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Regression ofrenal hyperplasia after withdrawal of
the mitogenic stimulus induced by a single injec-
tion oflead nitrate was studied in male Wistar rats.
Lead nitrate administration (IO,umol/l00 g body
weight) resulted in a ninefold increase in the incor-
poration oflabeled thymidine into renal DNA and
in an enhancement in the mitotic index; these
changes were accompanied by an increase in the
organ weight andDNA content that reacheda max-
imum at 2 days. Regression ofthe renal hyperplasia
was observed as early as 3 days after treatmentand
was completed within 2 weeks. Although lytic ne-
crosis was not responsiblefor cell loss, the elimina-
tion of the excess renal cells took the form of
apoptosis. This distinctive mode of cell death,
which has been implicated in the involution ofhy-
perplasia in other tissues and organs, was charac-
terized by the occurrence of intracellular and ex-
tracellular membrane-bounded eosinophilic glob-
ules that often contained nuclear fragments. It
affected mainly cells of the proximal tubules, and
it was not detected once the kidney had regressed
to its original mass. These results support the hy-
pothesis that apoptosis is involved in the regulation
oforgan size. (AmJPathol 1989, 135:65 7-662)

The size of many organs and tissues is believed to be
under the control of growth factors or hormones, with
rapid decrease in cell number occurring after withdrawal
or addition of the relevant trophic substances.1 In these
circumstances, the type of cell deletion that is commonly
observed is a particular mode of cell death, basically
different from lytic cell necrosis and defined as
apoptosis.2'3 Apoptosis involves scattered individual cells
and can be recognized under the light microscope by the
appearance of acidophilic globules (apoptotic bodies),

which may contain nuclear fragments; apoptotic bodies
may be observed in the extracellular space, but a large
number have also been found within the cytoplasm of in-
tact cells as a consequence of their phagocytosis by adja-
cent cells, where they undergo lysosomal digestion. Of
interest, the inflammatory response that always accompa-
nies extensive necrosis is not commonly associated with
apoptosis.

Apoptosis has been implicated in a variety of circum-
stances involving tissue regression such as when atrophy
of adrenal cortex and prostate after trophic hormone with-
drawal occurs,4'5 when atrophy of the pancreas after liga-
tion of its duct occurs,6 during normal regression of cor-
pus luteum,7 when liver atrophy induced by mild ischemia
occurs,8 and when renal tubular atrophy occurs after ex-
perimental hydronephrosis.9 In addition, apoptosis has
been implicated as the mechanism responsible for reduc-
ing cell number during the regression of parenchymal hy-
perplasia, which follows the withdrawal of liver mitogens
such as cyproterone acetate and lead nitrate,10'" for the
involution of biliary duct hyperplasia produced by ligation
of the bile duct or by administration of a-naphtyl isothiocy-
anate (ANIT),12 and for the regression of hyperplasia of
the pancreas after removal of a diet containing a trypsin
inhibitor.13

The kidney, like the liver, is an organ that possesses a
very slow mitotic capacity, but it can be stimulated to
grow under a variety of circumstances.14-17 Of various
proliferative stimuli, lead acetate and lead nitrate have
been shown to exert a strong mitogenic effect on rat renal
cells in the absence of any obvious sign of cell dam-
age.16- 8 Therefore, it was of interest to investigate the
fate of the excess cells generated by the mitogenic stimu-
lus induced by lead nitrate.

In the present study, light microscopic analysis of the
kidney at various times after lead nitrate administration
revealed the presence of many apoptotic bodies during
the regression of renal hyperplasia; no apoptotic bodies
were observed before the mitogenic event or at a time
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when the kidney had regained its original size. These find-
ings support the concept that apoptosis plays an impor-
tant role in reducing cell numbers after chemical-induced
organ hyperplasia.

Materials and Methods

Animals

Male Wistar rats (Charles River Laboratories, Milan, Italy)
weighing 200 to 220 g were fed a semisynthetic diet (Ditta
Piccioni, Brescia, Italy), and water ad libitum. Ether anes-
thesia was used during treatment of the animals and
when rats were killed.

Treatment of the Animals

Lead nitrate (Carlo Erba, Milan, Italy) dissolved in distilled
water was injected intravenously at a dose of 10 ,umol/
100 g body weight. Controls received distilled water only.
The animals were killed at 1, 2, 3, and 15 days after treat-
ment.

Determination of Renal DNA Content and
DNA Synthesis

After treatment with lead nitrate, rats were injected intra-
peritoneally with 30 ,uCi/100 g body weight of [3H]-thymi-
dine (New England Nuclear, Boston, MA, specific activity
20 Ci/mmol) at 24, 30, 36, 48, and 60 hours, and were
killed 12 hours after the last injection.

After killing, the tissue samples were homogenized in
6 volumes of 0.075 M NaCI-0.025 M EDTA, pH 7.6, and
precipitated in ice-cold 1 N perchloric acid (PCA). The pel-
let was washed three times with ice-cold 0.5N PCA and
extracted with 0.5N PCA at 70 C for 1 hour. Suitable ali-
quots of the supernatant were used for measurement of
radioactivity in a Beckman LS 1801 liquid scintillation
spectophotometer using Biofluor (New England Nuclear)
as solvent.

Total renal DNA content was quantitatively assayed by
Burton's diphenylamine method.19

Histologic Examination

After removal of the kidneys, small portions were immedi-
ately fixed in 10% formalin and embedded in paraffin; sec-
tions were then processed and stained with hematoxylin
and eosin (H&E); some sections were also stained with

Table 1. Effect ofa Single Dose ofLead Nitrate on [3H]-
Thymidine Incorporation Into Renal DNA

[3H]-Thymidine incorporation
Treatment* (cpm/Ag DNA)

Controls 12 ± it
Lead nitrate 103 ± 8

Lead nitrate was injected intravenously at a dose of 10 rmol/100 g
body wt. At 24, 30, 36, 48, and 60 hours after lead administration, [3H]-
Thymidine (sp. act. 20 Ci/mmole) was injected intraperitoneally at a dose
of 30 IACi/100 g body weight. The rats were killed 72 hours after treatment
with lead nitrate.

t Values are the mean ± SE of five rats.

the periodic-acid Schiff (PAS) technique, and with Feul-
gen's technique.

For autoradiographic studies, deparaffinized sections
were dipped in NTB 2 nuclear emulsion (Eastman Kodak,
Rochester, NY), exposed for 3 weeks at 4 C, developed
in Kodak D-19 developer, and fixed, washed, and stained
with H&E.

Quantitation of Apoptotic Bodies and
Mitotic Figures

The number of cells undergoing apoptosis or mitosis was
counted in 30 to 50 high power microscope fields by us-
ing paraffin sections of the renal cortex of control and
treated kidneys. The number of apoptotic bodies and mi-
toses was expressed as number per 1000 nuclei. Only
apoptotic bodies containing nuclear fragments were re-
corded.

Results

A single administration of lead nitrate caused a marked
stimulation of kidney DNA synthesis as shown by the
ninefold increase in the extent of labeled thymidine incor-
porated into DNA (Table 1); these results agree with those
of previous reports on the mitogenic effect of lead salts
on rat kidney.1618 Cells stimulated to proliferate by lead
treatment were present in proximal as well as distal tu-
bules, as shown by autoradiographic analysis (Figure 1).
The enhancement in DNA synthesis was accompanied
by an increase in renal weight and total renal DNA con-
tent, with the maximum increase occurring at 2 days after
treatment (+25% and +35% respectively) (see Table 2).
Regression of the kidney accompanied by a loss of ex-
cess DNA started as early as 3 days after treatment.

Histologic examination of kidney sections of rats killed
at various intervals during the first 24 hours after treatment
did not show any significant change. Tubular cells ap-
peared normal, and no necrosis or exfoliation of tubular
epithelial cells was detected.
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Figure 1. [31J-labeled cells in the kidney of
a rat killed 72 hours after a single dose of
10 Amol/lOOg body weight of lead nitrate
(H&E, original magnification X250).

At 48 hours, a marked increase in the mitotic index
was observed in the tubular epithelium, particularly in the
deeper layers of the cortex (Table 3). Occasionally, scat-
tered epithelial cells with condensed cytoplasm and mar-

ginated nuclear chromatin were observed in the tubular
epithelium. At this point, rare membrane-bounded vesi-
cles showing the typical aspect of apoptotic bodies were

also detected.
At 72 hours, a decrease in mitotic activity was ob-

served; on the other hand, concomitantly with a partial
loss of DNA, a striking increase in the number of cells
undergoing apoptosis (10.8 apoptotic bodies/1000 nuclei
versus 0.04/1000 of control kidney) was observed in the
tubular epithelium. Apoptotic bodies were scattered (one
per tubule), or appeared as clusters (Figure 2). In some
tubules, different aspects of apoptosis were observed, in-
cluding cell shrinkage with loss of contact with tubular ad-
jacent cells (Figure 3), cell fragmentation with apoptotic
bodies shed in the tubular lumen, and phagocytosis of
cell fragments, with or without nuclear remnants, by nor-

mal adjacent cells (Figure 4). Although apoptotic bodies

Table 2. Effect ofLead Nitrate on Kidney Growth
and Renal DNA Content

Relative liver weight DNA content
Treatment* (mg/100 g body weight) (mg/100 g body weight)

Controls 0.404 ± 0.01 1.05 ± 0.03
Lead nitrate

Day1 0.465±0.02t 1.18±0.06
Day 2 0.507 ± 0.01§ 1.42 ± 0.07t
Day 3 0.499 ± 0.01§ 1.30 ± 0.04f
Day15 0.410±0.02 1.15±0.04

* Lead nitrate was injected intravenously at a dose of 10 gmol/1 00 g

body weight. Controls received distilled water only. Values are means
SE of five to six animals per group.
t Significantly different from control, P < 0.025.
t Significantly different from control, P < 0.005.

§ Significantly different from control, P < 0.001.

were present in all the 72-hour samples, differences were
found not only in their incidence, but in their localization;
in fact, although in some animals most apoptotic bodies
were in the tubular lumen, in others, apoptotic bodies
were detected mainly within the cytoplasm of intact tubu-
lar cells.

After the 3rd day, the number of apoptotic bodies fell
rapidly, and no differences with the controls were ob-
served 15 days after treatment, a point when the renal
mass and total DNA content had regressed to normal val-
ues. No exudative inflammation or necrosis was found at
any time on examination. Glomeruli appeared unaffected.

Discussion

The present study found that renal hyperplasia, which fol-
lows the administration of lead nitrate, rapidly undergoes

Table 3. Incidence ofRenal Mitoses andApoptotic
Bodies at Different Times after Lead
Nitrate Administration

Mitoses/ Apoptotic bodies/
Treatment* 1000 nuclei 1000 nuclei

Controls 0.02 ± 0.01 0.04 ± 0.02
Lead nitrate

Day 1 0.02 ± 0.01 0.03 ± 0.02
Day 2 13.41 ± 3.43t 0.91 ± 0.15t
Day 3 1.26 ± 0.51§ 10.82 ± 4.57§
Day 15 0.08 ± 0.05 0.13 ± 0.10
* After lead administration, the animals were killed at the times shown.

Only apoptotic bodies with nuclear material were recorded. For each ani-
mal 30 to 50 microscope fields were scored. Seven to 9 rats per group
were used. Results are means ± SE.

t Significantly different from control, P < 0.001.
f Significantly different from control, P < 0.025.
§ Significantly different from control, P < 0.010.
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Figure 2. Cell deletion by apoptosis in the
tubular epithelium. Clusters of apoptotic
bodies (arrows) containing nuclear frag-
ments are shown. An apoptotic body is also
present in the tubular lumen (H&E, origi-
nal magnification X 1000).

involution; this study also revealed that the involution is
the result of the occurrence of cell deletion by apoptosis.

This particular type of cell death can be recognized by
specific morphologic changes, such as the occurrence of
membrane-bounded cytoplasmic vesicles (apoptotic
bodies) that often contain nuclear fragments, which fre-
quently can be found inside adjacent cells where they
undergo lysosomal digestion; in addition, apoptosis is of-
ten observed in the complete absence of the inflamma-
tory response that usually accompanies necrosis.1-3

In our study, several morphologic features of cells
dying by apoptosis were detected, despite that the "life-
span" of identifiable apoptotic bodies is considered to be
very short1; thus, dead or dying epithelial cells shed into
the lumens of unaffected tubules or lying within the cyto-
plasm of normal tubular cells were frequently seen during
the regression of lead-induced renal hyperplasia, similar

to that observed by others during renal tubular atrophy in
rat experimental hydronephrosis.9

The occurrence of apoptosis during the involution of re-
nal hyperplasia observed in the present study supports the
concept that apoptosis is a form of cell death that plays an
important regulatory role in many organisms and tissues: for
example, it accounts for cell deletion during normaLembryo-
genesis and metamorphosis,2-22 it is involved in the shrnk-
age of adult endocrine-dependent tissues after withdrawal
of trophic hormones,4'5 and it has been shown to contribute
to cell loss in neoplasms induced by radiation and cytotoxic
drugs.23'24 As far as the carcinogenic process is concerned,
apoptosis has also been found to occur in very early hepatic
preneoplastic lesions induced by chemical carcinogens10'25;
it is interesting to note that apoptotic bodies were found
more frequently in preneoplastic lesions than in the sur-
rounding normal liver.

Figure 3. Cell deletion by apoptosis in the
tubular epithelium. Proximal tubular epi-
thelial cell (large arrow) undergoing early

'' '_, apoptosis andfeaturing condensation and
3_sm' nuclear fragmentation. Other apoptotic

bodies shed in the lumen are also present
(small arrows) (H&E, original magniflca-
tion X 1000).
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Figure 4. An intracellular apoptotic body
with residual nuclear material is shown
(H&E, original magnification X 1000).

Recently, apoptosis has also been proposed as ac-
tively participating in the regression of liver hyperplasia
after withdrawal of two hepatic mitogens, cyproterone ac-
etate10 and lead nitrate.11 In these studies, the peak inci-
dence of apoptotic bodies occurred within 2 to 5 days
after cessation of administration of the mitogen. Of inter-
est, during the involution of lead nitrate-induced liver hy-
perplasia, no elevation in levels of serum glutamate pyru-
vate transaminase was observed"; this finding suggests
that, despite an extensive cell loss (50% of liver DNA was
eliminated in 12 days), leakage of such an enzyme may
not occur when hepatocyte death takes the form of
apoptosis. The possibility of discriminating hepatic necro-
sis from apoptosis on the basis of the levels of serum
transaminases is currently under investigation.

The active role played by apoptosis during regression
of hyperplasia was confirmed in other experimental
models.12'13 In these studies also deletion of the excess
cells was effected by apoptosis without any sign of in-
flammation or scarring.

Our results, which showed that cell death by apoptosis
occurs during the regression of lead nitrate-induced renal
hyperplasia, agree with the aforementioned findings sup-
porting the hypothesis that apoptosis plays an important
role in maintaining the homeostasis by regulating cell
numbers in tissues and organs.

That apoptotic bodies did not occur until the renal cells
had completed their replicative cycle strongly suggests
that the deletion of cells observed under our experimental
conditions is probably not the consequence of lead-in-
duced cell damage; in fact, cell death such as that in-
duced by administration of nephrotoxins is the cause and
not the consequence of cell proliferation.

In conclusion, the present study indicates that cell
death by apoptosis plays a crucial role in the regression
of renal hyperplasia, and supports the concept that this

type of cell death may be part of a regulatory mechanism
induced to restore the normal size of the organ.
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