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Abstract. The purpose of this study was to investigate the mechanism by which under- 
feeding induces regression of carcinogen-induced mammary tumors in the rat and to 
determine if tumor regression in underfed rats could be prevented on a chronic basis 
by maintaining elevated circulating levels of estrogen and/or prolactin (PRL) by treat- 
ment with estradiol benzoate (EB) and a dopamine receptor blocker, haloperidol (HAL). 
Female rats with 7,12-dimethylbenzanthracene-induced mammary tumors were fed ad 
libitum (full-fed), half-fed (HF), or half-fed and treated with EB (HF+EB), HAL (HF+HAL), 
or both (HF+EB+HAL) for 15 weeks. Tumor diameter, tumor number, and body weight 
were determined each week. At the end of the experiment, hypothalamic concentrations 
of catecholamines, indoleamines, and their metabolites were determined by high per- 
formance liquid chromatography. 

Tumor diameter, tumor number, and body weight increased progressively in the 
full-fed rats, but decreased significantly in the HF rats. Treatment of HF rats with EB, 
HAL, or both prevented tumor regression, but had no effect on body weight, which 
declined continuously. In the HF rats, there was an increase in the concentration of 
dopamine and a decrease in the concentration of serotonin in the hypothalamus, 
whereas treatment with HAL reversed these effects. EB had no effect on neurotrans- 
mitter concentrations in the HF rats, but treatment of HF+EB animals with HAL decreased 
the dopamine concentration. The changes in dopamine and serotonin observed in HF 
rats are known to inhibit PRL secretion, whereas HAL, which blocked these changes, is 
a well established stimulator of PRL secretion. Since the mammary tumors are dependent 
on PRL for development and growth, it is probable that the regression of these tumors 
in the HF rats was ultimately due to a decrease in PRL secretion, and the prevention of 
this regression in HF+HAL rats was ultimately due to an increase in PRL secretion. EB, 
a potent PRL stimulator, probably blocked tumor regression in HF+EB rats by increasing 
PRL secretion by a direct effect on the pituitary. (P.S.E.B.M. 1993, Vol2031 

,12-Dimethylbenzanthracene (DMBA)-induced 
mammary tumors in the rat depend primarily on 7 prolactin (PRL) for their development and 

growth (1). Estrogen also stimulates mammary tumor 
growth by increasing PRL secretion as well as by a 
direct action on the mammary tissue (2). The mam- 
mary tumors regress after ovariectomy and in the 
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absence of sufficient circulatory levels of PRL (2). Un- 
derfeeding of tumor-bearing rats also causes tumor 
regression (3), but the mechanism of this effect is not 
clear. Underfeeding is known to decrease the secretion 
of a number of hormones, including PRL and estrogen 
(4), thus raising the possibility that regression of mam- 
mary tumors in underfed rats occurs due to a deficiency 
of PRL and estrogen. 

The purpose of this study was to determine whether 
tumor regression in underfed rats could be prevented 
on a chronic basis by maintaining elevated circulating 
levels of estrogen and/or PRL. For this purpose, the 
tumor-bearing rats were treated with a dopamine recep- 
tor blocker, haloperidol (HAL), estradiol benzoate (EB), 
or both. HAL is a potent stimulator of PRL secretion 
in the rat and other species ( 5 , 6 ) ,  whereas EB stimulates 
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PRL secretion as well as increases serum levels of 
estrogen. In one acute study, these treatments have 
been found to prevent tumor regression for a short 
period of time (3), but it is not known if they would do 
so on a long-term basis. Since the secretion of PRL and 
gonadotropic hormones, which affect estrogen produc- 
tion, is regulated to a great extent by hypothalamic 
catecholamines and indoleamines, changes in these 
neurotransmitters during underfeeding with or without 
simultaneous treatment with HAL and EB were also 
measured. 

Materials and Methods 
Animals. Female Sprague-Dawley rats were ob- 

tained at the age of 35-40 days (Harlan Sprague-Daw- 
ley, Inc., Indianapolis, IN) and housed in air-condi- 
tioned, temperature-controlled (23 k 2"C), animal 
quarters (photoperiod, 0500- 1900 hr). They were pro- 
vided with feed and water ad libitum. At the age of 50- 
5 5  days, they were injected through the tail vein with a 
single dose of 1 ml of a lipid emulsion containing 
DMBA (Upjohn Co., Kalamazoo, MI). About 2 
months after DMBA administration, the rats began to 
develop mammary tumors. After tumor development, 
the rats were housed in individual cages and divided 
randomly into five different groups. 

Treatment. Rats in group 1 were fed ad libitum, 
and rats in groups 2-5 were fed 50% of the feed 
consumed by rats in group 1. The average feed con- 
sumption by rats in group 1 was determined every 
week, and the feed given to groups 2-5 was adjusted 
accordingly. Rats in group 1 (full-fed [FF]; n = 7) and 
group 2 (half-fed [HF]; n = 5 )  were injected with a 
mixture of 0.1 ml of 0.3% tartaric acid and 0.1 ml of 
0.3% ethanol. This mixture was used as a vehicle for 
injecting estradiol benzoate (EB) and haloperidol 
(HAL) to groups 3-5. Rats in group 3 ( n  = 6) were 
injected with 0.2 pg of EB/rat, dissolved in 0.2 ml of 
the vehicle described above (HF+EB). Rats in group 4 
( n  = 5 )  were injected with 120 pg of HAL/rat, dissolved 
in 0.2 ml of the vehicle (HF + HAL). Rats in group 5 
( n  = 6) were treated with 0.2 pg of EB and 120 pg of 
HAL/rat (HF+EB+HAL). All injections were given sc 
every day for 15 weeks. The rats in groups 3-5 were 
half-fed for a week before beginning treatment with EB 
and/or HAL. Mammary tumor diameter, mammary 
tumor number, and body weight were determined every 
week throughout the treatment period. Tumor size was 
measured by averaging the two perpendicular diameters 
measured with vernier calipers. 

At the end of the treatment period, the rats were 
sacrificed, and the medial basal hypothalami were dis- 
sected out using the posterior part of the optic chiasm 
as the anterior limit, the anterior part of the mammil- 
lary bodies as the posterior limit, and the lateral hypo- 
thalamic sulci as the lateral limits. To prevent oxidation 

of the neurotransmitters, each medial basal hypotha- 
lamic block was put in 200 pl of 0.1 A4 HC104 (7) and 
stored at -70°C until analyzed for neurotransmitters 
by high performance liquid chromatography with elec- 
trochemical detection (HPLC-EC). 

HPLC-EC. The HPLC-EC procedure has been de- 
scribed in detail previously (7, 8). Briefly, at the time 
of analysis, the samples were thawed at 60°C for 1 min, 
then homogenized and centrifuged for the collection of 
supernatant, which was used for the determination of 
neurotransmitters and protein. The supernatant ( 10 pl) 
from each sample was mixed with 10 pl of the internal 
standard (isoproterenol) and injected onto a C 1 8, 5-pm 
particle size, 250-mm long analytical column (Bioan- 
alytical Systems, West Lafayette, IN). The column was 
kept in a CTO-6A column oven (Shimadzu, Colum- 
bia, MD) at a constant temperature of 37°C. The mobile 
phase, consisting of monochloroacetic acid ( 14.15 g/ 
liter), octanesulfonic acid (0.25 g/liter), EDTA (0.25 
g/liter), sodium hydroxide (4.675 g/liter), acetonitrile 
(3.5%), and tetrahydrofuran (1.4%), was pumped 
through the HPLC system with the help of an LC-6A 
pump (Shimadzu) at a flow rate of 1.6 ml/min. The 
sensitivity of the LC-4B amperometric detector (Bioan- 
alytical Systems) was 1 namp full scale, and the poten- 
tial of the working electrode was 0.65 V in channel 1 
with respect to an Ag/AgCl reference electrode. The 
data were analyzed using a C-R4A Chromatopac inte- 
grator (Shimadzu). Protein concentrations in superna- 
tants were determined by bicinchoninic acid assay 
(Pierce, Rockford, IL), and neurotransmitter concen- 
trations were expressed in terms of micrograms of 
protein. Differences between groups were determined 
by analysis of variance, followed by Fischer's least 
significant difference test. 

Results 
Mammary Tumor Size. Tumor size initially was in 

the range of 1.3-1.6 cm in various groups, with no 
significant differences among the different groups. As 
shown in Figure 1, during the 15-week treatment period 
tumor diameter increased by 213.8 _+ 86% (mean k 
standard error) in the FF rats, but decreased by 8 1.8 k 
13% in the HF rats (P < 0.001). The decrease in the 
HF  rats was apparent from the second week of treat- 
ment. In contrast to those in HF rats, there were 
significant (P < 0.05) increases in tumor diameter in 
HF+EB (83.7 k 36%), HF+HAL (42.1 -C- 23%), and 
HF+EB+HAL (43.3 _+ 11%) rats. 

Mammary Tumor Number. In the FF group, the 
average number of tumors/rat increased from 1.2 k 0.1 
to 2.1 k 0.2 during the 15-week treatment period (Fig. 
2). In the HF  rats, a significant (P < 0.01) reduction 
occurred in the number of tumors, from 1.6 k 0.3 at 
the beginning of the treatment to 0.4 & 0.2 at the end 
of the treatment period. In contrast to that in the HF  
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WEEK OF TREATMENT 
Effects of feed restriction alone or in combination with EB 

and HAL on average tumor diameter in rats. The control (FF) animals 
had free access to food. The animals in all other groups were given 
half of the feed (HF) consumed by the control animals. EB (0.2 pg/ 
rat) and HAL (120 pg/rat) were injected subcutaneously every day 
during the 15-week treatment period. Significantly (P < 0.05) 
different from FF. **  Significantly (P < 0.05) different from HF. 

rats, there was no significant decline in tumor number 
in the rats treated with EB and/or HAL. The average 
numbers of tumors at the beginning and end of the 
treatment were 1.3 k 0.2 and 1.6 & 0.2 in the HF+EB 
group, 1.6 * 0.2 and 1.7 f 0.2 in the HF+HAL group, 
and 1.3 k 0.2 and 1.7 & 0.3 in the HF+EB+HAL 
group. 

Body Weight. The average body weight of the rats 
in the FF group increased throughout the treatment 
period and was 39.7 k 17% ( P  < 0.05) above the 
pretreatment level by the end of the treatment period 
(Fig. 3). In contrast to the FF rats, the average body 
weight in the HF rats decreased by 18.4 f 6% (P < 
0.05). Similar decreases in body weight were observed 
in the other groups: 15.9 f 4% in the HF+EB group, 
20.9 f 1 %  in the HF+HAL group, and 23.6 k 2% in 
the HF+EB+HAL group. Differences in body weight 
between FF (group 1 )  and the half-fed rats (groups 2- 
5 )  began to be significant from the second week of 
treatment. 

Neurotransmitters. As shown in Figure 4, the hy- 
pothalamic dopamine (DA) concentration in the HF 
group (2 1.5 f 0.5 pg/pg protein) was higher ( P  < 0.0 1 )  
than that in the FF group ( 1  9.1 k 0.4 pg/pg protein). 
Compared to those in the HF rats, DA concentrations 
were significantly ( P  < 0.01) lower in the HF+HAL 
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( 1  8.5 k 0.5 pg/pg protein) and the HF+EB+HAL rats 
( 1  5.7 k 0.5 pg/pg protein). The DA concentration in 
the HF+EB rats (22.5 k 2.9 pg/pg protein) was not 
different from that in the HF  rats. Norepinephrine and 
dihydroxyphenylacetic acid concentrations did not dif- 
fer in the various groups. 

The concentration of serotonin (5-HT) in the HF 
rats (78.2 k 10.7 pg/pg protein) was lower ( P  < 0.05) 
than that in the FF rats ( 1  33.4 2 17.6 pg/pg protein; 
Fig. 5) .  In contrast to that in the HF rats, the 5-HT 
concentration was higher ( P  < 0.05) in the HF+HAL 
rats ( 120.2 f 12.2 pg/pg protein). 5-HT concentrations 
in HF+EB (96.8 +, 19 pg/pg protein) and 
HF+EB+HAL rats (96.2 & 12 pg/pg protein) were not 
different from those in HF  rats. No significant differ- 
ences occurred in the concentration of 5-hydroxyindo- 
leacetic acid among the various treatment groups. 

Discussion 
These results demonstrate that the regression of 

carcinogen-induced mammary tumors in severely un- 
derfed rats can be prevented on a chronic basis by 
treatment with estrogen and haloperidol. This effect 
becomes even more impressive when it is noted that 
these treatments prevented tumor regression and main- 
tained tumor size and number in the face of a body 
weight that declined continuously throughout the al- 
most 4-month long period of treatment and was more 
than 60% below that in the full-fed controls near the 
end of the treatment period. 
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Figure 3. Effects of feed restriction alone or in combination with EB and HAL on the average body weight. See Figure 1 for details. 
* Significantly (P < 0.05) different from pretreatment within respective groups and from week 15 in FF. 

DMBA-induced mammary tumors in the rat de- 
pend on PRL for their development and growth. We 
and others have demonstrated in a number of studies 
that procedures which increase serum PRL, such as 
administration of PRL (9) or pituitary grafts in the 
kidney capsule ( lo), stimulate, whereas procedures that 
decrease serum PRL levels, such as hypophysectomy 
(1  1) or treatment with ergot derivatives (12), inhibit 
tumor growth. In the present study, underfeeding pro- 
duced an increase in the DA concentration and a more 
than 50% decrease in the 5-HT concentration in the 
hypothalamus. Both of these changes would lead to a 
decrease in PRL secretion, since DA inhibits and 5-HT 
increases PRL secretion. There were no significant ef- 
fects of underfeeding on the dihydroyphenylacetic acid 
and 5-hydroxyindoleacetic acid levels, indicating that 
changes in DA and 5-HT were due to changes in the 
synthesis, rather than in the degradation, of amines. 
Norepinephrine, which is not known to be involved in 
the control of PRL secretion to any significant extent, 
was not affected by underfeeding. Although PRL was 
not measured in this study, the same level of under- 
feeding as in the present study has been shown to 
decrease serum PRL levels by more than 70% in a 
relatively short period of 3 weeks (3). A number of 
drugs, such as L-dopa and pargyline, which increase 
DA activity and thereby decrease PRL release, are also 
potent inhibitors of tumor growth (1 3, 14). Thus, the 
results of the present study indicate that the mechanism 
by which underfeeding inhibits tumor growth involves 
changes in hypothalamic DA and 5-HT activities that 
are known to decrease PRL release. This conclusion is 
further supported by the fact that when the underfeed- 

ing-induced increase in DA concentration and decrease 
in 5-HT concentration were blocked in half-fed rats by 
HAL treatment, it resulted in prevention of tumor 
regression, no doubt due to stimulation of PRL secre- 
tion. HAL is a powerful stimulator of PRL secretion in 
several species (5, 6) and has been shown to produce a 
more than 30-fold increase in serum PRL levels in rats 
that were underfed and had mammary tumors, just as 
they were in the present study (3). 

Estrogen is a powerful stimulator of PRL release 
in the rat and other species (1 5) .  The same level of EB 
treatment as that used in the present study has been 
shown to produce an increase of more than 1000% in 
serum PRL levels in underfed rats with mammary 
tumors (3). Estrogen stimulates PRL release by acting 
in the hypothalamus, in which it decreases dopami- 
nergic activity (16, 17), and also by a direct action on 
the pituitary (15). In the present study, estrogen was 
unable to affect the DA or 5-HT concentrations in the 
hypothalamus, probably due to underfeeding. There- 
fore, the marked increase in PRL release that occurs in 
EB-treated underfed rats with mammary tumors (3) 
must be due to a direct action of estrogen on the 
pituitary. 

Besides promoting tumor growth through stimu- 
lation of PRL secretion, estrogen by itself is known to 
stimulate mammary tissue (2). In the present study, 
although both HAL and EB treatments prevented tu- 
mor regression in underfed rats, neither HAL, which 
produces a marked increase in serum PRL (3), nor the 
combination of HAL and EB, which increases serum 
PRL levels by as much as 9000% (3) and also raises 
serum estrogen levels, were able to promote tumor 
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Figure 4. Effects of feed restriction alone or in combination with EB and HAL on the concentrations of hypothalamic dopamine, dihydroxy- 
phenylacetic acid (DOPAC), and norepinephrine. See Figure 1 for details. Significantly (P c 0.05) different from FF. ** Significantly (P < 0.05) 
different from HF. 

growth in the half-fed rats to the same extent as in the 
FF rats. This indicates that besides PRL, there are other 
factors that are required to sustain maximum tumor 
growth on a chronic basis in underfed rats. This is in 
sharp contrast to the situation in rats that are underfed 
for a short period. In these rats, elevations in serum 

PRL levels by treatment with HAL alone or in combi- 
nation with EB are sufficient to promote tumor growth 
for 3 weeks (3). 

In summary, it appears reasonable to conclude that 
the ultimate cause of tumor regression in the underfed 
rats was probably a decrease in PRL secretion due to 
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underfeeding-induced changes in the hypothalamic do- 
paminergic and serotonergic activities, and that eleva- 
tions in serum PRL that are known to occur by treat- 
ment with HAL, which prevents underfeeding-induced 
changes in hypothalamic neurotransmitters, or by EB, 
which can act directly on the pituitary to stimulate PRL 
release, can prevent tumor regression on a chronic basis, 
but cannot promote maximum tumor growth. 

This is contribution 92-6 16-5 from the Kansas Agricultural 
Experiment Station. 

1. Meites J. Relation of the neuroendocrine system to the develop- 
ment and growth of experimental mammary tumors. J Neural 
Transm 48:25-42, 1980. 

2. Talwalker PK, Meites J, Mizuno H. Mammary tumor induction 
by estrogen or anterior pituitary hormones in ovariectomized 
rats given 7,12-dimethylbenzanthracene. Proc SOC Exp Biol Med 
116:531-536, 1964. 

3. Leung FC, Aylsworth CF, Meites J. Counteraction of underfeed- 
ing-induced inhibition of mammary tumor growth in rats by 
prolactin and estrogen administration. Proc SOC Exp Biol Med 

4. Campbell GA, Kurcz M, Marshall S, Meites J. Effects of starva- 
tion in rats on serum levels of follicle stimulating hormone, 
luteinizing hormone, thyrotropin, growth hormone and prolac- 
tin. Endocrinology 100580-587, 1977. 

5. Dickerman S, Clark J, Dickerman E, Meites J. Effects of halo- 
peridol on serum and pituitary prolactin and on hypothalamic 
PIF in rats. Neuroendocrinology 9:332-340, 1972. 

6. Quadri SK, Pierson C, Spies HG. Effects of centrally acting drugs 
on serum prolactin levels in rhesus monkeys. Neuroendocrinol- 

7. Palazzolo DL, Quadri SK. Optimal conditions for long-term 
storage of biogenic amines for subsequent analysis by column 
chromatography with electrochemical detection. J Chromatogr 

8. Mohankumar PS, Thyagarajan S, Quadri SK. Interleukin-1 stim- 
ulates the release of dopamine and dihydroxyphenylacetic acid 
from the hypothalamus in v i v a  Life Sci 48:925-930, 199 I .  

9. Meites J, Cassell E, Clark J. Estrogen inhibition of mammary 
tumor growth in rats: Counteraction by prolactin. Proc SOC Exp 
Biol Med 137:1225-1227, 1971. 

173:159-163, 1983. 

Ogy 27: 136- 147, 1978. 

518~258-263, 1990. 

UNDERFEEDING AND MAMMARY TUMORS 241 



10. Welsch CW, Clemens JA, Meites J. Effects of multiple pituitary 
homografts or progesterone on 7,12-dimethylbenzanthracene- 
induces mammary tumors in rats. JNCI 41:465-47 1, 1968. 

1 1. Welsch CW, Itum G, Meites J. Comparative effects of hypophy- 
sectomy, ergocornine and ergocornine-reserpine treatments on 
rat mammary carcinoma. Int J Cancer 12:206-212, 1973. 

12. Quadri SK, Kledzik GS, Meites J. Enhanced regression of 
DMBA-induced mammary cancers in rats by combination of 
ergocornine with ovariectomy or high doses of estrogen. Cancer 
Res 34:499-50 1, 1974. 

13. Quadri SK, Kledzik GS, Meites J. Effects of L-dopa and meth- 
yldopa on growth of mammary cancers in rats. Proc SOC Exp 
Biol Med 142:759-76 1, 1973. 

14. Quadri SK, Clark JL, Meites J. Effects of LSD, pargyline, and 
haloperidol on mammary tumor growth in rats. Proc SOC Exp 
Biol Med 142:22-26, 1973. 

15. Meites J. Relation of prolactin and estrogen to mammary tu- 
morigenesis in the rat. J Natl Cancer Inst 48: 12 17- 1224, 1972. 

16. Demarest KT, Riegle GD, Moore KE. Long-term treatment with 
estradiol induces reversible alterations in tuberoinfundibular do- 
paminergic neurons: A decreased responsiveness to prolactin. 
Neuroendocrinology 39: 193-200, 1984. 

17. Gottschall PE, Sarkar DK, Meites J. Persistence of low hypotha- 
lamic dopaminergic activity after removal of chronic estrogen 
treatment. Proc SOC Exp Biol Med 181:78-86, 1986. 

242 UNDERFEEDING AND MAMMARY TUMORS 


