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Abstract

Dynorphin (dyn) is suggested to excite the auditory nerve (AN) when released by the lateral
olivocochlear (LOC) efferents. However, previous studies evaluated either intravenously delivered
dyn-like agents, raising the potential for systemic (central) effects, or agent concentrations
unlikely to be achieved via endogenous cochlear release. This study tested the hypothesis that
biologically relevant increases in dyn levels in the cochlea achieved via diffusion of the drug of
(-)pentazocine across the round window membrane enhances AN firing. In general, amplitude of
the cochlear whole-nerve action potential (CAP) was depressed following drug application. These
results suggest that dyn released by the LOC neurons would likely act as an inhibitory transmitter
substance in the LOC system; neurotransmission is one of the LOC system's vast unknowns.
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INTRODUCTION

Dynorphin (dyn) was suggested as a cochlear transmitter after dyn-B detection in
homogenized cochlear tissue [15]. Dyn-like immunoreactivity is localized to the lateral
superior olive (LSO), origin of lateral olivocochlear (LOC) efferents innervating the cochlea
[1, 3], and LOC terminations on auditory nerve (AN) dendrites [2]. Some LSO cell bodies
co-localize enkephalin (enk) and dyn [1, 3] or dyn and choline acetyltransferase [ChAT:
enzyme responsible for synthesizing acetylcholine (ACh)] [1]. Dyn-B and a-neoendorphin
immunostaining are found under the cochlear inner hair cells (IHCs), and in tunnel spiral
bundle [TSB, containing LOC neurons traveling from LSO to cochlea] and inner spiral
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bundle [ISB, composed of both LOC neurons at bases of IHCs and medial (MOC)
olivocochlear neurons under outer hair cells (OHCs)] [2, 42—44]. Dyn opioid peptides
primarily act as agonists at kappa-opioid receptors (KOR) but also have some affinity for p-
opioid receptors (MOR), which they antagonize. KOR and MOR immunoreactivity have
been confirmed in rat [17] and guinea pig [16] cochleae. Unlike the MOC system, very little
is known about the LOC system, including LOC neurotransmission.

Dyn-like substances delivered intravenously have robust effects on sound-evoked neural
potentials. Lower (better) sound-evoked compound-action-potential (CAP) thresholds and
enhanced (larger) CAP amplitude were observed for stimuli at 0-20 dB sensation level (SL)
after 8-16 mg/kg (-)pentazocine or 20 mg/kg U50488 delivered intravenously (but not 6
mg/kg U50488) [34, 37]. Excitation was attributed to KOR binding in the cochlea as
selective KOR antagonists naloxone [applied intravenously, see 35] and norbinaltorphimine
(norBNI) [applied to the round window membrane (RWM), see 38] blocked these effects.

When 50-mM U50488 was applied to the RWM to eliminate potential systemic effects,
CAP amplitude increased at 0-10 dB SL but decreased at 20-40 dB SL [39]. “Biphasic”
effects were replicated using 50-mM (-)pentazocine and 100-mM U50488 [32]; however,
high drug concentrations may induce non-selective effects. Endogenous cochlear opioid
release is suggested to achieve nanomolar, or perhaps micromolar, concentrations [28].
Sharply contrasting with this, 50-mM (-) U50488 applied to chinchilla RWM might
produce 1.1 millimolar cochlear drug concentrations [Washington University Cochlear
Fluids Simulator (version 1.6i, December 2005; http://oto.wustl.edu/cochlea/)]. The current
study assessed whether micromolar cochlear dosing of (—)pentazocine mediates AN activity.

METHODS

Subjects

Male and female pigmented guinea pigs (EIm Hill Breeding Labs, Chelmsford, MA) were
maintained with free access to food (Guinea Pig Chow, PMI Nutrition International Inc.,
Brentwood, MO) and water (n=11). Animal weights were ~250-300 grams on arrival and
~350-500 grams at study entry. The animal care program was AALAC accredited.
Husbandry met or exceeded all applicable standards; the University (of Michigan)
Committee on Use and Care of Animals approved all protocols.

Surgical Procedure

Guinea pigs were anesthetized (108 mg/kg ketamine, 14 mg/kg xylazine) and the cochlea
exposed via post-auricular incision. A platinum-iridium-wire ballelectrode (diameter=0.2—
0.25 mm) was placed through the wall of the cochlea into scala tympani. A silastic bead 0.5-
mm distal to the end of the electrode prevented over-insertion and cochlear fluid loss [as in
23]. The electrode was secured temporarily using cyanoacrylate (VetBond) at the bulla, then
cemented securely to the bulla (Durelon). CAP was assessed immediately after securing the
electrode (“Baseline™), and 30-min after application of artificial perilymph (AP) (145-mM
NacCl, 2.7-mM KClI, 2.0-mM MgS04, 1.2-mM CaCl2, 5.0-mM HEPES; pH=7.40,
osmolality=280-285 mOsm) or increasing concentrations (1.0, 5.0 mM) of (-)pentazocine
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(Sigma #P-134, CAS 66429-56-9) to the RWM. (—)Pentazocine was initially dissolved in a
small volume of dilute (0.1M) hydrochloric acid then brought to the appropriate
concentration using AP (final pH=6.73-7.08). RWM applications were ~6-ul, and the
middle ear was carefully dried prior to CAP tests using fine tip cotton points.

Acoustic stimuli were tone-pips from 0 to 100-dB SPL (5-dB increments, 5-msec duration,
0.5-msec rise-fall; 10/sec). Control subjects receiving AP were tested from 2-18 kHz in 2-
kHz increments (nominally 9-minutes); (-)pentazocine subjects were tested at 2, 4, 8, and
16 kHz (nominally 4-minutes). Signals were generated using Tucker-Davis Technology
(TDT; Alachua, FL) hardware and SigGen32 software. Signals were converted to analog
(DAL), filtered (FT6-2, Fc=40 kHz), attenuated (PAS5), and presented using a 200-Ohm
transducer (Beyer Dynamic, Farmingdale, NY) coupled to the ear canal via vinyl tubing.
Cochlear potentials were filtered (300-3000 Hz) and amplified (1000x%) using a Grass P55
amplifier. BioSig32 was used to average 25 evoked responses per frequency/level
combination. CAP threshold was defined as the level producing a 10-uV response using
linear interpolation. All subjects were required to be within 2-SD of the mean for the
population of animals tested in this laboratory previously, for both threshold and amplitude,
at baseline.

Statistical analysis

RESULTS

All values are mean £S.D.; statistical reliability of group differences was analyzed via
ANOVA using SPSS 13.0. Statistical reliability of drug effects was evaluated at each
frequency using mixed-effects ANOVA for the between-subjects condition (baseline, 1-mM,
5-mM) and within-subjects effect of stimulus level (0, 5, 10, ..., and 100-dB SPL).
Greenhouse-Geisser corrections adjusted for sphericity violations; Bonferroni corrections
were applied for multiple comparisons.

CAP Threshold

Threshold sensitivity was not reliably affected by AP (Figure 1A) or 1- or 5-mM
(-)pentazocine (Figure 1B). There was no statistically reliable difference between Baseline
versus AP (F=1.008, df=1, 7, p=0.349) or Baseline vs 1- or 5-mM (=)pentazocine (F=1.813,
df=1.775, 7.098, p=0.230).

CAP Amplitude (dB SPL)

Both 1- and 5-mM (=)pentazocine depressed CAP amplitude (Figure 2). All pair-wise
comparisons between drugs and baseline were statistically significant after Bonferroni
corrections, except Baseline vs 1-mM (-)pentazocine at 2-kHz. Drug effects were most
robust at higher frequencies [expected with RWM delivery, see 6] and higher sound levels
[TreatmentxLevel interaction significant for pre vs 5-mM at 8- and 16-kHz (all p’s<0.05)].
In contrast to (—)pentazocine, AP did not affect CAP amplitude (all p’s >0.05). Although
thresholds were equivalent for the groups treated with AP and (=)pentazocine, average CAP
amplitude growth was smaller in the AP group. When animals matched for baseline
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amplitude were individually examined from each group, there was no effect of AP on CAP
amplitude, and there was a dose-dependent effect of (—=)pentazocine on CAP amplitude,
consistent with group results.

CAP Amplitude (dB SL)

CAP amplitude measured within tests was normalized to threshold; 0-dB SL was defined as
the sound level yielding a 10-pV CAP amplitude during that level series. There was no
effect of AP at any frequency. CAP amplitude appeared depressed after (-)pentazocine;
however, the difference between pre- and post-drug CAP amplitude was not statistically
significant (all p’s>0.10) (Figures 3A-3H). The negative outcome should be interpreted
cautiously; achieved power was less than 0.2 at 2-, 4-, and 16-kHz. The highest power was
at 8-kHz (power=0.425, p-value=0.11).

In earlier studies reporting excitatory [34, 37] or biphasic [32, 39] changes in CAP
amplitude, post-drug CAP amplitudes were normalized using a single pre-drug threshold as
0-dB SL. In a final analysis, we normalized post-drug CAP amplitude data using pre-drug
baseline as in earlier reports (Figure 31-3L). There was a trend towards increased CAP
amplitude at/near threshold, particularly at 4-kHz, but the effect varied across subjects and
was not statistically reliable. There was little or no decrease in CAP amplitude as SL
increased up to 40-dB SL. Thus, the current data did not show reliable excitation, or
biphasic effects, for 1- and 5-mM concentrations of (-)pentazocine on the RWM.

DISCUSSION

Effects of dyn agonists on auditory nerve activity

The LOC transmitter dyn has the potential to depress AN activity during endogenous
transmitter release. We report that RWM application of ligands at concentrations that might
be achieved via endogenous dyn release depressed sound-driven AN activity at the highest
test frequencies. The lack of effect at 2-kHz likely reflects minimal drug distribution to this
region [based on 41]. Effects were robust when CAP amplitude was evaluated strictly as a
function of sound level (dB-SPL). When neural response amplitude was normalized (dB-
SL), statistical reliability was reduced, although there was still a downwards trend with CAP
amplitude appearing reduced after (—=)pentazocine. The observed effects are not unique to
(-)pentazocine. Dose-dependent CAP amplitude depression was described when U-62066
(Spiradoline; 1-, 2.5-, 5-, or 10-mM) and U50488 (1-, 2.5-, and 5-mM) were applied to the
RWM in smaller groups of animals [22]. U62066 and U50488 are highly selective KOR
agonists without MOR antagonist effects.

Biological relevance

Lioudyno et al. [28] have shown that micromolar concentrations of endomorphin-1 and
dynorphin-B inhibit ACh-evoked cell responses in oocytes and cochlear cell cultures. The
actual concentrations achieved in each tonotopic location of the cochlea at the specific time
each frequency was tested cannot be determined based on unknown RWM permeability,
scala tympani drug elimination constants, and drug entry through both the RWM and the
stapes [40, 41]. Based on the predicted concentrations calculated using a variety of
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biologically plausible assumptions in the models submitted to the Washington University
Cochlear Fluids Simulator, the 5-mM (=)pentazocine solutions on the RWM of the guinea
pig cochlea concentrations might be on the order of 150-uM at/near 16-kHz and 30-uM at/
near 8- kHz, with minimal (<5-uM) diffusion reaching regions at/near 4-kHz, and closer to
the apex. These concentrations better approximate the micromolar levels suggested by
Lioudyno et al. [28], although the effects of (—)pentazocine may not be identical to those of
endogenous dyn peptides.

Biphasic Dose Effects?

Threshold improved and evoked potential amplitude increased for 0-20 dB SL clicks after
intravenous 8-20 mg/kg (-)pentazocine or U50488 [34, 37], with no changes in amplitude at
40-dB SL [36]. With 100-mM U50488 applied to the RWM, effects were biphasic:
amplitude increased 200% for 0-10 dB SL clicks, with 50% decreases in amplitude for 20—
40 dB SL clicks [see 32, 39]. With application of significantly lower concentrations of
(-)pentazocine to the RWM here, CAP amplitude appeared to be enhanced up to 50% for 0—
5 dB SL signals (at 16-kHz), with responses reduced some 10-20% for 10-40 dB SL signals
(Figure 31-3L), but those results were not statistically different from AP control. To draw
conclusions at near-threshold stimulus levels, a greater number of averages may be required.
In future investigations, it would be worthwhile to include higher doses as tested by others,
as well as lower more biologically relevant concentrations as used here. Taken together, the
main effect of the current manipulation was reduction of CAP amplitude as sound level
increased (Figure 2A-2D). Higher intra-cochlear concentrations of (—)pentazocine and other
more selective KOR-agonists may indeed produce excitatory and/or biphasic effects as
described previously. However, the current data reflect down-regulation of AN responses to
higher-level sound stimulation to be the only reliable effect of (—)pentazocine on sound-
evoked AN responses.

Implications for LOC modulation of auditory nerve activity

The current data show inhibitory effects of (-)pentazocine on sound-evoked AN activity.
While this report focused selectively on effects of this dyn-like ligand, immunocytochemical
labeling studies clearly reveal LOC neurons are chemically rich, with co-localized
transmitters [10]. They contain ACh, dopamine (DA), enk, y-aminobutyric acid (GABA),
and calcitonin-gene-related-peptide (CGRP) [for reviews, see 20, 21, 31]. DA agonist
infusion decreases AN single-unit driven rates [29, 30], AN whole-nerve response [7, 8, 30],
and spontaneous AN firing (according to [30], but not [29]). These effects are increasingly
understood to vary with action at specific receptor subtypes, with D15 agonists suppressing
CAP amplitude, but no effect of D, and D3 agonists on CAP amplitude [12]. Because a D,
antagonist suppressed CAP amplitude, tonic endogenous DA release has been suggested
[12]. Limited results are also available for enk and GABA agonists. Microiontophoresis of
enk strongly depressed AN firing induced by a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA), kainate (KA), and, to a lesser extent, N-methyl-Daspartate
[NMDA, see 5]. Microiontophoresis of GABA had little effect on spontaneous AN firing,
but inhibited glutamate-induced activity [11]. Finally, the GABAA agonist muscimol, but
not the GABAB agonist baclofen, reduced NMDA- and AMPA-induced neural activity [4].
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Taken together, DA [7, 8, 12, 30], enk [5], GABA [4, 11], and now dyn [in the present data
set] have all inhibited sound-evoked AN activity.

These inhibitory effects of LOC transmitters are notably consistent with data from the
mouse, where LSO lesions enhanced sound-evoked AN activity; an effect that is consistent
with disruption to inhibitory neurotransmitter systems [9]. These sharply contrast with the
observed effects of LSO lesions and LOC damage in cats, chinchillas, and guinea pigs,
however. Cutting the combined LOC and MOC pathways, which travel together in the
olivocochlear bundle (OCB), decreased spontaneous AN activity in cats and chinchillas [25,
45]. Similarly, selective LOC disruption decreased CAP amplitude in guinea pigs [23, 24].
Species differences may explain some of the observed differences [19], and the relative
placement of lesions may also influence the outcome, based on data from electrical
stimulation studies which showed either excitation or inhibition depending on location [13].
In contrast to the MOC system, there are clearly major gaps remaining in our understanding
of the LOC system. Level-dependent effects of the LOC system also remain poorly
understood. The current data show seemingly more robust effects of dyn agonists on AN
responses at higher stimulus levels, although previous data suggest effects of LOC damage
are not level-dependent [23]. Effects at higher levels are relatively well-explained
anatomically. Most LOC fibers synapse on afferent fibers on the modiolar side of IHCs, and
fewer synapse on afferents on the pillar side [27]. High-threshold, low-SR afferent fibers
connect to the modiolar side of the IHCs, while low-threshold, high-SR afferent fibers
connect to the pillar side [26]. A greater number of LOC synapses on highthreshold, low-SR
fibers may provide a mechanistic explanation for larger effect at higher SPLs. It is of interest
that Guinan and Stankovic [14] previously reported greater MOC effects on high threshold,
low-SR fibers, an effect for which there is no accepted mechanistic explanation as these data
do not fit with the known effects of MOC inhibition of basilar-membrane motion.

Summary and Conclusions

The current data emphasi ze the importance of using biologically plausible concentrations of
active experimental agents when assessing the role of a chemical in normal biological
function. Although data from studies using high drug concentrations suggest dyn is an LOC
excitatory substance [32, 34, 35, 37-39], dyn was inhibitory when delivered at biologically
plausible concentrations. Based on reports that dyn has excitatory effects in the inner ear,
loss of endogenous dyn was suggested to contribute to the net depression of spontaneous
and sound-driven AN activity after LOC disruption [23-25, 45]. This interpretation is not
supported by the current data. Based on excitatory action, dyn has also been proposed as
underlying human tinnitus; i.e., the perception of “phantom sound” [29, 33, 36, 39]. The
current data instead suggest endogenous dyn would in fact down-regulate afferent response.
Interestingly, this does not negate the possibility that endogenous dyn might influence
tinnitus, as decreased peripheral input has been suggested to underlie tinnitus [18]. Although
the current studies do not confirm the conditions under which dyn is in fact released
endogenously (i.e., tonically, or in response to sound), the effects obtained using
biologically relevant micromolar drug levels are clearly inhibitory in nature.
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There were no statistically reliable changes in CAP threshold (meanz S.D.) after artificial
perilymph (AP) control (1A, n=6), or (-)pentazocine (1B, n=5).
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Figure 2.
Sound-evoked cochlear action potential (CAP) amplitude (mean+/-S.D.) is depicted

immediately after cementing recording electrode in place (Pre), and 30-min after applying
test agents. CAP amplitude was not affected by artificial perilymph (AP) (2A, 2C, 2E, and
2G). Responses were reliably depressed by 1- and 5-mM (=)pentazocine (2B, 2D, 2F, and
2H). Effects were dose-dependent and frequency-specific.
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Figure 3.

CAP amplitude was expressed as dB sensation level (dB SL) from 0-40 dB SL. CAP
amplitude (mean+/-S.D.) is depicted immediately after cementing the recording electrode in
place (Pre), and 30-min after applying artificial perilymph (AP) or increasing concentrations
of (-)pentazocine (1-, 5-mM) to the round window membrane. Response amplitude was not
affected by AP (3A, 3C, 3E, and 3G). Although response amplitude seemingly decreased
after (—)pentazocine (3B, 3D, 3F, and 3H), the effect was not statistically reliable. To be
consistent with other reports, we normalized AP and (-)pentazocine CAP functions to
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baseline amplitude (31, 3J, 3K, 3L). Normalized amplitude of 1.0 (dashed-line) represents no
change in CAP amplitude post-treatment; normalized amplitude of 0.5 represents CAP
amplitude that is 50% of baseline. There were no statistically reliable changes in amplitude
as a function of treatment.
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