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ABSTRACT - We purified male rat urinary o, -globulin, prepared the antibody in rabbits, and
improved an immunohistochemical detection method using this antibody for male rat-specific a,,-globu-
lin accumulation appearing as hyaline droplets in the kidneys. Our prepared antibody reacted specifically
with o,-globulin in both immunohistochemical and Western blotting analyses, furthermore, and the
graded immuno-reactivities on the slide were well associated with computational image analyzing results.
Using this method, we retrospectively analyzed the renal sections from the toxicity studies of 12 nephro-
toxic chemicals, which had already been conducted under the Japanese Existing Chemicals Survey Pro-
gram. We demonstrated that the hyaline droplets induced by treatment with 10 chemicals (1,4-
dibromobenzene, dicyclopentadiene, 3,4-dimethylaniline, 1,4-dicyanobenzene, tetrahydrothiophene-1,1-
dioxide, 1,3-dicyanobenzene, acenaphthene, 3,4-dichloro-1-butene, 3a,4,7,7a-tetrahydro-1H-indene and
3,5.5-trimethylhexan-1-ol) were directly associated with o5,-globulin accumulation. This immunohis-
tochemical method is convenient for applying, even retrospectively, paraffin sections from general toxicity
studies and could be useful for qualifying male rat-specific hyaline droplets consisting of oty,-globulin and

renal risk in humans.

KEY WORDS: 0,-globulin, Immunohistochemistry, Hyaline droplet, Nephrotoxicity

INTRODUCTION

For risk assessment of chemicals, the most criti-
cal data arc derived from animal toxicity studies
because of a general lack of information on humans.
Although all available results from animal studies have
been applied to human risk assessment, in principle,
exclusion of some specific toxicities, which might not
occur in humans, should be taken into account. Among
laboratory animals, the rat has been commonly used for
toxicity studics, especially sub-acute, long-term or car-
cinogenicity studies. Nephropathy with hyaline drop-
lets and renal tubular neoplasia caused by chemicals
inducing oy,-globulin accumulation (CIGA) are con-

sidered to be a male rat-specific toxicity, not occurring
in female rats or other animals, including primates.
Although low molecular proteins homologous to 0y, -
globulin can be detected in other specics, including
mice and humans, none of these proteins have been
confirmed to bind to CIGA, followed by accumulation
of the protein-CIGA complex as in the case of oiy,-
globulin. It is therefore believed that renal toxicity
induced by CIGA in male rats is unlikely to occur in
humans (Hard et al., 1993).

0ty,~Globulin was first identificd in male rat urine
(Roy and Neuhaus, 1966), and had been reported to be
a male rat-specific protein with a molecular weight of
18 to 20 kDa. The major source of urinary oy,-globulin
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is the liver, where o,,-globulin mRNA constitutes
approximately 1% of the total hepatic mRNA (Sippel
et al., 1976; Kurtz and Feigelson, 1977). Neither o,
globulin nor its mRNA is detectable in the female liver
(Sippel et al., 1975, 1976; Maclnnes et al., 1986). The
blood a5, -globulin secreted from the liver is freely fil-
tered through the glomerulus, and in mature rats, about
two-thirds of the filtercd protcin is reabsorbed by
tubules and the remainder is excreted through the urine
(Neuhaus ef al., 1981). CIGA binds noncovalently to
0(y,-globulin, and the resulting complex shows less
degradability with proteolytic enzymes, causing an
accumulation of the complex that is detectable as hya-
line droplets with a light microscope. Various chemi-
cals have been suspected of being CIGA based on
detection of the evidence for exacerbation of hyaline
droplets in renal proximal tubules in male rats, though
not in females. Direct evidence for increasing oy~
globulin levels has been demonstrated for only a few of
these chemicals, however, including 2,2,4-trimethyl-
pentane (Stonard ef al., 1986; Charbonneau et al.,
1987; Lock et al., 1987), decalin (Kanerva ef al.,
1987), d-limonene (Lehman-McKeeman et al., 1989;
Webb et al., 1989), 1,4-dichlorobenzene (Charbonneau
el al., 1989), isophorone (Strasser et al., 1988), lindane
(Dietrich and Swenberg, 1990), tri- or per-chloroethyl-
ene and pentachoroethane (Goldsworthy ef al., 1888).
A number of initial safety assessments has so far
been conducted for industrial chemicals, including
both new and existing chemicals by the Japanese gov-
ernment or the OECD high production volume chemi-
cals programs. Certain chemicals among these indus-
trial chemicals have been suspected of being CiGA. In
some cases, however, renal changes in male rats have
been assessed as the endpoint for extrapolation to
human health risk owing to a lack of direct evidence
caused by al,,-globulin accumulation, because no anti-
body against o.y,-globulin is commercially available
for general toxicity studies. Some immunohistochemi-
cal 0ip,-globulin analysis methods had already been
developed (Burnett et al., 1989; Hashimoto and
Takaya, 1992; Caldwell et al., 1999). As these methods
required glycolmethacrylate embedding or specific
computational analysis, they would be inappropriate
for confirming oi,,-globulin accumulation in routinely
conducted guideline-based toxicity studies. We there-
fore improved an immunohistochemical o5, -globulin
detection system using paraffin sections, which are
generally used for standard toxicity studies. We evalu-
ated the several chemicals suspected of being CIGA,
moreover, and indicated the direct evidence caused by
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0ly,~globulin accumulation.
MATERIALS AND METHODS

Preparation of anti oy ,-globulin antibody

Oly,-globulin as an antigen was obtained from the
urine collected from aged male rats, pooled, and used
to immunizc rabbits. The immunization procedures,
including the amount of antigen and immunizing inter-
vals, were determined from the results of a preliminary
test referring to the methods of Kurtz ef al. (1976). The
antigen was injected under the skin at a dose of 1 mg/
animal (1st injection) or 0.5 mg/animal (2nd and sub-
sequent injections) once at two weeks. Blood sampling
was conducted periodically and the antibody titer mea-
sured. When the antibody titer level reached a platean,
whole blood was collected and antiserum was obtained
from the blood. The antiserum was used for immuno-
histochemistry and immuno-electron microscopy. For
measurement of the o5,-globulin content in the urine
and tissues, the antibody was purified from the antise-
rum using a DEAE ionic exchange column after
ammonium sulfate precipitation. The singularity of the
antibody was confirmed as a single diffuse band of
approximately 19 kDa by Western blotting analysis.
This study and the following study were carried out in
accordance with the Law for the Humane Treatment
and Management of Animals and the Standards Relat-
ing to the Carc and Management, ctc. of Experimental
Animals in Japan.

Experiment 1 Confirmation of specific reactivity of
the antibody o o,,-glebulin
1. Preparation of o),~-globulin nephropathy rats

To confirm the specific reactivity of the anti-o,,,-
globulin antibody, we prepared oiy,,-globulin nephrop-
athy rats as follows. Male and female Crj:CD(SD)IGS
rats were obtained from Charles River Japan Inc. and
used at the age of 11 weeks. d-Limonene (Nacalai
Tesque Inc.), a well-known oi,,-globulin nephropathy
inducer, was administered to the rats, consisting of 4
males and 4 females each, for 10 days at doses of 0,
150 and 300 mg/kg/day by gavage using corn oil as a
vehicle. The rats were housed individually in stainless
steel wire cages in an animal room with a controlled
temperature of 24+2°C, humidity of 55£10% and a 12-
hr light/dark cycle (lighting from 7:00 to 19:00) and
allowed access to food and water ad libitum.

Pooled urine was collected for 24 hr on the day
before the start of administration and on Day 9 of
administration. After the 10-day administration period,
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the rats were anesthetized with intraperitoneal injec-
tion of 30 mg/kg of sodium pentobarbital and perfused
with physiological saline-added tactose (Lactec,
Otsuka Pharmaceutical Factory Inc.) through the sinus
aortae, after which the liver and kidneys were removed.
The urine and a part of the liver and kidneys were used
for measurement of their oy,-globulin content and the
remainder of the liver and kidneys for histopathology,
immunohistochemistry and immuno-clectron micros-
copy. The samples for histopathology and immunohis-
tochemistry were embedded in paraffin following fixa-
tion with 10% neutral buffered formalin solution for
about two weeks. The samples for immuno-electron
microscopy were dehydrated with an ascending series
of ethanol and embedded in spurr resin following pre-
and post-fixation with 2.5% glutaraldchide and 1%
osmium tetroxide solutions, respectively.

2. Histopathelogy and immunchistochemistry

The serial paraffin sections were prepared, depar-
affinized and then stained with hematoxylin and eosin
(HE) accompanied by Azan-Mallory staining and peri-
odic acid shiff (PAS) reaction.

For immunohistochemistry, the paraffin sections
were deparaffinized and incubated with 0.25% pronase
E for 20 min at 37°C, after which they were washed 3
times in Tween-PBS (PBS containing 0.1% Tween 20,
pH7.6). The specimens were incubated with 0.3%
H,0; in methanol at room temperature for 30 min to
inactivate the endogenous peroxidase activity, and then
washed 3 times in Tween-PBS. After blocking against
nonspecific immuno-reactions with 10% FCA was
conducted at room temperature for 20 min, the sections
were incubated overnight with rabbit anti-o,,-globulin
antiserum at 4°C at a dilution of 1:80000 in PBS con-
taining 1% BSA. Negative controls were incubated
with an cquivalent volume of diluent solution alone.
The sections were washed 3 times in Tween-PBS and
incubated with biotynilated secondary antibody (goat
anti-rabbit and goat anti-mouse immunoglobulins,
Dako, LSAB2 kit) at room temperature for 30 min.
After they were washed 3 times inTween-PBS, the
sections were incubated with horseradish peroxidase
(HRP)-labelled streptavidin (Dako, LSAB2 kit) at
room temperature for 30 min. The sections were then
washed 3 times in PBS and reacted with 3,3-diami-
nobenzidine (DAB) for 5 min. The reactions were
quenched by placement in running tap water, and the
sections were then counterstained lightly with meth-
ylgreen, dehydrated in n-butanol, cleaned in xylene,
and mounted.

51

3. Immuneo-electron microscopy

Ultra-thin sections were prepared and reacted
overnight with the anti-0,,,-globulin antiserum at a
dilution of 1:5000 at 4°C. Protein A-colloidal Gold (10
nm, British Bio Cell International Inc.) was used at a
dilution of 1:10, after which the sections were double
stained with uranyl acefate and lead citrate,

4. Measurement of 0Oiy,-globulin content in the liver,
kidneys and urine '

The o,,-globulin content was measured in the
liver and kidneys in all males in all the groups of oy~
globulin nephropathy rats, and in the urine in two
males each in the control and highest dose groups. The
liver and kidneys were homogenized with phosphate
buffer weighing 4 times their tissue weights and centri-
fuged at 105,000 g for one hour. The protein content of
the supernatant thus obtained was measured for every
molecular weight and the urine was measured similarly
as is. Western blotting was then conducted using puri-
fied anti-oty,-globulin antibody and the content of the
protein showing a positive reaction was regarded as
0l5,-globulin content.

Experiment 2 o,,-globunlin analysis for industrial
chemicals

The selected chemicals are listed in Table 1. We
selected 10 chemicals, which are suspected of being
CIGA, among all the chemicals in the Japanese Exist-
ing Chemicals Survey Program (JECSP). In addition,
two chemicals which caused renal toxicity without
hyaline droplet accumulation were selected as negative
controls. We used paraffin-embedded renal specimens
originating from the JECSP toxicity studies conducted
in several laboratories and stored for four to seven
years in each. For each toxicity study, three groups (the
control and low- and high-dose groups for 11 chemi-
cals) or two groups (the control and high-dose groups
for the other) were selected. The low-dose group has
the dose showing the lowest effect for hyaline droplets
in tubules or other renal changes, and the high-dose
group has the highest dose administered in each toxic-
ity study. The doses selected for each chemical are

- described in Table 1. Three male specimens were arbi-

trarily selected for each dose group based on the results
obtained from HE-stained sections in the original stud-
ies.

The serial paraffin sections were prepared, depar-
affinized and then stained with HE accompanied by
Azan-Mallory staining and PAS reaction. The sections
were also stained immunohistochemically using anti-

Vol. 31 No. 1
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0ly,~globulin antiserum by the above-mentioned proto-
col. HE-stained sections were used to examine the
degree of hyaline droplets and to determine whether or
not other findings were present. The degree of occur-
rence of hyaline droplets was divided into five grades,
including none (), minimal (&, barely detectable min-
imal appearance), slight (+, multifocal but not dis-
persed appcarance), moderate (++, dispersed appcar-
ance over the cortex) and severe (+++, diffused appear-
ance over the whole cortex). The staining sections with
PAS, Azan-Mallory and anti-oiy,-globulin reaction
were also graded similarly for positive-stained drop-
lets. In addition, computational image analysis was
carried out to verify the above-mentioned grading cri-
teria using three typical immuno-stained samples for
each grade. Images including almost all the renal
superficial cortex were captured using a light micro-
scope (Olympus BHS) and a digital camera (Olympus
DP12). The captured images were measured for posi-
tive area using an image analyzing system (C-Imaging
System, Compix Inc.), and the positive area (%) was
then calculated from the data.

RESULTS

Experiment 1 Specific reactivity of the antibody to
Olyy~globulin

On the HE-stained sections of the kidneys, hya-
line droplets with round to irregular shapes were
observed in the renal proximal tubular epithelium only
in males administered d-limonene (Photo. 1a). The
hyaline droplets were negative for PAS reaction (Photo
1b) but stained positively with Azan-Maliory staining
(Photo 1c). With immuno-staining with the anti-oy,-
globulin antibody, the hyaline droplets were more
clearly stained and more distinguishable than with
Azan-Mallory staining (Photo 1d). The hyaline drop-
lets showed a dose-dependent increase on the HE-
stained sections (Photo 2, a-c) and positive reactions
for hyaline droplets showed a correlational increase
with immuno-staining (Photo 2, d-f). Very fine positive
granules were also detected on the immuno-stained
sections for all the males as background, but no posi-
tive reactions were observed in other tissue compo-
nents. This background was observed generally in
male kidneys and was, therefore, excluded from the
grading in experiment 2. In the liver, all the males
showed a positive reaction for the antibody in centri-
lobular hepatocytes. The degree of intensity was
weaker than in the kidneys, and there was no clear
intensification by d-limonene. No positive reaction for
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the anti-0t,, ~globulin antibody was detected in the liver
or kidneys in any females.

With electron microscopy, electron-dense and
irregular-shaped inclusions surrounded by a single
membrane were observed as changes corresponding to
the hyaline droplets in the renal proximal tubular epi-
thelium, and positive reactions were observed for the
antibody with post-embedding method in the inclu-
sions (Photo 3). A similar positive reaction was
observed in the lysosomes of the renal tubule epithe-
lium, but no positive reaction was detected in the hepa-
tocytes.

The oly,-globulin content in the kidneys of the
males was increased dose-dependently by administra-
tion with d-limonene (Fig. 1). A dose-dependent but
mild increase in o,,-globulin content was also
observed in the liver of the males. While no dose-
dependent increase in the urine was noticeable, a lower
molecular type of aiy,-globulin appeared in the males
in the highest dose group, with the o;,-globulin type
reported as an early marker for oiy,-globulin nephropa-
thy (Saito ef al. 1991).

Experiment 2 o,,-glebulin analysis for industrial
chemicals

Table 2 indicates the grades of all the samples
with respect to hyaline droplets, positive droplets and
immunological positive droplets analyzed with HE,
Azan-Mallory and anti-oy,-globulin antibody staining,
respectively. In the controls there was a minimal to
moderate amount of hyaline droplets in some animals
and consequent variation for Azan-Mallory and anti-
Oy, -globulin reaction. This variation was due to the
arbitrary sampling of specimens, or probably related to
the lot of the animals or to the difference of food used
in each study. Dose-dependent increases of hyaline
droplets in the renal proximal tubular epithelium were,
however, confirmed for HE-staining of 10 chemicals
suspected of being CIGA (1,4-dibromobenzene, dicy-
clopentadiene, 3,4-dimethylaniline, 1,4-dicyanoben-
zene, tetrahydrothiophene-1,1-dioxide, 1,3-dicy-
anobenzene, acenaphthene, 3,4-dichloro-1-butene,
3a,4,7,7a-tetrahydro-1H-indene, 3,5,5-trimethylhexan-
1-ol). This was described in the original reports (Toxic-
ity Testing Reports of Industrial Chemicals), although
the occurrence of hyaline droplets varied in shape, size
and number/cell with chemicals and showed no clear
common features. In the highest dose groups of these
chemicals, basophilic tubules, granular casts in the
tubules and/or tubular dilatation were intensified or
occurred as in the original reports. These changes

Vol. 31 No. 1
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showed similar features in spite of the various severity
and incidence with the chemicals. In serial sections
prepared simultaneously, Azan-Mallory-positive reac-
tions for hyaline droplets were detected dose-depen-
dently in these 10 chemicals. No PAS-positive reaction
was detected in any chemical. These staining behaviors
of the hyaline droplets were the same as those in the
case of d-limonen described above. Immunohis-
tochemical staining using the anti-oi, -globulin anti-
body revealed thoroughly dose-dependent positive
reactions for hyaline droplets in all these chemicals.
The resulting grades from three types of analysis were
the same, demonstrating that a highly positive correla-
tion exists among the three staining methods. As for
the remainder not suspected of being CIGA (2,4-di-
tert-butylphenol, 4-aminophenol), there was no
increase of hyaline droplets or positive immunohis-

tochemical rcactions in any dosc groups, as well as no
stain in either PAS or Azan-Mallory staining. In addi-
tion, computational image analysis using three typical
immuno-stained sections for each grade (Photo 4)
showed a close correlation between the quantitative
analysis and semi-quantitative grading (Fig. 2).

DISCUSSION

Many toxicity studies using laboratory animals
have been conducted on environmental and industrial
chemicals to ensure their safety or toxicity levels con-
cerning human health, On extrapolating the results to
humans, toxic mechanisms that are unlikely to occur in
humans should be taken into account. A typical exam-
ple of such toxicities is o,,,-globulin-related nephropa-
thy and the consequent renal tumorigenesis in repeated

et £ £
Photo 1. d-Limonene induced hyaline droplet accumulation in the kidney (HE, a). The hyaline droplets were PAS-negative(b), but

they were stained positively with Azan-Mallory staining (c). Immunohistochemistry using the anti-c), -globulin antibody
showed a clear positive reaction consistent with the hyaline droplets (d). Original magnification, X66.

Vol. 31 No. 1
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dose toxicity studies using male rats. This male rat- icity results from o.y,-globulin-CIGA complex accu-
specific nephrotoxicity is not considered to occur in mulation, Detection analysis of o,,-globulin in the
humans (Hard ef al., 1993). To exclude this male rat- nephrotoxicity has not been conducted in most conven-
specific toxicity from chemical risk assessment, it is tional toxicity studies, however, especially in sub-acute
necessary to demonstrate properly that such renal tox- toxicity screening studies for industrial chemicals. As

Photo 2. An incrcase of hyaline droplets in the kidoney in cl(lnrclatlon to the doses of d
limonene(HE, a - c). Positive reaction for the anti-0iy,-globulin antibody also
increased with similar dose dependency (d - f). Original magnification, x33.
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ah

Photo 3. Immuno-electron micrograph of cytoplasmic inclusions, corresponding to .the d-limonene
induced hyaline droplets, in the epithelial cell of the renal proximal tubule. Colloidal gold
particles are dispersed in the inclusions. Original magnification, x10,000.
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Fig. 1. Western blot analysis of oy,-globulin in kidney from male rats treated
with d-limoncne.
Results are expressed as mean+ SD (n=4).
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an alternative detection method, it is well known that
0y ,-globulin droplets in the kidneys are negative for
PAS reaction, but that they are stained positively by
Azan-Mallory staining (U.S. EPA, 1991; Alden er al.,
1984). Although these additional stainings can distin-

guish hyaline droplets resulting from o,,,~-globulin
accumulation from those resulting from other causes,
these analyses provide only indirect evidence. Direct
evidence of 0,y,-globulin accumulation in renal hyaline
droplets could be required for appropriate risk assess-

Table 2. Grading results of histological/histochemical examination.

Chemical Staining Results
Control Low dose High dose
1,4-Dibromobenzene HE D —f—lt A+ Aot
Azan-Mallory 2 /-t A A
Anti-oau-globulin D —[—l% + A+ A
Dicyclopentadiene HE —f=1— A4+ A A A
Azan-Mallory - A At A
Anti-02u-globulin —/~{— A+ A A A
3,4-Dimethylaniline HE —/—- -/t 4+
Azan-Mallory —f=/— —/~{t i+
Anti-ot2e-globulin —/—— —/-/+ i+
1,4-Dicyanobenzene IIE ——l- 4+ A A
Azan-Mallory H+/4 A A
Tetrahydrothiophene-1, H +HH A+ A
Azan-Mallory /A A
Anti-ge-globulin /A A
1,3-Dicyanobenzene " HE +/t/t AR ame s
Azan-Mallory ++/+ A
Anti-oiae-globulin /H/+ A
Acenaphthene HE -1+ A+
Azan-Mallory i+ A
Anti-ozy-globulin +/+ 4+
3,4-Dichloro-1-butene HE A A
Azan-Mallory +HH+ A+
Anti-oy-globulin +/++ /-
3a,4,7,7a-Tetrahydro-1H-indene  HE A+ A A/
Azan-Mallory A /A At
Anti-o2e-globulin +H+ - U A
3,5,5-Trimethylhexan-1-ol HE —/—/t A+ A A
Azan-Mallory /- +A++ At A A
Anti-otau-globulin -/t H4/A+ A
2,4-Di-tert-butylphenol HE /=1~ —/~—
) Azan-Mallory =/~ S
Anti-oze-globulin —/—/— —~/—
4-Aminophenol HE —ft/— —~/~{— /I~
Azan-Mallory /- b -
Anti-gau-globulin —(4/— ~f—— —/—~f~

) Grading for hyaline droplets.
2) Grading for positive droplets.

No PAS-positive reaction for the hyaline droplets was observed in any sample.

Low dose for 2,4-di-tert-butylphenol was not examined.
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