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Localization and Characterization of Melatonin Receptors in Rodent

Brain by in vitro Autoradiography

David R. Weaver, Scott A. Rivkees, and Steven M. Reppert
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Little is known of the neural sites of action for the pineal
hormone, melatonin. Thus, we developed an in vitro auto-
radiographic method using '?°l-labeled melatonin (I-MEL) to
study putative melatonin receptors in rodent brain. We first
determined optimal in vitro labeling conditions for autora-
diographic detection of I-MEL binding sites in rat median
eminence, the most intensely labeled area in the rat brain.
We then assessed the pharmacologic and kinetic properties
of I-MEL binding sites in rat median eminence by quantitative
autoradiography. These sites have high affinity for I-MEL
(equilibrium dissociation constant = 43 pm). I-MEL binding
was inhibited by nanomolar concentrations of melatonin or
6-chioromelatonin, but was not inhibited by serotonin, do-
pamine, or norepinephrine (100 uM). These results suggest
that I-MEL binding sites identified by in vitro autoradiography
represent specific, high-affinity melatonin receptors. Studies
of the distribution of I-MEL binding in rat, Syrian hamster,
and Djungarian hamster brain confirm that the median em-
inence and suprachiasmatic nuclieus are major sites of I-MEL
binding in rodent brain; other brain areas labeled in one or
more of these species were the thalamus (paraventricular,
anteroventral, and reuniens nuclei, nucleus of the stria med-
ullaris, and medial part of the lateral habenular nucleus),
hypothalamus (dorsomedial nucleus), subiculum, and area
postrema. The presence of putative melatonin receptors in
the suprachiasmatic nuclei and median eminence of these
rodent species suggests that these brain regions are im-
portant loci for melatonin effects on circadian rhythms and
reproduction.

The hormone melatonin (N-acetyl-5-methoxytryptamine) is
produced rhythmically by the vertebrate pineal gland, with el-
evated levels occurring at night. The most well-documented role
of melatonin in mammals is the regulation of photoperiodic
responses, especially reproduction (for reviews, see Karsch et
al., 1984; Turek et al., 1984; Tamarkin et al., 1985; Underwood
and Goldman, 1987). The hypothalamus appears to be the prime
site of melatonin action in the modulation of reproduction,
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based on brain lesion studies (Bittman et al., 1979; Rusak, 1980)
and experiments using intracerebral melatonin implants (Glass
and Lynch, 1981).

Another effect of melatonin is its ability to influence circadian
rhythmicity (see Underwood and Goldman, 1987, for review).
In mammals, pinealectomy or melatonin implants do not affect
the period of free-running circadian rhythms (Cheung and
McCormack, 1982) and pinealectomy has only minor effects on
the rate of reentrainment following phase shifts of the lighting
cycle. However, daily melatonin administration can entrain rats
(Redman et al., 1983). The suprachiasmatic nuclei (SCN) func-
tion as a biological clock in rodents and nonhuman primates,
regulating a variety of circadian rhythms (Moore, 1983). The
entraining effect of melatonin may be due to an effect on the
SCN, as SCN lesions prevent the entraining effect of melatonin
(Cassone et al., 1986).

With the recent discovery that the indole nucleus of melatonin
can be directly iodinated (Vakkuri et al., 1984), a radioligand
(***I-labeled melatonin; I-MEL) of high specific activity (ca. 2000
Ci/mmol) is now available for investigating melatonin sites of
action. The biological activity of iodinated melatonin, both in
vivo (Weaver et al., 1988¢) and in vitro (Dubocovich and Ta-
kahashi, 1987), strongly suggests that this molecule interacts at
biologically relevant sites; localization and characterization of
these sites is a critical step in understanding the mechanism of
melatonin action.

In vitro autoradiographic techniques using I-MEL have re-
cently been developed to localize putative melatonin receptors
within individual brain nuclei (Vanécek et al., 1987; Reppert et
al., 1988; Weaver et al., 1988c). In the present study, we char-
acterized the I-MEL binding site in rat median eminence by
quantitative receptor autoradiography. To define potential sites
of melatonin action in species where melatonin effects on phys-
iology have been most extensively studied, we also examined
the distribution of I-MEL binding sites in brains of adult male
rats and Syrian and Djungarian hamsters.

Materials and Methods

Preparation of I-MEL. Melatonin was iodinated by the method of Vak-
kuri et al. (1984) and purified by high-pressure liquid chromatography
(HPLC). Briefly, 10 ug melatonin (1 pg/ul in 100% ethanol; Sigma, St.
Louis, MO) and Na'*[ (2 mCi; specific activity, 1775-2113 Ci/mmol;
Amersham, Arlington Heights, IL) were combined in an Eppendorftube
coated with Todogen (10 ug, 1,3,4,6 tetrachloro-3a,6a-diphenyl-glycol-
uril; Pierce Chemical Co., Rockford, IL). The reaction was terminated
after 60 sec by addition of 200 ul chloroform. The organic phase was
evaporated to dryness under nitrogen and resuspended in 100% ethanol.
The reaction product was then injected onto an HPLC column (Ul-
trasphere 5 um, 4.6 mm x 15 cm; Beckman, San Ramon, CA) and
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eluted with a linear gradient of isopropanol (10-40% over 30 min at 1
ml/min) in distilled water. Fractions were collected every 30 sec. Frac-
tions (4) eluting at ca. 30% isopropanol (retention time, 20 min) con-
tained a peak of radioactivity composed primarily of I-MEL. Under
these conditions, tritiated melatonin (2-aminoethyl-*H, 43.9 Ci/mmol;
New England Nuclear, Boston, MA) eluted at 20% isopropanol (reten-
tion time, ca. 10 min) and was clearly separated from I-MEL. Each
fraction was extracted with 5 vol of chloroform, and the chloroform
was washed with 1 vol 0.45 M sodium borate buffer (pH 9.7). The organic
fractions were combined and dried under nitrogen. I-MEL was dissolved
in 100% ethanol and diluted in buffer. lodination yield (counts I-MEL
recovered/counts Na'?’I initially) was approximately 10%.

Thin-layer chromatography [0.25 mm silica gel (F-254), EM reagents
division, Brinkman Instruments, Inc., Westbury, NY] using ethyl ace-
tate as the mobile phase (Weaver et al., 1988c) was used to test purity
of I-MEL prior to autoradiographic labeling experiments. The radio-
activity migrated as a single peak that comigrated with nonradioactive
iodomelatonin standard. I-MEL was >95% pure and remained stable
for at least 2 months after preparation.

Animals. Male Sprague-Dawley rats (28-35 d old) were obtained from
Charles River Breeding Laboratories (Kingston, NY) and Zivic-Miller
Laboratories (Allison Park, PA); no differences in distribution or inten-
sity of I-MEL binding were noted between animals from the 2 suppliers.
Male Syrian (golden) hamsters (Mesocricetus auratus, LAK:LVG SYR,
48-54 d old) were obtained from Charles River Breeding Laboratories
(Wilmington, MA), and 60-d-old male Djungarian (Siberian) hamsters
(Phodopus sungorus) were from our colony, established in 1985 with
animals provided by Drs. D. A. Damassa, M. H. Stetson, and G. N.
Wade. Rats were housed in a light—dark cycle of 12 hr light:12 hr dark
(12L:12D), Syrian hamsters were housed in 14L:10D, and Djungarian
hamsters were housed in 16L:8D.

Preparation of tissue for autoradiography. Animals were killed by
decapitation in the afternoon, 3-6 hr before lights off. Brains were re-
moved, frozen in cooled (—20°C) 2-methylbutane, and stored at —70°C
until sectioning. Coronal 20 um sections were cut in a cryostat (—20°C)
and thaw-mounted onto chrome alum gel-coated slides. Sections were
air-dried for 10-15 min, refrozen, and stored at —70°C.

For atlases, sections were distributed to slides such that each slide
contained 2 or 3 consecutive sections every 240 um (i.e., sections were
collected as a 2-in-12 or 3-in-12 series). For optimization and charac-
terization studies, sections on a single slide were at 480-560 um intervals
(collected as a 3-in-24, 2-in-24, or 2-in-28 series). Image analysis was
performed on sections at several intervals on each slide to compensate
for variation in anatomy.

In vitro autoradiographic labeling. Slide-mounted tissue sections were
warmed to room temperature and placed sequentially into preincuba-
tion buffer, incubation buffer, and wash buffers. For optimization and
pharmacology experiments, a slide from each animal was preincubated
in buffer (0.02 M sodium phosphate buffered 0.15 M saline, pH 7.4,
containing 0.1% BSA; PBS/BSA) for | hr at 22°C, incubated with
I-MEL (100 pm in PBS/BSA, 1 hr, 22°C), and then washed (PBS/BSA,
15 min at 0°C, followed by PBS, 15 min at 0°C) as previously described
(Reppert et al.,, 1988; Weaver et al., 1988c). Other slides from each
animal were used to assess the effects of varying reaction conditions or
the effects of drugs on I-MEL binding; data are expressed relative to
slides run under the standard conditions (above). Atlases of the distri-
bution of I-MEL binding sites were also performed using these standard
conditions.

Generation of autoradiograms. After in vitro labeling, slides were
blown dry with cool air, attached to cardboard backing, and placed in
X-ray cassettes along with standards (see below). Autoradiograms were
generated by apposition of LKB Ultrofilm (LKB Pharmacia, West-
minster, MD) to slides for 6-10 d (for quantitative studies) or 3 weeks
(for atlases). Films were processed using Kodak D-19 developer (4 min,
22°C), indicator stop bath (30 sec), and Kodak Rapid fixer with hardener
(4 min). Sections were stained with cresyl violet or toluidine blue and
examined by light microscopy to verify location of structures, with
reference to the atlas of Paxinos and Watson (1985). When necessary,
films were superimposed on the stained sections to define the anatomical
boundaries of labeled areas.

Quantitative analysis of autoradiograms. Quantitative assessment of
antoradiograms was performed using the Drexel University Image Pro-
cessing Center “Brain Software Package” run on an IBM AT computer
(McEachron et al., 1987). Images were recorded with a Circon
MV9015-H monochrome microvideo camera. Absolute optical density

values were calibrated using a photographic step tablet (Kodak #3,
Rochester, NY). For quantitative assessment, optical density values of
individual brain regions were converted to radioactivity by comparison
with radioactive standards (20-um-thick '*’I microscales, batch #4,
Amersham) included on each film. A single set of '] microscales was
used for this series of experiments, and the amount of radioactivity in
the standards was calculated to compensate for decay of the isotope for
each set of films.

While the standard curve relating optical density and radioactivity
could be described as linear for each film (r = 0.90), linear plots poorly
estimated the level of radioactivity at some optical density values (see
Fig. 1). We therefore used a computer-generated best-fit multiparameter
(cubic) equation (BRAIN program GU: BMFP), which provided a good
fit throughout the optical density range examined (see Fig. 1).

Radioreceptor assay. Rat brains were removed rapidly, and brain
regions were dissected with the aid of a dissecting microscope. For SCN
and median eminence, 40 animals were used. Samples of cortex and
hypothalamus (a dissection including both SCN and median eminence)
were obtained from 8 other rats. Tissue was pooled by brain region,
sonicated (Kontes microultrosonic cell disruptor, tune = 3, power = §,
10 sec) in Tris buffer (50 mm, pH 7.4, 4°C), and centrifuged (50,000 x
& 20 min, 4°C). Pellets (crude membrane preparation) were washed
twice, resuspended in Tris buffer, frozen, and stored at —70°C for up
to 3 weeks before use.

For assay, aliquots of membrane preparation (100 ug protein) were
incubated with I-MEL (50 pM) in a final volume of 200 ul at 25°C for
30 min. The incubation was terminated by filtration through prewetted
Whatman GF/B filters, followed by a rapid rinse with 10 ml ice-cold
buffer. Counts bound to protein were assessed by counting the filters in
a gamma counter. Nonspecific binding was determined by including
melatonin (1 uM) in some tubes. Protein content was determined by the
method of Bradford (1976) using BSA as standard.

Drugs. Melatonin, serotonin, dopamine, and norepinephrine were
obtained from Sigma. 6-Chloromelatonin was donated by Dr. J. A.
Clemens, Eli Lilly (Indianapolis, IN). Other chemicals were of reagent
grade.

Statistics. Binding data were analyzed by the EBDA/LIGAND computer
program (McPherson, 1985) to generate Scatchard plots and competi-
tion curves. The concentration of melatonin required to inhibit 50% of
I-MEL binding (IC;,) value was also calculated (McPherson, 1985).

Results

Optimization of reaction conditions

We examined the effect of systematically varying each step of
our in vitro autoradiographic method to identify optimal la-
beling conditions. Quantitative autoradiography was used to
determine the effect of incubation duration, incubation tem-
perature, preincubation duration, and wash duration on the level
of I-MEL binding in rat median eminence.

Incubation duration and temperature dramatically influenced
total I-MEL binding (Fig. 24). Binding occurred more rapidly
at 22°C than at 0°C. At 22°C, binding reached a plateau after
30 min and was stable for 4 hr. For this study, only total binding
was assessed; other data showed that total and specific binding
were generally very close.

Wash duration also affected the level of binding (Fig. 2B).
During the first 5 min, a rapid decrease in both specific and
nonspecific binding occurred. Subsequently, nonspecific binding
was undetectable, and specific binding remained stable for 2 hr.
The presence of 2 components to the dissociation curve suggests
that there may be 2 I-MEL binding sites that differ in affinity.
The level of binding observed with a preincubation duration of
15 min was similar to that observed with a 60 min preincubation
(101.5%, n = 3, data not shown).

These results indicate that the reaction conditions we have
used in the past (Reppert et al., 1988; Weaver et al., 1988c¢)
produce optimal labeling of I-MEL binding sites. These reaction
conditions (1 hr preincubation at 22°C, 1 hr incubation at 22°C,
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Figure 1. Relationship of optical density of LKB Ultrofilm to radio-
activity ('>*I microscales). Points represent the average of 4 films exposed
for 6 d and processed together. SEs fall within the points. The line
represents the best-fit regression line through the points (y = 0.082x +
0.252; r = 0.945). The curve represents the computer-generated best-fit
cubic equation for the same points (y = —1.22 + 10.18x —18.24x2 +
18.25x%).

2 x 15 min washes at 0°C) were therefore chosen for subsequent
experiments.

Autoradiographic characterization of I-MEL binding sites in
rat median eminence

Saturation studies. To determine the equilibrium dissociation
constant (K,) for I-MEL binding sites, the I-MEL concentration
in the incubation vessel was varied from 12.5 to 400 pMm. Specific
binding increased with I-MEL concentration from 12.5 to 200
pM and reached a plateau at 200 pm (Fig. 3), indicating that
binding is saturable. Scatchard analysis of these results (Fig. 3,
inset) indicated a single class of high-affinity binding sites (X,
= 43 pm, Hill coefficient = 0.98). It is not possible to exclude
the existence of a low-affinity site, however, as the range of
I-MEL concentrations was not extended beyond 400 pMm. Fur-
thermore, a wash duration of 30 min may result in preferential
examination of higher-affinity sites (see Fig. 2B).

Pharmacology. For pharmacologic characterization of I-MEL
binding sites, melatonin, 6-chloromelatonin, +norepinephrine,
serotonin, and dopamine were examined (Fig. 4). Melatonin
potently inhibited I-MEL binding in rat median eminence (cal-
culated IC,, for melatonin approximately 2 nm). Melatonin in-
hibited I-MEL binding in rat SCN and Djungarian hamster
median eminence in a similar pattern (data not shown). 6-Chlo-
romelatonin also potently displaced I-MEL binding in rat me-
dian eminence. Serotonin, norepinephrine, and dopamine did
not significantly inhibit binding even at 100 um.

Other characteristics. The I-MEL binding site is labile; specific
binding was completely eliminated by boiling slide-mounted
tissue sections (20 min, 95°C) and by perfusion fixation with
10% neutral-buffered formalin. We have previously verified that
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Figure 2. Optimization of in vitro autoradiographic conditions. A,
Effect of incubation time and temperature (22°C, solid rectangle; 0°C,
open rectangle) on total I-MEL binding. Data are from 6 animals at
each point, expressed relative to standard conditions (incubation du-
ration, | hr; incubation temperature, 22°C), where 100% = 3.76 % 0.43
nCi/mg (mean = SE). B, Effect of wash duration on I-MEL binding.
Specific binding (closed circles) is the difference between total binding
(open circles) and nonspecific binding (triangles, determined in the pres-
ence of 1 uM melatonin). Data are from 4 animals at each point, ex-
pressed relative to standard conditions (2 x 15 min washes; 100% =
4.89 + 0.60 nCi/mg).

the radioactivity bound to tissue is I-MEL by thin-layer chro-
matography (Reppert et al., 1988).

Distribution of I-MEL binding sites

Rats. Specific labeling was observed in the hypothalamus (me-
dian eminence and SCN), thalamus (anteroventral and paraven-
tricular nuclei), subiculum, and area postrema (Fig. 5, Table 1).
The external region of the median eminence was the most in-
tensely labeled site in the rat brain. Intense specific binding
extended caudally from the median eminence onto the ventral
surface of the anterior pituitary gland (Figs. 5, 6), raising the
possibility that at least a portion of the binding observed
throughout this region is actually to cells of the pars tuberalis.
The rat area postrema was also intensely labeled, but with the
exception of median eminence, other circumventricular organs
(organum vasculosum of the lamina terminalis, subfornical or-
gan, subcommisural organ, pineal gland, and posterior pituitary
gland) did not contain specific I-MEL binding. Specific binding
in the rat SCN was less intense than in median eminence and
area postrema. Binding in the paraventricular nucleus and an-
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teroventral nucleus of the thalamus and subiculum was less
intense than in SCN.

Syrian hamsters. The median eminence was also intensely
and consistently labeled by I-MEL in Syrian hamsters (Fig. 7,
left-hand column; Table 1). Specific I-MEL binding in the SCN
was clearly observed in 8 animals examined recently. In the first
3 animals examined, however, we did not observe specific
I-MEL binding in the Syrian hamster SCN (Weaveretal., 1988a,
b). The failure to detect SCN labeling in the initial set of sections
was probably due to an unidentified technical problem; we are
now convinced that the Syrian hamster SCN does contain spe-
cific I-MEL binding sites. Specific I-MEL binding was also noted
in dorsomedial nucleus of the hypothalamus, paraventricular
nucleus of the thalamus, and the medial part of the lateral ha-
benular nucleus (Fig. 7, left-hand column; Table 1).

Djungarian hamsters. Specific labeling was observed only in
the hypothalamus (median eminence, SCN) and thalamus (para-
ventricular and reuniens nuclei, and nucleus of the stria med-

I—labeled Melatonin (pM)

ullaris) (Fig. 7, right-hand column; Table 1). Labeling in median
eminence was most intense; I-MEL binding sites extended onto
the ventral surface of the pituitary. The SCN and paraventricular
nucleus of the thalamus were clearly and consistently labeled;
binding in reuniens nucleus and the nucleus of the stria med-
ullaris was less intense. The pineal gland did not contain specific
I-MEL binding sites.

Distribution of I-MEL binding assessed by radioreceptor assay

Radioreceptor assay was used to corroborate the site-specific
distribution of I-MEL binding sites in rat brain. This indepen-
dent method confirmed the relatively high amount of I-MEL
binding in median eminence, and somewhat lower level of bind-
ing in SCN (Fig. 8). Lower levels of binding were observed when
the whole hypothalamus was sampled, presumably because of
dilution of the binding sites in median eminence and SCN by
other hypothalamic tissue containing low levels of binding. In
cortex, specific binding was barely detectable.

3
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Figure 5. Distribution of I-MEL binding sites in rat brain. Autoradiograms illustrate the areas of specific I-MEL binding. Nonspecific binding
was homogeneous and equaled section background. AP, area postrema; 4Pit, anterior pituitary gland; 4V, anteroventral thalamic nucleus; ME,
median eminence; PV, paraventricular nucleus of the thalamus; S, subiculum; SCN, suprachiasmatic nucleus.

Discussion

The I-MEL binding site in rat median eminence exhibits kinetic
and pharmacologic characteristics of a melatonin receptor. The
I-MEL binding site in rat median eminence is saturable and has
high affinity for melatonin, I-MEL, and 6-chloromelatonin. Non-
radioactive iodinated melatonin (Dubocovich and Takahashi,
1987; Weaver et al., 1988c) and 6-chloromelatonin (Clemens
etal., 1980; Vaughan et al., 1986) are biologically active melato-

nin analogs with potency similar to melatonin. Biogenic amines
that do not mimic biological effects of melatonin (serotonin,
dopamine, norepinephrine) do not displace I-MEL binding in
rat median eminence. The site-specific distribution of
I-MEL binding sites, identified autoradiographically and con-
firmed by radioreceptor assay, further supports that the I-MEL
binding site is a specific melatonin receptor, and not a receptor
or receptor subtype for another hormone or neurotransmitter.
Other recent studies have also used I-MEL to identify high-
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Figure 6. Distribution of I-MEL binding sites in the rat median eminence region. Autoradiograms (right) show the distribution of I-MEL binding;
photomicrographs of the same sections after staining with cresyl violet are shown at /eft. From top to bottom of the figure, sections represent the
level of the rostral median eminence, middle median eminence, infundibular stalk, and anterior pituitary gland.

affinity melatonin receptors in vertebrate brain (Dubocovich
and Takahashi, 1987; Niles et al., 1987; Vanétek et al., 1987;
Duncan et al., 1988; Reppert et al., 1988; Vanééek, 1988a, b;
Rivkees et al., 1989). Melatonin concentrations in rodent blood
at night are in the picomolar to low nanomolar range (Tamar-
kin et al.,1985), comparable to the K, values for high-affinity
I-MEL binding sites determined in these studies.

While we are confident that we have identified the major sites
of I-MEL binding in these 3 rodent species, it is possible that
some physiologically relevant sites have been overlooked. Be-
cause of the limits of resolution of the film autoradiographic
technique, it is unlikely that this method would detect binding
to a population of functionally related cells that are not ana-
tomically clustered. For example, cells containing luteinizing
hormone-releasing hormone (LHRH) are scattered throughout
the preoptic area, anterior hypothalamus, diagonal band, and
septum (Silverman et al., 1979; Jennes and Stumpf, 1980; Wit-

kin et al., 1982; Petterborg and Paull, 1984). Even if all LHRH
cells had I-MEL binding sites, film autoradiography would prob-
ably not detect the individual cell bodies because of their scat-
tered distribution. In addition, section frequency, time of day
of tissue collection, age, sex, and physiological condition of the
animals may influence the distribution of binding sites.

The presence of -MEL binding in SCN and median eminence
confirms earlier observations that these are the major sites of
I-MEL binding in rodent brain (Van&tek et al., 1987; Vanééek,
1988b; Weaver et al., 1988c). I-MEL binding sites are present
in a limited number of other brain nuclei in a species-specific
pattern. On the basis of the present data alone, it is impossible
1o know which of the brain regions containing I-MEL binding
sites mediate physiological responses to melatonin. When con-
sidered in the light of published data, however, our data suggest
that the SCN and median eminence are particularly likely sites
of melatonin action.
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Figure 7. Distribution of I-MEL binding sites in Syrian (left) and Djungarian (right) hamster brain. Autoradiograms illustrate the areas of specific
I-MEL binding. Nonspecific binding was homogeneous and equalled section background. APit, anterior pituitary gland; DM, dorsomedial nucleus
of the hypothalamus; LHbM, medial part of the lateral habenular nucleus; ME, median eminence; PV, paraventricular nucleus of the thalamus;
Re, reuniens nucleus; SCN, suprachiasmatic nucleus; SM, nucleus of the stria medullaris.

The SCN are the site of a biological clock in rodents and
nonhuman primates (Moore, 1983); the effects of melatonin on
circadian rhythmicity in rats (Redman et al., 1983) suggest that
melatonin may act in the SCN, Furthermore, the SCN are nec-
essary for the entraining effects of melatonin in rats (Cassone
et al., 1986), and melatonin alters the metabolic activity of the
SCN (Cassone et al., 1987). Similarly, melatonin effects on cir-

cadian rhythmicity in humans (Arendt et al., 1987, 1988) may
be mediated by I-MEL binding sites in the human SCN (Reppert
et al., 1988). Taken together, these data suggest that melatonin
alters circadian rhythmicity by acting on a hypothalamic bio-
logical clock, the SCN.

While the SCN may also have a role in photoperiodic re-
sponsiveness, previous data on this point are inconclusive. Lo-
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Figure 8. Radioreceptor assay of I-MEL binding sites in the rat. Each
point represents the mean + SEM of triplicate determinations at a single
I-MEL concentration; these values thus represent the relative amount
of binding, not the maximum number of binding sites (B,,.). CTX,
cortex; HYP, hypothalamus; SCN, suprachiasmatic nucleus; ME, me-
dian eminence. Specific binding is the difference between total binding
(I-MEL only) and nonspecific binding (I-MEL plus 1 uM melatonin).

calization of an antigonadal effect of melatonin to the area near
the SCN in mice (Glass and Lynch, 1981) is consistent with the
proposal that the SCN may be an important site of melatonin
action, but the role of the SCN cannot be directly assessed with
this method. Studies to assess the role of the SCN in photo-
periodic responses by destroying the nuclei in Syrian hamsters
have produced conflicting results (Bittman et al., 1979; Rusak,
1980), perhaps due to methodological differences. Furthermore,
the interpretation of lesion studies is complicated by the pos-
sibility that lesions may alter responsiveness to melatonin by
damaging neural systems regulating hypothalamic-pituitary
function without necessarily interrupting melatonin sites of ac-
tion (see Rusak, 1980, for discussion).

Rats are not overtly photoperiodic, while Djungarian and
Syrian hamsters are. Melatonin effects on reproductive physi-
ology have been demonstrated in rats, however. Pubertal de-
velopment can be delayed in juvenile male rats by timed daily
melatonin injections (Sizonenko et al., 1985), and ovulation can
be blocked in adult females by acute administration of melato-
nin on the afternoon of proestrus (Ying and Greep, 1973; Clem-
ens et al., 1980). Furthermore, adult male rats can be made
responsive to photoperiod and melatonin treatment (Reiter et
al., 1968; Nelson and Zucker, 1981; Wallen et al., 1987). These
data suggest that rats possess the substrate for photoperiodic
responsiveness (e.g., melatonin receptors), but that expression
of photoperiodic responsiveness is normally masked.

The median eminence is critically and intimately involved in
hypothalamic-hypophysial function, making it tempting to
speculate that this region is a prime site for melatonin effects
on reproduction. Melatonin influences the activity of the hy-
pothalamic-pituitary-gonadal axis and times seasonal changes
in reproductive function (Karsch et al., 1984; Lincoln et al.,
1985; Tamarkin et al., 1985; Underwood and Goldman, 1987);
the final link in neural pathways regulating anterior pituitary

Table 1. Distribution of I-MEL binding sites in rodent brain

Djun-
Site Rat Syrian garian
AP, area postrema 5 ND 0
AV, anteroventral thalamic nucleus 1 0 0
DM, dorsomedial hypothalamic nucleus 0 2 0
LHbM, lateral nucleus habenula, medial part 0 1 0
ME, median eminence 5 5 5
PV, paraventricular thalamic nucleus 1 1 3
Re, reuniens thalamic nucleus 0 O 1
S, subiculum 1 0 0
SCN, suprachiasmatic nucleus 2 1 3
SM, nucleus of the stria medullaris 0 O 1

The following system was used to report the intensity of specific -MEL binding
in each site: 0, <0.10 nCi/mg plastic (Amersham microscale); 1, 0.10-0.20 nCi/
mg; 2, 0.21-0.40 nCi/mg; 3, 0.41-0.60 nCi/mg; 4, 0.60-1.0 nCi/mg; 5, >1.0 nCi/
mg; ND, not determined. Sites not listed were <0.10 nCi/mg in all 3 species.
Densitometric analysis consisted of examining 2 animals from each species. Sections
where the site was most clearly apparent were analyzed; each reading was corrected
for nonspecific binding determined on adjacent sections.

function is the population of hypothalamic neurons projecting
to the external zone of the median eminence. Recent anatomical
studies suggest that, in Syrian hamsters and sheep at least, in-
teraction of LHRH axons within the external zone of the median
eminence may be involved in coordinating activity of LHRH
cells (Lehman and Silverman, 1988; Lehman et al., 1988). Fur-
thermore, melatonin appears to reduce LHRH release from me-
dian eminence, as LHRH content in hypothalamus (Pickard
and Silverman, 1979; Jackson et al., 1982; Steger et al., 1982)
and median eminence (Petterborg and Paull, 1984; Glass, 1986;
Glass and Knotts, 1987) increases with exposure to short days
or melatonin treatments. Taken together with our observation
of melatonin receptors in the external region of the median
eminence, these data suggest that melatonin receptors in the
median eminence play an important role in mediating melato-
nin effects on reproductive function.

Within the region of the median eminence, I-MEL binding
extends from the external zone of the median eminence onto
the surface of the infundibular stalk and anterior pituitary gland
in a pattern suggesting that at least a portion of the specific
I-MEL binding in this region is to cells of the pars tuberalis, a
sheath of anterior pituitary-like cells covering the ventral aspect
of the median eminence, pituitary stalk, and portions of the
pituitary gland (Gross, 1984). Because the pars tuberalis is only
2-4 cells in thickness in these rodent species, our current au-
toradiographic method cannot distinguish between binding in
the external zone of the median eminence and binding in pars
tuberalis. Interestingly, the morphology of pars tuberalis in
Djungarian hamsters is influenced by photoperiod (Wittkowski
et al., 1984, 1988).

Quantitative autoradiography is an increasingly popular
method for examining the distribution and properties of recep-
tors/binding sites in the brain (see Kuhar, 1985). In the present
study, we have described an in vitro autoradiographic technique
for the study of putative melatonin receptors. Considering the
extremely limited distribution of I-MEL binding sites in rodent
brain, quantitative receptor autoradiography is a powerful
method for examining regulation of putative melatonin recep-
tors within individual brain nuclei.
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