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A B S T R A C T  

The use of the A/J mouse lung as a model for developing new chemo- 
intervention strategies was investigated by first inducing lung tumors with 
a single dose of 4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone. Lungs 
were then staged for tumor development and intervention therapy was 
initiated 42 weeks after carcinogen treatment. At this time point, an av- 
erage of 7 pulmonary lesions were present on a standard histological 
section and the relative frequency of lesions was distributed as alveolar 
hyperplasias (38%), adenomas (40%), and adenocarcinomas (22%). Mice 
were treated for 4 or 8 weeks with cis-platinum alone or in combination 
with either indomethacin, an inhibitor of prostaglandin synthesis, meto- 
clopramide, an inducer of poly(ADP) ribosylation, or nifedipine, a calcium 
channel blocker. The effect of indomethacin, metoclopramide, and nife- 
dipine on tumor growth was also determined. The most dramatic effects 
were observed in lungs from mice treated for 8 weeks, cis.Platinum treat- 
ment caused a 37% reduction in the size of carcinomas, while tumor mass 
was reduced by 50 to 60% with cis-platinum in combination with meto- 
ciopramide and/or indomethacin. The indusion of indomethacin therapy 
in conjunction with cis-plafinum significantly enhanced the effectiveness 
of cis-platinum for inhibiting the growth of adenocarcinomas. In contrast, 
nifedipine appeared to ameliorate any of the inhibitory growth effects seen 
with cis.platinum treatment. Although none of the therapeutic combina- 
tions affected the size of adenomas, morphological differences were ob- 
served among treatment groups. A moderate to marked decrease in cyto- 
plasm was observed in adenomas from mice treated with cis-platinum in 
combination with indomethacin or metoelopramide, c/s-platinum plus me- 
toclopramide and indomethacin, or metoclopramide pins indomethacin. 
Taken together, the results from these studies demonstrate that the A/J 
mouse lung can be used as a model to study the effectiveness of new 
intervention therapies for controlling malignant tumor growth. This 
model should also be applicable for studying the effectiveness of cancer 
prevention therapies on the progression of pulmonary hyperplasia. 

INTRODUCTION 

One of the major challenges in the study of lung cancer is the 
development of new intervention strategies to inhibit the growth and 
spread of this disease in humans. Unlike some cancers where 
chemointervention can greatly increase survival rates (1) (e.g., breast), 
the median survival for nonresectable lung cancers is approximately 
9 months (2). Historically, squamous cell and adenocarcinomas have 
shown very little response to chemotherapeutic drugs, while radio- 
therapy has been effective in some patients for inhibiting the growth 
of squamous cell tumors (2, 3). Efforts have been renewed over the 
past 5 years to try new combinations of chemotherapy. Currently, 
cis-platinum-based regimens are the most active programs being used 
for the treatment of advanced non-small cell lung cancer (4, 5). 
However, despite the number of schedules designed, none of them 
have proved successful enough to warrant consideration as a standard 
regimen for treatment of non-small cell lung cancer (4, 5). Rapp et al. 

(6) has reported that chemotherapy does significantly prolong sur- 
vival, while Woods et aL (7) found that treatment did not alter survival 
times. One of the major roadblocks toward the development of new 
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effective intervention therapies is the lack of a suitable in vivo animal 
model to expedite the testing of these treatment protocols. 

In one study, the in vivo activity of Adriamycin was demonstrated 
by the growth inhibition of pulmonary adenomas induced in the A/J 
mouse by urethan (8). However, most often epithelial cell lines de- 
rived from a variety of human and rodent tumors are used in vitro (9) 
or injected into athymic nude mice to study the effects of chemother- 
apeutic drugs on cell growth and metastases (10, 11). In vitro systems 
lack endogenous factors (e.g., hormones, cytokines) which could in- 
fluence therapeutic responsiveness and do not allow for the evaluation 
of pharmacokinetic variables such as delivery of the therapeutic agent 
to target cells, a factor which can profoundly influence drug efficacy. 
The establishment of cell lines in vitro has also been shown to produce 
additional genetic changes such as the mutation of the p53 tumor 
suppressor gene (12). Genetic changes introduced during in vitro 

establishment of cell lines may confer additional resistance to new 
treatment modalities. Thus, new model systems must be developed for 
use as an adjunct to in vitro systems to evaluate novel treatment 
regimens. 

Previous studies in our laboratory have examined the mechanism of 
chemically induced lung tumor formation in the A/J mouse. This 
inbred strain of mouse is extremely sensitive to the development of 
both spontaneous and chemical induced lung tumors (13, 14). The 
formation of adenocarcinomas in the A/J mouse lung appears to in- 
volve, in part, activation of the K-ras gene. Chemical specific muta- 
tion patterns have been associated with activation of this gene as 
compared to the random mutation profile detected in spontaneous lung 
tumors (15, 16). These results indicate that chemically mediated ac- 
tivation of the K-ras gene can occur via a direct genotoxic mechanism 
involving the formation of a promutagenic adduct. Similar to the m]J 
lung, activation of the K-ras gene has been detected in 32% of the 
human adenocarcinomas evaluated (17). One mutation seen in 40% of 
the human lung tumors containing an activated K-ras gene is localized 
to codon 12 and involves a GC to TA transversion. This mutation is 
also detected in ras genes in benzo(a)pyrene-induced mouse lung 
tumors (15) suggesting that mutagens in cigarette smoke which give 
rise to aromatic or bulky hydrophobic DNA adducts may be one factor 
in the development of some human adenocarcinomas. Thus, the de- 
velopment of adenocarcinoma in the A/J mouse lung appears to share 
at least one characteristic in common with tumor formation in some 
human adenocarcinomas, the activation of the K-ras gene. 

The induction of tumors in the A/J mouse lung often progresses 
through several morphologically distinct stages (18, 19). Tumor ini- 
tiation by NNK 3 is characterized first by a proliferation of type II cells 
along the alveolar septae. These hyperplastic lesions, which contain an 
activated K-ras gene, then progress to adenomas and ultimately car- 
cinomas. By sacrificing animals at multiple time points after carcin- 
ogen treatment, it is possible to determine the frequency of preneo- 
plastic, benign, and malignant tumors within a lung. The presence of 
multiple lesions (6 to 9/mouse lung) could afford one the opportunity 
to study the responsiveness of pulmonary lesions at different stages of 
progression to chemotherapeutic intervention. The purpose of this 
study is to determine whether the A/J mouse lung is a suitable model 
to evaluate the efficacy of new combination chemointervention ther- 
apies. This hypothesis was tested by first inducing lung tumors with 

3 The abbreviations used are: NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; 
ADPRT, adenosine diphosphate ribosyl transferase. 
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the tobacco-specif ic  nitrosamine NNK,  staging lung tumor develop-  

ment, and then attempting to modulate  tumor deve lopment  by treating 

mice with cis-plat inum alone or in combinat ions  which include either 

indomethacin,  an inhibitor o f  prostaglandin synthesis, metoclopra-  

mide, an inducer of  po ly (ADP)  ribosylation, or nifedipine, a calcium 

channel blocker. 

MATERIALS AND M E T H O D S  

Carcinogen and Intervention Treatment. NNK was synthesized (20, 21) 
by Chemsyn Science Laboratories (Lenexa, KS). Purity was greater than 99% 
according to nuclear magnetic resonance, UV, IR, and thin layer chromatog- 
raphy. Six-week-old female A/J mice (The Jackson Laboratory) were treated 
with a single dose of NNK (100 mg/kg i.p.). Forty-two weeks after treatment, 
240 mice were weighed and randomly assigned into 12 groups (Table 1) of 
20 mice/group. Groups consisted of: Group 1, saline only; Group 2, cis- 
platinum alone; Group 3, metoclopramide alone; Group 4, indomethecin alone; 
Group 5, nifedipine alone; Group 6, cis-platinum plus metoclopramide; Group 
7, cis-platinum plus indomethacin; Group 8, cis-platinum plus nifedipine; 
Group 9, cis-platinum plus metoclopramide plus indomethacin; Group 10, 
cis-platinum plus metoclopramide plus nifedipine; Group 11, metoclopramide 
plus indomethacin; and Group 12, metoclopramide plus nifedipine. Animals 
were treated for up to 8 weeks. Ten mice from each group were sacrificed 
1 week after the 4th and 8th treatment regimens. A flow chart for the treatment 
schedule is depicted in Table 2. 

The dosages used in this study were derived from chemointervention ex- 
periments on xenografted cell lines (22-24). Previous studies (23, 24) do not 
indicate any effect of the vehicles used in the preparation of indomethancin and 
nifedipine on tumor growth. Therefore, only a saline vehicle was used in the 
current study, cis-Platinum (Bristol Meyers, Hartford, CT) was reconstituted in 
saline just prior to use and administered by i.p. injection at a concentration of 
2 mg/kg at 9 a.m. every Wednesday. Metoclopramide (A. H. Robbins, Rich- 
mond, VA) was dissolved in saline (2 mg/kg) and injected (i.p.) 2 and 24 h after 
treatment with cis-platinum. Nifedipine (Pfizer, New York, NY) (5 mg/kg) was 
made fresh just prior to use by dissolving in polyethylene glycol and was 
administered p.o. 20 min prior to injection of cis-platinum. Indomethacin 
(Sigma Chemical Co., St. Louis, MO) (2 mg/kg) was first dissolved in ethanol 
and the ethanol was subsequently diluted to 150 mM prior to i.p. injection. 
Animals received 4 doses of indomethacin each treatment week, one dose at 
5 p.m. the day prior to cis-platinum treatment, one dose 1 h prior to treatment, 
and one dose 8 h after treatment; the last injection of indomethacin was 24 h 
after administration of cis-platinum. All mice were weighed every Friday after 
treatment until sacrifice. 

Histological Procedures and Morphological Classification. Mice were 
euthanized with COz, their thoracic cavity was opened, and lungs were fixed 
by inflation via the trachea with 4% buffered paraformaldehyde. Lungs were 
removed and immersed in fixative for 18-24 h and then transferred to 70% 
ethanol. Lungs were trimmed, embedded in paraffin, sectioned to include all 
5 lung lobes, and stained with hematoxylin and eosin. Proliferative lesions 
were classified as alveolar hyperplasias, adenomas, or carcinomas. Adenomas 
detected arising within hyperplasias were classified as adenomas and carcino- 

Table 2 Treatment schedule for chemointervention trials in the A/J mouse 
A/J mice were treated weekly for up to 8 weeks at the times and schedules described. 

Dose reflects the amount of compound administered for each treatment. Different treat- 
ment combinations are indicated in Table 1. 

Treatment schedule 
Dose 

Compound (mg/kg) T u e s d a y  Wednesday  Thursday 

cis-Platinum 2 9 a.m. 
Metoclopramide 2 11 a.m. 9 a.m. 
Indomethacin 2 5 p.m. 8 a.m. 9 a.m. 

5 p.m. 
Nifedipine 5 8:40 p.m. 

mas detected arising within adenomas were considered carcinomas. The cri- 
teria used for classification of pulmonary lesions has been described in detail 
previously (18, 19). Pulmonary hyperplasias were distinguished by epithelial- 
ization of alveolar walls by well differentiated cells. The alveolar walls were 
intact with no obliteration of alveolar spaces. The margins were irregular and 
indiscrete but there was no compression of adjacent parenchyma. Adenomas 
were typically spherical in appearance and exhibited a mild to moderate loss of 
normal architecture by the proliferating cells. The adenomatous cells were 
generally well differentiated but had some pleomorphism. Compression of 
adjacent lung parenchyma was present in varying degrees. Carcinomas dem- 
onstrated a complete loss of alveolar structure. The cells comprising these 
lesions had varying degrees of differentiation and formed papillary, solid, and 
mixed architectural patterns. Carcinoma cells were pleomorphic, were atypical 
in appearance, and had varying degrees of nuclear crowding and mitotic 
figures. Compression of adjacent lung parenchyma and invasion into adjacent 
parenchyma occurred frequently with the carcinomas. 

Morphometrics. Black and white 8- x 10-inch photographs were made of 
each hematoxylin and eosin-stained lung section by projecting the lung image 
through an enlarger onto photographic paper. A transparent ruler was also 
photographed at the same magnification to determine the magnification used to 
calculate the area of the lesion. At the time of diagnosis, every lesion on the 
photograph was labeled and its respective diagnostic classification indicated on 
the photograph. The area of each lesion was determined by measuring the 
length and width of each lesion with a ruler and then calculating area (A) as: 

A =  I I  F2 

The radius was determined by dividing the length and width of each lesion by 
2 and then taking the average of the two radii. This approach, the measurement 
of tumor diameter, has been used previously for determining tumor volume in 
Strain A mice (25, 26). Tissue sections were examined histologically and 
pulmonary lesions were measured without prior knowledge of the treatment 
groups. Comparative statistics of lesion size were calculated using Student's 
t test. No corrections were done for multiple comparisons. 

R E S U L T S  

Effect of Intervention Therapy on Body Weight. At the onset  of  

therapeutic intervention, the average body  weight  for all 12 groups 

Table 1 Effect of chemointervention therapy on animal body weight 
Female A/J mice were weighed weekly beginning the Friday prior to initiation of treatment. Values for the first 4 weeks are means from 20 mice/group while values for weeks 

5 through 8 reflect mean weights from 9 to 10 mice/group. Standard errors ranged from 0.6 to !.5. Met., metoclopramide; Ind., indomethacin; Cisp., cis-platinum; Nifed., nifedipine. 

Body wt (g) after following wk of treatment 

Group Treatment 0 1 2 3 4 5 6 7 8 

1 None 26 26 27 27 25 26 27 27 27 
2 Cisp. 27 28 28 28 28 27 26 25 25 
3 Met. 28 28 28 28 28 27 28 28 28 
4 Ind. 27 27 28 28 28 27 28 28 28 
5 Nifed. 30 29 30 29 29 29 29 29 29 
6 Cisp. + Met. 28 28 28 27 27 26 26 24 23 
7 Cisp. + Ind. 27 26 26 26 25 25 23 19 a 19 a 
8 Cisp. + Nifed. 28 29 29 28 29 29 28 26 24 
9 Cisp. + Met. + Ind. 27 27 28 27 26 26 25 23 21" 

10 Cisp. + Met. + Ind. 28 27 28 28 28 28 28 26 23 
11 Met. + Ind. 27 28 28 28 28 28 28 28 28 
12 Met. + Nifed. 27 26 27 26 27 27 27 27 27 

a p < 0.05 with respect to no treatment. 
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ranged from 26 to 30 g. There was no decrease in body weight in any 

of the groups through 4 weeks of treatment (Table 1). No overt signs 

of toxicity (e.g., lethargy, hair loss) were observed. However, by the 

sixth treatment, mice receiving cis-platinum in combination with in- 

domethacin (Group 7) and mice receiving cis-platinum plus in- 

domethacin plus metoclopramide (Group 9) begin to exhibit a signif- 

icant weight loss. Body weights in these two groups continued to 

decline during the remainder of  the treatment period. One mouse from 

each group was found dead after 6 weeks of treatment. However, there 

were no other fatalities during the treatment period. By the end of  the 

8-week treatment period, the body weights of  animals in Groups 6, 8, 

and 10 had decreased by approximately 15% (Table 1). 

Relative Frequency of Pulmonary Lesions. In order to determine 

the appropriate time after NNK treatment to begin chemointervention 

therapy, six mice were sacrificed at 4-week intervals beginning 30 

weeks after carcinogen administration. The number  and classification 

of each histological lesion were estimated from a standardized 5-lam 

paraffin tissue section stained with hematoxylin and eosin for each 

animal. The relative lesion frequency at each sacrifice time point was 

determined by dividing the number  of a specific lesion (e.g., hyper- 

plasia) by the total number  of lesions observed and multiplying by 

100. This was done for each animal and the mean percentage of  

specific lesions (compiled from 6 mice/t ime point) was determined at 

each sacrifice interval. Although examination of a single section from 

each lung will result in an underestimation of the total number of 

lesions per lung (27), the purpose of  these experiments was not to 

determine the absolute total number of  lesions, but rather the relative 

frequency of specific lesions and whether intervention therapy had 

any effect on the relative distribution and size of the pulmonary 

lesions. Chemointervention therapy was initiated 42 weeks after treat- 

ment  with NNK. At this time point, the relative frequency of pulmo- 

nary lesions was distributed as alveolar hyperplasia (38%), adenoma 

(40%), and carcinoma (22%). This time period was chosen because it 

should allow one to evaluate the effect of therapeutic intervention on 

hyperplastic, benign, and malignant lesions. 

Tumor  progression was evident over the course of  chemointerven- 
tion. In lungs from animals sacrificed following 8 weeks of treatment, 

the relative frequency of hyperplasias had decreased from 38 to 14%. 

Adenoma frequency remained constant while a significant increase 

in the relative incidence of  carcinomas was observed (22 to 37%). 

In general, none of the treatment regimens appeared to affect the 

relative distribution of lesions in lungs from mice receiving the full 

8-week course of therapy (data not shown). Moreover, there was no 

difference in the mean number  of lesions present on standardized 
section [6.5 + 0.3 (SD)] between treatment groups. 

Effect of Chemointervention on the Growth of Pulmonary Le- 

sions. The effect of intervention therapy on the growth of hyperpla- 

sias, adenomas, and carcinomas was determined by quantitating the 

area of every lesion present on a standard histological section from 

lungs treated for 4 or 8 weeks. Following 4 weeks of treatment, the 

only treatment protocol which had any significant effect on lesion 

growth was cis-platinum in combination with indomethacin. The size 

of alveolar hyperplasias and adenomas were reduced by 55 and 34%, 

respectively (Table 3). Although, only 2 carcinomas were detected in 

standard sections from the 10 animals evaluated in this treatment 

group, the size of  these malignant tumors was 40% less than carci- 
nomas observed in untreated mice. 

Following 8 weeks of treatment, the effect of cis-platinum alone 

and in combination with indomethacin and metoclopramide on the 

growth of carcinomas was clearly evident (Table 4). cis-Platinum 
treatment caused a 37% decrease in the size of carcinomas, while 

tumor mass was reduced by 50% with cis-platinum therapy in com- 

bination with metoclopramide alone or together with indomethacin. 

The greatest inhibition of tumor growth (61%) was observed in ani- 

mals receiving indomethacin and cis-platinum. The addition of in- 

domethacin significantly enhanced the effectiveness of  cis-platinum 
treatment. In contrast, cis-platinum had no effect on growth of  carci- 

nomas in the presence of nifedipine or with nifedipine and metoclo- 

pramide together (Table 4). Although neither metoclopramide nor 

indomethacin alone affected growth of  pulmonary lesions, a 50% 

decrease in the size of carcinomas was observed when these two 

chemicals were administered in combination. None of the therapeutic 

combinations affected the size of adenomas while the size of hyper- 
plastic lesions was reduced significantly by cis-platinum treatment in 

combination with indomethacin and by treatment with cis-platinum 
plus indomethacin and metoclopramide.  

Morphological Changes Associated with Combination Chemo- 
intervention Therapy. The carcinomas induced by NNK had a total 

loss of  normal alveolar architecture. In these lesions, the cells formed 

irregular and atypical growth patterns and had varying degrees of 

differentiation and pleomorphism (Fig. 1A). There was also evidence 

of local invasion or infiltration into adjacent pulmonary parenchyma 

and/or into bronchioles (Fig. 1B). The significant differences observed 

in the size of the adenocarcinomas between untreated animals versus 
mice treated for 8 weeks with either cis-platinum alone or in combi- 

nation with indomethacin and/or metoclopramide,  or simply metoclo- 

p r a m i d e  plus indomethacin,  did not appear to stem from an effect on 
the morphology of these lesions. 

Adenomas in the control group were well differentiated and often 

expansive as evidenced by compression of adjacent lung parenchyma. 

Table 3 Effect of chemointervention on growth of hyperplasias, adenomas, and carcinomas in the A/J mouse lung: 4 week treatment results 
A/J mice were treated weekly beginning 42 weeks after the initiation of lung tumor development by NNK. Treatment schedule is depicted in Table 2. Mice were sacrificed after 

4 weeks of treatment and tissues were processed and analyzed as described in "Materials and Methods." Values are mean _+ SD of the total number of lesions (numbers in parentheses, 
number of lesions) evaluated from 10 single standardized tissue sections from 10 different mice per group. Met., metoclopramide; Cisplat., cis-platinum; Ind., indomethacin; NiL, 
nifedipine. 

Area of lesion (mm z) 

Treatment Hyperplasia Adenoma Carcinoma 

None 0.38+_0.06 (16) 0.88+_0.12 (28) 1.30+_0.17 (15) 
Met. 0.25 +0.06 (24) 0.69 +_0.07 (27) 2.01 +_0.48 (18) 
Ind. 0.48 +_0.14 (14) 0.91 _+0.12 (31) 1.37 _+0.13 (14) 
Cisplat. 0.15 +_ 0.06 a (8) 0.74 -+ 0.10 (26) 1.47 -+ 0.36 (12) 
Cisplat. + Met. 0.32 +_ 0.11 (14) 0.83 +_ 0.11 (31) 1.14 • 0.02 (10) 
Cisplat. + Ind. 0.17 • 0.03 b (19) 0.58 -+ 0.08 a (27) 0.78 _+ 0.03 (2) 
Cisplat. + Met. + Ind. 0.29 +_ 0.05 (28) 0.71 +_ 0.08 (35) 0.94 • 0.21 (9) 
Met.+Ind. 0.43+__0.14 (16) 0.98_+0.19 (31) 3.20+_1.80 (2) 
Nif. 0.19 • 0.06 a (15) 1.04 • 0.19 (25) 1.35 -+ 0.49 (6) 
Cisplat. + Nifed. 0.29-I-_0.10 (11) 0.85 +_0.17 (34) 1.12 -+0.28 (18) 
Cisplat. + Nif. + Met 0.33 +_0.14 (14) 0.81 _+0.09 (37) 0.93 _+0.09 (14) 
Nif. + Met. 0.60 +_ 0.28 (16) 0.70 _+ 0.10 (37) 1.09 _+ 0.14 (28) 

a p < 0.05 with respect to no treatment. 
b p < 0.005 with respect to no treatment. 
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Table 4 Effect of chemointen, ention on growth c~ hyperplasias, adenoma~, and carcinomas in the A/J mouse lung: 8-week treatment results 

A/J mice were treated weekly beginning 42 weeks after the initiation of lung tumor development by NNK. Treatment schedule is depicted in Table 2. Mice were sacrificed after 
8 weeks of treatment and tissues were processed and analyzed as described in "Materials and Methods." Values are mean _+ SD of the total number of lesions (numbers in parentheses, 
total number of lesions) evaluated from 10 single standardized tissue sections from 9 to 10 different mice per group. Met., metoclopramide; Cisplat., cis-platinum; Ind., indomethacin, 
Nif., nifedipine. 

Area of lesion (mm 2) 

Treatment Hyperplasia Adenoma Carcinoma 

None 0.29_+0.08 (10) 0,65_+0.12(37) 1.39_+0.13 (28) 
Met. 0.28 -I-_ 0.06 (9) 0.75 • 0,09 (32) 1.39 • 0.20 (35) 
Ind. 0.17_+0.08 (8) 0.56_+0,10(22) 1.01 •  (27) 
Cisplat. 0.21 -+ 0.05 (17) 0.44_+ 0.06 (27) 0.88 -!-_ 0.16 a (22) 
Cisplat. + Met. 0.18 -+ 0.04 (18) 0.47 _+ 0.07 (26) 0.69 +- 0.14 b (13) 
Cisplat. + Ind. 0.13 _ 0.02 a (16) 0.54 • 0.10 (30) 0.54 _+ 0.08 b'C (20) 
Cisplat. + Met. + Ind. 0.07 • 0.03 a (5) 0.52 -+ 0.10 (21) 0.65 _+ 0.10 ~ (18) 
Met. + Ind. 0.14_+0.07 (12) 0.71 ___0.12(27) 0 . 7 0 - 0 . 0 9  b (22) 
Nif. 0.25-+0.11 (5) 0.67_+0,12(22) 1 .50•  (40) 
Cisplat. + Nif. 0.26_+0.13 (7) 0.73_+0,11 (30) 1.75_+0.38 (17) 
Cisplat. + Nif. + Met. 0,19 _+ 0.07 (10) 0.53 _+ 0.07 (26) 1.06 _+ 0.17 (26) 
Nif. + Met. 0,26+_0.08 (10) 0.77_+0.15(26) 1.35_+0.15 (40) 

" P  < 0.05 with respect to no addition. 
b p < 0.005 with respect to no addition. 
c p < 0.05 compared to cis-platinum treatment alone. 

Morphological differences were observed between control and treated 
groups both in adenomas and adenomatous areas of carcinomas. How- 
ever, the calculated areas of these lesions did not differ significantly 
between control and treated groups. The groups that were distin- 
guished histologically from untreated animals included mice treated 
for 4 weeks with cis-platinum plus indomethacin, 8 weeks of treat- 
ment with either cis-platinum in combination with indomethacin or 
metoclopramide, cis-platinum plus metoclopramide and indometha- 
cin, or metoclopramide plus indomethacin. No morphological differ- 
ences were observed in adenomas from animals treated with cis- 
platinum alone. The major histological difference observed in the 
affected adenomas involved a moderate to marked decrease in the 
amount of cytoplasm (Fig. 1, C and D). In general, variations in 
morphology of adenomas were present throughout all dose groups, 
tumors within the same lung, and even within the same adenoma. 
However, areas in which cells contained less cytoplasm were larger 
and more pronounced in the affected treated groups. These could be 
distinguished consistently from control and other unaffected treatment 
groups when the slides were mixed and examined without prior 
knowledge of the group. The cells in adenomas in the unaffected 
groups were 15 to 20 lam in size, contained a central round to oval 
nucleus and a moderate amount of eosinophilic stained cytoplasm and 
distinct cell margins (Fig. 1C). In adenomas which were affected by 
treatment, the cells were smaller in diameter (10 to 20 lam) and 
contained less cytoplasm that was pale staining and vacuolated 
(Fig. 1D). The cell margins were indistinct due to the cytoplasmic 
vacuolization and intercellular spaces were also widened due to cyto- 
plasm loss. Nuclear appearances of adenomas from all treatment 
groups were similar and basic cellular patterns (e.g., tubuloalveolar) 
appeared constant. Cell numbers within the adenomas did not appear 
affected by treatment; however, exact comparisons between groups 
were not possible without additional morphometric analyses. The 
cellular morphology of the hyperplastic lesions were indistinguishable 
between the control and treated groups. 

Two pathological processes, necrosis and lymphocytic invasion, 
were also evident in the neoplasms from all groups. Neither process 
could be definitively associated with treatment. Evidence of necrosis 
was observed in less than 5% of lung lesions from all mice. Necrotic 
areas were characterized by small focal regions within neoplastic 
lesions which were devoid of cells. Infrequently, these areas contained 
acellular eosinophilic material, karyorrhectic nuclei and variable num- 
bers of phagocytic macrophages (Fig. 1E). 

Focal areas of lymphocytic infiltration (Fig. IF) were present at the 
border of many adenomas and carcinomas. In most situations, the 

invading lymphoid cells were part of an adjacent lymphoid nodule. 
The nodules were often located near bronchioles and blood vessels 
and were considered to be bronchiolar-associated lymphoid tissue, 
which is normally present in murine lungs. These lymphoid foci 
typically become more prominent in a disease state. The bronchiolar- 
associated lymphoid tissue in areas of the lung unassociated with 
neoplasms were similar in size to those present in neoplasms; how- 
ever, one could not discern whether the neoplasm was eliciting an 
immunological response. 

DISCUSSION 

The response to cis-platinum treatment demonstrated in this study 
by adenocarcinomas in lungs from A/J mice indicate that this in vivo 
model is suitable for studying and developing new chemointervention 
therapies. As is often observed with a majority of human lung tumors 
which respond to chemotherapy, tumor mass was reduced by treat- 
ment, but there did not appear to be a significant population of 
malignant tumors which were completely eliminated. This conclusion 
is supported by the fact that there was no detectable change in the 
relative frequency of malignant lesions during therapy. The presence 
of necrosis in some tumors does indicate that cell killing is an ongoing 
event within these lesions. The effectiveness of cis-platinum as an 
antitumor drug is thought to involve the formation of DNA inter- and 
intrastrand cross-link adducts (28). Most strategies for treatment of 
cancer attempt to exploit the high rates of cell proliferation associated 
with the malignant tumor. The inability to repair the damaged DNA 
prior to replication is most likely causal for cytotoxicity which is 
manifested when DNA synthesis occurs on a damaged template. 

The inhibition of DNA repair may explain the increased efficacy of 
cis-platinum in combination with metoclopramide toward decreasing 
the size of the malignant tumors. Metoclopramide, in addition to being 
a successful antiemetic treatment for chemotherapy-induced nausea 
and vomiting (29), has been shown to increase the effectiveness of 
cis-platinum and ionizing radiation toward growth inhibition of xeno- 
grafted squamous cell carcinoma of the head and neck (22, 30). 
Metoclopramide causes strand breaks in DNA and increases the ac- 
tivity of the chromatin-bound enzyme ADPRT (31). Poly(ADPRT) 
attaches covalently to adenosine diphosphate ribose units onto a va- 
riety of nuclear proteins, including the enzyme itself, in the form of 
mono-, oligo-, or polychain units. This interaction has been proposed 
as the mechanism by which ADPRT induces structural changes in the 
chromatin which are important not only for DNA repair but also 
differentiation, gene expression, and cell proliferation (32, 33). The 
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Fig. 1. A, carcinoma arising within an adenoma from a mouse treated for 4 weeks with cis-platinum. The carcinomas portion of this lesion (right half) contains large pleiomorphic 
cells and the normal architecture of the lung parenchyma is lost. Adenomatous portion of this lesion comprises the left half of the micrograph. X 198. B, carcinoma infiltrating into 
a large bronchiole (large arrow) from a mouse treated for 8 weeks with cis-platinum. Lymphoid cells (small armw) are present subjacent to the bronchiole portion of the 
bronchiolar-associated lymphoid tissue. X 198. C, adenoma from a control animal. Note the uniform appearance of the cells and the constant cytoplasm to nuclear ratio. X 600. 
D, adenoma from an animal treated for 4 weeks with cis-platinum plus metoclopramide. Numerous cells are present that contain only scant amounts of cytoplasm. Considerable 
space between cells is also obvious within this lesion. X 600. E, necrosis within a carcinoma following treatment for 8 weeks with cis-platinum plus indomethacin. The area devoid 
of cells contains only phagocytic macrophages (arrow). X 396. E lymphoid cell presence (arrowhead) in the stroma of a carcinoma from a mouse treated for 8 weeks with indomethacin. 
X 480. 

induction of enzyme activity appears to stem from DNA damage by the combination of radiation and metoclopramide was refractory 
produced directly by metoclopramide. The sensitization exhibited by toward repair (3 1). 
metoclopramide may actually manifest from an inability to readily The most effective treatment for inhibiting growth of adenocar- 
repair the DNA damage induced by this compound. This conclusion cinomas in the AJJ mouse lung was cis-platinum in combination 
was based on the fact that DNA damage induced by radiation treat- with indomethacin. An increase in the radioresponse of two murine 
ment alone was rapidly repaired, while damage to DNA produced fibrosarcomas has also been observed previously with indomethacin 
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therapy (23). The antitumor effect of indomethacin has been ascribed 
previously to its inhibition of prostaglandin production by tumors 
(34). The treatment protocol used in the present study has been shown 
to inhibit prostaglandin production by 90% (35). An increase in pro- 
duction of prostaglandin E2 has been associated with aggressive tumor 
progression (36, 37) and has been reported to block the antitumor 
activity of lymphocytes, natural killer cells, and macrophages. How- 
ever, an immunological mechanism cannot account for all of the 
antitumor responses demonstrated by indomethacin treatment since 
the effectiveness of this drug as an antitumor agent was not reduced 
when evaluated in an immunosuppressed host (34). The response of 
indomethacin therapy alone in modulating tumor growth has been 
minimal and results have generally been restricted to a slight shift in 
tumor growth curves (34). Results from this study also failed to 
demonstrate an effect of indomethacin alone on tumor growth. More- 
over, tumor necrosis has not been observed by indomethacin, but only 
an accumulation of cells in the G2 + M phase, accompanied by a loss 
of cells from the S-phase of the cell cycle. The accumulation of cells 
in G2 + M in conjunction with high levels of DNA damage produced 
by cis-platinum could account for the sensitizing response observed 
with this combination therapy. This mechanism may also explain why 
metoclopramide in combination with indomethacin caused a marked 
decrease in tumor size. 

The one therapy that appeared to antagonize the effectiveness of 
cis-platinum involved any combinations which included nifedipine, a 
calcium channel blocker. Previously (24), nifedipine had been shown 
to enhance cis-platinum therapy against a B 16 amelanotic melanoma. 
The decrease in tumor mass was independent of any effects of nife- 
dipine on slow inward calcium channels. In contrast, not only was 
nifedipine ineffective in sensitizing cis-platinum but it also blocked 
cis-platinum induced toxicity toward the murine pulmonary adeno- 
carcinomas. The complete abrogation of the cis-platinum response 
toward these lung tumors suggests that nifedipine may impede the 
delivery or binding of cis-platinum adducts to DNA within the neo- 
plastic cells. 

Lower rates of cell proliferation in preneoplastic and benign tumors 
could account for the ineffectiveness of cis-platinum on the growth of 
these lesions. However, treatment with cis-platinum in combination 
with metoclopramide or indomethacin did produce cytoplasmic atro- 
phy within adenomatous lesions. One hypothesis for this response 
could involve a depletion of cytoskeletal proteins such as tubulin, 
stemming from a block in DNA transcription. Decreased transcription 
of DNA could arise from an inability of RNA polymerase to read 
across a damaged template, a situation which may be augmented when 
metoclopramide is used in combination with cis-platinum. 

Recent studies have indicated that ras gene mutations in non-small 
cell lung cancers are associated with reduced survival of patients (38). 
This observation corroborates previous in vitro experiments which 
demonstrated a 2-fold difference in the effective dose of cis-platinum 
treatment required for producing 50% cytotoxicity in NIH 3T3 cells 
transformed with ras versus non-ras oncogenes (9). Taken together, 
these studies reinforce the need for developing new therapeutic strat- 
egies toward controlling the rampant growth of ras-initiated cells. The 
fact that MJ lung tumors contain an activated K-ras gene and that 
malignant tumor growth can be modulated by cytotoxic therapies 
suggests that this animal model may hold promise for future devel- 
opment and testing of new combination therapies. 
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