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Abstract—The role of glutamate in quantal release at the cytoneural junction was examined by measuring
mEPSPs and afferent spikes at the posterior canal in the intact frog labyrinth. Release was enhanced by exoge-
nous glutamate, or oL-TBOA, a blocker of glutamate reuptake. Conversely, drugs acting on ionotropic glutamate
receptors did not affect release; the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA-R)
blocker CNQX decreased mEPSP size in a dose-dependent manner; the NMDA-R blocker b-AP5 at concentrations
<200 uM did not affect mEPSP size, either in the presence or absence of Mg and glycine. In isolated hair cells,
glutamate did not modify Ca currents. Instead, it systematically reduced the compound delayed potassium
current, IKD, whereas the metabotropic glutamate receptor (mGluR)-ll inverse agonist, (2S)-2-amino-2-[(1S,2S)-
2-carboxycycloprop-1-yl]-3-(xanth-9-yl)propanoic acid (LY341495), increased it. Given mGluR-Il decrease cAMP
production, these finding are consistent with the reported sensitivity of IKD to protein kinase A (PKA)-
mediated phosphorylation. LY341495 also enhanced transmitter release, presumably through phosphorylation-
mediated facilitation of the release machinery. The observed enhancement of release by glutamate confirms
previous literature data, and can be attributed to activation of mGluR-I that promotes Ca release from intracellular
stores. Glutamate-induced reduction in the repolarizing IKD may contribute to facilitation of release. Overall,
glutamate exerts both a positive feedback action on mGIuR-l, through activation of the phospholipase C
(PLC)/IP3 path, and the negative feedback, by interfering with substrate phosphorylation through Gj,-coupled
mGluRs-ll/lll. The positive feedback prevails, which may explain the increase in overall rates of release observed
during mechanical stimulation (symmetrical in the excitatory and inhibitory directions). The negative feedback
may protect the junction from over-activation. © 2018 The Author(s). Published by Elsevier Ltd on behalf of IBRO. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

A number of studies have strongly suggested that
glutamate is the afferent transmitter at the cytoneural

junction in the inner ear of several animal species
(Raymond et al., 1988; see Guth et al., 1998a; Ottersen
etal., 1998; Usami et al., 2001 for reviews). In the vestibu-
lar system, the role of glutamate in the afferent synaptic
transmission has been widely described in the cat
(Dechesne et al., 1984), turtle (Bonsacquet et al., 2006;
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Abbreviations: Glu, L-glutamic acid monosodium salt monohydrate;
DMSO, dimethyl sulphoxide; mEPSP, miniature excitatory
postsynaptic potential; ICa, calcium current; IKD, delayed potassium
current; PKA, protein kinase A; ER, endoplasmic reticulum; LY341495,
(2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl)propa
noic acid; LY379268, (1R,4R,5S,6R)-4-amino-2-oxabicyclo[3.1.0]hex
ane-4,6-dicarboxylic acid; oL.-TBOA, pL-threo-f-benzyloxyaspartic acid;
AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
receptor;  Glycine CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione
disodium salt hydrate; b-AP5, b-(—)-2-amino-5-phosphonovaleric
acid; GLAST, (EAAT1), excitatory amino acid transporter I; NMDA,
N-methyl-p-aspartic acid; mGIuR, metabotropic glutamate receptor;
ACPD, =+ 1-aminocyclopentane-trans-1,3-dicarboxylate; 4-CPG, (S)-4-
carboxyphenylglycine; AIDA, (RS)-1-aminoindan-1,5-dicarboxylic acid;
DHPG, (RS)-3,5-dihydroxyphenylglycine  hydrate; 2APB, 2-
aminoethoxydiphenyl borate; MPEP, 2-methyl-6-(2-phenylethynyl)pyr
idine hydrochloride.
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Holt et al., 2006, 2007), guinea pig (Demémes et al.,
1995; Devau et al, 1993), rat (Safieddine and
Wenthold, 1997; Lysakowski et al., 2011; Sadeghi et al.,
2014) and frog labyrinth (Annoni et al., 1984; Prigioni
et al.,, 1994; Prigioni and Russo, 1995; Guth et al.,
1998a,b; Hendricson and Guth, 2002a,b). In the
crista ampullaris of frog semicircular canals, only type Il
hair cells are present, which are believed to release
glutamate on postsynaptic ionotropic glutamate receptors
(a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
receptor (AMPA)) located on the bouton endings of
afferent fibers.

Metabotropic glutamate receptors (mGIuRs) group |
are involved in cochlear function (Niedzielski et al.,
1997; Kleinlogel et al., 1999). As regards the vestibular
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system, several Authors described the presence of
mGIuRs in the hair cell membrane of the frog labyrinth
(Prigioni and Russo, 1995; Guth et al.,, 1998a,b;
Hendricson and Guth, 2002a,b). In both inner ear organs,
the role of such receptors would be to exert a feedback
control on glutamate release. In the frog semicircular
canal, hair cells have been shown to express mGluRs-I;
the mGIuR-l agonist, ACPD, produces an increase in
the afferent firing rate, while the mGIuR-l antagonists,
4-CPG and AIDA, prevent the ACPD-induced facilitation;
these mGIuR antagonists do not affect the resting firing
rate (Guth et al., 1998b). mGluRs-I, which are coupled
to G4 and phospholipase C (PLC), exert a positive feed-
back on transmitter release and shape the afferent infor-
mation through calcium release from intracellular stores
(Hendricson and Guth, 2002a). In recent years, the pres-
ence of a mechanism of calcium release from intracellular
stores, via ryanodine receptors, was confirmed in the frog
labyrinth: caffeine strongly increases the frequency of
both spontaneous and mechanically evoked mEPSPs
and spikes, while ryanodine decreases it. Neither drug
affects mEPSP amplitude or time course (Lelli et al,
2003). Rossi et al. (2006) demonstrated that the selective
mGIluR-1 agonist DHPG also increased mEPSP and spike
frequency at the cytoneural junction, with no effects on
mEPSP shape or amplitude; similar effects were
produced by 2APB, a blocker of the sarcoplasmic-
endoplasmic reticulum Ca-ATPase that increases cytoso-
lic free calcium concentration. Receptors that activate the
phospholipase C (PLC)-IP3 pathway are therefore bound
to raise intracellular calcium levels and enhance transmit-
ter release.

Hendricson and Guth (2002b) observed that MPEP
hydrochloride, another selective mGIuR-I antagonist, also
reduced the evoked discharge, without affecting the rest-
ing rate; the Authors concluded that the lack of effect on
the resting discharge might contribute to further amplify
the mechanically evoked transmitter release, enhancing
signal discrimination in the afferent fibers.

Recently, increasing interest has been directed to
mGluRs-Il/lll, which are expressed in the CNS as
inhibitory autoreceptors and may be important in
protecting neurons from excitotoxicity by predominantly
activating Gy, proteins, which transduce by inhibiting
adenylyl Xl cyclase and by regulating ion channels via
direct interaction of their oo or By subunits (Niswender
and Conn, 2010 for a review). As of now, no data are
available about the possible presence of mGluRs-Il/Ill in
labyrinthine organs, and in particular on hair cells.

Since it appears that several targets exist for
glutamate at the cytoneural junction, this work was
designed to explore and quantify the possible pre- and
post-junctional effects of exogenous glutamate, to
dissect the respective roles of AMPA and NMDA
receptors at the postsynaptic membrane, to look for the
presence of a glutamate transporter, and to test for the
possible involvement of mGluRs-Il/lll in the presynaptic
control of glutamate release. To this purpose, resting
and mechanically evoked afferent discharges have been
recorded in the isolated and intact frog labyrinth. In all
experimental conditions the sensory discharge was

analyzed in terms of spike rate and mEPSP amplitude,
waveform and frequency, after detection and subtraction
of spikes (Rossi et al., 2010, 2017; Martini et al., 2015).
Patch-clamp experiments on the isolated hair cells have
been performed to explore possible effects of glutamate
on the calcium and potassium currents of the hair cells.

EXPERIMENTAL PROCEDURES

Our procedures followed the Principles of Laboratory
Animal Care (86/609/EEC Directive of 1986), and were
approved by the Italian Ministry of Health as well as by
the Animal Care and Use Committee of the University of
Ferrara. The experiments were performed at room
temperature (20-22 °C) on frogs (Rana esculenta, 25—
30 g body weight) purchased from authorized dealers.
Animals were of the same geographical origin (Albania),
and the experiments were preferably carried out in
spring to minimize seasonally related variability. About
one hundred frogs have been utilized in our experiments.

The frogs were anesthetized in tricaine methane
sulfonate solution (1 g/l in tap water) and subsequently
decapitated.

Intracellular recordings in the intact labyrinth

The posterior canal was exposed with its nerve in the right
half of the frog head, bathed in a dissection solution of the
following composition (mM): 120 NaCl, 2.5 KClI, 2 CaCl,,
1 MgCly, 5 glucose, 5 Tris buffer (pH 7.3); 245 mOsmol/kg.
The intact labyrinth was excised and fixed to the bottom
of a small Perspex chamber (5 ml volume), mounted at
the center of a small turntable, so that the posterior
canal lay in the plane of table rotation. Mechanical
stimulation was produced by subjecting the canal to
sinusoidal angular velocity stimuli.  Intracellular
recordings were obtained at rest and during rotation
using glass microelectrodes (30-40 MQ resistance),
filed with 3 M KCI, inserted into the posterior nerve
within about 500 um from the synapse. The recorded
potentials were transferred through low-noise sliding
contacts to the oscilloscope, recorded on tape, and
analyzed off-line. The afferent discharge recorded from
single fibers of the posterior nerve was evaluated in
terms of spike frequency and of frequency and waveform
of miniature excitatory postsynaptic potentials (MEPSPs).

Details of the experimental procedures have been
described in previous papers (Martini et al., 2015; Rossi
et al., 1994, 2006, 2010, 2017).

For each treatment to be tested, the preparation was
recorded for 10s at rest and then subjected to
sinusoidal rotation at 0.1 Hz, 12.5 deg~s‘2 maximal
acceleration, on the plane of the posterior canal, for 50
s. The liquid in the chamber was then removed, the test
solution was gently infused with a syringe, and the
whole protocol (rest + stimulation) was repeated 4-5
times at 2-min intervals, while maintaining the recording
from the selected fiber (“unit”). The following drugs have
been tested: sodium glutamate (L.-Glutamic acid
monosodium salt monohydrate), CNQX (6-cyano-7-nitro
quinoxaline-2,3-dione disodium salt hydrate), b-AP5
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(o(—)-2-amino-5-phosphonovaleric acid), glycine, MgCl,,
LY341495 ((2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-
1-yl]-3-(xanth-9-yl)propanoic acid), LY379268 ((1R4R,
58,6R)-4-amino-2-oxabicyclo[3.1.0]hexane-4,6-dicarboxylic
acid), o.-TBOA (pL-threo-B-benzyloxyaspartic acid). The
source of LY341495, LY379268 and pL.-TBOA was Tocris-
Cookson (Bristol, UK). The source of sodium glutamate,
CNQX, glycine, p-AP5, and of all other chemicals
used in these experiments was Sigma (St. Louis, MO,
USA).

LY341495, pL-TBOA, CNQX were dissolved in
dimethyl sulfoxide. All the other chemicals were
dissolved in water. Stock solutions were prepared for
each drug and further diluted to the desired final
concentrations in standard medium shortly before use.

Patch-clamp experiments

The procedures to dissect the two labyrinths and isolate
the hair cells, as well as the recording techniques, have
been reported in previous papers (Martini et al., 2000,
2007, 2009, 2013, 2015; Rossi et al., 2017). Potassium
currents were recorded in a solution containing (mM):
120 NaCl, 2.5 KClI, 4 CaCl,, 1 MgCls, 5 glucose, (Tris buf-
fer, pH 7.3-7.5); the patch pipette was filled with (mM):
110 KCI, 2 MgCl,, 8 ATP (K salt), 0.1 GTP (Na salt), 5
EGTA-NaOH, 10 HEPES—NaOH (pH 7.2; 235 mOsmol/
kg). Calcium currents (ICas) were recorded in a solution
containing (mM): 100 NaCl, 6 CsCl, 20 TEACI, 4 CaCl,,
10 HEPES, 6 Glucose, pH = 7.2, 252 mOsmol/kg; the
pipette solution composition was (mM): 90 CsCI, 20
TEA-CI, 2 MgCl,, 8-10 K-ATP, 0.1 Na-GTP, 10 HEPES,
5 EGTA (pH 7.2; 235 mOsml/kg).

In a first set of experiments, glutamate was applied to
hair cells, holding the membrane potential at —100, —70
or —40mV. In a second set of experiments, glutamate
was tested on the ICa recorded in isolation. In a third
set of experiments, glutamate or LY341495 were tested
on the isolated delayed K currents, IKD. Each drug was
applied by rapidly changing (typically <50 ms) the
external solution through the computer-controlled
horizontal shift of a multibarreled perfusion pipette
positioned in front of the recorded cell.

Quantal analysis

Electrophysiological recordings were analyzed according
to a procedure that proved capable to measure mEPSP
rates of occurrence above 100/s (Rossi et al., 2010,
2017). In this preparation, the general form of the
elementary events (MEPSPs) is well represented by an
analytical gamma distribution function of time:
w(t) = h- (Bt)’ - —exp(—pt)/T(y+ 1), where h (mV) is
an amplitude factor, § (s™') is a rate constant, y is a
numeric coefficient that defines the shape of the wave-
form, and I indicates Euler's gamma function. Spikes
were located, counted and digitally removed from the
recording; a Wiener filter was built from the autoregres-
sive fit on the autocorrelation of the spike-free recording
and used to transform the tracing into a sequence of spiky
events, which were automatically counted; the time of
occurrence and waveform of each event were fit through

a recursive least-squares optimization routine, applied to
successive sections of the recording; detected events
with peak amplitude <0.1 mV were dropped; when the
rank of the matrix of the waveforms of all fitted events
was smaller than the number the events, those events
that contributed most to the least-amplitude eigenvalue
(s) of the covariance matrix were also dropped; con-
versely, new events were added when the fit fell short of
the recorded signal; residual low-frequency fluctuations
(<10 Hz) in the baseline were compensated for.

The rate of occurrence of mMEPSPs as a function of
time was determined from the sequence of time
intervals between successive events. Event rates up to
800/s could be reliably measured, even in the presence
of high variability in individual event amplitude and
waveform.

The subtraction of spikes unavoidably canceled some
MEPSPs; based on previous analyses (Rossi et al.,
2010), mEPSP counts were corrected by adding five
events in the 3-ms interval corresponding to each sub-
tracted spike.

The overall time courses of MEPSP and spike rates of
occurrence were displayed and the total number of events
were counted during 10 s of the resting phase, during the
excitatory (5 s) and the inhibitory (5 s) hemicycles in the
first rotation, as well as during three rotation cycles (30
s). The size distribution of mMEPSP was also obtained
during each period. The average event waveform was
obtained by manually selecting several events (detected
through a multistage thresholding procedure) that were
free of overlaps for most of their time course. The
above-mentioned analytical function, w(t), was fitted to
the average mEPSP waveform, in control and
experimental conditions, by minimizing the square errors
(Rossi et al., 1994).

Data analysis

All data are reported as mean + SEM. Comparisons
were always made between different conditions in the
same unit and were evaluated through Student’s paired
t-test whenever a normal distribution could be assumed
or verified; otherwise, the Wilcoxon signed-rank test was
applied; in this case, the value of Wilcoxon’s statistic W
is reported (degrees of freedom in parentheses)
together with the pseudo-median difference (absolute,
A, or percentage, %A), the rank correlation (p?) and P
value. Values of P < 0.05 were considered significant.

All routines for quantal analysis were developed in
Matlab software environment (Version 10a, The
MathWorks, Natick, MA, USA). The figures were
prepared using a commercial plotting program
(Sigmaplot, Version 11.0, Jandel Scientific, San Rafael,
CA, USA).

RESULTS
Glutamate on the afferent discharge

Endogenous glutamate is released at high rate at the
posterior canal cytoneural junction to sustain the high-
frequency discharge observed at rest and during
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mechanical stimulation; no synaptic fatigue appears to
ensue during long-lasting and repetitive stimulation
(Martini et al., 2015).

Bath application of glutamate (5 mM) produced a clear
increase in MEPSP and spike frequencies. An example is
illustrated in Fig. 1, which displays the sensory discharge
at rest and during sinusoidal rotation at 0.1 Hz (peak
acceleration 12.5 deg-s~2) in one unit in control (A) and
during the application of 5 mM sodium glutamate (B).
The smoothed time courses (1-s time constant) of the
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Fig. 1. The effect of 5mM sodium glutamate on the resting and
evoked sensory discharge in a posterior canal unit. Panels (A) and
(B) illustrate mMEPSP and spike discharge at rest (first ten seconds)
and during mechanical sinusoidal rotation (0.1 Hz, peak acceleration
12.5 deg-s~2), in control Ringer solution and in the presence of 5 mM
sodium glutamate, respectively. Turntable angular velocity during
rotation is illustrated below. Small sections of the resting discharge in
control solution and after glutamate application are displayed on a
finer time scale in (C) and (D), respectively. Action potentials are
truncated in A-D. Panels (E) and (F) show the smoothed time course
(1-s time constant) of MEPSP and spike frequency, at rest and during
rotation, in the same posterior canal unit, in control (continuous lines)
and in the presence of 5mM sodium glutamate (dotted lines),
respectively. Turntable angular velocity is illustrated at the bottom.

sensory discharge frequency (mMEPSPs/s and spikes/s)
are also shown (panels (E) and (F)): notice that both in
control and in the presence of glutamate the mechanical
stimulation produces an overall enhancement of
release, so that the minimum frequencies during the
inhibitory hemicycle are comparable to the frequencies
recorded at rest (during the first 10 s of each trace).

Eleven units were examined before and after the
application 5 mM glutamate. The presynaptic effect of
glutamate on the sensory discharge developed soon,
reached a maximum after 2—3 min, persisted for at least
7-8 min more, and then vanished. The sensory
discharge generally returned to control value; earlier
desensitization ensued in a few fibers only. The
application of glutamate did not prevent the normal
excitatory and inhibitory modulation of the discharge by
mechanical stimuli; nor did it produce any depolarization
of the postsynaptic fiber.

Three of these units did not display any spike activity
in control solution.

Results are graphically displayed in Fig. 2 and
summarized in Tables 1 and 2.

Exogenous glutamate did not significantly affect
the amplitude of the unitary event: the peak value of
the single mEPSP averaged 0.55 = 0.12mV in the
presence of glutamate (10,308 events) vs 0.39 + 0.04
mV in control (8,912 events); the comparison did not
indicate any significant difference (P > 0.1, paired f-test,
n = 11). In order to verify that the mEPSP identification
procedure worked correctly, a peak amplitude
distribution was computed and examined for each
experiment, to make sure that such distribution was
lognormal and unimodal, thereby excluding the
presence of a significant number of “double-sized”
events, which would result if our procedure were not
able to split almost coincident events at high occurrence
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Fig. 2. The enhancement of mESP and spike rates by 5mM
glutamate. Panels (A) and (B) respectively illustrate the number of
mEPSPs or of spikes discharged during three cycles of rotational
stimulation at 0.1 Hz (peak acceleration 12.5 deg-s~2) by 11 distinct
units in control solution or 2 min after applying 5 mM Glu. Three of
these units did not display spike activity.
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Table 1. Maximal effects of 5 mM glutamate on mEPSP discharge properties at rest or during sinusoidal stimulation (0.1 Hz, 12.5 deg-s~2). Mean +

SEM; n = 11. Wilcoxon’s signed rank test

Control 5 mGlu %A Stats
Spontaneous activity (MEPSPs/s) 166 + 19 213 + 16 +26
Number of mEPSPs in the exc. hemicycle 1064 + 91 1341 + 98 +22.5
Number of mMEPSPs in the inhib. hemicycle 800 + 88 1012 + 104 +22
Number of mEPSP in the first cycle 1880 + 179 2336 + 197 +25.4
Number of mMEPSPs in three cycles 698 + 581 6491 + 604 +12.7

%A: difference pseudomedian (% of control median).
" W(11) = 66; p? = 1.0, P < 0.001.
" W(11) = 46; p? = 0.83, P < 0.05.

Table 2. Maximal effects of 5 mM glutamate on spike discharge properties at rest or during sinusoidal stimulation (0.1 Hz, 12.5 deg-s~2). Mean + SEM;

n = (8). Wilcoxon’s signed rank test

Control 5mM Glu A stats

Spontaneous activity (Spikes/s)

Number of Spikes in the exc. hemicycle
Number of Spikes in the inhib. hemicycle
Number of Spikes in the first cycle
Number of Spikes in three cycles

08 +£04
11.2+£75
26 +0.9
13.7 £ 8.2
39.1 £ 24.8

84+ 19 6.29
36.3 £ 9.2 19.5
18.3 £ 3.3 14
511 £ 125 24
156.0 + 46.2 70.5

A: difference pseudomedian.
" W(8) = 36; p? = 1.0, P<0.01.

rates. Examples of such distributions
are displayed in Fig. 3. In all
situations the amplitude distribution
during spontaneous activity was
compared with that during the
excitatory hemicycle of mechanical
stimulation, where rates generally
were much higher: the two
distributions were quite precisely
superimposable, thereby reassuring
us that the procedure behaved well
at high frequencies as well. The
average values remained unaltered,
which demonstrates that changes in
event frequency or amplitude are
well distinguished by the procedure.
The shapes of the distributions were
almost identical: they remained
unimodal and did not show any
detectable changes toward the high
amplitude values, where possible
unresolved multiple events would
fall. This analysis confirmed that
glutamate did not modify the
amplitude distribution of the events
(Fig. 3A, B), although their frequency
was much enhanced; this also
confirms that no significant
inactivation of the receptor occurs in
the presence of 5 mM glutamate.

Effects of ionotropic glutamate
receptor blockers (postsynaptic
effects)

To test the sensitivity of postsy-
naptic AMPA receptors, increasing

Control Control

—— Spontaneous activity —— Spontaneous activity
Excitatory Hemicycle ——— Excitatory Hemicycle
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5 mM Glutamate

20 uM CNQX
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r .
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©
=
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mEPSP peak amplitude (mV) mEPSP peak amplitude (mV)

Fig. 3. The amplitude distribution of mMEPSPs under various conditions. Panels (A) and (B) compare
the amplitude distribution of mMEPSPs in the same unit in control and 2 min after applying 5 mM
glutamate. In both panels the distributions observed at rest (continuous lines, 794 events in control,
817 in glutamate) or during the excitatory hemi-cycle (dashed lines, 861 events in control, 1,156 in
glutamate) are superimposed to show that the increase in mEPSP frequency does not affect their
amplitudes. The distributions observed in glutamate are quite similar to those in control conditions.
Panels (C) and (D) compare the amplitude distribution of MEPSPs in the same unit in control (781
events at rest, 1093 during the excitatory hemicycle) and in the presence of 20 pM CNQX (1022
events at rest, 1049 during the excitatory hemicycle). The distributions in CNQX are clearly
contracted toward lower values, consistent with a decrease in the average amplitude of the mEPSPs.
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concentrations of CNQX (1, 10, 20, 50 uM) were applied.
Each concentration was tested on a group of 5 fibers. For
every fiber, mMEPSP peak size was evaluated in control
and in the presence of the drug on a large number of
events recorded at rest (10s), and during the first
excitatory (5 s) and inhibitory hemicycles (5 s).

CNQX proved able to significantly decrease mEPSP
amplitudes. An example of the effect of 20 yM CNQX on
the probability distribution of mEPSP amplitudes is
displayed in Fig. 3C and D. Notice that in this case as
well the histograms obtained at rest or during the
excitatory half-cycle are virtually superimposable.

The dose-response relation of CNQX effect on the
mean mMEPSP peak amplitude is illustrated in panel (A)
of Fig. 4. The mEPSP size in the presence of the
different CNQX concentrations was normalized in each
unit to the corresponding mean value in control solution.

Data were fitted by a standard four-parameter logistic
curve: S(C)) =S, + 15(0(;’/8;:‘>H, where S(C) is mEPSP
average size, C,; is the concentration of the inhibitor
(CNQX), K, is its affinity, S; and S, represent mEPSP
size in the absence and in the presence of maximal
concentration of the antagonist, and H is Hill slope
coefficient. The estimates of K; were quite consistent at
rest (21.6 uM) and during stimulation: 20.7 and 18.1 uM
for the excitatory and inhibitory hemicycles, respectively.

The goodness of fit correlation coefficient (R?) was
>0.98 in all three conditions. The estimates of Hill
coefficient under the same conditions were quite close
to unity (0.96, 1.05 and 1.17); so the fits were repeated
after fixing Hill coefficient to unity; the corresponding
estimates of K, became 20.6 uM at rest and 22.6 uM
during both the excitatory and inhibitory phases of
mechanical stimulation. R? values remained > 0.98.

The mEPSP average peak sizes and frequencies in
control and in the presence of increasing concentrations
of CNQX are reported in Table 3.

To evaluate possible changes in mMEPSP parameters
due to CNQX effect, the waveforms of isolated events
were examined: events were detected through a
multistage thresholding procedure and those that were
free of overlaps for most of their time course were
selected and aligned on their occurrence time. The
average time course was fitted, in control and
experimental conditions, by setting the parameters of
the above-mentioned analytical function, w(f), to the
values (£ SEM) that minimized the square errors (Rossi
et al., 1994). An example is shown in panels B (control)
and C (CNQX) of Fig. 4. The corresponding parameters
of the gamma-distribution functions were: shape factor
y = 1.98 £ 0.07, rate constant S = 1.93 + 0.06 kHz,
time-to-peak = 1.02 £ 0.008 ms in the presence of
10 uM CNQX (n = 90) vs.y = 217 +
0.06, = 1.76 £ 0.04 kHz, time-to-
peak = 1.23 +£ 0.01ms in control
(n = 118). The only parameter deeply
affected by the drug was the peak
value (1.35 + 0.04 mV under CNQX
treatment vs 1.73 £ 0.04 in control;
—28%; paired t-test, #(4) = —6.81,
P <0.005). When the time-to-peak
was considered in four units, it turned
out to be slightly but not significantly

faster in CNQX than in control solu-
tion (—12.6%, t(3) = —2.09, P value
n.s.) due to a corresponding increase
in the decay rate constant g (+30%,
#(3) = —2.131, P value n.s). This anal-
ysis could only be applied to selected
units that displayed a relatively low
mEPSP frequency (<100/s, n = 5).
Although the literature suggests
that NMDA receptors are not
present in  our preparation, it
seemed important to check for their
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possible presence, by testing the
effects of the NMDA-R blocker
p-AP5 at various concentrations (10,

Fig. 4. The effect of ionotropic glutamate receptor antagonists on mEPSP size and waveform. The 20, 50, 100, 200 puM). The mean

effect of various concentrations of CNQX is depicted in pane A. Five units were tested for each .
: ; o mEPSP amplitude
CNQX concentration. The dose—response curve was evaluated during the spontaneous activity

remained fairly

(filled circles), the excitatory (squares) and inhibitory (triangles) hemicycles. The resulting K, constant ~ upon raising  b-AP5
values are nearly identical (range 20-23 uM). The effect of b-AP5, on a total of 26 units, is also concentration up to 100 uM. Only

illustrated (empty circles) for comparison: a decrease in mEPSP size was only observed at 200  the
uM. Error bars depict SEMs. Panels (B) and (C) display the analytical fits to mEPSP waveforms in
control and under the effect of 10 uM CNQX (4 min), respectively. For either condition the
averaged time course of elementary events (dashed line) and the corresponding fit (continuous

200 uM  concentration  did
produce a significant decrease in the
mean mMEPSP peak size. This may

line) with gamma-distribution functions are displayed (118 mEPSPs in (B) and 90 in (C)). The peak  Well be ascribed to unspecific

amplitude of the averaged events and the fit parameters are reported in the text.

binding to AMPA receptors. The
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Table 3. mEPSP peak size and frequency (s~') in control and in the presence of increasing concentrations of CNQX. Mean + SEM; n = 5 (for each

unit the number of events ranged from 3000 to 13,200). Student’s f-test

[CNQX] (uM) mEPSP peak size mEPSPs/s

(mV)

Control CNQX Diff. (%) P Control CNQX
1 0.62 + 0.09 0.62 + 0.009 0 (n.a.) 215 218
10 1.06 + 0.11 0.76 + 0.09 -28 + 4 <0.005 221 241
20 1.06 + 0.28 0.51 £ 0.11 —52 +4 <0.001 123 101
50 0.85 + 0.18 0.24 + 0.03 72 + 2 <0.02 232 222

resulting dose—effect curve is shown in panel A of Fig. 4,
superimposed onto that for CNQX. The mEPSP peak size
in control and in the presence of different concentrations
of p-AP5, as well as the corresponding mEPSP
frequencies, are reported in Table 4.

NMDA-Rs require depolarization-induced removal of
Mg from the pore and the binding of glycine as a
cofactor. We therefore performed experiments in which
mEPSP peak size and frequency were compared in
control Ringer solution (containing 1 mM Mg) and in Mg-
free Ringer solution containing 2mM Ca2*. Various
concentrations of p-AP5 (10-20-50-100-200 uM) and
glycine (10-50 pM) were employed. Results are
summarized in Table 5 and confirm that the drug has no
specific effect.

Drugs acting on mGluRs (presynaptic effects)

The mGIluRs-Il/lll agonist, LY379268, did not display any
effect on the parameters of mEPSP discharge
(concentration range: 10-100 uM). Prolonged pre-
treatment with various drug concentrations, applied to
the bath for at least half an hour, did not produce any
evident change with respect to control recordings.

Conversely, the antagonist LY341495 produced a
consistent increase in MEPSP and spike numbers. This
presynaptic effect was concentration dependent in the
0.01-50 uM range. The increase in mMEPSP and spike
numbers was already significant (Wilcoxon’s signed
rank test) at 10 nM, during the first stimulation cycle,
both for mEPSPs (W(6) = 21, %A = 16.6%, p® = 1,
P < 0.05) and for spikes (W(6) = 21, %A = 350%, A =
7/s, p2 = 1, P <0.05,) as well as during the whole 30-s
stimulation period (W(6) = 21, %A = 10.4%, p? =1,
P <0.05 for mEPSPs and W(6) = 21, %A = 176.3%,
A = 15.5]s, p2 = 1, P < 0.05 for spikes). In all the fibers
tested during rotation with the different LY341495
concentrations, significant increases in mEPSP and
spike numbers (up to 163% and to 1284%,
respectively), were observed during the first stimulation
cycle (Wilcoxon’s signed rank test: W(6) = 21, A% =
154%, p®> =1, P<0.05 for mEPSPs; W(6) = 21, %
A=1183, A =86[s, p?> =1, P<0.05 for spikes).
Similarly, mEPSP and spike numbers significantly
increased (up to 138% and to 2613%, respectively)
during the three stimulation cycles (W(6) = 21, %A =
150.6%, p? =1, P <0.05 for mEPSPs; W(6) =21, %
A=1705%, A = 251.5/s, p?> = 1, P < 0.05 for spikes).

Table 4. Effects of -AP5 on mEPSP peak size (mV) and frequency (s~"). In each unit mEPSP size and frequency were evaluated at rest and during

stimulation. Mean + SEM. Student’s t-test

p-AP5 (uM) mEPSP peak size mEPSPs/s

(mV)

Control p-AP5 Diff. (%) P Control p-AP5
10 (n = 3) 1.12 £ 0.21 1.10 £ 0.22 —-27 +£29 n.s. 329 + 47 336 + 47
20 (n = 5) 0.95 + 0.12 1.01 £ 0.14 8.1 +£ 10.8 n.s. 306 + 42 316 + 43
50 (n = 6) 0.92 + 0.19 0.91 £ 0.18 0.2 +£3.0 n.s. 281 + 31 278 + 26
100 (n = 6) 0.81 £ 0.13 0.86 + 0.15 74 + 8.6 n.s. 251 + 43 259 + 35
200 (n = 6) 1.00 + 0.11 0.62 + 0.06 —-36.9 + 1.6 <0.001 224 + 24 207 + 18

Table 5. Lack of effect of Mg-free solutions, either in absence or in presence of various concentrations of glycine and b-AP5. The average mEPSP peak
size and frequency were evaluated at rest and during stimulation (Mean + SEM). No comparison gave a significant change

p-AP5 Glycine n. mEPSP peak size (mV) mEPSP/s
M

(uM) (uM) Control 0 Mg Diff % (n.s.) Control 0 Mg

0 0 4 1.02 £ 0.23 0.97 £ 0.20 22 +59 237 + 41.2 234 + 36.1
0 10 2 0.80 + 0.14 0.73 + 0.09 -8.0 + 4.9 347 + 84.0 327 + 67.0
0 50 4 1.10 + 0.08 1.09 + 0.11 -0.6 £ 4.4 216 + 14.5 194 + 14.6
50 50 4 0.63 + 0.06 0.64 + 0.05 16 +£4.0 241 + 27.0 243 + 21.5
100 50 4 0.83 £ 0.17 0.91 £ 0.19 125 £ 9.0 215 + 30.7 235 + 33.7
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Fig. 5 shows the net increase in mEPSP and spike
numbers produced by increasing LY341495
concentrations.

In all the fibers tested during rotation with the different
LY341495 concentrations, a significant increase in
mMEPSP (W(6) = 21, %A = 118.4%, p? = 1) and spike
frequency (W(6) =21, %A=558%, A=12[s, p? = 1)
was observed also at rest (all P values < 0.05).

In some units, 5 MM glutamate was added in the
presence of various concentrations of LY341495 (0.01,
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0.50, 1 uM); this produced a further increase in resting
and mechanically evoked mEPSP and spike frequency,
as illustrated for a unit in Fig. 6, suggesting a
cooperative effect of mGIuR-l activation by glutamate
and mGIuR-II/lll inhibition by LY341495. The cumulative
results from 6 units are graphically illustrated in Fig. 7.
Under this condition, during the 8 min of the full
protocol (four repetitions of the resting + stimulus
sequence) clear desensitization was observed. An
example is illustrated in Fig. 8: the control recording, the
facilitatory effect of 5mM Glu and
the late desensitization, 6 min after
glutamate application, are shown in
(A)—(C), respectively. The panels on
the right hand side show portions of
the same recordings on a more
expanded time scale. The lower
trace in panel (E) in particular shows
how the recording is fit by splitting it
into many elementary events
(mEPSPSs): even under this condition
of particularly intense activation the
routine is able to isolate mMEPSPs of
reasonably similar size; a few
possible double (synchronous)
events can be seen, but they are not
in such a number to significantly
affect the total mEPSP counts or
their amplitude distribution. Panel F
shows that during desensitization the
size of the elementary events, rather
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than their frequency, declines at later
times. Under this condition the
resting and mechanically evoked
sensory discharge finally waned by
some 10 min. Desensitization
disappeared upon returning to the
* control solution (not shown).

l Inhibition of glutamate transporter

p.-TBOA is a  broad-spectrum
glutamate transporter antagonist. It
* systematically produced an increase
l . in mMEPSP and spike number when
I applied to the semicircular canal at
concentrations ranging 20-300 pM.
Similar to bath application of
glutamate, mEPSP peak amplitudes
were unaffected (not shown).
The sensitivity of the afferent
discharge to bpL-TBOA was quite
variable in the various units tested.

T T 1 T
.05 0205 1 10 20 50

[LY341495] uM

Fig. 5. The effect of increasing LY341495 concentrations (range: 0.01-50 uM) on the evoked
afferent mMEPSP and spike numbers. The bars (mean + SEM) in panels (A) and (B) show the net
increase in mEPSP and spike numbers, respectively, during the first stimulation cycle. The bars
(mean = SEM) in (C) and (D) illustrate the net increase in mEPSP and spike numbers,
Stars indicate statistically significant

respectively, during three stimulation cycles (30 s).
differences from control (see text for statistical comparison).

05 02 05 1
[LY341495] uM

The effect of pL,-TBOA developed
slowly and kept increasing for the
first 6-8 min at least, during the
repeated stimulation protocol
described in the Methods. Given
such a duration of the experiment,
testing several different
concentrations on the same unit was
not possible; therefore the results
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Fig. 6. An example of the cumulative effect of LY341495 and sodium
glutamate on the sensory discharge of a posterior canal afferent unit.
A illustrates the resting and mechanically evoked afferent discharge
in control solution; B illustrates the effect of 1 uM LY341495 (after 3
min) on the same unit; C shows the cumulative effect of 1 uM
LY341495 +5 mM sodium glutamate (after 6 min) in the same unit.
The panels (D)-(F) show portions of the recording in (A-C),
respectively, taken during the resting discharge, on a faster time
scale. Action potentials are truncated in all panels. Turntable angular
velocity is illustrated at the bottom.

obtained with 20, 50, 100 uM were pooled together (3
units for each concentration for EPSPs, while only 2 for
each concentration could be used for spikes as 3 units
tested did not display any spike activity). The increases
in mEPSP and spike numbers were significant
(Wilcoxon’s signed rank test), during the first stimulation
cycle (W(9) = 45, %A = 31.7%, p°> =1, P <0.005 for
mEPSPs and W(B) = 21, %A=98.4%, A = 14/s, p* =
1, P<0.05 for spikes) as well as during the three
stimulation cycles (W(9) = 43, %A = 35.7%, p®> = 0.79,
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Fig. 7. The effect of LY341495 and sodium glutamate on mEPSP
and spike rates. The graphs display the number of mEPSPs (Panel
(A)) or of spikes (B) measured in six fibers during three cycles of
mechanical rotational stimulation in control condition, 2 min after
applying 1 uM LY341495 or 4 min after the cumulative addition 1 uM
LY341495 +5 mM sodium glutamate. The increases in both mEPSP
and spike rates are quite variable, but they are systematically
present.

P <0.001 for mEPSPs and W(6) = 21, %A = 184.5%,
A = 25.5/s, p2 =1, P<0.05 for spikes). Similar
increases in the parameters of discharge were observed
with higher pL.-TBOA concentrations (200-300 uM, n =
3 for 200 uM, and n = 4 for 300 uM): W(7) = 28, %A
= 31.7%, p®> = 1 for mMEPSPs and W(7) = 28, %A =
100%, A = 18/s, p> = 1, P < 0.05 for spikes during the
first cycle, and W(7) = 28, %A = 23.2%, p2 =1, P<
0.05 for mEPSPs and W(7) = 28, %A = 76.4%, A =
56/s, p> =1, P<0.05 for spikes, during the three
cycles. The net increases in mEPSP and spike numbers
produced DL-TBOA are illustrated in Fig. 9A, B for the
first cycle and in Fig. 9C, D for the three cycles (30 s).

Similar to LY341495, pL-TBOA also affected the
resting mEPSP and spike frequency of all fibers at all
the tested concentrations (20, 50, 100 uM and 200, 300
uM): significant increases (Wilcoxon’s signed rank test)
were reported both for mEPSP frequencies (W(9-7) =
45/28, %A = 29.7-63.1%, p?> =1, P values between
<0.005 and <0.05) and for spike rates (W(6-7) = 21—
28, %A = 398-156.9%, A = 3.75-2.51/s, p> =1, all P
values <0.05).

In some units, 5 mM glutamate was added in the
presence of various concentrations of b.-TBOA (20, 50,
200 puM); this produced a further increase in resting and
mechanically evoked mEPSP and spike frequency. In
those units in which good recordings could be
maintained for relatively long time, at rest and during
repetitive mechanical stimulation (8—10 min), p.-TBOA
pluss 5mM glutamate sometimes did produce
desensitization of postsynaptic AMPA receptors. An
example of the facilitatory effect of b.-TBOA (200 puM)
on the afferent discharge in a unit is illustrated in
Fig. 10, panels B, E; panels C,F in the same figure
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Fig. 8. The desensitization of the postsynaptic AMPA receptors. (A)
Shows the resting and mechanically evoked sensory discharge in an
afferent unit in control solution. (B) lllustrates the recording from the
same unit in the presence of 5 mM Glutamate. (C) Shows a later
recording, illustrating the desensitization of the AMPA receptors 6
min after Glutamate application. Desensitization disappeared on
returning to the control solution (not shown). Panels (D)—(F) display
small sections of the recordings taken in (A)—(C) on a faster time
scale. The decomposition of the signal into elementary events
(mEPSPs), produced by the analysis procedure, is also displayed
in (E) (bottom trace): this indicates that the increased fluctuations in
the recording are due to increased mEPSP rate and the resulting
mEPSP summation, rather than to an increase in their size. In (F) the
desensitization can be seen to affect the size of the events rather than
their frequency. Action potentials are truncated in (A) and (B). The
turntable angular velocity is displayed at the bottom.

show the cumulative effect of 200 uM pL.-TBOA + 5 mM
Glutamate. This additive effect is similar to what
illustrated above for 1 uM LY341495 (see Fig. 6).
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Fig. 9. The effect of various bpL-TBOA concentrations (range:
20-300 uM) on the evoked afferent mEPSP and spike numbers.
The bars (mean + SEM) in panels (A) and (B) show the net increase
in MEPSP and spike numbers, respectively, during the first stimula-
tion cycle. The bars (mean + SEM) in (C) and (D) illustrate the net
increase in MEPSP and spike numbers, respectively, during three
stimulation cycles (30 s). Stars indicate statistically significant differ-
ences from control (see text for statistical comparison). Three units
were tested for each concentration in the range 20-50-100 pM
(2 units for spikes, since 3 units did not display any spike activity). For
higher concentrations, 3 units were tested with 200 uM, and 4 units
with 300 puM.

The actions of glutamate on the hair cell

Since the drugs here used proved able to affect junctional
discharge, pointing to the presence of prejunctional
glutamate receptors, it seemed important to investigate
whether glutamate itself was able to produce any
detectable bioelectric effect on the hair cell.

Using the whole-cell patch-clamp recording technique,
we explored whether the application of 2 mM glutamate
produced any changes in cell conductance, holding the
membrane potential at —70 mV. No consistent change
was observed in holding current (—9.41 + 1.58 in
glutamate vs —-8.60 = 1.42 pA in control, n = 3;
difference = —0.81 + 0.37).  Similarly, no evident
changes were observed when glutamate was applied at
—100 or —40 mV holding potentials (data not shown).
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Fig. 10. Example of the effects of 200 pM pL-TBOA on junctional
activity. The panels on the left-hand side depict the electrophysio-
logical recordings obtained from an exemplar unit in control solution
(A\), after adding 200 uM pL-TBOA (B) and after the further addition of
5 mM glutamate (C). Turntable angular velocity is illustrated at the
bottom. The panels on the right-hand side are short sections of the
corresponding recordings on the left, on a finer time scale, that better
illustrate the increasing rates of both mEPSPs and spikes. Spikes are
truncated in all panels. A late sign of desensitization is apparent in
panel (C), as the junctional noise gradually declines toward the end of
the stimulation.

Possible effects on voltage-dependent conductances
were examined by recording calcium and potassium
currents. The biophysical properties of the hair cell ICa
have been previously described (Martini et al., 2000,
2007). ICas were recorded from isolated hair cells in con-
trol solution and during the application of 2 mM glutamate
(repetitive applications and recovery in control solution).
No effects of 2 mM sodium glutamate were observed.
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Fig. 11. Lack of effect of sodium glutamate on the calcium current
recorded in isolated hair cells. The calcium current (ICa) amplitude
during 180-ms voltage ramps from —70 to +40 mV is shown in panel
(A) for an exemplar cell in control solution, on the left, and in the
presence of 2 mM glutamate, on the right. The peak current value
was —230 * 75 in the presence glutamate versus —222 + 73 pA in
control. Panel (B) illustrates the |-V plots of the ICa measured in
control hair cells (filled circles) or in the presence of 2 mM glutamate
(filled triangles, mean + SEM, 7 cells). Ca?" currents were elicited
by depolarizing voltage pulses (50-ms duration) from —50 mV to
+50 mV in 20-mV increments, from a holding potential of —70 mV.

An example of the ICa recorded during a 180-ms voltage
ramp from —70 to +40 mV is shown in Fig. 11A, the peak
current amplitude was —220 pA in the presence of 2 mM
sodium glutamate versus —210 pA in control and the time
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courses were superimposable. This experiment was
repeated in three cells: the averaged peak amplitudes
were —222 + 73 pA in the presence of 2 mM glutamate
versus —230 + 75 pAin control. This indicates that gluta-
mate did not directly affect the calcium channel biophysi-
cal properties and consequently did not modify Ca?*
entry into the hair cell. A full |-V curve was measured in
7 cells, by stepping from a —70 mV holding potential to
-50, —30, —10, +10, +30 or +50 mV command poten-
tials; the results, displayed in Fig. 11B, confirm that gluta-
mate does not affect ICas in the hair cell. These
measurements rule out possible actions of glutamate on
Ca conductances in the hair cell, whether basal or ligand
activated or voltage-dependent.

As regards the potassium conductances, the
compound delayed potassium current, IKD, was
examined in particular. This conductance is voltage-
dependent (a fraction, IKCa, also is calcium-dependent);
in hair cells it is therefore continuously modulated by the
receptor potential and its main role is to promote hair
cell repolarization, thus controlling transmitter release
(Martini et al., 2009, 2013, 2015; Rossi et al., 2017).
IKD was evoked in response to command potential values
of —40, —20, 0 and +40 mV, from a —70 mV holding
potential. IKD amplitude was systematically reduced by
glutamate at all values of command potential in all cells
(Wilcoxon’s signed rank test) both in the range —40 to
omVv (W(12) = —78, %A = -39.7 to —16.8%, A =
—21.7 to —60.4 pA, p?> = 1/1, P<0.001) and at +40
mV (W(12) = —58, %A = —12.2%, A = —7T6 pA, p* =
0.84, P<0.05). In particular, the average decreases
were by 38.7% at —40mV, by 18.2% at —20 mV, by
14.7% at 0 mV and by 8.5% at +40 mV. The systematic
decrease in IKD produced by glutamate is graphically
illustrated in Fig. 12A.

On the contrary, the mGluRs-ll/lll inverse agonist
LY341495 systematically increased the amplitude of
evoked IKD, in all cells tested (Wilcoxon’s signed rank
test, W(6) = 21, p> =1, P<0.05 at all values of
command potential (Fig. 12, B): the average increases
were by 27.2% at —40 mV, 11.0% at —20 mV, 11.3% at
0mV and 12.9% at +40 mV.

Examples of the effects of 2 mM glutamate and of 0.5
uM LY341495 on the size of the IKD, evoked in two
different hair cells, are illustrated in Fig. 13B, D,
respectively. For each cell, only three representative
tracings (—20, 0, +40 mV) are shown for clarity.

DISCUSSION

Postsynaptic effect of glutamate and glutamate
receptor antagonists

Our results indicate that the application of 5mM
glutamate to the frog isolated and intact labyrinth
significantly increases resting and mechanically evoked
mEPSP and spike frequency in the afferent fibers from
the semicircular canal, without modifying the single
mEPSP parameters.

The present results are in line with those previously
reported by Prigioni and Russo (1995), who tested the
effects of ionophoretically applied glutamate on the
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Fig. 12. The effect of sodium glutamate or LY341495 on IKD. Panel
(A) compares IKD values in control (filled circles) and in the presence
of 2 mM glutamate (empty circles) in 12 units. Panel (B) compares
IKD values in control (filled triangles) and in the presence of 0.5 uM
LY341495 (empty triangles) in seven different units. In both panels,
IKD was evoked by voltage-steps in the range —40 to +40 mV, from
—70 mV holding potential.

spontaneous discharge, and with the facilitation of the
resting and evoked synaptic activity reported in the
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peak amplitude at concentrations up
to 100 uM. Since no effects were
observed after applying Mg-free
Ringer solution and/or glycine (up to
50 uM), with or without p-AP5, we
conclude that NMDA-Rs are very
unlikely to be involved.

Similar results have been reported
in the isolated rat cochlea by
Glowatzki et al. (2006); in those
experiments, 10 uM CNQX were suffi-
cient to completely block EPSCs in
the afferent fibers; the higher sensitiv-
ity in that preparation might be due to
a drug sensitivity higher than in the
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intact labyrinth, or to different GIuR
subtypes or density in the two prepa-
rations, or to different degrees of con-
vergence on auditory nerve fibers
(one-to one connections in mam-
malian cochlea vs. an estimated con-
vergence of 6—7 hair cells on a single
afferent fiber, according to data from
Taglietti et al., 1973; Russo et al.,
2007).

Results similar to those obtained
by applying exogenous glutamate
were observed when glutamate
clearance was impaired by the
application of bpL-TBOA, a broad-
spectrum  glutamate  transporter
antagonist (Shimamoto et al., 1998).

The exact nature and functioning
of glutamate clearance in frog
labyrinthine organs is not clear.

Efficient mechanisms to remove

= ) sl

e glutamate from the extracellular
space are known to be present at

Fig. 13. Examples of current tracings that show the effects of glutamate or LY341495 on IKD.  most glutamatergic synapses, to
Panels (A) and (B) compare IKD recorded at —20, 0 or +40 mV from an isolated hair cell in control  avoid receptor desensitization and/or
(A) or after applying 2 mM glutamate (B). Panels (C) and (D) similarly compare IKD recorded from excitotoxicity.

another hair cell in control (C) or after 0.5 uM LY341495 (D).

presence of mGIuR-l agonists, such as ACPD (Guth
et al., 1998b) or DHPG (Hendricson and Guth, 2002a;
Rossi et al., 2006).

Although AMPA receptors have been found in the frog
semicircular canal, (Prigioni and Russo, 1995; see Guth
etal., 1998a for a review), little is known about the precise
subtype composition of labyrinthine AMPA receptors. A
detailed paper came out recently (Sebe et al., 2017),
showing that GluA2, GIuA3 and GluA4 subunits are
expressed at auditory afferent terminals, and that
Ca?*-permeable AMPAR subunits (rather than a
NMDAR) may be involved in excitotoxicity produced by
loud sounds in auditory hair cells; however the relevance
of this to our preparation is uncertain.

Our experiments confirm that AMPA receptors are
involved; in fact mEPSP sizes were significantly
decreased by low doses of CNQX, whereas p-AP5, a
specific blocker of NMDA-Rs, did not affect mEPSP

In mammalian cochlea,

glutamate—aspartate transporter

GLAST (EAAT1) mediates glutamate

uptake at the inner ear hair cell afferent synapses:
synaptically released glutamate diffuses to supporting
cells, where it binds to GLAST and is moved
intracellularly (Glowatzki et al., 2006). This is a further
function of supporting cells, in addition to their roles in spi-
ral ganglion neuron development and survival (Zilberstein
et al., 2012), and in the development, function, survival,
death, phagocytosis and regeneration of other cell types
within the inner ear; thus, these cells display roles similar
to those described for glial cells in other parts of the ner-
vous system (see Monzack and Cunningham, 2013 for a
review). Astrocyte-like cells, such as inner phalangeal
cells and border cells located near inner hair cell afferent
synapses, also exhibit immunoreactivity to GLAST
(Furness and Lehre, 1997; Hakuba et al., 2000; Furness
and Lawton, 2003) and GLAST-deficient mice have exhib-
ited impaired recovery from acoustic overstimulation
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(Hakuba et al., 2000), suggesting an important role for this
transporter in preventing glutamate accumulation. Both
glutamine synthetase and GLAST (needed to support
the glutamate—glutamine cycle, i.e. to uptake glutamate
and supply back glutamine to the presynapse) have been
shown to be expressed in the supporting cells of the rat
vestibular end organ using immunocytochemical tech-
niques and confocal microscopy (Takumi et al., 1997).

In disagreement with our results, Graydon et al.
(2014) have shown that bL.-TBOA had no effect at the frog
amphibian papilla, a sound-detecting organ. In that sys-
tem large, open regions of extracellular space surround
the specialized spine-like contacts between individual
afferent fibers and hair cells; this would speed-up trans-
mitter clearance and reduce glutamate spillover between
neighboring synapses, suggesting that transmitter diffu-
sion and dilution, rather than uptake, provide efficient
clearance of the transmitter at those particular synapses.

In the inner ear, AMPA receptors are usually
considered prone to desensitization in the persistent
presence of relevant concentrations of glutamate (see,
e.g., Ruel et al, 1999). The lack of effects of bath-
applied glutamate, or uptake block by bL-TBOA, on
mMEPSP size indicates that these procedures do not pro-
duce remarkable desensitization of the involved post-
junctional receptors.

This result is consistent with the observations reported
by Glowatzky et al. (2006) in mouse cochlea and by
Schnee et al. (2013) in the turtle auditory afferent fibers:
no desensitization of AMPA receptors ensued during
long-lasting recordings of EPSCs in the presence of
steady high external potassium concentration (up to 40
mM). In our preparation, in particular, desensitization must
be tightly controlled, since the afferent synapse continu-
ously releases glutamate at rest (in some fibers mEPSP
resting frequency exceeds 250 event/s). During excitatory
stimulation the peak frequency may rise up to 800 event/s,
and still the impaled fiber faithfully transmits the sensory
information during long stimulation periods (>30s) and
maintains this capability when the stimulation is repeated
several times (for example see Rossi et al., 2017).

Pre-junctional effects of glutamate

The observed enhancement of synaptic activity by
exogenous glutamate and by bL-TBOA points to an
action of the transmitter on the hair cell itself.

lonotropic and/for mGIuRs might mediate these
actions. A presynaptic ionotropic effect can be excluded,
since glutamate application to resting hair cells
(membrane potential held to —40, —70 or —100 mV) did
not activate any conductance. The mGIuRs constitute a
group of G protein-coupled receptors (GPCRs)
comprised of eight subtypes that are divided into three
subgroups based on sequence homology, G protein-
coupling specificity, and ligand-binding profiles (see
Niswender and Conn, 2010 for a review).

Type | mGluRs have been shown to be expressed by
hair cells in the frog semicircular canal (Guth et al,
1998b); they are coupled to G, which induces Ca?*
release from intracellular stores and may therefore
account for the ability of glutamate to enhance transmitter

release. Activation of these receptors by the mGIuR ago-
nist ACPD increases afferent firing at the intact posterior
canal. This effect is absent if synaptic transmission is
impaired by reducing extracellular Ca®* and is blocked
by mGIuR antagonists 4-CPG and AIDA (Guth et al.,
1998b). It is of interest that these blockers have no effect
on their own, suggesting that the mGIluRs-I are only rele-
vant when the junction is stimulated (Guth et al., 1998b).
In the experiments presented here all drugs tested
increased both the resting activity and the evoked
response. A type | mGIuR on the hair cell (i.e. an auto-
receptor) might mediate a positive feedback on transmit-
ter release, via IP3 (and possibly ryanodine) receptors
on the ER (Lelli et al., 2003; Rossi et al., 2006). Actually,
Li et al. (2001) did show that glutamate induces a modu-
lation of free Ca2™ through release from the ER in isolated
inner hair cells of the guinea pig cochlea.

Calcium mobilization from the intracellular stores may
contribute to explain why a symmetric mechanical
stimulation of the semicircular canal produces an overall
increase in mean quantal release, to the point that the
rates of synaptic discharge during the inhibitory phase
of simulation often are comparable to the resting rates;
this phenomenon, which has been observed under most
experimental conditions, was previously suggested to be
possibly due to the persistence of calcium inflow during
the inhibitory phase of the sinusoidal stimulus (Martini
et al., 2015).

The effects here reported for LY341495, a blocker or
inverse agonist of mGIuRs-Il/lll, suggest that hair cells
also express this subtype. Type I/l mGIluRs are
coupled to Gjp and have been shown to depress
glutamate release in several regions of the CNS,
through a variety of mechanism such as inhibition of
voltage-gated calcium channels (presumably by the By
subunit), interference with vesicle fusion and release
machinery (presumably by reducing protein
phosphorylation by PKA) and activation of presynaptic
potassium channels (presumably by direct action of o)
(see Johnson and Lovinger, 2016 for a review).

A number of quite specific drugs are now available to
target these receptors (mGluRs-lIl and mGluRs-llI; see
Niswender and Conn, 2010 for a review): among others,
LY379268, an agonist of metabotropic mGluRs-Il/ll, and
LY341495, an antagonist or inverse agonist. To our
knowledge, neither drug had been tested in auditory or
vestibular systems up to now. Cahusac and Senaok
(2006) described an enhancement of the response of
slowly adapting type | mechanoreceptors by high
LY341495 concentration (100 uM); however, this drug
concentration most likely blocked all kinds of mGIuRs.

In the intact labyrinth, the mGIuR-Il/lll agonist
LY379268 did not produce any effect, suggesting that
the glutamate levels present in our preparation may
already activate this receptor to a significant extent.
Conversely, the mGIuRs-ll/lll blocker (or inverse
agonist) LY341495 displayed a strong facilitatory action
on transmitter release.

According to Tocris, the two drugs employed here to
affect mGIuR-Il/lll have different specificity, LY379268
being a specific agonist of mGIuR-1l (mGlu2 and mGlu3),
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whereas LY341495 is an antagonist of the same receptor
subtypes but also binds, although with lower affinity, to
mGlu8, mGlu7a, mGlu1a (K; ~7 uM in humans), mGlu5a
and mGlud4a. The lack of effects of the agonist, as
opposed to a clearly detectable effect of the antagonist
on both IKD and transmitter release, may be due either
to a high basal activation of the receptor, by glutamate
present in the intact and working preparation, or to the
fact that the specific subtype expressed by the hair cell
is a receptor other than mGlu2 or mGIlu3, possibly
sensitive to LY341495 but not to LY379268.

The facilitatory effect of LY341495 implies that
mGIuR-1I/1ll are activated to a significant degree in basal
conditions and suggests that these receptors exert a
tonic autoinhibitory control on glutamate release from
hair cells, as described for synapses in the CNS
(Howson and Jane, 2003). Under these conditions
LY341495 appears to behave as an inverse agonist, in
agreement with observations in rat cortical slices
(Fribourg et al., 2011). Since mGluRs-Il/lll are coupled
to Gjp, inverse agonism on this receptor is expected to
favor substrate phosphorylation, which may enhance the
transmitter release machinery (Rossi et al., 2017).

In order to further clarify the possible mechanisms of
pre-junctional actions of glutamate, patch-clamp
recordings have been performed in isolated hair cells, to
investigate whether any bioelectric effects could be
involved. The lack of effects of glutamate on the ICas
excludes a direct effect of the transmitter on voltage-
dependent calcium channels. Enhancement of
transmitter release is therefore more likely produced by
calcium release from intracellular stores, a process that
has been shown to be relevant in semicircular canal hair
cells (Lelli et al., 2003; Rossi et al., 2006); as mentioned,
this would presumably occur through activation of
mGIluRs-I.

On the other hand, potassium currents are clearly
affected by both glutamate and the mGluRs-Il/Ill inverse
agonist LY341495. Since this receptor is coupled to Gjj,
glutamate is expected to reduce PKA-dependent
phosphorylation of substrates in the vicinity of the
receptors; this would explain the decreased
responsiveness of IKD conductances, which have been
shown to require PKA-dependent phosphorylation to
effectively recover from inactivation (Martini et al., 2013;
Rossi et al., 2017).

The functional consequences of PKA activation in hair
cells are quite complex: phosphorylation of IKD would
enhance hair cell repolarizing power and should
decrease transmitter release, in principle, but
phosphorylation processes have been proposed to be
important also in sustaining transmitter release (Rossi
et al., 2017). The release of Ca®* from the ER, produced
by activation of mGIuR-I by glutamate, is likely to prevail
on these processes producing an overall increase in
transmitter release. On the other hand, LY341495, by
blocking mGluRs-Il/1ll and favoring PKA-dependent phos-
phorylation, would simultaneously enhance both the hair
cell repolarizing power and the transmitter release pro-
cess; the latter effect appears to prevail, producing a facil-
itatory effect on the afferent discharge.

In conclusion, glutamate appears to exert a complex
feedback action on the vestibular hair cell, at the frog
semicircular canal: on the one hand it enhances Ca2™*
responses by activating the phospholipase-C/IP; path
through mGIluRs-I; on the other hand, it moderates the
activity of the secretory machinery by interfering with
substrate phosphorylation, through the Gjo-coupled
mGluRs-II/111.

The overall action of glutamate at the cytoneural
junction

The data here reported confirm that glutamate is the
transmitter at the labyrinthine cytoneural junction;
experiments with the antagonists indicate that AMPA,
but not NMDA, receptors are involved. The post-
junctional receptors appear to be scarcely affected by
desensitization, although mEPSP size did finally decline
in prolonged experiments (>6 min) under conditions of
increased junctional activity and in the presence of
exogenous glutamate.

All our experiments point to relevant actions of
glutamate on the hair cell itself. Administration of
exogenous glutamate markedly increased transmitter
release. So did inhibition of glutamate reuptake.
Activation of mGIluRs-I, which are expressed by these
hair cells (Guth et al., 1998b), is the likely mechanism.
This would constitute a positive feedback mechanism that
might be relevant in determining the dynamics of transmit-
ter release at the vestibular cytoneural junction, by regu-
lating intracellular Ca2* distribution and dynamics.

On the other hand, the strong enhancement of
transmitter release by mGIuRs-Il/lll blocker LY341495
indicates that these receptors also are expressed by the
hair cell, and that they are constitutively active in the
intact preparation. This may constitute a counter-
balancing negative feedback mechanism, based on the
regulation of phosphorylation processes.

The effects here reported for glutamate on the hair cell
may be important to shape the response of the
semicircular canal so that information about head
angular velocity reaches the central nervous system.
Given the hydrodynamic properties of the cupula-
endolymph system, the cilia are displaced by angular
acceleration, with some delay; a positive feedback loop
mediated by GIuR-I receptors, acting through a slightly
delayed rise in intracellular Ca?*, would help sustaining
transmitter release and setting it almost in phase with
head velocity. A similar effect is brought about by
impaired phosphorylation of IKD, mediated by mGIluR-I|/
I, which reduces the repolarizing power of the hair cell.

A second important consequence of the presynaptic
effects here reported is that the amount of transmitter
released during a full cycle of mechanical sinusoidal
rotation — during which the cilia are displaced to the
same extent in the excitatory and inhibitory directions —
is expected to be larger than at rest; this was
consistently observed in our studies. If mGIuRs are
expressed by cochlear hair cells (e.g. Kleinlogel et al.,
1999), a similar mechanism may be crucial there in order
to enhance transmitter release when the cilia vibrate at
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such a speed (up to 20 kHz) that the position of the cilia
cannot modulate release in real time.
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