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The pineal gland functions as a neuroendocrine transducer that coordinate the organism re-
sponse to changing environmental stimuli such as light and temperature. The main and best known
pineal neurohormone is melatonin that is synthesized and released in a circadian fashion with a
peak during the night darkness hours. We have recently reported that melatonin exerts important
immunoregulatory functions. Here we describe the astonishing property of exogenous melatonin
which is able to counteract completely the depressive effect of anxiety-restraint stress and/or of
corticosterone on thymus weight, antibody production and antiviral responses. This effect seems

to be mediated by antigen-activated T cells via an opiatergic mechanism.

Immune and neuroendocrine functions co-
operate in a closely interwoven network to pro-
tect the organism from various environmental
attacks. For example, antigens and/or path-
ogenic microorganisms that may be considered
a special type of environmental challenge, can
induce synthesis and secretion of stress hormo-
nes such as proopiomelanocortin gene products
both centrally and peripherally (Maestroni &
Pierpaoli, 1981; Smith & Blalock, 1986; Be-
sedovsky et al., 1986). On the other hand, psy-
chogenic and emotional stress can deeply affect
the immune system in part via the very same
proopiomelanocortin derivatives (Kelley, 1980).
It is widely held that the immune-neuroendo-
crine network aftect the susceptibility to vari-
ous diseases, cancer included (Ader, 1981; Fox
& Newberry, 1984; Guillemin et al.,, 1985;
Plotnikoff et al., 1986).

Basic environmental informations such as
light cycle and temperature are transduced into
signals capable of modulating most neuroendo-
crine mechanisms by the pineal gland. In fact,
the indoleamine melatonin (N-acetyl-5-metho-
xytryptamine) synthesized and secreted in a
circadian fashion by the pineal gland upon the
nocturnal activation of beta-adrenergic recep-
tors (Deguchi & Axelrod, 1973) displays a very
large variety of activities {Brown & Niles, 1982;
Reiter, 1984). This activity is especially evident
in seasonally breeding animals on hormones of
the reproductive, adrenal and thyroid systems
(Reiter, 1984). In man, variations of the cir-
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cadian rhythm in plasma melatonin have been
associated with puberty, menstrual cycle, affec-
tive disorders (anxiety, depression), psycho-
somatic diseases and cancer (Arerndt et al.,
1977, Wettenberg, 1978; Birau, 1981). In re-
gard to cancer, the pineal gland and its neuro-
hormone melatonin have been widely described
to exert and important oncostatic activity
(Blask, 1984). We have recently reported the
functional and pharmacologic inhibition of
melatonin synthesis leads to a significant reduc-
tion of humoral and cell-mediated immune re-

sponses (Maestroni & Pierpaoli, 1981; Maestroni
et al., 1986a).

Furthermore, we demonstrated that mel-
atonin administered in a circadian fashion to
normal mice exerts powerful immunoaugment-
ing effects (Maestroni, et al., 1986a, b; 1987a,
b). Melatonin proved also to antagonize the im-
munosuppression induced by cyclophosphamide
and corticosterone (Maestroni et al.,, 198612;
1987 a). Melatonin was effective only in vivo on
antigen primed animals and its action was com-
pletely abolished by the specific opioid anta-
gonist naltrexone (Maestroni, et al., 1986b:;
19874a, b).

Of basic and clinical relevance is the present
report that melatonin injected in the evening
can counteract completely the eftect of restraint
stress and of pharmmacologic corticosterone on
thymus weight and the immune response to
T-dependent antigens via an opiatergic me-
chanism.

Exogenous melatonin also protected acutely
stressed mice inoculated with lethal doses of
encephalomyocarditis virus (EMCV).
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MATERIALS AND METHODS

Animals — BALB/¢J, inbred female mice,
aged 2-3 months, were used. The mice were main-
tained under a dark-light cycle of 12 hours at
22 £ 1 C. Great care was taken to avoid envi-
ronmental stress before and during the course
of the experiments (noise, smells, cage crowd-
ing and so on).

Drugs — Melatonin (N-acetyl-5S-methoxytryp-
tamine) was purchased from Biosynth Inc.,
Staad, Switzerland. Solutions were obtained
by dissolving melatonin in a minimal volume
of absolute ethanol and diluting with sterile
phosphate saline (PBS) to a final 0,2% ethanol-
PBS dilution. Controls of melatonin injected
mice were always injected with 0,2% ethanol-
PBS. Corticosterone-acetate, Escherichia Coli
lipolysaccharide (LPS, Type 055:BS) and
naltrexone were purchased from Sigma. Co., St.
Louis, USA.

Haemolytic plaque forming cell (PFC) assay
— The number of spleen plasma cells produc-
ing direct (IgM) plaques after immunization of
mice with sheep red blood cells (SRBC) was
evaluated by the conventional agar haemolytic
PFC assay in petri dishes (Jerne test).

PHA blastogenesis — Thymocyte suspensions
were obtained by teasing the thymuses in cul-
ture medium constituted by RPMI1640, 5%
foetal calf serum 2 mM L-glutamine, 50 ug/ml
streptomycin, with the aid of a loose-fitting
teflon pestle. Cells were counted and adjusted
to the desired concentration. 6x10° thymocytes
in 200 ul of culture medium were incubated for
72 hours at 370C, 5% CO,, with or without
10 ug/ml of phytohemagglutinin (PHA, Fakola,
Inc., Basel, Switzerland) in U-bottomed, 96
wells microplates. 20 hours before harvesting,
cultures were pulsed with 0.5 uCi? H-thymidine
(NEN Research Products, Ziirich, Switzerland).
Cells were then harvested by an automatic cell
harvester and the incorporated activity meas-
ured by liquid scintillation and expressed by
counts per minute (cpm).

Viruses — A preparation of encephalomyo-
carditis virus (EMCV, Lennette & Schmidt,
1969) was a gift of Prof. R. Wyler, Veterinary
Medicine, University Of Ziirich, 0,02ml were
injected intracranially into the brain of 20
ether-anesthetized BALB/cJ adult male mice.
The brains were removed during the acute,
paralysis-myocarditis stage and a homogenate
was prepared with an all -glass Potter at 1:10
weight/volume concentration in isotonic saline
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and stored in 0.5ml aliquots at -309C. The
same EMCYV preparation was used for all the ex-
periments done. Vaccinia virus was purchased
from The Serum Institute, Bern, Switzerland.

Restraint stress — The mice were stressed by
restraining them in 50 ml plastic tubes with 5
mm-wide ventilation holes. The operation was
repeated every day for 4 days from 10 a.m. to
12 a.m. The restraint produced anxiety but
not complete immobilization.

Statistics — The results were evaluated sta-
tistically by the analysis of variance (Fisher
test).

RESULTS

Table I shows that melatonin injected s.c. in
the evening counteracted completely the effect
of restraint-anxiety stress on thymus weight
and on the primary immune response to SRBC
(group B vs A). The specific opioid antagonist
naltrexone (group C) abolished the protective
effect of melatonin that, on the other hand,
was exerted only in antigen-primed mice
(groups F vs E). This suggested that melatonin
acts via activation of the endogenous opioid
system (EOS) on antigen-activated cells. Also,
melatonin appeared unable to protect mice
injected with the T-independent antigen LPS
from the effect of restraint stress (Table 1I).
Furthermore, direct PFC against LPS-coated
SRBC were not affected by melatonin either
in stressed or in normal mice (data not shown)
suggesting that targets of the melatonin-opioid
action are probably T-lymphocytes. The same
antigen-dependent protective attribute of even-
ing melatonin was apparent in corticosterone
treated and Vaccinia-virus-injected mice (Table
I11) confirming the data obtained in the restraint
-stress model. However, the histologic appear-
ance of thymuses either from stressed or corti-
costerone injected mice that were treated with
melatonin showed that melatonin did not pro-
tect the thymus cortex from the lytic action
of adrenal steroids but rather exerted action en-
larging the thymic medulla (pictures not shown).
Consistent with the histologic pictures is the re-
sponse to the T-cell mitogen PHA of thymocytes
from stressed and melatonin treated mice versus
that of stressed and PBS-treated mice (Table
IV). It is in fact well known that medullary thy-
mocytes are mature cells and respond better to
PHA than cortical cells.

Finally, Figure shows that exogenous mela-
tonin has the astonishing property of protecting
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TABLE ]

Melatonin counteracts the effect of immobilization stress on primary antibody response and on thymus weight
in mice. This melatonin effect is antagonized by the opioid antagonist naltrexone and occurs only in antigen
(SRBC) injected mice

Group (n) Stress SRBC Treatment PI'C / Spleen mg Thymus weight
g Body weight

A (15) + + PBS 99903 £ 34420** 1.67X0.57*

B (15) + + Melatonin 199157 £62888** 2.35%0.75*
Melatonin

C (9) + + + 93391 * 39509 1.61 X0.53
Naltrexone

D (5) + + Naltrexone 84149 + 26795 1.60+0.48

E (18) + — PBS 1.55 X046

I (18) + — Melatonin 1.62 045

G (14) — + Controls 182035 65881 2.39 £ (.63

H (8) — — Controls 2.63 x0.35

The mice were restrained as described in materials and methods and injected at 1 p.m. (1 hour after the first
stress session) on day 0 with 4 x 102 sheep red blood cells (SRBC) i.p. Melatonin (40 fg/kg body weight, b.w.),
naltrexone (1 mg/kg b.w.) and PBS (0.5 ml) were injected s.c. at 4.00 p.m. each day for 4 consecutive days.
These dose were chosen according to previous dose-response studies (Maestroni, et al., 1987 a,b). Direct PFC,
thymus and body weight were cvaluated on day 4 and are expressed 1 the standard deviation.

*p<0.05 Avs B,G,Dand Bvs C,D,E,F.
**n <0.01 Avs B,G and Bvs C,D.

TABLE II
Melatonin counteracts the effect of restraint stress on thymus weight only in mice injected with T-dependent
antigens
Thymus weight (mg)
(GGroup (n) LPS SRBC Stress [reatment Body weight (g)
A (10) + + Melatonin 2.667 £0.646*
B (10) + + P BS 1.525 £0.313
C (10) + + Melatonin 0.763 £ 0.065
D (10) + + PBS 0.762 *0.137
F (10) Normal controls 2.721 £0.466

The mice were stressed as usual (materials and methods) and injcted i.p. at 1 p.m. with 4 x 103 and/or 200 LgLPS
on day 0. Melatonin (40 g/ kg b.w.) or PBS were injected at 4 p.m. each day for 4 days. At the end of the expe-
riment thymus and body weight were measured.

*p <0.01 Avs B.C, D.

TABLE HI

Melatonin antagonizes the corticosterone induccd atrophy of the thymus only in mice immunized with
vaccinia virus (T-dependent antigen)

mg Thymus wcight

Group (n) Corticostcronce Vacc. Virus PBS Melatonin ‘
g Body weight
A (10) + + + 1.59 048
B (10) + + + 2.28*0.17*
C (10) + + 1.63 X040
D (10) + + 1.64 (.16
E (10 Normal controls 3.01 £0.20

The mice were injected s.c. daily at 8 a.m. with 0.5 mg of corticosterone-acetate suspended in PBS. 8 x 10°% pock
forming units of Vaccinia virus were injected in groups A and B at | p.m. Mclatonin (40 Mg/kg b.w.) and PBS
were injected forS consecutive days at 4 p.m. Thymus and body weight were measured on day 5.

*p<0.01 Bvs A,C,D.
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TABLE IV

Thymocytes from stressed and melatonin treated mice respond better to PHA than thymocytes from stressed
and PBS treated mice

mg thy mus weight PHA
(n) Stress SRBC Treatment 2 body weight cpm + 5.d.
(6) + + Melatonin 247 £0.30 13310 £ 5623+
(6) + + PBS 1.22 0.28 3655 £ 1325
*p <0.01

Thymocytes were obtained from some of the mice used in the experiments shown in Table | (group A and B).
The 3H-thymidine Incorporation values are reported as net counts per minute (cpm) * the standard deviation

(PHA values — background).

restrained-stressed mice from sub-lethal inocula
of EMCV. Almost the totality of stressed and
virus inoculated mice died within 10 days from
the infection while treatment with evening
melatonin protected the great majority of
equally stressed and virus infected mice. Per-
cent survival of stressed and melatonin treated
mice was, in fact, very similar to that of unstres-
sed and EMCV injected mice (Figure).
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EMC
Evenirlg administration of melatonin reverses the
impaired immune resistance of mice stressed acutely
by physical restraint and inoculated with a sublethal
dose of encephalomyocarditis virus (EMCV). Female
2-3 months old BALBc/J were inoculated s.c. with
0.2 ml of 2x 10°® dilution of EMCV in saline on day 0.
The mice were divided in groups and two of them
restrained two hours per day for 4 days as described
(see materials and methods). One of these group was
treated daily for 10 days with 1 g of melatonin i.p.
at4 p.m.
The remaining stressed group was treated with saline
only as control. The third group was neither stressed
nor treated.
Survival of 3 experiments is recorded as percentage
and reported * the standard deviation.

DISCUSSION

The present results show that melatonin has
a powerful antistress action via the activation of
the EOS and a T-cell-dependent mechanism.
Together with previously reported findings
(Maestroni et al., 1986a, b; 1987, a,b) these
results suggest that melatonin can be considered
a physiologic “‘up-regulator” of the immune
system. The pharmacologic effect of melatonin
might reflect a physiologic role. In fact,
melatonin is effective at rather low doses and
also functional and pharmacological inhibition
of melatonin synthesis and release result in de-
pression of immune responses (Maestroni &
Pierpaoli, 1981; Maestroni et al., 1986 a: 1987
a). This important point deserves, however, a
deeper analysis. The melatonin-opioid anti-stress
action is clearly exerted only in T-dependent
immune responses. This may mean that the
melatonin effect is ultimately mediated by
products of activated T-lymphocytes.

The cyclic circadian release of melatonin is
known to coordinate the neuroendocrine re-
sponce of the organism to changing environ-
mental conditions (Reiter, 1984). Thus, in a
general sense, the anti-stress action of melatonin
1S not surprising also because antigens may be
considered amongst environmental stimuli, a
special kind of stressors (Maestroni, et al., 1986
b; Smith & Blalock, 1986).

The naltrexone effect on the melatonin ac-
tion suggest an involvement of the EOS. Al-
though the demonstration that melatonin acts
via a specific endogenous opioid peptide awaits
further studies, this seems quite interesting. It
has, in fact, been suggested that the EOS co-
ordinate the organism response to stress (Plot-
nikoff et al., 1986) and there are indications
that the negative influence of stress or “distress”
derives from an exhausted EOS (Cohen et al.,
1986).
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On the other hand, the EOS have been wide-
ly shown to exert important although contro-
versial immunoregulatory effects (Plotnikoff et
al., 1986). Most interesting, unescapable acute
stress such as that used in this study has been
shown to lower circadian melatonin synthesis
(Linch & Deng, 1986). Thus, melatonin may
possess the physiologic role of restoring the
EOS ability to drive the organism response to
stress. These findings have obvious and impor-
tant implications for immunotherapeutic inter-
ventions.
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