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Fig. 3. Validation of mRNA expression of genes selected from microarray data (n=4 in each group). *P<0.05, **P<0.01 vs. untreated controls.

up- or down-regulation in response to 200 ppm MMI was much
lower compared with those of both PTU groups. Four hundred and
eighty six common genes (428 up-regulated; 58 down-regulated)
were identified with altered expression between MMI and both
PTU groups (Fig. 2 and Supplementary data: Tables 1 and 2).
Among these genes, the genes associated with central nervous
system (CNS) development, cell differentiation and cell adhesion
were commonly up- or down-regulated in response to anti-
thyroid agents (Supplementary data: Tables 1 and 2). Twenty-four
genes (20 up-regulated; 4 down-regulated) were related to CNS
development involving glial cell differentiation, axon guidance,
myelination, and cellular migration (Table 1). Among them,
12 up-regulated genes and two down-regulated genes showed

PTU dose-dependent expression changes. For confirmation of
microarray data, four genes that were up-regulated and two genes
that were down-regulated in response to anti-thyroid agents were
selected for mRNA expression analysis by real-time RT-PCR. Results
are summarized in Fig. 3. All genes examined showed fluctuations
in transcript levels in any of anti-thyroid agent treatment groups,
which was similar to that of microarray data.

3.2. Immunolocalization of selected molecules in cerebral white
matter

Immunohistochemical localization of vimentin, Ret, DCC and
Cld11 was examined in the cerebral white matter. Within white
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Fig. 4. Immunohistochemical distributions of vimentin- and Ret-positive cells in the while matter tissue. (A) Vimentin-immunoreactive cells in the cingulum. Untreated
control animal (left) and MMI-treated animal (right). 200x magnification (inset: 400x magnification). Graph shows the mean number of positive cells within the cingulum
at 200x magnification (untreated controls: n=6; MMI and PTU groups: n=10). **P<0.01 vs. untreated controls. (B) Ret-immunoreactive cells in the cingulum. Untreated
control animal (left), MMi-treated animal (right). 200x magnification (inset: 400x magnification). Graph shows the mean number of positive cells within the cingulum at
100x magnification (untreated controls: n=6; MMI and PTU groups: n=10), *P<0.05, ™P<0.01 vs. untreated controls.

matter tissues, vimentin-immunoreactive cells were scarcely dis-
tributed in untreated control animals (Fig. 4A). After treatment with
anti-thyroid agents, the distribution of vimentin-positive cells were
mainly observed in the cingulum with a statistically significant
increase in number with MMI and 12 ppm PTU treatments (Fig. 4A).

Ret-immunoreactive cells were mainly observed in white mat-
ter tissues of untreated control animals (Fig. 4B). After treatment
with anti-thyroid agents, Ret-positive cells were mainly observed
in the cingulum with a statistically significant increase in number
with MMI and 12 ppm PTU treatments (Fig. 4B).

DCC showed diffuse immunoreactivity in white matter, indicat-
ing myelin sheaths with a statistically significant increase in the
intensity scores of animals treated with MMI and 12 ppm PTU as
compared with those of the untreated control (Fig. 5A).

Diffuse Cld11-immunoreactivity was observed in white matter,
indicating myelin sheaths (Fig. 5B). The immunoreactivity showed
a statistically significant increase in the intensity score of animals
treated with MMI as compared with that of the untreated control
(Fig. 5B).

3.3. Immunolocalization of GFAP

To investigate the cell type of vimentin-positive cells, cellular
distribution of GFAP immunoreactivity was analyzed as a marker
of astrocytes. Untreated control animals showed scattered distri-
bution of GFAP-immunoreactive cells in cerebral white matter, and
the number of GFAP-immunoreactive cells was higher compared
with that of vimentin-positive cells. GFAP-immunoreactive cells
showed a similar distribution to that of vimentin-immunoreactive
cells, with accumulated distribution in the cingulum (Fig. 6). After
treatment with anti-thyroid agents, the number of GFAP-positive
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cells was significantly increased in animals treated with MMI and
12 ppm PTU.

4. Discussion

In our previous study [16], maternal exposure to MMI and PTU
induced typical hypothyroidism-related changes in the concentra-
tion of thyroid-related hormones, and variability in the distribution
of hippocampal CA1 pyramidal neurons due to neuronal mismi-
gration [16]. With regard to thyroid hormone-related changes
in functions or structures in glial cell populations, gene expres-
sion alternations have been reported in myelin-related protein
genes related to oligodendrocytes [20,21], as well as in enzymes
or cytoskeletal components related to astrocytes [22-24]. There-
fore, both oligodendrocytes and astrocytes could also be the target
of developmental hypothyroidism. We, in the above-mentioned
study [16], also observed changes in white matter structures
with hypoplasia due to impaired oligodendroglial development
as previously reported [2,9]. Using the same study samples, we,
in the present study, analyzed immunohistochemical distribu-
tion of molecules that showed fluctuations in gene expression
from microarray analysis of cerebral white matter tissue collected
using microdissection targeting oligodendrocytes and astrocytes.
This is the first report to use microarray analysis of gene expres-
sion changes induced by developmental hypothyroidism in white
matter, whereas there have been such approaches for the study
of cerebral cortex and hippocampal substructures [15,25,26]. We
found that anti-thyroid agents caused fluctuations in a number of
genes associated with CNS development involving glial cell dif-
ferentiation, axon guidance, myelination, and cellular migration
as listed in Table 1. Among them, vimentin, Ret, DCC and Cld11
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Fig. 5. Immunohistochemical distributions of DCC- and Cld11 in the while matter tissue. (A) DCC-immunoreactivity in the myelin sheath of the external capsule, internal
capsule, and fimbria of the hippocampus. Untreated control animal (left), MMI-treated animal (right). 40x magnification. Graph shows the mean intensity score ofimmunore-
activity at 40x magnification (untreated controls: n=6; MMI and PTU groups: n=10). **P<0.01 vs. untreated controls. (B) Cld11-immunoreactivity in the myelin sheath of
the external capsule, internal capsule, and fimbria of the hippocampus. Untreated control animal (left), MMI-treated animal (right). 40x magnification. Graph shows the
mean intensity score of immunoreactivity at 40x magnification (untreated controls: n=6; MMI and PTU groups: n=10). **P<0.01 vs. untreated controls.

showed immunohistochemical distribution changes in the cerebral
white matter of offspring after maternal exposure to PTU and MMI1.

Cld11 is a four-transmembrane protein, which is primarily
expressed in oligodendrocytes of the CNS and is the third most
abundant CNS myelin protein [27-29]. Cld11 is involved in the
formation of intramembranous tight junctions within the myelin
sheath [30].1tis known that developmental hypothyroidism results
in continued reduction of oligodendrocytes in the CC region from
PND 10 [2]. In vitro study has shown that Cld11-overexpression
results in induction of oligodendrocyte proliferation [31]. This
result indicates that the overexpression of Cld11 at PND 20 is a
compensatory response to decrease numbers of oligodendrocytes.
However, mRNA levels were inconsistently decreased, suggesting

involvement of post-transcriptional events such as those regulating
mRNA stability and protein turnover.

DCC is a transmembrane receptor for netrin-1 via the fourth
fibronectin type 1l domain [32]. Netrin-1 is a secreted pro-
tein, which elicits both attractive and repulsive responses in
axonal guidance, neuronal migration and oligodendroglial migra-
tion depending on the homomeric or heteromeric combination of
receptor dimers including DCC and Unc5 [33-35]. Netrin-1 signal-
ing via DCC mediates growth cone extension and myelin sheath
formation [36,37]. Therefore, increased expression of DCC in the
myelin sheath at PND 20 induced by developmental hypothy-
roidism in the present study suggests a compensatory increase in
response to suppression of myelin sheath formation [2]. However,
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Fig. 6. Immunohistochemical distributions of GFAP-positive cells in the cingulum. Untreated control animal (left), MMI-treated animal (right). 200x magnification. Graph
shows the mean number of positive cells within the cingulum at 200 x magnification (untreated controls: n=6; MMI and PTU groups: n=10). *P<0.05, **P<0.01 vs. untreated

controls.
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DCC has an alternative function to drive cell death independent of
both mitochondria-dependent and death receptor/caspase-8 path-
ways [38,39]. Moreover, DCC induces cell death in the absence
of netrin-1 [40]. Because we did not find an increase in netrin-
1 transcript levels using microarray analysis, it is possible that
increased ligand-free DCC may lead to glial cell apoptosis. Progres-
sive decrease in the CC area and the number of oligodendrocytes in
this area during maturation after developmental hypothyroidism
suggests the involvement of apoptosis due to increased ligand-free
DCC [2,16].

Ret is areceptor protein-tyrosine kinase of glial cell line-derived
neurotrophic factor (GDNF), a member of the transforming growth
factor-@ family [41]. GDNF signals play a critical role in develop-
ment of the entire nervous system, kidney morphogenesis and
spermatogenesis. While the functional relevance of Ret in oligo-
dendrocytes has not been reported, this molecule is expressed
in progenitor and immature oligodendrocytes in vitro and medi-
ates cell proliferation induced by GDNF treatment [42]. Therefore,
increased expression of Ret on PND 20 proceeding developmental
hypothyroidism suggests a compensatory increase in response to
decreased numbers of oligodendrocytes [2]. However, Ret induces
cell death in the absence of its ligand similar to that of DCC [43].
Because we did not find an increase in GDNF transcript levels using
microarray analysis, a progressive decrease in the size of the CC
area and its oligodendrocyte density during maturation suggests
involvement of apoptosis due to the increase of ligand-free Ret
[2,16].

Vimentin is a member of the intermediate filament family of
proteins. In the brain, this molecule is expressed in immature astro-
cytes during development [44-4G]. Reactive astrocytes that are
activated immature astrocytes during gliosis processes in response
to injuries of CNS tissue also express vimentin [47,48]. Reactive
astrocytes also express GFAP similar to that of mature astro-
cytes [47,48], suggesting that immature astrocytes can express
both of vimentin and GFAP. On the other hand, developmental
hypothyroidism leads to increase in vimentin expression in fetal
ratbrains [23]. Increase of GFAP-expression was also reported after
developmental hypothyroidism in the CC region on PND 15 [49].
These results may suggest that developmental hypothyroidism
increases the immature population of astrocytes. In the present
study, vimentin-immunoreactive cells showed similar localiza-
tion to those positive for GFAP. Therefore, a larger population
of vimentin-positive cells in the cingulum induced by develop-
mental hypothyroidism was considered to consist of immature
astrocytes resembling reactive astrocytes. Interestingly, we previ-
ously reported frequent induction of subcortical band heterotopia
in the CC, manifested by the appearance of aberrant cortical tis-
sue in this anatomical area, in hypothyroid animals identical
to the present study [16]. Anatomical location of this hetero-
topic tissue was close to the cingulum accumulating immature
astrocytes, suggesting an etiological relation between the two.
Alternatively, the increased immature astrocytes may simply be
the reactive change in response to reduced oligodendrocytes due
to developmental hypothyroidism [2,16,49]. However, develop-
mental hypothyroidism may affect differentiation of neuronal
progenitor cells, thereby inhibiting differentiation into oligoden-
drocytes, and instead, facilitating astrocytic differentiation during
gliogenesis.

In conclusion, focusing on white matter development, we
found aberrant expression of molecules associated with brain
development after maternal exposure to anti-thyroid agents.
Immunohistochemically, we found increased expression of Cld11,
DCC, Ret and vimentin in white matter. Among them, vimentin and
Ret were expressed in immature astrocytes and oligodendrocytes,
respectively. Both positive cell populations were mainly distributed
in the cingulum with the largest area of white matter. Because

vimentin- and Ret-positive cells can be quantitatively evaluated,
these molecules may be useful markers of glial cells, which respond
to developmental exposure to thyroid hormone-disrupting chem-
icals.
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Abstract: Two-and 13-week Inhalation Toxicities of
Indium-tin Oxide and Indium Oxide in Rats: Kasuke
NacGano, et al. Japan Bioassay Research Center,
Japan Industrial Safety and Health Association—
Objectives: Two- and 13-week inhalation toxicities of
indium-tin oxide (ITO) and indium oxide (I0) were
characterized for risk assessments of workers exposed
to ITO. Methods: F344 rats of both sexes were
exposed by inhalation to ITO or 1O aerosol for 6 h/day,
5 day/wk for 2 wk at 0, 0.1, 1, 10 or 100 mg/m? or 13
wk at 0, 0.1or 1 mg/m3. An aerosol generator and
inhalation exposure system was constructed. Results:
Blood and lung contents of indium were elevated in a
dose-related manner in the [TO- and |O-exposed rats.
ITO and 10 particles were deposited in the lung,
mediastinal lymph node and nasal-associated lymphoid
tissue. Exposures to ITO and IO induced alveolar
proteinosis, infiltrations of alveolar macrophages and
inflammatory cells and alveolar epithelial hyperplasia
in addition to increased lung weight. ITO affected the
lung more severely than 10 did. Fibrosis of alveolar wall
developed and some of these lesions worsened at the
end of the 26-week post-exposure period. Conclusions:
Persistent pulmonary lesions including alveolar
proteinosis and macrophage infiltration occurred after
2- and 13-week inhalation exposures of rats to ITO and
0. Fibrosis of alveolar wall developed later. These
lesions occurred after ITO exposure at the same
concentration as the current occupational exposure limit
in the USA and at blood indium levels below the
biological exposure index in Japan for indium.
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Indium-tin oxide (ITO), a sintered material containing
90% indium oxide (IO) and 10% tin oxide, has been
extensively used in liquid-crystal displays and other
display devices. The average annual growth of the use of
indium in the form of ITO has increased by an average 18
percent per year’. The technology used to create ITO
targets and ITO thin film applications gives rise to potential
exposure to ITO particles, and poses a serious threat to the
health of workers engaged in the manufacturing,
processing and handling of ITO. Two fatal case studies
have been reported. An operator of wet surface grinding
in an ITO plant was diagnosed as interstitial pneumonia
and died of bilateral pneumothorax?, and a furnace
operator in an ITO plant died of respiratory failure due to
pulmonary alveolar proteinosis®. Recent epidemiological
studies on the health of workers in ITO plants have
demonstrated a potential cause of occupational lung
disease as inhaled indium and an increased risk for
interstitial lung damage by ITO inhalation*”. Experimental
toxicology studies have revealed that an administration of
ITO causes persistent inflammation in the lung of rats¥, a
strong cytotoxic response of macrophages in vitro by
generation of reactive oxygen species (ROS)¥, and a
pulmonary inflammatory response with diffuse bronchiolar
and alveolar hyperplasia and interstitial fibrotic proliferation
in hamsters® . An intratracheal administration of indium
trichloride to rats was reported to initiate an inflammatory
response with rapid development of fibrosis'’. The
National Toxicology Program’s (NTP’s) 14-week study'?
showed that inhalation exposure of rats to indium
phosphide aerosol induces inflammation and alveolar
proteinosis in the lung.

Inhalation is a principal route of exposure for workers
in the facilities where ITO is manufactured, processed and
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handled. In order to protect workers from inhalation
exposure to indium and its compounds, an occupational
exposure limit (OEL) of 0.1 mg/m? has been recommended
as the Threshold Limit Value-Time Weighted Average
(TLV-TWA) by the American Conference of Governmental
Industrial Hygienists (ACGIH)**, and as the Recommended
Exposure Limit (REL) by the National Institute for
Occupational Safety and Health (NIOSH)'. The Japan
Society for Occupational Health (JSOH)!® has
recommended a serum indium level of 3 ug/l as a
biological exposure index (BEI). It is of prime importance
to provide basic animal toxicity data showing the dose-
response relationships between concentrations of
inhalation exposure of rats and mice to ITO and its major
component, 10, target tissue doses of indium and resulting
pulmonary toxic responses to these two aerosols.

In order to assess the health risks of workers exposed
by inhalation to ITO and 10 aerosols in the work
environment, the present studies were intended to
characterize subacute and subchronic inhalation toxicities
of ITO and IO in rats and to provide dose-response
relationships between aerosol concentrations of inhalation
exposure to ITO and IO aerosols, lung and blood contents
of indium and resulting pulmonary lesions. For this
purpose, we constructed an aerosol generation and
exposure system for providing inhalation exposure of
unrestrained rats and mice to aerosols of ITO and IO at
strictly controlled exposure concentrations ranging from
0.1 to 100 mg/m?*. And, we conducted inhalation exposures
of male and female rats to dry aerosols of ITO and IO at
these concentrations for 2 and 13 wk. A further purpose
of the present studies was to predict an appropriate range
of exposure concentrations of ITO aerosol for a 2-year
rodent carcinogenicity study, based on the results.

Materials and Methods

The present studies were conducted in accordance with
the Organization for Economic Cooperation and
Development’s (OECD’s) Good Laboratory Practice!®,
and with reference to the OECD’s Guidelines for Testing
of Chemicals 412 “Repeated Dose Inhalation Toxicity,
28-day or 14-day Study”” and 413 “Subchronic Inhalation
Toxicity, 90-day Study”'®. The animals were cared for in
accordance with the Guide for the Care and Use of
Laboratory Animals'® and the present studies were
approved by the ethics committee of the Japan Bioassay
Research Center.

Test materials

Powders of ITO and 10 were kindly supplied by JX
Nippon Mining & Metals, Corp. (former Nippon Mining
& Metals Co., Ltd.) (Tokyo, Japan). ITO powder was
prepared by grinding the sintered ITO plate, and was
colored with black. The mean diameter of the powder was
3.5 um with a 90% cumulative diameter of 8.9 ym. The
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sintered ITO powder was composed of 90.06% 10 and
9.74% SnO,. Its purity was 99.8% with trace amounts of
aluminium, chromium, copper, iron, nickel, lead, silica,
zirconium and zinc as impurities. IO powder was colored
with yellow, and had a mean diameter of 1.4 ym with a
90% cumulative diameter of 2.9 ym. The purity of the IO
powder was 99.9% with trace amounts of tin, silica and
lead as impurities.

Animals

F344/DuCrlCrlj rats of both sexes were obtained at the
age of 4 wk from Charles River Japan, Inc (Kanagawa,
Japan). The animals were quarantined and acclimated for
2 wk before the start of experiment. The animals were
housed individually in stainless-steel wire hanging cages
(170 W x 294 D x 176 H mm), which were placed in a
stainless steel inhalation exposure chamber of 1,060 liters
in volume. The environment in the exposure chamber was
maintained constant at a temperature of 20-24°C and a
relative humidity of 30-70% with 12 air changes/h. The
exposure chambers were installed in a barrier system
animal room. Fluorescent lighting was controlled
automatically to give a 12-hour light/dark cycle. All rats
were given sterilized commercial pellet diet (CRF-1,
Oriental Yeast Co., Ltd., Tokyo, Japan) and sterilized water
ad libitum.

Experimental design

In the 2-week study, groups of 5 rats of each sex were
exposed to ITO or IO aerosol at a target concentration of
0.1, 1, 10 or 100 mg/m? as ITO or IO for 6 h/day, 5 day/
wk for 2 wk. In the 13-week study, groups of 10 rats of
each sex were exposed to ITO or IO aerosol at a target
concentration of 0.1 or 1 mg/m® for 6 h/day, 5 day/wk for
13 wk. Groups of 5 or 10 rats of each sex were exposed
to clean air for 2 or 13 wk under the same conditions, and
served as respective controls. In order to evaluate recovery
from the subchronic effects after cessation of the 13-week
exposure to ITO, a post-exposure group of 10 rats of each
sex was set up, which was exposed to ITO at 0.1 mg/m?
for 13 wk and then to clean air for 26 wk. Ten rats of each
sex serving as respective controls were handled in the same
manner as the post-exposure group, but were exposed to
clean air for 39 wk.

Aerosol generation and exposure to ITO and 10

Two different systems for generation of ITO or IO
aerosol and inhalation exposure were used in the present
studies. A target aerosol concentration of 100 mg/m?® was
generated using a system illustrated in the upper part (A)
of Fig. 1. It consisted of a dust feeder equipped with an
ejector, an exposure chamber and a digital dust indicator
(Type AP-632T, Sibata Scientific Technology, Ltd., Tokyo,
Japan). Airflow containing the aerosol was generated by
drawing the powder with compressed clean air at the first
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Fig. 1. A schematic diagram of the aerosol generation,
regulation and inhalation exposure systems. (A) A
system used for aerosol generation of a high aerosol
concentration of 100 mg/m®. (B) Another system used
for generation of lower concentrations of 10, 1 and 0.1
mg/m®. Thick, thin and dotted arrows indicate aerosol
flow, sampling of chamber air for monitoring aerosol
concentration and feedback control, respectively.
Components of the systems: a) reservoir chamber, b)
inhalation exposure chamber, c) digital dust indicator,
d) dust feeder with an ejector, e) ejector, f) flowmeter,
g) flow control valve, h) solenoid valve, i) HEPA filter.

ejector and introduced into the top of the exposure
chamber where the filtered air had been kept flowing
downward at 12 air changes/h. The mass-equivalent
concentration of ITO or IO in the exposure chamber was
monitored with the digital dust indicator. In order to keep
the aerosol concentration constant in the exposure chamber
during the 6-hour exposure period, a feedback control
system between the digital dust indicator and the dust
feeder was set up. When the chamber concentration went
above an upper limit of a normal concentration range, the
dust feeder stopped supplying the powder. Conversely,
when the chamber concentration fell below the lower limit,
the dust feeder started to supply the powder. Chamber
concentrations of 10, 1 and 0.1 mg/m’® were generated

using another system illustrated in the lower part (B) of
Fig. 1. It consisted of the first-stage system (a, c and d in
Fig. 1B) for aerosol generation of a high concentration at
100 mg/m® and a further dilution system. Aerosol
generation of the high concentration and its regulation
were performed in the same manner described above, and
airflow containing the aerosol was delivered to a reservoir
chamber for stabilization of the aerosol concentration. The
airflow containing the aerosol was delivered to the second
ejector and then introduced into the top of the exposure
chambers where the filtered air had been kept flowing
downward at 12 air changes/h. The aerosol concentration
in the exposure chamber was monitored with the second
digital dust indicator and regulated at a target concentration
of 10, 1 or 0.1 mg/m®. The aerosol concentration was
stabilized by setting up the second feedback system between
the digital dust indicator and a solenoid valve which
regulated the flow rate of compressed clean air entering the
second ejectors. The exposure chambers were kept at a
negative pressure (—100 Pa), in order to prevent leakage of
ITO and IO aerosols into the outside air. Exhaust air from
the exposure chamber was passed through a HEPA filter to
remove ITO and IO particles before release into the
atmosphere. The concentrations of indium in the exhaust
air were below the detection limit of 0.0001 mg/m? after the
treatment with the HEPA filter.

Chamber concentrations and size distribution of ITO and
10 aerosols

In order to determine concentrations of ITO or IO
aerosol in the exposure chamber, ITO or IO particles were
collected on a filter (Teflon binder T60A20, Sibata
Scientific Technology, Ltd, Tokyo, Japan) on Days 1 and
8 in the 2-week study and every week in the 13-week study.
The particles on the filter were dissolved in a mixture
solution of distilled water, hydrochloric acid and nitric
acid (2:2:1 by volume ratio) at 160°C. The resulting
solution was diluted with nitric acid, and then subjected
to atomic absorption spectrometry analysis (Polarized
Zeeman Atomic Absorption Spectrophotometer, Z-5010,
Hitachi High-Technol. Co., Tokyo, Japan). Exposure
chamber concentrations of ITO and IO aerosols were
derived from the measured levels of elemental indium as
shown in Table 1.

Measurement of the size distribution of ITO or 10
aerosol in the exposure chamber was carried out once in
the 2-week study and in the 4th and 8th wk in the 13-week
study. ITO or IO aerosol was collected with an 8-stage
Andersen sampler (Type AN200, Sibata Scientific
Technology, Ltd). Using the mass of the particles on the
filter (Teflon binder T60A20, Sibata Scientific Technology,
Ltd) collected at each stage of the Andersen sampler, mass
median aerodynamic diameter (MMAD) and geometric
standard deviation (GSD) were determined.
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Table 1. Mass concentrations and mass median aerodynamic diameters (MMADs) and geometric standard deviations (GSDs) of ITO

and IO aerosols in the exposure chamber

ITO

10

Mass concentration (mg/m?)

Aerodynamic diameter

Mass concentration (mg/m*) Aerodynamic diameter

Dose (Mean = SD) Median (um) GSD (Mean + SD) Median (um) GSD
2-week study In a) In a)
0.1 mg/m*  0.09 +0.00 0.07 £0.00 2.5 1.8 0.10 £0.01 0.08 £0.01 1.9 1.7
I mg/m? 0.94 £0.02 0.70 £0.01 2.7 1.8 1.07 £0.06 0.89 +0.05 2.1 1.8
10 mg/m? 9.33+0.33 6.94 +0.25 3.0 1.8 10.76 +0.46 8.90 +£0.38 2.1 1.8
100 mg/m®  95.90 +2.99 71.35£2.22 3.7 1.9 105.25 +7.01 87.04 +5.80 22 1.7
13-week study
0.1 mg/m* 0.10=0.01 0.07+0.01 2.4 1.8 0.10 £0.01 0.08 +0.01 2.1 1.7
| mg/m? 1.01 +£0.08 0.75 £0.06 2.5 1.9 1.01 +0.09 0.84 +0.07 2.3 1.7

a): Mass concentration as indium.

Determination of indium concentrations in the lung and
blood

Lung indium was quantified in the 2-week study, and
both the lung and whole-blood were analyzed for indium
in the 13-week study. Cranial, caudal and accessory lobes
of the right lung were used for the analysis. A sample of
the lung or 1.0 m!/ of blood was added with ultra-pure nitric
acid and digested with a microwave digestion apparatus
(Microwave Digestion System, Model 7295, O-I Analytical,
CA, USA). The digested sample was added with ultra-pure
water and injected into an inductively coupled plasma mass
spectrometer (ICP-MS) (Type 75001, Agilent Technologies,
Lid., CA, USA). Cesium was used as an internal standard
for the indium measurement. The quantitative detection
limit of indium was 0.006 ug/g for lung tissue and 0.5 pg/!
for whole-blood. Lung indium was expressed as both a
concentration of indium per gram of lung tissue and the
content of indium in the whole-lung.

Clinical observations and pathological examinations

The animals were observed daily for their clinical signs
and mortality. Body weight and food consumption were
measured weekly throughout the study periods. Animals
surviving to the end of the 2- or 13-week exposure period
and to the end of the 26-week post-exposure period received
complete necropsy. Blood was collected for blood indium,
hematology and blood biochemistry from the abdominal
aorta under etherization. The organs and tissues designated
in the OECD test guidelines'” '® were examined
macroscopically and microscopically. The tissues were
fixed in 10% neutral buffered formalin, and embedded in
paraffin. Tissue sections of 5 ym in thickness were
prepared, and stained with hematoxylin and eosin (H & E).
The sections of lung tissue were also stained with a periodic
acid Schiff (PAS) reagent. Lesions of the lung and lymph
nodes were evaluated for their severities, scoring on a scale
of “slight” to “severe” with reference to the criteria of non-
neoplastic lesions by Shackelford ez al.?.

Statistical analysis

Body weight, organ weight, and hematological and
blood biochemical parameters were analyzed by Dunnett’s
test as described previously?”. Histopathological findings
in the 13-week study were analyzed by chi-square test. A
two-tailed test was used for all statistics. In all cases, a p
value of 0.05 was used as the level of significance.

Results

Exposure chamber concentrations and size distributions
of ITO and IO aerosol

Table 1 shows the mass concentrations derived from
the measured levels of elemental indium (mean + SD),
MMAD:s and GSDs of ITO and 10 aerosols in the exposure
chamber. The exposure concentrations of ITO and I0
aerosols were found to be regulated precisely within less
than 10% in the variation coefficient and accurately within
less than 10% deviation from the target concentrations.
MMADs of the ITO aerosol tended to slightly increase
with an increase in the chamber concentrations, while the
GSDs were constant at all exposure concentrations. On
the other hand, MMADs and GSDs of IG aerosol were
constant over a wide range of exposure concentrations,
and MMADs of 10 aerosol were slightly smaller than those
of ITO aerosol.

Indium concentrations in the lung and blood

Table 2 shows lung and blood contents of indium in the
male and female rats exposed to ITO and IO for 2 and 13
wk. Lung contents of indium expressed as pg/g lung tissue
and pg/whole-lung were increased with an increase in the
concentration of exposure to ITO or IO, but the exposure
concentration-related increase was smaller in the unit of
ug/g lung tissue than in that of ug/whole-lung, because the
lung weights of the exposed rats were significantly heavier,
up to 2-fold heavier than those of the control groups,
depending on the exposure concentration (Fig. 2). In the
2-week study, the whole-lung contents of indium in the
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Table 2. Lung and blood contents of indium in the male and female rats exposed to ITO or IO at 4 different concentrations for 2 wk,
in those exposed to ITO or IO at 0.1 or 1 mg/m* for 13 wk, and in those exposed to ITO at 0.1 mg/m? for 13 wk followed

by exposure to clean air for 26 wk

2-week study

13-week study

Group name (mg/m°) 0.1 1 10 100 0.1 0.1(P) 1
No. of animals examined 5 5 5 5 10 10 10
<ITO>
Male
Lung (ug/g as In) 33x03 324=x27 1276 = 177 470.3 = 58.1 240 = 2.7 88 £ 1.1 74.4 £ 10.5
Lung (ug/whole— 24+01 31118 165.1 £ 9.8 688.3 + 43.1 387+ 46 15020 1739x286
lung as In)
Blood (pg/l as In) - - - - 0.77 £ 0.09 1.04 £0.10 339+0.33
Female
Lung (ug/g as In) 29+x04 348+88 1480+ 41.2 5339+ 69.1 229 % 22 8610 799+71
Lung (prg/whole— 18+02 28.1x72 1574+ 419 658.7 = 70.9 263+ 27 103 =x1.1 134680
lung as In)
Blood (peg/l as In) - - - - 1.13 £ 032 1.46 +£0.26 4.06+0.56
<IO>
Male
Lung (ug/g as In) 53x05 613+11.1 261.7+72 1124.7 £ 49.3 180 + 2.3 - 1442+ 157
Lung (sg/whole— 37+03 45157 3245+ 200 1689.2+ 642 172+ 2.8 - 235.5+34.0
lung as In)
Blood (ug/l as In) - - - - ND - 0.76 + 0.08
Female
Lung (ug/g as In) 50+03 528+32 2670+ 255 1190.8 = 51.0 134+ 1.5 - 130.6 £ 15.7
Lung (ug/whole— 31x02 338+32 2638+ 267 1464.1 = 882 98 + 1.0 - 1573174
lung as In)
Blood (p g/l as In) - - - - ND - 0.96 +0.26

(P): Data at the end of the 26-week post-exposure period. Values indicate mean + SD. ND: Contents were below the quantitative

detection limit (0.5 ug/l). —: Not examined.

ITO- and 10-exposed groups of both sexes were not
increased in a manner proportional to the exposure
concentration. The whole-lung contents of indium were
lower in the ITO-exposed groups than in the IO-exposed
groups of both sexes at all exposure concentrations. In the
13-week study, the exposure concentration-related increase
in the whole-lung content of indium was also
disproportionately lowered to greater extent in the ITO-
exposed rats than in the 10-exposed rats. Unlike the result
from the 2-week study, the whole-lung contents of indium
in the 0.1 mg/m?® ITO-exposed rats of both sexes were higher
than those of the 0.1 mg/m?® 10-exposed rats of both sexes.
The whole-lung contents of indium in the ITO-exposed rats
of both sexes measured at the end of the 26-week post-
exposure period were lowered to 40% as compared with
those measured at the end of the 13-week exposure.

Table 2 also shows the blood contents of indium in the
male and female rats at the end of 13-week exposures to
ITO and IO at 0.1 and 1 mg/m?® as well as those exposed to
ITO at 0.1 mg/m? for 13 wk and then to clean air for 26 wk.
The blood contents of indium in the 0.1 mg/m® 10-exposed

rats of both sexes were below the quantitative detection
limit of 0.5 pg/l. The blood contents of indium in the 1 mg/
m? ITO-exposed groups of both sexes were 4-fold higher
than those in 1 mg/m?3 I0-exposed group of both sexes. The
blood contents of indium in the 0.1 mg/m? ITO-exposed
rats of both sexes measured at the end of the 26-week post-
exposure period were 1.3-fold higher than those measured
at the end of the 13-week exposure period.

Mortality and clinical signs in the 2- and 13-week
studies

Neither death nor abnormal clinical sign, such as
irregular sounds of respiration, was observed in any group
exposed to ITO or IO for 2 or 13 wk. There was no growth
retardation in any group exposed to ITO or 10O for 2 or 13
wk as compared with the growth rate in the respective
control.

Hematological and blood biochemical changes in the 2-
and 13-week studies
In the 2-week study, white blood cell counts in the 100
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Fig. 2. Relative lung weights: A) in the rats of both sexes
exposed to ITO or IO aerosol at 0, 0.1, 1, 10 or 100 mg/
m? for 2 wk, B) in the rats of both sexes exposed to ITO
or IO aerosol at 0, 0.1 or 1 mg/m® for 13 wk. (P)
represents the rats of both sexes exposed to ITO aerosol
at 0 or 0.1 mg/m?® for 13 wk and subsequently to clean
air for 26 wk.

mg/m® ITO-exposed male rats and red blood cell counts,
hemoglobin and hematocrit values in the 100 mg/m? IO-
exposed male rats were significantly increased compared
with the respective control groups. In the 13-week study,
potassium was significantly decreased in both 0.1 and 1
mg/m? ITO- and IO-exposed rats. In addition, significant
decreases in sodium and chlorine in the 0.1 and 1 mg/m?
10-exposed male rats and significantly decreased
triglyceride in the 0.1 and 1 mg/m? IO-exposed female rats
were also observed (data not shown).

Pathological findings in the 2-week study

Relative lung weights were significantly increased in
the male and female rats exposed to ITO at 1 mg/m? and
above compared with the respective control groups,
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whereas significantly increased lung weights were noted
in the rats of both sexes exposed to IO only at 10 and 100
mg/m® compared with the respective control groups (Fig.
2-A). Increases in absolute lung weights were indicated
as well (data not shown).

Microscopic examination revealed that ITO and IO
particles were deposited in the lungs of all the exposed
rats except those exposed to the 0.1 mg/m?® (Table 3). The
particles were pale brown and transparent, looked like
amber, and were located primarily within the alveolar
macrophages (Fig. 3-1) and partly as a free form in the
alveolar space. Both ITO and IO particles were deposited
separately as single particles. ITO and IO particles were
also observed to lesser extent in the bronchus-associated
lymphoid tissue (BALT) of the lung, in the mediastinal
lymph nodes (MLN) and in the nasal-associated lymphoid
tissue (NALT) of the nasopharyngeal duct. The particles
were located within macrophages, and notably, degenerative
alveolar macrophages engulfing the particles were often
observed (Fig. 3-1). The most remarkable lesion found in
the present 2-week study was alveolar proteinosis
characterized by filling of the alveolar space with a
granular, pale eosinophilic material in the ITO- and I1O-
exposed rats. The diagnosis of alveolar proteinosis was
based on the positive staining of eosinophilic material in
the alveolar space with a PAS reagent. Alveolar proteinosis
was observed in the 1, 10 and 100 mg/m® ITO-exposed
rats and in the 10 and 100 mg/m? I0-exposed rats, and its
severity score was increased dose-dependently in both the
ITO- and IO-exposed groups. Incidences of alveolar
macrophage infiltration in the ITO and I0-exposed rats
were increased at the same exposure concentrations as the
occurrence of alveolar proteinosis. Infiltration of
inflammatory cells which were primarily composed of
neutrophils and lymphocytes was observed in the alveolar
space and wall of almost all the 10 and 100 mg/m® ITO-
and I0-exposed rats of both sexes. Hyperplasia of alveolar
epithelium occurred in some 10 and 100 mg/m® ITO- and
10-exposed rats, and was characterized by increased
numbers of cuboidal cells, which were assumed to be type
II pneumocytes, and by their location in the focal lung
areas accompanied by infiltrations of alveolar macrophages
and inflammatory cells. Those alveolar macrophages had
foamy cytoplasm.

Pathological findings in the 13-week study

Relative lung weights were significantly increased in
all the rats of both sexes exposed to ITO and IO at 0.1 and
1 mg/m? compared with the respective control groups (Fig.
2-B). The increase in the relative lung weight was more
marked in the ITO-exposed rats of both sexes than in the
10-exposed rats. Increases in absolute lung weights were
observed as well (data not shown).

Microscopic examination revealed that ITO and 10
particles were deposited in the lungs of all the exposed
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Table 3. Histopathological findings in the lung and lymph nodes of male and female rats exposed to ITO or IO at 4 different

concentrations or clean air for 2 wk

ITO 10
Group name (mg/m°) Control 0.1 1 10 100 Control 0.1 1 10 100
No. of animals examined 5 5 5 5 5 5 5 5 5 5
<Male>
Deposition of particles
Lung 0 0 5 5 5 0 0 5 5 5
BALT 0 0 0 1 5 0 0 0 3 5
MLN 0 0 0 2 5 0 0 0 3 5
NALT 0 0 0 1 5 0 0 0 5 5
Histopathological findings
Lung
Alveolar proteinosis 0 0 5 5 5 0 0 0 5 5
<1.0> <20> <20> <1.8> <2.0>
Infiltration of alveolar macrophages 0 0 5 5 5 0 0 0 5 5
<1.0> <1.0> <1.0> <1.0> <1.0>
Infiltration of inflammatory cells 0 0 0 5 5 0 0 0 4 5
' <12>  <1.0> <1.3> <12>
Hyperplasia of alveolar epithelium 0 0 0 3 4 0 0 0 3 1
<1.0> <1.0> <1.0> <1.0>
<Female>
Deposition of particles
Lung 0 0 5 5 5 0 0 5 5 5
BALT 0 0 0 0 4 0 0 0 3 5
MLN 0 0 0 2 3 0 0 0 3 5
NALT 0 0 0 0 3 0 0 0 3 3
Histopathological findings
Lung
Alveolar proteinosis 0 0 5 5 5 0 0 0 5 5
<1.0> <2.0> <2.0> <1.8> <2.0>
Infiltration of alveolar macrophages 0 0 5 5 5 0 0 2 5 5
<1.0> <1.0> <I1.0> <1.0> <1.0> <1.0>
Infiltration of inflammatory cells 0 0 1 5 5 -0 0 0 5 5
<1.0> <1.2> <1.0> <1.0> <l1.0>
Hyperplasia of alveolar epithelium 0 0 0 3 2 0 0 0 3 0
<1.0> <1.0> <1.0>

Values indicate number of animals bearing lesions. The values in angle bracket indicate the average of severity grade index of the
lesion. The average of severity grade is calculated with a following equation. Z(grade x number of animals with grade) / number of
affected animals. Grade: 1, slight; 2, moderate; 3, marked; 4, severe. BALT: Bronchus-associated lymphoid tissue. MLN: Mediastinal

lymph nodes. NALT: Nasal-associated lymphoid tissue.

rats of both sexes (Table 4). The particles were located
primarily within the alveolar macrophages and partly as
a free form within the alveolar space. ITO and IO particles
were also observed to a lesser extent in the BALT of the
0.1 and 1 mg/m?® ITO- exposed and 1 mg/m? I0-exposed
rats, in the MLN of both 0.1 and 1 mg/m?® ITO- and IO-
exposed rats, and in the NALT of the 1 mg/m?® ITO- and
10-exposed rats. Alveolar proteinosis occurred in all the
ITO-exposed rats and in the 1 mg/m® I0-exposed rats (Fig.

3-2). The severity score of alveolar proteinosis of the 0.1
mg/m® ITO-exposed rats was equal to that of the 1 mg/m?
I0-exposed rats. Infiltration of alveolar macrophages was
observed in the 0.1 and 1 mg/m?® ITO- and IO-exposed
rats. Notably, swelling of cytoplasm in the alveolar
macrophages was evidently recognized, indicating
degeneration of the macrophages. Some alveolar
macrophages contained PAS-positive, eosinophilic
material in the cytoplasm. A significant increase in
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Fig. 3. 1) Microphotographs showing the presence of particles (arrowheads) in the alveolar macrophages in the lung

of a male rat exposed to ITO at 100 mg/m* for 2 wk (A) and in the lung of another rat exposed to IO at 100 mg/
m? for 2 wk (B). Note that alveolar macrophages engulfing the particles (open arrows) are degenerative (filled
arrows). H & E stain. Bar indicates 50 ym. 2) Microphotographs showing alveolar proteinosis in the lung of
amale rat exposed to ITO at 0.1 mg/m? for 13 wk, stained with H & E (A) and in the lung of the same rat stained
with a PAS reagent (B). Bar indicates 100 ym. 3) A microphotograph showing a low power view of a focal
lesion (arrow) located beneath the pleural wall in a male rat exposed to ITO at 0.1 mg/m® for 13 wk and then
exposed to clean air for 26 wk. H & E stain. Bar indicates 500 ym. 4) A microphotograph showing a high power
view of alveolar wall fibrosis, alveolar epithelial hyperplasia, and alveolar macrophage infiltration in a male rat
exposed to ITO at 0.1 mg/m® for 13 wk and then exposed to clean air for 26 wk. Note the alveolar wall fibrosis
indicating an increase in collagen-like connective tissue (thick filled arrow), hyperplasia of alveolar epithelium
(thin filled arrow), cholesterol cleft (arrowhead) and swelling of cytoplasm in alveolar macrophages (open

arrow). H & E stain. Bar indicates 50 ym.

inflammatory cell infiltration was observed in the 1 mg/
m? ITO- and 10-exposed rats, and these incidences were
higher in the ITO-exposed rats than in the IO-exposed rats.
Hyperplasia of alveolar epithelium occurred mainly in
some rats exposed to ITO at 0.1 mg/m’ and in the 1 mg/
m? 10-exposed rats. Small granulomas composed of
particle-laden macrophages were observed in the MLN of
the 0.1 and 1 mg/m® ITO-exposed rats and in the 1 mg/m?
10-exposed rats.

Pathological findings at the end of the 26-week post-
exposure period
Relative lung weights were significantly increased in

the exposed rats at the end of the 26-week post-exposure
period as compared with those of respective controls
(denoted as (P) in Fig. 2-B).

Microscopic examination revealed the presence of ITO
particles in the lung, BALT and MLN of the exposed rats
at the end of the 26-week post-exposure period (denoted
as (P) in Table 4). All the lesions seen in the lung and
lymph nodes/tissue of the 0.1 mg/m® ITO-exposed group
at the end of the 13-week exposure period persisted
throughout the 26-week post-exposure period. A focal
lesion composed of alveolar wall fibrosis, alveolar
epithelial hyperplasia, infiltrations of alveolar macrophages
and inflammatory cells was observed beneath the pleural
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Table 4. Histopathological findings in the lung and lymph nodes of male and female rats exposed to ITO or IO at 0, 0.1 or 1 mg/m?
for 13 wk, or exposed to ITO at 0.1 mg/m® for 13 wk followed by exposure to clean air for 26 wk

ITO I0
13 wk 13wk (P 13 wk
Group name (mg/m®) Control 0.1 1 Control 0.1 Control 0.1 1
No. of animals examined 10 10 10 10 10 10 10 10
<Male>
Deposition of particles
Lung 0 10 10 0 10 0 10 10
BALT 0 9 9 0 7 0 0 10
MLN 0 7 9 0 9 0 0 10
NALT 0 0 2 0 0 0 0 2
Histopathological findings
Lung
Alveolar proteinosis 0 10 ** 10 ** 0 10 ** 0 0 10%*
<2.0> <3.0> <1.7> ’ <2.0>
Infiltration of alveolar macrophages 0 10 ** 10 ** 0 10 ** 0 6 * 10%*
<1.1> <2.0> <1.3> <1.0> <1.0>
Infiltration of inflammatory cells 0 2 10 ** 0 4 0 0 5 *
<1.0> <1.0> <1.0> <1.0>
Hyperplasia of alveolar epithelium 0 2 0 0 10 ** 0 0 6 *
<1.0> <1.3> <1.0>
Granuloma of BALT 0 0 I 0 0 0 0 0
<1.0>
Fibrosis of alveolar wall 0 0 0 0 10 ** 0 0 0
<1.0>
Thickening of pleura 0 0 0 0 0 0 0 0
Lymph nodes
Granuloma of MLN 0 5 * 7w 0 5 * 0 0 5%
<1.0> <1.0> <1.0> <1.0>

(P): Data at the end of the 26-week post-exposure period. Note: Values indicate number of animals bearing lesions. The values in
angle bracket indicate the average of severity grade index of the lesion. The average of severity grade is calculated with a following
equation. Z(grade x number of animals with grade) / number of affected animals. Grade: 1, slight; 2, moderate; 3, marked, 4, severe.
Significant difference: *, p=<0.05; **, p<0.01 by Chi-square test. BALT: Bronchus-associated lymphoid tissue. MLN: Mediastinal

lymph nodes. NALT: Nasal-associated lymphoid tissue.

wall (Fig. 3-3 and -4). Fibrosis of alveolar wall in all the
exposed rats and thickening of pleural wall in one exposed
female rat were evidently recognized only at the end of
the 26-week post-exposure period, and were characterized
by an increase in collagen-like connective tissue in the
alveolar (Fig. 3-4) and pleural wall, respectively. It was
noteworthy that cholesterol cleft (Fig. 3-4) was often
observed in the same alveolar region at the end of the 26-
week post-exposure period. The incidences and severities
of alveolar epithelial hyperplasia were increased in the
26-week post-exposure groups as compared with that at
the end of the 13-week exposure period.

No exposure-related histopathological changes were
observed in any other organ or tissue in the ITO- or I0-
exposed rats of either sex in the 2- and 13-week studies

or at the end of the 26-week post-exposure period.
Discussion

The present system of aerosol generation and inhalation
exposure was found to generate ITO and 1O aerosols at the
reproducible exposure concentrations regulated precisely
within 10% coefficient of variation and accurately within
10% deviation from the target concentrations. Thus, this
system allows to repeatedly expose individually housed,
unrestrained rats of both sexes to ITO or IO particles of
micron size at a wide range of concentrations from 0.1 to
100 mg/m® in large inhalation exposure chambers (1 m®)
for a time period of up to 90 days. The aerosols of ITO and
10O in the exposure chamber were not aggregated and were
well-dispersed to single particles of about 2-3 pm in
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Table 4. continued
1TO 10
13 wk 13 wk (P) 13 wk
Group name (mg/m®) Control 0.1 1 Control 0.1 Control 0.1 1
No. of animals examined 10 10 10 10 10 10 10 10
<Female>
Deposition of particles
Lung 0 10 10 0 10 0 10 10
BALT 0 3 10 0 10 0 0 10
MLN 0 9 10 0 7 0 2 10
NALT 0 0 6 0 0 0 0 3
Histpothological findings
Lung
Alveolar proteinosis 0 10 ** 10 ** 0 10 ** 0 0 10%%*
<2.0> <3.0> <1.9> <2.0>
Infiltration of alveolar macrophages 0 10 ** 10 ** 0 10 ** 0 2 10#*
<1.0> <2.0> <1.5> <l.0> <1.0>
Infiltration of inflammatory cells 0 2 10 ** 0 10 %* 0 0 7 *E
<1.0> <1.0> <1.0> <1.0>
Hyperplasia of alveolar epithelium 0 5% 1 0 10 ** 0 0 7 **
<1.0> <1.0> <l.4> <1.0>
Granuloma of BALT 0 0 0 0 4 0 0 0
<1.0>
Fibrosis of alveolar wall 0 0 0 0 10 ** 0 0 0
<1.0>
Thickening of pleura 0 0 0 0 1 0 0 0
<1.0>
Lymph nodes
Granuloma of MLN 0 4 g ok 0 4 0 0 2
<1.0> <1.0> <1.0> <1.0>

MMAD. The inhalation exposures of rats to the well-
dispersed aerosols of ITO and IO resulted in depositions of
ITO and IO particles in the alveolar region, which were
detected in all exposed rats, except for those exposed to 0.1
mg/m® for 2 wk. In addition, ITC and IO particles were
deposited in the BALT, MLN and NALT of the exposed
rats, but the extent of deposition was less in the lymph
tissues and nodes than in the alveolar region. Light-
microscopic examination of particle deposition in the lung
and lymph nodes revealed that the particles were deposited
separately as single particles.

It is interesting to note that the blood contents of indium
in the male and female rats exposed to ITO at 1 mg/m? for
13 wk were increased by 4.5- and 4.2-fold relative to the
corresponding I0-exposed males and females, respectively,
and that the blood contents of indium in the male and
female rats exposed to 0.1 mg/m?® ITO were 0.77 and 1.13
ugl/l, respectively, whereas the blood indium levels in the
0.1 mg/m?® I0-exposed rats of both sexes were below the
detection limit of 0.5 pg/l. This finding can be interpreted
as indicating that ITO particles are dissolved to greater

extent in the deep lung than IO, resulting in higher blood
contents of indium in the ITO-exposed rats. Kabe er al.?
demonstrated that indium phosphide powder is clearly
soluble in synthetic gastric fluid indicative of acidic pH,
while the powder is insoluble in saline or synthetic lung
fluid (Gamble solution). Dittmar et al.”™® reported that
when indium phosphide particles are exposed to Gamble
solution, a complex dynamic interaction with the particle
surface results in high levels of dissolved indium. Brain
et al.® suggested that insoluble metal particles contained
in phagolysosomes of an alveolar macrophage are
dissolved, because of the acidic environment (pH-4.8) in
the phagolysosomes. The enhanced solubility of ITO
particles in alveolar macrophages of the ITO-exposed rats
warrants a further study.

The elemental or ionic form of indium leached from
ITO particles is considered to play an important role in
the induction of indium toxicity. Suzuki and Matsushita®
showed that interaction of various metallic ions with
surface pressure of phospholipid monolayer mimicking a
biomembrane is positively correlated with acute lethal
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doses of metal chlorides in rats and rabbits, and that indium
ions interact most strongly with the simulated biomembrane
causing possible impairment of cellular integrity. Blazka
et al.' demonstrated that a single intratracheal
administration of indium chloride dissolved in saline (pH
4.1) induces persistent inflammatory responses and
development of fibrosis in rats. Lison ef al.® reported that
a strong cytotoxic response to ITO particles is induced in
vitro in macrophages (NR8383 cell line) but not in rat lung
epithelial cells. Taken together, it is likely that indium
leached from ITO particles in the alveolar macrophages
might be involved in the cellular disintegrity of alveolar
macrophages, since degenerative alveolar macrophages
with swollen cytoplasm engulfing ITO and IO particles
were observed microscopically in the present 2- and 13-
week studies.

Subacute pulmonary toxicity induced by the 2-week
exposure to ITO was characterized by alveolar proteinosis,
macrophage infiltration, inflammatory cell infiltration and
alveolar epithelial hyperplasia. The former two pulmonary
lesions occurred at exposures of 1 mg/m® and above, while
the latter two appeared primarily at exposures of 10 and
100 mg/m?®. The 13-week inhalation exposure to ITO was
found to induce essentially the same pulmonary lesions as
those observed in the 2-week exposure, but at lower
exposure concentrations. Furthermore, the histopathological
examination at the end of the 26-week post-exposure
period revealed development of fibrosis of alveolar wall,
worsening of alveolar epithelial hyperplasia and
persistence of the pulmonary lesions observed at the end
of the 13-week exposure to ITO. No recovery from the
subchronic effects of indium was indicated. Therefore,
the present findings indicate that the pulmonary toxicity
of inhaled ITO particles is more severe than that of IO
particles and that alveolar macrophages play a critically
important role in the induction of indium toxicity as
evidenced by alveolar proteinosis, alveolar macrophage
infiltration and swollen alveolar macrophages engulfing
the particles, all of which occur at the lowest exposure
concentration. Lison e al.¥ compared in vive and in vitro
pulmonary toxicity of ITO particles with those of its
constituents, tin-oxide, IO and their unsintered mixture.
They attributed the reactivity/toxicity of sintered ITO
particles to carbon centered radical formation and Fenton-
like activity, appearing with a high electron density of the
sintering process through which TO molecules were
introduced within crystal structure of 10?®. However, it
can be inferred from the present 2-week and 13-week
studies that these pulmonary lesions are not causally linked
to the dust overload induced by excessive inhalation
exposure to ITO or IO aerosol, since the whole-lung
contents of indium in the ITO- or I0-exposed rats were
far below the levels of dust burden causing overloading,
which are reported to be greater than 1-2 mg of persistently
retained dust in the lungs of F344 rats?’.

The most remarkable pulmonary lesion found in the
present studies was alveolar proteinosis accompanied by
alveolar macrophage infiltration. These two lesions were
the most sensitive, appearing. at the lowest exposure
concentration. The alveolar proteinosis observed in the
lung of rats exposed to ITO and IO aerosols were
characterized by filling of the alveolar space with a
granular, pale, eosinophilic material which is positively
stained with a PAS reagent. These histological
characteristics resemble those of alveolar proteinosis
reported in human cases® ). The present result of alveolar
proteinosis is consistent with reported findings that a
pulmonary administration of ITO to rats and hamsters
induces alveolar exudates of proteinaceous materials®?,
NTP’s study'? showed that inhalation exposure of rats to
indium phosphide aerosol for 14 wk induced accumulation
of proteinaceous material within the alveoli, which was
diagnosed as alveolar proteinosis. The alveolar proteinosis
induced by the inhalation exposures of rats to ITO and 10
was similar to that seen in experimental silicosis®®.
Electron-microscopic observation® of the lung of rats
exposed to pyro-aluminium and quartz showed that
pulmonary lesion identical to human alveolar proteinosis
is featured by accumulation of PAS-positive alveolar
material composed primarily of pulmonary surfactant
derived from Type II pneumocytes and large foamy
alveolar macrophages with impaired mobility. It is notable
that the present finding that the 13-week exposure of rats
to 0.1 mg/m* ITO induced moderate alveolar proteinosis
with a lung content of indium at 24 pg/g lung tissue is
comparable with the result of Cummings er al.¥, who
reported that one of two ITO-exposed workers diagnosed
as alveolar proteinosis had 29.3 ug indium per gram of
lung tissue. In contrast, occurrence of alveolar proteinosis
in workers exposed to ITO has not been definitely
demonstrated in any epidemiological studies conducted
in Japan*“7. In particular, Nogami er al.® reported in
their epidemiological study of workers at a Japanese
indium plant that neither interstitial nor emphysematous
change was recognized in the lung of a worker suffering
from bronchioloalveolar carcinoma, while his lung content
of indium was 31.2 pg/g lung tissue®. These conflicting
observations about the occurrence of alveolar proteinosis
in indium-exposed workers remain to be resolved,
although some etiological factors have been suggested?-h.
Further experimental toxicology studies will be needed to
explore any causative factor of alveolar proteinosis in
indium-exposed rodents, including the time- and dose-
related changes and species and strain differences.

In the present studies, fibrosis of alveolar wall was
found to develop only at the end of 26-week post-exposure
period after cessation of the 13-week exposure of rats to
ITO at 0.1 mg/m’. NTP’s study'? also showed that
interstitial fibrosis was induced in rats by inhalation
exposure to indium phosphide aerosol for 14 wk. The
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present finding that 13 wk exposure of rats to ITO induced
fibrosis of alveolar wall with the indium burden indicated
by 8 pg/g lung and 1 ug/l blood at the end of the 26-week
post-exposure period can be contrasted with the case study
of Homma et al.3?, who showed that an 1TO-exposed
worker was diagnosed as having pulmonary fibrosis with
a serum indium level of 51 pg/l. This apparent difference
in the sensitivity to pulmonary fibrosis between rats and
humans remains to be resolved and warrants further studies
including solubility of ITO in the lung.

ACGIH’s recommendation of TLV-TWA'™ for indium
and its compounds of 0.1 mg/m® was based on pulmonary
toxicity of widespread alveolar edema resembling alveolar
proteinosis, resulting from 3-month inhalation exposure
of rats to IO aerosol?”. JSOH recommended a BEJ of 3
ugl/l as a serum level of indium, below which chronic
inflammation would not occur'®. However, it was found
in the present studies that both alveolar proteinosis and
alveolar macrophage infiltration are induced in rats by 13
wk inhalation exposure to ITO at 0.1 mg/m?, the same
concentration as the ACGIH’s TLV-TWA. Moreover,
alveolar wall fibrosis and alveolar epithelial hyperplasia
develop in all exposed rats at the end of the 26-week post-
exposure period, indicating that the persistent fibro-
proliferative lung lesions develops with a latent period of
26 wk after cessation of the repeated inhalation exposure
t0 0.1 mg/m*ITO. Blood contents of indium are reported
to be approximately equal to serum levels of indium!? 3,
while indium levels in blood instead of serum were
quantified in the present studies. All the blood levels of
indium in the rats exposed to ITO aerosol at 0.1 mg/m?
measured at the end of the 13-week exposure period and
at the end of the 26-week post-exposure period were below
the BEI value of 3 ug/l set by JSOH. Therefore, the
present findings provide novel information about the
animal basis of ITO-induced pulmonary toxicity for re-
consideration of the current OEL and BEI for inhaled
indium and its compounds.

We consider that an exposure concentration of 0.1 mg/
m?* ITO for 104 wk would be too high for use in a 2-year
carcinogenicity study, based on the magnitude of increased
lung weights and the increased incidences and severities of
pulmonary lesions in the rats exposed to ITO at 0.1 mg/m?
for 13 wk and for the 26-week post-exposure period after
cessation of the 13-week exposure to 0.1 mg/m®. In the
2-year study, repeated exposure of rats to 0.1 mg/m* ITO
should be discontinued at the first 26 wk, and then these
rats are allowed to continue unexposed in the exposure
chamber for the remainder of the study. This exposure
discontinuation is based on the 1.7-fold increase in relative
lung weight compared with that of the control group, the
lack of recovery from alveolar proteinosis, alveolar
epithelial hyperplasia, and the development of fibrosis or
thickened pleural wall observed at the end of the present
study’s 26-week post-exposure period, and with reference
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to NTP’s stop-exposure rationale in the 2-year study of
indium phosphide carcinogenicity'?. The middle and lowest
exposure concentrations for 104 wk were selected as 0.03
and 0.01 mg/m?, respectively. The lowest exposure
concentration of 0.01 mg/m?® was set at the lowest
concentration that generation of ITO aerosol in the present
system and its chamber monitoring of the aerosol can be
performed with sufficient reproducibility and accuracy.

Conclusions

Using an aerosol generator and inhalation exposure
system with reproducibility and accuracy, rats of both
sexes were exposed to ITO and IO at different concentrations
for 2 and 13 wk. An exposure concentration-related
increase in whole-lung contents of indium tended to be
suppressed in the ITO- and IO-exposed rats, and blood
contents of indium in the ITO-exposed rats were higher
than those in the 10-exposed rats. ITO and IO particles
were deposited in the lung, and to a lesser extent in the
BALT, MLN and NALT of exposed rats. Two-week
exposures to ITO and IO induced alveolar proteinosis,
infiltrations of alveolar macrophages and inflammatory
cells and alveolar epithelial hyperplasia in addition to
increased lung weight. Thirteen-week exposures to ITO
and JO induced the similar pulmonary lesions, and some
of these lesions were worsened. ITO affected the lung
more severely than did I0. Development of fibrosis and
worsening of alveolar epithelial hyperplasia were noted
at the end of the 26-week post-exposure period following
13 wk exposure. These ITO-induced lesions appeared at
the same exposure concentration as ACGIH’s TLV and at
the blood indium levels below JSOH’s BEL
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Abstract: Pulmonary Toxicity in Mice by 2- and 13-
week Inhalation Exposures to Indium-tin Oxide and
Indium Oxide Aerosols: Kasuke Nacano, ef al.,
Japan Bioassay Research Center, Japan Industrial
Safety and Health Association—Objectives:
Inhalation toxicities of indium-tin oxide (ITO) and indium
oxide (I0) in mice were characterized in comparison
with those previously reported in rats. Methods:
B6C3F, mice of both sexes were exposed by inhalation
to ITO or 1O aerosol for 6 h/day, 5 day/wk for 2 wk at 0,
0.1, 1, 10 or 100 mg/m?® or 13 wk at 0, 0.1or 1 mg/m?®.
Results: [TO and 10 particles were deposited in the
lung, mediastinal lymph node (MLN) and nasal-
associated lymphoid tissue. Alveolar proteinosis,
infiltrations of alveolar macrophages and inflammatory
cells and increased lung weight were induced by 2- and
13-week exposures to ITO and IO, while alveolar
epithelial hyperplasia occurred only in the 2-week
exposures. Thickened pleural wall, hyperplastic MLN,
extramedullary hematopoiesis in the spleen and
increased levels of erythrocyte parameters were
induced by 13-week exposure to ITO. The ITO- and
|0-induced pulmonary lesions were milder in mice than
those previously reported in rats, and the fibrotic lesions
were different between these two species. Indium levels
in the lung and pooled blood were analyzed in the mice
exposed to ITO and IO for 13 wk. In the 13-week
inhalation exposure of mice to ITO, alveolar proteinosis
and significantly increased lung weight were induced at
the same exposure concentration as the current
threshold limit value for indium and its compounds.
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Serious concerns have been raised over workers’ health
in the plants where indium-tin oxide (ITO) is manufactured
and processed. Fatal case studies’? and epidemiology
studies of workers®™® have demonstrated that inhalation
of indium is a potential cause of occupational lung disease
and increases the risk of interstitial lung damage.
Experimental toxicology studies have shown that an
intratracheal administration of ITO powder induces
persistent inflammation in the lung without any significant
fibrotic response in rats”, and elicits pulmonary
inflammatory response with diffuse alveolar or bronchiolar
cell hyperplasia and interstitial fibrotic proliferation in
hamsters® . Our previous study'® showed that 2- and
13-week inhalation exposures of rats to ITO or indium
oxide (IO) aerosol induce pulmonary fibrosis, alveolar
proteinosis and macrophage infiltration.

The present studies were intended to characterize
inhalation toxicities of ITO and IO aerosols in mice in
comparison with those reported in rats'®.

Materials and Methods

The present studies were performed with the approval
of the ethics committee of the Japan Bioassay Research
Center. The animals were cared for in accordance with a
guide for the care and use of laboratory animals. All these
related documentations were cited in our previous rat
studies'®.

ITO and IO powders were the same as those used in our
previous rat studies'®, which were kindly supplied by JX
Nippon Mining & Metals, Corp (Tokyo, Japan).

B6C3F /Crlj mice of both sexes were obtained at the
age of 4 wk from Charles River Japan, Inc (Kanagawa,
Japan). The animals were quarantined and acclimated for
2 wk before the start of experiment. The mice were
individually housed in stainless-steel wire hanging cages
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(112W x 212 D x 120 H mm), and placed in stainless steel
inhalation exposure chambers. Environment in the
exposure chamber, lighting, and supply of food and
drinking water were maintained under the same conditions
as described in our previous rat study'®.

In the 2-week study, groups of 5 mice of both sexes
were exposed to ITO or IO aerosol at a target concentration
of 0.1, 1, 10 or 100 mg/m? for 6 h/day, 5 day/wk for 2 wk.

In the 13-week study, groups of 10 mice of both sexes -

were exposed to ITO or IO aerosol at a target concentration
of 0.1 or 1 mg/m?® for 6 h/day, 5 day/wk for 13 wk. Groups
of 5 or 10 mice of both sexes were exposed to clean air
for 2 or 13 wk, and served as respective controls.

The aerosol generation and exposure system and the
methods for measurements of the exposure concentrations
and size distributions of ITO and 1O aerosols, and for
clinical and pathological examinations and analysis of
indium in the lung and blood as well as statistical analysis
were the same as those described in our previous rat
study'?.

Results

Chamber concentrations and size distributions of ITO and
10 aerosols

Chamber concentrations of ITO and 10 aerosols were
controlled precisely within less than 10% in the variation
coefficient and accurately within less than 10% deviation
from the target concentrations. Mass median aerodynamic
diameters (MMADSs) of ITO aerosol in the exposure
chamber ranged from 2.4 to 3.8 ym in the 2-week study,
and from 2.3 to 2.6 ym in the 13-week study, and geometric
standard deviations (GSDs) ranged from 1.6 to 2.4.
MMADs of IO aerosol ranged from 1.9 to 2.3 yum, and
GSDs ranged from 1.5to 2.1.

Mortality and clinical signs, and hematology

Neither death, abnormal clinical sign nor growth
retardation occurred in any group exposed to ITO, 10 or
clean air for 2 or 13 wk. In the 13-week study, red blood
cell counts, hemoglobin concentration and hematocrit
value were significantly increased in the 0.1 and 1 mg/m?
ITO-exposed groups compared with the respective controls
(data not shown). However, 13-week exposure to 10 did
not induce any hematological changes.

Lung and spleen weights

In the 2-week study (Table 1), the relative lung weights
were significantly increased in the 1 mg/m® ITO-exposed
female mice and in the 10 and 100 mg/m® ITO- and 10-
exposed mice of both sexes compared with the respective
controls. Inthe 13-week study (Table 2), the relative lung
weights in the 0.1 and 1 mg/m?® ITO-exposed mice of both
sexes and in the 1 mg/m® I0-exposed mice of both sexes
were significantly increased compared with the respective
controls. The relative spleen weight was significantly

increased in the 1 mg/m® ITO- and 10-exposed mice of
both sexes in the 13-week study compared with the
respective control.

Histopathological findings

In the 2-week study, ITO and IO particles were
deposited separately as single particles in the lungs of
almost all 1, 10 and 100 mg/m?® ITO- and 10-exposed mice
(Table 1). The particles of ITO and IO were pale brown
and transparent, looked like amber, and were located
primarily within alveolar macrophages. ITO and IO
particles were also deposited in the mediastinal lymph
node (MLN) of the 10 and 100 mg/m* ITO- and IO-
exposed mice, and in the nasal-associated lymphoid tissue
(NALT) of the nasopharyngeal duct of a few 10 and 100
mg/m? I0-exposed male mice. The most remarkable lung
lesion found in the 2-week study was alveolar proteinosis,
characterized by filling of the alveolar space with a
granular, pale eosinophilic material, which was positively
stained with a PAS reagent. This lesion was found in all
the 10 and 100 mg/m* ITO- and 10-exposed mice. The
severity score of alveolar proteinosis was higher in the
100 mg/m® ITO-exposed mice of both sexes than in the
100 mg/m® I0-exposed mice. Hyperplasia of alveolar
epithelium and infiltration of inflammatory cells composed
of neutrophils and lymphocytes were observed primarily
in the 100 mg/m? ITO- and I0-exposed mice. Hyperplasia
of the alveolar epithelium was characterized by the
increased numbers of cuboidal cells which were assumed
to be type II pneumocytes. Infiltration of alveolar
macrophages was found in a few 100 mg/m? ITO-exposed
mice and in one 100 mg/m® 10-exposed male mouse.

In the 13-week study, ITO and IO particles were
deposited separately as single particles in the lungs of all
the 0.1 and 1 mg/m?® ITO- and I0-exposed mice (Table 2).
Those particles were also deposited in the MLN of the 0.1
and 1 mg/m3 ITO-exposed mice and the 1 mg/m® IO-
exposed mice. Significantly increased incidences of
alveolar proteinosis in the 0.1 and 1 mg/m® ITO-exposed
mice and in the 1 mg/m? I0-exposed mice and infiltrations
of alveolar macrophages and inflammatory cells in the 1
mg/m3 ITO- and IO0-exposed mice were noted. Swelling
of cytoplasm was recognized in the alveolar macrophages
engulfing the particles. Alveolar wall fibrosis was not
found in any mouse exposed to either ITO or IO.
Thickening of pleural wall and hyperplasia of the MLN
occurred in the I mg/m?® ITO-exposed mice. The thickened
pleural wall was characterized by an increase in collagen-
like connective tissue in the interstitium, and was located
in focal lung areas. However, ITO particles were not found
in the area of the thickened pleural wall. Hyperplasia of
the MLN was characterized by increased numbers of
lymphocytes resulting in increased MLN size and area of
lymphoid follicles. Extramedullary hematopoiesis
occurred in the red pulp of the spleen of the 1 mg/m? ITO-
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