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Abstract—Dopamine (DA), released from the lateral olivoco-
chlear (LOC) efferent terminals, the efferent arm of the short-
loop feedback in the cochlea, is considered as a protective
factor in the inner ear since it inhibits auditory nerve dendrite
firing in ischemia- or noise-induced excitotoxicity leading to
sensorineural hearing loss (SNHL). In the present study we
investigated the effect of oxygen—glucose deprivation (OGD),
an in vitro ischemia model, on guinea-pig cochlear [*H]DA
release in a microvolume superfusion system. We found that
OGD alone failed to induce a detectable elevation of [*H]DA
level, but in the presence of specific D, receptor antagonists,
sulpiride and L-741,626, it evoked a significant increase in the
extracellular concentration of [°*H]DA. D, negative feedback
receptors are involved not exclusively in the regulation of
synthesis and vesicular release of DA, but also in the activa-
tion of its reuptake. Thus, D, receptor antagonism interferes
with the powerful reuptake of DA from the extracellular
space. To explore the underlying mechanism of this DA-
releasing effect we applied nomifensine and found that the
effect of OGD on cochlear DA release in the presence of D,
antagonists could be inhibited by this selective DA uptake
inhibitor. This finding indicates that the OGD-evoked DA
release was mainly mediated through the reverse operation
of the DA transporter. The two structurally different D, antag-
onists also augmented the electrical field stimulation-evoked
release of DA proving the presence of D, autoreceptors on
dopaminergic LOC terminals. Our results confirm the pres-
ence and role of D, DA autoreceptors in the regulation of DA
release from LOC efferents, and suggest a protective local
mechanism during ischemia which involves the direct
transporter-mediated release of DA. Increasing the release of
the protective transmitter DA locally in the inner ear may form
the basis of future new therapeutic strategies in patients
suffering from SNHL. © 2005 Published by Elsevier Ltd on
behalf of IBRO.
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The activity of the synapse between the inner hair cells
(IHCs) and the type | afferent dendrites of the auditory nerve
is modulated by the lateral olivocochlear efferent (LOC)
fibers. The LOC efferents arise from the lateral cells of the
superior olivary complex and radiate to the ipsilateral cochlea
terminating beneath the IHCs forming en passant contacts at
the dendrites of the type | afferent neurons (Spoendlin, 1973;
Warr and Guinan, 1979; Eybalin and Pujol, 1989; Eybalin,
1993; Puel, 1995; Puel et al., 2002). Several transmitters
including acetylcholine, GABA (Eybalin and Altschuler, 1990;
Felix and Ehrenberger, 1992), serotonin (Gil-Loyzaga et al.,
1997; Vicente-Torres et al., 1998; Gil-Loyzaga et al., 2000),
different neuropeptides (Fex and Altschuler, 1981; Altschuler
et al., 1985; Takeda et al., 1986; Safieddine et al., 1997) and
dopamine (DA; Eybalin et al., 1993) were identified as pos-
sible modulators of the IHC-auditory nerve synapse (Safied-
dine et al., 1997).

The cochlea is very vulnerable to a drop in blood
supply. Not only the dysfunction of the supplier arteries but
other pathological noxae (e.g. endolymphatic hydrops or
noise trauma) can cause ischemia in the organ of Corti
(Okamoto et al., 1990; Thorne and Nuttall, 1987, 1989;
Vass et al., 1995). Ischemic insult of the cochlea results in
an excessive release of glutamate (Glu) from IHCs and
probably also from supporting cells, adjacent to the hair
cells (Matsubara et al., 1998) and the increased level of
Glu can be measured in the perilymph (Hakuba et al.,
1997, 2000). Overstimulation of Glu receptors leads to
extreme Na* and Ca?" influx and constant depolarization
of the cells. Increase in intracellular sodium concentration
is followed by water entry, then acute swelling of the affer-
ent nerve (Billett et al., 1989; Pujol et al., 1990). The high
intracellular Ca2™" level causes free radical production and
activation of different enzymes that degrade cellular com-
ponents (Pujol et al., 1990; Lipton, 1999; Pujol and Puel,
1999). Reduction of Glu efflux by hypothermia (Hyodo
et al., 2001) or inhibition of AMPA/kainite-, but not the
NMDA receptors (Hakuba et al., 2000) prevents hearing
loss and neurite degeneration due to in vivo ischemic
insults. Excitotoxicity, the excitatory amino acid produced
neurodegeneration, also plays a role in the pathomecha-
nisms of sudden sensorineural hearing loss (SNHL; Pujol
and Puel, 1999), presbycusis (Seidman et al., 1999),
aminoglycoside-induced ototoxicity (Duan et al., 2000) and
tinnitus (Sahley and Nodar, 2001).

Excitotoxicity in the cochlea activates the auditory
nerve—cochlear nucleus—lateral superior olivary complex—
cochlea short-loop. The activity of this feedback leads to
release of transmitters from the LOC terminals and neuro-
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protection in the inner ear (Pujol, 1994). DA has been
identified as a transmitter of this projection (Eybalin et al.,
1993) raising the idea to study the neuroprotective effects
of DA. In line with the theory of the cochleo-protective role
of DA, released from LOC efferents, noise stimulation
resulted in a decrease of DA and an increase of 3,4-
dihydroxyphenylacetic acid (DOPAC) and homovanillic
acid (HVA) content in the cochlea (Gil-Loyzaga et al.,
1993, 1994). Several other studies also indicated the pos-
sible protective role of DA in noise- or ischemia-induced
cochlear damage (Puel et al., 1988; Pujol et al., 1993;
d’Aldin et al., 1995a,b; Gil-Loyzaga, 1995; Oestreicher
et al., 1997).

Using RT-PCR, D,ongy and D5 receptors were sug-
gested to transmit the action of DA in the mouse cochlea
(Karadaghy et al., 1997). In accordance with these findings,
functional evidence indicated that the protective effect of DA
is mediated via D, and D5 receptors (Gil-Loyzaga, 1995;
Puel, 1995). The type and function of DA autoreceptors are,
however, less well understood. While Gaborjan et al. (1999)
found a primarily D, receptor-mediated facilitation of cochlear
DA release, Halmos et al. (2002) suggested the involvement
of D, autoreceptors. The role of D, autoreceptors on dopa-
minergic nerve terminals in the brain is to provide a negative
feedback control on the amount of DA in the synaptic or
extracellular space (Langer, 1997).

Because of the neuroprotective role of cochlear DA, we
studied the direct effect of oxygen—glucose deprivation
(OGD), as an in vitro ischemia model, on the release of DA
in the guinea-pig cochlea. To facilitate the detection of the
released DA, presynaptic autoreceptors were inhibited
concomitantly. The question of the autoreceptor type was
addressed by the use of two structurally different and
selective D, receptor antagonists.

EXPERIMENTAL PROCEDURES
Animals and tissue preparation

We used male guinea-pigs, weighing 250—-350 g. We minimized
animal suffering and the number of animals used, in accordance
with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Procedures were approved by the Animal
Use Committee of the Institute of Experimental Medicine, Hungar-
ian Academy of Sciences. We used the microvolume superfusion
method as described by Gaborjan et al. (1999) with some minor
modifications. The bulla tympani were opened. The bony capsule
of the cochlea was removed under stereomicroscopic guidance,
the stria vascularis was stripped and the cochlea was fractured at
the basis of the modiolus. Our preparation contained the ganglion
spirale, the afferent auditory fibers, the axons and axon terminals
of the efferent bundles and both the inner and outer hair cells. All
experiments were carried out in a perilymph-like solution (Ikeda
et al., 1991), which contained 150 mM NaCl, 3.5 mM KCI, 1 mM
CaCl,, 1 mM MgCl,, 2.75 mM HEPES and 2.25 mM Tris at 37 °C.
The pH was adjusted to 7.4. The osmolality was set by D-glucose
and the solution was gassed continuously with 100% O,. In a set
of experiments the perfusion buffer was gassed with 100% N, and
contained saccharose instead of glucose from the 24th minute of
the experiments OGD.

The cochleae were incubated with 0.2 M [*H]DA (specific
activity: 31.0 Ci/mmol) for 35 min. Each cochlea was then placed
in a microvolume plexi chamber (one cochlea per chamber) and

superfused with perilymph-like solution. To collect the released
[®HIDA in a shorter time window and to try to increase the differ-
ence between the O, content of perilymph-like solution during
control and OGD conditions (O, partial pressure of the room and
the buffer tends to equilibrate through the silicone tube used) we
applied a higher perfusion rate than before (Gaborjan and Vizi,
1999; Gaborjan et al., 1999, 2001; Halmos et al., 2000, 2002; see
comparison in Fig. 1A). After a 1-h pre-perfusion the outflow was
collected in 3-min fractions. The released radioactivity was deter-
mined by assaying 500 pl aliquots of each sample with a liquid
scintillation counter (Packard Tri-Carb 1900TR, Meriden, CT,
USA). After collecting the samples for 57 min (19 fractions) each
cochlea was transferred from the microchambers to 500 pl of 10%
trichloroacetic acid for 1 day; then 100 p.l was used to measure the
tissue content of radioactivity. Earlier HPLC measurements in our
laboratory showed that 91-95% of the released radioactivity was
attributable to [®H]DA and its metabolites DOPAC and HVA and
was of neuronal origin (Gaborjan et al., 1999). Electrical field
stimulation was applied for one collection period (3 min, 360
pulses) at 60 V, 2 Hz and 0.5 ms impulse duration at the 3rd and
13th fractions. Electrical field stimulation depolarizes all the excit-
able elements of the perfused tissue preparation including both
the type | and Il afferents the lateral and medial efferents and the
outer and IHCs. As only the LOC release DA of this tissue, we can
assume that these fibers are the source of the measured radio-
activity. The most probable mechanism of the action of field stim-
ulation is direct depolarization of these fibers and consequent
exocytotic release of DA. In some experiments we did not apply
the 2nd electrical stimulation and tested the effect of OGD (n=8),
10 M sulpiride (n=6) and OGD+10 .M sulpiride (n=6) purely on
the resting efflux of DA through 12 collection periods (8th to 19th
fractions). OGD alone had no detectable effect during the 36 min.
In the presence of sulpiride the DA-releasing effect of OGD
evolved in 6 min; therefore, the 2nd stimulation was always used
in the rest of the experiments. The pulses were delivered by a
Grass S88 stimulator (West Warwick, USA) through platinum
electrodes at the top and bottom of the tissue chamber. Drugs
were added to the perfusion solution at the beginning of the 8th
fraction (24th min) and were maintained till the end of the exper-
iment. OGD was applied from the 24th min.

Additionally to the reversibility and reproducibility of DA re-
lease and its inhibition by VDSC (tetrodotoxin [TTX]; Fig. 1) or
VDCC blockade (see Gaborjan and Vizi, 1999; Gaborjan et al.,
1999), the viability of our preparation was also shown by light and
electron microscopy (EM) performed right before and after the
experiments with 3 ml/min perfusion speed shown in Fig. 1A. Both
differential interference contrast (Olympus BX50WI microscope;
LUMPLanFI 40x/0.80 w objective; data not shown) and EM im-
ages have proved the structural integrity of the organ of Corti in
our preparation in the beginning and at the end of the perfusion.
Fig. 1D shows the preserved neural elements underneath an IHC
in a preparation which was placed into the fixative right after the
perfusion. The fixative contained 4% paraformaldehyde, 0.5%
glutaraldehyde in PB, pH 7.4. The solution was changed several
times for 5 h and the organ remained in a fresh portion of the
fixative overnight. After washing with phosphate buffer several
times, the preparations were postfixed in 1% OsO, for 30 min.
Following washing with distilled water, the tissue blocks were
dehydrated in graded ethanol, block-stained with 2% uranyl ace-
tate in 70% ethanol for 1 h and embedded in Taab 812 (Taab;
Aldermaston, Berks, UK). Ultrathin sections were examined in a
Hitachi 7100 transmission electron microscope (Hitachi Corpora-
tion, Japan).

Data analysis, statistics and chemicals used

To best describe the release of DA during one collecting period,
the fractional release (FR) of the tritium outflow was determined as
the percentage of total radioactivity present in the tissue at the
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Fig. 1. Measurement of [*H]DA from nerve elements in the isolated guinea-pig cochleae. (A) Low (open circles) and high (dark circle) perfusion rates
caused different temporal dynamics of DA release from the cochlea. Electric stimulation-evoked release of DA took place in a shorter time window at
higher perfusion speed (3 ml/min). Release of DA is shown in the ratio of the 1st fraction. Electrical field stimulations (black triangles) evoked reversible
and reproducible increase in the FR. (B) TTX applied in 1 uM concentration from the 8th fraction inhibited the electrical stimulation-evoked release
of DA. (C) Bar chart shows that the effect of TTX on DA release was selective on the electrical stimulation-evoked release (FRS,/FRS,), and that the
resting efflux was unaffected (FRR,/FRR,). Data presented are means+S.E.M. (D) EM image of neural elements underneath an IHC in a cochlea
preparation placed into the fixative right after a 3 ml/min perfusion experiment shown in 1A. The arrow indicates the ribbon synapse between the IHC
and the afferent dendrite (a). t, axon terminal; scale bar=1 pm.

stimulation-evoked [?H]DA release were expressed by the calcu-
lated ratio of FR S, over FR S, (FRS,/FRS,). The effect of the
drugs on the resting outflow of tritium was determined as the ratio
of the sum of the two highest consecutive resting FR values in the
presence of the drug (FRR,) and the sum of the two consecutive

time of sample collection. The FR by the field stimulations (S, and
S,) was calculated by the area-under-the-curve, i.e. by subtracting
the mean of the basal release, determined from FR values before
and after the stimulation, from the total FR during the electrical
stimulation (Halmos et al., 2000). The effects of drugs on the field
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FR values before the drug reached the cochleae (FRR;; FRR,/
FRR,). The two cochleae of a guinea-pig were used in parallel,
each one in a separate tissue chamber with a different treatment
protocol. Number of experiments (n) shows the number of individ-
ual cochleae used in the treatment group, each one from a differ-
ent animal. Data are expressed as the means=S.E.M. ANOVA
followed by the Dunnett post hoc test was used to determine the
statistical significance using the Statistica 6.0 program (Statsoft Inc.,
USA). TTX, (*)sulpiride, L-741,626 ((*)-3-[4-(4-chlorophenyl)-4-
hydroxypiperidinyllmethylindole) and nomifensine maleate were
from Sigma (St. Louis, MO, USA). [7.8-°H]DA (specific activity
31.0 Ci/mmol) was purchased from Amersham (UK).

RESULTS

Release of [*H]DA from isolated cochleae

After the cochleae had been loaded with the [*H]DA and
preperfused for 1 h, the resting efflux of radioactivity was
9829+345 Bq/g (FR=1.70x0.04%; n=102) in the 1st col-
lection period and it showed a stable decrease over the
experiments. By the 7th collection period when perfusions
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of D, antagonists and OGD were started (see Experimen-
tal Procedures) the released radioactivity was reduced to
7810282 Bq/g (n=85, 80% of the initial value). Electrical
field stimulation released additional radioactivity from the
tissue (S,=6675*=271 Bq/g, FRS,=1.25x0.05; n=102).
In control experiments, after 30 min the stimulation was
repeated (S,) and resulted in a mean FRS,/FRS,; ratio of
0.94+0.07 (n=10). The field stimulation-evoked release of
DA was sensitive to TTX (1 wM) treatment, suggesting that
[®H]DA was released from neural elements by vesicular
exocytosis (Fig. 1B).

Effect of oxygen and glucose deprivation on the
release of [°*H]DA

OGD caused no detectable change in the resting efflux of
[®H]DA (Fig. 2A and Fig. 3D) and did not influence the field
stimulation-evoked release of DA (Fig. 2). To determine
whether this apparent lack of effect can be attributable to
the sensitivity of our method, we enhanced the extracellu-
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Fig. 2. Dopaminergic terminals of the lateral olivocohlear efferents are equipped with functional D, autoreceptors in the cochlea. (A) Sulpiride (dark
gray circle) and L-741,626 (light gray triangle) significantly increased the electrical field stimulation-evoked release of [°*H]DA from isolated cochlea in
10 M concentration. OGD (light gray circle) did not influence the release. D, antagonists and OGD were applied from the 8th fraction as indicated
by the horizontal gray line. Field stimulations are indicated by the black triangles. The symbols represent the mean values and the vertical bars show
the S.E.M. (B) Summary bar chart of the effect of OGD (n=8), sulpiride (n=6 each) and L-741,626 (n=>5 and 6) on the electrically evoked DA release
as revealed by the FRS,/FRS; values. Data presented are mean+S.E.M; asterisks indicate significant differences from control (n=10; * P<0.05,

** P<0.01).
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Fig. 3. OGD induced the release of DA in resting conditions when the D, receptors were blocked. (A) Effect of 10 .M sulpiride alone (dark circle) and
in combination with OGD (light circle) on the release of [*H]DA from guinea-pig cochlear preparation. Field stimulations are indicated by the black
triangles. (B) Higher magnification of the release time course between the 15th and the 36th minutes. Sulpiride in 10 .M concentration caused a slight,
not significant, effect on the resting DA outflow (black line). OGD-induced release of DA in the presence of 10 uM sulpiride (light gray line) reached
a plateau within 6 min. OGD alone had no effect (dark gray line). (C) Effect of 1 wM L-741,626 alone (black dot) and in combination with OGD (gray
circle). Field stimulations are indicated by the black triangles. (D) Summary bar chart shows the effect of OGD, sulpiride, L-741,626 and OGD in the
presence of the D, antagonists on the resting outflow of DA (FRR,/FRR;). In the case of OGD, 10 uM sulpiride and OGD+10 puM sulpiride FRR,/FRR,
values from experiments lacking the 2nd field stimulation (see Experimental Procedures) were included in the statistical analysis. Data presented are
means+S.E.M. (n=10, 16, 6, 12, 6, 12, 5, 6, 6, 6 from left to right, respectively; asterisks indicate significant differences from control, * £<0.05, **

P<0.01).

lar concentration of the released DA by adding sulpiride,
an antagonist of the D, inhibitory autoreceptor. In the
presence of 10 wM sulpiride, OGD induced an elevation of
the basal DA level (Fig. 3A, B, D). Although sulpiride at
higher concentration exhibited a tendency toward increas-
ing the resting DA outflow (Fig. 3B), this effect was not
significant (Fig. 3D). To confirm the data obtained with the
use of sulpiride, we tested another, structurally different D,
DA receptor antagonist, L-741,626 (Kulagowski et al.,
1996) on the release of DA from isolated guinea-pig
cochleae. In accordance with the data obtained with
sulpiride, L-741,626 also tended to increase the resting DA
outflow alone and boosted OGD to significantly increase
the basal release of DA at 1 uM concentration (Fig. 3C, D).
Interestingly, the release of DA was not increased signifi-
cantly in response to OGD when 10 pM L-741,626 was
used (Fig. 3D). L-741,626 at 10 wM did not increase further
significantly the field stimulation-evoked DA release either
compared to its effect at 1 wM (Fig. 2B). The loss of D,
selectivity of the potent antagonist L-741,626 at higher
concentration (Bowery et al., 1996) might explain this find-
ing. Unwanted D, antagonism could be an example.

Gaborjan et al. (1999) showed a primarily D, receptor-
mediated facilitation of cochlear DA release.

Effect of D, antagonists on field stimulation-evoked
release of [*H]DA

Because the effect of OGD was visible only in the pres-
ence of D, antagonists, we further analyzed the effect of
the D, autoreceptor. In contrast to the effect on the resting
DA efflux, perfusion of sulpiride (10 wM) and L-741,626
(1 and 10 pM) significantly increased the electrical field
stimulation-evoked release of DA from the isolated co-
chleae (Fig. 2). The effect of the D, antagonists on the
FRS,/FRS, value was not influenced by OGD (Fig. 3A, C).

Effect of nomifensine on the release of [*H]DA

The DA uptake blocker nomifensine (10 nM) alone signif-
icantly increased the electrical field stimulation-evoked re-
lease of DA (Fig. 4A) and failed to influence the resting DA
outflow (Fig. 4B). In the presence of 10 wuM nomifensine,
OGD plus sulpiride (10 pM) failed to induce release of
cochlear DA (Fig. 4B). When nomifensine was present in
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Fig. 4. Effect of the DA uptake inhibitor nomifensine on the OGD-
evoked release of DA. (A) The effect of nomifensine (10 wM; n=4) on
field stimulation-evoked release of DA was not influenced by OGD
applied in the presence of the D, receptor antagonists sulpiride (n=7)
and L-741,626 (n=6). Gray line indicates the mean of FRS,/FRS,
values of the control experiments. Data presented are means=S.E.M.
(B) Summary bar chart shows the inhibitory effect of nomifensine on
the resting release of DA evoked by OGD+sulpiride and OGD+L-
741,626. Gray line indicates the mean of FRR,/FRR, values of the
control experiments. Data presented are means*=S.E.M. (n=4, 12, 7,
6, and 6 from left to right, respectively; ** P<0.01).

the perfusate L-741,626 (1 nM) was also unable to facili-
tate the release of DA during OGD (Fig. 4B). The increase
of field stimulation-evoked DA release in the presence of
nomifensine was not facilitated further by the combined ap-
plication of OGD and any of the D, antagonists (Fig. 4A).

DISCUSSION

Our experiments revealed that OGD, which can be taken
as an in vitro model of ischemia, was able to evoke the
release of DA from the terminals of LOC fibers in the
guinea-pig cochlea preparation. OGD itself did not cause
any measurable change either in the resting or field stim-
ulation-evoked release of tritiated DA. However, mimicking
ischemic insult by OGD in the presence of D, receptor
inhibitors resulted in detectable elevation of DA release. It
seems that blockade of D, autoreceptors is an amplifying
factor to increase the concentration of OGD-released DA
in the extracellular space, from which our superfusion
method samples. Feedback inhibition of the exocytotic,
vesicular release of neurotransmitters by presynaptic
autoreceptors, such as D, receptors on dopaminergic ter-
minals, has been known for a long time (Farnebo and

Hamberger, 1971; Vizi, 1979). D, autoreceptor-mediated
downregulation of DA synthesis has also been shown
(Kehr et al., 1972; Lindgren et al., 2001). Recently, there is
growing evidence for the role of presynaptic auto- and
heteroreceptors in the regulation of uptake carriers (Gulley
and Zahniser, 2003). Strong evidence indicates that D,
receptor stimulation facilitates the carrier-mediated re-
uptake of DA (Meiergerd et al., 1993; Cass and Gerhardt,
1994; Dickinson et al., 1999; Mayfield and Zahniser, 2001;
Wou et al., 2002). All three types of the D,-mediated mech-
anisms work to reduce the extracellular concentration of
DA, although their control may be independent (Wu et al.,
2002). Blockade of D, receptors suspends these actions.

The underlying mechanism of the cochlear DA-releas-
ing effect of OGD in our experiments involves action on the
DA transporter, because nomifensine, a selective DA up-
take inhibitor, blocked the OGD-induced increase in DA
level in the presence of D, antagonists. It is known that
nomifensine blocks not only the uptake of DA, but also
the reverse operation of the DA transporter (Lonart and
Zigmond, 1991; Kim et al., 1995; Zelles et al., 1995;
Buyukuysal and Mete, 1999). Since the prevention of re-
uptake by inhibition of the transporter itself would increase
the extracellular level of DA released in any non-transport-
dependent way, we should assume the reverse operation
of the transporter to explain inhibition of OGD-evoked re-
lease. In this sense, OGD would induce the uptake carrier
to transport in the opposite direction, which leads to the
release of DA. The inhibition of the transporter by nomi-
fensine abolishes this releasing action of OGD. There are
several examples in the CNS for the reverse operation of
neurotransmitter transporters during ischemia. The carrier-
mediated release of Glu due to ischemic insult is a well
known phenomenon (Lipton, 1999). The biogenic amine
serotonin (Nagao et al., 1995), noradrenaline (Schomig,
1988; Milusheva et al., 2003) or DA (Kim et al., 1995;
Leviel, 2001) is also released in this way by ischemia or
high Glu (Lonart and Zigmond, 1991). Reversal of these
sodium-dependent transporters is based on the increase
of intracellular sodium concentration that is always the
case in ischemic neurons (Lipton, 1999). In the cochlea,
research was focused on the excititoxicity due to ischemia-
or noise-induced excessive Glu release from the IHCs
(Pujol et al., 1993; Puel et al., 1994; Pujol and Puel, 1999)
and on the protective role of DA released from the LOC
terminals during the insults (Puel et al., 1988; Pujol
et al., 1993; d’Aldin et al., 1995a,b; Gil-Loyzaga, 1995;
Oestreicher et al., 1997). The precise mechanism of the
release under pathologic conditions has not been explored
in either case yet. Our paper shows for the first time that
the reverse operation of the DA uptake system participates
in the OGD-evoked release of DA in the organ of Corti. The
level of DA in the extracellular space and in the perfusion
buffer remains low and undetectable with our method be-
cause the released DA, through D, autoreceptors, facili-
tates the uptake carrier to transport in the forward mode.
Blockade of D, receptors by selective antagonists elimi-
nates this counteraction and reveals the release of DA
from LOC terminals due to the ischemic insult. We can
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speculate that the extracellular concentration of DA in vivo
can be kept in a level sufficient for neuroprotection, but the
negative feedback helps to avoid the extreme DA levels
that could produce harmful levels of free radicals by the
metabolism of DA (Fahn and Cohen, 1992).

The D, receptor antagonists also facilitated the elec-
trical field stimulation-evoked DA release. These results,
by using two structurally different and selective antagonists
in more reliable concentrations, confirm our previous neu-
rochemical finding (Halmos et al., 2002) that has already
raised the possibility of the presence of functional D, neg-
ative feedback receptors on the LOC terminals in the co-
chlea. Their significant effect on field stimulation-evoked
exocytotic release is probably due to disinhibition of the
multiple feedback action of D, autoreceptors.

Glu excitotoxicity that is due to ischemic insult is an
important component in the pathomechanisms of several
diseases, like sudden SNHL (Pujol and Puel, 1999), and
presbycusis (Seidman et al., 1999). The same process
seems to be partially responsible for aminoglycoside-
induced hearing loss (Duan et al., 2000), noise trauma
(Okamoto et al., 1990) and tinnitus (Sahley and Nodar,
2001). Glu and DA seem to have opposite effects at the
IHC-afferent dendrite-LOC axon terminal synaptic com-
plex: Glu activates while DA inhibits primary auditory nerve
fibers. Stimulation of the LOC efferent fibers decreases the
amplitude of the intensive sound stimulation-evoked co-
chlear compound action potential, which shows the pro-
tection of the overstimulated auditory nerve fibers (Puel
et al.,, 1988). DA has an effect on the spontaneous firing
rate of the afferent fibers and the AMPA- and NMDA-
induced activity can be dose-dependently inhibited by the
application of DA D, and D, agonists (Oestreicher et al.,
1997; Puel et al., 2002). This finding has been further
confirmed: the intracochlear application of piribedil, a
D,/D5 agonistic drug, given prior to noise exposure or
during ischemia, can decrease the change of cochlear
potentials. The morphological findings, i.e. the swelling of
the afferent dendrites, can also be prevented by the appli-
cation of piribedil (Pujol et al., 1993; d’Aldin et al., 1995a,b;
Gil-Loyzaga, 1995). These experimental results suggest
that Glu receptor antagonists or certain DA receptor ago-
nists can be effective against different diseases. In prac-
tice, only the NMDA antagonist memantine and the NMDA/
AMPA antagonist caroverine have been tested for clinical
use and found effective (Denk et al., 1997; Ehrenberger,
2002). Drugs acting on DA receptors have not been tested
yet thoroughly.

In conclusion, our data indicate the presence of func-
tional D, autofeedback receptors on LOC efferents in the
guinea-pig cochlea. Blockade of these autoreceptors in-
hibits released DA-induced facilitation of reuptake and
therefore reveals the release of DA from LOC terminals
that is due to OGD-induced reverse transport. Since DA
released from LOC terminals protects primary auditory
nerve fibers against abnormal cytodestructive firing, our
new finding demonstrates the presence of a local protec-
tive mechanism in the inner ear that may effectively sup-
plement the protective short-loop feedback circle between

the brainstem and the cochlea during ischemia or any
excitotoxic insult. Strengthening of the short-loop feedback
mechanism at the LOC efferent terminal level in the organ
of Corti may open a new direction for drug therapy of
SNHL.
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