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SUMMARY

The effect of harmine on serotonin-’4C metabolism by pineal glands in organ culture was
studied to examine the possibility that inhibition of monoamine oxidase activity would
result in stimulation of melatonin-’4C formation. Glands treated with harmine (0.1-10

JAM) produced 2-5 times more radiolabeled melatonin than did untreated controls. Thin
layer chromatographic analysis of culture media revealed that harmine treatment in-
creased N�acetylserotonin�n4C as well as melatonin-’4C levels, and decreased the production
of hydroxyindoleacetic acid-’4C, hydroxytryptophol-’4C, and methoxytryptophol-’4C. The

activity of hydroxyindole O-methyltransferase in harmine-treated glands, or in homoge-
nates of unitreated glands to which harmine had been added, was rio different from that of

untreated controls.
These observations suggest that inhibition

N-acetylation and that the resulting high
melatonin production by a mechanism riot
droxyindole O-methyltransferase. This effect

INTRODUCTION

Meiatonin (3-methoxy-N-acetyltrypta-

mine) is synthesized enzymaticallv from

serotonin (3-hydroxytryptamine) by 0-

methylation of tile intermediate N-acetyl-

serotonin (5-hydroxy-N-acetyltryptamine)
in a reaction which requires S-adenosyl-
methionine as a methyl donor (1-3) (Fig. 1).

Axelrod arid colleagues have reported that
the enzyme necessary for this 0-methylation,

hydroxyindole 0-methyltransferase, is found
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amid GM-15190 arid by grants from the Burroughs

Weilcome Foundation amid the Hoffmann-La
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amonig mammals oniy in tue pineal gland (4).

Although it is known that production of
melatonin in vitro can be stimulated by nor-

epinephrine arid other amines (3, 6), the
precise mechanisms involved in the bio-

chemical regulation of melatonin production
are riot well defined.

One possible factor influencing melatonin
production is the rate of serotonin destruc-

tion by monoamine oxidase (5). The recent

studies of Tyce, Flock, and Owen (7, 8) have

demonstrated that inhibition of monoamine

oxidase increases the formation of N-acetyl-

serotonin in the perfused rat liver. This

suggests an inverse relationship between the

oxidation and N-acetylation pathways of
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FIG. 1. Outline of pertinent aspects of indole met abo!i.s in in the pineal gland

Oxidation of serotonin by monoamine oxidase results inn the eventual formsiationi of hydroxyindole-

acetic acid and hydroxytryptophol. Acetylation of serotomnin results in the formation of N-acetylsero-

tonin. O-Methylat-ion of these compounds by hydroxyimidole O-methyltranisferase produces met-hoxv-

indoleacetic acid, methoxytryptophol, arid melatomiimi, respectively (1-3).

serotoni.in metabolism. If ann analogous situa-

tion is present in tire pinreal gland, and de-
creased monoamine oxidase activity results
in elevated N-acetylserotonin formation, it

seems likely that melatonin synthesis would
also increase.

In the study presented here, the effects of a

potent monoamine oxidase inhibitor, har-
mine, on the conversion of serotonin-’4C,

tryptophan-3H, and methionine-methyl- ‘4C
to radioactive melatonin arid other radio-
labeled serotonin derivatives was studied
using organ cultures of pineal glands in a

synthetic medium.

MATERIALS ANI) METHODS

Technique of organ culture. Pinieal glands

are obtained by sterile dissection from 180-

200 g, male Sprague-Dawley rats following

decapitation. Organ cultures are prepared by
the method of Trowell (9), as modified by
Raisz for parathyroid glands arid embryonic
bones (10, 11). One or two rat pineal glands
are incubated in 0.5 ml of medium at 37#{176}and
continually gassed with a mixture of oxygen

(95 %) and carbon dioxide (3 (�%)#{149}Chemically
defined culture medium (modified BGJ,
Granid Island Biological Corporation) sup-
plemented with 1 mg/mI of bovine serum

albumin (Fraction V, Pentex), as described
by Raisz and Niemann (12) is used. Under

the conditions described, pineal glands are
maintained for at least 6 days with tire

ability to synthesize melatonin-3H from tryp-
tophan-3H continuously (6).

Harmine was purchased from Aldrich
Chemical Company. Tire following precur-
sors were used inn this study: serotonin-

3’-’4C-creatinine sulfate (Nuclear-Chicago;
40 �Ci//Amole), L-tryptophan-3H (uniformly
labeled; Schwarz Biollesearch; 2.3 mCi/

JAmole), arid L-methionitie-metiiyl-’4C (Nu-
clear-Chicago; 46 j�Ci,/JAmole).

A ssay of radioactive nrelatonin and hydroxy-

indoleacetic acid. The radiolabeled melatonin
in 0.1 ml of culture medium or in 0.2 ml of

the 0.3-mi homogeniate of a single rat pineal
gland is extracted into S ml of chloroform
from 2 ml of 0.3 ii sodium borate buffer

(pH 10) by shaking. After phase separation,
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this aqueous layer is removed. ‘lire chlOI’O-

form extract is washed with an additional 2

nil of sodium borate buffer (pH 10), mid
twice with 2 ml of 1 .0 N HCi. Acid washes

are necessary to remove small amounts
of serotonini-’tC extracted into tire chlo-

roform. lire a(lueous layer is removed

after emtcii r�ash. .\.ni aliquot- of the chloroform

extract is eVmLj)Or�ited to dryness in a count-
ing vial, 10 ml of scintillation counting fluid

are added, and the sample is counted. This

j)roce’ltlre is a modification of tire method of
Axelrod arid Weissbach for extraction of

radioactive melatornin formed in the hydrox-
vinidole O-methvltransferase assay (2).

Labeled lrvdroxvinrdoleacetic acid is cx-

tracted from 1 ml of tine first sodium borate
buffer mt(lUeOUs lmtyer obtained from tile

melatomn extraction described above. A

modification of tue nnethod of Udenfriend

et a!. (13) is used. The sodium borate buffer is
acidified 1111(1 saturated with salt. Hydroxy-

indoleacetic acid is then extracted into ether

(10 ml). Tue labeled proclnnct is finally cx-

tracted from ether into 2 ml of sodium phos-

piutte buffer (pH 7, 0.1 M). Ann ahquot of tue
aqueous extract is evaporated to dryness inn
a counting vial, dissolved in 0.1 ml of HC1,
0.6 ml of Nuclear-Chicago solubilizer (NCS;
Amershani Searle), arid 10 ml of scintillation

counting fluid, arid counted.
The identity of tire radioactive compounds

extracted by the above procedures is rou-
tinely verified by thin layer chromatography
(see below and ref. 14). Pooled extracts of

medium and glands froni individual treat-
merit groups are evaporated to dryness arid
redissolved inn a solution of ethanol anid HCI
(1: 1) containing authentic standard com-

pounds. The pooled extracts are then aria-

lyzed separately. Betweeni 70 arid 90 % of the

chloroform-extracted radioactivity cirroma-

tographed witi r authentic melatoriin, arid

75-83 � of tire radioactivity extracted inrto

0.1 M sodium phosphate buffer, 1)H 7, from

ether chromatographed witir autirenntic by-

droxyinrdoleacetic acid. In both crises 3-10 %

of tire radioactivity inn the extracts remained

at the origin.

Medium blank values are obtained from

medium incubated with no gland under

normal experi mental C( )I1(litiolis. Gland

blarrks for tire nielatorrin extraction are ob-

tamed from glands di�)ped in medium for 1

sec. There is ho difference between this value

aird the tissue blank obtained from a 24-irr,
00 incubation of i)inneal glannds.

Radioactivity is measured with a liquid
scintillation spectrometer. Single-labeled
samples containing ‘4C are counted at an

efficiency of either 54 � or 74 % For dual-
labeled samples, ‘4C efficiency is 34 % and �H

efficiency is 28 �-. The efficiency for ‘4C in the

3H channel is 14 �-, annd appropriate correc-

tionis are made. �H is counted in the ‘4C

channel at aIr efficiency of less than 0.01 %.

Thin layer cit roni-atoqraph-y. Whole media

arid coineenntrated pools of chloroform and

ether extracts are analyzed by thin layer
chromatographry (14) . Teni-microliter au-

quots are mixed with mini equal volume of

standard carrier solut-ionn containing by-

droxyindoleacetic acid, hydroxytryptophol,

methoxytryptophol, metiroxyindoleacetic

acid, melatoninn, N-acetylserotonnin, seroto-

Ii�Ii, arid tryptophan (Regis Ciremical Corn-

pany). Standards are dissolved in a solution
of ethanol (50 %) , 0. 1 N HC1 (30 %) , and

ascorbic acid (0.5 ‘�). A mixture of standards

at a final concentratioir of 1 m�i is used in

cirrornatograpiry. This solution is stored at

-4#{176}.
Twenty-microiiter samples containing

stanidards and ti-re unknown samples are ap-

plied to activated, coated, thin layer plates
(10 X 20 cm, Brinkmannn Instruments, silica

gel) arid dried under a stream of nitrogen.
Each plate is run first in chloroform-meth-

anol-acetic acid (93:7: 1 by volume) along
the long axis. Development iii this solvent is
immediately repeated in tine same direction.
The chromatogram is finally developed in

tire second direction in ethyl acetate (7).

Spots are localized by fluorescence under
short-wave ultraviolet light after spraying
with a solution of metirannol arid 12.3 N HC1

(1: 1 by volume). R� values appear in Table
1. Specific areas are scraped off, pulverized

between flat glass surfaces, and placed in a
scirrtillation vial. This powder is treated with
0.6 ml of NCS; 10 ml of scinrtillation solution

are added, arrd courrtinrg is performed by rou-

tine liquid scintillation methods. Between

98 arid 100 % of the radioactivity applied

is recovered.



50xt02�

25,t02�RpX 1151

24 50

23 23
17 54

10 47
10 21

5 47

0

02 � � I

0 t0� l0� 1O�5[M1

HARMINE

PINEAL GLAND IN ORGAN CULTURE. 1. 167

TAnnin-: 1

ftp values of serotonin metabo!ilcs separated by thin

layer ch � ologra ph y

Solvent A is chloroformsr-nret hanoI--acetic acid,
93:71:1 by volume. The total front niovemenit in

this syst-em is 36 cmii. Solvent B is ethyl acetate.

The ftp vaitnes in this system are valid only when

solvent- A precedes solvent B (14). Total front

movement in solvent B is 8 cm. All spots are less

than 1 cnn inn diameter after development inn 1)0th

solvents.

Metabolite Solvent A Solvent II

5-Methoxytryptophol

?nleiatoninn
5-Methoxyinidoleacetic acid

5-Hydroxytryptophoi
)V-Acet ylserotoni mi
5-Hydroxyimidoleacetic acid

Serotomiin

(5-hydroxytryptamine)

Hydroxyindole 0- methyltransferase. Hy-

droxyiridole 0-methyltransferase activity is
determined by a modification of tire method

of Axelrod and Weissbach (2), using a final
S-adenosylmethioniine concentration in the

assay medium of 10� M.

RESULTS

Stimulation of format ion of melatonin - 14(]

from serotanin-’4C by harmine. Rat pineal
glands incubated for 24 hr with serotonin-

‘4C (5 JACi/mI, 0.123 m�t) synthesized mela-
tonin-’4C, as evidenced by the presence mi

culture media and gland homogenates of
chloroform-extractable radioactivity idenr-
tified as melatonnin by thin layer chromatog-
raphy. Approximately 0.2 % of the serotonnin-

was converted into melatonin-’4C by one

pineal gland during a 24-hr incubation
period. Treatment of pineal glands with

harmine at a final medium concentration of
0.1-10 �M resulted inn a 2-S-fold increase mr

total (medium plus gland) melatonin-’4C
(Fig. 2). Comparison of the effect of harmine

on the medium arid the gland contents of
melatonnin-14C indicated that more than 93 %
of the labeled melatonnin synthesized as a

result of harminre treatment (1-10 ��i) was

released into the medium.
Stimulation of labeled inelaton ifl synthesis

50x �

25x 101

� to’

5OxtO�

�D_ 25nt03

- +-- - - -

� GLAND
C-14 MILATONIN

Fru. 2. Effects of harmine on “Cme!atonin

metabolism

The total nsedinnns and gland content of 14(’

nielatoninn after 24 hr of inictnhationi with serotomiin-

i4(’ (40 �.nCi/�nmole, 0.125 mM) are givemi as cotnmits

per minute per gland. Ilarminie was present where
indicated throughout the inicnnbation period. A

maximally stimulated glamid converts approxi-

matelv 1� of the available serotoniimi to melatonnin

inn 24 hr. Each point is the meami of fotnr deter-

miniatiomis. Vertical lines i midicate stanidard errors.

from ineth ionine-met hyl- ‘�C and tryptoph-an-

3H by harinine. To examine the effect of

harminre Oh labeled melatoninn production iii

the absence of exogenous serotonnin, pineal
glands were incubated with methionnine-

metlryl-14C and tryptopharn-3H. Under these
conditions, dual-labeled melatonin, ideniti-

fled by tirin layer chromatography, was
synthesized. This demonstrated that pineal

glands in orgair culture will utilize trypto-

phlahn-3H or the methyl-14C group of metirio-
tunic via S-adenosylmethioninie to form

melatonin. Harmine (10� �i) treatment of

pineal glands incubated with the above
isotopes resulted inn a 4-6-fold irncrease (p <
0.001) in 14C- and nH_labeled melatonninn inn

the medium (Table 2).
Inhibition of h-ydro.ryindoleaeet ic arid- ‘�C

formation by harmine (Table 3). Pineal glands

incubated witir serotonin-14C (3 j�Ci/m1,
0.123 m�r) formed hydroxyindoleacetic acid-
‘4C. The addition of harmine (0.1-10 /2\I)

caused a 40-60 � reduction (p < 0.001) in
the medium levels of this oxidation product.
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TABLE 2

Harmine-slimnulated production of isotopically

labeled inetatonin front inethionine-mnethnjl-’4C

and tryptophan-TH

Each organi crnlttnre contained two pineal glands

and 0.5 ml of medium, inn which the specific activ-

ity of tryptophan (0.2 mM) was 50 JhCi//zmole and
that of methionine (0.3 mit) was 2.8 �nCi/�tmole.
Results are expressed per gland for a 24-hr incuba-

tion period (mean ± standard error).

Treatment
No. of
organ

cultures

Conversion of labeled precursor
into radioactive melatonin

“C H

Control
llarminie

(10� M)

4

4

%

0.13 ± 0.02

0.87 ± 0.08�

%

0.35 ± 0.05
1.42 ± 0.11a

a Statistically greater than control (p � 0.001

by Student’s 1-test).

Effects of harrnine an formation of N-acetyl-

serotonin-’4C, hydroxytryptophol-’4C, meth-

oxytryptophol-’4C, and -methoxyindoleacetic

acid-’4C (Fig. 3). A tirin layer chromato-
graphic system whicir separated four sero-
tonin oxidation products and two N-acety-

lated derivatives (see MATERIALS AND

METHODS) was used to determine the relative
effects of harmine on these six metabolites.
The analysis of culture media by this tech-
nique substantiated the stimulatory effects
of harmine on melatonin production pre-
sented above, arid also indicated that
production of N�acetylserotonin�i4C was

stimulated (p < 0.001). No N-acetylsero-

tonin-’4C was identified inn the untreated
pineal gland organ culture medium, and
harmine treatment resulted in a medium

concentration of N�acetyIserotonin�n4C that
exceeded that of melatonin-’4C.

Harmine treatment significantly decreased

(p < 0.001) the levels of hydroxyindole-

acetic acid-’4C, hydroxytryptophol-’4C, and

methoxytryptophol-’4C. No significant effect

of harmine on methoxyindoleacetic acid-’4C
in the medium was observed in these experi-
ments.

Investigations -with hydroxyindole 0-methyl-

Iran sferase. The possibility tinat harmine
influences melatonin production by altering

the activity of hydroxyindole 0-methyl-

TABLE 3

Hydroxyindo/eacelic acid-’4C in pineal gland organ

culture media treated with harmine

Each value is the nieani ± standard error of the
hydroxyi ndoleacet ic acid -‘4C extracted from 0.5

ml of the medium of ant organs culture of two pineal
glands incubated for 24 hr. Results are expressed

per gland. Each control gland converts approxi-

mately 4� of the available serotonun-’4C to hy-
droxyindoleacetic acid-’4C in 24 hr.

Treatment
No. �
organ

cultures

Hydroxyindole acetic-”C
m medium

Activity Inhibition

(cpm/glcnd) x 10’ %

Control 4 4.8 ± 0.73 0
Harmine, 10� in 4 2.9 ± 0.30” 39

Harmine, 10’ ii 4 1.8 ± 0.25a 62
Hammine, 10� is 4 2.0 ± 0.44” 58

a Statistically lower than comntrol (p � 0.001 by
Student’s 1-test).

� 75

I..’.’

n5_o

oo�I �
NAcS MEL HIAA HTOH MIAA MTOH

FIG. 3. Thin layer chromatographic analysis of

culture media

Hammine (10-5 it) was added to the medium of

one group of pineal organ cultures at the begin-

ning of a 24-hr incubation with serotonin (40

,hCi/Mmole, 0.125 mM). Results are expressed per
gland. A total of 2.5 X lOR cpm was contained in
0.5 ml of medium at the start of incubation.
Aliquots (10 Ml) of the medium were applied to a
thin layer of silica gel; 98-100% of the radio-

activity applied was recovered at the origin and in
the six areas corresponding to added carriers.

NAcS, N-acetylserotonin; MEL, melatonin;

HIAA, hydroxyindoleacetic acid; HTOH, hydrox-
ytryptophol; MIAA, met-hoxyundoleacetic acid;

MTOH, methoxytryptophol. The numbers in

parentheses indicate the number of organ cultures.

Vertical lines indicate standard errors. Statistical

analysis was done by Student’s 1-test.
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TABLE 4

Hydroxyindole 0-methyltransferase activity

of rat pineal glands

In experiment 1, the effect of harmine on the

hydroxyimidole O-methyltransferase activity in

unincubated glamids was measured. Ilarmine was
added directly to the enzyme assay mixture, which
contained the following, in a volume of 0.3 ml: N-

acetylserotonii mi, 50 �.ng; S-adenosylmet hioni ne -

methyl-”C, 50 m�sCi (48 �Ci/mmole); S-adeniosyl-
methionine, 3 m�tmoles; pineal gland homogenate;

and sodium phosphate buffer, 0.05 M, pH 7.9. In

experiment 2, the enzyme activity was measured

after incubationr with hamminie in the organ culture
medium. The results of this experiment are ex-

pressed per gland (mean ± standard error of five
glands).

Experi- Harmine
Hydroxyindole O-methyltransferas e activity

15 mm 35 mm 45 mm 60 mm

I’M ��moles � formed

1 500
100

50

10

5
1

0

12 27 31

11 26 30

44
45

45
44
44

43
44

2 0
10

57
61

± 9.3
± 11.5

transferase was examined. Pineal glands
incubated with harmine for 24 hr had the

same activity of this enzyme as untreated

glands (Table 4). In addition, no effect of

harmine on the hydroxyindole 0-methyl-

transferase activity of unincubated gland
homogenates was observed when harmine
was added directly to the enzyme assays.

DISCUSSION

The technique of organ culture was used
to investigate whether melatonin production
by the pineal gland is altered when serotonin
oxidation is inhibited. Sensitive and specific

determination of the relative levels of sero-
tonin-’4C metabolites in the culture media
was made possible by using radiolabeled

precursors and separating the products by

thin layer chromatography.
Harmine was used a.s an inhibitor of

monoamine oxidase because of the high

potency of this compound at low concentra-

tions, reported inn brain arid other tissues

( 13). In tins experimental system, harminne-

treated glands incubated witir serotonin-’4C
released substantially less hydroxyindole-

acetic acid-’4C, hydroxytryptophol-14C, arid
metiroxytryptophol-’4C. This reductioni inn
the concentration of three oxidation products
of serotoninn-14C mr tire medium indicated that
irarmine inhibited monoaminre oxidase activ-

ity.

Axelrod et al. (3) have reported tinat iso-

ProP�lphenrY lhydrazinne, another monoaminne
oxidase inhibitor, stimulated tine production
of n�elatonninn by pineal glands inn organ

culture. The present innvestigationrs, using

inarmine, provide some unnderstannding of tire

molecular mechanisms involved. No evidence
that irarmine stimulated only tire release of

melatonin-’4C without increasing its produc-

tionn � found. Rather, it was observed that
total production of melatonin-’4C was in-
creased, with the majority of the product

being released into tire culture medium. No

evidenice suggestinng a causative role of by-

droxyindole 0-metiryltransferase was pro-
vided ; harmine mad no apparennt effect on this

enzyme.
The use of three different radiolabeled

precursors of melatoninn eliminated the pos-
sibility that harminre caused an increase in

labeled melatoninn production without actu-
ally increasing unlabeled melatonin produc-

tion. This could irave arisen as result of
alterations inn the relative availability for

N-acetylation of the following precursor
pools : (a) unlabeled serotonin stores present

at tire start of the experiment, (b) labeled
serotoninn synthesized from tryptophan-3H,

and (c) labeled serotonninn added to tire cul-

tures. A decrea.se in the availability of urn-
labeled serotomn (a) could have resulted in
increased use of labeled serotonin (b, c) as a

substrate for N-acetyltransferase witirout
altering tire total rate of N-acetylserotonnin
production. However, this did not seem to
be the case, because tire synthesis of mela-

tonin-0-methyl-’4C was also stimulated by

harmine, an effect presumably inidepenident

of the source of serotonin.

It seems most likely that Irarminne stimu-

lated melatonin production by causing a

shift in the cellular mode of degradation of
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serotonnin froni oxidation to JV-acetylation,
wiricir resulted inn elevated cellular concen-

trationns of N-acetvlserotonnin. Tins was sup-
ported by our findings of higlr levels of
N-acetylserotonini-’4C ml tire medium con-

tanning harminie-treated l)i!leal glands, as-

sumed to be caused by elevated cellular
concentrations of this comj)ound . Elevated
cellular N-acetvlserotonnin apparenntly raised
melatonin productioni by simple mass action
in ann enrzymatic reaction that was substrate-

limited inn tire untreated gland. It r��as riot

clear from these studies what caused the
increase inn N-acetvlserotonninn. Ininibition of
monoamine oxida-se by harmala alkaloids is
known to raise serotonin concentrations inn

brain (15, 16). High levels of serotonnin in
these studies could increase tine production
of N-acetylserotoninn by making more unn-
bound substrate available, as suggested by
Axelrod et at. (3), or by enhanrcinng the activ-

ity of N-acetyltrannsferase (17).

Tire studies of Snnvder et al. (18) have
demonstrated that administration of a

monroamine oxidase inhibitor to rats wil!
j)revennt tire fail inn serotoninn concentrations

ill the pinneal glanrd that occurs during the

hours of darkness. This observation, together
with our findings, raises the possibility that,
inn studies in Vito in whicir monnoamine oxi-

dase innhibitors are used, tirese compounds
may cause increased production arid release
of N-acetvlserotonin arid melatonninr.

Although monnoaminre oxidase activity as
estimated inn dilute brokeni cell preparations

of pineal glands is conrsistenntly quite high
(19), the possibility that this enzyme is in-

volved iii the daily regulation of melatonin
synthesis should be considered. Little is
known about tire meciratrisms controlling

tine activity of this enzyme on a cellular
level; intracellular inhibitors and activators
may exist. One possible regulatory factor

working through monoamine oxidase is
nnorepinephrinie. Norepinrepirrinne could alter

serotonirr oxidation as a competitive inhibi-

tor, because both these compounds are sub-

strates for monnoaminne oxidtnse. Consistent
witir this suggestiorn are tire finndinngs of
Axelrod et at. (5) demonrstratinng that nrorepi-
nnephrinne added to orgarn cultures of pineal
glands inrhibited the production of hydroxy-
indoleacetic acid - BC from tryptophan-’4C

and stimulated tine production of melatonin-

14C Wurtman arid colleagues have observed

that niorepinepirrinne concentrations in the

pinneal gland exhibit a 24-hr rhythm (20, 21).
Sucir a rhythm might inndirectly produce a

similar rhytinm inn melatonin production

through the mechanisms discussed above.

Iii their physiological studies, Axeirod

anrd Wurtmann have inferred that melatonin
synthesis cair be approximated by the

measurement of hydroxyindole 0-methyl-

transferase (1 , 22) . The studies presented
here emphasize the nnecessity of considering

the relative importance of the levels of sero-
toninr, monoamine oxidase, the N-acetylating
enzyme, N-acetylserotonini, and hydroxy-

indole 0-methyltransferase in attempting to

estimate melatonnin production in studies

in vivo, inn which melatonin cannnot be

measured directly.
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