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Melatonin: Identification of Sites of 

Antigonadal Action in Mouse Brain 

Abstract. Long-term implants releasing a small quantity of melatonin (45 nano- 
grams per day) were used to determine the brain sites of the hormone's antigonadal 
action in a photoperiodic species, the white-footed mouse (Peromyscus leucopus). 
Implants in the medial preoptic and supra- and retrochiasmatic areas elicited 
complete gonadal regression after 7 weeks. Implants in other brain regions had little 
effect on the animals' reproductive state. 

The importance of photoperiodism in 
the control of reproductive cycles has 
been demonstrated in a variety of mam- 
malian species (1, 2). In rodents, photo- 
periodic control of reproductive state is 
mediated by the central nervous system 
through the retinohypothalamic tract, 
the suprachiasmatic nuclei (SCN), and 
the superior cervical ganglia (3). There is 
also evidence that the pineal gland and 
its hormone product melatonin are regu- 
lated by these neural pathways (4) and 
that the pineal gland mediates changes in 
seasonal breeding. In the Syrian hamster 
and the European vole, pinealectomy 
renders the animals incapable of re- 
sponding to a photoperiod with short 
days, thus preventing regression (5). 
Conversely, daily melatonin injections 
provoke gonadal regression in the Syrian 
hamster and the white-footed mouse, 
Peromyscus leucopus (6). 

Various studies have implicated the 
ovary, uterus, and anterior pituitary as 
the sites of melatonin's antigonadal ac- 
tivity (3, but there is also evidence for a 
site in the brain. Melatonin administra- 
tion induces behavioral and electroen- 
cephalographic changes (a), and melato- 
nin crystals implanted into the brain re- 
duce the secretion of pituitary luteinizing 
hormone in castrated rats (9). Recently, 
the hypothalamus was shown to be a 
putative site of melatonin action. Mela- 
tonin is specifically bound in the rat 
hypothalamus (lo), and endogenous mel- 
atonin has been localized in the SCN 
by fluorescence immunohistochemistry 
(11). 

In a previous study we demonstrated 
that implants releasing small quantities 
of melatonin (90 nglday) were effective in 
eliciting gonadal regression when im- 
planted in the anterior hypothalamus of 
P. leucopus (12). The present study 
shows that the antigonadal effects of 
melatonin may be confined to the anteri- 
or hypothalamus. 

Under chloropent anesthesia (16 mg 
per gram of body weight; Fort Dodge 
Laboratories), sexually mature female P.  
leucopus (13) were stereotaxically im- 
planted with a melatonin-containing 
beeswax pellet (12) in a predetermined 

brain reglon. The pellets released a near- 
ly physiological amount of melatonin (45 
nglday, or 2.4 times that produced by the 
pineal gland of the Syrian hamster) (14). 
Some mice were implanted with a blank 
beeswax pellet in the anterior hypothala- 
mus to determine the effects of the im- 
plantation procedure on the animals' re- 
productive state. Correct placement of 
the pellets was determined histologically 
at the end of the experiment (15). Ani- 
mals in another group received a subcu- 
taneously implanted pellet of beeswax 
and melatonin to ascertain whether pe- 
ripheral release of similar quantities of 
melatonin has an antigonadal effect. The 
mice were maintained at 23°C on a pho- 
toperiod with 16 hours of l~ght and 8 
hours of darkness. 

After 7 weeks the mice were killed and 
the reproductive tract (vagina, uterus, 
oviducts, and ovaries) was removed and 
weighed. The mice were also examined 
for an imperforate vagina, which indi- 
cates reproductive regression (16). The 
functional condition of the ovaries was 
determined by histological examination 
of the state of follicular development 
(17). The extent of melatonin diffusion 
from the pellet into the surrounding neu- 
ral tissue was determined by autoradiog- 
raphy (18). 

The results indicate that brain sites for 
the antigonadal action of melatonin are 
located in the rostra1 brainstem, notably 
in supra- and retrochiasmatic areas. 
Mxe with melatonin-containing implants 
in these regions exhibited a degree of 
regression of the reproductive tract (Fig. 
1 and Table 1) similar to that induced by 
12 weeks of exposure to a photoperiod 
with short days (2, 19). Reproductive 
tract weight decreased 61 percent in 
mice implanted with pellets in the supra- 
chiasmatic area and 59 percent in mice 
receiving pellets in the retrochiasmatic 
area (Fig. 1). A majority of the mice 
receiving pellets in these areas also ex- 
hibited imperforate vaginas and had ova- 
ries that lacked preovulatory follicles 
(Table 1). Animals with melatonin-con- 
taining implants in other brain areas 
maintained normal reproductive tract 
weight (Fig. 1). The one exception was a 
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Table 1. Effect of location of melatonin-containing implants on the reproductive state of female 
Peromyscus leucopus maintained for 7 weeks on a photoperiod with 16 hours of light and 8 
hours of darkness. 

Mean weight Mice Mice 
(mg) of with with 

Location of implant N reproductive imper- preov- 
tract i forate ulatory 

standard error vaginas follicles 
-- 

Suprachiasmatic area 7 37 1. 3* 7* 0* 
Retrochiasmatic area 5 39 1. 3* 3 1 * 
Posterior hypothalamus 9 85 t 10 1 8 
Preoptic area 9 86 t 10 2 8 
Basal forebrain 7 91 "- 15 1 5 
Cortex 3 91 2 17 0 3 
Internal capsule-striatum 8 107 t 13 0 8 
Midbrain reticular formation 6 1 0 7 , t  5 0 6 
Blank implant in hypothalamus 5 106 2 18 0 5 
Subcutaneous implant 7 8 8 i  9 I 6 

-- 
*Significantly different from value for mice implanted with blank pellets at P < .01 (one-way analysis of 
variance). Comparisons between means were made by using the error term from the analysis of variance and 
the t distribution. A chi-square test for independence was used to establish the effect of pellet location on the 
number of mice with an imperforate vagina and the number of mice lacking preovulatory follicles. 

mouse with an implant in the medial 
preoptic area. It is unlikely that the sur- 
gical procedure influenced this response 
to melatonin, since blank implants in the 
hypothalamus did not elicit regression. 
In earlier studies on castrated rats (9 ) ,  
crystals of melatonin were effective in 
reducing the secretion of pituitary lutein- 
izing hormone when implanted in the 
midbrain reticular formation and median 
eminence, but the quantities of melato- 
nin released were not measured and pos- 

sible diffusion to other brain or peripher- 
al sites was not assessed. In P. leucopus, 
melatonin implants in and near these 
regions had no effect on reproductive 
state. 

Two lines of evidence indicate that 
melatonin did not act at a distance from 
the site of implantation. First, autoradi- 
ography of brain sections indicated that 
[3H]melatonin diffused into the sur- 
rounding tissue over a distance of less 
than 0.2 mm. Data from mice with pellets 

implanted in or against the third ventricle 
were discarded. Second, subcutaneous 
melatonin-containing implants of similar 
size did not elicit gonadal regression 
(Table 1). 

The sites of melatonin action were 
located medially, 0.1 to 0.4 mm lateral to 
the third ventricle. This location could 
facilitate uptake of melatonin from the 
ventricular system. Immunohistochemi- 
cal localization of endogenous melatonin 
in such medial hypothalamic sites as the 
SCN (11) is consistent with a ventricular 
mode of transport of pineal secretions 
(20); there is a close association between 
the pineal gland and the third ventricle in 
the Syrian hamster and the white-footed 
mouse (21). 

The SCN are thought to regulate en- 
dogenous rhythms associated with re- 
production and activity (22). Hamsters 
with lesions of the SCN remain repro- 
ductively active regardless of length of 
photoperiod (23). Our demonstration 
that melatonin acts in the suprachiasmat- 
ic area is significant because the SCN 
may be a critical target of pineal secre- 
tions (20). This is supported by the ob- 
servation that the SCN contain melato- 
nin (11) and that in Syrian hamsters the 
antigonadal effect of long-term melatonin 
implants is abolished by SCN lesions 
(24). Experimental evidence showing the 

Fig. 1. Diagrams of sagittal sections of female P. leucop~ls  brain, showing the effects of long-term intracranial implants of melatonin-containing 
pellets on reproductive tract weight (RTW). Symbols indicate the location of each implant as well as the magnitude of the response: (0) RTW < 
45 mg, (a) RTW 45 to 70 mg, and (0) RTW > 70 mg. Asterisks show the location of blank pellets (RTW > 70 mg). The distance between each sag- 
ittal section and the midline is shown above the drawings. Abbreviations: A H N ,  anterior hypothalamic nucleus; A ,  amygdala; C ,  cerebral cortex; 
CPU,  caudate-putamen; D M N ,  dorsomedial nucleus; F X ,  fornix; I N ,  infundibular nucleus; LHA,  lateral hypothalamic area; MRF, midbrain 
reticular formation; NPM,  nucleus preopticus magnocellularis; OC, optic chiasma; DPN,  dorsal premammillary nucleus; V P N ,  ventral 
premammillarv nucleus; POA, preoptic area; P V N ,  paraventricular nucleus; SCN,  suprachiasmatic nucleus; T, thalamus; VMN, ventromedial 
nucleus. 
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SCN as the exclusive brain site of mela- 
tonin activity is not conclusive, howev- 
er, since Syrian hamsters with SCN le- 
sions undergo gonadal regression in re- 
sponse to multiple daily injections of 
melatonin (25). The basis for the antigo- 
nadal effects of melatonin might be the 
presence, near the SCN, of a melatonin- 
sensitive dopaminergic system that regu- 
lates prolactin release (26). In Syrian 
hamsters prolactin is thought to play a 
critical role in mediating the inhibition of 
gonadal function which occurs during 
exposure to a photoperiod with short 
days (27). 

The observation that nearly physiolog- 
ical quantities of melatonin inhibit go- 
nadal function to the same degree 
achieved by exposure to a photoperiod 
with short days supports the view that 
pineal melatonin mediates the reproduc- 
tive effects of such a photoperiod by 
acting at a specific neural site. 

J. DAVID GLASS 
G. ROBERT LYNCH 

Department of Biology, 
Wesleyan University, 
Middletown, Connecticut 06457 
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Optimization Theory Fails to Predict Performance of 
Pigeons in a Two-Response Situation 

Abstract. Optimization theory states that organisms behave in a way that 
maximizes reinforcement or "value." In a two-response situation, pigeons' response 
proportions approximately equaled reinforcement proportions, even when this 
behavior pattern substantially decreased the rate of reinforcement. Optimization or 
reinforcement maximization was not supported as the basic mechanism underlying 
choice behavior. 

A fundamental question in the study of 
choice behavior is what basic principle 
most accurately describes how an orga- 
nism distributes its time among the vari- 
ous behaviors that are possible in a given 
environment. One possible answer to 
this question is provided by overall 
maximization theory or optimization the- 
ory. According to optimization theory, 
an organism distributes its behaviors so 
that, in the long run, some variable (for 
example, the amount of food received, 
the energy content of the food, or the 
total subjective value from all sources 
of stimulation) is maximized. Although 
characterizations of the variable to be 
maximized vary with different writers 
and different experimental contexts, the 
notion of maximization has become in- 
creasingly popular in a number of disci- 
plines. Among psychologists, Rachlin 
and his colleagues have propounded the 
view that organisms allocate time so as 
to maximize value (1 j. Optimization the- 
ory is currently popular in behavioral 
ecology, where researchers have shown 
that members of diverse species approxi- 
mate optimal choices in such behavioral 
realms as foraging, prey selection, diet 
selection, mating, and choice of group 
size (2). In economics, the notion that 
every consumer spends his or her in- 
come so as to maximize subjective utility 
is such a fundamental part of microeco- 
nomic theory that it is seldom ques- 
tioned. Thus, Samuelson has claimed 
that the view that consumers maximize 
subjective utility "is not merely a law of 
economics, it is a law of logic itself" (3). 

The purpose of this report is not to 
dispute that many organisms produce 
near-optimal behaviors in a variety of 
situations. Rather, it is to provide evi- 
dence against optimization as the basic 

mechanism underlying choice behavior. 
How such a mechanism might work can 
be explained with a simple example. 
Suppose a hungry pigeon can peck at 
either of two response keys, and re- 
sponses at each key occasionally provide 
access to food. According to Rachlin's 
optimization theory ( I ) ,  an animal in 
such a choice situation will try various 
methods of distributing its behavior and 
eventually settle on the distribution that 
provides the maximum rate of food deliv- 
ery. For example, by testing various 
ways of allocating its behavior the ani- 
mal may learn that distributing 30 per- 
cent of its responses on the red key and 
70 percent on the green key produces the 
highest rate of food reinforcement. If so, 
the animal's behavior should stabilize 
around this response distribution. 

A competing theory of choice behav- 
ior is Herrnstein's (4) matching equation, 
which states that the proportion of re- 
sponses devoted to one alternative will 
match (equal) the proportion of rein- 
forcements provided by that alternative. 
For the situation just described, Herrn- 
stein's equation can be written 

PG -- FG -- 
PG + PR FG + FR (1) 

where PG and PR are the numbers of 
pecks on the green and red keys, ahd FG 
and FR are the numbers of food rein- 
forcements received from the green and 
red keys, respectively. For many choice 
situations, matching theory and optimi- 
zation theory predict nearly or exactly 
the same behavior, but in some circum- 
stances their predictions are different. 
This experiment was designed to test 
these two theories in a simple choice 
situation for which the two theories 
make markedly different predictions. 
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