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ABSTRACT

Huggins and Morii (J. Exp. Mod., 114: 741, 1961) reported that
massive adrenal necrosis occurs in 79 and 100% of female Sprague-

Dawley rats receiving 20 and 30 mg, respectively, of the mammary
carcinogen 7,12-dimethylbenz(a)anthracene (DMBA). Here, adrenal ne
crosis and regeneration were studied in 158 rats for up to 21 days post-

DMBA by radioautography of the adrenals of animals given 50 Â¿iCi
[3H]thymidine 30 min before sacrifice. Adrenal cell proliferation was

markedly inhibited 21 days post-DMBA. Regenerated adrenals were

more susceptible to this adrenocorticolytic effect. To investigate if alter
ations in adrenal function modify tumorigenesis, animals underwent ad-

renalectomies (ADX), hypophysectomies, ovariectomies, and pituitary
transplants alone or in combination 6 days after receiving DMBA (20
mg/100 g intragastrically) at 50 days of age. To prevent adrenal necrosis,
24 animals were pretreated with metyrapone. Methylprednisolone ace
tate, 1 mg Â¡.m.,was given to 40 animals every 5 days beginning 6 days
post-DMBA. There were 50 non-DMBA-treated intact and surgical

controls. DMBA was necessary but not sufficient to induce mammary
tumors. No tumors developed in controls or in 46 animals hypophysec-

tomized 6 days after DMBA. Metyrapone reduced tumor incidence and
yield. ADX after DMBA treatment increased the tumorigenic response
and eliminated resistance to tumorigenesis in older rats. Only three
tumors developed in DMBA-treated rats receiving methylprednisolone

acetate. Mammary tumorigenesis was increased by pituitary transplant
6 days after DMBA to intact and ADX animals. Ovariectomy 6 days
after DMBA was as effective as methylprednisolone acetate in preventing
tumorigenesis; ADX did not overcome either inhibition. We conclude that
adrenal hormones inhibit proliferation of initiated mammary cells.

INTRODUCTION

The following experiments began as an inquiry into the extent
of adrenal regeneration following DMBAMnduced necrosis in
Sprague-Dawley rats. Huggins and Morii (1) demonstrated that
adrenal apoplexy occurred 3 days following p.o. administration
of DMBA to 50-day-old female Sprague-Dawley rats. The
dosage causing death to one-half of the rats was 27 mg/ml. The
optimum dose for induction of adrenal necrosis was 30 mg (18
mg/lÃ»t)g body weight). At this dosage all animals survived and
developed adrenal hemorrhage and necrosis, while at the lower
dose of 20 mg (12 mg/100 g body weight), which had previously
been shown to be carcinogenic (2), 79% of the animals devel
oped adrenal necrosis. Interestingly, the extent of DMBA-
induced hemorrhage and necrosis was considerably less in ad
renal glands which had regenerated after enucleation (1). Since
DMBA-induced adrenal necrosis is followed by adrenal regen
eration beginning 6 or 7 days post-DMBA (1,3, 4), it was of
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interest to know if these regenerated adrenals were also resistant
to a second dose of DMBA. Secondly, Jensen et al. (5) dem
onstrated that 4 h after exposure to DMBA, incorporation of
[3H]thymidine by adrenals was reduced 56%, suggesting that

inhibition of DNA synthesis was a very early manifestation of
DMBA-induced damage in the adrenal. Pretreatment of ani
mals with drugs that protect adrenals from DMBA-induced
damage prevented inhibition of [3H]thymidine incorporation
into the acid-insoluble fraction of adrenals from DMBA-treated
rats (6). Although DNA synthesis in adrenals was inhibited 4-
20 h after DMBA, it was not known in what cell type or in
what zone of the adrenal DNA synthesis was inhibited, nor
were later stages of necrosis and regeneration examined.

The purpose of these studies initially was to determine if
there are persistent long-term abnormalities in adrenal physi
ology in female Sprague-Dawley rats given carcinogenic doses
of DMBA. To accomplish this, adrenal parenchymal and inter
stitial cell proliferation was studied 2-21 days after DMBA in
the 3 zones of the adrenal cortex by quantitation of cell labeling
by radioautography of adrenals from animals given [3H]thymi-

dine. Rather than sacrifice all animals, we removed adrenals
surgically for radioautographic studies. To our surprise, breast
tumors appeared early and grew rapidly in the adrenalectomized
survivors, prompting us to investigate further the role of the
adrenal and DMBA-induced adrenal necrosis in mammary
carcinogenesis initiated by this drug.

The purpose of the ensuing carcinogenesis studies was to
evaluate the role of alterations in adrenal function and corti-
costeroid level after exposure to an initiating dose of DMBA
upon tumor incidence, latency, and yield. While the effect of
hormones, such as prolactin, on the growth characteristics of
established DMBA-induced mammary tumors has been well
characterized (7), the role of hormones on the expansion of the
population of initiated cells to nodules has been neglected.

MATERIALS AND METHODS

Animals and Carcinogen. Female Sprague-Dawley CD rats were
obtained from Charles River Breeding Laboratories, Wilmington, MA.
DMBA (Eastman Organic Chemicals, Rochester, NY) was dissolved in
sesame oil (20 mg/ml) by gentle warming and 1 ml/100 g body weight
was administered i.g. (No. 9 French catheter) to animals that had been
deprived of food but not water for 5 h. The average total dose of DMBA
for 50-day-old rats was 32 mg. Animals were given 0.9% saline con
taining 6% glucose to drink for 6 days after DMBA treatment to
compensate for toxic effects of drug (decreased food consumption and
adrenal necrosis).

Radiological Studies of Adrenal Regeneration. To quantify cellular
proliferation in the adrenal, 50 animals were given DMBA (20 mg/100
g body weight) at 50 days of age. At intervals of 2, 3, 4, 6, 8, 14, and
21 days after DMBA, an average of 6 animals per group were given 50
fiCi [3H]thymidine (Schwarz Laboratories, Inc., Mt. Vernon, NY) s.c.

and were adrenalectomized 30 min later. Eighteen control animals
received [3H]thymidine at 50 or 60 days of age but no DMBA.

Adrenals from animals given [3Hjthymidine were fixed for 24 h in

neutral 10% formalin. After embedding in paraffin, 5 sections were cut
from each pair of adrenals at 5 ^m and mounted on 5 slides. Slides
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were deparaffinized, rehydrated, and dipped in NTB2 emulsion (East
man Kodak Co., Rochester, NY). Emulsion-coated slides were exposed
for 4 weeks in the Con-Rad/Joftes fluid emulsion autoradiography
system in a CO: atmosphere and a relative humidity below 15%. They
were developed using Kodak 19 developer (3 min), Kodak SBSa stop
bath (15 s), and Kodak acid fixer (twice clearing time). Solutions were
maintained at 18Â°Cthroughout development. Developed slides were

washed for 12 to 18 h, stained with hematoxylin and eosin, dehydrated,
and mounted in balsam.

The thymidine-labeling index was measured by counting 2500 cells
per zone of each adrenal of each rat (i.e., 500 cells per zone in each of
5 tissue sections) and was expressed as the mean number of labeled
cells per 100 x 100%. Cells which showed 5 or more silver granules
over the nucleus were considered to be labeled and in S phase. Only
viable cells away from necrotic areas were counted. The number of
labeled interstitial and parenchyma! cells was recorded. S phase is
considered a more accurate assessment of regeneration than mitotic
index.

Histopathological Studies of Adrenal Regeneration. To determine the
effect of age on susceptibility to DMBA-induced adrenal necrosis,
groups of 15 animals were given a single i.g. dose of DMBA (20 mg/
100 g body weight) at 50, 70, 78, or 106 days of age and were
adrenalectomized 6 days later. To determine if regenerated adrenal
cells respond differently to the adrenocorticolytic effect of DMBA,
animals (15 animals per group) were given two i.g. doses of DMBA (20
mg/100 g body weight), one at 50 days and one 28 or 56 days later.
Animals were adrenalectomized 6 days after the second dose.

Both adrenals were fixed in neutral 10% formalin and embedded in
paraffin. Sections were cut at 5 Â¿<mand stained with hematoxylin and
eosin. Sections were taken from the middle of each gland. All slides
were examined on a double blind basis. A modification of the classifi
cation of Wheatley et al. (8) was used to rate adrenal damage with 0
representing normal appearance, + representing slight damage (vascu
lar congestion and/or single cell necrosis, or the presence of hemor
rhage), ++ representing focal necrosis, +++ representing moderate
necrosis involving approximately 60% of the zona fasciculata and zona
reticularis, and ++++ representing severe necrosis involving more than
90% of the zona fasciculata and zona reticularis.

Carcinogenesis Treatment Groups. Groups in this experiment are
summarized in Table 1. Drug treatment groups (Table 1A) included
animals receiving carcinogen at 50 or 70 days of age; animals pretreated
with metyrapone (Metopirone; Ciba-Geigy Corp., Summit, NJ), 20 mg
i.p. at 12, 8, and 4 h before DMBA; and animals given methylpredni-
solone acetate (Depo-Medrol; Upjohn Co., Kalamazoo, MI), 2 mg i.m.
6 days post-DMBA and 1 mg i.m. every 5 days thereafter. Surgical
treatment groups (Table IB) included control animals which did not

Table 1 Tumor induction treatment groups

GroupA.

Drug treatmentgroups1
Untreated2

DMBA/50days3
Metyrapone + DMBA/50days4
DMBA/70days5
DMBA/50 days +Depo-MedrolB.

Surgical treatmentgroups6
Untreated +ADX7
Untreated +PitTr8
DMBA/50 days +ADX9

DMBA/70 days +ADX10
DMBA/50 days + ADX +Depo-Medrol11
DMBA/50 days +PitTr12
DM BA/50 days + PitTr +ADX13
DMBA/50 days + PitX +OVX14
DMBA/50 days + PitX +PitTr1

5 DM BA/50 days + OVX16
DMBA/50 days + OVX + ADXNo.

of
animals914

(a)"43

(b)24162032914

(a)30
(b)1220171822243933Mean

survival
(days)ISO67127131101111ISO8664110801017765200200142130

* (a) and (b) indicate different groups of rats receiving the specified treatment.

receive DMBA but which either were adrenalectomized or received a
pituitary transplant. Animals in other surgical treatment groups re
ceived DMBA at 50 or 70 days of age and underwent surgery 6 days
thereafter. Surgery was performed under ether anesthesia and animals
received 2.5 mg of hydrocortisone acetate s.c. and 200,000 units of
penicillin i.p. postoperatively. Surgical procedures included ADX, PitX,
OVX, and PitTr, alone or in combinations of two procedures. Hypo-
physectomy was by the parapharyngeal route. Pituitary transplant
animals received a single pituitary from a 56-day-old donor which was
transplanted to the subcapsular space of the left kidney.

Observation of Animals. All animals were housed at 26.5Â°Cand given

0.9% saline ad libitum as these conditions were required for survival of
adrenalectomized animals. Animals were palpated twice weekly begin
ning 4 weeks post-DMBA. When an animal developed numerous
nodules, or large, life-threatening nodules, it was killed. Animals in
some groups were killed as early as 65 days (see Table 1). Remaining
animals in tumor-bearing groups were sacrificed by 150 days. Hypophy-

sectomized animals were maintained for up to 200 days. Animals not
surviving 36 days post-DMBA were discounted from the tumor induc
tion results.

Necropsy and Histopathology. Animals were killed with ether and
autopsied. Visible nodules were dissected from the hide, measured, and
processed for histolÃ³gica! study (9). Those nodules that were located
on the hide at the site at which they were palpated during life were
recorded as appearing on the day first palpated. Small nodules found
at autopsy were recorded as on the day of sacrifice. All nodules in
tumor induction data consisted of benign and malignant mammary
lesions.

Statistical Evaluation. The significance of the difference in survival
and tumor latency, yield, and incidence between 4 groups of adrenal
ectomized animals and their littermate intact controls was by the two-
sided Student's t test for matched pairs.

RESULTS

DMBA Toxicity. Toxic effects of DMBA, including lethargy,
decreased food consumption, and diarrhea, were observed in all
animals. Mortality during 13 days following DMBA was 6 and
32% in animals receiving one and two doses of DMBA, respec
tively. At autopsy, punctate hemorrhages were found in the
skin, intestines, and lymph nodes. Microscopic examination of
the spleen indicated congestion and an increase in megakaryo-
cytes. Specimens of bone showed hyperemia, atrophy, fibrosis,
and depletion of the marrow.

Quantitation of Cellular Proliferation in the Adrenal by Auto-
radiography. In control adrenals receiving [3H]thymidine but

no DMBA, thymidine labeling indices were 0.96 Â±0.07 (SE),
1.34 Â±0.14, and 0.43 Â±0.04 for the zona glomerulosa, zona
fasciculata, and zona reticularis, respectively. Labeling was
similar in control animals given [3H]thymidine at 50 or 60 days
of age. When rats were given [3H]thymidine 2 or 3 days post-

DMBA, labeling of adrenal cells in the 3 zones of the adrenal
cortex was sharply reduced relative to untreated controls (Fig.
1). Since [3H]thymidine is incorporated exclusively in the DNA

of cells preparing for division (S phase cells), this observation
indicated a sharp reduction in adrenal cell proliferation at this
time. A distinct peak in proliferative activity was found in the
zona glomerulosa and the zona fasciculata 4-8 days after
DMBA (Fig. 1). Peak proliferative activity in the zona reticu
laris was 6-8 days post-DMBA. Data from individual adrenals

indicated that the greatest cell proliferation was in adrenal
zones adjacent to necrotic zones. The highest rate of cell pro
liferation was in the zona glomerulosa, where cell labeling was
235% of controls 4 days after DMBA (Fig. 1). Subsequently,
proliferative activity gradually diminished. By 21 days post-
DMBA, the thymidine labeling indices of the zona glomerulosa,
zona fasciculata, and zona reticularis were 32, 50, and 16% of
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Thymidine Labelling Index (% of Control)
300

200

100

2 3 4 6 8 14 21

Days Post DMBA
Fig. 1. Thymidine labeling index of adrenal cells following DMBA. Fifty rats

received DMBA (20 mg/100 g body weight i.g.) at SO days of age and SO ^( i
[3H)-thymidine i.p. 30 min before adrenalectomy. Eighteen control ("0 day")

animals did not receive DMBA. Adrenals were processed for radioautography as
described in "Materials and Methods." Cells having S or more grains over the

nucleus were considered labeled; 2500 cells/zone/adrenal were counted. Labeling
is expressed as percentage of control, f. zona glomerulosa; G. zona fasciculata;
a. zona reticularis.

Parenchymal Cell Labelling (% of Total)

100

Control 2 & 3 4, 6 & 8 14 & 21
Days Post DMBA

Fig. 2. Adrenal parenchyma! cell labeling following DMBA. Fifty female
Sprague-Dawley rats received DMBA (20 mg/100 g body weight i.g.) at 50 days
of age and SOÂ¿iCi[3H]thymidine i.p. 30 min before adrenalectomy. Animals were
adrenalectomized at 2, 3, 4, 6, 8, 14, or 21 days post-DMBA. Eighteen control
animals received [3H]thymidine but no DMBA. The percentages of the total

number of labeled cells (interstitial plus parenchyma!) that were parenchyma! are
given for the three stages of the adrenocortical response (inhibited, proliferative,
regenerated); see Fig. 1. ilk, zona glomerulosa; D. zona fasciculata; â€¢,zona
reticularis.

controls, respectively (Fig. 1). The reduction in cellular prolif
eration in the zona reticularis at 21 days post-DMBA to 16%
of control levels was consistent with the observation that this
zone is most frequently necrotic. In this series of 50 rats, the
incidence of necrosis was 7 of 50, 14 of 50, and 21 of 50 in the
zona glomerulosa, zona fasciculata, and zona reticularis, re
spectively.

Types of Proliferating Cells. Similar numbers of labeled in
terstitial cells were found in adrenals of DMBA-treated and
control animals. However, adrenal parenchyma! cell prolifera
tion was specifically reduced following DMBA (Fig. 2). The
percentage of the total number of labeled cells that were paren
chyma! in the 3 zones of the adrenal was reduced from 83.8%
in control animals to 45.6% in animals 2 and 3 days post-
DMBA. Inhibition of parenchymal cell proliferation was great
est in the zona fasciculata and least in the zona glomerulosa
(Fig. 2).

HistolÃ³gica! Studies of Adrenal Lesions. DMBA-induced ad
renal lesions were observed in animals adrenalectomized be
tween 2 and 21 days post-DMBA. Lesions ranged from vascular
congestion, single cell necrosis, and hemorrhage (+) to necrosis
involving more than 90% of the zona fasciculata and zona
reticularis (++++). Damage to the zona glomerulosa and ad
renal medulla was found primarily in adrenals with extensive

damage in the zona fasciculata and zona reticularis (i.e., +++
or ++++ damage). Lesions were similar bilaterally in 85% of
the animals.

Relation of Age and Prior Exposure to DMBA-induced Necro
sis. Adrenal damage occurred with decreasing severity as the
animals aged (Fig. 3). Incidences of necrosis involving 60-90%
of the zona fasciculata and zona reticularis (i.e., +++ and
++++ damage) were 30.4, 26.7, and 15% in animals given
DMBA at 50, 70, and 78 days, respectively. Animals given a
single dose of DMBA at 106 days of age had no evidence of
adrenal damage (Fig. 3).

Regenerated adrenals were more sensitive to a second dose
of DMBA. Following a second dose of DMBA, new damage
was indicated by cell necrosis and fresh hemorrhage while prior
damage was seen as hemosiderin (old hemorrhage), dystrophic
calcificai Â¡on.and fibrosis. Evidence of prior damage was found
in 50% of the animals given DMBA at 50 days and challenged
with a second dose 28 or 56 days later. When a single dose of
DMBA was given at 78 days of age, 15% of the adrenals had
+++ and ++++ damage, but when a second dose was given at
78 days, 48% of the adrenals had this extent of damage (Fig.
3). Only 33% were undamaged when a second dose of DMBA
was given at 106 days of age. Since animals given a second dose
of DMBA had greater adrenal damage than animals given a
single dose at either 78 or 106 days, long-term persistence of
adrenal damage in DMBA-treated animals was indicated.

Histopathology of Adrenals in Tumor-bearing Rats. Adrenals
from some intact DMBA-treated rats were examined histolog-
ically after termination of the experiment. Of these, 32 of 36
adrenals (89%) had evidence of prior damage. Abnormalities
observed included disarray of architecture, cyst formation, focal
hyperplasia, fibrosis, and dystrophic calcification.

Effect of Adrenal Function on the Incidence, Latency, and
Yield of Mammary Tumors Induced by DMBA. Control intact
and control adrenalectomized animals did not develop mam
mary tumors. Tumor incidence in intact animals given DMBA
at 50 days of age was 81% (Fig. 4A) (mean survival, 127 days)
and 75% in intact animals given DMBA at 70 days (Fig. 4B)
(mean survival, 101 days). Adrenalectomy increased incidence
to 84% in animals receiving DMBA at 50 days (mean survival,
110 days) and 92% in animals receiving DMBA at 70 days (Fig.
4, A and B) (mean survival, 80 days). In animals pretreated with
doses of metyrapone known to prevent adrenal necrosis, tumor

% Incidence Severe Adrenal Necrosis

50

50 78 106

Age Given DMBA (Days)
Fig. 3. Effect of age and prior exposure on adrenal necrosis. Groups of l 5

female Sprague-Dawley rats received DMBA (20 mg/100 g body weight i.g.) at
50, 70. 78, and 106 days of age and adrenalectomized 6 days later. Groups of IS
animals that were given a single dose of DMBA at 50 days of age were challenged
28 and 56 days later (at 78 and 106 days of age) with a second similar dose of
DMBA and adrenalectomized 6 days later. Adrenal damage was evaluated as
described in "Materials and Methods." The graph indicates the percentage of

animals in these groups having necrosis involving more than 60% of the zona
reticularis and zona fasciculata. ili, 1 exposure; O. 2 exposures.
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B
% Incidence

87 107

Days Post DMBA
147 45 65 85 105

Days Post DMBA

115

t Ã¼iffiÃ¼i
Intact ADX Metyrapone Old Intact Old ADX Int + D.M ADX . D.M.

Â«le lÃ«fÃ«HfÃ¯uÃ®
Intact ADX Metyrapone Old Intact Old ADX mi t D.M. ADX + D.M

Fig. 4. I. effect of alteration in adrenal function on tumor incidence and latency. Intact animals were given DMBA (20 mg/100 g body weight i.g.) at SO days of
age and no further treatment. Metyrapone animals were given metyrapone, 20 mg i.p. at 12, 8, and 4 h before DMBA. ADX animals were given DMBA and
adrenalectomized 6 days later. Animals were palpated twice weekly beginning 4 weeks after DMBA. All nodules were determined to be proliferative mammary tissue
by histopathological examination, iti. metyrapone; D. intact; B. ADX. B, enhancement of tumor incidence in older rats by adrenalectomy. Treatment was as in Fig.
\A; however, animals were given carcinogen at 70 days of age. e. intact; W, ADX. C, effect of adrenal function on tumor yield. Tumor yield in animals given DMBA
at 50 days of age (see Fig. \A) or 70 days of age (see Fig. \B) compared to animals given DMBA at 50 days of age and subsequently treated with methylprednisolone
acetate (D.M.), 2 mg i.m. at 6 days post-DMBA and 1 mg i.m. every 5 days thereafter. Mean survival post-DMHA was 112 days. Ini, intact. D, [ball's carcinogenic
index and adrenal function. Iball's carcinogenic index was calculated as

where X is the number of tumor-bearing animals, V is the number of animals alive at time of first tumor, and /, is the mean latency to the first tumor in each rat.
Treatment groups are those described above. Mean survival post-DMBA was 112 days.

incidence was reduced to 62% (Fig. 4A) (mean survival, 131
days).

The average number of days to the first tumor in intact,
ADX, and metyrapone-treated animals given DMBA at 50 days
of age was 83, 64, and 89 days, respectively. In rats receiving
DMBA at 70 days of age, the average number of days to the
first tumor was 85 for intact animals and 58 for ADX animals.
Thus appearance of the first tumor was on the average 3 weeks
sooner in ADX animals of both age groups. Tumors grew
rapidly necessitating sacrifice of ADX animals before intact or
metyrapone-treated animals. The average latent period of all
tumors in ADX rats was 79 days and those in intact and
metyrapone-treated rats was 94 days.

ADX rats bore a higher average number of tumors per rat
than those in intact or metyrapone-treated animals (Fig. 4C)
even though their mean survival was 2.5-3 weeks shorter. ADX
animals had 4.0 tumors/rat and metyrapone-treated animals
had 1.4 tumors/rat. Intact rats given DMBA at 70 days of age
had fewer tumors per rat compared to 50-day-old animals (1.3
versus 3.3). Adrenalectomy of animals given DMBA at 70 days
of age increased tumor incidence to 92% (from 75%) and tripled
tumor yield to 3.9 tumors/rat, despite a 3-week shorter survival.
Using Iball's carcinogenic index

Iball's index = â€” x 100
NL

where X is the number of animals with tumors, N is the number
of animals alive at the time of the first tumor, and L is the

mean latent period of the first tumor) as an indicator of carcin-
ogenicity, adrenalectomy increased the carcinogenicity of
DMBA while protection of the adrenal glands from the adre-
nocorticolytic effects of DMBA decreased the carcinogenicity
of this compound (Fig. 4D).

Effect of Excess Prolactin on the Incidence, Latency, and Yield
of DMBA-initiated Tumors. A single pituitary transplanted to
the renal capsule secretes prolactin exclusively. Breast tissue of
control animals receiving a pituitary transplant but no carcin
ogen becomes markedly thickened but develops no tumors. At
autopsy, the transplant can be seen as an opaque area, usually
3 mm in diameter, at the lower pole of the left kidney. Micro
scopic investigation of the transplant site shows viable pituitary
cells, lymphocytes, and necrosis in proportions which vary from
animal to animal.

A large percentage of DMBA-treated animals bearing pitui
tary transplants developed numerous or large, life-threatening
nodules soon after DMBA treatment, necessitating sacrifice of
survivors of these two groups (ADX + PitTr) and (intact +
PitTr) by 85 days postcarcinogen. Mean survival was 77 days
for intact + PitTr animals and 65 days for ADX + PitTr
animals. Since the survival of animals receiving a pituitary
transplant was significantly reduced relative to the intact or
ADX animals described in Fig. 4, they were compared to a
second experiment in which groups of animals were given
DMBA at 50 days of age and were subsequently left intact or
adrenalectomized 6 days after DMBA treatment and sacrificed
by 77 days post-DMBA. The mean survival in this group was
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67 and 64 days for intact and ADX animals, respectively.
Tumor incidence was 89% in ADX + PitTr, 82% in intact +
PitTr, 79% in ADX, and 62% in intact animals (Fig. 5/1). Mean
day to the first tumor was 44 days in ADX + PitTr, 54 in intact
+ PitTr, 51 in ADX, and 60 in intact animals. In this second
experiment, which was terminated by 77 days, adrenalectomy
6 days after DMBA shortened the latency of the first tumor by
2 weeks and increased tumor incidence from 62% to 79%. The
enhancement of the carcinogenic response caused by a single
pituitary transplant given to intact animals 6 days after an
initiating dose of DMBA was approximately equivalent to the
enhancement caused by adrenalectomy 6 days after DMBA.
Adrenalectomy further enhanced the effect of increased prolac-

tin levels resulting from a single pituitary transplant. The mean
number of tumors per animal was 3.8 in ADX + PitTr, 2.4 in
intact + PitTr, and 1.7 in intact animals (Fig. 55). (ball's

carcinogenic index was twice that of intact animals when ani
mals both were adrenalectomized and received a pituitary trans
plant (Fig. 6).

In summary, when 4 separate experiments comparing tumor-

igenesis in intact animals with those adrenalectomized 6 days
post-DMBA were evaluated statistically, significant differences
(P sÃ0.05) were found between ADX animals and their litter-

mate, intact controls. While mean survival was significantly
longer in intact groups (93 Â±13 days versus 80 Â±11 days),
tumor incidence (86 Â±3% versus 75 Â±5%) and tumor yield
(3.6 Â±0.3 tumors/rat versus 2.2 Â±0.4 tumors/rat) were signif-

Iball's Index

3

65

Days Post DMBA

B
Mean # Tumors/Rat
4

Intact ADX Int + PitTr ADX + PitTr
Treatment Groups

Fig. 5. A, effect of pituitary transplant and adrenalectomy on tumor incidence.
DMBA (20 mg/100 g body weight i.g.) was given at 50 days of age to animals
deprived of food but not water for 5 li. Intact animals received no further
treatment. ADX animals were adrenalectomized 6 days after receiving DMBA.
Intact + PitTr animals were intact (Ini) animals that had a single pituitary from
a 56-day-old donor transplanted to the subcapsular space of the left kidney 6 days
post-DMBA. ADX + PitTr animals received a similar pituitary transplant at 6
days post-DMBA and were adrenalectomized at the same time. Animals were
palpated twice weekly beginning 4 weeks post-DMBA. Because of numerous
tumors in some treatment groups, the experiment was terminated by 85 days (see
text). All nodules were determined to be proliferative mammary tissue by histo-
pathological examination, Ã«,intact; D. ADX; B. Int + PitTr; El, ADX -I-PitTR.
B, effect of pituitary transplant and adrenalectomy on tumor yield. The mean
number of tumors per animal in treatment groups described in Fig. Ã•A.Mean
survival was 69 days post-DMBA.

ADX Int + PitTr ADX + PitTr

Treatment Groups

OVX OVX + ADX

Fig. 6. Effect of pituitary transplant and ovariectomy on Â¡ball'sindex. Intact

(Int), ADX, intact + PitTr, and ADX + PitTr were those groups described in
Fig. 2. Mean survival of all animals in these groups was 69 days post-DMBA.
OVX animals were given DMBA at 50 days of age and ovariectomized 6 days
later. OVX-ADX animals were adrenalectomized and ovariectomized 6 days after
DMBA. Mean survival of these groups of animals was 131 days post-DMBA.
Data are expressed as described in Fig. 4 legend.

icantly higher, and tumor latency (63 Â±6 days versus 76 Â±8
days) was significantly shorter in ADX groups.

Effect of Excess ( 'ort Â¡costernition Mammary Tumorigenesis.

The carcinogenicity of DMBA was greatly reduced in the pres
ence of excess corticosteroid. Methylprednisolone acetate, 2
mg i.m. 6 days post-DMBA and 1 mg i.m. every 5 days

thereafter, reduced tumor incidence to 10% in intact animals
(mean survival, 111 days) and 5% in ADX animals (mean
survival, 101 days). Only 3 tumors were induced in 40 animals
receiving methylprednisolone acetate during the promotion
phase of DMBA carcinogenesis. In contrast, intact animals
with a mean survival of 67 days post-DMBA had a 62% tumor
incidence with 1.6 tumors/rat; ADX rats with a mean survival
of 64 days post-DMBA had 79% tumor incidence with 2.6
tumors/rat; intact + PitTr rats with a mean survival of 77 days
had 82% tumor incidence with 2.4 tumors/rat; ADX + PitTr
rats with a mean survival of 65 days had 89% tumor incidence
with 3.8 tumors/rat; rats given DMBA at 70 days with a mean
survival of 101 days had a tumor incidence of 75% with 1.3
tumors/rat, and animals given DMBA at 70 days and adrenal
ectomized with a mean survival of 80 days had 3.9 tumors/rat,
(bull's carcinogenic indices for intact and adrenalectomized

animals receiving methylprednisolone acetate during the pro
motion phase of DMBA carcinogenesis were 0.14 and 0.13,
respectively (Fig. 4D).

Effect of Ovariectomy and Hypophysectomy during the Pro
motion Phase on DMBA-initiated Tumorigenesis. Seventy-two
animals were ovariectomized or adrenalectomized and ovari
ectomized 6 days after receiving initiating doses of DMBA and
were permitted to live up to 152 days post-DMBA. Ovariectomy

reduced tumor incidence to 15% (mean survival, 142 days) and
adrenalectomy did not overcome the inhibitory effect of ovar
iectomy. Tumor incidence was 12% (mean survival, 130 days)
in ADX-OVX animals. IbalFs indices were 0.14 and 0.12 for
OVX and ADX-OVX animals, respectively (Fig. 6).

Twenty-two animals were hypophysectomized and ovariec
tomized 6 days after receiving DMBA and permitted to live for
up to 200 days post-DMBA. No tumors were found in this
group. Prolactin did not overcome the inhibitory effect of
hypophysectomy inasmuch as only one tumor (a benign prolif
erative lesion) was found at 192 days after DMBA (i.e., long
after all other experimental animals had been sacrificed) in 24
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PitX animals that received a single pituitary transplant to the
renal capsule.

DISCUSSION

In these experiments, radioautography permitted identifica
tion of the cell type and adrenal zones in which DNA synthesis
was specifically inhibited following exposure to DMBA. Ra-
dioautographic evidence demonstrated that the proliferative
response of adrenocortical cells can be divided into three stages
(Fig. 1). DNA synthesis (S phase), as measured by incorporation
of [3H]thymidine, was minimal 2 and 3 days post-DMBA.

Inhibition was greatest in adrenal parenchymal cells of the zona
fasciculata and zona reticularis. A proliferative phase occurred
between 4 and 8 days post-DMBA. Consistent with the histo
lÃ³gica!evidence that adrenals appeared to regenerate from the
zona glomerulosa, labeling was heaviest in this adrenal zone 4
days after DMBA (Fig. 1). These observations can be correlated
with studies of adrenocortical cellular proliferation following
enucleation which demonstrated a peak in proliferative activity
3-7 days postenucleation (10,11). There is a striking difference
in regenerative ability following DMBA compared to that fol
lowing enucleation. DNA synthesis returns to control levels by
20 days after enucleation (10), while adrenocortical cellular
proliferation in incompletely regenerated adrenals 14 and 21
days post-DMBA is inhibited in all zones relative to controls.

The specific inhibition of adrenal parenchymal cell prolifer
ation noted in these studies suggests that the pathogenesis of
DMBA-induced adrenal necrosis was the result of a direct
cytotoxic effect on adrenocortical cells rather than a secondary
effect caused by systemic vascular damage. Even in the least
frequently hemorrhagic area of the adrenal, the zona glomeru
losa, cellular proliferation 2 days post-DMBA was 13.5% of
controls.

Radioautographic and histolÃ³gica! studies of adrenal regen
eration following DMBA-induced damage, reported here, sug
gest long-term abnormalities in adrenal function following ex
posure to DMBA. Adrenocortical cellular proliferation was 50-
16% of controls in the 3 zones of regenerated adrenals 21 days
after DMBA treatment. In contrast to adrenals regenerated
after enucleation which were less susceptible to the adrenocor-
ticolytic effect of DMBA (1), adrenals in animals with DMBA-
induced damage had increased susceptibility relative to age-
paired controls suggesting incomplete regeneration. Twenty-
eight and 56 days after the initial DMBA treatment, suscepti
bility to DMBA-induced adrenal damage was increased. The
latent period for DMBA-initiated mammary tumors in female
Sprague-Dawley rats can be as short as 28 days and in this
experiment palpable tumor incidence was 23%, 56 days after
DMBA treatment. Evidence of prior damage was found in 89%
of the adrenals examined from intact tumor-bearing rats. These
adrenal alterations could modify the carcinogenic response of
Sprague-Dawley rats to DMBA.

The importance of persistent adrenal abnormalities in
DMBA mammary tumorigenesis was suggested by Helfenstein
and Young (12) who demonstrated that prevention of adrenal
necrosis with metyrapone resulted in lower mammary tumor
yield in Sprague-Dawley rats given DMBA at 50 days of age.
In the present experiment, we have confirmed the results of
Helfenstein and Young (Fig. 4C) and have also found that
tumor incidence was reduced to 62% from 81% by pretreatment
of rats with metyrapone (Fig. 4A). Since metyrapone was given
prior to DMBA, the effect of the drug could be on the initiation
stage of DMBA carcinogenesis rather than on the promotion

stage by preventing adrenal necrosis. Greiner et al. (13) have
reported that aryl hydrocarbon hydroxylase, a microsomal en
zyme that converts polycyclic aromatic hydrocarbons such as
DMBA to carcinogenic derivatives, is inhibited 22% in mam
mary epithelial cells treated with metyrapone. However, our
results with animals adrenalectomized after receiving an initi
ating dose of DMBA argue for adrenal damage as a factor in
the tumorigenic response to DMBA. In making the "transitory
adrenalectomy" permanent by surgical ablation of the adrenals

after DMBA initiation, a statistically significant increased tu
morigenic response to DMBA, as indicated by a greater tumor
incidence and increased number of tumors with a shorter la
tency, was induced in 4 separate groups of rats: animals given
DMBA at 50 days and sacrificed either 2 or 4 months later;
animals given DMBA at 70 days; and animals given DMBA +
PitTr. Although most ADX animals survived 2-3 weeks less
than their intact counterparts, 74 ADX animals developed 272
tumors, while 90 intact animals developed 225 tumors. Adre
nalectomy following administration of DMBA to older rats
eliminated the age-related resistance to mammary tumorigen
esis described by Huggins et al. (T) and Dao (14). This is of
interest because it has been shown that at 50 days of age when
Sprague-Dawley rats are most susceptible to carcinogenesis,
the adrenal pituitary axis is functionally immature (4). Altera
tions in the histolÃ³gica! pattern of tumors induced were also
found (9).

Adrenalectomy of female rats has been shown to result in
increased prolactin secretion and inhibition of mammary
growth, differentiation, and milk secretion (15, 16). Although
the effect of adrenalectomy on the promotion stage of DMBA
mammary carcinogenesis had not been determined, adrenalec
tomy after tumors appeared resulted in an increased rate of
mammary tumor growth in DMBA-treated rats (17, 18). Chen
et al. (17) correlated the increased rate of tumor growth follow
ing adrenalectomy with increased blood levels of prolactin and
found that hydrocortisone prevented both adrenalectomy-in-
duced increase in tumor growth and prolactin release. Ayl-
sworth et al. (18) reported that adrenalectomy of lactating
tumor-bearing rats prevented postpartum regression of DMBA-
initiated tumors. This observation suggested to these authors
that the adrenals inhibit mammary tumor growth during post
partum lactation in the rat. In the present experiment, adrenal
ectomy acted synergistically with prolactin secreted by a pitui
tary transplant to increase tumor yield and incidence and de
crease tumor latency. This suggests that in the absence of the
adrenals, fewer initiated mammary cells differentiate and in
stead remain in a proliferative pool susceptible to the well
known proliferative effect of prolactin (19).

A direct effect of corticosteroids on glandular differentiation
of mammary epithelium has been seen in vitro. Organ cultures
of DMBA-initiated mammary tumors have both decreased
DNA synthesis and increased differentiation in the presence of
hydrocortisone (20). In in vivo experiments, the synthetic cor-
ticosteroid, dexamethasone, has been shown to induce regres
sion of DMBA-initiated mammary tumors in rats, even in the
presence of elevated levels of prolactin (21). In the present
experiment, we find a near total inhibition of mammary tumor
igenesis in both intact and adrenalectomized animals by meth-
ylprednisolone acetate during the promotion stage of mammary
tumorigenesis. While 40 methylprednisolone acetate-treated
rats with a mean survival of 101 and 111 days developed a total
of 3 tumors, 91 animals in other treatment groups having a
mean survival of 101 days or less developed 245 tumors. This
is consistent with a direct inhibitory action of corticosteroids
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on proliferation of initiated cells in the mammary gland, pos
sibly by promoting differentiation of initiated cells. This finding
may be of significance for the human disease insofar as corti-
costeroids have been used with some efficacy clinically in treat
ment of advanced breast cancer patients (22). Moreover, glu-
cocorticoids inhibit the growth of human breast cancer cells in
culture (23).

Ovarian hormones and prolactin have been shown to be
essential for the development of mammary tumors (7, 24).
Although the promoting effect of increased levels of prolactin
subsequent to carcinogen exposure but prior to appearance of
DMBA-initiated mammary tumors has not been studied di
rectly before, hyperprolactemia has been associated with in
creased incidence of spontaneous mammary tumors in Sprague-
Dawley rats (25). The dependency of DMBA-initiated tumor
development upon ovarian hormones was demonstrated 25
years ago by Dao (24), who found that removal of the ovaries
after DMBA sharply reduced tumor incidence and that subse
quent ovarian grafts could partially reverse the inhibition. Our
results have confirmed this finding, insofar as rats ovariecto-
mized 6 days after DMBA had a 15% tumor incidence.

The present results lead us to conclude that in addition to
estrogen and prolactin, the level of adrenal hormones during
the promotion phase of DMBA-initiated mammary tumorigen-
esis can regulate the carcinogenicity of the drug. In contrast to
estrogen and prolactin, adrenal hormones exert "down-regula
tory" effects; i.e., DMBA-initiated tumorigenesis could be
nearly abolished with the synthetic corticosteroid methylpred-
nisolone acetate beginning 6 days after DMBA treatment.

In experiments reported here, DMBA was necessary but not
sufficient to cause breast tumors in female Sprague-Dawley
rats. Control rats not receiving DMBA, including 9 intact, 32
ADX, and 9 PitTr animals, did not develop tumors. Twenty-
two animals receiving DMBA, 20 mg/100 g body weight, at 50
days of age and PitX + OVX 6 days later did not develop
tumors. Twenty-four DMBA-treated rats that were hypophy-
sectomized and given a pituitary transplant 6 days later also
did not develop tumors during the 150 days of the experiment.
While ovarian and adrenal hormones and prolactin modify the
tumorigenic response to DMBA, large doses of DMBA are not
carcinogenic in the absence of the pituitary. These results
indicate that expansion of the population of initiated cells to
nodules is regulated epigenetically.

We conclude from the study of mammary tumorigenesis in
the absence or excess of corticosteroids that the expansion of
the population of DMBA-initiated cells into mammary nodules
is regulated by adrenal function and hormones. A 15-fold
difference in Iball's carcinogenic index (a number reflecting

tumor incidence and mean latency to first tumor) was found in
groups of tumor-bearing rats receiving the same dose of DMBA
at 50 days of age and subjected to hormonal manipulation 6
days post-DMBA. In these groups of rats, tumor yield ranged
from 4.0 tumors/animal in adrenalectomized rats to 0.05 tu
mors/animal in adrenalectomized rats receiving methylpredni-
solone acetate. However, neither the inhibition of glandular
differentiation nor the increase in circulating prolactin levels,
resulting from adrenalectomy of female rats, reverse the pro
found inhibition of mammary tumorigenesis resulting from
ovariectomy.
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