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Melatonin, the unique pineal meth- 
oxyindole, is formed as follows: trypto- 
phan -> hydroxytryptophan -> serotonin' 
'-> N-acetylserotonin -> melatonin (1). 
Studies with intact rat pineals in vitro 
indicate that melatonin synthesis (1) 
may be controlled by the neurotrans- 
mitter norepinephrine (NE) (2, 3). 
The stimulatory effect of this amine 
might be mediated in part by adenosine 
3',5'-monophosphate (cyclic AMP) (4- 
6), the "second messenger" of many 
hormones (7). These conclusions are 
based on the following observations. 
Adenyl cyclase in pineal homogenates 
and whole pineal glands is stimulated 
by NE (4). The addition of either NE 
or N6,O2-dibutyryl adenosine 3',5'- 
monophosphate (dibutyryl cyclic AMP) 
to pineal gland cultures stimulates the 
conversion of labeled tryptophan to 
melatonin (2, 3, 5, 6). Cyclic AMP 
does not produce a similar effect when 
added to pineal cultures (5, 6). This is 
probably secondary to a slower rate of 
transport across cell membranes and a 
more rapid intracellular degradation by 
a phosphodiesterase (8, 9). 

The specific metabolic site, or sites, 
in melatonin synthesis at which the 
stimulatory effect of NE may be medi- 
ated by cyclic AMP (5, 6) is not 
known. No enzyme or transport mech- 
anism in the pineal gland has been ob- 
served to be altered after treatment 
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with NE or dibutyryl cyclic AMP. 
We report that addition of NE or 

dibutyryl cyclic AMP to pineal organ 
cultures results in a six- to tenfold 
stimulation of net N-acetyltransferase 
synthesis and melatonin production. 
This indicates that one metabolic site at 
which the neurotransmitter NE regu- 
lates melatonin production through a cy- 
clic AMP mechanism is N-acetylation. 

Rat pineal glands (10) were incu- 
bated for 24 hours (3, 11). In the 
first study (Table 1), the incubation 
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medium contained [3H]tryptophan (5 
/jc/ml, 25 ftc/ jmole, Schwarz BioRe- 
search). Melatonin production was esti- 
mated by measuring the amount of [3H] 
melatonin that appeared in the incuba- 
tion medium (2, 3, 11). Chloroform 
extraction (2, 11) yielded a radioactive 
compound that was identified as mela- 
tonin by two-dimensional thin-layer 
chromatography (12). 

N-Acetyltransferase activity in the 
homogenate of an individual rat pineal 
gland or in a portion of a pool of pineal 
homogenates (10) was estimated by 
measuring the amount of N-[14C]acetyl- 
serotonin and [14C]melatonin formed by 
pineal homogenates after incubation 
with [14C]serotonin (0.5 mM) and ace- 
tyl coenzyme A (0.5 mM) for 30 min- 
utes (13, 14). 

After the pineal glands were incu- 
bated for 8 to 24 hours (Table 1), N- 
acetyltransferase activity in control 
glands (groups 2 and 3) declined to 
approximately 30 to 60 percent of the 
original activity (group 1). Pineal 
glands incubated in medium containing 
1.0 mM dibutyryl cyclic AMP (group 
4) or 0.1 mM NE (group 5) produced 
six- to tenfold more melatonin during 
the 16-hour treatment than did control 
glands (group 3). Homogenates of 
treated glands had six- to tenfold higher 
N-acetyltransferase activity at the end 
of culture. 

The addition of either 0.1 mM NE, 
1.0 mM dibutyryl cyclic AMP, or 10 
mM cyclic AMP to enzyme assays of 
pooled homogenates of cultured con- 
trol glands or fresh glands did not 
cause a stimulation of N-acetyltransfer- 
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Table 1. N-Acetyltransferase activity and total [3HJmelatonin in medium during the last 16 
hours of, incubation of pineal gland organ cultures. Individual pineal glands were incubated 
for an initial period of 8 hours, and then transferred to a second culture vessel for an addi- 
tional 16 hours. Some incubations were stopped at zero time (group 1) and 8 hours (group 2). 
Control designates that glands were not incubated with drugs. Concentrations of 0.1 mM NE, 
1.0 mM dibutyryl cyclic AMP (DB-cAMP), and 10 /jg of cycloheximide (cyclo) per milliliter 
were present where indicated. N-Acetyltransferase activity in homogenates of pineal glands 
and total [3H]melatonin in the medium from the second culture period were determined at 
the end of culture. [3H]Melatonin was not detectable in the medium from the first 8-hour 
incubation, N-Acetyltransferase activity is expressed as the number of picomoles of [4C]- 
serotonin N-acetylated per gland per hour. Total [3H]melatonin is expressed as the number of 
picomoles produced per gland during the last 16 hours of culture. Data are given as mean 
? S.E. Number of glands in each group appears in parenthesis. Not detectable, N.D. 

Treatment during organ culture 
----Group---- -----------_ N-Acetyltransferase [3H]Melatonin roup Period 1 Period 2 activity in medium 

(0 to 8 hr) (9 to 24 hr) 

1 Not incubated Not incubated 38.2 ? 13.4 (3) 
2 Control Not incubated 16.6, 32.3 (2) 
3 Control Control 14.6 ? 3.1 (6) 86 ? 13 (6) 
4 Control DB-cAMP 159.0 ? 28.8 (3)* 962 ? 21 (3)* 
5 Control NE 88.0 ? 12.2 (3)* 692 ? 11 (3)* 
6 Cyclo Cyclo 14.1 ? 3.3 (3) N.D. 
7 Cyclo Cyclo + DB-cAMP 34.2 ? 6.1 .(3)t 267 ? 27 (3)* 
8 Cyclo Cylco + NE 42.3 ? 2.7 (3)* 69 ?11 (3) 

* Significantly different from group 3, P < .01. t Significantly different from group 3, P< .05. 
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Melatonin Synthesis: Adenosine 3',5'-Monophosphate 
and Norepinephrine Stimulate N-Acetyltransferase 

Abstract. Treatment of cultured rat pineal glands with norepinephrine or 
dibutyryl adenosine 3',51-monophosphate causes a six- to tenfold stimulation of 
N-acetyltransferase. This enzyme converts serotonin to N-acetylserotonin, the 
immediate precursor of melatonin. The increased synthesis of melatonin caused 
by norepinephrine treatment appears to be the result of stimulation of N-acetyl- 
transferase by an adenosine 3,5'-monophosphate mechanism. 
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Table 2. The effect of dibutyryl cyclic AMP 
or norepinephrine on the formation of N- 
[I4C]acetylserotonin and [14C]melatonin. Two 
or three intact pineal glands were incubated 
for 24 hours in 0.5 ml of medium containing 
0.1 mM [31-14C]serotonin creatinine sulfate (56 
,ic/,/mole; Amersham Searle). Norepinephrine 
(0.01 mM) or dibutyryl cyclic AMP (1.0 mM) 
was present where indicated. At the end of the 
experiment the media were analyzed (11, 12). 
Data are given as the mean ? standard error 
of the distintegrations per minute (dpm) of 
labeled N-acetylserotonin or melatonin in 0.5 
ml of the medium. Numbers in parentheses 
indicate the size of each experimental group. 

N-[14C]Acetyl- [4C]Melatonin 
Treatment serotonn s CMelaind 

(dpm/gland) (dpm/gland) 

Experiment 1 
Control (4) 1,800 ? 600 5,600 + 1,200 
NE (4) 11,800 - 3,100* 34,800 + 3,100* 

Experiment 2 
Control (3) 600 ? 600 4,300 ? 1,200 
Dibutyryl 

cyclic 
AMP 
(3) 37,300 ? 4,400* 39,100 ? 4,300* 

* Significantly greater than control value, P < .05. 

ase activity. Thus, the effects observed 
in organ cultures could not be repro- 
duced in broken cell preparations (15). 

The addition of cycloheximide, an in- 
hibitor, of protein and melatonin syn- 
thesis in cultured pineal glands in 
vitro, had no apparent effect on N- 
acetyltransferase activity (group 6) rel- 
ative to control glands (group 3). How- 
ever, cycloheximide treatment of cul- 
tured pineals did partially inhibit the 
stimulation of N-acetyltransferase activ- 
ity by dibutyryl cyclic AMP (group 7) 
and NE (group 8) relative to glands 
treated with dibutyryl cyclic AMP only 
(group 4) or with NE only (group 5). 
Almost no [aH]melatonin was released 
into the medium by glands treated with 
NE and cycloheximide (group 8), even 
though N-acetyltransferase activity was 
partially stimulated. Cycloheximide 
treatment probably inhibited other 
metabolic processes necessary for for- 
mation of melatonin. 

The addition of cycloheximide (10 
,ug/ml) to enzyme assays showed that 
cycloheximide does not inhibit N-acetyl- 
transferase during enzyme assay. The 
enzyme activity in the homogenates of 
control and treated glands is not due 
to the formation and isolation of a non- 
acetylated derivative of [14C]serotonin, 
nor is it the result of increased gland 
content of acetyl coenzyme A ,(14, 15). 

These results indicate that N-acetyl- 
transferase activity is elevated by NE 
through a cyclic AMP mechanism 
which is dependent on the net syn- 
thesis of new protein. 
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The increased production of mela- 
tonin caused by treatment with NE or 
dibutyryl cyclic AMP during organ cul- 
ture is probably the result of the in- 
creased conversion of serotonin to N- 
acetylserotonin. This explanation was 
examined (Table 2). Intact pineal 
glands were incubated for 24 hours in 
medium containing substrate concentra- 
tions (0.1 mM) of [31-14C]serotonin 
(12, 13). Dibutyryl cyclic AMP or NE 
was added to the medium of some 
organ cultures. This treatment resulted 
in an increase in N-[l4C]acetylsero- 
tonin and [14C]melatonin. The concen- 
tration of nonradioactive N-acetylsero- 
tonin in individual pineal glands could 
not be determined with the available 
techniques. Presumably, the increase of 
N-[14C]acetylserotonin in the medium is 
caused by the increased production of 
N-acetylserotonin. 

Hydroxyindole - 0 - methyltransferase 
(HIOMT), the unique pineal enzyme, 
converts N-acetylserotonin to mela- 
tonin (1, 16). In experiments in which 
melatonin synthesis by cultured pineal 
glands was stimulated seven- to tenfold, 
only a small (10 to 20 percent) in- 
crease in the activity of HIOMT was 
observed (3). This does not seem large 
enough to have caused the massive 
stimulation of melatonin production 
that occurred. We found no stimula- 
tory effect of dibutyryl cyclic AMP on 
HIOMT activity of cultured pineal 
glands. Direct effects of cyclic AMP or 
dibutyryl cyclic AMP have not been 
observed (6). Apparently NE does not 
regulate melatonin production by stimu- 
lating HIOMT through a cyclic AMP 
mechanism. 

Our findings are consistent with the 
following hypothetical sequence of 
events. The stimulation of adenyl cy- 
clase by norepinephrine (4) produces 
an increase in the cellular concentra- 
tion of cyclic AMP. This nucleotide in- 
creases the net formation of N-acetyl- 
transferase. N-Acetylserotonin synthesis 
is increased, and the amount of N-ace- 
tylserotonin in the cell increases. This 
results in the accelerated enzymic for- 
mation of melatonin by simple mass- 
action (11) and in the net efflux of N- 
acetylserotonin and melatonin from the 
cell. 
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