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ABSTRACT

Carcinomas of the rat prostate induced by a single injection of N-
methyl-N-nitrosourea, 7,12-dimethylbenz(a)anthracene, and 3,2’-di-
methyl-4-aminobiphenyl, after sequential treatment with cyproterone
acetate and testosterone propionate, were evaluated as potential animal
models for prostatic cancer. All ten carcinomas examined were located
in the dorsolateral prostate region and did not involve the distal parts of
the seminal vesicles and coagulating glands. The incidence of urinary
obstruction leading to the animals’ death was 6 of 10 rats, and metastases
in the lung, abdominal lymph nodes, and/or liver also occurred in 6 of 10
rats. The tumors were invasive adenocarcinomas, showing frequent peri-
neural invasion and a variable degree of differentiation. There were
ultrastructural similarities with human prostatic carcinomas, such as
intracellular lumina. Plasma acid phosphatase was increased. Enzyme
histochemical analysis revealed similarities with the Dunning R3327H
and -HI prostatic carcinomas but was not helpful in determining the site
of origin of the tumors. The gross and microscopic appearance of the
tumors and the observation of preneoplastic lesions exclusively located
in the dorsolateral prostate suggest this lobe as site of origin of the
carcinomas. Preneoplastic lesions (7 = 9) included atypical hyperplasias
(n = 5) and lesions with all histological characteristics of carcinoma
except for local invasion and metastases, which were classified as carci-
noma in situ (n = 4). Although androgen sensitivity could not be assessed,
the observed characteristics of the tumors [their long latency time (46—
80 weeks), the presence of prencoplastic lesions, and the short duration
of the treatment, leaving the animals intact] all indicate that the present
approach is a valid animal model for the study of prostatic carcinogenesis.

INTRODUCTION

Animal model systems of carcinogenesis can greatly contrib-
ute to our understanding of human carcinogenesis. Using such
models, carcinogenic agents can be identified, factors that mod-
ify the carcinogenic process can be studied under controlled
conditions, and the mechanism of action of these agents and
modifying factors can be addressed. It is of utmost importance
that such models of carcinogenesis be well characterized and
resemble their human counterparts in such key features as
morphology and histogenesis, latency time and growth rate,
and biological behavior.

Desired properties of animal models for the study of biology
and therapy of prostatic cancer have been discussed by Coffey
and Isaacs (1). The requirements of a model for the study of
the genesis of prostatic cancer, however, have not been well
defined in the literature. Based on the generalized properties of
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human prostatic cancer summarized by others (1-4) and on
what is known about the etiology and pathogenesis of this
neoplastic disease (5, 6), we have derived the following require-
ments for a rodent model for prostatic carcinogenesis: The
adenocarcinomas should originate exclusively from the dorso-
lateral prostate,® because that part of the rodent prostate is
most likely homologous to the region of the prostate from
which prostatic cancer originates in man (8-11), as pointed out
elsewhere (5, 12). The great majority of human carcinomas are
androgen sensitive and respond to hormonal (estrogen) therapy
followed by relapse to a hormone-insensitive state. This feature
should also be a hallmark of an appropriate animal model.
Biochemical characteristics of the carcinomas should be com-
parable to those of the human tumor, e.g., the presence of
androgen-metabolizing enzymes and androgen receptors. The
slow growth rate and the pattern of metastatic spread to lymph
nodes, lung, liver, and bone, characteristic of human prostatic
cancer, should be features of such a model. Although a slow
growth rate leading to long latency times is usually regarded as
a disadvantage for practical animal models for carcinogenesis,
a model system for rapid induction of prostate carcinomas
would compare unfavorably with the human situation. Two
typical characteristics of advanced human prostate cancer, i.e.,
elevation of serum acid phosphatase and urinary obstruction,
should also occur. There is a great diversity in several of these
properties of human prostatic cancer, particularly in the degree
of histological differentiation, the pattern of progression and,
to a lesser degree, hormone sensitivity. An appropriate animal
model should mimic this diversity. Because of the central im-
portance of androgen sensitivity for many of the human pros-
tatic carcinomas, it is essential for a prostatic cancer model that
the tumors can be induced in intact animals, i.e., animals that
are not castrated or otherwise hormonally manipulated. Envi-
ronmental factors affecting the progression from early nonin-
vasive, so-called latent carcinoma to invasively growing adeno-
carcinomas are probably critical determinants of human pros-
tatic cancer risk (5). It is, therefore, highly desirable that early
stages of prostatic carcinogenesis be identifiable in an animal
model and that induction is possible with a single or short-term
exposure to a carcinogenic treatment, so that aspects of pro-
motion and progression can be studied.

In a companion paper (12), we describe the chemical induc-
tion of carcinomas and preneoplastic lesions in the rat prostate,
using an approach that may provide a useful animal model to
study prostatic carcinogenesis. The purpose of this paper is to
describe in detail morphological and biological characteristics
of these carcinomas and preneoplastic lesions. Furthermore, to
aid in determining the accessory sex gland site of origin of the
induced carcinomas, their enzyme histochemical properties
were compared to those of normal rat accessory sex glands and

3 Nomenclature of the male accessory sex glands is according to the system of
Jesik et al. (7).
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CHARACTERIZATION OF CHEMICALLY INDUCED RAT PROSTATE CARCINOMAS

of the transplantable Dunning R3327H and R3327HI prostate
carcinomas which are of proven dorsolateral prostate origin
(13, 14). These two carcinoma lines were also used as positive
controls for determining elevation of plasma acid phosphatase
by the induced prostate carcinomas.

MATERIALS AND METHODS

Source of Tissue and Histological Procedures. The dorsolateral pros-
tate adenocarcinomas and preneoplastic lesions that are discussed here
were obtained from animals killed when moribund in the induction
experiments described in a companion paper (12), as is summarized in
Table 2. In these experiments, the carcinogens MNU,* DMBA, and
DMABP were administered by a single injection during stimulation of
prostatic cell proliferation by sequential treatment with cyproterone
acetate and testosterone propionate. These procedures are described in
detail in the companion paper (12). Necropsy procedures, fixation,
tissue trimming, and histological methods used have also been detailed
in this companion paper (12). For ultrastructural analysis, 3-5 mm?
pieces of tumor tissue were fixed in 3% glutaraldehyde solution in 0.1
0 sodium cacodylate (pH 7.2) at 4°C for 17 h and stored in 0.1 M
sodium cacodylate buffer at 4°C until further processing. Postfixation
was carried out in a 4% osmium tetraoxide solution in 0.1 M sodium
cacodylate for 17 h. After dehydration, the tissue pieces were embedded
in glycid ether-Araldite. Semithin sections were stained with methylene
blue. Ultrathin sections were contrasted with uranyl acetate and lead
citrate and examined using a Philips EM 201 G at 50 kV.

Plasma Acid Phosphatase. From 9 animals with macroscopically
visible prostate tumors, blood was collected in heparinized tubes by
cannulating the abdominal aorta while the animals were under ether
anesthesia. Plasma was obtained by centrifugation (2000 X g), using
Sure Sep (Organon Technika, Charlotte, NC), and stored at —20°C
until assayed. Plasma acid phosphatase activity was determined accord-
ing to Seiler and Nagel (15), using a-naphthyl phosphate as substrate.
The tartrate-inhibitable fraction was calculated by subtracting the en-
zyme activity obtained in the presence of 0.0135 M L(+)-tartrate from
the total activity.

Enzyme Histochemistry. From a number of dorsolateral prostatic
tumors a representative, small piece (approximately 0.5 cm®) was sam-
pled for enzyme histochemistry, frozen in isopentane over liquid nitro-
gen, and stored at —80°C. Pieces of the Dunning R3327H and R3327H1
tumors and of normal accessory sex glands of untreated young adult
male Cpb:WU rats were sampled in the same manner for comparative
studies. Ten-um-thick cryostat sections were prepared and histochem-
ical reactions for the following enzymes were carried out, using appro-
priate positive control tissues and inhibitors (16): GGT according to
Rutenberg et al. (17); isopropyl alcohol dehydrogenase using the pro-
cedure of Hardonk (18); acid phosphatase by the lead nitrate method
of Gomori with g-glycerophosphate as substrate (16); glucose-6-phos-
phatase as described by Wachstein and Meisel (19); succinic dehydrog-
enase by the procedure of Nachlas et al. (20); alkaline phosphatase
using Burstone’s method with naphthol AS-BI as substrate (21); LAP
according to the procedure of Nachlas er al (22); and 5’-nucleotidase
by the method of Wachstein and Meisel (23). This panel of enzyme
histochemical assays was selected to aid in determining the site of
origin of the carcinomas, because these provide the greatest possible
discrimination in histochemical (see Ref. 13) and biochemical (see Ref.
14) characteristics among the rat ventral, lateral, and dorsal prostate
lobes. Staining intensity was scored blindly as absent, minimal, slight,
moderate, or marked, and the distribution of the staining was recorded
as focal or diffuse.

Dunning R3327H and R3327HI Prostatic Carcinomas. The Dunning
R-3327H (androgen-sensitive) and R3327HI (androgen-insensitive)
prostatic adenocarcinomas (see Ref. 14) were used as comparison for
the chemically induced prostate carcinomas. These tumors were gen-
erously donated by Dr. N. H. Altman (Papanicolaou Cancer Research

* The abbreviations used are: MNU, N-methyl-N-nitrosourea; DMABP, 3,2'-
dimethyl-4-aminobiphenyl; DMBA, 7,12-dimethylbenz(a)anthracene; GGT, v-
glutamyl transpeptidase; LAP, leucine aminopeptidase.
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Institute, Miami, FL) together with breeding pairs of the Copenhagen
(COP) and Fischer (F344) rat strains. The tumors were maintained in
young adult male F344 x COP F, rats; the R3327H tumor in intact
animals and the R3327HI tumor in castrates. The tumors were trans-
planted before they reached a volume of 4 cm?, by implanting pieces of
approximately 0.5 mm? s.c. on both flanks of each animal using a
trocar method (16-18-gauge needle; 1 ml L-15 medium). Histological
appearance and hormone sensitivity were routinely examined to moni-
tor tumor stability and appeared comparable to what has been reported
by others (13, 14). Material from the R3327HI tumor for enzyme
histochemistry and plasma for acid phosphatase determination were
taken from intact animals bearing tumor transplants.

Statistical Methods. The plasma acid phosphatase data were statis-
tically evaluated using Student’s ¢ test and linear regression analysis.
The correlations between tumor size and acid phosphatase activity and
between tumor size and latency were determined by calculating the
Spearman rank correlation coefficient. A one-tailed P value of 0.05 or
smaller was considered significant.

RESULTS

Characteristics of ten carcinomas and nine preneoplastic
epithelial lesions of the dorsolateral prostate are described in
this report (Table 1). These lesions had been induced by the
chemical carcinogens MNU, DMBA, and DMABP as described
elsewhere (12). Nine of the ten carcinomas were grossly appar-
ent (Table 1). The latency time (time after carcinogen admin-
istration) of these 10 carcinomas was 64 + 4 (SEM) weeks
(range, 46-80 weeks).

Gross Observations

Six of the nine grossly visible tumors (67%) were symmetri-
cally located in the region of the dorsolateral prostate, involving
not only the dorsolateral prostate lobes but also the base of
both seminal vesicle/coagulating gland complexes. Two of these
tumors had caused bilateral urinary obstruction and hydrone-
phrosis, whereas the other four had caused unilateral obstruc-
tion of the urinary flow (Fig. 1). Three tumors (33%) were
located on one side of the dorsolateral prostate involving the
base of the seminal vesicles and coagulating glands on that side.
These tumors did not cause urinary obstruction, and they were
smaller (diameter, 1.67 £+ 0.17 cm; range, 1.5-2.0 ¢m) than the
symmetrically located tumors (diameter, 3.40 + 0.51 cm; range,
2-5 cm). There was no statistically significant correlation be-
tween tumor size and tumor latency. Smaller tumors were single
masses, whereas some larger tumors had a multinodular ap-

Table 1 Types of dorsolateral prostate epithelial proliferative lesions and
histological and clinical characteristics of adenocarcinomas of the dorsolateral
prostate by inducing agent®

MNU DMBA DMABP Total

Atypical hyperplasia 2 (4] 3 5
Carcinoma in situ 2 1 1 4
Adenocarcinoma, total 7 1 2 10
Size
Microscopic 1 0 0 1 (10)°
Grossly apparent 6 1 2 9 (90)
Degree of differentiation
Well differentiated 1 1 1 3(30)
Moderately differentiated 3 0 1 4 (40)
Poorly differentiated 3 0 0 3(30)
Incidence of metastases
Total 5 0 1 6 (60)
Lung 4 0 0 4 (40)
Lung and abdominal cavity 0 0 1 1(10)
Lung, liver, and abdominal cavity 1 0 0 1(10)
Urinary obstruction 4 1 1 6 (60)

“See Ref. 12.
® Percentage of total is given in parentheses.
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Fig. 1. Tumor located in the region of the dorsolateral prostate. This tumor
(T), diagnosed as adenocarcinoma, grossly involved all of the dorsolateral prostate
and the base of the seminal vesicle-coagulating gland complexes (), which were
swollen. The ventral prostate (inset; ') was not involved. The urinary bladder
(B) and ureters (U) were distended, because of obstruction of the urinary flow,
and the kidneys (K) were mildly hydronephrotic.

pearance. The tumors all had a firm consistency and were white-
gray and homogeneous of texture on the cut surface. Distinct
central necrosis was present in two large tumors, and two others
showed a translucent exudate on the cut surface. The seminal
vesicles and coagulating glands that were involved in the tumor
processes were swollen, suggesting obstruction of drainage of
secretion (Fig. 1). The ventral prostate lobes were never grossly
involved in the tumors (Fig. 1).

Histopathology

Carcinomas. All ten tumors were adenocarcinomas with a
glandular growth pattern. The carcinomas histologically in-
volved the dorsal and/or lateral prostate lobes and at least one
other accessory sex gland, in all cases. Most tumors histologi-
cally involved all of the accessory sex gland structures that are
associated with the dorsolateral lobes: ampullary glands, sem-
inal vesicles and coagulating glands, including the excretory
ducts of these glands. Even the one microscopic carcinoma
involved several of these structures (Fig. 2). (Interestingly, a
microscopic carcinoma exclusively located in the dorsolateral
prostate was observed in an experiment using the same ap-
proach to induce prostatic cancer as was applied here (12), with
MNU as inducing agent.®) All ten carcinomas grew invasively,
and several showed perineural invasion (Fig. 3). The architec-
ture of the dorsolateral prostate region was often markedly
disturbed.

The degree of histological differentiation of the carcinomas
varied considerably, both within a single carcinoma and between
carcinomas (Table 1), ranging from well (Fig. 4) to moderately

$ M. C. Bosland, unpublished observation.

Fig. 2. Microscopic ad cinoma | d in the dorsolateral prostate re-
gion. This poorly differentiated carcinoma involved the dorsal prostate (D),
seminal vesicle (S), ampullary gland (A), and prostatic utricle (U). H & E, x 30.

Fig. 3. Invasion of the perineural space of a nerve bundle in the dorsolateral
prostate by a moderately differentiated prostatic adenocarcinoma. H & E, x 145.

(Fig. 5) to poorly (Fig. 6) differentiated. The carcinomas were
graded into these three categories according to the growth
pattern that predominated (4). Carcinomas with a generally
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Fig. 4. Well differentiated adenocarcinoma exclusively located in the dorsal
and lateral prostate. Note the normal prostatic epithelium at the top; the haphaz-
ardly arranged, small to very small neoplastic glands, some of which contain
secretum; and the increased amount of fibromuscular stroma. H & E, x 120.

Fig. 5. Moderately differentiated carcinoma of the dorsolateral prostate. Note
the normal dorsolateral prostate acini in the upper right and left hand corners and
the abundant stroma containing inflammatory cells. H & E, x 120.

Fig. 6. Poorly differentiated adenocarcinoma of the dorsolateral prostate.
There are only few recognizable glandular structures. Note the normal acinar
epithelium at the /eft and the many mitotic figures (arrows). H & E, x 120.

well developed acinar growth pattern were considered well
differentiated, whereas carcinomas with predominantly poorly
developed acini were classified as moderately differentiated.
Carcinomas with little evidence of acinar structures were con-
sidered poorly differentiated. With decreasing degree of differ-
entiation there was an increase in cellular anaplasia: loss of
cellular polarity; variation in cellular and nuclear size and shape
and in cytoplasmic/nuclear ratio (pleomorphism); and changes
in nuclear chormatin distribution and in staining properties
and texture of cells and nuclei. There was no apparent correla-
tion between degree of differentiation and size or latency time
of the carcinomas.

General features of all carcinomas listed in Table 1 were the
presence of abundant fibrous stroma and acini consisting of a
single layer of neoplastic cells without basal cells (Figs. 4-6). A
marked mixed inflammatory cell infiltrate in interstitium and
acinar lumina was often but not always present (Figs. 5 and 6).
In a very well differentiated microscopic carcinoma found in
the earlier mentioned experiment,® the mildly atypical neoplas-
tic epithelium had somewhat retained its cellular polarity and
secretory properties. The main differences with normal dorso-
lateral prostate were a marked focal increase in the number of
acini, a much smaller size of the neoplastic acini, which were
disorderly arranged, sometimes back-to-back, and a slightly
increased amount of fibromuscular stroma (Fig. 4). The three
well differentiated carcinomas listed in Table 1 had acini that
were small and varied from round or oval to tubular and that
displayed a disturbed acinar-stromal relation. The epithelium
had mostly lost its normal cellular polarity and showed little or
no evidence of secretory activity. The cells and nuclei were
somewhat pleomorphic. The five moderately differentiated car-
cinomas predominantly consisted of small acini, mostly tubular
or slit-like, with no evidence of secretory activity (Fig. 5). The
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cells had completely lost normal polarity and showed a mod-
erate degree of pleomorphism. They were generally cuboidal
and slightly hyperbasophilic with enlarged, hypochromatic nu-
clei, as was also observed for most well and all poorly differ-
entiated carcinomas. In the two poorly differentiated carcino-
mas most moderately to markedly anaplastic cells were ar-
ranged in small clusters or strands amid abundant stroma, and
mitotic activity was higher than in well or moderately differ-
entiated carcinomas in which very few mitotic figures occurred
(Fig. 6).

Electron microscopy revealed fewer differences between well,
moderately, and poorly differentiated carcinomas than light
microscopy. Even the one poorly differentiated carcinoma ex-
amined showed a tendency to form lumina, but the microvilli
on the luminal side of the cells were less well developed in
moderately to poorly differentiated carcinomas than in well
differentiated tumors (Fig. 7). Desmosomes and junctional
complex-like structures were always found (Fig. 7), and some-
times there were obvious tonofilaments (Fig. 8). Structures
suggestive of secretory vacuoles (Figs. 7 and 9), which normally
occur in prostate secretory epithelial cells (24), were present in
all tumors, even in histologically moderately to poorly differ-
entiated carcinomas. Sometimes hyperplastic Golgi complexes,
lipid droplets, and lysosomes were seen (Fig. 8). Polarization
of the secretory and Golgi structures toward the apical side of
the cell found in normal prostate secretory epithelium (24) was
disturbed. Mitochondria were often changed, showing loss of
cristae and occasional membranous inclusions (Figs. 7 and 8).
Fragments of a basement membrane were present in well dif-
ferentiated carcinomas but were less conspicuous or absent in
moderately and poorly differentiated tumors. Distinct features

Fig. 7. Electron micrograph of a moderately-poorly differentiated adenocar-
cinoma of the dorsolateral prostate. There are poorly developed lumina (L) with
microvilli and some secretory vacuole-like vesicles at the luminal side of the cells.
Note the many mitochondria with disrupted cristae and membranous inclusions
(arrows) and the junctional complex- and desmosome-like structures at the cell
junctions. X 7200.

Fig. 8. Electron micrograph of a dorsolateral prostate adenocarcinoma cell
showing tonofilaments (r), mitochondria with altered cristae (m), lipid droplets
(1), lysosome-like structures (ly), and cytoplasmic inclusions in the nucleus. X
9500.

Fig. 9. Electron micrograph of a poorly differentiated dorsolateral prostate
adenocarcinoma. One of the cells has intracellular lumina (L), one of which is
filled with membranous structures. Note the highly irregular shape of the nuclei
and the many secretory vacuole-like vesicles. There are stromal polymorphonu-
clear inflammatory cells (I), fibroblasts (F), and collagen (C). x 6000.
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Fig. 10. Carcinoma in situ located in the periphery of the dorsal prostate (D),
close to the lateral prostate (L). The lesion seems to involve an area of the size
of 2-3 acini, and it is surrounded by an increased amount of fibromuscular
stroma. It was found in only one of the step sections made at 250 um distance.
The growth pattern seems predominantly microglandular, and some glands con-
tain secretory material. H & E, X 60.

were marked nuclear abnormalities: irregular shape; infoldings
of the nuclear membrane and cytoplasmic inclusions; and
clumping and condensation of chromatin along the nuclear
envelope (Figs. 7-9), regardless of the degree of histological
differentiation. The presence of intracellular lumina with dis-
tinct microvilli was another striking feature of some carcinomas
(Fig. 9). The absence of basal cells seen by light microscopy
was confirmed. The chemically induced carcinomas were ultra-
structurally very similar to the Dunning R3327H and -HI
carcinomas.

Carcinoma in Situ. Lesions that had all characteristics of
carcinoma but lacked invasive growth were classified as carci-
noma in situ. These lesions were small, occupying an area of
the size of one to three acini. The acinar lumen was completely
replaced by microglandular proliferation of mildly atypical cells
(Figs. 10 and 11), which were indistinguishable from cells
observed in well differentiated carcinomas. The glands were
composed of a single layer of atypical cells without obvious
basal cells. There was an often marked desmoplastic reaction
surrounding the lesions, sometimes suggesting early invasive
growth followed by reencapsulation (Fig. 11) and infiltrative
growth from one acinus to an adjacent one (Fig. 10). There
were occasional stromal septa within the lesions separating
glandular structures, but back-to-back and cribriform-like ar-
ranged microglands were the predominant growth pattern (Fig.
11). Some inflammatory infiltrate was usually present (Fig. 11).
The four such lesions seen in this study were all exclusively
located in the dorsal and lateral prostate lobes and tended to
be localized in the periphery of the gland (Fig. 10).

Atypical Hyperplasia. Lesions consisting of a hyperplasia of
atypical cells that did not completely occupy one acinus were

Fig. 11. Detail of Fig. 10. There is distinct cellular atypia in this lesion. It
consists mainly of microglands, but there is also some cribriform growth and
piling up of cells. Note the many interstitial and intraluminal inflammatory cells,
intraluminal secretum, and the desmoplastic reaction (arrows). H & E, x 220.

classified as atypical hyperplasia and thus coexisted with nor-
mal glandular epithelium. In all five cases observed in this study
there was a mild increase in fibromuscular stroma surrounding
the lesion. Two of these lesions had all cytological characteris-
tics of carcinoma in situ, particularly the growth pattern of a
single layer of cells forming microglands, and the apparent
absence of basal cells. Two other lesions consisted of disorderly
piled up, enlarged, hypochromatic cells that had partly lost
their normal polarity and that had hypertrophic pale nuclei
(Fig. 12). One lesion had characteristics of both types. The
lesions were all located in the acini, not the ducts of the dorsal
or lateral prostate lobes.

Maetastases and Clinical Observations

Six of the ten carcinomas had metastasized to the lung (Fig.
13; Table 1). One had also disseminated the liver, and two had
also metastasized to other structures in the abdominal cavity,
such as mesenterial lymph nodes. Regional pelvic lymph node
involvement was frequent; the available material did not allow
determination of a precise incidence. No attempt other than a
careful necropsy was made to detect bone metastases; none
were grossly apparent. All six metastasizing carcinomas were
moderately or poorly differentiated; well differentiated carci-
nomas did not metastasize. No correlation was apparent be-
tween metastasizing capacity and location or size of the tumors.

Urinary obstruction, due to blockage of the urinary flow by
tumor growth through either the urethra or one or both ureters,
was found in six cases (Fig. 1; Table 1). This caused unilateral
or bilateral hydronephrosis and was the primary cause of mor-
ibundity in all six animals. Only larger, symmetrically located
carcinomas caused urinary obstruction (see above).
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Fig. 12. Atypical hyperplasia in a dorsal prostate acinus consisting of piled-
up cells displaying cellular atypia. The lesion is directly adjacent to normal acinar
epithelium. Note the mitotic figure (arrow). H & E, x 300.
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Fig. 13. Lung metastasis of dorsolateral prostate adenocarcinoma. There are
intravascular and interstitial proliferating glandular structures in this somewhat
autolytic lung. H & E, x 90.

Plasma Acid Phosphatase

Total and tartrate-inhibitible plasma acid phosphatase activ-
ity were significantly elevated in the group of animals with
grossly apparent chemically induced prostatic carcinomas, as
compared with controls (Table 2). There was no significant
correlation between total or tartrate-inhibitible plasma acid
phosphatase levels and size of the tumors (data not shown). For
comparison, acid phosphatase activity was determined in
plasma from animals bearing the Dunning R3327H and
R3327HI carcinomas and from appropriate controls. Total acid
phosphatase activity was significantly higher in R3327HI-bear-
ing animals, but not in animals with the R3327H tumors, than
in controls (Table 2); the tartrate-inhibitible fraction was bor-
derline significantly elevated. The average tumor burden was
somewhat higher in animals with R3327HI tumors than in
R3327H tumor-bearing rats (Table 2). There was no significant
correlation between total or tartrate-inhibitible plasma acid
phosphatase activity and the tumor burden for either the
R3327H or the R3327HI tumor-bearing animals.

Enzyme Histochemistry

Table 3 presents the results of the enzyme histochemical
evaluation of normal rat male accessory sex glands, the R3327H
and -HI tumors, and some of the chemically induced prostatic
carcinomas. Useful markers for the various accessory sex glands
appeared to be GGT, LAP and, to a lesser extent, isopropyl
alcohol dehydrogenase, which is an indicator of 33-hydroxyste-
roid dehydrogenase activity (18). GGT was a marker for the
seminal vesicles and the ampullary glands and was negative in
all other structures (Fig. 14, a and b). LAP was a marker for
the lateral prostate (Fig. 14c) but was minimally active in the
dorsal prostate and negative in all other glands examined (Fig.
14d). Isopropyl alcohol dehydrogenase was slightly positive in
the lateral prostate and seminal vesicle. No GGT activity was
found in the Dunning carcinomas. One-half of the chemically
induced carcinomas examined were also negative for GGT.
Two were diffusely minimally-moderately positive, whereas the
two remaining carcinomas were partly negative and partly
minimally-slightly positive. LAP and isopropyl alcohol dehy-
drogenase activity were found in the Dunning tumors and all
chemically induced carcinomas examined, but the staining in-
tensity varied.

Table 2 Total and tartrate-inhibitable acid phosphatase activities in plasma from
rats bearing chemically induced prostatic carcinomas or the Dunning R3327H
and R3327HI transplantable prostatic carcinomas and from control animals

Acid phosphatase activity?

Rats with prostatic Tumor Tmrate

carcinomas N burden (g)° Total inhibitable
Chemically induced 9 NA® 129+459 65+1.17
Cpb:WU controls® 15 NA 8.3+0.7 39+05
R3327H tumor 7 11.30+193 235x09 158+ 1.2
R3327HI tumor 6 14.15+3.11 315145 24814.0f
F334 x COP 5 NA 18.4 +4.2 13.7+ 4.1

controls

% Only animals with R3327 tumors on both flanks were included in this study,
and for each animal the total tumor burden (weight) was determined.

5 Values are expressed in units/liter as mean + SEM.

€ NA, not applicable.

4 P < 0.02 for difference with control value.

¢ Untreated animals of the same strain taken from an experiment carried out
in the same period and which were killed at 75-80 weeks of age.

7 P < 0.05 for difference with control value.

£ p = 0.067 for difference with control value.
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CHARACTERIZATION OF CHEMICALLY INDUCED RAT PROSTATE CARCINOMAS

Table 3 Enzyme histochemical properties of the rat male accessory sex glands, the Dunning R3327H and -HI prostate tumors, and chemically induced prostate

carcinomas
Chemically
Dorsal Lateral Ventral Seminal  Coagulating Ampullary R3327H  R3327HI induced
Enzyme prostate prostate  prostate vesicle gland gland tumor tumor carcinomas
v-Glutamyl transpeptidase - - - +++ - ++ - - - @)°
*/++ (4)
Isopropyl alcohol dehydrogenase - */— ++ +/- NM - + + + (6)
Acid phosphatase ++ ++ ++ ++ ++ ++ +++ + +/+++ (8)
Glucose-6-phosphate dehydrogenase ++ ++ ++ ++ NM NM ++ ++ +/++ (6)
Alkaline phosphatase ++/+++ + ++ ++/+++ NM NM ++ ++ +/++ (6)
Leucine aminopeptidase -/t ++/+++ - - NM NM ++/+++ +/++ +/+++ (6)
Succinic dehydrogenase ++ ++ + ++ NM NM +/+ +/+ +/+ (6)
5’-Nucleotidase + ++ ++ + NM NM ++/+++ +/++ +/+++ (6)

% — negative; &, marginally positive; +, slightly positive; ++, moderately positive; +++, markedly positive; /, activity varied from the score before this sign to the

score after this sign; NM, not measured.

5 Numbers in parentheses, number of chemically induced carcinomas that were examined.

g £
F

Fig. 14. Enzyme histochemical analysis. (a) GGT is positive in ampullary gland (4) and seminal vesicles (S) but negative in dorsal prostate (D). x 15. (») GGT
positive in seminal vesicle (S), but negative in coagulating gland (C). X 20. (¢) LAP positive in lateral (L), but negative in ventral prostate (V). X 20. (d) LAP

negative in dorsal prostate (D) and seminal vesicle (S). X 20.

DISCUSSION

The chemically induced carcinomas that were obtained in the
experiments described in a companion paper (12) appeared to
have a number of important characteristics that are desirable
for an adequate animal model for the study of prostatic carci-
nogenesis. The tumors were adenocarcinomas. The generally
long latent period and low mitotic activity indicate that these
carcinomas were slow growing neoplasms. Plasma acid phos-
phatase activity was significantly elevated in animals with these
carcinomas. The majority of these invasively growing tumors
metastasized and caused urinary obstruction. There was a great
diversity in characteristics such as tumor growth rate, as indi-
cated by the latency time, and degree of histological differentia-
tion. Probable precursor lesions were found, i.e., carcinomas in
situ and atypical hyperplasias, and induction was possible in
intact animals with a single carcinogen administration. The
material available for this study was not suitable to determine

biochemical characteristics and hormone sensitivity of the car-
cinomas. These important aspects are addressed in ongoing
studies. Other animal models of chemical (25, 26) and hor-
monal induction of prostatic cancer (27, 28) have not been
characterized in detail.

The carcinomas all had a glandular growth pattern, as has
the majority of the human prostatic carcinomas (4, 29, 30).
Cribriform growth did not occur, unlike observations in some
human carcinomas (4, 29, 30) and in carcinomas that occur
spontaneously in the ventral prostate of aged rats (31), partic-
ularly in the ACI/segHapBR strain (32). The presence of abun-
dant stroma and local invasion into the perineural spaces are
two features of human prostatic cancer that were also observed
in the chemically induced carcinomas (4, 30, 33). The light
microscopic appearance of the carcinomas was comparable to
that reported for spontaneously occurring (31, 34) and chemi-
cally (25, 26) or hormonally induced carcinomas of the rat
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CHARACTERIZATION OF CHEMICALLY INDUCED RAT PROSTATE CARCINOMAS

dorsolateral prostate(27, 28) and for transplantable carcinomas
of rat dorsolateral prostate origin (13, 14, 27). Many ultrastruc-
tural features of human prostatic carcinomas (4, 29, 33) were
also observed in the chemically induced tumors, e.g., loss of
basal cells, loss of cellular polarization, presence of lipid drop-
lets, and formation of intracellular lumina. These intracellular
lumina, which are a characteristic finding in moderately to
poorly differentiated human prostatic carcinomas, have not
been described before in reports on the ultrastructure of rat
prostatic carcinomas (13, 35, 36). The ultrastructural evidence
for the presence of secretory structures in the carcinoma cells
suggests that the tumors originated from secretory alveolar cells
and not from the epithelium of the excretory ducts, which does
not have secretory properties, at least in the rat ventral prostate
a37.

Nonneoplastic proliferative epithelial lesions, displaying cel-
lular atypia and confined to one or a few alveoli, were exclu-
sively found in the dorsolateral prostate; and they occurred only
in treatment groups in which carcinomas of the dorsolateral
prostate were observed as detailed elsewhere (12). Therefore,
these lesions are considered likely precursors of dorsolateral
prostatic carcinomas. Five of these lesions were classified as
atypical hyperplasias and the others as carcinomas in situ. This
classification is to some extent arbitrary, inasmuch as we ex-
amined only nine lesions and have no evidence for their pre-
malignant nature. However, the degree of cellular atypica, the
disorganization of normal glandular pattern and alveolar archi-
tecture, and the loss of normal epithelial-stromal relation that
characterized these lesions all support the assumption that they
are preneoplastic; similar criteria have been described to distin-
guish premalignant changes in the human prostate (30, 33, 38,
39). The lesions classified as carcinoma in situ lacked conspic-
uous basal cells. Because there is consensus in the literature
about the requirement of absent basal cells for the diagnosis of
malignancy in the human prostate (4, 29, 33, 38, 40, 41), this
classification seems justified. Furthermore, these putative pre-
neoplastic lesions in the rat dorsolateral prostate appeared to
have morphological similarity to premalignant lesions de-
scribed in the human prostate gland (4, 30, 39-42). It should
be noted, however, that the carcinogenic treatments applied did
not result in a high incidence of preneoplastic and low-grade
malignant lesions relative to the incidence of clinical prostatic
cancer (12), as occurs in humans, where the incidence of latent
carcinoma is many times higher than that of the clinical disease
(5, 8).

Most carcinomas had metastasized, primarily to regional
lymph nodes and lung. This implies that both hematogenic and
lymphogenic spread occurred, as is the case for human prostatic
cancer (2-4). Metastases to bone, as is very frequent in humans,
specifically to pelvic and spinal bones (3, 4), were not detected.
Perhaps this is due to the insensitivity of our postmortem
examination. However, among spontaneous (34), hormone-
induced (27, 28), and chemically induced (25, 26) rat dorsolat-
eral prostate carcinomas and transplantable tumor cell lines
that were derived from such carcinomas (13, 14, 27, 44), met-
astatic ability is highly variable, with lymph node and lung
metastases as the most frequent sites of dissemination; bony
metastases have never been described. Therefore, there may be
differences between human and rat models in the venous and/
or arterial blood supply of pelvic and spinal bones or in other
critical factors involved in the process of metastasis that lead
to this apparent species difference.

The elevation of plasma acid phosphatase in rats with chem-
ically induced carcinomas, most of which were advanced cancers

comparable to stage C and D disease in humans, resembles the
situation in humans. In comparison, animals bearing the Dun-
ning R3327HI carcinomas also had elevated plasma acid phos-
phatase levels, but animals with the R3327H tumors did not.
Isaacs et al. (14), however, reported elevated serum acid phos-
phatase levels both in animals with the R3327H tumor and the
R3327HI tumor. Perhaps differences in total tumor burden or
in assay methodology are responsible for these discrepancies.
However, it is not likely that the small difference in tumor
burden between rats with the rats with the R3327H and with
the R3327HI tumor accounted for the difference in acid phos-
phatase elevation, because there was no correlation between
total tumor weight per animal and plasma acid phosphatase
activity.

The resuits of the histochemical analysis of normal prostate
and the Dunning R3327H tumors are in agreement with those
reported by others (13, 45), with some minor exceptions. There
are no data in the literature on the enzyme histochemical
properties of the R3327HI tumor, the seminal vesicles, and the
coagulating and ampullary glands reported here. The enzyme
activities in the R3327H and -HI tumors and in the chemically
induced carcinomas were remarkably similar. However, the
R3327 tumors were negative for GGT, whereas some of the
chemically induced carcinomas were partly or completely pos-
itive. Because GGT appeared to be a marker for the seminal
vesicle and ampullary gland, the possibility is raised that some
carcinomas originated from one of these structures. The posi-
tive reaction of the carcinomas for LAP, on the other hand,
contradicts such a notion; rather it points to the lateral prostate
as a possible site of origin. Thus, the enzyme histochemical
comparison between the chemically induced carcinomas and
the various accessory sex glands does not appear to be helpful
in determining the most likely site of origin of these tumors; a
similar conclusion was reached by Smolev et al. (13) for the
R3327H tumor.

In conclusion, the chemically induced rat prostatic carcino-
mas that are described here have a large number of important
characteristics in common with human prostatic cancer, with
the notable exception of the occurrence of bony metastases,
while their androgen sensitivity remains to be investigated.
Together with previously described features (12), these charac-
teristics indicate that these chemically induced carcinomas are
an appropriate model for human prostatic cancer and that the
method for induction is thus a valid experimental approach for
the study of human prostatic carcinogenesis.
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