Bioelectrochemistry 87 (2012) 230-235

I
Contents lists available at SciVerse ScienceDirect x

EIOEIECTOCHEMISH Y]

Bioelectrochemistry

journal homepage: www.elsevier.com/locate/bioelechem ==

Interaction of gentamicin polycation with model and cell membranes

Eugenia Kovacs ?, Tudor Savopol **, Maria-Minodora lordache ?, Lavinia Sdplican ?, Iuliana Sobaru ?,
Claudia Istrate ¢, Marie-Paule Mingeot-Leclercq !, Mihaela-Georgeta Moisescu ?

@ Carol Davila Medical and Pharmaceutical University, Biophysics and Cellular Biotechnology Department, P.0. Box 35-43, Bucharest, Romania
b Cellular and Molecular Pharmacology Unit, Catholic University of Louvain, UCL 73.70 avenue E. Mounier 73, B-1200 Bruxelles, Belgium

ARTICLE INFO ABSTRACT

Article history:

Received 8 July 2011

Received in revised form 7 March 2012
Accepted 14 March 2012

Available online 23 March 2012

The interaction of positively-charged antibiotic gentamicin with cell membranes was studied to determine if
any changes in membrane organization were induced by the drug. Opossum kidney epithelia (OK) cells were
used as models of eukaryotic cells.

Two methods were used: laurdan fluorescence spectroscopy and fluorescence anisotropy recordings on 1-(4-
trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH) labeled cell suspensions.
Both methods showed an altered membrane hydration and fluidity of gentamicin treated cells. Liposomes pre-
pared from dimyristoyl-phosphatidylcholine (DMPC) mixed with cardiolipin, which mimics the heterogeneous
charge composition of the natural cell membrane, were used to determine the effect of gentamicin on artificial
bilayers. The membrane lipid packing as revealed by generalized polarization (GP) and fluorescence anizotropy
variation with increasing temperature was studied. It was found that the generalized polarization of liposomal
membranes containing a negatively charged lipid (cardiolipin) is higher in the presence of gentamicin; in the
membrane of living cell (OK), gentamicin induces, on the contrary, a decrease of general polarization. Considering
the role of membrane organization in the function of transmembrane channels and receptors, our findings suggest
hypotheses that may explain the permeation of gentamicin through the living cell membrane by using these
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1. Introduction

Aminoglycosides are hydrophilic polycationic compounds carrying
3 to 5 amino groups which are widely used as antibiotic drugs in the
treatment of infections caused by aerobic Gram-negative bacilli. Their
polycationic character is mainly responsible for their antibacterial activ-
ity [1].

Although the antibacterial activities of aminoglycosides are well
understood, their toxicity in eukaryotic cells is not. The prolonged
clinical use of aminoglycosides leads to serious complications, mainly
due to their nephrotoxicity and ototoxicity [2-6].

While their nephro- and ototoxicity seem to depend on intracellu-
lar accumulation of these antibiotics [7-12], numerous studies have
also demonstrated the ability of these polycationic drugs to acutely
depress synaptic transmission at the neuromuscular junction, presum-
ably by blocking presynaptic voltage-gated Ca®" channels [13,14].

Abbreviations: TMA-DPH, 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-
hexatriene p-toluenesulfonate; DMPC, dimyristoyl-phosphatidylcholine; OHC, outer
hair cell; OK, opossum proximal tubule kidney cell; CL, cardiolipin; GP, generalized polar-
ization; r, fluorescence anisotropy; PIP2, phosphatidylinositol; AG, aminoglycoside(s);
MET, mechanoelectric transducer.
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Aminoglycosides block a wide variety of ion channels, such as mechan-
osensitive ion channels [15-17], purinergic ionotropic channels [18]
and nicotinic acetyl-choline receptors [19,20]. The molecular mecha-
nisms by which aminoglycosides block these different ion channels in
the cell plasma membrane still remain poorly understood [21,22].

In comparison with other aminoglycosides, gentamicin has lower
bacterial resistance [23] and is used as an antibiotic for general pur-
poses; its toxicity is related to its ability to electrostatically bind
with negatively charged phospholipids' head groups and, once it has
penetrated inside the cell, to interfere with protein synthesis [24].
The ability to interact with protein synthesis by binding to the eu-
karyotic mitochondrial RNA [25] opens up the perspective of using
aminoglycosides in curing severe genetic diseases such as Duchenne
muscular dystrophy [26], A hemophilia [27] or in limiting HIV infec-
tions [28,29].

As the prospect of treating genetic diseases by intervening in the
ribosome machinery of protein synthesis implies using a chronic
drug treatment, the effects of gentamicin on various cell properties
have to be known and controlled.

The cell membrane is the first biological structure encountered by
the drug; the aim of our paper is to identify any changes in the cell
membrane induced by gentamicin. To determine this, changes in fluo-
rescence anisotropy and generalized polarization were measured in
gentamicin treated culture cells and membrane models (liposomes).
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Small changes in lipid packing and bilayer organization may prove
critical for key cell functions such as transport and signaling. Genta-
micin also has an impact on the conformation and function of mem-
brane channels and receptor molecules.

2. Materials and methods

Monitoring the thermal behavior of cell membranes was used to
provide information about the molecular packing of lipids within
the bilayer, and membrane fluidity and integrity in the presence of
gentamicin. Using liposomes as simplified membrane models allowed
us to reveal particular aspects of drug interaction with the phospholi-
pidic bilayer.

2.1. Cell cultures

OK opossum proximal tubule kidney cells were purchased from the
American Type Culture Collection (Manassas, VA). The cells were cul-
tured in antibiotic-free Dulbecco's Modified Eagle's Medium with
2 mM L-glutamine, with 4.5 g/L glucose (PAA, Austria) supplemented
with 10% fetal bovine serum (Gibco, Scotland, UK) at 37 °C, 5%CO,. Sub-
confluent cells were harvested by trypsination (0.05% w/v Trypsin-
4Na*EDTA, Biochrom AG, Germany).

We used concentrations of gentamicin (Fluka) comparable with
those used for in vivo testing of gentamicin's ability to modulate pro-
tein synthesis on transgenic animal models suffering from Duchenne
muscular dystrophy (up to 500 pg/mL) [26,30,31].

In the case of liposomes, the minimal gentamicin concentration
which did not cause the liposome suspension aggregation [32,33] was
established in preliminary experiments.

2.2. Laurdan fluorescence spectroscopy of OK epithelial cells

Subconfluent OK cultured cells were washed with PBS, trypsinized
and centrifuged at 250x g for 10 min; the resulting pellet was resus-
pended in PBS at a cell density equivalent to an optical density of 0.3 at
450 nm. 2 mL of cell suspension was then incubated with 1 pM (final
concentration) laurdan for 5 min and subsequently, with 500 pg/mL
(final concentration) gentamicin for 5 min. Laurdan internalization
into intracellular membranes was avoided by using this short incuba-
tion time [33]. The cell suspension was placed into a fluorometric cu-
vette with 10 mm optical path length. A Horiba Jobin-Yvon Fluorolog
3 spectrofluorometer with Peltier Quantum thermostated sample hold-
er (TLC50, Quantum Northwest Inc, USA) was used for fluorescence
measurements. All measurements were done under magnetic stirring.

Laurdan emission spectra were recorded in the temperature range
of 10-40 °C using Nex =364 nm and \¢p, =400-550 nm.

Laurdan is known to be a fluorophore sensitive to the polarity of the
environment [34]. In nonpolar media, its emission spectrum is charac-
terized by an emission peak at around 430-440 nm (called “emission
in blue”, Ig), while in polar media, the emission spectrum presents a
maximum at 480-500 nm (“emission in red”, Iz). In intermediate situa-
tions, the overall recorded spectra will be a mixture of the two compo-
nents. The so called “generalized polarization” (GP) is defined as:

_Is—Ig

GP =
Ig + I

(1)

where Iz and Iy are the fluorescence intensities emitted by laurdan at
the specific wavelengths for the gel phase (less polar) and liquid crystal-
line phase of the membrane respectively; the liquid crystalline phase is
more polar due mainly to water penetration in the polar part of the lipid
bilayer. According to this definition, a higher GP value corresponds to
the prevalence of the gel phase, while a lower GP corresponds to the pre-
dominantly liquid crystalline phase. GP may vary between +1 and — 1.

Main phase transition temperature was considered the inflection
point of the sigmoidal fit of the GP vs. temperature curves.

2.3. Fluorescence anisotropy measurements on OK cells

Fluorescence anisotropy of lipophilic probes dissolved in a membrane
is directly related to the microfluidity of the lipid environment. The more
fluid there is the environment, the smaller is the value of the fluorescence
anisotropy.

Fluorescence anisotropy () is defined as:

_ Iw=Gyy My
r= Ty £ 2Glys with G = [ (2)

where the fluorescence intensities (I) are recorded in polarized light
at Nex =385 nm and N\, =434 nm, with polarizers oriented as speci-
fied by the indices (V= vertical, H=horizontal); G is a correction factor
related to the specific sensitivity for polarized light of the fluorometer.

The fluorescence anisotropy may vary between 0 (for a “perfect
fluid” environment) and 1 (for a “perfect rigid” environment). However,
some considerations related to the statistics of the excitation and emis-
sion processes, limit the anisotropy to lower values (1, <0.4).

After preparing the OK cells in the same way as for laurdan fluores-
cence spectroscopy measurements, they were incubated 2 min with
1M TMA-DPH per 2 mL of cell suspension and subsequently, with
500 pg/mL (final concentration) gentamicin for 5 min.

Iy and Iyy were measured simultaneously for each sample in the
10-40 °C temperature range.

Both in laurdan fluorescence and anisotropy measurements, the
cell viability was checked by a Trypan Blue assay at the end of each
experiment and was found to be about 90% compared to the viability
before the experiment.

2.4. Liposome preparation and labeling

The liposome preparation procedure was the following: a well de-
fined amount of the appropriate mixture of lipids was dissolved in chlo-
roform (5 mg lipids/mL chloroform) and dried in a round bottomed flask,
under a nitrogen stream, at 40 °C and with continuous rotation, to form a
uniform film of lipids on the walls of the flask. The lipids were then resus-
pended in a previously de-aerated PBS at a final lipid concentration of
around 10 mM. The milky suspension was sonicated until it became
clear and subsequently centrifuged to eliminate possible titanium parti-
cles. The procedure led to a very homogenous population of liposomes,
with an average hydrodynamic radius of 110 nm (as measured by dy-
namic light scattering — results not shown).

The concentration of the liposome suspension was adjusted to have
an optical density of less than 0.3 at 450 nm in order to minimize the
light scattering. The liposomes were stable for a few days if kept at
4 °C, under nitrogen.

Labeling with laurdan (0.1 mM stock solution in DMSO) was done
5 min before each experiment, at 1 pM final dye concentration.

2.5. Statistics

A statistical analysis of experimental data based on two tailed un-
paired t-Student test was used.

3. Results
3.1. Laurdan emission spectroscopy
3.1.1. Recordings on liposomes
In order to check if gentamicin interacts differently with charged

and neutral membranes, liposomes with two different compositions
were prepared: i) using a neutral phospholipid alone (DMPC) and
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ii) using a DMPC mixed with CL (a negatively charged lipid), at a
molar ratio of 9:1. In Fig. 1 typical laurdan emission spectra of both
types of liposomes are shown.

Based on the above spectra, generalized polarization values were
calculated, according to Eq. (1). In Fig. 2, the thermal evolution of gen-
eralized polarization GP was represented as the difference between GP
value at a given temperature [GP(t)] and its value at 10 °C, [GP(10 °C)].

In the case of DMPC liposomes, the presence of gentamicin polycation
does not affect the phase transition at all (the experimentally deter-
mined phase transition temperature is 25.5 °C, in the presence as well
as in the absence of gentamicin); in the case of DMPC + CL liposomes,
the phase transition temperature is lower (23.9 °C) and the presence of
gentamicin completely suppresses the phase transition (Fig. 2). A statis-
tically significant effect of gentamicin on the GP values (p<0.05) is ob-
served only in cardiolipin containing liposomes at temperatures above
the characteristic phase transition temperature of DMPC + CL (23.9 °C).

This result suggests an electrostatic interaction between gentamicin
and liposome membranes. It shows also an increased resistance to ther-
mal disorganization of the negatively charged liposomes, induced by
gentamicin.

3.1.2. Recordings on cultured cells

OK epithelial cells were chosen in our study since these cells are
known to be especially sensitive to the aminoglycosides toxicity [1]. Cul-
tured immortal kidney cells serve also as models for auditory hair cells
since kidney epithelia share many characteristics with inner ear sensory
hair cells, such as the pharmacological sensitivity to aminoglycoside
antibiotics and mechanosensitivity [35,36].

Fluorescence emission spectra of laurdan incubated OK cells' sus-
pensions were recorded at temperatures between 10 and 40 °C.

Experiments were performed on 8 different batches of cultured
OK cells and typically, there was a difference between the emission
spectra of gentamicin treated and control cells as shown below.
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Fig. 2. Temperature dependence of generalized polarization (GP) for liposomes of dif-
ferent composition, with and without gentamicin. Error bars represent the standard
deviations calculated for 10 experiments.

In control tests, the emission of laurdan shows a decline of the
fluorescence quantum yield with increasing temperature (Fig. 3a).

In gentamicin tests (Fig. 3b), the decrease of the fluorescence quan-
tum yield is less significant and the emission in red (I) is situated at
higher wavelengths (500-520 nm) as compared to laurdan emission
in pure lipid membranes (liposomes). As the temperature increases,
there is an increase of the “red maximum”, reflecting the membrane
thermal disorganization, polar species penetration and relaxation of
the excited laurdan molecules due to the created polar environment
within the membrane. This effect is much stronger in the presence of
gentamicin than in controls and becomes statistically significant at tem-
peratures above 25 °C

There is a difference in the response to gentamicin of artificial and cell
membranes: while GP of gentamicin treated DMPC-CL membrane does
not change much with increasing temperature (pointing to membrane
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Fig. 1. Normalized emission spectra of laurdan containing liposomes of different composition recorded at different temperatures between 10 and 40 °C. a) DMPC liposomes; b) DMPC
liposomes incubated with 500 pg/mL gentamicin; ¢) DMPC+ CL (9:1 molar ratio) liposomes; and d) DMPC + CL (9:1 molar ratio) liposomes incubated with 500 pg/mL gentamicin.
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Fig. 3. Emission spectra of laurdan in OK cells. a) Control cells, and b) cells incubated with
500 pg/mL gentamicin. Data are shown only for two extreme temperatures (10 °C and
40 °C) for clearer viewing.

stabilization in the presence of the drug), the opposite trend is observed
in membranes of OK cells. This opposite response may be explained by
the different bilayer composition and charge distribution of polar heads,
the presence of glycocalix and big transmembrane proteins as well as
the mechanisms of gentamicin uptake by the living cell.

3.1.3. Fluorescence anisotropy

Fluorescence anisotropy (r) of gentamicin treated and control OK
cell suspensions was recorded at temperatures between 10 and 40 °C.
Temperature dependence of fluorescence anisotropy was represented
as a difference between r values at each temperature and r at 10 °C
(Fig. 5).

Compared to the controls, gentamicin treated cells were shown to
be more rigid at all explored temperatures; this trend becomes statis-
tically significant (p<0.05) only close to physiological temperatures
(higher than 30 °C) (Fig. 5). As one might expect, in the case of natu-
ral cellular membrane, there is no clear phase transition temperature
(no inflection point in the r dependence on the temperature), due to
the chemical complexity of the membrane. The effect of gentamicin
(filled circles in Fig. 5) on the fluorescence anisotropy in this case is
similar to that exerted on the generalized polarization of CL contain-
ing liposomes: suppression of the temperature dependence (Fig. 2,
filled diamonds).

The molecular action of the drug we observed (membrane hydra-
tion and fluidity changes), may be explained as resulting from neu-
tralization of the negative charges present at the cell surface by
polycationic gentamicin. When the positively charged molecules of
gentamicin interact electrostatically with the membrane, they compete
with water molecules for the negatively charged sites (mainly negative
phosphate groups) at the membrane surface. Because the gentamicin
molecule is bigger than water molecules and carries more positive
charges, its binding energy to the membrane is anticipated to be higher
than that of water molecules. As temperature rises, more and more neg-
ative sites on the membrane are exposed (due to the increased thermal
movement of phospholipids) and, correspondingly, more and more

gentamicin molecules attach. This leads to the observed decrease of
the generalized polarization of the cytoplasmic membrane.

In controls (where only water molecules penetrate the mem-
brane), the phenomenon is less important, because water molecules
are much smaller than gentamicin and their electrostatic interaction
with the membrane is weaker. Once they have penetrated the mem-
brane, due to their large volume, the gentamicin molecules hinder the
thermal movement of phospholipids and of the fluorescent probe;
this is reflected in the observed insensitivity of the fluorescence an-
isotropy to the sample heating (Fig. 5).

This electrostatic interaction, evoked in many previous investiga-
tions of gentamicin treated lipid bilayers (e.g. [32,33,37]), thus seems
a good explanation of our observations. It is also supported by earlier
observation that Ca®* ions as well as poly-L-aspartic acid (a polyanionic
peptide) act as protectors of renal tubules and cochlear hair cells against
aminoglycoside toxicity, because Ca?™ competes for negatively charged
phospholipids groups as poly-L-aspartic acid does for antibiotic's posi-
tive charges [37,38]; in addition, Ca®>* was shown to annihilate the gen-
tamicin effect on thin lipid films [23].

4. Discussion and conclusions

We studied the effect of gentamicin on the organization of artificial
and natural membrane bilayers by observing their thermal behavior
in the presence of the drug.

Neutral lipid (DMPC) liposomes and negatively charged vesicles
obtained by adding CL to DMPC were used in order to check for the
nature of the vesicles' interaction with the drug molecule. As revealed
by the comparative behavior of charged and neutral liposomes, the
interaction of gentamicin with vesicles containing CL is mainly elec-
trostatical. The thermal behavior of these liposomes was altered by
gentamicin, showing a higher GP values at all explored temperatures,
while there was no effect on neutral liposomes (Figs. 1 and 2).

The attachment of gentamicin to the CL-DMPC liposomes resulted
in the annihilation of the typical thermal behavior of the phospholipid
bilayer: in control liposomes, the temperature dependence of GP showed
a standard S-shaped curve, while in gentamicin treated vesicles, GP was
almost insensitive to temperature (Fig. 2, filled diamonds). The electro-
static interaction of gentamicin polycation with negatively charged phos-
pholipids stabilizes the membrane structure, making it less sensitive to
the temperature increase. This may be explained by the well known
fact that no sharp phase transition is observed in membranes having a
complex chemical composition (the same phenomenon is reported in
membranes of any living cell, including OK cells — Fig. 4, open circles).

Although intracellular mechanisms were proposed and demon-
strated for the cellular action of the gentamicin (accumulation in lyso-
somes, phospholipidosis, ribosome binding and modulation of protein
synthesis), little is known about the specific effect of this drug on the
cell membrane.

One important feature of the living cell is the presence of mem-
brane potential. Negative inside, it provides a driving force for the
drug polycation to challenge the cell entry. It was shown in earlier
works on Staphylococcus aureus [39,40] that aminoglycoside uptake
and its subsequent lethal effect are proportional to the magnitude of
the membrane potential. The same was later shown by Marcotti et al.
[41] on mouse outer hair cells (OHC); the authors also suggest that the
aminoglycoside molecule they used (dihydrostreptomycin) blocked
the Ca triggered K+ channel by entering the cell through this channel.

Our results show that overall, close to physiological temperature
(over 30 °C), the presence of gentamicin induces a greater susceptibility
of the cell membrane to disorganization and penetration of polar species
(water etc.) (Fig. 4); it also makes the membrane less fluid near to the
exoplasmic region of the bilayer as shown by TMA-DPH fluorescence an-
isotropy recordings (Fig. 5). A similar effect of gentamicin was earlier
found by 2'P-NMR studies on lipid vesicles [32] and on cultured pig
proximal tubule-derived cells [42]; the latter used the fluorescence
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Fig. 4. Generalized polarization of OK cell membranes vs. temperature in control and gen-
tamicin treated samples: (GP(t) — generalized polarization at temperature t, GP(10 °C) —
generalized polarization at 10 °C).

recovery after photobleaching technique to compute the fluorophore
diffusion coefficient in gentamicin incubated cells.

These observations are in line with experimental studies showing
that the opening of TPRV1 channels (present in kidney epithelia, in
OHC and vestibular cells as well as in a variety of neurosensory cells),
mediates the direct entry of aminoglycosides into cytosol. This fast up-
take is cell selective and leads to direct chemical interaction with PIP2
(phosphatidylinositol), resulting in the generation of endogenous ago-
nists for new aminoglycoside permissive channels as well as to interac-
tion with mitochondria and ribosomes; as previously shown in the case
of liposomes of different anionic lipid composition and in experiments
on isolated OHC, gentamicin is specifically binding with high affinity to
PIP2 [43-46]. In the living cell, this binding impedes PIP2 hydrolysis
and thus the exertion of its physiological role, namely the formation of
the second messenger, phosphoinositol triphoshate; the phosoinositide
cascade is thus compromised with drastic consequences to the cell.

TPRV1 are non selective cationic channels which may be activated
by a wide variety of exogenous and endogenous chemical and physical
factors. They were reported to conduct the direct entry of gentamicin
by electrophoretic passage of the molecule through cation channels to-
wards the electrically-negative interior of the cell [22]. More recently,
the entry of gentamicin through mechanotransducing channels of the
outer hair cells was reported [47].

The mechanism by which gentamicin makes these channels to
open for the drug passage are not clear. Knowing the mechanism of
drug permeation through the cell membrane is important for imagining
and designing methods of its limitation. The changes in membrane orga-
nization we observed through fluorescence methods are good candidates
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Fig. 5. The influence of gentamicin on OK cell fluorescence anisotropy at different tem-

peratures. Averages at each temperature were calculated from normalized anisotropy
values measured in 11 independent experiments.

for the mechanism by which these channels are activated, letting the drug
molecules' passage. Humans take antibiotics to kill germs and have to
protect as much as possible their body cells, especially if these are extra-
sensitive to these drugs.

It may be concluded that, at least for the type of cell we have investi-
gated (OK cultured cells), the gentamicin presence induces, most proba-
bly, the shielding of the superficial membrane negative charges; this in
turn determines a reorganization of the bilayer into a predominantly
liquid crystalline phase, more susceptible to the intrusion of polar spe-
cies. It is important to emphasize that this trend is more significant at
physiological temperature, involving, apparently, the active mechanisms
of the living cell. The drug induced reorganization of the lipid bilayer,
which we observed, is likely to trigger the accelerated uptake of gentami-
cin by TPRV1 and mechanoelectric transducer channels, as a result of the
channel protein switching to a favorable conformation, which allows the
passage of the drug molecules into the cell; this would be the most im-
portant biomedical consequence of the drug induced membrane organi-
zation changes we report in this paper.

In order to decide on this mechanism, cell viability should be checked
in gentamicin exposed and control cells which express TPRV1 and MET
receptors comparatively to cells which do not normally express these
channels. Research pending in our laboratory is focused presently on
these tests as well as on the membrane potential changes induced by
gentamicin.

Acknowledgements

This work was supported by the Sectorial Operational Programme
Human Resources Development (SOP HRD), financed from the European
Social Fund and by the Romanian Government) under the contract num-
ber POSDRU/89/1.5/5/64109 and IDEI 76/2010 (ID 7).

References

[1] S.E. Myrdal, K.C. Johnson, P.S. Steyger, Cytoplasmic and intra-nuclear binding of

gentamicin does not require endocytosis, Hear. Res. 204 (2005) 156-169.

D.J. Leehey, B.I. Braun, D.A. Tholl, L.S. Chung, C.A. Gross, J.A. Roback, J.R. Lentino,

Can pharmacokinetic dosing decrease nephrotoxicity associated with aminogly-

coside therapy, . Am. Soc. Nephrol. 4 (1993) 81-90.

R. Hock, RJ. Anderson, Prevention of drug-induced nephrotoxicity in the inten-

sive care unit, J. Crit. Care 10 (1995) 33-43.

N.A. van Lent-Evers, R.A. Mathot, W.P. Geus, B.A. van Hout, A.A. Vinks, Impact of

goal-oriented and model-based clinical pharmacokinetic dosing of aminoglycosides

on clinical outcome: a cost-effectiveness analysis, Ther. Drug Monit. 21 (1999) 63-73.

F. Rougier, D. Claude, M. Maurin, P. Maire, Aminoglycoside nephrotoxicity, Curr.

Drug Targets Infect. Disord. 4 (2004) 153-162.

[6] J.G. da Silva, M.A. Hyppolito, ].A.A. de Oliveira, A.P. Corrado, LY. Itoa, Y. Carvalho,

Aminoglycoside antibiotic derivatives: preparation and evaluation of toxicity on

cochlea and vestibular tissues and antimicrobial activity, Bioorg. Med. Chem. 15

(2007) 3624-3634.

FJ. Silverblatt, C. Kuehn, Autoradiography of gentamicin uptake by the rat proxi-

mal tubule cell, Kidney Int. 15 (1979) 335-345.

D. Dulon, H. Hiel, C. Aurousseau, ].P. Erre, .M. Aran, Pharmacokinetics of gentamicin

in the sensory hair cells of the organ of Corti: rapid uptake and long term persistence,

C.R. Acad. Sci. Paris 11 316 (1993) 682-687.

M.P. Mingeot-Leclercq, P.M. Tulkens, Aminoglycosides: nephrotoxicity, Antimi-

crob. Agents Chemother. 43 (1999) 1003-1012.

[10] H. Servais, P. van der Smissen, G. Thirion, G. van der Essen, F. van Bambeke, P.M.
Tulkens, M.P. Mingeot-Leclercq, Gentamicin-induced apoptosis in LLC-PK1 cells: in-
volvement of lysosomes and mitochondria, Toxicol. Appl. Pharmacol. 206 (2005)
321-333.

[11] H. Servais, A. Ortiz, O. Devuyst, S. Denamur, P.M. Tulkens, M.P. Mingeot-Leclercq,
Renal cell apoptosis induced by nephrotoxic drugs: cellular and molecular mech-
anisms and potential approaches to modulation, Apoptosis 13 (2008) 11-32.

[12] D.Ding, H. Jiangc, RJ. Salvi, Mechanisms of rapid sensory hair-cell death following
co-administration of gentamicin and ethacrynic acid, Hear. Res. 259 (2010)
16-23.

[13] O. Vital Brazil, ]. Prado-Franceschi, The nature of neuromuscular block produced
by neomycin and gentamicin, Arch. Int. Pharmacodyn. Ther. 179 (1969) 78-85.

[14] W.A. Prado, A.P. Corrado, R.F. Marseillan, Competitive antagonism between calcium
and antibiotics at the neuromuscular junction, Arch. Int. Pharmacodyn. Ther. 231
(1978) 297-307.

[15] H. Ohmori, Mechanoelectrical transduction currents in isolated vestibular hair
cells of the chick, J. Physiol. 359 (1985) 189-217.

2

[3

[4

[5

(7

[8

9



[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

E. Kovdcs et al. / Bioelectrochemistry 87 (2012) 230-235

A.B.A. Kroese, A. Das, AJ. Hudspeth, Blockage of the transduction channels of hair
cells in the bullfrog's sacculus by aminoglycoside antibiotics, Hear. Res. 37 (1989)
203-218.

B.D. Winegar, C.M. Haws, ].B. Lansman, Subconductance block of single mechan-
osensitive ion channels in skeletal muscle fibers by aminoglycoside antibiotics,
J. Gen. Physiol. 107 (1996) 433-443.

X.Lin, RI. Hume, A.L. Nuttall, Voltage-dependent block by neomycin of the ATPinduced
whole cell current in guinea pig outer hair cells, J. Neurophysiol. 70 (1993) 1593-1605.
T. Okamoto, K. Sumikawa, Antibiotics cause changes in the desensitization of ACh re-
ceptors expressed in Xenopus oocytes, Brain Res. Mol. Brain Res. 9 (1991) 165-168.
T. Nishizaki, A. Morales, V.M. Gehle, K. Sumikawa, Differential interactions of gen-
tamicin with mouse junctional and extrajunctional ACh receptors expressed in
Xenopus oocytes, Brain Res. Mol. Brain Res. 21 (1994) 99-106.

C. Blanchet, C. Erostegui, M. Sugasawa, D. Dulon, Gentamicin blocks Ach-evoked
K* current in guinea pig outer hair cells by impairing Ca?* entry at the choliner-
gic receptor, J. Physiol. 525 (2000) 641-654.

S.E. Myrdal, P.S. Styger, TRPV1 regulators mediate gentamicin penetration of
cultured kidney cells, Hear. Res. 204 (2005) 170-182.

G.D. Georgiev, A.S. Georgiev, Z. Lalchev, Interaction of gentamicin with phospha-
tidylserine/phosphatidylcholine mixtures in adsorption monolayers and thin
liquid films: morphology and thermodynamic properties, Eur. Biophys. J. 39 (2010)
1301-1312.

F. Barbault, B. Ren, ]J. Rebehmed, C. Teixeira, Y. Luo, O. Smila-Castro, F. Maurel, B.
Tao Fan, L. Zhang, L. Zhang, Flexible computational docking studies of new amino-
glycosides targeting RNA 16S bacterial ribosome site, Eur. J. Med. Chem. 43
(2008) 1648-1656.

F. Walter, Q. Vicens, E. Westhof, Aminoglycoside RNA interactions, Curr. Opin.
Chem. Biol. 3 (1999) 694-704.

P. Dunant, Strategies for molecular therapy of Duchenne muscular dystrophy,
Ph.D. Thesis from Fakultdt fiir Chemie und Pharmazie der Ludwig-Maximilians-
Universitdt Miinchen (2003).

M.T. Howard, B.H. Shirts, L.M. Petros, K.M. Flanigan, R.F. Gesteland, J.F. Atkins, Se-
quence specificity of aminoglycoside-induced stop codon readthrough: potential
implications for treatment of Duchenne muscular dystrophy, Ann. Neurol. 48
(2000) 164-169.

N.W. Luedtke, Q. Liu, Y. Tor, RNA-ligand interactions: affinity and specificity of
aminoglycoside dimers and acridine conjugates to the HIV-1 Rev response ele-
ment, Biochemistry 42 (2003) 11391-11403.

Y. Wang, K. Hamasaki, R.R. Rando, Specificity of aminoglycoside binding to RNA
constructs derived from the 16STRNA decoding region and the HIV-RRE activator
region, Biochemistry 36 (1997) 768-779.

C. Brun, D. Suter, C. Pauli, P. Dunant, H. Lochmiiller, J.M. Burgunder, D. Schiimperli, J.
Weis, U7 snRNAs induce correction of mutated dystrophin pre-mRNA by exon skip-
ping, Cell. Mol. Life Sci. 60 (2003) 557-566.

P. Dunant, M.C. Walter, G. Karpati, H. Lochmiiller, Gentamicin fails to increase
dystrophin expression in dystrophin-deficient muscle, Muscle Nerve 27 (2003)
624-627.

(32]

33]

[34]
[35]
[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]
[44]
[45]
[46]

[47]

235

M.P. Mingeot-Leclercg, A. Schanck, M.F. Ronveaux-Dupal, M. Deleers, R. Brasseur, J.M.
Ruysschaert, G. Laurent, P.M. Tulkens, Ultrastructural, physico-chemical and conforma-
tional study of the interactions of gentamicin and bis(beta-diethylaminoethylether)
hexestrol with negatively-charged phospholipid layers, Biochem. Pharmacol. 38
(1989) 729-741.

F. van Bambeke, P.M. Tulkens, R. Brasseur, M.P. Mingeot-Leclercq, Aminoglycoside
antibiotics induce aggregation but not fusion of negatively-charged liposomes, Eur.
J. Pharmacol. 289 (1995) 321-333.

J.R. Lakowicz, Principles of Fluorescence Spectroscopy, Kluwer Academic/Plenum
Publishers, New York, 1999, pp. 185-210.

D.P. Corey, AJ. Hudspeth, Kinetics of the receptor current in bullfrog saccular hair
cells, J. Neurosci. 3 (1983) 962-976.

S.M. Nauli, J. Zhou, Polycistins and mechanosensation in renal and nodal cilia,
Bioessays 26 (2004) 844-856.

Y. Aramaki, S. Tsuchiya, Interactions between aminoglycosides and phospholipids
using liposomes: a possible mechanism of nephrotoxicity, Pharm. Res. 6 (1989)
362-366.

B.K. Kishore, Z. Kéllay, G. Lambricht, G. Laurent, P.M. Tulkens, Mechanism of protec-
tion afforded by polyaspartic acid against gentamicin-induced phospholipidosis. I.
Polyaspartic acid binds and displaces gentamicin from negatively-charged phospho-
lipid layers, J. Pharmacol. Exp. Ther. 255 (1990) 867-873.

E.S. Eisenberg, LJ. Mandel, H.R. Kaback, M.H. Miller, Quantitative association be-
tween electrical potential across the cytoplasmic membrane and early gentami-
cin uptake and killing in Staphylococcus aureus, J. Bacteriol. 157 (1984) 863-867.
S.M. Mates, E.S. Eisenberg, LJ. Mandel, L. Patel, H.R. Kaback, M.H. Miller, Membrane
potential and gentamicin uptake in Staphylococcus aureus, Proc. Natl. Acad. Sci. U.
S.A. 79 (1982) 6693-6697.

W. Marcotti, S.M. van Netten, CJ. Kros, The aminoglycoside antibiotic dihydros-
treptomycin rapidly enters mouse outer hair cells through the mechano-
electrical transducer channels, J. Physiol. 567 (2005) 505-521.

S.J. Kohlhepp, L. Hou, D.N. Gilbert, Pig kidney (llc-pk1) cell membrane fluidity
during exposure to gentamicin or tobramycin, Antimicrob. Agents Chemother.
38 (1994) 2169-2171.

C.F. Dai, D. Mangiardi, D.A. Cotanche, P.S. Steyger, Uptake of fluorescent gentami-
cin by vertebrate sensory cells in vivo, Hear. Res. 213 (2006) 64-78.

J. Schacht, Molecular mechanisms of drug-induced hearing loss, Hear. Res. 22
(1986) 297-304.

S.E. Williams, H.P. Zenner, J. Schacht, Three molecular steps of aminoglycoside
ototoxicity demonstrated in outer hair cells, Hear. Res. 30 (1987) 11-18.
A.Forge, G. Zajic, S. Davies, N. Weiner, ]. Schacht, Gentamicin alters membrane struc-
ture as shown by freeze-fracture of liposomes, Hear. Res. 37 (1989) 129-139.

A. Alharazneh, L. Luk, M. Huth, A. Monfared, P.S. Steyger, A.G. Cheng, AJ. Ricci,
Functional hair cell mechanotransducer channels are required for aminoglycoside
ototoxicity, PLoS One 6 (2011) (Article number e22347).



	Interaction of gentamicin polycation with model and cell membranes
	1. Introduction
	2. Materials and methods
	2.1. Cell cultures
	2.2. Laurdan fluorescence spectroscopy of OK epithelial cells
	2.3. Fluorescence anisotropy measurements on OK cells
	2.4. Liposome preparation and labeling
	2.5. Statistics

	3. Results
	3.1. Laurdan emission spectroscopy
	3.1.1. Recordings on liposomes
	3.1.2. Recordings on cultured cells
	3.1.3. Fluorescence anisotropy


	4. Discussion and conclusions
	Acknowledgements
	References


