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Abstract
Understanding the cellular mechanism(s) by which the oto- and nephrotoxic aminoglycoside
antibiotics penetrate cells, and the precise intracellular distribution of these molecules, will enable
identification of aminoglycoside-sensitive targets, and potential uptake blockers. Clones of two
kidney cell lines, OK and MDCK, were treated with the aminoglycoside gentamicin linked to the
fluorophore Texas Red (GTTR). As in earlier reports, endosomal accumulation was observed in live
cells, or cells fixed with formaldehyde only. However, delipidation of fixed cells revealed GTTR
fluorescence in cytoplasmic and nuclear compartments. Immunolabeling of both GTTR, and
unconjugated gentamicin corresponded to the cytoplasmic distribution of GTTR fluorescence. Intra-
nuclear GTTR binding co-localized with labeled RNA in the nucleoli and trans-nuclear tubules.
Cytoplasmic and nuclear distribution of GTTR was quenched by phosphatidylinositol-bisphosphate
(PIP2), a known ligand for gentamicin. Cytoplasmic and nuclear GTTR binding increased over time
(at 37°C, or on ice to inhibit endocytosis), and was serially competed off by increasing concentrations
of unconjugated gentamicin, i.e. GTTR binding is saturable. In contrast, little or no reduction of
endocytotic GTTR uptake was observed when cells were co-incubated with up to 4 mg/mL
unconjugated gentamicin. Thus, cytoplasmic and nuclear GTTR uptake is time-dependent, weakly
temperature-dependent and saturable, suggesting that it occurs via an endosome-independent
mechanism, implicating ion channels, transporters or pores in the plasma membrane as bioregulatory
routes for gentamicin entry into cells.
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Introduction
Aminoglycoside antibiotics continue to be important antibiotics in the treatment of tuberculosis
and Gram-negative infections (Begg et al., 1995; de Jager et al., 2002), and in the prophylactic
protection of burn victims and premature infants (Hall et al., 1986; Miller, 1985).
Unfortunately, oto- and nephrotoxicity remain serious complications resulting from the clinical
use of aminoglycosides.

Nephrotoxicity occurs in nearly 50% of patients treated for greater than 14 days (Leehey et al.,
1993), resulting in increased morbidity during and after treatment, including organ failure and
death (Hock et al., 1995; Leehey et al., 1993; van Lent-Evers et al., 1999). However,
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nephrotoxicity is often reversible following epithelial cell proliferation (Tulkens, 1989). The
incidence of hearing loss approaches 20% of patients treated with aminoglycosides, and is
permanent if inner ear sensory cells are lost (de Jager et al., 2002; Hall et al., 1986; Kahlmeter
et al., 1984). Acute side effects of aminoglycosides can also compromise their therapeutic
utility by inducing magnesium wasting (Kang et al., 2000; Quamme, 1986) and increased
excretion of sodium, potassium, and chloride (Kidwell et al., 1994) through inhibition of ion
reuptake in the distal portion of the nephron. Other side effects are respiratory paralysis and
gastrointestinal disturbances resulting from inhibitory effects at the neuromuscular junction
(Fiekers, 1983; Goldhill et al., 1996), analgesia of dorsal root ganglion sensory neurons (Zhou
et al., 2002; Zhou et al., 2001), and a negative inotropic effect on cardiac myocytes (Belus et
al., 2001; De la Chapelle-Groz et al., 1988).

Although the antibacterial activities of aminoglycosides are well understood, aminoglycoside
toxicity in eukaryotic cells is not. Earlier efforts to identify the intracellular sites of
aminoglycoside toxicity were made by determining the association of aminoglycosides with
intracellular compartments, and by investigating the mechanism of aminoglycoside penetration
into target cells. Results varied depending on the techniques used. Earlier electron
microscopical studies showed the apparent uptake of the aminoglycoside gentamicin into the
cytoplasmic compartments of kidney tubule cells (Gilbert et al., 1989; Wedeen et al., 1983).
More recently, this distribution was suggested in immunocytochemical and fluorescence
studies of inner ear hair cells (Hiel et al., 1992; Imamura et al., 2003; Steyger et al., 2003).
Biochemical studies (using radioactive aminoglycosides) reported reduced gentamicin uptake
in cells incubated at lower temperatures and that these residual levels of gentamicin represented
plasmalemmal binding (Decorti et al., 1999; Williams et al., 1987b), although no microscopy
was done to show spatial distribution.

Other recent reports describe endocytotic uptake of gentamicin in kidney cells (Beauchamp et
al., 1991; Sandoval et al., 1998; Sandoval et al., 2000; Sandoval et al., 2002) and sensory hair
cells (Aran et al., 1993; Hashino et al., 1997; Hiel et al., 1992). Endocytosed gentamicin is
transported to Golgi bodies, endoplasmic reticuli and lysosomes (Hashino et al., 1997;
Sandoval et al., 1998; Sandoval et al., 2000), and may subsequently be released into the
cytoplasm (Sandoval et al., 2004).

In this study, we have used cultured immortal kidney cell lines as models for hair cells to
facilitate comparisons among large numbers of specimens. Kidney epithelia share numerous
characteristics with inner ear sensory hair cells. In addition to being pharmacologically-
sensitive to aminoglycoside antibiotics, both sensory hair cells and kidney tubule cells are
mechanosensors (Corey et al., 1983; Nauli et al., 2004), and express myosin VIIa, which has
been implicated in aminoglycoside uptake (Richardson et al., 1997; Wolfrum et al., 1998).
Both cell types are polarized epithelial cells, with tight junctions connecting adjoining cells,
and expressing amiloride-sensitive and transient receptor potential channels (Bagger-Sjoback
et al., 1988; Corey et al., 2004; Cortright et al., 2001; Ellison et al., 1987; Forge, 1985; Furness
et al., 1996; Gonzalez-Mariscal et al., 2000; Harris et al., 2001; Jorgensen et al., 1988; Kuhn
et al., 1975; Liedtke et al., 2000; Meyers et al., 2003; Strotmann et al., 2000; Tiedemann et al.,
1983; Zheng et al., 2003). We used gentamicin conjugated to Texas Red (GTTR) determine if
aminoglycosides can enter cells by non-endocytotic mechanisms, as for other fluorescent
macromolecules (Corey et al., 2004; Gale et al., 2001; Hellwig et al., 2004; Meyers et al.,
2003). We found saturable, GTTR binding within the cytoplasm and nucleus in fixed and
delipidated cultured kidney cells. Binding was endosome-independent implicating ion
channels, membrane transporters or pores as probable routes for gentamicin uptake into these
compartments.
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Materials and Methods
All materials were from Sigma-Aldrich (Saint Louis, MO), unless otherwise stated.

Conjugation
The conjugation of gentamicin to Texas Red (TR) succinimidyl esters (Molecular Probes, OR)
was optimized with regard to time, temperature, pH, and ligand/reactive fluorophore ratio to
maximize labeling efficiency and to minimize the possibility of over-labeling the gentamicin.
This ensures the maintenance of the polycationic nature of gentamicin, which undoubtedly is
required for its biological activity. After conjugation, the reaction mixture was separated by
reversed phase chromatography using C-18 columns (Burdick and Jackson, Muskegon, MI)
to isolate the conjugate and thereby eliminate competition from unconjugated gentamicin, or
potential contamination by unreacted TR. The isolated GTTR conjugate is then aliquoted,
dried, and stored dessicated, in the dark at −20°C until required.

Cell Culture
Canine kidney distal tubule (MDCK) cells were a gift from Dr. David Ellison (OHSU).
Opossum proximal tubule-derived kidney cells (OK) were purchased from American Type
Culture Collection (Manassas, VA). OKs and MDCKs were cultured in antibiotic-free minimal
essential medium (MEM-α, Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine
serum (FBS) at 37°C with 5% CO2, 95% air. Complete medium for OK cells was also
supplemented with insulin-transferrin-selenium (ITS) and interferon-γ (5 ng/mL). Plates used
for OK cells were coated with 0.2% gelatin (in water) for 2 or more hours at 37°C. After
draining, plates were treated at room temperature with a 0.9% saline solution containing 10%
FBS and 10% rat-tail collagen (gift of Rosemarie Drake-Baumann, PhD, VA Medical Center,
Portland, Oregon), and dried under sterile conditions. Plates were rinsed with complete medium
just prior to use. For experimental specimens, cells were seeded into Nunc eight-well
coverglass chambers (ISC BioExpress, Kaysville, UT) in complete medium, and after 3-5 days,
both cell types were subconfluent, and MDCK cells had become columnar.

GTTR treatment
Subconfluent MDCK or OK cells were treated with 1 μg/mL of GTTR, in complete medium,
for 2 hours at 37°C or on ice. (The amount of GTTR is expressed as the weight of the gentamicin
moiety within the conjugate.) In competition experiments, MDCK cells were simultaneously
treated with unconjugated gentamicin (up to 4 mg/mL) for 2 hours.

Fixation, delipidation, and washing
After treatment, cells were washed three times with complete medium and then immediately
imaged live (see below; Fig. 2A), or fixed. Most fixation was done by treating cells with 4%
formaldehyde and 0.5% Triton X-100 (FATX) in 0.1 M phosphate buffered saline (PBS) for
45 minutes at room temperature, and followed by extensive washing with PBS (4-6 times, or
until foaming in suction pipette ceased) prior to imaging (Fig 2B). Alternatively, cells were
fixed in 4% formaldehyde alone (FA), washed and imaged (Fig. 2C) prior to delipidation with
0.5% Triton X-100 in PBS, washed thoroughly and imaged again (Fig. 2D). Control cells were
incubated with hydrolyzed TR (at the same concentration as the TR moiety in the GTTR
experiments) and then imaged live, or fixed, delipidated, washed and then imaged.

PIP2
To determine if cellular anionic phospholipids, like PIP2, quenched GTTR fluorescence,
MDCK cells in coverglass chambers were loaded with GTTR as described above. After fixation
and delipidation using FATX, washing and imaging (Fig. 2B), cells were treated with 1 mg/
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mL phosphatidylinositol-4,5-bisphosphate (PIP2, Echelon Biosciences, Salt Lake City, UT)
for 1.5 hours and re-imaged (Fig. 2E) prior to a second delipidation with 0.5% Triton, washing
and imaging again (Fig. 2F).

Spectrophotometry
3-d scanning fluorescence spectroscopy of solutions containing TR or GTTR with or without
PIP2 were performed using a Safire fluorescence microplate reader (Tecan, Research Triangle
Park, NC). GTTR (100 μg/mL; weight as gentamicin in molecule) and PIP2 (155 μg/mL;
approximately equimolar) were mixed vigorously in PBS solution and allowed to stand at room
temperature for 1/2 hour prior to scanning. This was compared to the same concentration of
GTTR alone in solution. Similar hydrolyzed TR solutions (at the same concentration as the
Texas Red moiety in GTTR solutions), with or without PIP2, were used as controls. Excitation
and emission spectra were obtained over an excitation range of 570-604 nm (bandwidth 5 nm)
and an emission range of 610-650 nm (bandwidth 5 nm).

Double-labeling with GTTR and Syto RNASelect
To determine if GTTR was co-localized with nuclear RNA, GTTR-loaded MDCK cells were
methanol-fixed and labeled with Syto RNASelect (Molecular Probes, Eugene, OR). MDCK
cells were grown on 8 well chambered coverslips to 40-50% confluency and incubated with
GTTR (1 μg/mL) for 2 hours in complete supplemented medium at 37°C, 5% CO2, 95% air.
Cells were rinsed twice with PBS and fixed with ice-cold methanol only for 10 minutes on ice.
Subsequently, cells were washed with PBS and incubated with 2 μM Syto RNASelect for 20
minutes, rinsed and observed using confocal microscopy.

Immunocytochemistry
To verify the co-distribution of GTTR fluorescence and gentamicin by immunocytochemistry,
MDCK cells were grown on 8 well chambered coverslips to 40-50% confluency and incubated
with GTTR (5 μg/mL) or unconjugated gentamicin (300 μg/mL) for 2 hours in complete
medium, at 37°C or on ice. Cells were rinsed twice with PBS, fixed with 4% FA, rinsed 3 times
with PBS, then permeabilized with ice-cold methanol for 5 minutes, and rinsed 3 times with
PBS as described previously (Steyger et al., 2003). Cells were immunoblocked in 10% goat
serum in PBS for 30 minutes and then incubated with 50 μg/mL rabbit anti-gentamicin antisera
(American Quaalex, San Clemente, CA) for 1 hour. After washing with 1% goat serum in PBS,
cells were further incubated with 20 μg/mL Alexa-488-conjugated goat-anti-rabbit antisera
(Molecular Probes, Eugene, OR) for 45 minutes, washed, post-fixed with 4% FA for 15
minutes, and washed again. For immunocytochemical controls, untreated cells not exposed to
GTTR or unconjugated gentamicin were fixed, permeabilized and immunoprocessed as for
gentamicin- or GTTR-loaded cells. All wells were imaged using confocal microscopy.

Confocal Microscopy
Specimens were observed using a ×60 lens (N.A. 1.4), on a Nikon TE 300 inverted microscope
(Melville, NY). Confocal images were collected on a Bio-Rad (Hercules, CA) MRC 1024 ES
scanning laser system fitted with standard excitation and emission filters for Alexa-488/Syto
RNASelect (excitation: 488 ± 12 nm; emission: 515 ± 10 nm) and Texas Red fluorophores
(excitation: 568 ± 32 nm; emission: 620 ± 16 nm). Bio-Rad *.pic files acquired using
Lasersharp 2000 software were exported as *.tif files and prepared for publication using Adobe
Photoshop (v.7).

Semi-quantification
Each type of experiment was done multiple times (n ≥ 3) to confirm trends. True quantification
of optical sections from cultured cell layers is subject to intensity range variations between
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experiments, as well within individual images. For this reason, representative images were
chosen, and all comparative images were chosen from a single experiment. Intensity
differences can often be best illustrated with a color lookup table, hot.lut, and a scale of 0-255
is shown in an intensity bar in Figure 6.

Results
Strategy

We chose the OK proximal tubule cell line because of the known clinical toxicity of
aminoglycosides in the kidney proximal tubule (Fabrizii et al., 1997; Morin et al., 1984).
Although far less subject to aminoglycoside-induced cell death, the MDCK distal tubule cell
line was used because the distal tubule is subject to numerous acute effects (Kang et al.,
2000; Kidwell et al., 1994; Quamme, 1986). Both were cloned from cultures that had been
maintained for extended periods in the absence of the aminoglycoside streptomycin, a common
bacterial prophylactic component of many culture media. This was done to optimize the
response of cells to the aminoglycoside gentamicin. Although no morphological changes were
observed in MDCK cells cultured without streptomycin, OK cells became morphologically
and consistently more epitheloid after sustained culture (> 7 weeks) in streptomycin-free media
(Fig. 1).

Intracellular Distribution of GTTR Uptake
In live MDCK cells treated with 1 μg/mL purified GTTR for 2 hours in complete medium at
37°C, we found GTTR fluorescence in a punctate, endosome-like distribution in live cells (Fig.
2A) similar to previous studies using Texas Red-conjugated gentamicin (Sandoval et al.,
1998;Sandoval et al., 2000;Sandoval et al., 2002). Cells fixed with FA alone and imaged after
washing with PBS exhibited the same vesicular labeling pattern (Fig. 2C).

However, when cells were fixed with FATX, no intracellular puncta of fluorescence were
observed. Instead, GTTR was observed within the cytoplasm and at distinct intra-nuclear sites
(Fig. 2B). In these fixed, delipidated cells, the cytoplasmic labeling reveals little substructure,
but the intra-nuclear binding pattern was complex, showing round or ovoid structures, and also
tubuloid structures traversing the nucleus (Fig. 2D). When FA-only fixed cells (Fig. 2C) were
subsequently treated with 0.5% Triton X-100 (in PBS) alone, and washed with PBS, the
punctate, endosome-like, fluorescence had disappeared and the cytoplasmic/nuclear
fluorescence was visible (Fig. 2D). This suggests that cytoplasmic/nuclear GTTR was present,
but not visible in live cells, or in cells fixed with FA only. It also suggests that penetration of
GTTR into the cytoplasm was not an artifact of Triton X-100 being present during the fixation
process.

Lipid Quenching of GTTR Fluorescence
When we observed fixed cells in FATX, or in Triton X-100 alone, GTTR fluorescence was
significantly reduced (data not shown). Since Triton X-100, a surfactant used to remove cellular
lipids, contains a lipid backbone, we reasoned that cellular lipids might be quenching GTTR
fluorescence in live and FA-only fixed kidney cells. There are numerous reports of structural
and functional associations of the polycationic gentamicin with cellular anionic phospholipids,
and in particular with PIP2 (Schacht, 1979; Williams et al., 1987a). To determine whether such
an association might explain the lack of cytoplasmic/nuclear fluorescence in living or FA-only
fixed cells, we attempted to quench GTTR fluorescence with PIP2. Cells fixed with FATX and
then rinsed (as in Fig 1B) were treated with 1 mg/mL PIP2 and imaged while still in the PIP2
solution (Fig. 2E). PIP2 clearly quenched the GTTR fluorescence. This was not due to removal
of the GTTR, because when the PIP2-treated cells were again delipidated with 0.5% Triton
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X-100 and washed, the GTTR fluorescence regained its former brightness and distribution
(Fig.2F).

Reduction of GTTR fluorescence by PIP2 was due to fluorescence quenching and not by
excitation or emission spectral shifts. This was ascertained using 3-d scanning fluorescence
spectroscopy of solutions containing TR or GTTR (100 μg/mL) with or without PIP2 (155 μg/
mL). Figure 3 (A-D) shows 3-d scans over an excitation range of 570-604 nm (bandwidth 5
nm) and an emission range of 610-650 nm (bandwidth 5 nm). No quenching was observed
when PIP2 was combined with TR in solution (Fig. 3B) compared with TR alone (Fig. 3A).
PIP2 in solution with GTTR exerted a quenching effect at all wavelengths (Fig. 3D) compared
with GTTR alone (Fig. 3C). Using 2-d excitation scanning over a range of 290-604 with
emission detected at 618 nm (Fig 2E) GTTR fluorescence was quenched in the presence of
PIP2. Using 2-d emission scanning over a range of 589-748 nm with excitation at 587 nm,
GTTR emission was again quenched at all wavelengths in the presence of PIP2. The quenching
of GTTR (but not TR) fluorescence was probably due to binding of the amphipathic polyanion
PIP2 to the amphipathic polycation gentamicin, and alteration of electrons available to the
fluorophore.

Label Specificity
MDCK cells treated with the same dose of hydrolyzed TR (based on fluorescence equivalent
to GTTR in solution) exhibited fluorescently-labeled vesicles when imaged live (Fig. 2G), but
not after FATX treatment (Fig. 2H). Thus, the gentamicin moiety of the GTTR conjugate is
required for accumulation in the cytoplasmic/intra-nuclear compartment, but not in the
endosomal compartment.

Intra-nuclear labeling
To determine if intra-nuclear GTTR labeling was co-localized with nuclear RNA, GTTR-
loaded MDCK cells were fixed with methanol only, and labeled with Syto RNASelect. The
globular intra-nuclear structures labeled by GTTR (Fig. 4A) were intensely co-labeled by Syto
RNASelect (Fig. 4B,C), and are presumed to be nucleoli (Haugland et al., 2004). The trans-
nuclear tubular structures were also co-labeled with both GTTR and Syto RNASelect (Fig. 4
insets). Unconjugated gentamicin (2 mg/mL) did not interfere with the binding of Syto
RNASelect to nuclear material (data not shown). Cells incubated with GTTR (Fig. 4D) without
subsequent Syto RNASelect treatment had negligible fluorescence at the 515 nm emission
wavelength (Fig. 4E). Untreated cells fixed with methanol and labeled with fluorescent Syto
RNASelect (515 nm emission; Fig. 4H) did not exhibit fluorescence bleed-through into the red
(GTTR) channel (620 nm; Fig. 4G).

Characteristics of cytoplasmic and nuclear binding: Saturability, time and temperature
effects

Saturability in the binding of a ligand demonstrates the existence of a limited number of binding
sites and is the hallmark of specificity. Saturability is demonstrated if binding of a conjugated
ligand can be serially reduced by increasing quantities of the native, unconjugated ligand. Such
data also demonstrate that the conjugated ligand remains sufficiently bio-relevant that its
distribution is a valid report of the distribution of the unconjugated molecule. Biological
processes are time- and temperature-dependent, for example, crossing a barrier such as the
plasma membrane. In particular, at low temperatures (cells held over ice) endosomal traffic
would be halted but permeation through pores or ion channels could continue, albeit more
slowly (Hille, 1992; Schaeffer et al., 1978).
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Compartment Saturability
Both OK and MDCK cells were treated with GTTR at 1 μg/mL in complete culture medium
for 2 hours at either 37°C or over ice. These cells were also treated with a dose range of 0 to
4000 μg/mL of unconjugated gentamicin. Cells were washed and imaged live (as in Fig. 2A),
then fixed with FATX, and washed again with PBS prior to re-imaging (as in Fig. 2B). In live
cells at 37°C, there was a large accumulation of GTTR-labeled puncta and this accumulation
of endosome-like puncta was not visibly altered by even the highest doses of unconjugated
gentamicin (Fig. 5, A5, inset). After FATX fixation and wash, cytoplasmic and nuclear
fluorescence was observed in both cell types and at both temperatures (Fig. 5, A1, B1 and C1).
Fluorescence was reduced in cells treated on ice, but, notably, still occurred (Fig. 5, B1, C1).
At both temperatures and in both cell lines, increasing doses of unconjugated gentamicin
serially reduced the amount of GTTR observed in both the cytoplasm and nucleoli (Fig. 5,
A2-5, B2-5, and C2-5). Thus, cytoplasmic, but not endosomal, uptake of GTTR was saturable.
Cells treated on ice and imaged live exhibited no endosome-like fluorescent puncta (Fig. 5, B1
inset). These results support two conclusions. Firstly, the cytoplasmic/nuclear compartment,
but not the endosomal compartment, exhibited the characteristic of saturability that
demonstrates specificity. This argues against the endosomal compartment being the source of
the GTTR bound to the cytoplasmic/nuclear sites, either as a biological transit component or
as a source for (artifactual) translocation during fixation. In addition, the saturable cytoplasmic
uptake of GTTR by cells treated on ice demonstrates that gentamicin entry into the cytoplasmic
compartment does not require endocytosis.

Time and Temperature
OK cells were treated with 1 μg/mL of GTTR in complete culture medium, at 37°C or on ice,
for increasing time periods. Binding of GTTR within the cytoplasm and nucleus increased over
time both at 37°C (Fig. 6 A1-6) and (more slowly) on ice (Fig 6, B1-6). At 37°C, cytoplasmic
binding occurred prior to visible uptake into endosomes (Fig 6, compare A1-6 with insets,
particular A2, and A3), consistent with Figure 5 showing that cytoplasmic uptake of GTTR
does not require endocytosis. (Note that live images were acquired without washing out GTTR
from the extracellular medium, so fluorescence is visible outside the cells.) No endosomes
were observed on OK cells treated on ice for 2 hours (Fig. 6, B1 inset). GTTR was also taken
up by MDCK cells as a function of time (data not shown). Increased binding over time at both
temperatures reinforces the premise that cytoplasmic uptake of GTTR is a biological
phenomenon and occurs in the absence of endocytosis.

Corroboration of GTTR distribution by immunocytochemistry
MDCK cells were loaded with GTTR or unconjugated gentamicin at 37°C; or on ice, for two
hours, then fixed with FA only, permeabilized with methanol and immunolabeled with
gentamicin antisera. At 37°C, GTTR fluorescence was observed throughout the cytoplasm,
and as endosome-like puncta. In the nucleus, GTTR labeled the nucleoli and trans-nuclear
tubules (Fig. 7A). Immunolabeling of GTTR with gentamicin antisera revealed close
correlation with GTTR fluorescence including widespread diffuse cytoplasmic
immunolabeling, and immunolabeling of GTTR-loaded vesicles (Fig. 7B,C). GTTR-labeled
trans-nuclear tubules (Fig. 7A, inset) were also immunolabeled by gentamicin antisera (Fig.
7B, inset).

In cells loaded with GTTR on ice, extensive diffuse cytoplasmic GTTR fluorescence was
observed, together with labeled trans-nuclear tubules (Fig. 7D and inset) that were also
immunolabeled by gentamicin antisera (Fig. 7E). Endosome-like puncta of GTTR or
immunolabeled GT fluorescence, observed in cells treated at 37°C, were absent in cells treated
on ice (compare Fig. 7A with 7D, and Fig. 7B with 7E). Gentamicin antisera did not label
GTTR-fluorescing nucleoli (Fig. 7B,E).
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When MDCK cells were loaded with unconjugated gentamicin at 37°C (Fig. 7G) or on ice
(Fig. 7H), diffuse immunofluorescence was observed in the cytoplasm and nucleoplasm, but
excluded from nucleoli (as in immunolabeled GTTR specimens, Fig 7B,E), even at the higher
gentamicin doses used here (300 μg/mL). Cells incubated with 5 μg/mL unconjugated
gentamicin for 2 hours revealed similar but much weaker patterns of immunolabeling (data not
shown). The distribution of immunolabeled GTTR and GT closely correlated with each other,
and with the distribution of GTTR fluorescence (except for the nucleoli). These gentamicin
immunolabeling patterns were not observed in gentamicin- or GTTR-loaded cells using
antigen-adsorbed primary antibodies (data not shown); or in untreated cells (i.e., no GTTR or
gentamicin loading), fixed and immunoprocessed with both primary and secondary antisera
(Fig. 7I).

Discussion
GTTR as an Imaging Probe

The validity of our preparations of fluorescent GTTR as a biological tracer for gentamicin was
demonstrated in Figure 5 that the fluorescent probe could be competed off its binding sites by
unconjugated gentamicin. In this paper, purified GTTR is used as a probe to exhibit and validate
a novel intracellular gentamicin distribution pattern. We examined both spatial distribution and
intensity differences of GTTR in two kidney cell lines. The use of fluorescent ligands and
confocal imaging offers considerable information regarding distribution of ligands in fixed
specimens (neither sectioned nor fractionated). Instructive and reproducible differences in
fluorescence intensity can be observed within an image or between images subjected to
different experimental conditions. Fluorescent microscopy images of biological specimens are
subject to natural variation among cells, especially at high resolution, making numerical
intensity comparisons difficult to validate. It is more instructive to be able to see “clearly more”,
“clearly less”, or “fairly similar” fluorescence for quantitative comparisons. Intensity
differences as the result of experimental conditions are visually clear, and provide the
phenomenological information for the conclusions of this study. For these reasons, we have
not added numbers to our images, nor graphed intensity differences.

Cytoplasmic Penetration
This report describes a more rapid uptake of fluorescently-conjugated gentamicin throughout
the cytoplasm and at intra-nuclear sites than previously described (Sandoval et al., 1998;
Sandoval et al., 2004; Sandoval et al., 2000). Finding gentamicin in the cytoplasm is consistent
with earlier studies using radiolabeling or biochemical extraction (Ding et al., 1995; Ding et
al., 1997; Wedeen et al., 1983). Recent fluorescence and immunocytochemical studies in fixed,
methanol-permeabilized frog saccular explants also showed gentamicin localization in
vesicles, in the cytoplasm and the nucleus (Steyger et al., 2003). The cytoplasmic distribution
of gentamicin is also consistent with studies in which gentamicin was able to override
premature stop codons during (cytoplasmic) mRNA-protein translation in specific genetic
diseases, e.g., cystic fibrosis (Bedwell et al., 1997; Clancy et al., 2001; Clemens et al., 2001;
Keeling et al., 2002; Schulz et al., 2002). However, penetration of gentamicin directly into the
cytoplasm and nucleus in the absence of endocytosis (i.e. cells held over ice) is contrary to
recent reports describing gentamicin-Texas Red uptake by endocytosis, and subsequent release
into the cytoplasm from vesicular compartments (Sandoval et al., 2004).

Cytoplasmic and nuclear GTTR fluorescence could not be seen in live cells in our studies (Fig.
1, B1 and B2) or in previous reports (Dunn et al., 2003), but only after both fixation and
detergent delipidation as described here, and elsewhere (Sandoval et al., 2004). Probably the
most important difference between our studies and earlier reports using fluorescently
conjugated gentamicin is the degree of “permeabilization” used (Sandoval et al., 1998;
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Sandoval et al., 2004; Sandoval et al., 2000; Sandoval et al., 2002). In those studies, Triton
X-100 was used at a concentration of 0.05-0.1% for 10 minutes. In our studies, a 0.5%
concentration was used for at least 30 minutes, and then thoroughly rinsed, thus more
effectively removing cellular lipids. In addition, Sandoval et al. (1998, 2000, 2004) used much
higher doses of fluorescent gentamicin, often by two-three orders of magnitude.

In earlier studies using the kidney cell line LLC-PK1, Sandoval et al. (1998) observed vesicular
uptake of Texas Red-conjugated gentamicin, but not of the unconjugated Texas Red molecule.
In our studies, the same dose of hydrolyzed TR (as that in GTTR) resulted in fluorescently-
labeled vesicles in live cells (Fig. 2G), which was not seen after FATX treatment (Fig. 2H).
This suggests non-specific endocytotic uptake of hydrolyzed TR (and by implication GTTR).
However, since hydrolyzed TR did not label the cytoplasmic and nuclear domains, the
gentamicin moiety of the GTTR conjugate was required for accumulation in those domains.
This was further demonstrated by cold inhibition of endocytosis, during which cytoplasmic
uptake of gentamicin still occurred (Figs. 5 and 7), as with FM1-43 in sensory hair cells,
implicating ion channels as a mechanism of fluorophore uptake (Meyers et al., 2003).

Fluorescence Quenching
Triton X-100 and PIP2 reduced the fluorescence of GTTR. The TR molecule is known to exhibit
little change in fluorescence emission in response to environmental conditions, such as changes
in pH (Haugland et al., 1996), although its fluorescence can be self-quenched at high
concentrations. We also find no reports of environmental sensitivity when TR is conjugated to
large molecules, such as antibodies (Haugland et al., 1996; Haugland et al., 2004). However,
gentamicin, a mixture of 3 isoforms with an average MW of 469, is a polyamine, with 2 or 3
amine side groups remaining after conjugation with TR. Deprotonation of these amines alters
the fluorescent emission (measured by fluorimetry) of TR covalently attached to the gentamicin
compared to unconjugated TR in solution (unpublished studies). In both confocal imaging and
fluorimetry, however, both excitation and emission wavelengths are selected with band-pass
filters, so do not distinguish between (apparent) fluorescence quenching and an
environmentally-induced spectral shift in the excitation or emission spectrum (or both). Such
shifts could produce peaks that would miss the band pass filters and appear as quenching even
if emission were enhanced at a different wavelength. However, spectral scans of GTTR in
solution with or without PIP2 over an excitation range of 290-609 nm and emission range of
598-750 nm produced 2- or 3-dimensional fluorescence maps which showed clearly that
PIP2 attenuated GTTR fluorescence at all wavelengths (Figure 3). PIP2 had no effect on TR
alone in solution, indicating that PIP2 was interacting with the gentamicin moity of GTTR.
Yet, in those experiments and in Figure 2 A3, PIP2 did not completely block GTTR
fluorescence, although almost no GTTR fluorescence was observed in live cells treated at
temperatures incompatible with endosomal uptake. In solution, much higher concentrations of
PIP2 might have completely blocked fluorescence. In vivo, other lipids (e.g., phosphidylserines
etc) or cellular quenching mechanisms may be involved. Additionally, PIP2 may not bind as
effectively to intracellular GTTR that had been cross-linked, via one or more of its amine
groups as it can with free GTTR, which has 2 or 3 pendant amine groups in solution.

Intra-nuclear labeling
Gentamicin is known to bind to the major groove of prokaryotic and eukaryotic ribosomal
RNA, a major component of nucleoli and ribosomes (Lynch et al., 2001; Yoshizawa et al.,
1998). GTTR was co-localized with the RNA-specific Syto RNASelect fluorophore in intra-
nuclear structures, identified as nucleoli (Haugland et al., 2004). In addition, the trans-nuclear
tubular structures were also co-labeled with both Syto RNASelect and GTTR, suggesting that
these sites were also rich in RNA as well as other gentamicin binding sites.
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Characteristics of GTTR Accumulation into the Cytoplasmic Compartment
With either the proximal OK or distal MDCK kidney cell lines, binding of GTTR was time
and temperature dependent, and saturable at both cytoplasmic and intra-nuclear sites. GTTR
binding serially decreased as a function of increasing concentrations of unconjugated
gentamicin in the culture media. Competition with the native molecule shows that intracellular
gentamicin binding sites are limited in number, and that the conjugated molecule retains the
biological characteristics of the native molecule, at least with regard to uptake and distribution
(GTTR is a tracer, and would not be used to study toxicity or other physiological activities).
This demonstrated the biological specificity of GTTR binding at these sites. At 37°C, we also
observed vesicular uptake of GTTR over time. Unlike one previous, unconfirmed, report
(Sandoval et al., 1998), we were unable, in numerous experiments, to see any significant
reduction in vesicular uptake of GTTR, even using high excesses of native gentamicin (>
4000×). A possible explanation for this difference is that extended gentamicin treatment (1
mg/mL) of a porcine kidney tubule cell line (LLC PK1) inhibits endocytosis (Kempson et al.,
1989). Thus the 12 mg/mL dose of gentamicin used in earlier studies LLC PK1 cells (Sandoval
et al., 1998) could have reduced endocytotic uptake of Texas Red-conjugated gentamicin in a
non-competitive manner. When OK and MDCK cells were treated with 4 mg/mL gentamicin
for 2 hours, we observed only flattening of cells, which slightly altered the apparent distribution
of vesicles, so a small decrease in vesicle number would be difficult to observe or document.
In contrast, vesicular uptake of GTTR was little changed, unlike the near extinction of
cytoplasmic and nuclear binding of GTTR at the highest doses of unconjugated gentamicin.
This suggests that a large fraction of the vesicular uptake is associated with non-specific, fluid-
phase endocytosis, since it is not saturable, confirming a previous report (Decorti et al.,
1999). This non-specific endocytotic uptake of aminoglycosides is also consistent with the
observation that GTTR within the vesicular compartment is only weakly associated with
endosomal (or membranous) components during aldehyde fixation and is ultimately washed
away during detergent permeabilization (see Figure 2). Furthermore, hydrolyzed Texas Red
alone was seen only in vesicles of live cells, but it was not seen in the cytoplasmic or nuclear
compartments after FATX treatment (Fig. 2).

Endocytosis of GTTR was not visibly reduced at a 4000-fold excess of competing unconjugated
gentamicin, yet GTTR fluorescence in the cytoplasmic and nuclear compartments was greatly
reduced. Cytoplasmic GTTR fluorescence was also observed in cells treated on ice to inhibit
endocytosis. Inhibition of endocytosis in cells treated on ice was verified by live imaging of
GTTR-loaded cells incubated on ice, and by the absence of endosome-like fluorescent puncta
of GTTR or immunolabeling. In cells treated on ice, increasing concentrations of unconjugated
gentamicin also serially reduced cytoplasmic and nuclear GTTR fluorescence. Taken together,
these data strongly negate the possibility that GTTR released from endosomes during FATX
treatment are the source of cytoplasmic and nuclear GTTR fluorescence.

Corroboration of GTTR distribution by immunocytochemistry
At 37°C, after FA fixation and methanol treatment, GTTR-loaded cells displayed both diffuse
and punctate (vesicular) cytoplasmic fluorescence for both GTTR and immunolabeled GTTR,
Gentamicin antibodies also co-localized with GTTR-labeled trans-nuclear tubules. In cells
loaded with GTTR on ice, no punctate GTTR or immunolabeling could be observed, however,
diffuse cytoplasmic and nucleoplasmic GTTR and immunofluorescence were both visible.
GTTR-labeled nucleoli were negligibly immunolabeled. Immunocytochemical detection of
unconjugated gentamicin loaded into cells on ice (and at 37°C) also correlated with the diffuse
cytoplasmic distribution of both GTTR and immunolabeled GTTR. Thus, immunodetection
of gentamicin or GTTR display similar distributions pattern as GTTR (except for nucleoli),
demonstrating that fluorescence of GTTR was due to the gentamicin-Texas Red conjugate,
and not due to cleaved TR molecules. The specific, high affinity binding of the gentamicin
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molecule (or moiety) to RNA may lead to steric hindrance or immunogenic site masking and
account for the negligible immunolabeling of nucleoli by gentamicin antisera. Indeed, GTTR
labeling of the nucleoli may indicate one advantage of the GTTR conjugate over
immunodetection of gentamicin because it eliminates the potential masking of immunogenic
sites when gentamicin is specifically bound to intracellular ligands (e.g., RNA). The binding
of GTTR to nucleoli (ribosomal RNA) is not surprising considering the known association of
gentamicin with ribosomal RNA that induces protein mistranslation (Loveless et al., 1984;
Lynch et al., 2001; Yoshizawa et al., 1998)

Significance
GTTR does not fluoresce within the cytoplasm of live cells. This illustrates an additional pitfall
when attaching fluorophores to small molecules. The chemical nature of the molecule itself
can influence the fluorescence of the attached fluorophore. In the case of GTTR, the electron
densities of the basic amine groups on the gentamicin molecule were apparently modified while
interacting with the acidic phospholipids (or other charged molecules) within the cytoplasm
of live cells in a manner that reduced the fluorescence efficiency of the Texas Red moiety. This
effect is undoubtedly largely responsible for the difference between our findings and other
studies using fluorescence imaging of GTTR. In this report, we have shown biorelevant, non-
endocytotic uptake of gentamicin, with cytoplasmic and intra-nuclear binding sites. Continued
evaluation of these binding sites will elucidate the intracellular targets that mediate the
biological and toxicological effects of aminoglycosides. Bullfrog saccular and murine cochlear
hair cells also show cytoplasmic and nuclear distributions of GTTR uptake (Steyger et al.,
2003; Steyger et al., 2004; Steyger et al., 2005) similar to the distributions seen in kidney tubule
cells. Further investigation into the mechanisms of GTTR uptake into the cytoplasmic and
nuclear compartments have suggested new methods for clinically reducing non-endocytotic
aminoglycoside uptake, and potentially toxicity, in both kidney tubule cells and inner ear
sensory cells (Myrdal et al., 2004; Myrdal et al., 2005; Steyger et al., 2004; Steyger et al.,
2005)(manuscript in preparation).
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Abbreviations
FA  

4% formaldehyde

FATX  
4% formaldehyde plus 0.5% Triton X-100

FBS  
Fetal bovine serum

GT  
gentamicin

GTTR  
gentamicin conjugated to Texas Red

LLC-PK1  
Porcine kidney cell line derived from proximal tubule

MDCK  
Madin-Darby canine kidney cell line derived from distal tubule

N.A  
Numerical aperture

OK  
Opossum kidney cell line derived from proximal tubule

PBS  
Phosphate buffered saline

PIP2  
phosphatidylinositol-4,5-bisphosphate

TR  
Texas Red

α-GT  
primary antibody against gentamicin
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Figure 1. Morphology of OK and MDCK cells in complete medium with or without streptomycin
A). At low density, OK cells raised in penicillin-streptomycin culture media (OKps) look
fibroblastic. B) At high density, OKps cells retain a fibroblastic morphology and crowd
together (*). C) At low density, OK cells, grown in streptomycin-free media (OKsf) for at least
7 weeks, cluster together and have an epitheloid appearance. D) At high density, confluent
OKsf cells retain their epitheloid appearance. E) At low density, MDCK cells, grown in
streptomycin-free media for at least 7 weeks (MDCKsf), cluster together and appear epitheloid
(as in penicillin-streptomycin media). F) At high density, confluent MDCKsf cells retain their
epitheloid appearance. Scale bar = 50 μm.
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Figure 2. Cytoplasmic and intra-nuclear binding of Texas Red-conjugated gentamicin (GTTR)
MDCK cells were treated with 1 μg/mL GTTR at 37°C for 2 hours, washed and treated as
described, then imaged using confocal microscopy. Control cells were treated identically with
equivalent amounts of unconjugated, hydrolyzed Texas Red. All images were obtained using
the same imaging parameters. A) Live cells with numerous GTTR-loaded vesicles. B) Cells
washed after fixation with FATX show fluorescent cytoplasmic and intra-nuclear labeling, but
no punctate (vesicular) GTTR fluorescence. C) Cells in 4% formaldehyde alone (FA) show
vesicular and surface labeling. D) Cells fixed with FA and washed (as in C), then delipidated
with 0.5% Triton X-100 and washed show bright cytoplasmic and intra-nuclear labeling, as in
B). Arrows show fluorescent structures traversing the nucleus. E) Cells fixed with FATX (as
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in B) treated with 1 mg/mL PIP2 for 1.5 hours show quenched fluorescence. F) Cells treated
with PIP2 (as in E) then delipidated with 0.5 Triton X-100 and rinsed show recovery of
fluorescence brightness. G) Live cells treated with TR alone and imaged have TR-loaded
vesicles. H) Cells treated with TR, then fixed in FATX buffer and washed have no cytoplasmic
or nuclear fluorescence.
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Figure 3. PIP2 quenching of GTTR but not TR fluorescence
A-D) 3-dimensional excitation and emission scans; excitation 570-640 nm, emission 610-650
nm, bandwidth = 5 nm, emission intensity in arbitrary fluorescent units. A) Texas Red. B)
Texas Red in the presence of PIP2. Note the similarity of the spectra to that seen in A). C)
GTTR. D) GTTR in the presence of PIP2. Note the reduced fluorescence emission intensities
compared to C). E) Emission scan of GTTR at 618 nm (bandwidth = 5 nm) in the absence (red)
or presence (blue) of PIP2 over the excitation wavelength range 290-604 nm. F) Emission scan
of GTTR at the fixed excitation wavelength 587 nm (bandwidth = 5 nm) over the emission
wavelength range 598 – 748 nm (bandwidth = 5 nm) in the absence (red) or presence (blue)
of PIP2.
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Figure 4. Distribution of GTTR in methanol-fixed MDCK cells double-labeled with Syto RNASelect
A) GTTR is diffusely distributed throughout the cytoplasm, and strongly labels the intra-
nuclear structures (arrows), and trans-nuclear tubules (double arrowhead in inset). B) Syto
RNASelect strongly labels the globular intra-nuclear structures (arrows), and trans-nuclear
tubules (double arrowhead in inset). C) Merged images of (A) and (B), show co-localization
of both GTTR and SYTO RNASelect fluorophores as yellow in globular intra-nuclear
structures (arrows), and trans-nuclear tubules (double arrowhead in inset). D) Fluorescent
GTTR-loaded cells. E) Cells in (D), not treated with Syto RNASelect, display negligible non-
specific 515 nm fluorescence. F) Merged image of (D) and (E). G) Cells treated with SytoRNA
Select only (in H) display no bleed-through fluorescence in red (GTTR) channel. H) Cells
treated with Syto RNASelect. Note mitotic figure lower left. I) Merged image of (G) and (H).
Scale bars = 10 μm.
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Figure 5. Saturability of cytoplasmic, but not vesicular GTTR fluorescence
OK or MDCK cells were treated with 1 μg/mL GTTR for 120 minutes at 37°C or held over
ice in the presence of increasing concentrations of unconjugated gentamicin. Cells were imaged
live or fixed with FATX and washed before imaging. A1-A5) At 37°C, OK cells, treated with
GTTR show serially reduced labeling with increasing unconjugated gentamicin (GT)
concentrations. Inset in A1) shows only vesicular GTTR labeling in live OK cells treated with
GTTR alone. Inset in A5) also shows little or no decrease in vesicular GTTR labeling in live
OK cells treated with GTTR plus 4 mg/mL unconjugated gentamicin. B1-B5) OK cells on ice
show reduced GTTR binding in the cytoplasm and intra-nuclear compartments (compared to
37°C, A1-A5) and reduction of binding with increasing concentrations of unconjugated
gentamicin concentrations. Inset in B1) shows no vesicular GTTR uptake in OK cells on ice
when imaged live. C1-C5) MDCK cells on ice also show decreasing cytoplasmic GTTR
fluorescence as concentration of unconjugated gentamicin increases.
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Figure 6. Influence of time and temperature on GTTR binding
OK cells were treated with 1 μg/mL GTTR at 37°C or on ice and imaged live (insets) or fixed
after specified time intervals. A1-A6) Cells at 37°C show increasing cytoplasmic GTTR
binding over time. Insets show cells imaged live, and endocytotic uptake 15 minutes (or later)
after GTTR application. B1-B6) Cells held over ice during treatment show increased GTTR
binding over time, but less intensely than that seen at 37°C. Scale bar = 20 μm. Color gradient
at base represents fluorescent intensity from the hot.lut lookup table: 0 (no fluorescence, black)
to 255 (saturated pixels, white), and enhances the ability of the human eye to discriminate
intensity differences over grayscale images. Note live images in insets were acquired without
washing out GTTR from the extracellular medium, so fluorescence is visible outside the cells.
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Figure 7. Immunocytochemical localization of GTTR and unconjugated gentamicin
MDCK cells were treated with 5 μg/mL GTTR (A-F), or 300 μg/mL unconjugated gentamicin
(G,H) for 2 hours, fixed with FA only, permeabilized with methanol, and immunolabeled. A)
In cells incubated at 37°C, GTTR fluorescence occurs as both diffuse and punctate
(arrowheads) cytoplasmic labeling, with labeled nucleoli (arrows, and inset) and trans-nuclear
tubules (double arrowheads, inset). B) Gentamicin immunolabeling of GTTR seen in (A) also
reveals diffuse cytoplasmic, and intracellular puncta (arrowheads) of labeling; with weak
labeling of the nucleoplasm, and labeled trans-nuclear tubules (double arrowheads, inset).
GTTR-labeled nucleoli are not immunolabeled (arrows). C) Merged images of (A) and (B),
show co-localization of both GTTR and immunofluorescence as yellow in the cytoplasm,
puncta (arrowheads), and intra-nuclear tubules (double arrowheads). D) Cells loaded with
GTTR on ice reveal very few intracellular puncta of fluorescence (compared to A), and robust,
diffuse cytoplasmic and weak nucleoplasmic labeling, with labeled trans-nuclear tubules
(double arrowheads) and nucleoli (arrows, inset). E) Gentamicin immunolabeling (α-GT) of
GTTR seen in (A) also reveals only diffuse cytoplasmic and nucleoplasmic labeling, with
weakly labeled trans-nuclear tubules (double arrowheads, inset). GTTR-labeled nucleoli are
not immunolabeled (arrows). F) Merged image of (D) and (E). G) Immunofluorescence of
gentamicin-loaded cells incubated at 37°C ice reveals diffuse cytoplasmic and nucleoplasmic
labeling, intracellular fluorescent puncta (arrowheads). Presumptive sites of nucleoli are not
immunolabeled (arrows). H) Immunofluorescence of gentamicin-loaded cells incubated on ice
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reveals diffuse cytoplasmic and nucleoplasmic labeling, with few intracellular puncta of
fluorescence. Presumptive GTTR-labeled intra-nuclear structures are not immunolabeled
(arrows). I) Cells, without gentamicin or GTTR treatment, incubated on ice and
immunoprocessed with primary and secondary IgG display negligible non-specific labeling.
Scale bars = 10 μm.
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