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The kinetics of aminoglycoside binding to renal brush border and basolateral membrane vesicles from rat
renal cortex were studied by using [3H]amikacin. [3H]amikacin binding to renal membranes was found to be a
rapid, saturable process with a fourfold greater affinity for basolateral membranes than for brush border
membranes (Kd basolateral = 607 ,uM; Kd brush border = 2,535 ,uM). Renal membranes prepared from
immature rats (2 to 3 weeks old) exhibited a significantly lower affinity compared with membranes from adults
(Kd basolateral = 2,262 ,uM; Kd brush border = 6,216 ,uM). Additionally, the inhibitory behavior of several
aminoglycosides versus [3H]amikacin binding to brush border membranes revealed the following rank order of
potency: neomycin > tobramycin gentamicin netilmicin > amikacin neamine > streptomycin. The
relative insensitivity of immature rats to aminoglycoside-induced nephrotoxicity in vivo and the comparative
nephrotoxicity of the various aminoglycosides suggest that renal membrane-binding affinity is closely correlated
to the nephrotoxic potential of these antibiotics.

Aminoglycoside antibiotics are nephrotoxic in humans
and experimental animals, in which they induce necrosis of
the proximal tubule (4, 13, 26). The nephrotoxicity of these
drugs is associated with selective accumulation of aminogly-
cosides in the kidney, with cortical levels reaching as high as
20 times the circulating levels in serum (10, 40). Aminogly-
cosides are known to accumulate in renal tissue via tubular
reabsorption as well as by extraction from the circulation at
the basolateral surface of the kidney, although brush border
uptake is thought to contribute more on a quantitative basis
(6, 7, 17, 34). However, it remains to be established whether
the nephrotoxicity is a consequence of accumulated drug or
relates to an interaction at the initial point of contact
between the renal cell and the aminoglycoside, the plasma
membrane. Williams et al. (43) recently reported the inhibi-
tion of aminoglycoside nephrotoxicity by polyamino acids
associated with decreased renal brush border and basolateral
membrane binding without inhibition of total cortical accu-
mulation. Effects of aminoglycosides on plasma membrane
structure and function have been reported (11, 20, 29, 36,
44).
To examine the possible correlation between renal mem-

brane binding and the nephrotoxicity of aminoglycosides, it
is appropriate to compare the relative affinity of the various
aminoglycosides for the membrane-binding site. Renal mem-
brane-binding kinetics have been described for gentamicin
(18, 28, 42) and netilmicin (19). It was the purpose of this
investigation to broaden the basis for comparison by study-
ing the renal membrane kinetics of another aminoglycoside,
amikacin. Furthermore, by using [3H]amikacin as a proto-
typical aminoglycoside, we posed several question which
would clarify the possible role of membrane-binding affinity
in the nephrotoxic expression of aminoglycosides. The first
question involved a comparison of [3H]amikacin-binding
kinetics between immature and adult rats, since immature
rats are known to be less sensitive to aminoglycoside-
induced nephrotoxicity (33). The second question involved
the possible relationship between the potency for inhibiting

* Corresponding author.

[3H]amikacin binding to the renal membrane receptor and
the nephrotoxic potential of several aminoglycosides.

MATERIALS AND METHODS
Materials. [3H]amikacin (10 mCi/mmol) was synthesized

by Amersham Radiochemicals (Arlington Heights, Ill.) and
was purified by high-pressure liquid chromatography meth-
odology developed at Bristol Myers Co., Pharmaceutical
Research and Development Division, Syracuse, N.Y.
Neomycin sulfate and gentamicin constituents C1, C2, and
Cia were obtained from Schering Corp., Bloomfield, N.J.
Amikacin sulfate and neamine were obtained from Bristol-
Myers. Netilmicin and gentamicin sulfates, horseradish per-
oxidase (HRP) type VI, hydrogen peroxide, and pyrogallol
were purchased from Sigma Chemical Co., St. Louis, Mo.
Tobramycin sulfate was purchased from Eli Lilly & Co.,
Indianapolis, Ind.
Membrane isolation and binding studies. Adult male

Sprague-Dawley rats (250 to 300 g) were sacrificed by
decapitation, and the kidneys were immediately removed
and placed in ice-cold saline. Kidneys from immature male
rats, between 2 to 3 weeks of age and weighing 60 to 100 g,
were also used. Cortical tissue was separated from the
medulla, weighed, and homogenized in 10 volumes (wt/vol)
of 0.25 M sucrose by using a Teflon (Du Pont Co., Wilming-
ton, Del.)-glass homogenizer.
Brush border and basolateral membrane vesicles were

prepared according to the method of Kinsella et al. (23) as
modified by Williams et al. (41). Basolateral membranes
were collected on a discontinuous sucrose gradient com-
posed of 8 and 38.7% sucrose. The purity of membranes
isolated by this procedure was established by marker en-
zyme analyses which demonstrate enhancement of the brush
border membrane marker enzyme, alkaline phosphatase,
and the basolateral membrane marker, Na+,K+-ATPase, in
the respective fractions and the absence of mitochondrial
(succinic dehydrogenase) contamination in either membrane
fraction. To assay the extent of contamination of membrane
fractions with "light" microsomes which may contain
pinocytotic vesicles, experiments were done in which rats
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FIG. 1. Electron micrograph of brush border membranes, show-
ing a section fixed for 10 min in formaldehyde (0.5%) and glutaral-
dehyde (1.0%). Magnification, x17,500.

were injected (intravenously via tail vein) with HRP, a
protein known to be reabsorbed in the proximal tubule by
pinocytosis (38). In vivo labeling with HRP is used as a
marker for purifying pinocytotic vesicles (22). After HRP
injection, rats were sacrificed (10 min postlabeling), and their
kidneys were prepared as described above. Brush border
and basolateral membrane fractions were then assayed
spectrophotometrically for HRP activity. Membranes were
suspended in a buffer consisting of 100 mM mannitol and 25
mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid), pH 7.0, with KOH.
Uptake assays were done by incubating membrane vesi-

cles with radiolabeled amikacin at various time intervals and
concentrations. The reaction was initiated by the addition of
membrane protein (100 ,ug) and was stopped by the addition
of excess cold buffer. The membranes were collected on
0.45-[Lm-pore-size membrane filters (Millipore Corp.,
Bedford, Mass.) under vacuum, and uptake was quantitated
by counting radioactivity by liquid scintillation spectros-
copy. The uptake was also examined in the presence of
altered osmolarity (50 to 800 mM sucrose) and at various
incubation temperatures (4, 25, and 37°C) to determine
whether the observed uptake represented binding or trans-
port across the membrane vesicles. All uptake values repre-
sent specific aminoglycoside uptake as determined in the
presence of 100x excess cold amikacin.

Protein and enzyme assays. Protein was determined by the
method of Lowry et al. by using bovine serum albumin as the
standard (30). Na+,K+-ATPase was measured by a linked-
enzyme assay in which oxidation of NADH was continu-
ously monitored at 340 nm in the presence or absence of 1
mM ouabain (35). Alkaline phosphatase was measured at 420
nm by the p-nitrophenyl phosphate method (27), and suc-
cinic dehydrogenase was monitored at 600 nm by a method
described by Earl and Korner (9). HRP was assayed by a
colorimetric method with hydrogen peroxide and pyrogallol
as substrates (39).

Electron microscopy. The purity of brush border mem-
brane fractions was also examined by transmission electron
microscopy. Membrane pellets were prepared and fixed
according to published procedures (2). Subsequent analyses
were done by an impartial source (Michigan Cancer Foun-
dation, Detroit, Mich.).

Statistical analyses. Comparisons of [3H]amikacin uptake
in both membranes as a function of temperature and

osmolarity were made on the basis of the Dunn procedure at
the 5% significance level (two tailed).

Kinetic evaluations and comparative (log10) dose-response
analyses were done by using linear regression techniques
(12). Rankings of the potency of the various aminoglycosides
were made by comparing adjacent dose-response curves at
the values for concentrations producing 50% inhibition of
[3H]amikacin binding. The dose-response curves were com-
pared under the constraints of parallelism when differences
in slope estimates were not evident at the 5% significance
level.

RESULTS
Brush border and basolateral membrane purity were con-

firmed by marker enzyme analyses, which revealed approx-
imately 10-fold enrichment of Na+,K+-ATPase in basolat-
eral membranes and alkaline phosphatase in brush border
membranes. Both membrane fractions showed little cross-
contamination and no evidence of contamination with
mitochondria as analyzed by succinic dehydrogenase. HRP
was not enriched in either membrane fraction, indicating a
lack of contamination by pinocytotic vesicles. Electron
microscopic analyses of brush border membranes revealed
vesicular structures ranging in size from 3.8 x 10-3 to 1.4 x
10-1 ,m2, with the majority of the vesicles in the range of 2
x 10-2 RMm2. Additionally, no evidence of ribosomes, glyco-
gen, rough endoplasmic reticulum, or other cytoplasmic
inclusions was found. A photomicrograph of the brush
border vesicles is shown in Fig. 1.

[3H]amikacin uptake in renal brush border and basolateral
membranes was found to be a rapid, saturable process as
shown in Fig. 2 and 3. However, brush border uptake
reached equilibrium by 30 s, whereas basolateral uptake
required 5 to 10 min to exhibit saturation. The uptake of
[3H]amikacin in both membranes was unaffected by changes
in temperature or osmolarity, suggesting that the observed
uptake represents a binding rather than a transport process
(24). Binding kinetics summarized in Table 1 reveal a higher
affinity for basolateral membranes compared with brush
border membranes. The specificity of amikacin binding to
the renal membranes in these experiments was very high
(-95%).
Renal membranes prepared from immature rats exhibited

binding affinities significantly lower than those for adult
membranes as depicted in Fig. 4. The KdS for [3H]amikacin
binding to brush border and basolateral renal membranes in
the immature rat were 6,216 and 2,262 p,M, respectively,
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FIG. 2. Time course of 1 mM [3H]amikacin uptake in renal brush
border (0) and basolateral (-) membranes. Each datum point
represents the average of four to six experiments.
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FIG. 3. [3H]amikacin uptake in renal brush border (O) and
basolateral (a) membranes as a function of amikacin concentration.
Uptakes (30 min) were done as described in the text. Each datum
point represents the average of four to six experiments.

approximately 2.5- to 4-fold higher than the values from
aduit rat membranes.
When several aminoglycosides were tested for inhibition

of [3H]amikacin membrane binding, the following rank order
of potencies was obtained: neomycin > tobramycin - gen-
tamicin - netilmicin > amikacin - neamine > streptomycin.
The dose-response curves for inhibition of [3H]amikacin are
displayed in Fig. 5. The 50% inhibitory values are listed in
Table 2.

DISCUSSION
The uptake of [3H]amikacin in rat renal membrane vesi-

cles parallels the characteristics of a rapid, saturable binding
process previously described for gentamicin (42, 44). As
described for both gentamicin (18, 42,44) and netilmicin (19),
binding of the aminoglycoside was higher in basolateral
membranes compared with brush border membranes. For
example, amikacin had a fourfold greater affinity for baso-
lateral (Kd = 607 p.M) versus brush border membranes (Kd =
2,535 FLM). Of interest is the comparison among the affinities
of amikacin, gentamicin, and netilmicin for renal mem-
branes. Amikacin affinity, as compared by Kd values, is
approximately 100-fold lower in brush border membranes
and 15-fold lower in basolateral membranes compared with
gentamicin and netilmicin (18, 19, 42). The comparative
renal membrane-binding affinities of amikacin, gentamicin
and netilmicin correlate well with their nephrotoxic poten-
tials (15).
The observation that immature rats are relatively resistant

to aminoglycoside-induced nephrotoxicity compared with
adult rats (33) provided an opportunity to further examine
the possible correlation between renal membrane-binding
affinity and nephrotoxicity. Renal membranes from young
rats exhibited a lower affinity for [3H]amikacin binding in

TABLE 1. Amikacin-binding parameters in rat kidney brush
border and basolateral membranes from adult ratsa

Membrane Kd Nm.
Brush border 2,535 ± 71 87 ± 20
Basolateral 607 ± 82b 126 ± 15

a Data are the means of values calculated from at least three separate
experiments ± standard error of the mean. Kd = FM; Nmax = nanomoles per
milligram of protein.

b Significantly different from brush border value. P < 0.05 by Student's t
test.
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FIG. 4. Scatchard analysis of [3H]amikacin binding to adult and
immature rat brush border (a) and basolateral (b) renal membranes.
Shown are the data from a single adult and immature rat experiment.
Uptakes (30 min) were done as described in the text. Each datum
point represents the average of four to six experiments.

both brush border and basolateral membranes, suggesting a
direct correlation between membrane-binding affinity and
nephrotoxic potential. Aladjem et al. (1) reported an age-
related increment in gentamicin uptake in rat renal cortical
slices, which may be a result of the altered membrane-
binding affinities revealed in this study. Reduced suscepti-
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FIG. 5. Dose-response of the inhibition of 1 mM [3H]amikacin
binding to renal brush border membranes by various aminoglyco-
sides. Uptakes (30 s) were done as described in the text. Each datum
point represents the average of four to six experiments.
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TABLE 2. Effects of various aminoglycosides on the binding of
[3H]amikacin to rat kidney brush border membranes

Aminoglycoside Estimated IC50"

Neomycin ....................................... 0.108
Tobramycin ....................................... 0.254
Gentamicin C2 ....................................... 0.341
Gentamicin complex ................................. 0.345
Gentamicin Cla ...................................... 0.416
Netilmicin ....................................... 0.425
Gentamicin C1 ....................................... 0.874
Amikacin ....................................... 2.07
Neamine ....................................... 2.11
Streptomycin ....................................... 10.80

a Values represent the estimated 50% inhibitory concentration from the
various dose-response curves generated by at least three datum points. IC50 =
concentration of the aminoglycoside (mM) inhibiting [3H]amikacin binding (1
mM) by 50%. Uptake (30 s) assays were as described in the text.

bility to aminoglycoside-induced nephrotoxicity as well as
lower cortical accumulation of aminoglycosides has also
been reported in female rats compared with male rats (5).
Williams and Hottendorf (42) recently demonstrated a lower
affinity for [3H]gentamicin binding to renal brush border
membranes from female rats compared with male rats,
which reinforces the relationship between membrane-
binding affinity and nephrotoxicity. These observations may
shed further light upon the phenomenon of the development
of resistance of nephrotoxicity with continued aminoglyco-
side treatment (14, 32). The regenerated tubules resulting
from repair of damaged tissue with continuous aminoglyco-
side treatment may be reflective of an immature stage of
development, particularly since the regenerated tubules be-
come sensitive with time (14). Assuming a relationship
between regenerated tubules in adult rats and tubules in
immature rats, our data would propose that resistance to
aminoglycoside nephrotoxicity in these two states is related
to a decreased affinity for aminoglycoside binding which is
lost with cellular maturity.
The ability of aminoglycosides to compete for binding

sites on renal membranes provides a means of comparing
relative membrane-binding affinities with in vivo nephrotox-
ic potentials. As shown in Fig. 5 and Table 2, the inhibitory
activity of several aminoglycosides versus [3H]amikacin bind-
ing revealed a rank order of potency of neomycin > tobra-
mycin - gentamicin - netilmicin > amikacin - neamine >
streptomycin. These inhibitory potencies reflect the relative
affinity of these aminoglycosides for the renal membrane-
binding site. The relative affinities are in good agreement
with the in vivo nephrotoxic potentials of these aminoglyco-
sides (14-16, 30). Neomycin is consistently the most
nephrotoxic aminoglycoside, whereas streptomycin is essen-
tially nonnephrotoxic. Amikacin possesses a low nephrotox-
ic potential, followed by tobramycin and gentamicin. There
is less agreement in the literature with respect to the relative
nephrotoxicity of netilmicin. High-dose comparisons in rats
predicted a low nephrotoxic potential of netilmicin relative
to other aminoglycosides (31). However, netilmicin has a
shallow dose-response curve relative to other aminoglyco-
sides, and when tested at low multiples of the human clinical
dose, netilmicin nephrotoxicity was comparable to that of
gentamicin (15). The clinical use of netilmicin has also been
associated with appreciable nephrotoxicity (8, 37). The
gentamicin constituents C1, Cia, and C2 have been reported
to possess different nephrotoxic potentials in vivo (25). The
inhibitory potencies of these three constituents (Table 2) are
consistent with their reported nephrotoxic potentials. Gen-

tamicin C2 is the most nephrotoxic, followed by gentamicin
C1a. Gentamicin C1 was found to be the least nephrotoxic of
the three consitituents. Neamine, a component of the
neomycin molecule containing 2,6-diaminoglucose and 2-de-
oxystreptamine, was similar to amikacin in its inhibitory
potency versus [3H]amikacin binding. This structure has
been found to possess a nephrotoxic potential in vivo
approximately fivefold less than that of gentamicin and
comparable to that of amikacin (unpublished data). Unlike
the positive relationship between membrane-binding affin-
ities and nephrotoxic potential, the nephrotoxic potentials of
aminoglycosides do not correlate with the degree of renal
cortical accumulation (21). Of additional interest is the
recent report of Au et al. (3) which reported a correlation
between aminoglycoside ototoxicity and interactions with
liposomal membranes. Thus, the ototoxic as well as
nephrotoxic potential of these drugs may correlate with
membrane-associated events.

Williams et al. (43) recently provided evidence that renal
membrane binding of aminoglycosides assumes a direct role
in the renal pathogenesis. Coadministration of the polyamino
acid polyaspartic acid reduced the levels of amikacin in
brush border and basolateral membranes and was associated
with reduced nephrotoxicity. The lack of pinocytotic vesicle
contamination in our membrane preparation as reported in
this investigation further indicates that the brush border
binding observed and its inhibition by polyaspartic acid
represents an association of the aminoglycoside with brush
border microvilli, not pinocytotic vesicles. Thus, the corre-
lation between brush border membrane-binding inhibition
and nephrotoxicity of aminoglycosides discussed above re-
flects the relative affinity for the brush border microvilli.
The results of this investigation demonstrate that the renal

membrane binding of a prototypical aminoglycoside antibi-
otic, amikacin, is decreased under conditions of resistance of
aminoglycoside nephrotoxicity in vivo and is inhibited to
various degrees by other aminoglycosides. The relative
affinities of the aminoglycosides for their renal membrane-
binding sites appear to correlate well with their known
nephrotoxic potentials, indicating the utility of this mem-
brane model for assessing the nephrotoxicity of new amino-
glycosides.
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