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ABSTRACT

/V-Nitroso(2-hydroxypropyl)(2-oxopropyl)amine (HPOP) is a complete

pancreatic carcinogen in female hamsters at a dose of 210 mg/kg given via
an Alzet 2001 pump implanted s.c. Ultimate carcinogenic metabolites of
HPOP target DNA to yield 7- and O^-methylguanines (7-mGua, O'-mGua)
and 7- and 06-hydroxypropylguanines (7-HpGua, O^-HpCua). During

continuous administration of HPOP, levels of DNA alkylation increase
linearly with time of exposure and reach a maximum at the end of treat
ment. Such levels are markedly lower in pancreas or in its component duct
or acinar cells than in liver or in other extrahepatic organs examined,
indicating that the organotropy of HPOP does not directly correlate to its
extent of activation by various tissues. After continuous treatment with
HPOP, all major DNA adducts with the exception of 7-mGua in liver are

repaired at rates slower than those measured after a single injection of the
carcinogen. Half-lives for the repair of 06-mGua are 240 h in liver and

considerably longer in extrahepatic tissues. Half-lives for the removal of
7-m( i im are 46, 55, 72, and 96 h in liver, kidney, lung, and pancreas; while
respective values for 7-HpGua are 216, 216, 132, and 140 h. No significant
repair is observed for O6-HpGua for at least 8 days. The above differences
in half-lives result in the gradual increase of 7-HpGua and O'-HpGua

relative to their methyl counterparts. DNA synthesis progressively in
creases during HPOP infusion in all the tissues examined, and reaches
maximum levels 3 to 4 days after termination of treatment. In pancreas,
such levels are up to 5 times greater in HPOP treated animals than in
controls. The increase in DNA synthesis during carcinogen treatment is
due to the greater number of cells entering S phase rather than to an
increase in the rate of proliferation of a certain population of cells. The
mitogenic effect of HPOP in the pancreas and the persistence of highly
promutagenic hydroxypropyl adducts are postulated to contribute to the
initiation of pancreatic cancer in the hamster model.

INTRODUCTION

The hamster has been a useful model for the study of pancreatic
cancer since it develops ductal adenocarcinomas when treated with
ÃŸ-oxidizedderivatives of /V-nitrosodiisopropylamine (1-3). The in
duction of tumors by PSNs3 may be attributed to the formation of

methyl and 2-hydroxypropyl adducts in pancreatic DNA of animals
treated with these carcinogens (4-6). Ratios of methylation versus
hydroxypropylation depend on the oxidation state of the ÃŸ-carbonof

the carcinogen and in some cases on its dose (5, 6). BOP. the most
commonly used PSN, yields primarily methylating agents in tissues
which catalyze its direct activation, such as liver and kidney (6).
However, tissues with limited ability to activate this carcinogen, such
as the pancreas, substantially reduce its ÃŸ-carbonsto yield HPOP and
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BHP. which are subsequently activated to yield hydroxypropylating
agents (6). Quantitation of DNA adducts in various tissues of animals
treated with BOP. HPOP. or BHP shows that levels of methyl adducts
are notably low in pancreas DNA, while those of 2-hydroxypropyl

adducts are comparable in all extrahepatic tissues examined (6). The
above support the involvement of hydroxypropyl adducts in pancreas
carcinogenesis without precluding a synergistic action by methyl ad
ducts, levels of which are markedly greater in the pancreas of ham
sters treated with PSNs than with equitoxic doses of nonpancreatic
carcinogens, such as yV-nitrosodimethylamine (4).

The evidence derived from single injection regimens indicates that
DNA damage is not the sole contributor in the observed organotropy
of PSNs (4). Other parameters such as DNA synthesis, the repair of
DNA damage, and survival of affected cells may still better explain
the potency and selectivity of these carcinogens for the hamster pan
creas. Unfortunately, single or limited number of treatments with
PSNs do not induce a high incidence of pancreatic cancer (7, 8). and
the required multiple injection regimens available are too protracted to
allow an evaluation of initiation parameters. Additional complications
arise from the ambiguity regarding the target cell of PSNs in the
pancreas (9-12) and from the difficulty in accurately quantitating

DNA adducts in pancreatic duct cells which comprise only a small
fraction of the tissue. This communication explores some of the pa
rameters contributing to initiation using the continuous administration
of a total dose of 210 mg/kg HPOP for 9 days in Syrian hamsters, a
regimen which induces a high incidence of pancreatic cancer (62%)
within 30 weeks from treatment (13).

MATERIALS AND METHODS

Chemicals. HPOP was synthesized according to previously published
methods (14). | I-I4C]HPOP (specific activity, 45 Ci/mol) was purchased from
New England Nuclear and was purified to homogeneity by HPLC. |'H|-

Thymidine in H:O (specific activity. 10 Ci/mmol) was also purchased from
New England Nuclear and its purity was tested by HPLC before each use.
O''-mGua. O''-HpGua. and 7-HpGua. used as standards for DNA analysis,

were synthesi/ed as described previously (5. 15. 16). Guanine. adenine. and
7-mGua were purchased from Sigma.

Animals. Female Syrian golden hamsters weighing 60 g were purchased
from Charles River (Wilmington. DE) and were given access to deioni/.ed
water and a pelleted synthetic diet from DYETS Inc. (Bethlehem, PA), the
composition of which has been described previously (13).

DNA Damage and Repair. Al/.et 2001 osmotic pumps (Alza Co., Palo
Alto. CA) each containing 18 mg |1-14C]HPOP in water (specific activity. 2

Ci/mol) were implanted s.c. in the back of animals grown to 85 g according to
published procedures (17). Animals were placed in metabolic cages and urine
was collected and counted for I4C label daily. Three animals were sacrificed at

3. 5. 7. 9. II. 14. and 17 days, respectively, after the initiation of treatment, and
DNA was extracted from liver, pancreas, kidney, and lung and analyzed for
DNA adducts according to published procedures (5. 6). DNA damage and its
repair was also determined in animals treated with a single injection of 23.3
mg/kg [1-'4C]HPOP. adose equivalent tothat delivered over a period of 1 day

by the osmotic pump.
Isolation of Acinar and Duct Cells from the Pancreas. For each prepa

ration of pancreatic cells 3 animals were killed by cervical dislocation and their
pancreases were excised and minced to 2-mm segments in 10 ml cold (4Â°C)1:1
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mixture of calcium-magnesium free Hanks' balanced salt solution and Dul-
becco's modified Eagle's medium:Ham's F-12 medium. The mince was trans

ferred to a 50-ml conical tube containing the above buffer and allowed to

sediment by gravity. Fragments were digested with 20 ml of 1% collagenase

type V (Sigma), 1% hyaluronidase (Sigma), and 0.1% soybean trypsin inhibitor
in Ham's F-12 medium in a shaking water bath (37Â°C) for 40 min at 50

oscillations/min. The tube was then centrifuged at 500 rpm for 7 min, and the
pellet was resuspended in 15 ml of 100 units/ml soybean trypsin inhibitor and
50 units/ml of DNase I in Dulbecco's modified Eagle's medium:Ham's F-12

medium. The suspension was triturated and centrifuged at 700 rpm for 7 min.
The pellet was resuspended in 4 ml 65% Percoli (P = l .09) and distributed
equally into two 15-ml round bottomed centrifuge tubes. This was overlaid by
49%(P = 1.07), 34% (P = 1.05), and 1\% (P = 1.02) Percoli. The last Percoli

solution was then overlaid with 2 ml of HBSS and the tubes were centrifuged
at 1900 rpm for 15 min without braking. The following interfaces were col
lected. Interface 1 (HBSS-11% Percoli) contained debris and broken cells.
Interface 2 (11-34% Percoli) contained large duct fragments and some blood
vessels. Interface 3 (34-49% Percoli) contained small ducts and some acinar
cells (no more than 20%). Interface 4 (49-65% Percoli) contained pure acinar

cells. The last three fractions were suspended in 13 ml HBSS each and
centrifuged at 700 rpm for 7 min. Acinar cells isolated by this method were free
of contaminating ducts or islets. Ducts were approximately 75% pure as
determined by morphology and were contaminated primarily with blood ves
sels. Large blood vessels were removed with a Pasteur pipet under a magni
fying glass, while smaller contaminants were separated with an additional
Percoli gradient centrifugation of the duct cell preparation at pH 6.7. This
resulted in a preparation of ducts the purity of which was greater than 90% by
morphology standards. Amylase and carbonic anhydrase activities were mea
sured in acinar and duct cell preparations according to published procedures
(18, 19). Pancreatic acinar and duct cells purified from a single animal yielded
approximately 130 and 12 fig of DNA, respectively. For determining adducts
in pancreatic duct cells, it was necessary to increase the specific activity of the
carcinogen from 2 to 20 Ci/mol and combine ductal DNA isolated from 6
pancreases. Ductal cell DNA was analyzed by HPLC using a combination of
radiochromatographic and fluorometric techniques as has been previously
described (6).

Levels of DNA Synthesis. Alzet 2001 osmotic pumps containing 18 mg
HPOP each were implanted s.c. in 85-g hamsters. Another group of hamsters

serving as controls were treated with saline. At 4, 7. 10, 13, and 17 days after
initiation of treatment, 5 hamsters treated with HPOP and 3 controls from each
group were given i.p. injections of 200 fiCi [3H]thymidine and killed 2 h later.

DNA was isolated from pancreases, livers, kidneys, and lungs, and its specific
activity was determined (5).

Determination of Cell Viability. Metabolism of [I-MC]HPOP results in
I4CO2 production and labeling of nucleotide pools (4, 5). Thus, cells in S phase

during carcinogen treatment incorporate labeled nucleotides into their DNA.
The specific activity of normal DNA bases during HPLC analysis of hydro-

lyzed DNA reflects the extent of DNA synthesis during that period. After
termination of carcinogen treatment MC-labeled bases are either retained or

eliminated depending on the viability of the cells cycling during carcinogen
treatment. Total cell viability was also tested using pH]thymidinfi incorpora
tion according to the following design. Fifteen hamsters were treated with cold
HPOP (210 mg/kg) delivered by osmotic pumps according to the procedure
described above. These animals were given three 200-jiCi ['H]thymidine i.p.

injections at days 3, 5, and 7 from initiation of carcinogen treatment. Three
animals were killed a! 9, 11. 14, 17, and 19 days after initiation of HPOP
infusion. Controls were treated with ['HJthymidine and killed at the same

intervals. DNA was purified from pancreases and its specific activity was
determined. The viability of acinar and ductal cells in the hamster pancreas was
determined as follows. Hamsters infused with cold HPOP were given i.p.
injections of 200 /xCi ['HJthymidine at days 3, 5, and 7 of treatment. One half

of the animals (5 hamsters) were killed at the 9th day, while the other half were
killed 12 days after the treatment was completed (21st day). An equal number
of controls were given injections of ['Hjthymidine at the same intervals, but

they were treated with saline instead of carcinogen. Pancreases were fixed in
10% buffered formalin and 3 serial, 5-/xm-thick sections for each specimen

were processed for autoradiography. The effect of carcinogen on the rate of
acinar cell proliferation was determined by luminometry, using computer as
sisted image analysis. Specifically, Image I/AT software by Universal Imaging

Co. was used for determining the density of label (silver grains) in the nuclei

of acinar cells. Cells having 1/20 the grain density of undivided nuclei (max

imum density of label) could be identified using this technique. An average of

500 measurements of the density of grains over the nucleus of acinar cells was

taken to determine the extent of mitogenic activity at days 9 and 21 in control
and HPOP-treated groups.

RESULTS

Animals infused with a daily dose of 25 p.Ci [1-I4C]HPOP via a
1001 osmotic pump excreted an average of 7 Â±2 p.Ci (SE) I4C-

labeled metabolites and unreacted carcinogen or 28 Â±8% (SE) ofthat
dose per day in the urine. Excretion of label was negligible 9 days
after initiation of treatment. HPLC analysis of urine indicated that
metabolite composition and clearance of the carcinogen was not dif
ferent from that observed after single injection regimens. Under the
conditions used, HPOP was somewhat toxic and temporarily retarded
the growth of animals. However, growth resumed 3-5 days after

termination of treatment. Autopsies performed shortly after termina
tion of carcinogen treatment showed occasional evidence of tissue
damage and regeneration in liver, but the pancreas and other tissues
were morphologically indistinguishable from those of controls. Major
DNA adducts rose gradually during treatment reaching maximum
levels at day 9 (Fig. 1). A nearly linear increase of O6-mGua and
O6-HpGua from day 3 to day 9 indicated that repair did not effectively

compete with their formation. The same was true for 7-mGua and
7-HpGua in all tissues. Alkylation of DNA in liver was by far more

extensive than in extrahepatic tissues, while the DNA damage in
pancreas was generally lower than in kidney or lung. The in vivo
repair or removal of adducts depended on the adduct, the tissue and
the extent of tissue alkylation. Rates of repair shown in Table 1 were
calculated from Fig. 1. Removal of 7-mGua followed first order

kinetics and was monophasic. The rate of its removal depended
strongly on the tissue and was slow in the pancreas.

The above rates were markedly different than those observed after
a single injection of HPOP at a dose equivalent to the amount of
carcinogen administered daily during the continuous infusion regi-

4 8 12 16

DAYS FROM INITIATION
Fig. 1. Levels of various DNA adducts in liver (O). kidney (â€¢),lung (A), and pancreas

(A) of hamsters treated with a total dose of 210 mg/kg [ 1-I4C]HPOP (specific activity. 2
Ci/mol) in a 9-day period. The carcinogen was delivered via an Alza 1001 osmotic pump

implanted s.c.. and animals were killed at the time intervals indicated. Points, mean from
3 animals; bars. SE. MPC. HpGua; MEG. mGua.
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Table I DNA adduci* induced h\ HPOP ami half-lives for their removal

7-pnGua 7-HpGua O -mGua

Level" Level Level

0*-HpGua

Level

LiverSingle
injection'

Continuousinfusion''KidneySingle

injection
ContinuousinfusionLung

Single injection
ContinuousinfusionPancreasSingle

injection
Continuous infusion69017(11130

26816022\307244

4628

5532

7232

9665

206194540

36722110

21670

21670

13272

14077

51928

55235522

45100

24066>24()70

2406224022

1387

4413

33322100

ND'NDND

"Concentration of adducts (nmol/inmol guanine): mean of three determinations.
'' Half-lives (h) for the removal of the adduci: mean of three determinations.
1 s.c. injection of a dose of 23.3 mg/kg HPOP: animals were killed 6 h after treatment.
'' A 9-day continuous infusion of 2 10 nig/kg HPOP via an osmotic pump implanted s.c.: animals were killed at the end of carcinogen treatment (9th day).
' ND. not detectable.

men. However, differences in the removal of 7-mGuu between single

injection and continuous infusion regimens were observed only in
extrahepatic tissues. Removal of 7-HpGua was generally slower than
that of 7-mGua by a factor of 4.7, 3.8, 1.8, and 1.5 in liver, kidney,
lung, and pancreas, respectively. Repair of O6-mGua was markedly

slower in extrahepatic tissues than in the liver. In liver, repair of this
adduci was also slower after a long exposure than a single injection
regimen indicating extensive depletion of tissue alkyltransferases un
der the former treatment. Although repair of Oft-HpGua was compa
rable to that of O6-mGua after a single injection of HPOP. it was

completely retarded after a continuous infusion regimen. Differences
in the repair of methyl and hydroxypropyl adducts result in a gradual
decrease of the 7-mGua/7-HpGua and O6-mGua/0i'-HpGua ratios

with time (Fig. 2). Comparison of DNA damage among component
cells of the pancreas was difficult due to the low yield of DNA from
ductal cells and was done only at a single time point. As shown in
Table 2. 9 days of treatment with HPOP resulted in modest damage in
both acinar and duct cells. Although acinar cell DNA was methylated
more extensively than that of duct cells, levels of hydroxypropylation
were similar in both cell types. These data clearly demonstrate that the
development of ductal tumors in hamsters cannot be attributed to
excessive alkylation of duct cell DNA alone.

HPOP was mitogenic when administered continuously in hamsters.
Increased levels of DNA synthesis were observed in liver, lung, kid
ney, and pancreas, during and also after treatment (Fig. 3). The in-
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DAYS AFTER HPOP TREATMENT
Fig. 2. Ratio of 7-mGua veraÂ« 7-HpGua (left) and O"-mGua versus O"-HpGua (righi)

in liver (O), kidney (â€¢).lung (il), and pancreas (Ã€)of hamsters at various times during
and after completion of a 9-day continuous treatment with a total dose of 210 mg/kg
HPOP Point*, mean from 3 chromatograms: burs. SE: MEG. mGua: HPG. HpGua.

Table 2 DNA adduci* in componen! cells of the pancreas of female Svrian ltarn\tt'r\
Irealed continuously for 9 days with a total dose of 210 mg/kg 1I4CIHI'()P

{specific activity. 20 Ci/moli"

Adduci '1

Cell type 7-mGua 7-HpGua O6-mGua CAHpGua

Acinar''

Ducf
102
63

19
18

52
34

18
22

" Six animals. 85 g each, were given injections of the carcinogen and killed 9 days

later. Pancreases were combined and DNA was extracted and analyzed as described in
"Materials and Methods."

'' nmol/mmol guanine.
'Carbonic anhydrase. 0.03 Â±0.01 /imol/min/mg of protein (ll.S'/r of pancreas);

amyluse, 453 Â±21 units/mg of DNA (181% of pancreas).
''Carbonic anhydrase, 0.63 Â±0.1 /Â¿mol/min/mg of protein (242ri of pancreas); amy-

lase, IO Â±5 units/mg of DNA (4r/r of pancreas).

HZ) LIVER, â€¢ PANCREAS, ^LUNG, ^ KIDNEY

7 601
o;5Â°-Z
40Qa

30-w

20-ÃŒX

10-TÂ«

nII,: IliII1I;
10 13 17

DAYS AFTER INITIATION OF HPOP TREATMENT
Fig. 3. Levels of DNA synthesis in hamster tissues during and after treatment with a

total dose of 210 mg/kg HPOP delivered continuously between days 0 and 9. Animals
received a single injection of 200 jxCi [ 'H|thymidine 2 h before they were killed. The

specific activity of DNA (dpm/mgl was determined following its isolation from liver.
pancreas, lungs, and kidneys. Points, mean of live determinations; hurs. SE.

creased levels of DNA synthesis observed in pancreas was primarily
due to the proliferation of acinar and ductular cells. The number of
acinar and ductular cells synthesizing DNA during carcinogen admin
istration was twice that of controls (Fig. 4). However, most of the cells
synthesizing DNA during exposure to HPOP were not viable. Eleven
days after termination of treatment (day 21). the number of |'H|-

thymidine labeled acinar and ductular cells in the pancreas had de
clined to approximately one-half of those observed in control animals
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9-day period of HPOP treatment, which account for about 12% of the

total cell population of the pancreas. Extensive cell death leading to
coagulative necrosis was not observed and apoptotic figures were rare.

Histological examination showed that in HPOP treated animals the
number of the 3H-labeled duct cells and also the density of the label

declined from day 9 to day 21 in a manner that paralleled acinar cell
viability and division (Fig. 7). In this regard, ductal cells which
synthesized DNA during carcinogen treatment, or their progenies,
were eliminated in large numbers 3 weeks after the initiation of such
treatment. Surviving cells (acinar or ductal) were scattered in the
pancreatic tissue indicating that focal proliferation, if it had occurred,
did not produce clusters of altered cells. Clusters of labeled acinar and
ductal cells were observed in control animals indicating that extensive
subdivision could have occurred within the period allowed between
injection of ['H]thymidine and the sacrifice of the animals.

DAYS AFTER INITIATION OF HPOP TREATMENT DISCUSSION
Fig. 4. [3H]Thymidine labeling indexes in component cells of the pancreas of hamsters

treated continuously with a total of 210 mg/kg HPOP for 9 days and given three injections
of 200 fiCi of ('Htthymidine at days 3. 5 and 7 during carcinogen treatment. Animals were

killed at day 9 or day 21, pancreases were fixed in formalin, serially sectioned and
prepared for autoradiography. Controls were treated with saline instead of HPOP and
given 'H-thymidine injections at the same time intervals. Points, mean from 5 animals

bars, SE. Â±stand, error.
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DAYS AFTER HPOP TREATMENT

Fig. 5. Loss of label in the pancreas of hamsters after treatment with a total dose of 210
mg/kg 14C-HPOP for 9 days (A) or with cold HPOP (â€¢)or saline (O) for 9 days and with

three injections of pH|thymidine at days }, 5, and 7 (B). Animals were killed at time
intervals indicated.

killed at the same time interval. The decline in the number of labeled
cells in HPOP treated as compared to control animals is consistent
with the gradual loss of 'H or 14Clabel incorporated into DNA during
exposure to HPOP/pHjthymidine or I4C-HPOP, respectively (Fig. 5).

Measurements of the intensity of the label of acinar cells by lumi-

nometry revealed that carcinogen treatment had little effect on the
distribution of the density of label (Fig. 6). Most of the cells that
synthesized DNA during carcinogen treatment divided at least once
between days 9 and 21. In this regard the smaller number of labeled
acinar cells in HPOP treated animals as compared to those in controls
could only mean that a substantial number of the originally labeled
cells during carcinogen treatment (days 0 to 9) died by day 21. Based
on the dilution of the label (Fig. 6) and the number of acinar cells with
labeled nuclei (Fig. 4), it was estimated that at least 75% of the acinar
cells synthesizing DNA during carcinogen treatment had died by day
21. Elimination of 85% of all pancreatic cells that synthesized DNA
during carcinogen treatment was determined from the gradual decline
of the total amount of labeled bases in DNA of animals treated with
[l-'4C]HPOPor with cold HPOP in combination with three injections
of [3H]thymidine at days 3, 5, and 7 (Fig. 5). The above estimations

were applicable only for cells entering the mitotic cycle during the

A short continuous treatment of hamsters with HPOP yields a high
incidence of tumors of the pancreas, thus providing the opportunity to
study early events leading to the development of the disease in this
animal model. HPOP, like other pancreatic carcinogens, damages
DNA by forming methyl and hydroxypropyl adducts. The level of
adducts varies among tissues and is highest in the liver. The pancreas,
which is the target tissue for HPOP, is damaged to a lesser extent than
non target tissues such as kidney, or those that developed a much
lower incidence of tumors such as lung and liver. Assuming that DNA
damage is uniform in the pancreas, the minimum levels of the pro-
mutagenic adducts O6-mGua and O6-HpGua present during the in

duction of pancreatic cancer are 133,000 and 65,000 adducts/cell,
respectively. If ductal tumors originate from the malignant transfor
mation of duct cells, the level of O6-mGua present during induction of

such tumors may even be lower (~74,000/cell). In addition, the dam

age induced by HPOP in the pancreas is markedly lower than that
required to induce tumors in the lung or liver of hamsters with /V-ni-

trosomethylamine (20, 21). Based on the above, it is tempting to
suggest that hydroxypropylation, a unique property of PSNs, may
initiate events that are not triggered by the methylation of DNA. The
role of hydroxypropylation in PSN induced carcinogenesis is sup
ported by the recently discovered high mutagenic potency of hydrox
ypropyl adducts (22).

The pancreas is capable of removing 7-alkyl adducts and repairing
low levels of O6-mGua. However, its capacity to repair 7-mGua and
O6-mGua and ability to replenish such repair capabilities is exhausted

above a certain level of damage. Like other tissues, the pancreas is
unable to remove O6-HpGua for at least two weeks after a prolonged

treatment with HPOP. Although the pancreas is somewhat more slug
gish in repairing various types of DNA damage induced by HPOP than
other hamster tissues, it is not likely that differences in repair alone
between the pancreas and other tissues determine the organotropy of
this carcinogen. The lack of a direct correlation between levels of
DNA adducts and organotropy of PSNs is in agreement with recent
reports regarding the role of DNA damage in carcinogenesis in rodents
(23, 24).

Previous experiments have shown that single injections of PSNs
inhibit the de novo DNA synthesis in several tissues of the hamster
(16). including the pancreas. However, under continuous administra
tion regimens, HPOP substantially increases levels of DNA synthesis
in all of the tissues examined. In liver, the increase in DNA synthesis
is due to proliferation of non-parenchymal cells, while DNA synthesis
by hepatocytes appears to be suppressed.4 This is in accordance with

4 D. M. Kokkinakis. unpublished results.
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Fig. 6. Distribution of the density of thymidine label in nuclei
of acinar cells in the pancreases of hamsters treated with 3 injec
tions of 2(M)/j-Ci | *H]thymidine at days 3, 5, and 7 during a 9-day

treatment with 210 mg/kg HPOP. Comparisons of distribution of
density of the label are made: (A) between 9 (D) and 21 day (â€¢)
in controls; (B) At the 9th day between controls (D) and HPOP
treated (â€¢);and (C) At the 21st day between controls (D) and
HPOP treated (â€¢).Densities were determined from the lumines
cence of silver grains in inverted computer images of histology
specimens magnified X4(K). Each histogram was constructed
from 5 histology specimens on an average of a total of 500
measurements.
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DENSITY OF 3H-THYMIDINE LABEL

the failure of HPOP to induce hepatocellular carcinomas in hamsters
(13), in spite of the high levels of damage and the persistence of
O6-alkylguanines in hepatic tissue. In the pancreas, high levels of

DNA synthesis are maintained for at least two weeks after termination
of HPOP treatment and while DNA damage is near its maximum. The
mitogenic effect of HPOP is observed in all of its component cells of
this tissue and is more pronounced in ductules. This is rather surpris
ing, considering that several reports have indicated that duct cells are
sluggish as compared to acinar cells in synthesizing DNA in response
to carcinogenic stimulus (9-12). Perhaps differences between this and

previous reports are due to different methods of carcinogen adminis
tration. The higher level of DNA synthesis observed in pancreatic cells
of HPOP treated hamsters, as compared to controls, is due to a greater
number of cells entering S phase rather than to continued replication
of a certain subpopulation of cells. Cells synthesizing DNA during
carcinogen treatment are not scattered uniformly over the entire pan

creas, but they frequently concentrate peripherally to blood vessels.
Subdivision of both acinar and ductal cells as witnessed by the pres
ence of clusters of cells with diluted label over their nuclei is frequent.
Division of cells during actual exposure to the carcinogen introduces
a high risk for tumor initiation for the following reasons: (a) divisions
allow adducts to convert into mutations (25); (b) during cell division
single stranded DNA is without pairing with complementary DNA or
histones, and thus more susceptible to damage; (c) 5-methylcytocine

is lost during cell division which results in dedifferentiation and
further mitogenesis (26); (d) cell division may increase expression of
certain oncogenes which are otherwise expressed weakly (27). A high
risk for mutations is also present after termination of HPOP treatment
since active replication of damaged DNA continues for at least two
weeks.

Marked differences in the repair of the various DNA adducts in
duced by HPOP result in a gradual change of the type of damage

Fig. 7. DNA synthesis and cell division in the pancreas of hamsters during and after treatment with a total dose of 210 mg/kg HPOP delivered continuously for 9 days. (2(K) ^iCi)
['H|Thymidine was injected i.p. at days 3, 5. and 7 during carcinogen treatment. Controls were treated with ['Hlthymidine alone at the same time intervals. Animals were killed at

day 9 or 21 after initiation of treatment. 1/4) Focal labeling of duct cells in a hamster treated with HPOP and killed at day 9. H & E, X 600. (ÃŸ)Labeled duct cells in a HPOP treated
animal killed at day 9. H & E. X 600. (C) Cell division and proliferation in the pancreas of control hamsters at day 21. H & E. X 400. (D) Lack of extensive labeling in the pancreas
of hamsters treated with HPOP and killed at day 21. H & E, x 400.
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found in the DNA of pancreatic cells. Initially, during carcinogen
administration 7-alkylguanines are the predominant DNA adducts.

These adducts are repaired by excision or depurination reactions re

sulting in the formation of strand breaks. Other minor adducts such as
3-methyladenine are formed, but since they do not accumulate, it
appears that their removal keeps up with their formation. Premu-
tagenic adducts such as O6-mGua and O6-HpGua are initially minor

contributors to the DNA damage; however, they gradually increase to
reach a maximum at the end of treatment and then remain relatively
constant for prolonged periods of time. Thus, the character of DNA
damage changes gradually with time after completion of HPOP treat
ment. For example, 5 days after termination of carcinogen treatment
7-alkylguanines have declined to levels equal to or below those of
their respective O6-alkyl adducts, while the latter are still near max

imum values. At the same time ratios of methyl versus hydroxypropyl
adducts decline by 2-fold. The different states of DNA damage at

treatment and posttreatment periods may result in the induction of
different types of mutations and in the development of an array of
mutants which may not share similar properties. It is therefore pos
sible that cells mutating during carcinogen treatment should evolve
differently than those mutating at a latter time, when O6-alkylgua-

nines are the major or even the only type of damage present in DNA.
Cell proliferation is an important factor in pancreas carcinogenesis,

but the viability of proliferating cells may depend on the level of DNA
damage present during DNA synthesis. DNA damage induced by a
carcinogenic regimen of HPOP is low, but sufficient to trigger a high
rate of DNA synthesis and consequently a high frequency of cell
death. Cell death may be a mechanism protecting pancreatic cells for
mutations threatening the integrity of the tissue and its functions,
especially since such cells appear to be deficient in repairing promu-

tagenic damage (4). Although the exact mechanism of cell death is not
known, it is possible that it is triggered by the presence of unrepaired
O6-mGua, which has been shown to lead to excess strand breaks and

in turn to cytotoxicity (28). Furthermore, the rapid removal of 7-mGua

from the pancreas either by excision or depurination may also result
in excessive strand breaking and toxicity. The toxicity of hydroxypro
pyl adducts on pancreatic cells has not been studied. However, in vivo
studies have shown that in the liver of hamsters and rats, toxicity of
PSNs is a function of their ability to methylate DNA (4), while
hydroxypropylation has only a minimal effect.4 Accordingly, the per

sistence and apparent low toxicity of hydroxypropyl adducts suggest
that hydroxypropylation induced by PSN may play a major role in the
initiation of pancreas carcinogenesis.
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