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Abstract

Aminoglycoside uptake in the inner ear remains poorly understood. We subcutaneously injected a
fluorescently-conjugated aminoglycoside, gentamicin-Texas Red (GTTR), to investigate the in vivo
uptake of GTTR in the inner ear of several vertebrates, and in various murine sensory cells using
confocal microscopy.

In bullfrogs, GTTR uptake was prominent in mature hair cells, but not in immature hair cells. Avian
hair cells accrued GTTR more rapidly at the base of the basilar papilla. GTTR was associated with
the hair bundle; and, in guinea pigs and mice, somatic GTTR fluorescence was initially diffuse before
punctate (endosomal) fluorescence could be observed. A baso-apical gradient of intracellular GTTR
uptake in guinea pig cochleae could only be detected at early time points (<3 h). In 21-28 day mice,
cochlear GTTR uptake was greatly reduced compared to guinea pigs, 6-day-old mice, or mice treated
with ethacrynic acid. In mice, GTTR was also rapidly taken up, and retained, in the kidney, dorsal
root and trigeminal ganglia. In linguinal and vibrissal tissues rapid GT TR uptake cleared over a period
of several days.

The preferential uptake of GTTR by mature saccular, and proximal hair cells resembles the pattern
of aminoglycoside-induced hair cell death in bullfrogs and chicks. Differences in the degree of GTTR
uptake in hair cells of different species suggests variation in serum levels, clearance rates from serum,
and/or the developmental and functional integrity of the blood—labyrinth barrier. GTTR uptake by
hair cells in vivo suggests that GTTR has potential to elucidate aminoglycoside transport mechanisms
into the inner ear, and as a bio-tracer for in vivo pharmacokinetic studies.
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1. Introduction

Aminoglycoside antibiotics are powerful anti-Gram negative bacterial drugs that bind to
mammalian RNA (Myrdal et al., 2005b), bacterial ribosomes and inhibit protein synthesis
(Zierhutetal., 1979). However, the clinical use of aminoglycosides is limited to life-threatening
infections because of serious ototoxic (4—14% of patients receiving aminoglycosides) and
nephrotoxic (9—14%) side-effects (Kahlmeter and Dahlager, 1984). In mammals, including
humans, ototoxicity is a serious, and mostly permanent, side-effect of aminoglycoside therapy,
whereas nephrotoxicity is often acute and reversible. Kidney tubule epithelia retain their ability
to undergo cellular proliferation following aminoglycoside toxicity, unlike sensory epithelia
in the mammalian inner ear (Chen and Segil, 1999; Nonclercq et al., 1992; Xie et al., 2001).

The degree of aminoglycoside-induced hair cell death appears to be dependent on the degree
of intracellular drug uptake, and both decrease along a baso-apical gradient in the cochlea
(Beaubien et al., 1991; Hackney et al., 1990; Hiel et al., 1992a; Hiel et al., 1992b).
Physiologically, the cationic aminoglycosides reversibly abolish the transduction current in
hair cells, and are permeant blockers of the transduction channels (Kroese et al., 1989; Marcotti
etal., 2005). Aminoglycosides rapidly increase intracellular levels of Ca™ and reactive oxygen
species (Clerici et al., 1996; Hirose et al., 1999; Staecker et al., 1997), induce loss of calcium-
binding proteins and cytoskeletal organization (Hackney et al., 1990; Imamura and Adams,
2003b), and initiate a variety of cell death processes in vivo and in vitro (Ding et al., 2002;
Jiang et al., in press; Mangiardi et al., 2004; Ylikoski et al., 2002).

Early autoradiographic studies described an intracellular and nuclear distribution of
aminoglycosides in the organ of Corti within 2 h (Portmann et al., 1974; von llberg et al.,
1971). Subsequent studies confirmed the rapid uptake of aminoglycosides into the organ of
Corti and endocochlear fluids within 2 h following a single injection (Tran Ba Huy et al.,
1986; Tran Ba Huy et al., 1983). More recent studies have used fluorescent probes,
immunohistochemistry, autoradiography and electron microscopy to localize aminoglycosides
in hair cells up to six months after administration (de Groot et al., 1990; Dulon et al., 1993,
Hashino et al., 1997; Imamura and Adams, 2003a; Richardson et al., 1997). Subcellular
localization of aminoglycosides in hair cells is greatest below the cuticular plate: in lysosomes,
multi-vesicular bodies, small tubules and vesicles, suggestive of endocytotic uptake across the
apical membrane of hair cells that is bathed in endolymph (de Groot et al., 1990; Hashino and
Shero, 1995a; Hashino et al., 2000; Hayashida et al., 1989; Hiel et al., 1992a; Richardson et
al., 1997).

Dulonetal. (1989) administered fluorescein-conjugated gentamicin to isolated outer hair cells,
but observed only binding to the cell surface. Recently, we used gentamicin conjugated to
Texas Red (GTTR) that revealed intracellular localization in endosomes, nuclei, mitochondria,
Golgi bodies, endoplasmic reticulum of hair cells, and also diffusely throughout the cytoplasm
of both hair cells and kidney tubule cells (Myrdal and Steyger, 2005a; Myrdal et al., 2005b;
Steyger et al., 2003). These in vitro studies corroborated a variety of previous cochlear studies
(above, see also: (Ding et al., 1995; Portmann et al., 1974; von llberg et al., 1971)).

The present study was conducted to determine the utility of GTTR for in vivo studies.
Following injection, the comparative distribution of GTTR was analyzed using confocal
microscopy in the inner ears of bullfrogs, chicks, guinea pigs, neonatal and post-natal mice. In
addition, we localized GTTR fluorescence in other sensory, neural and renal cells elsewhere
inthe body. The results reveal subtle differences in the uptake of GTTR in the inner ear epithelia
of different species, and in other sensory cell types known for aminoglycoside toxicity. Thus,
GTTR has the potential to characterize drug transport and uptake mechanisms that lead to
toxicity.
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2. Materials and methods

2.1. Gentamicin—-Texas Red conjugation

Gentamicin (GT) sulfate (Sigma, MO; MW = 449-477; 50 mg/ml in 100 mM K,COs, pH 9)
and succinimidyl esters of Texas Red (Molecular Probes, OR; MW =817; 2 mg/ml in dimethyl
formamide) were agitated together at 4 °C for several days to produce a gentamicin—Texas Red
conjugate (GTTR). Typically, 4.4 ml of 50 mg/ml (final volume) GT was mixed with 0.6 ml
of 2 mg/ml Texas Red esters (TR) to produce an approximately 300:1 molar ratio of GT:GTTR.
The conjugation procedure reduces the polycationic charge of GT by 1 for each amine group
conjugated to TR, proportionately increasing its hydrophobicity. Thus, the high molar ratio of
GT to TR esters (300:1) typically produces a conjugation ratio of one TR molecule to a single
GT molecule (Sandoval et al., 1998).

2.2. Animals

Adult bullfrogs (>3 in., approx 200 g), White Leghorn chicks (14 day), juvenile pigmented
guinea pigs (200—250 g, >4 weeks) and C57/BL6 mice (6 day and 21-28 day old) were used
in this study. The Institutional Animal Care and Use Committees of Oregon Health and Science
University, and the Children's Hospital, Boston approved this study.

Chicks, guinea pigs and mice were injected subcutaneously, while bullfrogs were injected in
the pelvic lymphatic sac, with a single 300 mg/kg dose of the 300:1 molar ratio GT/GTTR
solution, then allowed to recover for 0.5, 1, 2, 3, 6, 7.5, 9 or 24 h (n > 3 for each time/data
point). In some cases, guinea pigs received a single injection of 150 mg/kg gentamicin and
allowed to recover for 3 h. Several mice received a subsequent GT/GTTR injection 24 and 48
h after the initial injection and allowed to recover for a further 24 h.

In control animals, hydrolyzed TR treated identically to the conjugation mixture, or vehicle
alone, were injected at the same volumes and concentrations equivalent to experimental
animals, and the animals allowed to recover for equivalent times.

2.3. Tissue fixation and microscopy

At specific time-points (0.5, 1, 2, 3, 6, 7.5, 9, 24, 48, 72 h) following the initial injection,
animals were deeply anesthetized (frogs by immersion in chilled 0.2% MS-222; chicks with
1.5-3 ml/kg Beuthanasia D; mice and guinea pigs using 100 mg/kg ketamine), and inner ear
organs were excised and fixed in 4% formaldehyde overnight as described previously (Steyger
et al., 2003). Also, at specific time-points (1, 3, 24 h, 3 and 7 days) following injection,
additional murine tissues were retrieved from anesthetized mice, including: dorsal root and
trigeminal ganglia, kidneys, tongue and muzzle skin were excised and fixed in 4%
formaldehyde overnight.

After washing in PBS, fixed tissues were permeabilized using ice-cold acetone, and if
necessary, subsequently labeled with Alexa-488-conjugated phalloidin for 1 h to localize
filamentous actin. Solvents like acetone and methanol unmask cytoplasmic GTTR fluorescence
while retaining punctate (endosomal) fluorescence that can be washed away by ionic detergents
like Triton X-100 (Myrdal et al., 2005b). Excised inner ear epithelia, and vibrotomed sections
(10 um) of kidney and neuronal tissues were whole-mounted in VectaShield (Vector Labs)
and observed using a Bio-Rad MRC 1024 ES laser scanning confocal system attached to a
Nikon Eclipse TE300 inverted microscope. Images were collected using 1024 x 1024 pixel
box size using either (i) a 4x (N.A.: 0.25) or (ii) a 60x lens (N.A.: 1.4) with a resolution of 230
nm in the xy-axis and 440 nm in the xz-axis (Steyger et al., 2003). Images were post-processed
using the Bio-Rad LaserSharp imaging software. Wholemounted chick cochleae were
examined on a Leica TCS SP confocal laser-scanning microscope (Leica Microsystems
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Heidelberg GmbH, Heidelberg, Germany) using a 20x (N.A.: 0.7) or a 40x (N.A.: 1.25) oil

immersion objective digitally zoomed to 2x, and acquired sequentially. Confocal imaging of
control sensory epithelia was performed at the same laser intensity and gain settings used for
sensory epithelia from GT/GTTR-treated animals. All images are representative examples of
data collected from >3 animals, and were prepared for publication using PhotoShop software.

3.1. Controls

Confocal imaging of bullfrog saccules, chick basilar papillae, or rodent organs of Corti from
animals that received GT/GTTR revealed extensive GTTR uptake throughout the sensory
epithelium (Fig. 1A-D). Using the same confocal intensity, gain, iris and black level settings
used for GTTR-labeled tissues, confocal imaging of sensory epithelia from animals that
received hydrolyzed TR revealed negligible fluorescence at all time points tested (Fig. 1E-H).
FITC-phalloidin labeling did not induce cross-talk (and therefore false-positive labeling) in
bullfrog, guinea pig or murine inner ear tissues in the Texas Red channel when illuminated by
the 568 nm laser. However, in chicks, weak TR-like fluorescence was visible in chick
stereociliary bundles, due to cross-talk from FITC-phalloidin-labeled stereocilia (Fig. 1F).
Injections of hydrolyzed TR with 300 mg/kg GT, or vehicle alone also did not result in TR
fluorescence in inner ear epithelia (data not shown).

In 3—4 week guinea pigs that received vehicle alone, some autofluorescence (or aldehyde-
induced fluorescence) could be determined in the inner sulcus region adjacent to the inner hair
cells (IHCs; as shown in Fig. 1C and G). Weak, punctate TR-like autofluorescence (or
aldehyde-induced fluorescence) was detected in the bullfrog saccule at elevated laser intensity
settings, and in apical coils of 21-28 day old murine cochleae after the vehicle alone was
administered (data not shown). This auto-fluorescence was attributed to age-related pigments
(lipofuscin) that accumulate in post-mitotic cells, with an emission peak at 600 nm (Porta,
2002).

3.2. Adult bullfrog saccule

3.3. Chick

Within 30 min after GT/GTTR injection, weak GTTR fluorescence was initially detected in
mature hair cells in the central region of the saccule (not shown). The intensity of both diffuse
and punctate fluorescence in the hair cell cytoplasm was increased at 1 h (Fig. 2A), and at 3 h
(Fig. 2B). Hair cells appeared to retain the intensity of the punctate GTTR fluorescence 24 h
after injection. In mature hair cells, GTTR fluorescence was associated with the hair bundle
(Fig. 2, inset in H). Immature hair cells at the saccular periphery frequently has much less
GTTR fluorescence than mature hair cells at all time points examined, although some had
intense punctate labeling (Fig. 2).

GTTR was initially detected in chick hair cells 6 h after GT/GTTR injection, particularly in
hair bundles in the proximal region of the basilar papilla (Figs. 1B; 3B), and less intensely in
hair bundles in distal regions (Fig. 3A). Punctate GTTR fluorescence could be clearly
determined in the cell bodies of proximal hair cells (Fig. 3B), and only sparsely in distal hair
cells on the neural side of the basilar papilla (Fig. 3A). At later time points (7.5 and 9 h following
injection), Hair bundles were more distinctly labeled with GTTR, and the cell bodies, of
proximal hair cells than distal hair cells on the neural side of the basilar papilla. Punctate GTTR
labeling was more frequent in both proximal and particularly, distal hair cells than at earlier
time points (Fig. 3C and D, respectively).
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3.4. Guinea pigs

3.5. Mice

Three hours after GT/GTTR injection, GTTR fluorescence can be clearly detected in the
stereociliary bundles of guinea pig cochlear hair cells, particularly outer hair cells (OHCs, Figs.
4A and B; 6A). Apical OHC stereociliary bundles are larger, and therefore more distinctly
labeled than the smaller basal cochlear OHCs bundles. Diffuse GTTR fluorescence was
observed in the infra-cuticular cytoplasm of OHCs after 3 h (Figs. 4A, B and 6A), and also in
the soma of some IHCs (Figs. 4A and 6E). A distinct annular band of GTTR fluorescence was
associated with the lateral membranes of OHCs (Fig. 6E). Throughout the cochlea, punctate
GTTR fluorescence in the subcuticular plate region of hair cells could be first observed only
at 6 h (inset in Fig. 4B), but with increased frequency and intensity at 24 h after injection, most
prominently at the base of the cochlea (Fig. 4C and D). Typically, OHCs accrued more GTTR
fluorescence than IHCs (Fig. 4).

In supporting cells of the organ of Corti, GTTR fluorescence could not be distinctly observed
in the cell bodies of Deiters' cells, nor the majority of other supporting cells in the organ of
Corti. However, diffuse GTTR fluorescence was detected in the pillar cell bodies, the inner
pillar cell phalanges overlying the head of the outer pillar cell, and in the outer pillar cell
phalange interdigitating between individual OHCs of the first row, and in the Deiters' cell
phalanges of the third row at all time points (Fig. 4).

Guinea pigs dosed with 150 mg/kg GT/GTTR were compared with animals that received 300
mg/kg GT/GTTR. (Both groups received equal molar ratios of GT:GTTR, 300:1.) Guinea pigs
that received the lower dose of GT/GTTR had a similar distribution of GTTR fluorescence in
the organ of Corti (Fig. 4E and F) as at the higher dose. However, at the lower dose, GTTR
fluorescence was weaker, yet still visible, throughout the organ of Corti at both 3 and 24 h (Fig.
4E and F) compared to the higher dose (Fig. 4B and D)

In 21-28 day mice, only faint diffuse GTTR fluorescence was observed in the organ of Corti
3 and 24 h after GT/GTTR injection (Fig. 5A). After 24 h, weak diffuse and punctate
fluorescence could be observed in the cell bodies of both IHCs and OHCs (Fig. 5B). At 72 h
after the initial injection (with subsequent injections at 24 and 48 h after the initial injection,
respectively), both diffuse and punctate GTTR fluorescence was marginally increased in
intensity in these same locations (Fig. 5C). Little GTTR fluorescence was observed in many
of the surrounding supporting cells (Deiters' cells, Hensen's cells, interdental cells) in the basal
region of the cochlea, even after 3 daily GT/GTTR injections; although, some GTTR
fluorescence could be seen in pillar cell phalanges (Fig. 5).

When 21-28 day cochlear surface preparations were examined using the same confocal settings
as for guinea pigs, negligible GTTR fluorescence could be observed in the hair bundles (Fig.
6B), with only faint fluorescence in the OHC lateral wall (24 h after injection) when compared
to the robust labeling intensities in guinea pig hair cells 3 h post-injection (Fig. 6A and E). To
determine if this drop in GTTR fluorescence in 21-28 day murine hair cells (compared to
guinea pig hair cells) was a result of a newly-established murine blood—labyrinth barrier,
formed around day 16, (Ehret, 1976;Shnerson and Pujol, 1981), we injected 6-day-old mice
with GT/GTTR. At 3, and 24 h after injection, using the same confocal settings, more intense
GTTR fluorescence was observed in OHC and IHC stereocilia (Fig. 6C and D) and cell bodies
(Fig. 6G and H) compared to 21-28 day old mice (Fig. 6B and F).

To further test the hypothesis that the blood—-labyrinth barrier could restrict GTTR uptake in
21-28 day old mice in vivo, we treated mice with ethacrynic acid (EA) to disrupt the blood—
labyrinth barrier (Ding et al., 2003). In EA-treated mice, GTTR fluorescence in the organ of
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Corti (Fig. 5D) and capillaries of the stria vascularis (Fig. 7B) was much greater 3 h after GT/
GTTR injection (Fig. 5D) than in mice not treated with EA (Figs. 5A, 7A). GTTR labeling of
the stria vascularis and lateral wall could not be observed at later time-points (data not shown).

3.6. GTTR uptake in sensory neurons

GTTR was barely be detected in the neuronal soma of the dorsal root ganglion (DRG) or
trigeminal ganglion (TG) 3 h after injection (not shown). At 24 h post-injection, GTTR uptake
was clearly detected in the majority of neuronal soma in the DRG and TG, peaking in intensity
at 3 days (Fig. 8). At 7 days post-injection, GTTR fluorescence had barely diminished (Fig.
8C and G).

To determine if the delay in GTTR fluorescence in soma of these ganglia was due to retrograde
transport from the sensory endings of these neurons in the neuromuscular junctions (DRG) and
facial regions (TG) (Meyers et al., 2003), we lacerated and ligated the infra-orbital nerve—a
branch of the TG—in 21-28 day mice. Examination of ipsi-lateral TG soma 3 days after
injection revealed diminished GTTR fluorescence (Fig. 8F) compared to sham-operated
animals (Fig. 8E) or contra-lateral TG (data not shown).

3.7. GTTR uptake in tongue and vibrissae

In the tongue, GTTR rapidly accrued in filiform and fungiform papillae (including a ring of
gustatory sensory neurons) within 3 h after injection (Fig. 9A). This uptake of GTTR began to
clear within 24 h in fungiform papillae, and by 3 days post-injection, linguinal tissues only
weakly retained GTTR fluorescence (Fig. 9C), barely above control levels (Fig. 9D).

Similar data was obtained from the vibrissae on the muzzle (Fig. 9 and F). GTTR rapidly
infiltrated in the tissues surrounding the whisker bulb-root within 3 h after injection (Fig. 9E).
However, this fluorescence began to clear within 24 h, and by 3 days post-injection, tissues
surrounding the whisker bulb-root only weakly retained GTTR fluorescence (Fig. 9F). At 7
days post-injection (not shown), GTTR fluorescence was barely above control levels (Fig. 9G),
which showed some weak autofluorescence in the whisker bulb root region.

3.8. Uptake of GTTR in the kidney

Vibrotomed sections of murine kidneys were double-labeled with phalloidin-Alexa 488 to
locate prominent brush border lining the lumenal space of proximal tubule cells. Strong diffuse
and punctate GTTR fluorescence was present in the epithelial cells lining the proximal tubule
3 h after injection (Fig. 10A-C). Negligible fluorescence was seen in the distal tubules, and
glomerulus (Fig. 10A-C). Control kidneys, fixed 3 h after injection with hydrolyzed TR only,
also displayed negligible fluorescence (Fig. 10D). Punctate GTTR fluorescence in kidney
proximal tubule epithelia slowly dissipated over time, although it was still present 3 days and
7 days after injection, together with a diffuse distribution of fluorescence (Fig. 10E and F).

4. Discussion

Vertebrate inner ear cells take up and retain GTTR in specific cell types in vivo following a
single injection, similar to that revealed by immunocytochemical and autoradiographic
methods (Balogh et al., 1970; Imamura and Adams, 2003a; von Ilberg et al., 1971). We also
observed uptake, retention and clearance of GTTR at other anatomical locations. No indications
of cellular damage or cell death could be detected using the fluorescent probes (GTTR or
Alexa-488-phalloidin) used in this acute in vivo study. Indeed, aminoglycosides are detected
in hair cells before functional changes can be measured (Aran et al., 1999; Hiel et al., 1992a).

Hear Res. Author manuscript; available in PMC 2008 June 11.
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4.1. Specificity of GTTR for gentamicin-binding sites

Previous studies have shown that the intracellular distribution of GTTR is almost identical to
that of immunolabeled gentamicin in both kidney cells and bullfrog saccular hair cells (Myrdal
etal., 2005b; Steyger et al., 2003). Those studies also revealed that gentamicin immunolabeling
often only labeled a subset of gentamicin binding sites, as gentamicin bound to nucleolar RNA
is typically not labeled by antibodies. Furthermore, GTTR binding can be competed away by
unconjugated gentamicin, demonstrating that GTTR (and gentamicin) uptake and binding is
saturable; this is a hallmark for the bio-relevance of any biological tracer (Myrdal et al.,
2005b). Nonetheless, the tracer may have different pharmacokinetic properties compared to
the native molecule. Hydrolyzed Texas Red was not observed in any of the tissues examined,
and faint autofluorescence observed in specified locations were omitted from descriptions of
specific GTTR uptake.

4.2. Bullfrog saccule

4.3. Chicks

Hair cells in the central regions of the saccule are typically functionally mature. At the saccular
periphery, there is a perimeter of 2—3 rows of immature hair cells, considered to be precursors
of the more central mature hair cells (Li and Lewis, 1979). The distribution of GTTR in mature
hair cells in vivo resembled that seen in saccular explants (Steyger et al., 2003). The appearance
(<30 min) of punctate (endosomal) fluorescence in mature bullfrog hair cells was more rapid
than in either avian or mammalian hair cells (>6 h), reflecting either weak blood-labyrinth
barrier (BLB) function, and/or high serum levels of GTTR.

In vivo, GTTR uptake was more prominent in mature hair cells, mirroring the pattern of more
rapid aminoglycoside-induced cell death by mature hair cells compared to immature hair cells
(Baird et al., 1996). The weaker uptake of GTTR in many peripheral, immature hair cells in
vivo may also account for enhanced resistance of regenerating/immature hair cells to
aminoglycoside toxicity (Baird et al., 1996; Hashino and Salvi, 1996). In explants, punctuate
GTTR fluorescence in peripheral hair cells is much more intense compared to mature hair cells
(Steyger et al., 2003). This may be due to increased endocytotic activity in following
explantation and immersion in culture media, as observed in other explantation protocols
(Stanislawski et al., 1997).

In chicks, a descending proximo-distal gradient of GTTR uptake, particularly in hair cells along
the neural edge, is similar to the pattern of avian hair cell death following aminoglycoside
treatment (Bhave et al., 1995; Cotanche et al., 1994; Hashino et al., 1995b). Recent studies
show that noise-trauma can induce avian hair cell death processes within 3—6 h of insult
(Mangiardi et al., 2004). However, aminoglycosides also induce these same hair cell death
processes 9—12 h after a single injection (Mangiardi et al., 2004). GTTR was first detected in
the chick basilar papilla only 6 h post-injection. Thus, aminoglycoside-induced avian hair cell
death processes are activated in a similar time frame after its initial appearance of the ototoxin
in the inner ear to that seen for noise trauma (3—6 h). This time-delay between injection and
initial detection of GTTR in avian hair cells may reflect phylogenetic differences in serum
levels and clearance of aminoglycosides, drug transport, the inner ear vasculature, and/or the
integrity of the blood-labyrinth barrier of chicks compared to amphibians and mammals.

4.4. Guinea pigs

Diffuse GTTR fluorescence in hair cells and pillar cells was observed with a slight decreasing
baso-apical gradient in guinea pig cochleae 3 h post-injection. However, this apparent
fluorescent gradient was not discernable after 24 h, corroborating immunoenzymatic studies
(Imamura and Adams, 2003a). This distribution is contrary to other reports that used multiple
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injections of gentamicin, e.g. (Hiel et al., 1992a), that might alter the dynamics of gentamicin
uptake following successive doses (Imamura and Adams, 2003a), for example increasing
cation channel expression (Kitahara et al., 2005) that could facilitate drug uptake.

At early time points (<3 h), in basal coils of guinea pig (and murine) cochleag, intracellular
GTTR fluorescence was typically diffuse, particularly in OHCs, suggestive of nonendocytotic
uptake (Myrdal et al., 2005b; Steyger et al., 2003; Wedeen et al., 1983). Although the molecular
weight of GTTR is approximately 1100 MW, other large organic and fluorescent molecules
have been shown to permeate cation channels and enter a variety of mechanosensory cells,
including the mechano-electrical transduction channel at the tips of stereocilia (Gale et al.,
2001; Marcotti et al., 2005; Meyers et al., 2003). GTTR also enters kidney cells via
nonendocytotic mechanisms (Myrdal and Steyger, 2005a; Myrdal et al., 2005b).

Diffuse GTTR fluorescence was also visible in hair cells at later time points, along with intense
punctate labeling in the cell body 6 h after injection. It is possible that endocytosed GTTR may
be present at earlier time points at sub-resolution and at intensities below that of diffuse
cytoplasmic fluorescence. However, it is more likely that the appearance of punctate
fluorescence is a time-dependent event via endocytosis (Myrdal et al., 2005b). The
subcompartments represented by the punctate GTTR labeling are likely to include endosomes,
lysosomes, mitochondria, ER, endosomes, and Golgi bodies (Ding et al., 1995; Hashino et al.,
1997; Sandoval et al., 2000; Steyger et al., 2003).

Initial studies of tritiated aminoglycoside uptake showed rapid uptake in endocochlear tissues,
cells, and fluids within 2 h (Balogh et al., 1970; Tran Ba Huy et al., 1986; Tran Ba Huy et al.,
1983; von llberg et al., 1971). Tritiated aminoglycosides cannot distinguish between
cytoplasmic and organelle uptake, except by electron microscopy (Hashino et al., 1997;
Wedeen et al., 1983), precluding the analysis of subcellular distribution of aminoglycoside
uptake in large numbers of individual cell types. Thus, high resolution confocal microscopy
of GTTR fluorescence in wholemounted cochlear surface preparations may offer greater
sensitivity for differentiating between cytoplasmic and endocytotic aminoglycoside uptake in
large numbers of cells compared to autoradiography of resin-embedded, sectioned material.

GTTR is associated with the hair bundles of all species examined, and the lateral membranes
of guinea pig and murine OHCs. Confocal microscopy is unable to resolve whether this GTTR
labeling is binding to the glycocalyx or other outer membranous structures of the cell membrane
from that within the inner leaflet of the cell membrane, or cortical cytoplasm (Au et al.,
1987; Marche et al., 1987; Richardson et al., 1989). Aminoglycosides are known to bind
strongly to phosphoinositides (e.g., PIP,, etc.) that are constitutive components of all
membranes (Schacht, 1979). Thus GTTR binding to membranous-rich structures of hair cells
like the hair bundle, and potentially the OHC sub-surface cisternae along the lateral membrane
is not surprising.

Intensity differences between basal and apical cochlear surface preparations of 21-28 day mice
were obscured by autofluorescence in apical OHCs, which is attributed to age-related pigments
(lipofuscin; emission peak at ~600 nm) that accumulate in post-mitotic cells (Porta, 2002),
close to that of Texas Red. At later time points (>24 h), intensity differences between apical
and basal coils were not distinguishable, as with guinea pig cochleae using GTTR or immuno-
enzymatic methods (Imamura and Adams, 2003a).

Wou et al. (2001) demonstrated that higher doses of aminoglycosides (per unit bodyweight) are
required to induce ototoxicity in mice compared to other rodents. They attributed this to
increased pharmacokinetics of aminoglycoside elimination from serum compared to guinea
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pigs. In addition, in mice, higher doses did not lead to increased serum levels compared to other
rodents (Wu et al., 2001).

We found that several daily doses of gentamicin were required to observe even moderate levels
of GTTR fluorescence in hair cells of 21-28-day mice (compared to guinea pigs). This may
be due to differences in levels of, or clearance of, aminoglycosides in serum. When the murine
blood-labyrinth barrier was either immature (6-day mice) or compromised by ethacrynic acid,
we saw elevated levels of GTTR uptake in hair cells compared to those from (untreated) 21
—28 day mice. This suggests that a mature, and intact blood-labyrinth barrier is effective at
reducing the uptake of aminoglycosides by hair cells in adult mice. Nonetheless,
aminoglycosides were still able to cross the intact blood-labyrinth barrier in vivo and enter
both cytoplasmic and endocytotic domains of adult cochlear hair cells, unlike FM1-43 (Meyers
etal., 2003).

4.6. Non-sensory cells in the cochlea

4.7. Kidney

Deiter's cell phalanges and pillar cells did take up diffuse GTTR fluorescence within 3 h,
corroborating earlier studies (de Groot et al., 1990; Imamura and Adams, 2003a; von llberg et
al., 1971). Inguinea pigs, pillar cells are more susceptible to aminoglycoside toxicity than other
supporting cells (Ryan et al., 1980; Steyger, 1991). The diffuse GTTR labeling in supporting
cell phalanges is also co-located with actiniferous phalloidin labeling. However, these
actiniferous structures, and others like stereocilia or tight junctions, do not show artefactual
fluorescence in the Texas Red channel when labeled with fluorescent phalloidin in control
tissues (see Fig. 1). This may indicate an interaction between GTTR and aminoglycoside-
binding components that can regulate the dynamics of these actiniferous structures, e.g. PIP»
(Lee and Rhee, 1995; Slepecky and Chamberlain, 1983; Suchy and Nussbaum, 2002).

GTTR generally did not rapidly infiltrate the remaining supporting cells (compared to Deiter's,
pillar and hair cells). This is probably due to a general paucity of endocytotic activity and/or
cation channels. Alternatively, these supporting cells may have an as-yet-unidentified drug
clearance mechanism to pump GTTR out of the cytoplasm, similar to p-glycoprotein product
of the multi-drug resistance gene (Zhang et al., 2000).

GTTR uptake in the stria vascularis at early bit not later time points also corroborated previous
reports (Balogh et al., 1970; Imamura and Adams, 2003a), suggesting either low levels of
uptake or rapid extrusion. Although not considered a primary target of aminoglycosides, the
lateral wall and stria vascularis is subject to cytotoxicity only during chronic gentamicin
treatment (Forge and Fradis, 1985; Forge et al., 1987). Ethacrynic acid greatly enhanced uptake
of GTTR around the strial capillaries, and hair cells, correlating with reports of enhanced
aminoglycoside-induced hair cell death after ethacrynic acid treatment in vivo (Brummett,
1981; Fox and Brummett, 1979; Rybak, 1982). The mechanism for this enhanced GTTR uptake
remains to be determined (Ding et al., 2003; Tran Ba Huy et al., 1983), as the physical integrity
of the BLB remains intact following loop diuretic treatment (Duvall and Robinson, 1989; Naito
and Watanabe, 1997; Syka and Melichar, 1985).

Rapid and sustained GTTR uptake in proximal tubule cells (<3 h), but not in glomerular or
distal tubule cells, also corroborated previous in vivo studies (Dunn et al., 2002). In vitro, both
proximal and distal tubule cells take up GTTR (Myrdal and Steyger, 2005a; Myrdal et al.,
2005b). The paucity of GTTR labeling in distal tubule cells in vivo suggests either that: (i)
GTTR uptake by proximal tubule cells reduces the availability of GTTR for distal tubule cells,
or (ii) distal tubule cells are able to rapidly clear (remove) GTTR from its cytoplasmic domains,
unlike proximal tubule cells which retain GTTR, or (iii) the electro-physiological conditions
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in the nephron lumen changes between the proximal and distal sectors and may no longer favor
GTTR uptake by distal tubule cells (Goodman et al., 2001).

4.8. Other sensory locations and mechanisms of uptake

GTTR uptake in linguinal taste buds, and vibrissae corroborate FM-143 studies (Meyers et al.,
2003). Like kidney cells and hair cells, linguinal taste buds also express a variety of TRP
channels (Hofmann et al., 2003; Macpherson et al., 2005) that may be aminoglycoside-
permissive. However, GTTR fluorescence cleared over time, almost to background levels by
7 days, unlike FM1-43 studies, indicating an unidentified aminoglycoside clearance
mechanism. In contrast, hair cells, kidney cells, and in the neuronal cell bodies of the TG and
DRG all retained GTTR for several days. Indeed, aminoglycosides are retained by outer hair
cells for 6 months or longer (Aran et al., 1999; Dulon et al., 1993; Imamura and Adams,
2003a).

Neurons in the TG extend dendrites to sensory endings in the facial areas, including the
vibrissae. Three hours after injection, little labeling is seen in these neuronal cell bodies, but
by 24 and 72 h after injection, these same soma contain and retain GTTR fluorescence. This
time-course is similar to that of FM1-43 in the TG, and is suggestive of retrograde transport
from sensory endings (Meyers et al., 2003). When the infra-orbital nerve (a branch of the TG)
was cut and ligated, little GTTR fluorescence can be seen in the TG, further supporting a
retrograde transport hypothesis.

GTTR uptake in neurons of different diameters in the DRG also corroborated FM1-43 studies
(Meyers et al., 2003). Small diameter neurons in the DRG (and TG) with thermosensitive and
nocioreceptive sensory modalities express TRPV1 (Caterinaetal., 1997). However, many large
diameter neurons, with proprioreceptive sensory modalities, also take up GTTR, and FM1-43,
and probably express other TRP channels, e.g., TRPV3 (Meyers et al., 2003; Xu et al., 2002),
that may also be aminoglycoside-permissive. Electrophysiological studies also report
aminoglycoside blockade of DRG neurons that may account for cases of aminoglycoside-
induced analgesia of pain receptors (Raisinghani and Premkumar, 2005; Zhou and Zhao,
2002; Zhou et al., 2001). Hair cells and kidney cells also express a variety of transient receptor
potential (TRP) channels which allow the uptake of large organic molecules, including
aminoglycosides (Corey et al., 2004; Hellwig et al., 2004; Liedtke et al., 2000; Marcotti et al.,
2005; Meyers et al., 2003; Raisinghani and Premkumar, 2005; Strotmann et al., 2000; Xu et
al., 2002; Zheng et al., 2003). Thus, the uptake of GTTR into cells through aminoglycoside-
permissive cation channels is likely to lead to diffuse cytoplasmic labeling. Such cytoplasmic
uptake would be in addition to endocytotic uptake (Hashino et al., 1997; Myrdal et al.,
2005b; Sandoval et al., 2000).

Following sub-cutaneous injection, GTTR, a fluorescently-tagged aminoglycoside, is
transported through the body and is taken up and retained by a variety of vertebrate sensory,
kidney and neuronal cells in vivo hair cells. The in vivo distribution of GTTR is similar to that
of FM1-43 (Meyers et al., 2003), which is rapidly taken up through mechanosensitive
channels, particularly TRP channels. In addition, GTTR is able to traverse the blood-labyrinth
barrier for uptake by hair cells in the adult (murine) cochlea, unlike FM1-43, and thus may be
useful for pharmacokinetic and fluorescent microscopic studies of aminoglycoside entry into
cochlear fluids, tissues and cells.
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FA, 4% formaldehyde

GT, gentamicin

GTTR, gentamicin conjugated to Texas Red
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PBS, phosphate buffered saline
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Fig. 1.

GTTR fluorescence in: (A) bullfrog saccule, (B) chick basilar papilla, (C) guinea pig cochlea
and (D) 6-day-old murine cochlea 24 h after GT/GTTR injection (chick, 9 h). Panels (E-H)
show negligible TR fluorescence in bullfrog saccule, chick basilar papilla, guinea pig and
mouse cochleae, respectively, at equivalent time points and identical laser settings. (F) Weak,
non-specific fluorescence is visible in chick stereociliary bundles, due to crosstalk from FITC-
phalloidin-labeled stereocilia. (G) Weak autofluorescence (or aldehyde-induced fluorescence;
arrowheads) is present in the inner sulcus region of the guinea pig, adjacent to the inner hair
cell region (IHC in C, K). (I-L) Phalloidin-labeled sensory epithelia imaged in panels E-H,
showing actiniferous regions at the lumenal surface. Scale bar applies to all images.
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Fig. 2.

Low resolution images of the bullfrog saccule and growth zones (*; A, D, G), and higher
resolution images of immature and mature hair cells (B, C, E, F, H, I) following lymphatic sac
injection of GT/GTTR. (A, B, D, E, G, H) GTTR fluorescence is more prominent in mature
hair cells (HC) in the central regions of the saccule. Immature hair cells at the saccular periphery
(arrows) typically display less GTTR fluorescence than central mature hair cells (HC). Some
peripheral, immature hair cells (arrowheads) display intense punctate fluorescence. (Inset in
H) GTTR fluorescence is also associated with the hair bundles of mature hair cells. Scale bar
in G applies to A and D. Scale bar in I also appliesto B, C, E, F, H and inset in H.

Hear Res. Author manuscript; available in PMC 2008 June 11.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dai et al.

Page 18

6 hours 7.5 hours

Distal
(apical)

Proximal
(basal)

Fig. 3.

GTTR fluorescence hair cells of chick basilar papilla. (A) Six hours after GT/GTTR injection,
weak stereociliary GTTR fluorescence (arrows) sparse, punctate GTTR fluorescence
(arrowhead) occurs in distal hair cells compared to the more intense stereociliary and more
abundant punctate GTTR fluorescence in proximal hair cells (B). (C, D) 7.5 h after injection,
distinct punctate GTTR fluorescence (arrowheads) can be seen in both proximal and distal hair
cells. Hair cells closest to the neural edge are o the left in (A, C). Scale bar applies to all images.
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Fig. 4.

Guinea pig organ of Corti examined at 3 (A, B, E), and 24 h (C, D, F) after 300 mg/kg (A-D)
or 150 mg/kg GT/GTTR injection (E, F). Three hours after injection, hair cells at the base of
the cochlea (B) display slightly greater intensities of GTTR fluorescence compared to apical
hair cells (A). This apparent gradient had disappeared 24 h post-injection (C, D). OHCs have
greater fluorescence than IHCs. Note that at 3 h (A, B, E), only diffuse GTTR fluorescence
can be observed in the organ of Corti (except for the punctate autofluorescence adjacent to
IHCs). Sparse, punctate labeling is first seen in basal cochlear OHCs 6 h post-injection (B,
inset), and all OHCs after 24 h (D, F). Note that the outer pillar cell phalanges (arrowheads)
between the first row of OHCs, in the Deiters' cell phalanges of the third row (double
arrowheads) and the inner pillar cell phalanges (*) are also diffusely labeled. Scale bar applies
to all images.
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21-28 day mouse

Fig. 5.

GTTR fluorescence in the 21-28 day old murine cochleae examined at 3 (A, D), 24 (B) and
72 h (C) after GT/GTTR injection. (A) Weak, diffuse GTTR fluorescence in hair cells and
pillar cells (PC) 3 h post-injection. (B) Both diffuse and punctate GTTR fluorescence are
present in IHCs and OHCs hair cells 24 h post-injection. (C) Punctate and diffuse GTTR
fluorescence in the organ of Corti (after 3 daily injections of GT/GTTR), 72 h after the initial
injection. OHCs have greater intensity of GTTR fluorescence than IHCs. (D) Three hours after
GT/GTTR injection, and 2 h after ethacrynic acid injection, increased diffuse GTTR
fluorescence occurred in OHCs compared to OHCs from animals treated without ethacrynic
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acid (A, B, C). All images acquired and post-processed identically. Scale bar applies to all
images.
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Fig. 6.

Comparative levels of GTTR fluorescence in stereocilia and baso-lateral membranes. (A)
GTTR fluorescence is associated with the stereociliary bundles of guinea pig (GP) hair cells
within 3 h. Note the diffuse fluorescence in the infracuticular cytoplasm of OHCs of the third
row. (B) In 21-28 day mice (21dM), only weak or negligible GTTR fluorescence is present in
OHC stereocilia 24 h post-injection. In 6-day mice (6dM), GTTR fluorescence associated with
stereocilia at 3 h (C) or 24 h (D) after injection, is more intense than in 21-28 day mice (B).
Annular GTTR fluorescence is localized in the lateral membrane region of OHCs in (E) guinea
pigs within 3 h, and (F) far less intensely in 21-28 day old mice 24 h post-injection. GTTR
fluorescence is also present in pillar cells (PC) and IHC bodies in guinea pig and murine
cochleae (E, F). (G) Annular GTTR fluorescence in the OHC lateral membrane region is also
observed in 6-day mice after 3 h, above the diffuse somatic GTTR fluorescence. (H) After 24
h, the lateral membrane GTTR fluorescence cannot be distinguished from somatic fluorescence
in 6-day mice. Images A—H acquired and post-processed identically. Scale bar applies to all
images.

Hear Res. Author manuscript; available in PMC 2008 June 11.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dai et al.

Page 23

Fig. 7.

GTTR fluorescence in the stria vascularis of 21-28 day old murine cochleae (A) 3 h after GT/
GTTR injection, or (B) 3 h after GT/GTTR injection, and 2 h after ethacrynic acid injection.
(A) Punctate GTTR fluorescence in tissues surrounding capillaries (c) within the stria
vascularis. (B) Three hours after GT/GTTR injection, and 2 h after ethacrynic acid injection,
increased GTTR fluorescence in tissues surrounding capillaries compared to those from
animals treated without ethacrynic acid (A). Images acquired and post-processed identically.
Scale bar applies to both images.

Hear Res. Author manuscript; available in PMC 2008 June 11.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dai et al.

Page 24

Ligated TG

DRG 100 um

Fig. 8.

GTTR uptake in sensory neurons. Inthe DRG or TG, GTTR fluorescence is present in heuronal
cell bodies 24 h post-injection (A, D), peaking at 3 days (B, E). At 7 days post-injection, GTTR
fluorescence is still retained in neuronal soma (C, G). (F) When infra-orbital dendritic processes
of the TG are cut and ligated, diminished GTTR fluorescence occurred in TG neuronal soma
compared to sham-operated animals (E). Scale bar applies to all images.
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Fig. 9.

GTTR uptake in tongue and vibrissae. (A) In the tongue, GTTR fluorescence is present in
filiform (sh=rtrif) and fungiform (f) papillae (the latter has a ring of labeled gustatory neurons;
rininset) within 3h of GT/GTTR injection. (B) Within 24 h, GTTR fluorescence is diminished,
particularly in fungiform papillae. By 3 days post-injection, linguinal tissues only weakly retain
GTTR fluorescence (C) above background, non-specific fluorescence levels (D). (E) The
tissues surrounding the vibrissae on the muzzle are rapidly infiltrated with GTTR fluorescence
within 3 h, but this had largely cleared 3 days later (F). (G) Vibrissa displaying weak, non-
specific fluorescence 3 h after injection of hydrolyzed TR only. Scale bar in D applies to A—
C. Scale bar in G applies to E and F.
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Fig. 10.

GTTR uptake in the kidney. (A) Three hours after injection, strong GTTR fluorescence
occurred in proximal tubule cells (p), but not in glomerular (g) or distal tubule cells (d) as
identified by phalloidin labeling (B), and merged images of A and B (C). (D) Kidney tissue 3
h after injection with hydrolyzed TR only revealed negligible fluorescence. (E) Punctate GTTR
fluorescence in proximal tubule cells is less intense and less extensive than at 3 days (E) and
at 7 days (F) after injection. Note the diffuse cytoplasmic GTTR fluorescence present in
proximal tubule cells 3 and 7 days post-injection. Scale bar applies to all images.
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