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Summary.-Intranuclear inclusions in epithelial cells lining rat renal proximal
tubules were detected by electron microscopy as early as 4 days after the addition of
lead (5 mg/ml as lead acetate) to the drinking water. At 9 and 12 weeks pathological
changes, but very few intranuclear inclusions, were apparent in the epithelial cells
lining the third segment of the proximal tubules in the outer stripe of outer zone of
the medulla. On the other hand, morphological changes were less in the epithelial
cells lining the first and second segments of the proximal tubules in the cortex, which
contained many intranuclear inclusions. These findings suggest that lead incor-
porated into the epithelial cells in the proximal tubules may exist in an inert chemical
form as inclusions, especially in the second segment. These bodies, therefore, may
protect the cells from the toxic effect of lead.

IT IS WELL KNOWN that many patients
with renal disturbance have been found
amongst workers exposed to lead for a long
time (Lilis, 1968) and in adults who had
ingested a lot of flakes of lead paint in their
childhood (Henderson, 1958).

It is not evident yet why and how the
lead induces renal disturbance. It is
reasonable to assume, however, that in
any lead-poisoning cases, whether due to
occupational or accidental exposure in
infancy, large amounts of lead have been
incorporated into various body-tissues.

Intranuclear inclusions have been found
in the renal epithelial cells of lead-poisoned
children (Blackman, 1936) and chronically
lead-administered animals (Tonz, 1957). It
has been confirmed by chemical analysis of
kidney homogenate (Goyer et al., 1970a+,
autoradiography (Dallenbach, 1965) and
electron probe X-ray microanalysis
(Carroll, Spinelli and Goyer, 1970; Anders

et al., 1982) that these intranuclear
inclusions contain lead. The existence of
this type of lead-induced inclusion has
been reported in various kinds of cells such
as hepatic cells (Blackman, 1936), osteo-
crast cells (Hsu et al., 1973), renal
epithelial cells in tissue culture (Walton
and Buckly, 1977) and even cells of plants
(Skaar, Ophus and Gullvag, 1973).
These facts suggest that the appearance

of intranuclear inclusions is not a phenom-
enon specific to renal proximal tubular
epithelium and may be common to those
cells that accumulate large amounts of
lead.
Although intranuclear inclusions had

been thought to be a characteristic sign of
chronic lead poisoning in man (Angevine et
al., 1962), it has been reported that these
inclusions appear at a very early time in
cultured kidney cells exposed to lead
(McLachlin. Goyer and Cherian, 1980) and
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LEAD INDUCED INCLUSION

in the kidney proximal cells of the rat
following intracardiac injection of lead
(Choie, Richter and Young, 1975).

This study was designed to determine (i)
the time at which intranuclear inclusions
appear in the rat kidney following the
addition of lead to the drinking water, (ii)
whether intranuclear inclusions occur
more frequently in the epithelial cells of
one segment of the nephron than in those
of others and (iii) if any relationship exists
between the cellular pathological changes
and the presence of intranuclear inclu-
sions.

MATERIALS AND METHODS

Sixty male rats, Donryu strain, 10 weeks old,
weighiling 360 + 59 g were divided into 12 groups
of 5 rats. Seven groups were given tap water
containing 5 mg of lead/ml (as lead acetate) for
the following periods: (1) 4 days, (2) 1 week, (3) 2
weeks, (4) 3 weeks, (5) 6 weeks, (6) 9 weeks,
(7) 12 weeks. Four groups (8-11) were given tap
water containing 0 5 mg of lead/ml for (8)
3 weeks, (9) 6 weeks, (10) 9 weeks, (11) 12
weeks. The control group was given tap water
for 12 weeks. All animals were fed standard
laboratory chow ad libitum. Body weights and
blood haemoglobin were measuired every 3
weeks.

After termination of treatment, the animals
were decapitated. Samples of blood were taken
immediately and the kidneys were excised. The
right kidneys and 10 ml of blood were ashed in
the plasma ashing apparatus and they were
dissolved into 10 ml nitric acid. Lead was
determined by atomic absorption spectrophoto-
netry.
Blocks of the left kidneys were fixed with 4%

paraformaldehyde, 2 5% glutaraldehyde buf-
fered with 0-1M sodium phosphate for 1 h and
then were postfixed with 1% osmic acid buffered
wi'th 0-1M sodium phosphate for 2 h. After
dehydration with graded ethanols and clearing
with propylen oxide, the blocks were embedded
in Epon mixture. 1 ,um thick sections were
stained with toluidene blue for light microscop-
ical observations and ultrathin sections stained,
with lead and uranium, were examined in a
Hitachi HS-8 type electronmicroscope.

In order to ascertain the incidence of
intranuclear inclusions, 200 nuclei were observed
in the epithelial cells lining the proximal tubules
in the cortex by light microscopy and under high
magnification (up to x 20,000) by electron
microscopy.

In order to identify the elements in the
concretions of the epithelial cells lining proximal

tubules, thin renal cortical sections from rats,
exposed to 5 ing lead/ml drinking water for 12
weeks were placed on nylon mesh and analysed
by non-dispersive X-ray microanalysis.

RESULTS

Average water consumption by the low-
dose (0 5 mg lead/ml) group was slightly
less (450 ml/week/animal) than that of the
control group (480 ml/week/animal), but
apparently greater than that (280 ml/
week/animal) of the high-dose group (5 mg
lead/ml). Estimated average intake of lead
by the animals of the low- and high-dose
groups, therefore, were 32 mg/day and 200
mg/day, respectively.
Body weight changes up to 12 weeks

were shown in Table I. Weight gain in the
high-dose animals was suppressed through-
out the experimental period, but was
unaffected in the low-dose group even at
12 weeks.
Blood haemoglobin concentration was

decreased, relative to the control, after 3
weeks exposure in the high-dose group but
was unaffected at any time in the low-dose
group (Table II).
The lead concentration of kidneys and

blood increased in proportion to the
administered dose of lead as shown in
Table III.
At any time in the high-dose group and

at longer than the 6 weeks in the low-dose
groups, the average value of the renal lead
concentration was more than 10 ,ug/g.
Average blood lead concentrations of

treated animals were more than 1P0 /tg/g
(100 tg/dl) except in those of the low-dose
group at 3 weeks.
The incidence of intranuclear inclusions

in each group is shown in Table IV.
Intranuclear inclusions were detected by
electron microscopy in very few epithelial
cells of proximal tubules as early as 4 days
after the addition of lead to the drinking
water.

In the high-dose group, exposure times
longer than 6 weeks resulted in an increase
in kidney weight (Table V), possibly
indicative of renal oedema.
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TABLE I.-Body weight at different times after administration of lead drinking water (g)
Duration (weeks) 0

N

3 6

362 +27 399+ 31 430+ 35 433 +46
367 + 15 401+ 26 437+ 24 451 + 35
360+14 359+21 388+23 396+19

N = number of animals.

TABLE Il.-Haeinoglobin at different times after administration of lead drinkintg water
(g/dl blood)

I)uration (weeks)
N

() 3

Control 5 13 4 + 0 5 13 1 + 0 2
0 5 mg/ml 5 13-2+0-6 13 5+ 0 4
5 mg/ml 5 13 5+ 0 1 11 5+ 0 1

Significantly different from the control (P < 0 05*,
N =number of animals.

Light microscopicalfindings
In the high dose group at 12 weeks,

pathological changes were prominent in
the outer stripe of the outer zone of the
medulla. The third (S3) segments of the
proximal tubules had lost their charac-
teristic appearance and appeared very

irregularly deformed with a concomitant
increase and swelling of the interstitial
tissue. The epithelial cells lining S3
segment of proximal tubules were vari-
ously tall and contained many nuclei.
Their cytoplasm stained irregularly and
some cells were without brush borders. It
seems, therefore, that at this time some

degenerated cells and regenerated cells
exist in the S3 segment of proximal
tubules in the outer stripe (Fig. 1).

Less morphological change was ob-
served in the cortex, compared to the
outer stripe. Epithelial cells lining the
second segment (S2) of the proximal
tubules, which contained numerous lyso-
somes and stained clearly with toluidine
blue, showed many enlarged inclusions.
Intranuclear inclusions were found to be
spherical or ovoid, to stain positively in
the toluidine blue reaction (Richter, Kress
and Cornwall, 1968) and, because of their
more intense staining with toluidine blue
anid fibrilar structure, to be differentiated
easily from nucleoli and aggregated chrom-
atin. These inclusion bodies consisted of

6 9

13-5+ 0-1 12-9+ 0-5
13-1+ 0-7 12-7+ 0-7
12-1 +0-.1** 12-0+ 0-1*

P < 0 01**) by the Student's t test.

12

13-5+0-5
13-0 + 0 1

11 8+0. 1*

central and peripheral parts, the former of
which stained more intensively than the
latter.
The epithelial cells lining the first (S1)

segments of the proximal tubule which
contained fewer lysosomes than those of
the S2 segment, also contained a smaller
number of intranuclear inclusions. The
morphological changes in these cells were

as moderate as in those of the epithelial
cells lining S2 of proximal tubules (Fig. 2).
The damage to epithelial cells lining the

different segments of the proximal tubules
thus regressed in the following order: S3 in
the outer stripe of outer zone of the
medulla. 82 and S1 in the cortex. Some
concretions, which were coloured bright
brown, were observed in the lumen and the
apical cytoplasm of proximal tubules,
especially in the S2 segments (Fig. 3).
These had a spherical or ovoid shape and
their diameters reached up to 10 ,um.
At 9 weeks in the high-dose group, the

interstitial tissue in the outer stripe
appeared to be slightly increased. The S3
segments of proximal tubules in the outer
stripe were irregularly deformed and the
epithelial cells lining these segments,
which stained very variably with toluidine
blue, were increased and some of them
were degenerated (Fig. 4). Numerous
clearly stained intranuclear inclusions
were observed especially in the epithelial

Control
0 - 5 mg/ml
5 mg/ml

4
5
5

9 12

440 + 30
464 + 35
411+ 20
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TABLE IV.-Incidence of intranuclear inclusion bodies in the renal proximal tabular
epithelial cells of the rat at different times after exposure to lead in the drinking water

Duration 4 days 1 w%eek 2 weeks 3:weeks 6 weeks 9 weeks 12 xx ecks
0-5 mg/mi 0/5 1/4 5/5 5/5
5 mg/mI 3/5 4/5 5/5 5/5 5/5 5/5 4/4

TABLE V.-Kidneys weight at different times after administration of lead drinking wcater (g)
Duration
Control

0 5 mg/mi

5 mglml

:3 -weeks

1-68+0 15
(N=5)

1 57+0 19
(N=4)

6 weeks

1-83+0-14
(N=4)

2-01 +0-13
(N = 4)

9 wN-eeks

1-,62+0 11
(N= 5)

2.00+0.22**
(N-= )

12 w-eeks
1 54+0- 38
(N=5)

1 63+0 08
(N = 5)

1-78+0-22
(N = 4)

Significantly (lifferent from the low-dose group (P<0-05*, P<0- 01**) by Student's
t -test.
N=number of animals.

cells of the S2 segments of the proximal
tubules (Fig. 5). In these cases, bright
brown concretions were not found any-
where in the kidney.
At 6 weeks in the high-dose group, no

increase of interstitial tissue was observed
but the epithelial cells of the S3 segments
were slightly deformed in comparison with
the control. A few intranuclear inclusions
were found in the epithelial cells lining
convoluted proximal tubules.
No pathological changes were observed

in either the high-dose group before 3
weeks or the low-dose group during the
first 9 weeks of lead exposure. Although
filamentous intranuclear inclusions were
detected in the kidneys of some of these
animals by electroni microscopy (see below),
these were too small to be resolved by light
microscopy.

Electron microscopical findings
At 4 days and 1 week in the high-dose

group and at 6 weeks in the low-dose
group, morphological changes in proximal
tubular epithelial cells were limited to the
appearances of a few intranuclear in-
clusions. These inclusions were variously
shaped nets of filament of 50-200 A in
width (Fig. 6).
At 2 and 3 weeks in the high-dose group

and at 9 weeks in the low-dose group, in-
tranuclear inclusions increased in number

and grew larger (i.e. from 0 5-2 0 rnu). The
fine structure of these inclusions consisted
of a peripheral part and a central part. The
former showed filamentous structures
which were radially oriented. The width of
these filaments ranged from 50-200 A. The
central part was denser than the peri-
pheral part and appeared as a composite of
filaments and dense amorphous substance
(Fig. 7).
At 6 and 9 weeks in the high-dose group,

many mature intranuclear inclusions were
present. These were much larger in size
than those at earlier times and the
peripheral and central parts were differen-
tiated clearly (Fig. 8).
At 12 weeks in the high-dose group,

many epithelial cells contained a number
of mature intranuclear inclusions, which
ranged in size from 2-4 )m in the larger
nuclei. In addition the concretions, which
appeared to be brown coloured by light
microscopy, were observed as very elec-
tron dense material. And X-ray micro-
analysis showed that these concretions
contained lead and calcium (Figs 3, 9 and
10).

DISCUSSION

It has been reported that at least 4
weeks is necessary to form intranuclear
inclusions in renal proximal tubular cells,
when animals are given drinking water
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~~~~~~~~~~~~4 :ti:

FIG. 1.-Light microscopy of Epon-embedded section from the kidney of the rat after 12 weeks
exposure to the high dose of lead. The S3 segment of proximal tubules (S3) have lost their charac-
teristic appearance, and are very irregularly deformed with a concomitant increase and swelling of
the interstitial tissue. The epithelial cells are variously tall, stain very variously in their cytoplasm,
contain many nuclei and are with or without brush borders. dT (distal tubule). Toluidine blue
(x 1,200).

FIG. 2.-Light microscopy of Epon-embedded section from the kidney of the rat after 12 weeks
exposure to the high dose of lead. The epithelial cells lining S2 segment of proximal tubules (S2)
in which numerous lysosomes (Ly arrow) are apparent, stain clearly with toluidine blue and con-
tain many enlarged inclusions (NB arrow). Intranuclear inclusions are found to be spherical or
ovoid and to stain positively in the toluidine blue reaction. The epithelial cells lining SI segment of
proximal tubules (SI), which contain fewer lysosomes than those of S2 segment, also contain
fewer intranuclear inclusions than S2 segment (x 1,200).

11*
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FIG. 3.-Light microscopy of Epon-embedded section from the kidney of the rat after 12 weeks
exposure to the high dose of lead. A bright brown concretion (Con) is apparent (arrow) in the apical
site of the epithelial cell lining the convoluted proximal tubule. Toluidine blue (x 960).

FIG. 4.-Light microscopy of Epon-embedded section from the kidney of the rat after 9 weeks
exposure to the high dose of lead. Interstitial tissue in the outer stripe is slightly increased. S3
segment of proximal tubules (S3) in the outer stripe are irregularly deformed and the epithelial cells
lining these segments are increased. The cells stain very variously with toluidine blue and some of
them are degenerated (x 960).

FIG. 5.-Light microscopy of Epon-embedded section from the kidney of the rat after 9 weeks
exposure to the high dose of lead. Numerous clearly stained intranuclear inclusions (NB) are
observed especially in the epithelial cells of S2 segment of proximal tubules (S2). Toluidine blue
(x 960).



LEAD INDUCED INCLUSIONS
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FIG. 6.-Electron microscopy of the proximal tubular epithelial cell after 4 days exposure to the high
dose of lead. No morphological changes are observed in the epithelial cell except for appearance of
very few intranuclear inclusions (NB). These intranuclear inclusions are variously shaped nets of
filaments of 50-200 A in width (x 24,000).

FIG. 7. Electron microscopy of the proximal tubular epithelial cell after 2 weeks exposure to the
high dose of lead. The fine structure of intranuclear inclusion (NB) consists of the peripheral part and
the central part. The latter part is denser than the former and appears as a composite of filaments
and dense amorphous substance. The filaments vary in width from 50-200 A and are radically
oriented (x 32,250).
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.9

FIG. 8.-Electron microscopy of the proximal tubular epithelial cells after 9 weeks exposure to the
high dose of lead. Many mature intranuclear inclusions (NB). These are larger in size than at earlier
times and the peripheral and central parts are clearly differentiated (x 11,250).

FIG. 9. Electron microscopy of the proximal tubular epithelial cell after 12 weeks exposure to the
high dose of lead. A concretion (Con), which appears to be bright brown coloured by light
microscopy (Fig. 3), is observed as very electron dense material (arrow) (x 23,250).

152



LEAD INDUCED INCLUSIONS

FIG. I0O.X-ray microanalysis of the concre-
tioIn shiown in Fig. 9. This contains Pb andl
(a, althiotighl Os and(l Cu come from the fixa-
tive an(i the mesli respectively.

containinig 0-I lead acetate (Beaver,
1961). In contrast, intranuclear inclusions
have been observed in mouse renal cortex
at 6 h after intracardiac injection of lead
(Choie et al., 1975). Also in primary rat
kidney epithelial cell cultures, inclusions
were detected in the cytoplasm within 4 h

and in the nucleus at 24 h of exposure to a

medium containing lead nitrate (McLach-
lin et al., 1980). Furthermore, Walton and
Buckly (1977) observed inclusions in the
nucleus at 1 h after exposure of kidney
tubule cell cultures to lead in sucrose

solution. In this study, intranuclear inclu-
sions were found also in the proximal
tubular epithelial cells of rats which were

given drinking water containing 5 mg of
lead/ml for only 4 days. Irrespective of the
dose level and duration of exposure, it
seems that intranuclear inclusions appear
in the renal proximal tubular cells once the
kidney concentration of lead exceeds
10 ,tg/g tissue.

This concentration value is the same as

for renal lead concentration, when intra-
nuclear inclusions appeared in the kidneys

of rats which were fed a conventional diet
containing 1% lead acetate for 10 weeks
(Goyer et al., 1970b), although the renal
lead concentration required to initiate
intranuclear inclusions in the animal
exposed to lead through the other way
remained unknown (Choie et al., 1975;
Richter et al., 1968; Choie and Richter,
1972; Muller and Ramin, 1963) except for
oral treatment.
At 4 days, the earliest time at which

intranuclear inclusions were observed elec-
tronmicroscopically in the high-dose group
of the present experiments, the effects of
lead on body weight and haemoglobin
concentration would be minimal. At this
time no morphological changes, other than
appearance of intranuclear inclusions, are
detectable electronmicroscopically. The
appearance of intranuclear inclusions,
therefore, would seem to be a sensitive
indicator of lead exposure. Goyer also
reported these bodies to be the most
sensitive indicator among the renal patho-
logical changes, whether morphological or
functional (Goyer et al., 1970b).
At early times, intranuclear inclusions

are very small round filamentous struc-
tures and sometimes only a rough filamen-
tous net (Richter et al., 1968) which may
be a precursor or inclusion composed of a
type of protein (Choie et al., 1975). They
are clearly differentiated from chromatin
granules, by their filamentous structure,
which is revealed by electron microscopy.
As many investigators have reported

previously, as exposure to lead continues,
intranuclear inclusions enlarge and, be-
cause they are acid-fast on the light
microscopical level, they stain positively
with the toluidine blue reaction (Richter et
al., 1968). The number of proximal tubular
cells containing enlarged intranuclear in-
clusions also increases.

In this study, the intranuclear inclu-
sions have been shown to be concentrated
in the epithelial cells lining the second
segment of proximal tubules. Lead is
known to accumulate to a greater extent
in the proximal tubules than in other
portions of the nephron such as glomeruli,
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distal tubuli and collecting tubes (Dallen-
bach, 1965).
The biological signifiance of the intra-

nuclear inclusions in the lead nephropathy
is not yet clear. However, many investi-
gators have postulated that they serve to
protect cells from the toxic effects of lead
on cell metabolism (Goyer and Rhyne,
1973). The present study shows clearly
that pathological changes are severe in S3
of proximal tubules containing few intra-
nuclear inclusions, moderate in SI with a
few intranuclear inclusions and in S2 with
numerous intranuclear inclusions. These
findings, which suggest that lead incorpor-
ated into the epithelial cells in the
proximal tubules may exist in an inert
chemical form as inclusions, especially in
the second segment, provide further evi-
dence for the protective function of these
bodies.
The same type of concretions previously

reported by Murakami (Murakami, 1971a,
b), have been observed in the renal cortex
containing 149 ,ug/g lead (i.e. at 12 weeks
exposure in the high-dose animals). These
concretions are so hard that they damage
glass knives and are composed of lead and
calcium. They have been reported pre-
viously in the rat (Tonz, 1957; Murakami,
1971a; Eger, 1937) and rabbit (Jores,
1902) after chronic exposure to lead.
These findings suggest that the forma-

tion of concretions occurs when the kidney
accumulates large amounts of lead, as a
result of either prolonged or high exposure.
There are no reports that workers exposed
to large amounts of lead suffered from
stones in urological organs, although some
chronically poisoned patients sometimes
complained of abdominal colic. It is pos-
sible, however, that concretions occur in
humans also, but more intensive clinical
and epidemiological study would be neces-
sary to establish this.

The authors are grateful to Dr M. Webb
of the Toxicology Unit, British MRC Lab-
oratories, for his comments and sugges-
tions and to Miss K. Miyasaka for her help
with X-ray microanalysis.
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