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The kinetics of the entry of three aminoglycosides into inner-ear tissues of the guinea pig after acute and
chronic administration were compared: gentamicin toxic to the cochlea and the vestibule, amikacin preferen-
tially cochleotoxic, and netilmicin of low ototoxic liability. During constant intravenous infusion, levels of the
three drugs in plasma tended to reach a plateau after 1 h, while levels in perilymph did not reach a plateau
within 6 h. The drug concentrations in both vestibular and cochlear tissues quickly reached saturation.
Amikacin and gentamicin concentrations were similar in vestibular and cochlear tissues, while netilmicin
values were somewhat lower. After 1 week of chronic treatment (100 mg of drug per kg of body weight daily
subcutaneously), levels of gentamicin and amikacin in tissue were similar to each other and were not
significantly different between cochlear and vestibular tissues. Netilmicin concentrations again were somewhat
lower in the tissues, but identical to those of the other drugs in the perilymph. After 3 weeks of treatment, all

of the drugs were equally distributed in the inner-ear tissues. Release of the drug from the tissues after the
3-week treatment was faster for amikacin (83% decrease after 20 days) than for netilmicin and gentamicin
(approximately 50% decrease). There was no correlation, under any of the experimental conditions, between
the drug concentrations and their degrees of toxicity. These results demonstrate that selective aminoglycoside
ototoxicity cannot be explained by a preferential uptake or accumulation of drugs in the afflicted tissues or in
the perilymph.

Toxicity to both the vestibular and cochlear structures of
the inner ear is a well-known adverse effect of aminoglyco-
side antibiotic therapy. The morphological changes and
electrophysiological dysfunctions induced by different ami-
noglycosides have been extensively studied, and it is clearly
established that the pattern of toxicity varies greatly within
this family of antibiotics (1, 8, 12). For example, gentamicin
affects the cochlear and vestibular systems to nearly the
same extent, while amikacin preferentially damages the
cochlea; netilmicin is significantly less toxic than either
gentamicin or amikacin to both parts of the labyrinth (2, 5,
7). It has been postulated that this differential damage is
related to the concentration of aminoglycoside achieved in
the perilymph, i.e., the more toxic a drug, the higher its level
in this inner-ear fluid (7, 20), although exceptions from this
pattern had been noted (6, 15). Moreover, it has been argued
that an accumulation of aminoglycosides in the inner-ear
fluids is responsible for the organ-specific toxic action.
However, recent detailed pharmacokinetic studies have not
supported such an explanation of toxicity. Levels of amino-
glycosides in inner-ear fluid did not exceed levels in plasma
(21, 22). Furthermore, the concentrations of neomycin and
gentamicin in cochlear tissues were not significantly higher
than in other body tissues that do not show aminoglycoside-
induced pathology (11; P. Tran Ba Huy, P. Bernard, and J.
Schacht, J. Clin. Invest., in press).
Most of the pharmacokinetic studies of aminoglycosides in

the inner ear have been concerned with the fluids and to
some extent the cochlear tissues. Little is known about the
distribution of these drugs in the vestibular system. The aim
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of this study was to determine whether cochlear or
vestibular toxicity of the aminoglycoside antibiotics corre-
lated with preferential uptake into these structures and also
whether toxicity related to levels of the drug in inner-ear
fluids or tissues. We selected three aminoglycosides with
distinctly different patterns of ototoxicity, i.e., gentamicin,
netilmicin, and amikacin, and studied their uptake into
perilymph as well as into cochlear (organ of Corti and lateral
wall) and vestibular (saccule, utricle, and crista ampullaris)
tissues after acute and prolonged treatment.

MATERIALS AND METHODS

Drug administration. Experiments were performed on
pigmented guinea pigs (190 to 250 g) with a normal Preyer
reflex.
As acute administration, constant intravenous (i.v.) infu-

sions were given at rates of 5, 15, or 50 ,ug of drug per min.
For each rate, infusions were performed for 0.5, 1, 3, and 6
h, and three animals were tested for each condition. Animals
were anesthetized with a mixture of Rompun (Xylazine, 20
mg/kg) and Ketaset (Ketamine, 100 mg/kg), and a tracheot-
omy was performed. The aminoglycosides were delivered in
0.15 M NaCl by a constant infusion pump (syringe pump
model 351; Orion Research, Inc., Cambridge, Mass.) via a

jugular catheter at 25 ,ul/min, and the different infusion rates
were obtained by varying the concentration of the drug in the
infusate. During the infusion, body temperature was main-
tained at 37.50C by a heating pad.
For chronic administration, drugs were injected subcuta-

neously (100 mg of drug per kg of body weight) in saline daily
for 1 week (five animals per drug) and 3 weeks (eight animals
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FIG. 1. Time course of gentamicin concentrations in plasma and perilymph. The drug was administered in different concentrations at 25
,ul/min via the jugular vein, and the resulting concentrations in plasma and perilymph were determined at the time indicated as described in
Materials and Methods. The rates of administration were 5 (0), 15 (0), and 50 (A) pug/min. Numbers are means of at least three samples, and
vertical bars indicate the standard deviation. Kinetics of gentamicin in plasma (a) and perilymph (b).

per drug). Animals were killed 24 h after the last injection or,
for the release studies (eight animals per drug), 20 days after
the last injection.
Sampling procedures. At the end of the infusion, the

carotid artery was cannulated, '-nd a blood sample was

collected. The animal was then exsanguinated through the
carotid catheter and perfused with isotonic saline to rinse the
vascular bed. The blood samples were centrifuged at 1,000 x
g for 2 min, and samples of plasma were stored at -20°C.
The bullae were removed, and 5 ,ul of perilymph was
collected from each ear with a microcapillary through the
round window or from the second turn of the cochlea. The
scalae were rinsed with isotonic saline, and the tissues of the
lateral wall (i.e., stria vascularis and spiral ligament), organ
of Corti, saccule, utricle, and crista ampullaris were dis-
sected. The tissues were collected in 0.2 M sodium phos-
phate (pH 8) and homogenized as previously described (11).
All samples were processed in polypropylene tubes (10).

Assays. Tissue homogenates were centrifuged for 2 min at
12,000 x g, and drug concentrations were measured in the
supernatant fraction with a commercial radioimmunoassay
kit (American Bioclinical Inc., Portland, Oreg.) modified
according to Meulemans et al. (14). When known amounts of
[3H]gentamicin were homogenized with ear tissues, 97%
1% of the drug was found in the supernatant fraction (Tran
Ba Huy et al., in press).
The sensitivities of the modified radioimmunoassays were

50, 100, and 150 pg, respectively, for gentamicin, netilmicin,
and amikacin, with a coefficient of variation of less than 7%.
Considering the amounts of fluids and tissues sampled, the
detection limits for gentamicin, netilmicin, and amikacin
were, respectively, 1, 2, and 3 ng/ml of plasma and 10, 20,
and 30 ng/ml of perilymph. For the tissues, these limits
ranged from 2, 4, and 6 ng/mg of protein for the lateral-wall
tissues to 20, 40, and 60 ng/mg of protein for the smallest
tissue, the saccule.
The total protein concentration was determined from the

tissue homogenate (13). Statistical comparisons of aminogly-
coside concentrations were made by the Student t test.

RESULTS

Kinetics of gentamicin. (i) Plasma and perilymph. At all
three rates of infusion (5, 15, and 50 ,ug of gentamicin per
min), the increase of drug concentrations in the plasma
slowed after 1 h, suggesting that a plateau was being ap-
proached. The plateau levels correlated directly with the rate
of infusion (Fig. la), as did the gentamicin concentrations in
perilymph. Saturation, however, was not reached during the
experiment (Fig. lb). Drug concentrations in the perilymph
were lower than those in the plasma at all times; the
perilymph-to-plasma ratios of mean drug concentrations
ranged from 0.05 to 0.15.

(ii) Tissues. At all rates of infusion, the drug quickly
reached steady-state levels in all inner-ear tissues (Fig. 2a,
for the organ of Corti). The drug concentrations leveled off at
the same rate as in the plasma and correlated with the levels
in plasma (Fig. 2b). Gentamicin concentrations overall were
similar, with somewhat lower levels in the crista ampullaris
and tissues of the lateral wall.
Comparison of gentamicin, netilmicin, and amikacin.

(i) Acute administration. In plasma, gentamicin, netilmicin,
and amikacin exhibited the same behavior of rapid saturation
(after 1 h) and similar plateau values of 23 ± 8, 27 ± 4, and
30 ± 7 ,ug/ml, respectively, at an infusion rate of 15 ,ug/min
(Fig. 3a).
The three drugs also showed similar kinetic behavior in

perilymph. After 3 h of 15 ,ug of drug per min, drug levels
were similar (Fig. 3a), and no saturation was observed for up
to 6 h. The perilymph/plasma'ratios were also nearly identi-
cal at 0.12 ± 0.04, 0.08 ± 0.03, and 0.07 ± 0.02, respectively,
for gentamicin, netilmicin, and amikacin. Because of the
rapid saturation in the tissues, the antibiotic concentrations
were compared at these plateau values (Fig. 3b). Gentamicin
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FIG. 2. Kinetics of gentamicin in inner-ear tissues. (a) Kinetics of gentamicin in the organ of Corti during constant infusion (i.v.) of 5 (0),
15 (O), and 50 (A) ,ug of gentamicin per min. Similar kinetics were observed in all inner-ear tissues. (b) Gentamicin plateau concentrations
in cochlear and vestibular tissues during constant infusion. The plateau values were calculated from the mean of the concentrations at 0.5,
1, 3, and 6 h, as seen in panel a for the organ of Corti. The bars indicate the standard deviation of 5 to 12 samples. Abbreviations: O.C., organ
of Corti; L.W., lateral wall; C.A., crista ampullaris; U, utricle; S, saccule.

and amikacin reached similar levels in all
netilmicin was lower in the organ of Cort
tissues, utricle, and saccule.

(ii) Chronic administration for 1 week. Afi
treatment with 100 mg of drug per kg of body
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tissues, while there was no significant difference in the distribution of any
Li, lateral-wall drug between cochlear and vestibular structures. Amikacin

and gentamicin reached similar concentrations in all tissues,
ter 1 week of while netilmicin was lower in the organ of Corti, lateral wall,
weight daily, and crista ampullaris (P < 0.01) (Fig. 4a). Concentrations of

the three drugs also were similar in perilymph, ranging
between 200 and 300 ng/ml.

(iii) Chronic administration for 3 weeks. All of the antibi-
otics reached similar levels in tissue after prolonged treat-
ment with the three drugs (Fig. 4b). These values were not
higher than those measured at 7 days, except for netilmicin
(P < 0.01). There was no preferential accumulation of a drug
in any of the inner-ear structures.

(iv) Release of drugs from inner-ear tissues. The animals
were treated for 20 days at 100 mg of drug per kg of body
weight daily, and the antibiotic was assayed 20 days after the
last injection (Fig. 4c). Drug levels were lower in all tissues
compared with their levels at the end of the chronic admin-
istration. Gentamicin and netilmicin concentrations de-
creased to approximately 50%, while amikacin was generally
reduced to about 17% of its original level. There was no

u s differential loss of drug from any vestibular or cochlear
T T structure.
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FIG. 3. Comparison of gentamicin (G), netilmicin (N), and ami-
kacin (A) concentrations in inner-ear tissues and fluids after acute
i.v. perfusion, as described in Materials and Methods. (a) The drug
concentrations in plasma and perilymph were measured after 3 h of
a constant i.v. infusion of 15 ,ug/min. The bars indicate the standard
deviation of at least three samples. At all times tested, the three
drugs reached essentially identical levels in the perilymph. (b)
Values in tissues after constant i.v. infusion for up to 6 h (15
,ug/min). Plateau values were determined as described in the legend
to Fig. 2. The bars indicate the standard deviation of 5 to 12 samples.
Netilmicin was lower in the organ of Corti, utricle, and saccule (P <
0.01). For abbreviations, see the legend to Fig. 2.

DISCUSSION

The results clearly demonstrate that the selective ototox-
icity of aminoglycosides cannot be explained on the basis of
their accumulation in the tissues and fluids of the inner ear.
When aminoglycoside levels in perilymph are specifically
considered, it is important to note that corlcentrations were
identical for a highly ototoxic drug such as gentamicin and a

much less ototoxic drug such as netilmicin after both acute
and chronic treatments. Furthermore, the perilymph/plasma
ratio of all drugs remained well below 1, contradicting a

possible accumulation in the inner-ear fluid for any of the
drugs. These findings and their interpretation are in contrast

to earlier pharmacokinetic studies of aminoglycosides which
suggested a direct relationship between the severity of
aminoglycoside ototoxicity and the levels of antibiotics
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FIG. 4. Comparison of gentamicin (G), netilmicin (N), and ami-
kacin (A) concentrations in inner-ear tissues after chronic adminis-
tration (100 mg of drug per kg of body weight daily as described in
Materials and Methods). (a) Treatment for 1 week. (b) Treatment for
20 days. The animals were killed 24 h after the last injection. Values
are means of three to eight samples, and the bars indicate the
standard deviation. (c) Release study. The animals were injected
daily with 100 mg of aminoglycoside per kg of body weight for 20
days as for panel b and then were sacrificed 20 days after the last
injection. Values are means of four to eight samples, and the bars
indicate the standard deviation.

reached in the perilymph (7, 9, 12, 20, 23). However, they
are in agreement with recent studies (15, 21, 22) challenging
such a hypothesis.
Although analyses of drugs in inner-ear fluids have re-

ceived considerable attention in the past, it may be more

important to study drug uptake into the tissues, the site of
action. Drug levels in cochlear tissues were first investigated
by Desrochers and Schacht (11) and subsequently by Tran
Ba Huy and Schacht (Abstr. Assoc. Res. Otolaryngol.,
abstr. no. 69, p. 52, 1983; Tran Ba Huy et al., in press). In
these studies, aminoglycoside levels in cochlear tissues were

found to be in the same range as levels in other body organs

that remain unaffected by the antibiotics. Drug concentra-
tions in the present study are in very good agreement with
those reports, and we are now able to extend these obser-
vations to the vestibular structures. Levels of amikacin and
gentamicin were similar in vestibular and cochlear tissues.
Thus, the different toxic potentials of amikacin and genta-
micin (1, 6, 8) cannot be explained by selective uptake.
Moreover, amikacin, which has been shown to be highly
cochleotoxic and much less vestibulotoxic (8, 17), reached
similar levels in cochlear and vestibular tissues. Netilmicin
appeared to enter most of the tissues more slowly, but
reached levels similar to those of the other drugs after 3
weeks.
There was also no correlation between the documented

toxicities of the drugs and their persistence in the tissues.
Gentamicin and netilmicin, despite their different toxic po-
tential (2, 5, 7), showed a similar rate of release from the
tissues. Amikacin demonstrated a faster, albeit equal, re-
lease from cochlear and vestibular tissues, not accounting
for the preferential cochleotoxicity of this drug.
These results strongly support the conclusion that the

differences in ototoxicity between aminoglycosides can be
explained neither by preferential uptake nor by persistence
in the afflicted tissues. It is interesting in this context that the
renal concentrations of aminoglycosides also do not corre-
late with their nephrotoxicity (4). Thus, the dissociation of
toxicity from drug concentration in the tissues seems to be a
general phenomenon of aminoglycoside oto- and nephrotox-
icity.

Information on the pharmacokinetics of the aminoglyco-
side antibiotics is important for an understanding of the
molecular mechanisms of ototoxicity. In light of our results,
the differences in toxicity within the family of aminoglyco-
sides would rely priunarily on the intrinsic potency of the
drugs to disrupt vital mechanisms of cellular metabolism. A
model of toxicity based on the specific interactions between
aminoglycosides and polyphosphoinositides (18, 19, 25), for
example, attempts to explaini the drug actions at this level.
Another point requires further consideration. While the

pharmacokinetics of various aminoglycosides in inner-ear
fluids and tissues have been established, information is still
lacking at the cellular level. It remains possible that the
distribution of the drugs in tissue is not uniform and that
specific cells (such as hair cells of the organ of Corti and the
cristae) are a preferred target. Determinations of the distri-
bution of radioactive dihydrostreptomycin in the cochlear
have so far yielded conflicting results (3, 16, 24). Thus,
immunocytochemical or further radioautographic investiga-
tions of aminoglycoside distribution after acute and chronic
administration at the light and electron microscopic level are
required to solve this question. It is clear, however, that
aminoglycoside concentrations in inner-ear fluids and whole
tissues do not reflect the toxicities of the drugs.
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