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Abstract

The transient receptor potential cation channel subfamily V (TRPV) is a non-specific cation ion channel receptor family that is

gated by heat, protons, low extracellular osmolarity and arachidonic acid derivatives. Since some of these endogenous agonists of

TRPV receptors are reactive oxygen intermediates produced by lipoxygenases, it has been hypothesized that some members of the

TRPV family may respond to challenges by reactive oxygen species. This study used real-time PCR to quantitatively track changes

in TRPV1-4 mRNA expression in the spiral, vestibular, and trigeminal ganglia and the kidney from kanamycin (KM)-treated mice.

TRPV1, TRPV2, TRPV3 and TRPV4 mRNAs were expressed in spiral and vestibular ganglia, and TRPV2 and TRPV1 mRNAs

were most predominant in control mice. After KM (700 mg/kg s.c. b.i.d., 14 days), TRPV1 mRNA and protein expression were

significantly up-regulated both in the spiral and vestibular ganglia, but expression was unaffected in the trigeminal ganglion and

kidney. Real-time PCR also demonstrated a significant down-regulation in TRPV4 mRNA expression in the inner ear ganglia

and kidney after KM treatment. All these mRNA and protein expression changes were eliminated by simultaneous administration

of dihydroxybenzoate (300 mg/kg s.c. b.i.d., 14 days), an anti-oxidant that blocks KM ototoxicity. It is proposed that up-regulated

TRPV1 expression during KM exposure may promote ganglion cell survival by contributing to neuronal depolarization, with KM-

induced tinnitus and dizziness as consequences.
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1. Introduction

The transient receptor potential cation channel sub-

family V (TRPV) is a non-specific cation ion channel

receptor family with six identified members (Montell

et al., 2002; Benham et al., 2003; Nilius et al., 2004).

The best-known member of the family is TRPV1, also

called vanilloid receptor type 1 (VR-1). TRPV1 is lo-

cated predominantly in dorsal root ganglia (DRG) and
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trigeminal ganglia, and it is responsive to noxious heat

(>43 �C) and protons (pH < 5.9) (Caterina et al.,

1997). Endogenous capsaicin-like ligands include arachi-

donic acid products such as hydroxyperoxyeicosatetrae-

noic acid (HPETE), hydroxyeicosatetraenoic acid

(HETE) (Hwang et al., 2000) and arachidonyl-dopam-
ine (Huang et al., 2002; Toth et al., 2003). Both TRPV1

and 5-lipoxygenase (the enzyme that produces 5-

HPETE and 5-HETE) are expressed by spiral and ves-

tibular ganglion cells in the inner ear (Balaban et al.,

2003). TRPV2, also called vanilloid receptor like pro-

tein-1 (VRL-1), is expressed most heavily in the DRG,

trigeminal ganglia, spleen and intestines (Caterina

et al., 1999) and TRPV4, also called vanilloid recep-
tor-like protein-2 (VRL-2), is expressed preferentially

in kidney, trachea, spleen and trigeminal ganglia (Lied-

tke et al., 2000; Wissenbach et al., 2000). Although

TRPV2 is sensitive only to noxious heat >53 �C
(Caterina et al., 1999), TRPV4 (also called VRL-2,

VR-OAC, TRP12 or OTRPC4) expression confers sen-

sitivity to both a physiological range of temperature

changes (Guler et al., 2002) and low extracellular osmo-
larity (Liedtke et al., 2000). TRPV5 and TRPV6 are

both highly calcium selective channels and are activated

by low intracellular calcium and hyperpolarization

(Montell et al., 2002).

It has been proposed that some members of the

TRPV family serve an important role in nociception

and hyperalgesia (Stucky et al., 1998; Shin et al.,

2002). However, other studies suggest that TRPV1
expression is regulated dynamically as a component of

responses to potentially injurious challenges. For exam-

ple, TRPV1 was up-regulated in dorsal root ganglia

after local inflammation was induced in the periphery

by either capsaicin (Ha et al., 2000) or Freund�s com-

plete adjuvant injections (Amaya et al., 2003). Veldhuis

et al.�s (2003) recent report that activation of TRPV1 af-

fords neuroprotection against excitotoxic insult suggests
that TRPV1 up-regulation may be an endogenous neu-

roprotective mechanism to promote cell survival.

The hypothesis that TRPV1 up-regulation occurs in

response to challenges that are potentially injurious

was tested in a factorial design in CBA mice using kana-

mycin (KM) administration as a reactive oxygen species-

generating challenge and 2,3-dihydroxybenzoate (DHB)

administration as an antioxidant countermeasure (Wu
et al., 2001). Treatment with this KM protocol is known

to produce degeneration of cochlear outer hair cells and

some vestibular hair cells; these effects are blocked by

co-administration of DHB (Wu et al., 2001). Since the

combined direct effects of aminoglycosides and second-

ary effects of hair cell degeneration appear to be factors

in eliciting degeneration of spiral and vestibular gan-

glion cells (Kellerhals et al., 1967; Spoendlin, 1975;
Webster and Webster, 1981; Bichler et al., 1983; Hino-

josa and Lerner, 1987; Sera et al., 1987; Harada et al.,

1991; Zimmermann et al., 1995; Dodson, 1997; Sone

et al., 1998), this protocol concurrently provides multi-

ple challenges to survival of inner ear ganglion cells.

By contrast, the nephrotoxic effects provide an example

of responses to the direct cellular effects of KM alone.

2. Materials and methods

Experimental procedures involving animals reported

in this study were performed according to NIH guide-

lines and were approved by the University of Pittsburgh

Institutional Animal Care and Use Committee

(IACUC).

2.1. Experimental animals and drug administration

A two-by-two factorial design was used to assess ef-

fects of (1) KM (700 mg/kg) treatment (saline vehicle

versus KM dissolved in saline), (2) antidoxidant treat-

ment with 300 mg/kg DHB (NaHCO3 vehicle versus

DHB dissolved in NaHCO3). The doses and frequency
of treatment (twice daily for 14 days) followed a model

established by Wu et al. (2001), who demonstrated con-

vincingly that both the histopathological and physiolog-

ical evidence of ototoxicity from this KM dose are

blocked by the selected DHB dose.

Four-week-old CBA/J (CBA) mice were divided into

four groups (n = 10 in each) as follows: a saline and

NaHCO3 vehicle injected control (CONT) group, a
KM and NaHCO3 vehicle injected (KM) group, a KM

and dihydroxybenzoate-injected (KM/DHB) group and

a saline and DHB-injected (DHB) group. Kanamycin

sulfate (USB Corporation, Cleveland, OH, USA) was

dissolved in physiological saline at a concentration of

35 mg KM base/ml; a dose of 700 mg of KM base/kg

body was achieved by injecting 0.02 ml/g body weight.

DHB (Aldrich Chemical Corporation, Milwaukee, WI,
USA) was dissolved in 2.5% NaHCO3 at a concentra-

tion of 15 mg/ml (pH between 7.0 and 8.0) so that a sub-

cutaneous injection of 0.02 ml/g body weight produced a

final dose of 300 mg/kg. On the 15th day of the protocol,

the mice were euthanized according to the methods

described below.

2.2. Real-time PCR (TaqMan PCR)

2.2.1. Animals and tissue preparation

Three adult male mice (out of 10) in each group were

euthanized with a pentobarbital overdose (100 mg/kg,

i.p.). The left and right inner ear tissues were dissected

from the osseous labyrinth in cold PBS (pH 7.4) (Bioflu-

ids, Rockville, MD) under a stereomicroscope. The

bony wall of the cochlea was removed with fine forceps
and probes. The organ of Corti, the tectorial membrane

and the basilar membrane were peeled en masse from
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