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he pineal gland functions as a neurohumoral 
transducer, accepting photic information from T the retinae and converting this neural message 

into chemical mediators, the best documented of which 
is melatonin (N-acetyl-5-methoxytryptamine) ( 1). The 
onset of darkness causes information to travel from the 
suprachiasmatic nuclei of the hypothalamus via the 
superior cervical ganglia to postganglionic sympathetic 
nerves that end in the pineal, where they release nor- 
epinephrine. The resultant stimulation of B-adrenergic 
receptors, possibly augmented by a-adrenergic stimu- 
lation, leads to an increased activity of N-acetyltrans- 
ferase (NAT) (2), the rate-limiting enzyme involved in 
synthesis of melatonin ( 3 ) .  Serotonin, derived from 
dietary tryptophan taken up by pinealocytes from the 
blood, is N-acetylated by NAT, which is subsequently 
0-methylated by hydroxyindole-0-methyltransferase 
(HIOMT) to form melatonin, which is then released 
into the general circulation. Being a small lipophilic 
molecule, melatonin is generally considered to be re- 
leased rapidly and passively following synthesis, al- 
though there is some evidence that short-term storage 
of melatonin by the pineal gland might occur (4). 
Melatonin's lipophilicity also ensures that it distributes 
widely to target tissues, which, therefore, receive pho- 
toperiodic information and can subsequently act with 
appropriate physiological responses ( 5 ) .  

The multiplicity of extracellular and intracellular 
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events that interact to produce the melatonin message 
are not fully understood, although certain aspects have 
been reasonably well characterized. For example, it is 
well-known that 8-adrenergic stimulation leads to acti- 
vation of adenylate cyclase. and that the resultant in- 
crease in CAMP stimulates mRNA synthesis, leading to 
increased NAT activity ( 3 ) .  The a-adrenergic augmen- 
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Figure 1. Induction of NAT by varying concentrations of isoproter- 
enol in the presence of different concentrations of calcium. Solid 
squares indicate 7.5 mM CaCI,, solid circles indicate 1.25 mM CaCI,, 
and solid circles with dotted line indicates no CaCI, and 1 mM EGTA. 
Reprinted from Biochemical Pharmacology (Ref. 7), with permission. 
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Figure 2. Influence of adrenergic agonists and antagonists on intra- 
cellular calcium content of pinealocytes. (Top panel A) Effects of 
propanolol (PROP), yohimbine (YOH), and phentolamine (PHEN) on 
the increase in intracellular calcium caused by norepinephrine (NE). 
(Bottom panel A) Effect of antagonists on phenylephrine (PE)-induced 
increase in intracellular calcium. (Top panel B) Effect of prazosin 
(PRAZ) on NE-induced increase in intracellular calcium. (Bottom panel 
B) Effect of PROP and PHEN on isoproterenol (SO)-induced increase 
in intracellular calcium. Reprinted from the Journal of Biological Chem- 
istry (Ref. 16), with permission. 

tation of this process results from activation of protein 
kinase C. A number of stimulatory/regulatory processes 
involved in melatonin production have been associated 
with calcium, and the following discussion serves to 
review current understanding of the relationship be- 
tween calcium and pineal gland function. 

Induction and Inhibition of N-Acetyltransferase 
Early work on the relationship between calcium 

ions and the pineal gland showed that extracellular 
calcium was necessary for complete induction of NAT 
activity in rats (6, 7). Thus, chelation of extracellular 
calcium led to a reduction in NAT activity by an 
indirect effect on the rate of protein synthesis (7), and 
stimulation of 0-adrenergic receptors required extracel- 
Mar  calcium for full expression of the activity of the 
acetylating enzyme (6). These effects are well-illustrated 
when comparing NAT activity induced by isoproter- 
enol in the presence of EGTA and varying concentra- 
tions of calcium (Fig. 1) (7). Long-term exposure to 
elevated calcium, however, leads to a reduction in 
activity of NAT (8); this may indicate an inhibitory role 
for calcium, in addition to its stimulatory activity. The 

Figure 3. Effects of (top panel) A 23187, (middle panel) potassium 
(K+), and (bottom panel) ouabain on 4 0-phorbol 12-myristate 13- 
acetate(PMA) stimulation of CAMP and cGMP content of pinealocytes 
stimulated with isoproterenol (ISO). Reprinted from the Journal of 
Biological Chemistry (Rcf. 14), with permission. 
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Table I. Dose-Dependent Effects of Nitrendipine and 
Bay K 8644 on Nocturnal Melatonin Output” 

Nocturnal melatonin output 
(dpm/l2 hr + SD) 

Nitrendipine (nM) 
0 
3 

10 
30 

100 
Daytime control 
Bay K 8644 (nM) 

0 
1 

10 
100 

l b  

Davtime control 

2040 f 80 
1870 k 70 
1750 f 52 
1580 f 56 
1190 f 9 
650 f 12 

3650 f 200 
3530 f 96 
4380 f 194 
5370 f 295 
5450 k 114 
1260 f 36 

a From Ref. 19. 
Value expressed in micromolars 

inhibitory effects of elevated intracellular calcium on 
rat pineal NAT have been suggested to be the result of 
activation of an NAT inhibitory substance in the pineal 
(9-1 I ) .  Apart from these effects of calcium ions on the 
induction of NAT. the increase in rat pineal cGMP was 
also shown to be dependent on extracellular calcium 
ions. an effect presumed to be mediated at a presynaptic 
site. possibly involving a-adrenergic receptors ( 12). 

Sympathetic Receptor-Mediated Intracellular Events 
Recently, considerable attention has focused on 

the interrelationship between CY- and p-adrenergic re- 
ceptors in the rat pineal gland and the calcium depend- 
ency of various intracellular processes effected by re- 
ceptor activation ( 13- 18). An early hypothesis. that an 
increase in intracellular calcium was an cu-adrenergic- 
mediated process responsible for activation of phospho- 
lipid hydrolysis which. in turn, led to potentiation of 8- 
adrenergic stimulation of CAMP and cGMP production 
in the pineal gland (18), has been supported by subse- 
quent findings ( 13- 17). Whether the calcium-activated 
phospholipid hydrolysis potentiates cAMP production 
through a diacylglycerol-sensitive mechanism and 
cGMP production through a fatty acid-sensitive mech- 
anism ( 1  8) remains to be verified. The fact that a- 1 
adrenergic receptors are involved in calcium ion influx 
in the pineal gland has been well-documented ( 15, 16), 
although there is contradictory evidence regarding the 
mechanism through which intracellular calcium ion 
concentration is increased ( I  5 .  16). Convincing evi- 
dence of a-adrenergic regulation of intracellular cal- 
cium ion concentrations comes from studies involving 
treatment of rat pinealocytes with a variety of adrener- 
gic agonists and antagonists, the results being highly 
suggestive of a-, rather than B-, receptor involvement 
in the observed changes in calcium influx (Fig. 2) ( 1  6). 
One report discounts involvement of voltage-sensitive 
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calcium channels and proposes either involvement of 
an ion exchange system or opening of a calcium ion 
gate ( 15): a more recent report proposes involvement 
of either voltage-dependent calcium channels or an ion 
exchange mechanism as being responsible for the ob- 
served calcium ion influx (16). 

Increased cAMP and cGMP levels in the pineal 
gland following CY- 1 adrenergic receptor stimulation 
involves activation of a calcium-dependent protein ki- 
nase C (17). an observation suppx-ted by the fact that 
the absence of an increase in intracellular calcium is 
accompanied by no change in cGMP despite activation 
of protein kinase C (14). A variety of treatments, all of 
which are associated with an increase in intracellular 
calcium. induce a rise in the cGMP content resulting 
from isoproterenol treatment of rat pinealocytes, 
whereas isoproterenol alone was without significant 
effect on cGMP accumulation (Fig. 3) (14). It is, there- 
fore. apparent that an increase in intracellular calcium 
is mandatory for expression of CY- 1 adrenergic potentia- 
tion of d-adrenergic stimulation of CAMP and cGMP 
production and must be accompanied by an increased 
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Figure 4. Pineal NAT activity and melatonin content in rats treated 
with isoproterenol(IS0) and nifedipine (NIF) or verapamil (VER). Some 
rats swam (SWIM) for 10 min before collection of pineal glands. 
Reprinted from the Proceedings of the Society for Experimental 
Biology and Medicine (Ref. 24), with permission. 
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Figure 5. Velocity versus substrate concentration for HIOMT activity in the presence and absence of calcium. Double-reciprocal plots are 
shown to give an indication of the nature of the interaction. (a) Calcium effect on S-adenosylmethionine. (b) Calcium effect on N-acetylserotonin. 
(ca 1 = 5 mM, Ca 2 = 10 mM, and Ca 3 = 25 mM.) Velocity measured in pmols of melatonin formed per incubate per hour at 42OC. Reprinted 
from the Journal of Pineal Research (Ref. 29), with permission. 

activity of protein kinase C; calcium ions may influence 
translocation and/or activation ofprotein kinase C ( 1  5 ) ,  
the former hypothesis finding support from recently 
published observations ( 1  3). In addition, it has been 
suggested that stimulation of phospholipase C may also 
be a calcium-dependent process ( 15). 

Pinealocyte Calcium Channels 
Voltage-dependent calcium channels (L-type) ap- 

pear to be involved in regulation of melatonin produc- 
tion by cultured chick pineal glands ( 19-22). Treatment 
of cultured chick pineals with the dihydropyndine cal- 
cium channel antagonist, nitrendipine, was associated 

with a dose-dependent decrease in melatonin output, 
while the calcium channel agonist, Bay K 8644, caused 
an increase in melatonin output (Table I) (1 9). Calcium 
influx in cultured chick pineal glands affects melatonin 
synthesis at some point distal to the circadian pace- 
maker (21) that appears to be at the level of CAMP 
production independent of the influence of light (20). 

In addition to involvement of calcium in the mod- 
ulation of synthetic activity of the pineal gland, there is 
a growing body of information suggesting a role for 
calcium in the release of melatonin (20, 21, 23, 24). 
Dihydropyridine calcium channel antagonists have 
been shown to reduce the amplitude of the nocturnal 
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Figure 6. Velocity versus substrate concentration for NAT activity in 
the presence and absence of calcium. Double-reciprocal plots are 
shown to give an indication of the nature of the interaction. (a) Calcium 
effect on acetyl coenzyme A. (b) Calcium effect on tryptamine. (Ca 1 
= 2.5 mM and Ca 2 = 5 mM.) Reprinted from the Journal of Neural 
Transmissions (Ref. 30), with permission. 

rise in plasma melatonin in baboons. an effect proposed 
to be due to decreased synthesis and/or release of 
melatonin by the pineal gland (23). As calcium channel 
antagonists have been shown to prevent the swimming- 
induced decrease in high pineal melatonin levels at 
night without an effect on NAT activity, it seems likely 
that calcium channels are involved in melatonin release 

under these conditions (Fig. 4) (24). Results reported 
for melatonin output from cultured chick pineal glands 
show an increased output with enhanced calcium chan- 
nel activity. and a decreased output when calcium 
channels are blocked (Table I)  (20, 21). Although these 
results have been discussed in terms of a calcium effect 
on synthesis. as pineal melatonin content was not eval- 
uated together with the concentration in culture me- 
dium. calcium effects on synthesis and release cannot 
be separated. As presented, these results, in addition to 
confirming the necessity of calcium for synthesis of 
melatonin (20. 2 1). also favor a role for calcium chan- 
nels in the release of melatonin from the pineal gland. 

The observation that calcium channel blockade 
resulted in inhibition of normal nocturnal increase in 
NAT activity in hen pineal gland. an effect prevented 
by concomitant administration of a calcium channel 
agonist, underlines the importance of calcium channels 
for the full expression of NAT activity (22). In addition, 
enhancement of nocturnal NAT activity by calcium 
channel agonist treatment (22) suggests that the a- 
adrenergic augmentation of /3-adrenergically stimulated 
NAT induction (15, 16) is the result of enhanced cal- 
cium channel-mediated calcium influx. 

Calciurn/Enzyrne Interactions 
A circadian rhythm in the calcium content of the 

pineal gland. with a peak at the onset of darkness, has 
been reported (25), and, although the physiological 
significance of this observation was not apparent at the 
time. in terms of current understanding of the calcium 
dependency of melatonin production (6, 7), a high 
calcium content at lights out may be necessary for the 
processes leading to the nocturnal increase in melatonin 
production. I t  is possible to speculate that a negative 
feedback mechanism may exist between calcium ions 
and melatonin. considering the evidence that an in- 
crease in intracellular calcium enhances melatonin pro- 
duction ( 15-1 8). while a rise in plasma melatonin leads 
to a reduction in circulating plasma calcium levels (26, 
27). Because the doses of melatonin used in these 
studies in order to elicit a significant change in plasma 
calcium levels were far greater than physiological levels, 
it is not possible to conclude that a negative feedback 
mechanism is involved in normal processes regulating 
melatonin and calcium homeostasis, but this does not 
eliminate the possibility. 

At a molecular level, calcium ions have been shown 
to inhibit the activity of the pineal (HIOMT) (28, 29) 
and to enhance the activity of NAT (28, 30), such 
inferences being made on the basis of changes to the 
double-reciprocal plots of the Michaelis-Menten kinetic 
function (Figs. 5 and 6) (29, 30). Calcium is apparently 
an uncompetitive inhibitor of HIOMT, binding to the 
enzyme/substrate complex, which leads to formation 
of a catalytically inactive complex (29). Activation of 
NAT by calcium results from binding of the cation to 
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the enzyme; this leads to an increased affinity of sero- 
tonin for binding to the NAT molecule, resulting in 
enhanced catalytic activity (30). This mechanistic 
scheme for calcium activation of NAT would imply 
that the cation bridge must be in place before catalysis 
can occur; therefore, it is assumed that the enzyme is 
dependent on the presence of calcium for the produc- 
tion of melatonin (30). To what extent the intervention 
of calcium at a molecular level influences pineal func- 
tion is not known, and progress is hampered by diffi- 
culties encountered in purification of NAT for detailed 
studies. 
Concluding Remarks 

From the foregoing discussion, it is apparent that 
calcium is an important component in numerous pineal 
processes, although many of these have not been fully 
defined. Of particular interest is the possible linkage 
between a-adrenergic receptors and calcium channels: 
this area certainly warrants further investigation. As 
calcium often functions in physiological systems in 
concert with other cations, future studies should address 
the possibility of such synergistic/antagonistic interac- 
tions. The results from such work should further en- 
hance understanding of the complex biochemical reg- 
ulatory processes in the pineal, possibly shedding light 
on important mechanisms involved in the dissemina- 
tion of photopenodic information throughout the or- 
ganism. 
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