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ABSTRACT The blind mole rat (Spalax ehrenbergi) displays daily and seasonal rhythms. Mel-
atonin, secreted nocturnally by the pineal gland, is also produced in the harderian gland and
affects its morphology in rodents. We report here on the presence of putative melatonin receptors
in the blind mole rat harderian gland, located in the microsome-enriched fraction of the cells.

Equilibrium '#*I-melatonin binding studies indicated high- and low-affinity melatonin binding
sites in the female (apparent Kd 10 pM and 2.4 nM, respectively) and low-affinity sites in the
male (apparent Kd 2.6 nM) mole rat. The binding sites were not significantly affected by season.
Castration increased the density of high-affinity binding sites in males and low-affinity binding in
females.

125T_melatonin binding to the gonadectomized mole rat preparation was inhibited by serotonin>2-
iodomelatonin>memelatonin>5-methoxytryptamine. The guanine nucleotide analogs, guanosine 5°-
O-[3-thio-triphosphate] and guanosine 5°-O-[2-thio-diphosphate], inhibited specific ***I-melatonin
binding, whereas 5°-guanylyl imido-diphosphate was less potent.

These results indicate for the first time the presence of GTP-sensitive melatonin binding sites
in the blind mole rat harderian gland, and suggest that their expression is under control of sex

steroids. J. Exp. Zool. 277:435-441, 1997. © 1997 Wiley-Liss, Inc.

The mole rat (Spalax ehrenbergi) is a blind, soli-
tary, highly aggressive subterranean rodent that
shows striking behavioral and physiological ad-
aptations to underground life (MacDonald, ’85;
Nevo, '91). Its rudimentary eye is atrophied, cov-
ered by a thick layer of skin and dark fur (Cei,
’46; Sanyal et al., ’90) and rests on a large
harderian gland, which is the major organ in the
orbital cavity.

The harderian gland, found in many vertebrates
which possess a third eyelid, has been the subject
of extensive studies. It has been postulated as a
possible source of pheromones (Thiessen et al., "76;
Payne, ’79), a source of thermoregulatory lipids
(Jost and Murawski, *77; Thiessen and Kittrell,
’80), a photo-protective organ (Hugo et al., ’87),
and a part of the immune system (Burns, ’79;
Montgomery and Maslin, ’92; for general reviews,
see Sakai, ’81; Payne, '94). In the golden ham-
ster, the gland shows marked sexual dimorphism,
especially regarding the histological (Hoffman, *71;
Lin and Nadakavukaren, ’79), and enzyme char-
acteristics (Menendez-Pelaez et al., ’88). Some of
these characteristics have been shown to be un-
der control of gonadal steroids (Payne et al., ’77;
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Lin and Nadakavukaren, ’79; Buzzell et al., '91).
In some rodents, it has been suggested that the
harderian gland serves as an extraretinal photo-
receptor (Wetterberg et al., ’70; Pevet et al., ’84).
Melatonin, the principal hormone secreted by
the pineal gland at night, mediates the effect of
the photoperiod on reproduction and thermoregu-
lation, presumably by acting on the hypothala-
mus—pituitary axis (see Reiter, '91, for review). In
the golden hamster, melatonin has been suggested
to play an important role in the metabolism and
morphology of the harderian gland (McMaster and
Hoffman, ’84; Rodriguez-Colunga et al., ’91). Bind-
ing sites for both melatonin (Menendez-Pelaez et
al., ’93), and gonadal steroids (Vilchis et al., ’87)
were found in the golden hamster harderian
gland. The melatonin binding sites were charac-
terized by sexual dimorphism in density (females
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show more than males) but not in apparent dis-
sociation constants. Castration of the males re-
sulted in an increased density of the melatonin
binding sites up to the levels of females (Menen-
dez-Pelaez et al., ’93). As a putative extraretinal
photoreceptive organ, the harderian gland may be
particularly important in blind animals (Wetter-
berg et al., ’70), including the blind mole rat. If
so, melatonin and its receptors in the harderian
gland may participate in the circadian and seasonal
activities of this blind and subterranean animal.

The mole rat exhibits sexual differences in
harderian gland weight and acini star volume (.e.,
average volume of the tubuli), although these are
not as obvious as in the golden hamster (Shanas
et al.,, ’96). The male’s gland weighs significantly
more than the female’s (Shanas et al., ’96). This
dimorphism is probably controlled by sex hor-
mones, as an injection of GnRH caused a signifi-
cant rise in the male gland weight (unpublished
results). The harderian glands of a number of
other species, including the Syrian hamster, con-
tain high concentrations of porphyrins, and in
some cases display sexual dimorphism in this re-
spect (Payne, '94; Buzzell et al., ’91). The blind
mole rat harderian gland differs from those in that
it does not contain detectable amounts of porphy-
rins (unpublished results). In addition, the mole
rat harderian gland shows seasonal variations in
mass, with peak mass during the breeding sea-
son, namely, in the winter. During the breeding
season, the mass of the female gland increases
and reaches that of the male gland (Shanas et
al., ’96).

Three roles have been proposed for the mole rat
harderian gland. One study suggested that the
gland is implicated in the detection of photoperi-
odic changes (Pevet et al., ’84); a second study
demonstrated the involvement of the gland in in-
dole metabolism (Balemans et al., ’80). Recently,
we have suggested that the gland may be impli-
cated in pheromone production (Shanas and
Terkel, ’95).

The purpose of the present study was to exam-
ine whether the mole rat harderian gland exhib-
its melatonin binding sites and whether these
sites are under gonadal or seasonal regulation.

MATERIALS AND METHODS

Animals

All animals used in this study were adult mole
rats trapped in the field around Tel Aviv during
winter. After capture, the animals were main-
tained in the lab at 24+2°C under daily light dark
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cycles of 14L:10D for at least six months (cool
white fluorescent illumination). They were kept
in individual plastic cages (30 x 20 x 13 cm) with
wood shavings for bedding, and fed with rat pel-
lets, carrots, and apples. Although the above light-
ing regime resembles a long-day photoperiod,
reproductive parameters such as females vaginal
smears and body mass reveal that mole rats re-
tain a circannual rhythm under these conditions
(Shanas et al., ’95; Shanas et al., ’96).

Castrated animals: Ten animals (5 females and
5 males) were anesthetized with an i.m. injection
of a Ketalar and Rumpon mixture. A cut was made
through the skin and muscle on both sides of the
body near the gonads. The blood vessels leading
to the gonads were ligated and the gonads re-
moved. The cuts were sutured and the animals
were allowed to recover for two months.

Three groups of animals were studied (time of
gland excision in parenthesis): 1) winter (Febru-
ary), 2) summer (August), and 3) gonadectomized
(June). Each group consisted of two subgroups (5
females and 5 males).

The harderian glands were surgically removed
after the animals were anesthetized with an i.m.
injection of a Ketalar and Rumpon mixture. A one
cm incision of the skin covering the orbit was
made on both sides of the head, exposing the
harderian glands. After ligating the blood vessels
leading to the gland, the gland was removed,
weighed, and immediately stored below —70°C un-
til assay. All the glands were excised between
15:00-17:00 h.

Materials

Melatonin, 5-methoxytriptamine, serotonin,
guanosine 5°-0-[3-thio-triphosphate] (GTPYS),
guanosine 5°-O-[2-thio-diphosphate] (GDPBS), 5°-
guanylyl imido-diphosphate (GppNHp), polyethyl-
enimine (PEI), bovine serum albumin (BSA), and
phenyl methane-sulfonyl fluoride (PMSF) were
obtained from Sigma. Na'*’I was obtained from
Amersham. '*I-melatonin was prepared as de-
scribed (Vakkuri et al., ’84).

Equilibrium "*’I-melatonin binding

Harderian glands of each study group were
trimmed of extraneous tissues, pooled together,
homogenized with Teflon-glass homogenizer with
10 volumes/gram tissue of ice cold Tris-HCI buffer
(50 mM Tris, 5 mM CaCl,, pH = 7.4) containing
200 pM PMSF, and spun at 10,000g for 10 min.
The pellets (P,, particulate fraction), resuspended
in the same buffer, and the supernatants (S;) di-
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luted (1:6) with the same buffer were collected.
S, fractions were spun at 100,000g for 2 h to yield
a microsome-enriched pellet (P,, Laudon et al.,
’96), which was then suspended in the same buffer
to 25% of the initial volume. All fractions were
frozen and stored at —70°C until used.

Binding to the microsome-enriched
fractions (P,)

Aliquots of the microsome fractions were incu-
bated in pentaplicates for 5—120 min. at 37°C with
»I-melatonin (10 pM—1 nM), in assay buffer (Tris
buffer containing 0.15% Triton X-100), in the ab-
sence (total binding) or presence (non-specific
binding) of 50 mM melatonin. The binding reac-
tion was terminated by the addition of 4 ml ice-
cold Tris buffer. The bound '*’I-melatonin was
collected by vaccum filtration using GF/F glass
fiber filters, preincubated for 15 min in 0.3% PEI.
Filters were washed with 3x4 ml ice-cold buffer
and the bound *’I-melatonin was determined in
a y counter as described (Laudon et al., ’96). Spe-
cific binding was calculated from the difference
between the total and non-specific binding and
ranged from 40-50% of the total binding at 500 pM
*T-melatonin. Scatchard analysis of the equilibrium
binding data at this concentration range suggested
a single- or two-site model in the various animal
groups. Accordingly, the equilibrium binding param-
eters were obtained by nonlinear regression analy-
ses (Sigmaplot), using a one- or two-site model.

Binding to particulate fraction (P,)

Samples were incubated with *I-melatonin (10
pM—-1 nM) in Tris-HCI buffer pH 7.4 containing 5
mM CaCl; in the absence or presence of 50 mM
melatonin for 60 min at 37°C. Membranes were
then collected by vacuum filtration using GF/C
glass fiber filters as described (Laudon and
Zisapel, ’86).

Competition studies

Aliquots of microsome-enriched fractions, from
gonadectomized animals, were incubated in penta-
plicates with '*I-melatonin (200 pM) for 1 h in
the presence of diluent (0.01% ethanol) or of 1 nM—
1 pM of various competitors (melatonin, 2-iodo-
melatonin, 5-methoxytryptamine and serotonin).
The amount of protein-bound radioactivity was
determined after filtration on GF/F filters.

Effects of nucleotides

Aliquots of the microsome-enriched fractions
were incubated in pentaplicates for 10 min in
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the absence or presence of GTPYS, GppNHp, or
GDPfS (50 and 200 mM) in assay buffer contain-
ing 5 mM MgCl,. "**I-melatonin (500 pM) was then
added with or without melatonin (50 pM) and the
incubation resumed for 60 min. Bound '*’I-mela-
tonin was assessed as described above.

Protein determination

Protein content was determined as described
(Markwell et al., *78) using bovine serum albu-
min (BSA) as a standard.

RESULTS

2T melatonin binding in harderian-derived
preparations

Incubation of the microsome-enriched prepara-
tions with '*I-melatonin (500 pM at 37°C) re-
sulted in a time-dependent increase in specific
binding, reaching equilibrium within 30 min. Fol-
lowing equilibration, excess melatonin (50 pM)
was added and displacement of all specific bind-
ing of "I-melatonin occurred within 80 min, in-
dicating that the binding was reversible (not
shown). Incubation of the particulate fraction ob-
tained from the harderian (P;) with **I-melato-
nin under similar conditions did not reveal the
presence of specific binding sites in this fraction
(not shown).

The concentration dependencies of '*’I-melato-
nin binding to microsome-enriched preparations
from the female harderian gland are shown in Fig-
ure la. Scatchard plots analysis of the equilibra-
tion binding data (Table 1) was comparable with
a two-binding-sites model, with apparent disso-
ciation constants (Kd) of 10 pM (high affinity) and
2.6 nM (low affinity) in the summer, and a single
low-affinity site model in the winter. The appar-
ent density of the low-affinity sites was similar
in glands collected in the winter and summer.

In the males, the concentration dependency of
1%I-melatonin binding was compatible with a
single low-affinity site model (apparent Kd 2.5 nM,
Fig. 1b). Binding was not affected by season of
gland excision.

In ovariectomized females, binding was compat-
ible with a single-site model, displaying low af-
finity toward the ligand (Kd = 1.2 nM, Fig. 1c).
The apparent density of these sites was signifi-
cantly higher in ovariectomized than in intact fe-
males (Table 1).

In castrated males, the binding was compatible
with a two-site model (Fig. 1c). The density of the
high-affinity sites was apparently increased by
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castration, whereas that of the low-affinity sites
was not significantly affected (Table 1).

The inhibition of specific "*’I-melatonin binding
to microsome-enriched preparations from the
harderian of gonadectomized blind mole rats by
various indole derivatives is shown in Figure 2a—
b. Specific **I-melatonin binding was inhibited by
2-iodomelatonin and melatonin (IC;, 10 and 50
pM, respectively), whereas 5-methoxytryptamine
was less potent (Fig. 2). Serotonin competed for
the specific- as well as the non-specific binding
(i.e., binding which was not affected by either 2-
iodomelatonin or melatonin). Data were similar
for both male and female groups (Fig. 2, left and
right panels).

The inhibition of *’I-melatonin binding to the
microsome-enriched preparations by nonhydro-
lizable guanine nucleotide analogs is shown in
Figure 3. "I-melatonin binding was inhibited
by GTPyS and GDPS in a dose-dependent man-
ner, whereas GppNHp was less effective. Data
were similar for all study groups.

DISCUSSION

Our results show for the first time that the
harderian gland of the blind mole rat contains spe-
cific melatonin binding sites, which bind **I-mel-
atonin with high affinity in a reversible and
saturable manner. The possibility that these sites
are putative melatonin receptors is supported by
several arguments: 1) Iodinated melatonin is a
biologically active melatonin analog that mimics
both the reproductive and circadian effects of me-
latonin (Laudon and Zisapel, ’86; Dubocovich, ’88).
2) The apparent affinities of these sites for *I-
melatonin (around 10 pM and 2 nM) are within
the range found by autoradiography for melato-
nin receptors in mammalian brain and pars-
tuberalis (i.e., 10 pM-3 nM, see Dubocovich, '95,
for review). 3) The inhibition by GTPyS and
GDP@S of the specific *I-melatonin binding is
compatible with a G-protein coupled receptors

Fig. 1. Equilibrium 125T_melatonin binding to microsome-
enriched preparations from the blind mole rat harderian as
a function of '?’I-melatonin concentrations. Aliquots of the
microsomal fractions (5 animals/group) were incubated with
various concentrations of 12’I-melatonin in the absence and
presence of melatonin (50 pM). Specific binding was deter-
mined at equilibrium. Mean + SEM values (n = 5) are shown.
The solid lines are theoretical curves reconstructed from the
mean Kd and Bmax values depicted in Table 1. a: Males,
winter (@) and summer (O). b: Females, winter (@) and sum-
mer (O). e¢: Castrated females (@) and males (O). The re-
spective Scatchard plots of the data are shown in the insets.
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TABLE 1. Apparent Kd and Bmax values (Mean + SEM) calculated from the Scatchard plot analyses of specific
125]_melatonin binding data presented in Fig 1. H = high affinigy site, | = low affinity site.

Male Female
Bmax (fmol/ Bmax (fmol/
Group: Kd (nM) mg prot.) Kd (nM) mg prot.)
Summer: H: — — 0.01 = 0.007 0.54 = 0.05
L: 2.60 = 0.56 15.80 = 3.20 2.47 = 0.55 11.30 = 3.00
Winter: H: — — — —
L: 2.50 = 0.44 19.10 = 2.50 2.67 = 0.80 12.90 = 3.00
Castrated: H: 0.01 = 0.004 0.59 = 0.09 — —
L: 1.20 = 0.79 16.90 + 8.70 1.26 = 0.05 24.80 = 0.82

(Birnbaumer, ’91), as are the recently cloned mel-
atonin receptors (Reppert et al., ’96).

The association of these sites with the mi-
crosome-enriched fraction is compatible with our
recent findings of microsome-associated *’I-mel-
atonin binding sites in the human benign pros-
tate tissue and the rat prostate (Laudon et al.,
’96; Gilad et al., submitted).

Melatonin has been found to be produced in the
mole rat harderian gland (Balemans et al., ’80).
In the rat it has been proposed that the melato-
nin binding sites in the harderian gland mediate
a negative feedback control of melatonin on
harderian gland melatonin production (Lopez-
Gonzalez et al., ’91). One possible function for mel-
atonin binding sites found in this study in the
harderian gland of the mole rat may thus be re-
lated to the regulation of melatonin production.
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Fig. 2. Inhibition of *I-melatonin binding to harderian
gland preparations by various indole derivatives. Microsome-
enriched preparations from the harderian glands of gonadec-
tomized male (right panel) and female (left panel) mole rats

Another possibility is of a hormonal feedback on
the putative photoreceptive action of the gland.
These possibilities deserve further investigation.

This study failed to find major seasonal effects
on melatonin binding sites in the harderian gland.
This could be due to the fact that the experimen-
tal animals were kept under a constant 14:10LD
photoperiod regime. On the other hand, mole rats
have been demonstrated to retain circannual
rhythms even when they are kept under constant
lighting regimes (Shanas et al., ’95; Shanas et al.,
’96). It is thus possible that melatonin receptors
in the mole rat harderian gland do not display
seasonal variations, or that they depend on the
photoperiod.

Castration-induced changes in **I-melatonin
binding sites, in the male and female harderian
gland, suggest that the expression of melatonin
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were incubated with '?’I-melatonin in the absence and pres-
ence of various concentrations of: melatonin (O), serotonin
(W), 2-iodomelatonin (@) and 5 methoxytryptamine ([(J). Mean
+ SEM of the binding data values (n = 5) are shown.
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Fig. 3. Inhibition of '#’I-melatonin binding to mole rat
harderian gland preparations by guanine nucleotide analogs.
Microsome preparations were incubated for 10 min with
GTPyS, GDPS, or GppNHp or buffer. The specific binding of
125T_melatonin was then assessed. Results are expressed as a
percentage of the specific binding in the absence of guanine
nucleotide analogs. Mean + SEM values of all the study groups
(n = 18) are shown.

receptors is influenced by steroids. Effects of sex
steroids on melatonin binding sites have been
demonstrated in rats and hamsters. In female rat
hypothalamus and medulla-pons, ovariectomy pro-
duced a large estradiol-reversible decrease in low-
affinity '*’I-melatonin binding sites (Laudon and
Zisapel, '87). In male hamsters maintained on a
long-day regime, castration produced a large tes-
tosterone-reversible decrease in '*I-melatonin
binding sites in the hypothalamus, medulla-pons,
and hippocampus (Anis and Zisapel, ’91). However,
in aged male rat brain testosterone administration
reduced '*’I-melatonin binding sites (Okanin-
Bendahan et al., ’92). In addition, castration has
been shown to increase binding site density in the
anterior pituitary of male rats (Vanecek et al., ’90),
and the harderian gland of male golden hamsters
(Menendez-Pelaez et al., ’93).

Castration of adult male hamsters results in
harderian glands converting into the female type
(Payne et al., "77), whereas administration of an-
drogens to adult females results in male gland
appearance (Sun and Nadakavukaren, ’80; Spike
et al., ’85). In the present study, castration in-
creased the density of high-affinity melatonin
binding sites in the male, resulting in a binding
pattern similar to that observed in the female
harderian gland in the summer. Ovariectomy of
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females increased the density of the low-affinity
binding sites so that the binding resembled that
observed in intact males. The mechanisms that
underlie these transformations have yet to be elu-
cidated, and further studies will be needed to
evaluate the significance of melatonin receptors
in the harderian gland of the blind mole rat.
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