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Abstract

Dopamine (DA), released from the lateral olivocochlear efferent fibers, is suggested to be neuroprotective against ischemia and noise
exposure inthe mammalian cochlea because it can reduce the postsynaptic excitotoxic effect of glutamate on the dendrite of the afferent auditory
neuron. Using in vitro microvolume superfusion method on isolated guinea pig cochlea preparation, we found that the selective mGIuR2/3
agonist (R 4R)-aminopyrrolidine-2,4-dicarboxylic acid 24R-APDC) significantly increased the release of DA in a dose-dependent manner.
Other mGIuR agonists, acting on groups | and Ill receptors (3,5-dihydroxyphenylglycine, amino-4-phosphonobutyric acid) and antagonists
(2-methyl-6-(phenylethynyl)pyridine), §-2-amino-2-(52S-2-carboxycyclopronan-1-yl-3-(xanth9-yl)propanoic acidmethylserineo-
phosphate), were ineffective. The GABAntagonist bicuculline (1@M) could antagonize the effect oRUR-APDC suggesting that the
mGIluR-mediated enhancement of DA release was most likely attributable to a disinhibitory mechanism involving local GABAergic fibers.
Bicuculline alone could also elevate the DA outflow indicating that cochlear GABA controls local DA release tonically. Our findings expand
the view on the local effects of glutamate in the cochlea by showing the ability of the excitatory neurotransmitter to alleviate its own action
on type | afferents via mGIuRs and initiate a neuroprotective mechanism.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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Glutamate excitotoxicity is a well-known mechanism of had a preventive effect on the ischemia-induced morpholog-
ischemia- or noise-induced hearing loss involving postsy- ical changes in the cochlea. Moreover, intracochlear perfu-
naptic overexcitation, subsequent swelling and degenerationsion of piribedil could reduce the compound action potential
of the afferent dendritg®6,28,29,30]Glutamate isreleased  (CAP) threshold shift during noise expos(ig¢. DA had no
from the inner hair cells and activates type | afferent fibers. effect on the spontaneous firing rate of the cochlear afferent
Lateral olivocochlear fibers are forming en passant synapseserve, while DA and both D1 and D2 agonists could depress
on the dendrite of the type | afferent fibers and release the glutamate-induced firin@4]. In contrast, DA could en-
transmitters, such as acetylcholine, dopamine (DA), gamma-hance the natural stimulus of the cochlea as suggested by the
amino butyric acid (GABA), and neuropeptides (CGRP, DA-evoked increase in the spontaneous and sound-induced
enkephalins)7]. GABA receptors have been detected in this activity of the afferent cochlear nery@l].
synaps46,17]. DA is thought to have a protective role against Previous studies showed that activation of GAB#e-
glutamate excitotoxicity involving a postsynaptic antagonism ceptors reduced the firing rate of the afferent cochlear nerve
on the effect of the released glutam§ité,25,27,31,35]Pu- evoked by the glutamate and ionotropic glutamate receptor
jol et al.,[29] found that piribedil (a D2/D3 receptor agonist) agonists, while the spontaneous activity was not affected
[1,8]. Therefore, a neuroprotective effect of GABA can be
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nerve dendrite$39] has been clearly shown. All kinds of the two consecutive FR values before the drug reached
ionotropic glutamate receptors (iGluRs) have been found in the cochleae (FRR FRR:/FRR;). ANOVA was used in

the dendrite of the afferent nenjg3,32] Although sev- all experiments’ statistical analyses. Data are expressed as
eral studies confirmed the presence of metabotropic gluta-the meant S.E.M. fi=number of cochleae). Tukey's post
mate receptors (MGIURs) on both the spiral ganglion cells hoc test was applied to determine the significance of data
and inner hair cell§2,22,33] little is known about their  using the Statistica 6.0 program (Statsoft Inc., USA). Levels
function in the cochlea. As they have slower and longer ki- of significance are as follows* P<0.05, ** P<0.01,
netics than iGIuRs, they are more likely involved in mod- *** P<0.001. We purchased 3,5-dihydroxyphenylglycine
ulatory actions in the cochlefl6]. It is particularly im- (3,5-DHPG), 2-methyl-6-(phenylethynyl)pyridine (MPEP),
portant that groups Il and lll mGIuR agonists are con- (2R,4R)-Aminopyrrolidine-2,4-dicarboxylic acid R4R-
sidered as neuroprotective compoui@s]. In the present  APDC), (29-2-amino-2-(52S-2-carboxycyclopronan-
study, we aimed to explore the functional role of mGIluRs in 1-yl-3-(xanth9-yl)propanoic acid (LY-341495)), amino-
the cochlea. In the light of the known neuroprotective fea- 4-phosphonobutyric acid L{AP-4) «-methylserineo-

ture of mGluRs, we assumed that the cochlear DA releasephosphate (MSOP) from Tocris. Bicuculline methiodid was
may be functionally linked to activation of mGIuRs in the from Sigma.

cochlea. In order to explore the role of mGIluRs in the regulation
Male guinea pigs (Toxicoop, Hungary) weighing 200— of cochlear DA release we tested the effect of selective ag-

300g were used for stereomicroscopic separation of theonists and antagonists of groups I-1ll mGluRs on the spon-

cochlear tissue, as described previoydly,14] All efforts taneous and evoked release of DA from isolated guinea pig

were made to minimize the number of animals and pain. Ex- cochleae. Perfusion with agonists and antagonists of group
periments were carried out in accordance with the National | mGluRs (DHPG, 10@.M and MPEP 2Q.M) failed to al-
Institute of Health Guide for the Care and Use of Laboratory ter the release of DA from the cochlea<6, 8, Fig. 1). In
Animals. Following isolation of the two cochleae, in vitro contrast, mGluRs belonging to group Il were active in modu-
microvolume superfusion meth¢&8] was used to measure lating DA release: administration of the agonig4R-APDC
dopamine release. To imitate physiological conditions our (100wM) increased the release of DA at rest from isolated
experiments were performed in perilymph-like solutjaf] cochleae Fig. 1A and D), as revealed by the 21% increase
thermoregulated at 3C and continuously saturated with in the FRR/FRRy value. This increase in the release of DA
100% Q. Isolated cochlea tissues were incubated for 35 min was highly significant compared with the contrBl<£0.002,

at 37°Cin 1 ml of perilymph-like solution containing OiM n=12). The electrically evoked DA release did not change in
3H-dopamin (31.0 Ci/mmol, Amersham). After incubation, the presence ofR4R-APDC (Fig. 1A and C). The selective
each cochlea was transferred to a thermoregulatedGB7  group Il antagonist LY-341495 (0i2M) caused no signifi-
plexiglas microvolume chamber (inside volume 10Pand cant effect on either the spontaneous or the evoked release of
superfused at a rate of 3 ml/min. After 60 min pre-perfusion, DA (n=7, Fig. 1). Group Ill agonist (-AP-4, 100u.M) and

the outflow was collected in 3 min fractions. The released antagonist (MSOP, 100M) caused no significant effect on
radioactivity was determined by assaying R0€liquot the DA outflow f1=5-6,Fig. 1). The lack of effect of R 4R-

of each sample with liquid scintillation counter (Packard APDC on the field stimulation-evoked release suggests that
Tri-Carb 1900TR). Cochleae were electrically stimulated those receptors, which were modulated by this drug, are func-
at 60V, 2Hz, 0.5ms impulse duration for 3min with a tionally not present on dopaminergic terminals. To further
Grass S88 stimulator (West Warwick, USA) during the investigate the apparent excitation by the mGIuR group II
3rd and, and in some cases during the 13th collection agonist on the spontaneous DA release from the cochlea, we
periods (2 and $) through a platinum electrode inserted tested R4R-APDC at 100 and 30@M concentrations, in

at the top and bottom of the chamber. After collecting the the absence of second electrical stimulation. These experi-
samples each cochlea was transferred to (B06f 10% ments revealed that the action d®2R-APDC seems to be
trichloroacetic acid for suspension for 24 h, then W00  dose-dependenE{g. 2A and D). The increase in the release
was used to measure tissue content of radioactivity. To lasted through the perfusion with the drugs suggesting no de-
express the release of DA during one collecting period, the sensitization of the receptor and the release returned to the
fractional release (FR) of tritium-outflow was calculated baseline at the end of the perfusion, indicating that the effect
as the percentage of total radioactivity present in the tissueof 100nM 2R,4R-APDC can be washed oLEig. 2A). In con-

at the time of sample collection. The release of tritium trast, the release by 3pMM 2R,4R-APDC was long-lasting
evoked by field stimulations was calculated by the area- and did not return to the baseline within the observation pe-
under-the-curve methofl3-15] The effects of drugs on riod, as revealed by the ratio of the fractional release values of
the field stimulation-evoked®H]DA release are expressed the last three and the first two samples (control: @702,

by the ratio of FR of §to FR of § (FRS/FRS). The 0.80+ 0.02;P<0.001Fig. 2A). The specific group ImGIuR
effect of the drugs on the resting outflow is determined as antagonist LY-341495 could prevent the DA-releasing effect
the ratio of the sum of the two highest consecutive RR  of 2R,4R-APDC proving the selective activation of group Il
values in the presence of the drug (FRRo the sum of receptors by R, 4R-APDC (P<0.01,Fig. 2B).
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Fig. 1. Time-lapse changes in DA outflow from isolated guinea pig cochleae in the presence of agonists and antagonists of groups |-l metahateipic glu
receptors. (A) The group Il mGIuR agonisR2ZR-APDC (100uM, black circle evoked DA release from the cochlea. Group | (DHPG, D) gray
rectanglg and Ill (L-AP4, 100uM, gray triangle agonists caused no effect compared to contpkf circl§. Electrical field stimulationshiack triangle$
evoked reversible and reproducible increase in the fractional release (FR). Drugs were applied in the perfusion solution as the horizongéésafBhdic
The group Il mGIuR antagonist LY-341495 (Qu®/, black circle), the group | antagonist MPEP (20, gray rectanglg and the group Il antagonist MSOP
(100p.M, gray triangle caused no effect compared to contrbén circlg. Electrical field stimulationsijack triangle$ evoked reversible and reproducible
increase in the fractional release (FR). Drugs were applied in the perfusion solution as the horizontal bar indicates. (C) Bar chart showd tigoeffast o
and antagonists of different type of mGIuRs on the electrical stimulation-evoked DA releasgRRBS. (D) Bar chart shows the effect of agonists and
antagonists of different type of mGIuRs on the resting DA efflux (E/RRR;). Data presented are me#&rs.E.M.

The question arises that if the dopaminergic terminal does of GABA on the cochlear DA release. We wondered if the
not contain the mGIuRs, which other neural element is the released GABA could tonically block the release of DA in
primary target of the group Il agonisR4R-APDC. As the the cochlea. To investigate the role of the GABAergic tone
polarity of the modulation was opposite to the one we ex- on DA release we applied bicuculline at 1™ from the 8th
pected from the inhibitory group Il mGIuR receptor, we as- collection period and maintained it for 15 min. Bicuculline
sumed thatR,4R-APDC suppressed the activity ofinhibitory  significantly increased the resting outflow of DR£ 0.040,
neurons, presumably GABAergic cells, which would act to t-test,Fig. 3A and B), and also tended to elevate the electrical
depress the dopaminergic terminal. To explore the possiblefield stimulation-evoked release of DA but the effect on the
involvement of such disinhibitory mechanism by removing evoked release was not significaRt<0.365t-test,Fig. 3C
the inhibitory step, we blocked GABAreceptors by bicu-  and D).
culline at 10.M. In the presence of bicuculline, 1Q0 In the present study, we explored that a GABAergic dis-
2R,4R-APDC failed to increase the spontaneous release of inhibitory loop underlies the DA-releasing effect of the acti-
DA (P=0.028,t-test,Fig. 2C and D). The GABA, antago- vation of group Il mGluRs. Our neurochemical data suggest
nist also decreased the DA-releasing effect of 3BD2R,4R- that these GABAergic fibers express functional mGIuRs 2/3.
APDC but the inhibition was not significant compared with Through these mGIuRs, the IHC-released Glu is able to de-
the action of 30QuM 2R,4R-APDC because of the larger er-  crease the release of GABA, which leads to the disinhibition
ror of the release measurement in the case 0{30Q2R,4R- of DA containing LOC terminals. The facilitated DA release
APDC group P=0.116,Fig. 2D). inhibits the activity of the afferent dendrites, which counter-

In these experiments bicuculline was perfused throughout acts its IHC-induced activation. Our neurochemical evidence
the experiment, which prevented to observe the acute effectalso suggests that the GABA containing LOC terminals have
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Fig. 2. The mGIluR2/3 agonis24R-APDC induced a reversible increase in the resting release of DA from the cochlea preparatidh4BAPDC, applied

at 100uM (gray circle) and 30QuM (black circlg) significantly increased the resting release®f]DA from isolated cochlea vs. contrabpen circld. 2R,4R-
APDC was applied from the 21st minute and perfused for 9 min as indicated by the horizontal gray line. The single field stimulation was used totissioteol the
response and is indicated by thiack triangle (B) 0.2.M LY-341495 could significantly prevent the DA-releasing effect of 100 2R,4R-APDC in isolated
cochleae as revealed by the FRIRRR; values =9, 9). Data presented are meas.E.M (** P<0.01). (C) The {H]DA-releasing effect of R,4R-APDC
applied at 10@uM (gray circle) was prevented by 10M bicuculline @mpty triangg 2R,4R-APDC was applied from the 21st minute and perfused for 9 min
as indicated by the horizontal gray line. Bicuculline was present throughout the experiement. The single field stimulation is indicatéathyribagle (D)
Summary bar chart of the effect oRZIR-APDC given at 10Q.M and 300uM. (n=9, 8) and in the presence of the GARAntagonist bicuculline (1QM,
n=11, 9) on the resting DA release as revealed by the JARRR; values. Data presented are mea8.E.M.; asterisks indicate significant differences (LO;
*P<0.05**P<0.01).

spontaneous GABA release that keeps the cochlear dopaminbe influenced by iGIUR antagonists4]. However, the re-
ergic nerve endings under tonic inhibition. Over the physi- leased glutamate can interact with the cochlear dopaminergic
ological regulating function, the mGIuR group Il agonist- system through the GABAergic link{g. 4). Since glutamate
mediated release of DA may be an important factor during is thought to be important in excitotoxicity during ischemic
harmful excitotoxic conditions in the cochlea. Neuroprotec- insults[12], our findings indicate that neuroprotective DA re-
tive role of mGIuRs has been described in other regions of lease may be induced by the released glutamate to reduce the

the nervous system. The mGIuR2/3 agoni®R,4R-APDC consequences of the activation of the ionotropic glutamate
could potentiate the locomotor response produced by D1 re-receptors.
ceptor activatiorj4]. Moreover, R,4R-APDC, administered The electrical field stimulation cause depolarization of all

intracerebroventricularly, transiently reduced sound-induced neural elements in the tissue including axon terminals. There-
seizure activity and inhibited clonic seizures induced by the fore, the modulation in the ratio of two consecutive peaks by
group Il mGIuR antagonists in DBA/2 mid20]. In the light drugs given between the two stimuli would reflect the activity
of these literature data, our finding thaR 2R-APDC was of presynaptic receptors because release occurs from termi-
able to induce the release of DA from the cochlear dopamin- nals during field stimulation independently on the upstream
ergic terminals, corroborates the theory of the protective DA activity. The finding that R,4R-APDC failed to influence the
release in the cochlea. The finding, that the group Il mGIuR release of DA evoked by electrical field stimulation, provides
agonist R 4R-APDC increased the release of cochlear DA a pharmacological evidence for the lack of group Il mMGluRs
well corresponds to the neuroprotective role of this compound on dopaminergic terminals indicating that the target of the
known in wide regions of the central nervous system, and the mGIuR agonist was elsewhere.

protective nature of the released DA within the cochlea. Inour  In addition, the polarity of effect on DA release b, 2R-
previous study we found that the release of dopamine cannotAPDC is just the opposite of what we would expect from
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Fig. 3. The effect of the GABA receptor antagonist biculline alone indi-
cates a GABAergic tone on the cochlear DA release. (A) Bath application
of bicuculline (10uM) induced PH]DA release from the guinea pig cochlea
(n=8, gray rectanglepvs. control (=9, open circlg. Bicuculline was ap- ) ) ) S L
plied from the 21st minute and perfused for 9 min as indicated by the hor- Fig. 4. Schematic drawing of the potential disinhibitory mechanism in-
izontal gray line. (B) Summary bar chart shows the effect of bicuculline VOIVing @ GABAergic step after activation of group Il mGIuRs in the
(10.M) on the resting outflow of DA (FREFRRy). Data presented are cochlea. (IHC: inner hair cell; LOC: lateral olivocochlear fiber; Aff: afferent
meant SEM. (C) The apparentincrease in the electrically evoked release of fiber; Glu: glutamate; DA: dopamine; iGluR: ionotropic glutamate recep-
DA by bicuculline (104M, n= 15,gray circle) was not significantvs. control  1or; MGIUR: type Il metabotropic glutamate receptor; GAB& GABAa
(n=20,0pen circld. (D) Summary bar chart shows the effect of bicuculline ~ Féceptor; and BR: D, dopamine receptor).

(10.M) on the field stimulation-evoked outflow of DA (FRERS,). Data
presented are meanSEM.

suggests a newly described ultra-short feed-back loop: the re-
leased glutamate can reduce its own excitatory effect through
an inhibitory receptor. How the group Il mGIuR, which is the lateral olivocochlear efferent system within the cochlea
known to inhibit most cell functions, could excite release (Fig. 4. The pharmacological enhancement of such feed-
from the dopaminergic nerve terminals? Our finding that the back mechanisms could be a target of the future therapy of
block of GABAa receptors prevented the excitatory action Sensorineural hearing loss.

of 2R,4R-APDC on DA release, suggests that most likely the

GABAergic lateral olivocochlear fibers contain the mGIuRs.
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