by 1.5 or 3 mg/kg meman-
tine, the molecule tended to reduce the tinnitus-like be-
haviour, which was more pronounced at the higher dose.
Therefore, while tinnitus was not completely abolished
by memantine, the evidence suggested that tinnitus sever-
ity might be somewhat reduced. Lobarinas attempted to
use a higher dose of memantine, but found that 10 mg/
kg disrupted the operant behaviour; consequently, higher
doses of memantine were not evaluated for suppression
of tinnitus.

Figueredo et al. published a randomized, double-blind
placebo-controlled trial in which tinnitus was studied in
60 patients, and its severity was monitored using the Tin-
nitus Handicap Inventory (THI). In this study, memantine
was administered at a dose of 20 mg per day for 90 days.
They reported no statistically significant differences be-
tween patients in the memantine group and those in the
placebo group . Taken together, these two studies sug-
gest that memantine may have little or no effect on tin-
nitus.

In the current study, using GPIAS as our behavioural
metric for tinnitus, we observed evidence of tinnitus at
16 kHz with 300 mg/kg of salicylate and found that the
5 mg/kg dose of memantine significantly reversed tinni-
tus-like GPIAS behaviour. Thus, our results suggest that
a 5 mg/kg dose of memantine, nearly twice that used by
Lobarinas, can suppress tinnitus. Importantly, animals
treated with memantine alone did not show significant
changes in GPIAS.

A recent paper from Zheng et al. ' investigated the effi-
cacy of a 5 mg/kg dose of memantine in rats with behav-
ioural evidence of tinnitus assessed with an operant lick-
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Fig. 3. The effect of salicylate and memantine on outer hair cells. DPOAE measurements in animals treated with memantine, salicylate or a combination of
both. Data from baseline and 2, 24 and 48 h time points are shown in Fig 3A; data from baseline and 72, 24 h post time points are shown in Fig 3B. Meman-
tine alone had no effect on DPOAE amplitude whereas salicylate alone caused a progressive decrease in DPOAE over the 4-day treatment. The combination
of both drugs resulted in DPOAE amplitudes similar to those obtained in animals treated with salicylate alone.
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suppression technique. They found that a 1 h, 110 dB,
16 kHz traumatizing tone induced tinnitus having a pitch
of 32 kHz in five of eight exposed rats. After treatment
with 5 mg/kg memantine, only 2 of the 5 rats continued to
show evidence of noise-induced tinnitus, i.e., memantine
eliminated signs of tinnitus in 3 of 5 rats.

Our results are consistent with those of Zheng suggest-
ing that higher doses of memantine may suppress tinnitus.
However, it should be noted that while the 5 mg/kg dose
of memantine caused a statistically significant improve-
ment in tinnitus, our GPIAS values during SAL+MEM
were still slightly below their baseline GPIAS values.
In other words, while 5 mg/kg memantine significantly
improved tinnitus-like behaviour, it may not have com-
pletely suppressed tinnitus. Likewise, memantine only led
to a reduction in noise-induced tinnitus in 60% of subjects
in the Zheng study. It is conceivable that higher doses of
memantine may be more effective in suppressing tinnitus;
however, the behavioural side effects, as noted by Lobari-
nas % may outweigh the benefits.

Salicylate, memantine and auditory function

Our results show that memantine had no effect on DPOAE
amplitudes during treatment. These results are consistent
with the view that memantine acts on neuronal NMDA
receptors, which are not expressed in adult OHC %. In
addition, our results show that memantine had no effect
on OHC function, as reflected in DPOAE, when adminis-
tered with salicylate; results are consistent with the view
that memantine is not acting on the OHC. Short-term
treatment with salicylate, memantine or the combination
of the two had no permanent effects on ABR; thresholds
recorded 14 days after drug treatments showed no dif-
ferences compared to baseline. Serial DPOAE measure-
ments from 2 to 72 h of salicylate treatment revealed a
cumulative dose-dependent effect mainly on low-level
DPOAEs at 8, 12 and 16 kHz; i.e. DPOAE amplitudes
tended to decrease over the 3 day treatment. These results
are consistent with previous results showing a gradual de-
cline in DPOAE amplitude over several days of salicylate
treatment *°. However, DPOAE amplitudes recovered to
within normal limits within 1 day after the end of treat-
ment. Since animals treated with salicylate and meman-
tine showed DPOAE alteration comparable to salicylate
alone, the effects of memantine on GPIAS are unlikely to
be due to changes in OHC function.

Conclusions

The present study confirms that salicylate can induce tran-
sient, reversible tinnitus when administered at high doses.
More importantly, our behavioural assessment of tinnitus
using GPIAS suggests that a 5 mg/kg dose of memantine,
which was nearly two fold greater than that used by Lo-
barinas, can significantly reduce tinnitus-like behaviour.

Since higher doses (10 mg/kg) of memantine can disrupt
behaviour, effective treatment of tinnitus using NMDA
antagonists may require careful titration of the dose to
obtain clinical efficacy without inducing deleterious side
effects. The suppression of tinnitus-like behaviour in our
study was achieved with systemic memantine treatment, it
is therefore unclear if the therapeutic effect of memantine
is occurring at the IHC-auditory nerve fibre synapse, as
proposed by Puel et al.’, or if it is occurring at multiple
sites within the central auditory pathway. Given the en-
couraging results and clinical availability of memantine,
it would be interesting to further explore its efficacy in
humans with tinnitus. Since the effective therapeutic win-
dow for drug dosing appears to be relatively narrow, ef-
fective tinnitus therapy may require careful escalation of
the dose of memantine to achieve optimal therapy with
minimal side effects.
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