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Immunocytochemistry for Vancomycin Using a Monoclonal Antibody
That Reveals Accumulation of the Drug in Rat Kidney and Liver

Kunio Fujiwara, Yohei Yoshizaki,® Masashi Shin, Tsubasa Miyazaki,® Tetsuya Saita,® and Shuichi Nagata®

Department of Applied Life Science, Faculty of Biotechnology and Life Science, Sojo University, Ikeda, Kumamoto, Japan,® and Sakura-machi Pharmacy, Ebisu-machi,

Nagasaki, Japan®

We prepared monoclonal antibodies against N-(y-maleimidobutyryloxy)succinimide-conjugated vancomycin (VM). The mono-
clonal antibody was specific for conjugated or free VM. The monoclonal antibody enabled us to develop an immunocytochemi-
cal method for detecting the uptake of VM in the rat kidney and liver. Three hours after a single intravenous (i.v.) injection of
VM at the therapeutic dose, the immunocytochemistry revealed that VM accumulated in large amounts in both the S1 and S2
segments and in much smaller amounts in the S3 segment of the proximal tubules as well as in the distal tubules and collecting
ducts. The drug was detected in the cytoplasm, cytoplasmic irregular granules, nuclei, and microvilli of the proximal tubule cells.
The distal tubules and collecting ducts contained scattered swollen cells in which both the nuclei and cytoplasm were heavily
immunostained. Twenty-four hours after injection, most of the swollen cells returned back to normal size and had somewhat
decreased immunostaining. Also, significant amounts of VM remained accumulated for as long as 8 days postadministration. In
the liver, similar drug accumulation was observed in the Kupffer cells and the endothelial cells of the hepatic sinusoids but not in
the hepatocytes, suggesting that vancomycin cannot be eliminated via the liver. Inmunoelectron microscopic studies demon-
strated that in the collecting ducts, uptake of VM occurred exclusively in the lysosomes and cytoplasm of the principal cells and
scarcely in the intercalated cells. Furthermore, double fluorescence staining using rats simultaneously administered with VM
and gentamicin strongly suggests that both drugs colocalized in lysosomes in the proximal tubule cells of kidneys.

ancomycin (VM), one of the most frequently used antimicro-

bials for the treatment of various serious Gram-positive infec-
tions, such as methicillin-resistant Staphylococcus aureus, is a gly-
copeptide that has been used in clinical practice for almost 5
decades (29, 32). VM sometimes produces several side effects, the
most serious of which is nephrotoxicity (3, 39). However, there
are few data about its renal uptake and subcellular distribution.
Thus, accurate localization of VM in cells and tissues would be
useful in developing a better understanding of the nephrotoxicity
of the drug. To our knowledge, the only study on VM localization
is the paper concerning subcellular localization of VM in proximal
tubules of the nephron using the antibody-gold complex tech-
nique (1). However, this study was limited to ultrastructural anal-
ysis of proximal tubule cells, informing us that the drug localized
only in the lysosomes in the cells. Recently, we have developed an
original immunocytochemical (ICC) procedure for drugs with an
aliphatic primary amino group in their molecule, upgrading the
sophistication of the detection sensitivity and applying it to phar-
macological and toxicological studies (16-21, 35, 42). These ICC
procedures make use of glutaraldehyde (GA)-fixed tissues, which
undergo a series of pretreatments to unmask the sites of the accu-
mulation of the drug.

We now report on the development of a monoclonal antibody
for VM and an ICC method for the uptake of VM in the kidney
and liver of rats administered intravenously (i.v.) with the drug.
This method clearly demonstrated the distribution and accumu-
lation in cells of a whole kidney of rats from 1 h to 8 days after the
injection, showing that VM accumulates in the cytoplasmic gran-
ules of all the segments (S1, S2, and S3) of the proximal tubules, in
the tubular lumen side of which numerous small bodies occurred.
VM accumulates in the distal convoluted duct and collecting duct
cells, and in both cell types, numerous swollen cells, which con-
tained large amounts of VM, being seemingly affected by the drug,
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occurred. Also, it was found that significant amounts of VM re-
mained accumulated in the sites where it was distributed for as
long as 8 days postadministration. This study also includes double
immunofluorescence staining for VM and gentamicin (GM) us-
ing kidney specimens from rats simultaneously injected with both
drugs and immunoelectron microscopy (IEM) for VM in the col-
lecting duct cells as well as VM uptake in the liver.

MATERIALS AND METHODS

Chemicals. VM hydrochloride, glutaraldehyde (GA; 25% in water), and
Triton X-100 were purchased from Nacalai Tesque (Kyoto, Japan). So-
dium borohydride (NaBH,) and protease (type XXIV, bacterial) were
from Sigma-Aldrich (St. Louis, MO). GM was supplied by Shionogi Co.
Ltd. (Osaka, Japan). Anti-GM serum was the same batch as previously
used (18).

Preparation of immunogen (VM-GMBS-BSA conjugate). The im-
munogen was prepared according to our previous method for anti-
daunomycin (DM) serum using a heterobifunctional agent, N-(y-
maleimidobutyryloxy)succinimide (GMBS) (8-10, 17). Briefly, VM HCI
(12.5mg, 8.4 wmol) in 0.1 M phosphate buffer (pH 6.8) and 1.0 mland 0.7
mg (2.5 pmol) GMBS in 0.5 ml tetrahydrofuran were mixed, constantly
stirred, and incubated at room temperature (RT) for 90 min, yielding a
GMBS-acylated VM solution. Acetylmercaptosuccinyl bovine serum al-
bumin (AMS-BSA; 15.4 mg, approximately 0.1 pmol) was incubated in
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200 pl of 0.1 M hydroxylamine (pH 6.8) at room temperature for 20 min
to remove the acetyl group. The resulting mercaptosuccinyl BSA (MS-
BSA) was diluted with 3 ml 0.1 M phosphate buffer (pH 7.0), added
immediately to GMBS-acylated DM solution, and incubated for 30 min
with slow stirring. The conjugate was applied to a 2.5-cm by 45-cm Sep-
hadex G-75 column equilibrated with 20 mM phosphate buffer (pH 7.0)
and was eluted with the same buffer. The eluate, monitored at 280 nm, was
collected in 3-ml fractions, and the peak fraction was used for immuniza-
tion. The VM-GA-BSA conjugate was prepared according to our previous
method (18).

Preparation of anti-VM monoclonal antibodies (MAbs). Three
5-week-old, female BALB/c mice were injected intraperitoneally (i.p.)
with 100 g of VM-GMBS-BSA conjugate emulsified in complete
Freund’s adjuvant (Difco). Subsequently, they received two injections of
50 g of the conjugate alone at 2-week intervals. Following immuniza-
tion, antisera were collected, and antibody titers were evaluated with an
enzyme-linked immunosorbent assay (ELISA) as described below. The
mouse with the best immune response was selected for hybridization. The
mouse received a fourth i.p. booster injection and was sacrificed 4 days
later.

Cell fusion and cloning. The spleen cells (2 X 10°) from the immu-
nized mouse and 3 X 10 myeloma cells (P3/NS-1) were fused with the
help of polyethylene glycol according to our previous method (17). Cells
suspended in hypoxanthine-aminopterin-thymidine (HAT) medium
were plated out in 96-well tissue culture plates (Corning) at a density of
10° cells per well in which 10° feeder cells had been plated. From 10 to 20
days postfusion, the wells were screened for reactivity using an ELISA
method as described below. Limiting dilutions of positive cultures were
carried out two or three times to obtain monoclonality, and subisotyping
of the MAbs was performed using a mouse monoclonal subisotyping kit
(Zymed Lab. Inc., San Francisco, CA). Ascites were raised in BALB/c mice
pretreated with Pristene by intraperitoneal injection of 2 X 10° hybrid-
oma cells.

ELISA method. An ELISA was performed in a manner similar to that
for our previous method for anti-DM MAbs (17). In screening clones for
the production of antibody against VM-GMBS-BSA, wells in microtiter
plates were coated with 10 pg/ml of the VM-GMBS-BSA conjugate for 30
min at RT. The wells were then incubated overnight at 4°C with antiserum
(diluted 1:3,000), hybridoma culture supernatant, or ascites fluid (diluted
1:100,000), followed by goat anti-mouse IgG labeled with horseradish
peroxidase (HRP) (diluted 1:2,000) for 1 h at RT. The amount of enzyme
conjugate bound to each well was measured using o-phenylenediamine as
a substrate, and the absorbance at 492 nm was read with an automatic
ELISA analyzer (ImmunoMini NJ-2300; Nalje Nunc Int. Co. Ltd., Tokyo,
Japan).

Inhibition ELISAs. Wells in a microtiter plate are coated with 100 pl
of the VM-GMBS-BSA conjugate (10 pg/ml) as described above (15). To
the coated wells were added 50 p.l of a fixed concentration of the anti-VM
monoclonal antibody AVM-113 MADb (1:100) and then 50 pl of VM-
GMBS-BSA conjugates or free compounds (VM, GM, ampicillin, and
peplomycin) at various concentrations, and these were incubated over-
night at 4°C, followed by incubation with goat anti-mouse IgG labeled
with HRP (1:2,000) for 1 h at RT. The bound HRP activity was measured
using the ELISA analyzer.

Binding ELISAs. According to our previous method (15), the wells in
a microtiter plate coated with poly-1-lysine (30 pg/ml) were activated
with 2.5% GA in 50 mM borate buffer (pH 10.0) for 1 h. The wells were
subsequently incubated with test compounds at various concentrations
for 1 h at RT. Excess aldehyde groups were blocked with 0.5% sodium
borohydride. The wells were further incubated for 1 h with 1% skim milk
to block nonspecific protein binding sites, and then the plates were incu-
bated overnight at 4°C with the primary AVM-113 MAb at 1:50, diluted
with phosphate-buffered saline (PBS) containing 0.05% Tween 20
(PBST). The wells were then incubated for 1 h with HRP-labeled goat
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anti-mouse IgG (diluted 1:2,000). The bound enzyme activity was mea-
sured as described above.

Animals. Normal adult male Wistar rats (Kyudo Exp. Animals; Ku-
mamoto, Japan) with body weights of 200 to 250 g were used in this study.
The principles of laboratory animal care and specific national laws were
observed. The animals were housed in temperature- and light-controlled
rooms (21 = 1°Cand 12 h light/12 h dark) and had free access to standard
food and tap water. Twelve Wistar rats were injected i.v. with a single dose
of 33.3 mg VM/kg of body weight. At 1, 3, and 24 h and 8 days after the
injection, three rats from each group were anesthetized with sodium pen-
tobarbital (60 mg/kg; Abbott Laboratories, North Chicago, IL) and per-
fused transcardially with PBS (10 mM phosphate buffer [pH 7.2] contain-
ing 0.15 M NaCl) at 50 ml/min for 2 min at RT and then with a freshly
prepared solution of 2% GA in PBS (pH 7.2) for 6 min. The kidney and
liver were quickly excised and postfixed in the same fixative overnight at
4°C with 2.0% GA in PBS. Three rats receiving a saline instead of VM were
used as the controls. For the double fluorescence staining for VM and GM,
three rats were injected 1.v. with a single dose of a mixture of 33.3 mg and
16 mg of VM and GM, respectively, per kg of body weight, and the method
mentioned above was followed 12 h after the injection.

ICC. The ICC method was carried out essentially according to our
previous methods (19-21). The postfixed specimens of the liver and kid-
neys were subsequently embedded in paraffin in a routine way. The sam-
ples were cut into 5-pm-thick sections, acidified with 1 N HCI for 30 min
(in order to denature the DNA) (25, 46), digested with 0.001% to 0.006%
protease (type XXIV, bacterial; Sigma-Aldrich) in 50 mM Tris-HCl buffer
(pH 7.4) containing 0.86% NaCl (Tris-buffered saline [ TBS]) for different
periods of time (15 min to 2 h) at 30°C (in order to facilitate the penetra-
tion of antibody to fully detect uptake of VM in different cells and subcel-
lular compartments) (7), and reduced with 1.0% NaBH, in TBS for 10
min (to prevent unspecific staining by reducing free aldehyde groups of
GA bound in tissues) (4, 24). During each process of the treatment, the
specimens were washed three times with TBS. Next, the specimens were
blocked with a protein solution containing 10% normal goat serum, 1.0%
BSA, and 0.1% saponin in TBS for 1 h at RT and were then directly
incubated at 4°C overnight with the AVM-113 MADb diluted 1:50 to 1:100
in TBS supplemented with 0.1% Triton X-100 (TBST). The sections were
washed with TBST three times, 5 min at a time, and then incubated with
HRP-labeled goat anti-mouse IgG (whole IgG; Cappel, West Chester, PA)
1:500 for 2 h at 4°C. After rinsing with TBS, the site of the antigen-anti-
body reaction was revealed for 10 min with diaminobenzidine (DAB) and
H,O0,.

Controls for the immunocytochemical method included conventional
staining (second-level) controls as well as a peplomycin MAD (20). Ab-
sorption controls used conjugates of VM-GMBS-BSA at a concentration
of 30 wg/ml and the free compounds VM, amoxicillin (AMPC), and GM
at concentrations ranging between 30 pg and 100 pg/ml.

IEM. The postfixed specimens of the kidneys were cut with a Micro-
slicer (Dosaka EM; Kyoto, Japan) into 50-um-thick sections which were
then applied to a free-floating procedure of the preembedding method
(13, 14) in principally the same manner as that used for ICC for paraffin
sections except for the HRP-labeled goat anti-mouse IgG/Fab’ (MBL;
Nagoya, Japan) used as the second antibody. The color-developed speci-
mens obtained were then fixed with 1.0% osmium tetroxide in 50 mM
cacodylate buffer (pH 7.4) for 1 h at RT and dehydrated in a series of
graded ethanol solutions. After immersion in propylene oxide (Nacalai
Tesque; Tokyo, Japan) (three times for 10 min each), the samples were
immersed in a mixture (1:1) of propylene oxide and Epon 812 resin (Taab
Lab; Reading, Berks, United Kingdom) overnight and embedded in Epon
812 resin in a routine way. The regions to be studied were cut with a
2-mm-diameter punch, mounted to Epon blocks, and sectioned into ul-
trathin sections (LKB 8800 Ultrotome III) which were then immediately
observed in a 100CX Jeol electron microscope.

Double fluorescence staining for VM and GM. This was carried out
according to our previous method (40, 41). Kidney specimens from rats
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injected i.v. with a mixture of VM and GM were pretreated in the same
manner as described above in the ICC and incubated for 24 h at RT with
a mixture of AVM-113 (1:200 diluted in TBS) and rabbit anti-GM serum
(1:4,000 diluted in TBS) as the first antibody. After rinsing with TBST two
times for 5 min, followed by one 5-min TBS rinse, specimens were incu-
bated in a mixture of Alexa Fluor 488-labeled goat anti-mouse IgG (1:100
diluted in TBS) and Alexa Fluor 555-labeled goat anti-rabbit IgG (1:100
diluted in TBS) without NaNj at RT for 2 h, mounted in SlowFade Gold
(Molecular Probes; Invitrogen, OR), and examined by confocal laser
scanning microscopy (Leica; TCS NT).

RESULTS

Generation and specificity of MAbs to VM. From a fusion exper-
iment, 450 hybridoma lines were produced. Three hybridoma
lines (AVM-113, 28, and 74) secreted antibodies that bound to the
VM-GMBS-BSA conjugate but did not recognize BSA, as screened
by the ELISA system supplemented with BSA (1 mg/ml), which
left anti-BSA antibodies out. They continued to secrete antibodies
in culture supernatant. Subclones of the hybridoma obtained by
limiting dilutions of AVM-113 and 28 were found to produce an
antibody of the IgG1 subisotype. The subisotype of AVM-74 was
not determined, since no reaction occurred with any of the IgG
subtype antibodies available in a mouse MonoAb ID kit (Zymed
Lab, Inc., CA).

Microtiter wells coated with VM-GMBS-BSA conjugate (10
pg/ml) were used to test for antibody binding using serial dilu-
tions of the AVM-113 MAb (hybridoma culture supernatants). As
shown in Fig. 1a, comparable significant binding activities were
observed with the AVM-113 MAD in dilutions ofless than 1:1,000.
No antibody binding was seen with the type-matched (IgG) MAb
of anti-spermine MADb-29, known to be specific to polyamines,
spermine, and spermidine (11) (data not shown).

Inhibition ELISA was achieved by the principle of competition
between VM or VM conjugates (VM-GMBS-BSA, VM-GA-BSA)
(free in solution) and a fixed amount of VM-GMBS-BSA coated
on ELISA plates for the limited number of binding sites on the
AVM-113 MAb. Calibration curves showing the relationship be-
tween the concentrations of the analytes and the percentage of
bound MAb were plotted, giving dose-dependent inhibition
curves with the conjugates VM-GMBS-BSA and VM-GA-BSA
and free VM in the range between 0.1 nM and 1 mM (Fig. 1b). The
dose required for 50% inhibition of binding was used as an indi-
cation of the strength of inhibition. This dose (the 50% effective
concentration [ECs,]) was 3.2 nM with VM-GMBS-BSA, 65 nM
with VM-GA-BSA, and 800 nM with VM. Almost no inhibition
occurred with peplomycin, ampicillin, and GM, even at concen-
trations of less than 1 mM (data not shown).

The binding ELISA simulates the ICC of tissue sections on the
basis of the principle of coupling the amino group of the analytes
to the wells of a microtiter plate activated with poly-L-lysine and
GA and incubation of the wells by the indirect immunoperoxidase
method (15). As shown in Fig. lc, analysis of the relationship
between the concentration of each of the analytes applied to the
wells and the bound HRP activity produced a dose-dependent
curve, with VM concentrations ranging from 3 uM to 100 pM.
Little immunoreaction with peplomycin, GM, or AMPC oc-
curred.

Drug uptake in rat kidney. In kidney sections taken from rats
3 h postadministration that had been digested with 0.003% for 15
min at 30°C, most noticeable in ICC was the fact that immuno-
staining for VM occurred in the nuclei and cytoplasm of the col-
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FIG 1 (a) ELISA measurements of the binding of serially diluted anti-VM MAb
(AVM-113) to the solid phase coated with VM-GMBS-BSA or BSA. (b) Reactivity
of the AVM-113 MAb as measured by its immunoreactivity in the inhibition
ELISA. The curves show the amount (percentage) of bound enzyme activity (B)
for various doses of VM-GMBS-BSA, VM-GA-BSA, or free VM as a ratio to that
bound using the HRP-labeled second antibody alone (B,)). The concentration of
VM in the conjugate VM-GMBS-BSA or VM-GA-BSA was photometrically cal-
culated, assuming the molar extinction coefficient of BSA to be 43,000 at 280 nm
and the other part (VM-GMBS or VM-GA) of each the conjugates to be ignored.
(c) Reactivity of the AVM-113 MAD as determined from its immunoreactivity in
the binding ELISA. Activated wells prepared for the binding ELISA were incubated
with various concentrations of VM, GM, peplomycin, or AMPC. The wells were
reacted with NaBH, and then with HRP-labeled goat anti-mouse IgG (whole;
1:2,000).
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FIG 2 (a to k) Immunostaining for VM in the kidney of rats administered VM. Rats were i.v. administered VM at 33.3 mg/kg and then sacrificed 1 h, 3 h (a to
e, g, and k), 24 h (f), or 8 days (h and i) later. ICC was carried out using a dilution (1:60) of the culture supernatant of the AVM-113 MAD following digestion of
sections with protease at 0.003% at 30°C for 15 min (a, b, and f), 1 h (c), or 2h (d, e, and i to k). Lower (g and h) and higher (a to f and i to k) magnifications are
shown. (a) Characteristic immunostaining for VM occurred in the collecting duct cells, in which some cells were heavily stained in the whole cell and swollen but
others were stained weakly. (b) Numerous small bodies occurred in the tubular lumen of the S1 and S2 segments of the proximal tubules: some were attached to
the apical surface of the tubular cells, and all of them were strongly immunoreactive for VM. (c) Heavily stained microvilli and nuclei of the S1 and S2 proximal
tubule cells. Moderate immunostaining was observed in the podocytes of the glomeruli and in Bowman’s capsule squamous epithelium cells. (d) The boundary
area between the pars radiate and the cortical labyrinth was observed. Note the heavily stained cytoplasmic granules in the S1 and S2 proximal tubule cells and,
in contrast, the weakly stained ones in the S3 segment cells. The microvilli were disrupted in parts. (e) Distal convoluted duct cells, showing some where the whole
cell was heavily stained and morphologically disrupted, and the apical cytoplasm and nuclei of others moderately stained. (f) Note the collecting duct cells with
normal sizes and with slightly decreased immunostaining in comparison with the cells more heavily stained and swollen, shown in panel a. (g and h) Comparable
immunostaining occurred in the rat renal cortex 3 h and 8 days postadministration. (i) The cytoplasmic granules grew larger than those in panel d. Most of the
microvilli were disrupted by the prolonged protease digestion. (j) No staining in control kidney from normal rats. (k) Staining (in panel d) was completely
abolished by the absorption of the MAb with VM-GMBS-BSA (30 pg/ml). G, glomeruli; C, collecting duct; P, proximal tubule; D, distal tubule; S1,2, S1 or S2
segment; $3, S3 segment; m, microvilli; p, podocyte; b, Bowman’s capsule; e, endothelial cell. Bars in panels a to fand i = 20 wm. Bars in panels gand h = 100 pm.
Bars in panels j and k = 50 pm.

lecting duct cells, some of which were heavily stained for VM and
swollen while others were very weakly stained, indicating a very
heterogenous uptake of VM (Fig. 2a). Also, numerous strongly
stained round small bodies occurred in the tubular lumen of all
the proximal tubule segments (S1, S2, and S3), and some of the
round small bodies adhered to the apical cytoplasm of the tubular
cells (Fig. 2b). The best weak staining occurred in the ascending
limb cells in ICC tests (see the supplemental material). In an ICC
protocol with 1-h preprotease digestion, immunostaining was the

5886 aac.asm.org

strongest in the microvilli, nuclei, and cytoplasm of the S1 and S2
segments of the proximal tubules (the straight proximal segments
located in the cortex) (Fig. 2¢) but very weak in those of the S3
segment (medullary portions of the straight proximal tubule)
(Fig. 2g). Also, the best moderate staining was seen in the podo-
cytes of the glomeruli, in Bowman’s capsule squamous epithelium
cells, and in the endothelial cells (Fig. 2¢). Prolonging the protease
digestion to 2 h produced the strongest staining in numerous cy-
toplasmic irregular granules in all the segments of the proximal
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tubules (S1, S2, and S3) (Fig. 2d) as well as in the collecting duct
cells (see the supplemental material). The best immunostaining
also occurred in the nuclei and apical cytoplasm of the distal con-
volution cells, among which the entirety of some cells was stained
very heavily, thus again indicating a heterogenous drug uptake,
and they were sometimes disrupted morphologically (Fig. 2e). In
the ICC with such strong preprotease digestion, however, immu-
nostaining in the microvilli of the proximal tubules, in cells of the
renal corpuscles, and in the thick Henle’s loop cells was more or
less diminished, and the cell morphology was somewhat dis-
rupted. Almost similar immunostaining patterns were observed
for rats 24 h after VM injection (see the supplemental material).
However, significant differences from the 3-h postinjection sam-
ples were that the number of heavily stained swollen cells in the
collecting duct cells markedly decreased (Fig. 2f), as did the heav-
ily stained convoluted distal tubule cells (see the supplemental
material). At 8 days postinjection, immunostaining still persisted
in essentially the same staining patterns as those of the 3-h and
24-h postinjection specimens (Fig. 2g and h). Some differences
were that, on the whole, the intensity of immunostaining in al-
most all cell types in the kidney only slightly decreased; however,
obviously, staining in the microvilli of the proximal tubules be-
came weak, and the number of heavily stained cytoplasmic gran-
ules in the proximal tubule cells significantly decreased, especially
in the S3 segment, but the granules grew larger in size (Fig. 2i). In
control rats receiving a saline instead of VM, no immunoreaction
was able to be detected (Fig. 2j). Conventional immunocytochem-
ical staining controls (second-level controls) were all negative
(data not shown). The absorption control experiments for the
AVM-113 MAD were conducted for all specimens digested with
protease under different conditions and showed that an addition
of 30 pg/ml of VM-GMBS-BSA or VM-GA-BSA to the antibody
abolished all staining (Fig. 2k).

IEM. IEM was done using kidney specimens at 1 or 3 h post-
administration, with the preembedding method using 50-wm Mi-
croslicer sections of the specimens nondigested with protease, be-
cause ultrastructure of the cell is easily broken by protease
digestion. The collecting duct cells are composed of the two cell
types of the principal and intercalated cells (30). Immunoreactiv-
ity was observed in both the cytoplasm and lysosome of the prin-
cipal cells (Fig. 3a and b), but only slight immunoreactivity was
observed in the apical cytoplasm and almost none was observed in
the basal cytoplasm of the intercalated cells, in which immunore-
activity was also visible in the lysosomes (Fig. 3a and b). No im-
munoreactivity was observed in the absorption controls (Fig. 3c).

Double fluorescence staining for VM and GM. Kidney speci-
mens 12 h after an i.v. bolus injection of rats with a mixture of VM
and GM were subjected to an indirect immunofluorescence
method. In the sections that had been digested with 0.003% pro-
tease for 15 min at 30°C, strong green fluorescence for VM was
observed in both the microvilli and cytoplasmic small granules of
the proximal tubule cells (Fig. 4a), whereas red fluorescence for
GM was seen in the cytoplasmic granules and at the bottom of the
microvilli but not in the microvilli (Fig. 4b). The merged image
retained green fluorescence in the microvilli but yielded to yellow
fluorescence in the cytoplasmic granules (Fig. 4c). In the sections
digested for 60 min, green fluorescence was only in the nuclei of
the proximal tubule cells (Fig. 4d to f). In the sections digested for
120 min, green fluorescence in the cytoplasmic granules (Fig. 4g)
corresponded well to the red fluorescence in most of the cytoplas-
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FIG 3 (ato c) Immunoelectron micrographs of collecting duct cells at 3 h after
VM injection. (a) Lower magnification. Immunoreactivity occurred mainly in
the principal cells that characteristically contain a cilium on the cell surface and
scattered mitochondria in the cytoplasm. In contrast, much less immunoreac-
tivity was observed in the cytoplasm of the intercalated cells. (b) Higher mag-
nification. Moderate immunoreactivity occurred in the cytoplasm of the prin-
cipal cells, and much less occurred in the apical part of the cytoplasm of the
intercalated cells. Note that immunoreactivity also occurred in the lysosomes
in both cell types (arrows). (c) Immunoreactivity was abolished by preabsorp-
tion of the MAb with VM-GA-BSA (30 pg/ml). p, principal cell; i, intercalated
cell; arrowhead, cilium; open arrowheads, mitochondria. Bars in panels a and
¢ =5 pum. Bar in panel b = 2 pm.

mic granules (Fig. 4h), yielding to yellow fluorescence in the
merged image (Fig. 4i). Some swollen cells with red fluorescence
for GM, possibly corresponding to the distal tubules, were also
observed (Fig. 4h and i).

Drug uptake in rat liver. In the liver at 3 h postadministration,
ICC without the protease digestion step in the protocol produced
no sign of immunoreactivity in any cell types of the liver (data not
shown). The protease digestion of the specimens with 0.003%
protease for 15 min to 2 h in the protocol produced staining in the
endothelial cells of the hepatic sinusoids in Kupffer cells (Fig. 5a)
and probably in the macrophages adjacent to the blood vessels in
the connective tissues of Glisson’s capsule (Fig. 5b). However, no
staining was seen in the hepatocytes or on the luminal surface of
the bile capillaries and in the interlobular bile ducts (Fig. 5a). Eight
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FIG 4 (ato i) Double fluorescence staining for VM (green) and GM (red) in the proximal tubule cells of the kidney of rats administered with both drugs. Rats
were 1.v. injected with a mixture of VM (33.3 mg/kg) and GM (16 mg/kg) and then sacrificed 12 h later. This was carried out in essentially the same manner as
that used in the ICC except that a mixture of Alexa Fluor 488-labeled goat anti-mouse IgG and Alexa Fluor 555-1abeled goat anti-rabbit IgG was used as the second
antibody. The first antibody of the culture supernatant of the AVM-113 MAb was used at a dilution of 1:60, and predigestion of specimen sections was performed
at 0.004% protease at 30°C for 15 min (ato c), 1 h (d to f), or 2 h (g to i). (a to c) Strong green fluorescence for VM is in both the microvilli and the cytoplasmic
granules of the proximal tubule cells, and red fluorescence for GM is weak at the bottom of the microvilli and strong in the cytoplasmic granules. The merged
image shows green fluorescence in the microvilli and yellow fluorescence in the cytoplasmic granules. (d to f) Strong green fluorescence is in both the nuclei and
the cytoplasmic granules, and red fluorescence is in the cytoplasmic granules. The merged image shows green fluorescence in the nuclei and yellow fluorescence
in the cytoplasmic granules. Note that no microvilli were seen in the cells as a result of the prolonged protease digestion. (g to i) Green fluorescence is in most of
the cytoplasmic granules, and red fluorescence is in most of the cytoplasmic granules as well as in the three swollen cells. The merged image shows yellow
fluorescence in most of the cytoplasmic granules and red fluorescence in the three swollen cells, possibly a part of the distal tubule cells.

days after the administration, essentially the same staining pat-
terns, but with only slightly weakened immunoreactivity, were
observed (data not shown).

DISCUSSION

VM is not appreciably absorbed orally and is eliminated primarily
via the renal route, with >80 to 90% recovered unchanged in
urine within 24 h after administration of a single dose (31, 37).
Although VM-associated nephrotoxicity has been studied in hu-
mans and animals, its exact mechanism remains to be elucidated
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(29). Using immunoelectron microscopy and commercial anti-
sera, Beauchamp et al. (2) have reported that VM given at doses of
50 mg/kg/day accumulates in the lysosomes of proximal tubule
cells after 10 days of treatment. The study was limited to studies of
the proximal tubules. In order to better understand the VM-asso-
ciated nephrotoxicity, we have prepared MAbs against GMBS-
conjugated VM, characterized its specificity, and developed an
ICC procedure useful for the study of whole-kidney sections at the
light and electron microscopic levels. Our results extend those of
Beauchamp et al. (1) by showing that the ICC allowed us to eval-
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FIG 5 (a to d) Immunostaining for VM in the liver of VM-administered rats. ICC was carried out using a dilution (1:60) of the culture supernatant of the
AVM-113 MAD following digestion of sections with protease at 0.004% at 30°C for 1 h. (a) Lower magnification. Moderate immunostaining occurred in the
sinusoidal capillaries and in Kupffer cells. (b) Higher magnification. Note that there is no staining in the hepatocytes. (c) Immunostaining in the macrophages
around blood vessels in the connective tissues. (d) Staining was completely abolished by absorption of the MAb with VM-GMBS-BSA (30 pg/ml). Arrows,
sinusoidal capillaries; arrowheads, Kupffer cells. Bars in panels a, ¢, and d = 20 wm. Bar in panel b = 10 pm.

uate the sites of the drug uptake in the kidney of a rat which
received only a single i.v. injection of VM at 33 mg/kg, the dose/
day being equivalent to what humans receive in chemotherapy,
and that, as a result, drug uptake is not limited to the proximal
tubules.

The AVM-113 MAD prepared in the study was demonstrated
to be specific to conjugated or free VM by the inhibition and
binding ELISAs. The inhibition results showing that antibody
binding was inhibited most effectively by VM-GMBS-BSA fol-
lowed by VM-GA-BSA and free VM strongly suggest that the
AVM-113 MADb recognizes not only the VM molecule but also, in
part, the carrier protein conjugation site(s) of GMBS. Further-
more, the fact that the MAb recognized not only the VM-GMBS-
BSA conjugate but also the VM-GA-BSA conjugate suggests that it
may be useful for ICC studies of drug uptake in GA-fixed tissues.

In ICC studies for small-sized drug molecules, a drug that has
been specifically distributed into the cell tissues as a result of its
propensity should be fixed in situ without redistribution during
fixation. Thus, the fixation must be rapid and effective. Cardiac
perfusion fixation of the rats via the left ventricle with 200 to 300
ml of 2% GA at 50 ml/min fulfills these requirements, as the ICC
staining revealed a well-localized, specific, and reproducible reac-
tion for VM in the same cell types and cytoplasmic compartments
in the kidney and liver of rats. In other ICC studies, GA has proved
useful as a fixative for small molecular compounds with an amino
group(s) such as the biogenic endogenous amines (5, 12-14, 34)
and amino acids (26, 36, 44). Thus, the primary amino group of
VM may be the site of fixation for cells and tissues, although VM is
amuch more complex molecule than all these (10). However, how
completely VM, which had been taken up into cells and tissues,
was fixed in situ remains unknown because of, at present, no other
alternative method that can estimate them.

ICCs for drugs necessitated a series of processes prior to the
immunocytochemical reaction (16, 35). Thus, in ICC for VM, we
established the optimal conditions for immunostaining for VM in
rat kidneys. The protease digestion process was especially critical
and significantly differed in the different cells and compartments.
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These differences may reflect differences in the binding and mask-
ing of VM by proteins and other macromolecules in different cel-
lular compartments which may thus constitute different obstacles
to the penetration of the antibody into such cell types. Accord-
ingly, to reveal the full compartment of VM localization, results
from different digestion procedures needed to be evaluated (7).
In ICC for VM, unmasking of the granular antigens needed
strong protease predigestion conditions for kidney sections (18).
The cytoplasmic granules got larger in size at 8 days postinjection
than those at 3 h and 24 h postinjection. IEM study revealed that
VM immunoreactivity occurred in the lysosomes as well as in the
cytoplasm of the collecting duct cells (Fig. 3a and b). The double
fluorescence staining demonstrated that the two drugs of VM and
GM, an aminoglycoside antibiotic, can colocalize in the cytoplas-
mic granules in the proximal tubule cells. Also, GM has been re-
ported to localize in lysosomes in the proximal tubule cells by the
immunogold method and autoradiography (1, 49), as has VM by
the immunogold method (2). All these results strongly suggest
that the cytoplasmic granules most probably represent lysosomes.
These VM staining patterns are similar to those of our other recent
ICC for GM (18), with the exception that VM clearly localized in
the nuclei of proximal tubule cells but GM scarcely did (18). This
was confirmed by the present double fluorescence staining (Fig. 4a
to 1). Furthermore, VM ICC revealed that significant amounts of
VM persisted for as long as 8 days postadministration at the sites
where it was distributed, including also the brush border mem-
brane, especially in the S1 and S2 segments of the proximal tu-
bules. Recently, Hodoshima et al. (27) have presumed the rela-
tionship between the renal accumulation of the drug and VM
nephrotoxicity, determining the levels of VM in the kidney by a
fluorescence polarization immunoassay. The occurrence of VM in
the microvilli may reflect either ongoing secretion or reabsorption
of the drug and/or may reflect the accumulation of the drug. On
this issue, Nakamura et al. (33) have suggested that VM excretes in
the urine via active tubular secretion, and on the other hand, Sokol
has reported that VM crosses the basolateral membrane but does
not cross the brush border (43). The immunostaining in the mi-
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crovilli may also suggest the occurrence of an unknown transport-
er(s) for VM at the brush border of the proximal tubules in the
kidney, as the sites are known to be where a variety of transport
systems in drug interactions occur (6, 22, 28, 38, 45, 47, 48). Na-
kamura et al. (33) have suggested the organic cation transporter
(OCT) and P glycoprotein for VM at the basolateral and brush
border membranes, respectively, of the renal tubular epithelium,
both of which mediate transport of the drug crossing the epithe-
lium in the direction of the lumen side from the blood side. Fur-
thermore, we made observations similar to those in our previous
ICCs for AMPC and peplomycin (19-21); small bodies which
were extruded into the tubular lumen side from the epithelial
tubular cells and which contained VM occurred. Both immuno-
electron microscopy and conventional electron microscopy re-
vealed that most of the small bodies were the fragments of the
tubular cell cytoplasm or sometimes those including the nuclei
but not protein droplets (data not shown). However, whether the
occurrence of these small bodies is related to the VM nephrotox-
icity remains unclear, as similar phenomena were also sometimes
observed in the control rats. Also, in double fluorescence staining,
the reason why only GM, but not VM, was taken up into some of
the swollen cells of the convoluted distal tubule remains unclear,
although it is thought that the combination therapy of VM with
aminoglycoside GM can strengthen the nephrotoxic effect (32).
All these must be the subjects to be further studied.

Furthermore, a new finding of the occurrence of numerous
immunostained swollen cells in the collecting duct cells, as well as
in the distal convoluted cells, 3 h after VM injection suggests that
the drug somewhat affected the cells in such a short time. Our ICC
detected differences in the abilities of neighboring cells to take up
VM and/or retain VM. The present IEM study first demonstrated
that uptake of VM occurred exclusively in the cytoplasm of the
principal cells but scarcely or only very slightly in the intercalated
cells, the two cell types which are known to organize both collect-
ing duct cells and convoluted distal tubule cells (30). These phe-
nomena in drug uptake seem to generally occur, as a similar ob-
servation has been made with GM or peplomycin in our previous
ICCs (18, 20). However, differences, such as that most of the cells
seemingly affected by VM disappeared by 24 h after administra-
tion, most likely returning back to the normal size of the cells with
decreased immunostaining, while those affected by GM or by pep-
lomycin remained morphologically affected during a few experi-
mental days, were also seen (18, 20). This may mean that VM
might affect the cells less strongly than GM or peplomycin at the
therapeutic dose of the drug administered in the present study.

Although VM distributed in the endothelial cells of the hepatic
sinusoids in the liver and then persisted at the sites for as long as 8
days after injection, no VM was able to be detected in the hepato-
cytes, on the luminal surface of the bile capillaries, or in the inter-
lobular bile duct cells, thus indicating no uptake of VM in the cells
under the therapeutic dose conditions. This may possibly mean
that there are some strict control systems in the hepatocytes which
do not allow VM to be taken up into the cells. The fact that only
small amounts of VM distributed in tissue of the liver was in good
agreement with the results reported from the previous VM phar-
macology (23, 31).

In general, ICC for a drug(s) may have the advantage over
autoradiography of being able to elucidate more directly, simply,
and precisely the localization of drugs in cells and tissues. ICC can
be completed within one or two days, in contrast to autoradiog-
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raphy being time-consuming. Also, its sensitivity may be compa-
rable to that of autoradiography. Contrarily, the weakness of the
ICC may be that it necessitates protease digestion of section spec-
imens to elucidate drug distribution, since the protease digestion
leads to the disruption of ultrastructure indispensable for IEM, as
mentioned in the paper. Also, ICC has drawbacks, as autoradiog-
raphy does, in exactly quantifying the amount of drug taken up
into cells and tissues.

In conclusion, our study clearly demonstrates that the newly
developed ICC using MAb is useful for localizing the cellular sites
of the accumulation of VM in kidneys from rats receiving as little
as 33 mg/kg of VM, a dose corresponding to one therapeutic dose
for human patients. The method revealed that VM accumulates
for along time in the proximal and distal tubules as well as in the
collecting duct, pinpointing all of these sites as potential targets for
VM toxicity. Also, the double fluorescence staining showed that
VM can colocalize with GM, possibly in the lysosomes in the prox-
imal tubule cells, and IEM demonstrated that in the distal tubule
cells, VM distributed mainly in the principal cells and only very
slightly in the intercalated cells.
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