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SUMMARY

DEGUCHI, TAKEO: Role of the beta adrenergic receptor in the elevation of adenosine

cyclic 3’ ,5’-monophosphate and induction of serotonin N-acetyltransferase in rat

piiieal glands. ilIol. Pharmacol. 9, 184-190 (1973).
The adenosine cyclic-3’ , 5’ monophosphate level in rat pineal gland is elevated 15-fold 2

miii after intravenous injection of l-isoproterenol and returns to the baseline level after 30
miii. Pineal serotoiiin N-acetyltransferase (EC 2.3. 1.5) activity rises after 1 hr of lag phase
and increases 70-100-fold 3 hr after injection of l-isoproterenol. Prior treatment with 1-

propranolol, a beta adrenergic blocking agent, blocks both the elevation of cyclic AMP and
the increase iii N-acetyltransferase activity by l-isoproterenol. When l-propranolol is in-

jected after the cyclic AMP level has returned to the baseline and before N-acetyltrans-
ferase activity starts to rise, the increase in enzyme activity is blocked. l-Propranolol in-
jected after N-acetyltransferase activity has reached its maximum level causes a precipitous

fall in N-acetyltransferase activity, to 5 #{182}�of the initial level in 15 mm, whereas d-propranolol
does not decrease enzyme activity. Other beta adrenergic blocking agents, practolol and
pronethalol, also cause a rapid disappearance of N-acetyltransferase activity. Cyclohexi-

mide, an inhibitor of protein synthesis, blocks the increase in N-acetyltransferase activity
when administered 30 mm before or 1 hr after the injection of l-isoproterenol and before
enzyme activity starts to increase. If cycloheximide is injected after the maximum level of

N-acetyltransferase activity has been reached, there is no decrease in enzyme activity over
15 mm. When rat pineal with a high level of N-acetyltransferase activity is incubated in

vitro, there is no change in enzyme activity. In the presence of either l-propranolol or di-
chioroisoproterenol, however, N-acetyltransferase activity disappears very rapidly. These
observations suggest that the maintenance of the high level of N-acetyltransferase activity
requires contiiiuous stimulation of the beta adrenergic receptor on the pineal cell, regardless
of the level of cvcli(’ A\IP.

INTRODUCTION cyclic 3’ , 5’-monophosphate via a beta

1 . adrenergic receptor (1). Recent studies
‘1 he neurotransmitter catecholamines con- . -

have shown that serotonin �\ -acetyltrans-
trol a variety of metabolic processes by

ferase (EC 2.3. 1. �), the enzyme involved
stimulating the formation of adenosine . . .

in the biosynthesis of the pineal hormone

1 Fellow of the Foundations’ Fund for Research melatonin, is inducible by catecholamines or
in Psychiatry (Grant 70-494). their precursor, L-dopa, in cultured rat
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pmeal (2) or in vivo (3). Dibutyryladenosine
cyclic 3’ , 5’-monophosphate and theophyl-
line, drugs that elevate cyclic AMP levels,

also increase N-acetyltransferase activity

( 2, 3) . The increase in N-acetyltransferase

activity by L-dopa is prevented by the beta

adrenergic blocking agent but not by the
alpha adrenergic blocking agent (3). These
observations indicate that pineal N-acetyl-

transferase is regulated by catecholamines
via the beta adrenergic receptor, which in

turn activates the formation of cyclic AMP.

Recently Strada et al. (4) reported that
norepinephrine increases cyclic AM P levels
and X-acetyltransferase activity in cultured

rat pineal and that the elevation of cyclic
AMP is prevented by propranolol.

This report describes the temporal rela-
tionship between the elevation of cyclic

AMP and increases in X-acetyltransferase
activity, as well as a novel function of the

beta adrenergic receptor for the maintenance

of N-acetyltransferase activity.

MATERIALS AND METHODS

Chemicals. Acetyl-1[’4C]-coenzyme A (49.8
mCi/mmole) was purchased from New Eng-

land Nuclear Corporation. l-Propranolol, d

propranolol, practolol, and pronethalol were

kindly supplied by Ayerst Laboratories, and
dichioroisoproterenol was a product of Eli
Lilly and Company. Other chemicals were

obtained from commercial sources.
Animals. Male Sprague-Dawley rats

weighing 160-iSO g were supplied by Hor-

mone Assay Laboratories, Chicago. They
were kept under diurnal lighting conditions
with light on from 6:00 a.m. to 6:00 p.m.

Drugs were dissolved in 0.9% NaCl and in-

jected into the tail vein or subcutaneously,

as indicated in each experiment. Rats were
killed by decapitation between 2:00 and 3:00
p.m. Each group consisted of five or six rats.

Assay of \ra�tyltra,�fei.�e activity. A

pineal was quickly removed and chilled in

ice. N-Acetyltransferase activity was as-

sayed by the method of Deguchi and Axel-
rod (5) immediately after the pineal was re-
moved.

Assay of cyclic AMP. A pineal was quickly
removed, frozen on Dry Ice, and homoge-
nized in 0.7 ml of 5 % trichloracetic acid with

a i-ml glass homogenizer. After the precipi-
tate had been removed by centrifugation,
the supernatant fraction was extracted four

times with 5 ml of ether each time. The
aqueous layer was evaporated to dryness,

and the residue was dissolved in 0.01 �t so-

dium acetate (pH 4.0). The cyclic AMP
level was measured by the method of Oilman

( 6). In several experiments tissue samples
were assayed for cyclic AMP after purifica-

tion by the method of Krishna et al. (7).
There was no difference in the amount of

cyclic AMP between purified and unpurified
tissue samples.

Recently Weiss and Strada (8) reported
that the cyclic AMP level in rat pineal in-
creases after decapitation by 3 pmoles/pineal
in 30 sec. The effect of decapitation on cyclic
AMP should not affect the interpretation of

the observations reported here, because the
pineals were frozen within 30 sec after de-

capitation and there was no significant

difference in the baseline level of cyclic AMP
between intact, propranolol-treated, and de-
nervated pineals.

RESULTS

Elevation of cyclic AMP and �V-acetyl-

transferase activity. When l-isoproterenol was
injected intravenously, cyclic Ar�IP levels
immediately increased (Fig. 1). Two minutes
after injection there was a 15-fold increase

in cyclic AMP, which was sustained for 10
mm and then fell to the initial level 30 mm
after injection of l-isoproterenol.

N-Acetyltransferase activity showed a

negligible amount of increase during the first
hour. After 1 hr there was a rapid rise of en-
zyme activity, reaching a maximal level 3 hr
after injection of l-isoproterenol, and return-

ing almost to the initial level after 5 hr. The
maximum level of N-acetyltransferase ac-
tivity was 70-100 times the initial level.

The dose responses of cyclic AMP and N-

acetyltransferase activity are shown in

Table 1. The maximum response of both eye-

lie AMP and N-acetyltransferase activity
was observed at the dose of 5 mg/kg of 1-

isoproterenol.

Effect of 1-propranolol on elevation of cyclic

AMP. Treatment with l-propranolol did not
change the basal level of cyclic AMP (Table
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FIG. 1. Elevation of cyclic AMP and increase in N-acet yltransf erase activity by 1-isoproterenol

l-Isoproterenol HCI (5 mg/kg) was injected intravenously into rats, which were killed at the times
indicated. The cyclic AMP level and iV-acetyltransferase activity were measured as described under

MATERIALS AND METHODS. Vertical bars indicate standard errors of the mean. The arrows (A, B, and C)
indicate the times when l-propranolol or cycloheximide was injected into rats in the experiments shown

in Table 3.

TAlmr�F� 1

Dose responses of cyclic AMP and N-acetyltrans-

ferase activity to 1-isoproterenol

l-Isoproterenol HCI was injected into the tail

veins of rats at the doses indicated. The cyclic

AMP level was measured 5 mm after the injection

of l-isoproterenol, and N -acetyltransferase ac-
tivity assayed 3 hr after injection. The results are

expressed as means ± standard errors (n = 5).

Dose of
isoproterenol

Cyclic AMP N-Acetyltransf erase

mg/kg prnoles/pineal pmoles/pinea�/
10 tnin

0 35± 4 8± 2

0.5 179 ± 31 122 ± 36

2.0 202 ± 58 175 ± 30

5.0 435 ± 65 753 ± 129

10.0 558± 104 883± 86

2). Prior treatment of rats with l-propranolol

almost completely blocked the elevation of
cyclic AMP at the dose of 2 mg/kg of 1-iso-
proterenol and partially blocked it at the

dose of 5 mg/kg of l-isoproterenol.
Effect of 1-propranolol and cycloheximide

on increase of N-acetyltransferase activity. 1-

Propranolol injected 30 mm prior to injec-
tion of l-isoproterenol (point A in Fig. 1)
blocked the increase in �V-acetyltransferase

activity (Table 3). When l-propranolol was
injected 60 mm after injection of l-isopro-

terenol, by which time cyclic AMP had re-
turned to the initial level (B in Fig. 1) , the
increase in N-acetyltransferase activity was
prevented. When l-propranolol was injected
15 mm before the rats were killed, when N-
acetyltransferase activity had already

reached its maximum level (C in Fig. 1), N-

acetyltransferase activity rapidly disap-
peared, decreasing to less than 5 % of the
level in rats given l-isoproterenol only.

Cycloheximide, administered 30 mm prior

TABLE 2

Effect of 1-propranolol on elevation of cyclic AMP

l-Propranolol HCI (20 mg/kg) was injected sub-

cutaneously into rats 30 mm prior to intravenous

injection of i-isoproterenol HC1 at the doses indi-

cated. Cyclic AMP was measured 5 mm after the

injection of l-isoproterenol. Results are expressed

as means ± standard errors (n = 6).

Dose of
isoproterenol

Cyclic AMP

Untreated Propranolol

mg/kg pmoles/pineal

0 39± 4 34± 6
2 148±26 45± 3

5 500±51 136±30
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to or 60 mm after injection of l-isoproterenol,
when cyclic AMP levels had returned to

baseline level but N-acetyltrarm�fcrase ac-

tivity had not yet started to increase (B in
Fig. 1), prevented the increase in N-aeetyl-
transferase activity (Table 3). When cyclo-

heximidc was injected after N-acetyltrans-

ferase activity reached its peak (15 mm
prior to killing) (C in Fig. 1), there was al-

most no decrease in N-acetyltransferase ac-
tivity.

The rapid disappearance of N-acetyltrans-
ferase activity after l-propranolol adminis-
tration could be due to the formation of
some inhibitor of the enzyme. To study this
possibility, the pineal homogenates of two
groups of rats, which had received l-isopro-

terenol alone or l-isoproterenol plus 1-pro-
prntnolol, were mixed. No inhibitory effect on
N-aeetyltransferase activity was found in the
homogenate of pineals treated with l-isopro-

terenol and l-propranolol (Table 4). 1-Pro-
j)ranolol added to the reaction mixture
neither inhibits nor activates N-acetyltrans-

ferase activity.
Various beta adrenergic blocking agents

and their stereoisomers were injected into

rats during the time when N-acetyltrans-

TABLE 3

Effect of 1-propranolol or cycloheximide on increase

in N-acetyltransferase activity

l-Isoproterenol HC1 (5 mg/kg) was injected into

the tail veins of rats 3 hr before they were killed.
Either (-propranolol (20 mg/kg) or cycloheximide
(20 mg/kg) was injected subcutaneously at the

times indicated. Hesults are expressed as means ±

standard errors (u = 5).

1-Propranolol or
cycloheximide -

injection

N-Acetyltransferase
- - -___________

Propranolol Cycloheximide

prnoles/pineal/10 mm

30 mimi before isopro-

terenol (A in Fig.

1) 48± 12 14± 4

60 miii after isopro-

terenol (B in Fig.

1) 34± 6 56± 8
15 miii before death

(C in Fig. 1) 33 ± 6 590 ± 132

Isoproterenol only 733 ± 83

TABLE 4

Effect of mixing pineal homogenates

Three rats received an intravenous injection of

l-isoproterenol IICl (10 mg/kg) 3 hr before they

were killed. Another group of three rats received

an intravenous injection of l-isoproterenol (10

mg/kg) 3 hr, and a subcutaneous injection of 1-

propranolol HC1 (20 mgkg) 15 mm, before they
were killed. Three pineals were homogenized in

0.25 ml of 0.05 M potassium phosphate (pH 6.5),

and SOL1 of the homogenate were added to each re-

action mixture. The values have been calculated
from the results of duplicates.

Pineal homogenate N-Acetyltransferase

pmoles/pineal/10 mm

Isoproterenol injected 765
Isoproterenol + propranolol

injected 29

Combination of both homog-

enates 838

TABLE 5

Effect of beta adrenergic blocking agents on N-

acet yltransf erase activity

l-Isoproterenol (10 mg/kg) was injected intra-

venously 3 hr, and a beta adrenergic blocking agent

15 mm, before the rats were killed. Results are ex-
pressed as means ± standard errors (ii = 5).

Beta blocking agent N-Acetyl-

transferase

pmoles/pineal/
10 ,nin

None 647 ± 46

l-Propranolol (0.5 mg/kg) 460 ± 97

l-Propranolol (2.5 mg/kg) 81 ± 18#{176}

l-Propranolol (10 mg,kg) 62 ± 7#{176}

d-Propranolol (10 mg/kg) 666 ± 65
dl-Practolol (20mg/kg) 61 ± 14#{176}
dl-Pronethalol (10 mg’kg) 215 ± 46#{176}

ferase activity was high (Table 5). 1-

Propranolol rapidly decreased �V-acetyl-
transferase activity to 10% of the initial
level in 15 mm, whereas a 4-fold higher dose

of d-propranolol did not change N-acetyl-
transferase activity. Two other beta adrener-
gic blocking agents, (/l-practolol and (il-pro-
nethalol, also caused a rapid fall in enzyme
activity. Pronethalol, a weak beta adrenergic
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blocking agent, was less effective than i-pro-

pranolol in decreasing N-acetyltransferase

activity.
Effect of beta adrenergic blocking agents an

disappearance of N-acetyllransferase activity

in vitro. To study the effect of beta adrenergic

blocking agents more directly, the rat pineals
were removed 3 hr after inj ection of i-iso-
proterenol and incubated in vitro (Table 6).
The pineals incubated for 15 mm showed no

decrease in enzyme activity. In the presence
of l-propranolol, however, X-acetyltrans-
ferase activity rapidly disappeared, decreas-
ing to less than 10 % of the initial level after

15 mm. Another beta adrenergic blocking
agent, dichloroisoproterenol, also caused a
rapid disappearance of N-acetyltransferase

activity.
Inhibitors of protein synthesis, cyclo-

heximide and puromycin, added to the incu-
bation medium did not result in any change

of N-acetyltransferase activity in 15 mm.
These observations indicate that beta ad-

renergic blocking agents not only block the
induction of N-acetyltransferase activity

TABLE 6

Effect of beta adrenergic blocking agents on N-

acet yltransf erase activity in vitro

Rats received intravenous injections of i-iso-

proterenol HC1 (5 mg/kg) 3 hr before they were

killed. The pineals were quickly removed and in-

cubated in 0.7 ml of Krebs-Henseleit-bicarbonate
buffer containing 0.1% glucose and 0.1% bovine
serum albumin (fraction V) in a 10-mi beaker

under 95% O�-5% CO2. Drugs were added to the
incubation medium as indicated. After 15 mm at

37#{176}C,N-acetyitransferase activity was assayed.
Each value was obtained from five or six samples
and is expressed as mean ± standard error.

Addition Incubatio
time

n N-Acetyl-
transferase

mm pmoles/pineal/
10 mm

None
0 35

None 15 459 ± 33
Propranolol (2 mM) 15 24 ± 3

Dichloroisoproterenol

(2mM) 15 30± 6
Cycloheximide (100 zg/

ml) 15 480 ± 40
Puromycin (200 ,�g/ml) 15 528 ± 54

but also immediately decrease N-acetyl-
transitrose activity in vivo and in vitro.

DISCUSSION

Serotonin N-acetyltransfera�e in rat pineal
is a unique enzyme in that it is rapidly and
remarkably inducible by catecholamines by
their precursor, L-dopa, by monoamine oxi-
dase inhibitors, by dibutyryladenosine cyclic
3’ , 5’-monophosphate, or by theophylline
in cultured rat pineals (2) or in vivo (3). N-

Acetyltransferase shows a marked circadian

change, with a 15-40-fold increase of en-
zyme activity in darkness, controlled by

sympathetic nerves (9) , and a rapid decrease
under light (10, ii) or on administration of a
beta adrenergic blocking agent in darkness
( 1 1 ) . Electrical stimulation of sympathetic

nerves causes an increase in X-acetyltrans-

ferase activity (12). These observations have

suggested that the induction of N-acetyl-
transferase in rat pineal is probably mediated

by the adenyl cyclase system on the pineal
cell, which is responsive to catecholamines
(13).

The present study demonstrates that 1-

isoproterenol, a synthetic cateeholamine,
elevates cyclic AMP levels and increases N-
acetyltransferase activity in rat pineal in

vivo. An immediate elevation of cyclic AMP

is followed by a delayed, slow increase in N-

acetyltransferase activity . i-Isoproterenol
elevates the cyclic Ai\IP level and increases
N-acetyltransferase activity in pineal at a

dose of 0.5 mg/kg. The responses of both
cyclic AMP and N-acetyltransferase activity
reach their maximal levels at a dose of i-iso-
proterenol between 2 and 5 mg/kg. If we as-
sume that i-isoproterenol is distributed
evenly in the whole body, its concentration
in tissues would be 2 �s at a dose of 0.5 mg/
kg and 20 �n at a dose of 5 mg/kg. Injected

l-isoproterenol, however, could rapidly be
inactivated by catechol O-methyltransferase
in the liver. Thus the tissue concentration of

l-isoproterenol in the pineal would be much
lower. Strada et ai. (4) have shown that the

cyclic AMP level did not increase in a cul-
tured rat pineal at a concentration of 1 �i�i

norepinephrine but reached almost the maxi-
mal level at 10 �n norepinephrine. We have
observed that 1 j.tM l-isoproterenol increases
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2 ‘f� Deguchi and J. Axelrod, in preparation

N-acetvltransferase activity and 10 �i�i i-iso-

proterenol causes a maximal increase in
N-acetyltransferase activity in a cultured

rat pineal.2 The responses in vivo of both

cyclic AMP and N-acetyltransferase ac-

tivity reported here are comparable to those
observed in a cultured rat pineal.

When the elevation of cyclic AMP is
blocked by previous treatment with i-pro-
pranolol, a beta adrenergic blocking agent,

N-acetyltransferase activity does not in-
crease, suggesting a causal relationship be-

tween cyclic AMP and the synthesis of N-
acetyltransferase. Cycloheximide blocks the

increase in N-acetyltransferase activity
when inj ected before N-acetyltransferase ac-

tivity starts to increase, thus indicating that

cyclic AMP induces the synthesis of new en-
zvme molecules. Cyclic AMP probably acts
on the translation process, because actino-

mycin D has no effect on the induction of N-
acetyltransferase (3) . When l-propranolol is

injected after cyclic A�sIP has returned to its
initial level (1 hr after injection of i-isopro-

terenol) , N-acetvltransferase activity shows

little increase. l-Propranolol injected after
N-acetyltransferase activity has reached its
maximum level decreases the enzyme ac-
tivity rapidly, whereas the stereoisomer d-

propranolol did not decrease N-acetyltrans-
ferase activity. Other beta blocking agents,
practolol and pronethalol, also caused a

rapid fall of enzyme activity, indicating the

specificity of beta adrenergic blocking agents
for the pineal N-acetyltransferase. When the
pineal is removed at high N-acetyltrans-

ferase activity and incubated with 1-

propranolol or dichloroisoproterenol, en-
zyme activity disappears very rapidly.

Neither cycloheximide nor puromycin affects
N-acetyltransferase activity in this system.

It has been previously shown that cyclo-
heximide injected in darkness decreases N-

acetyltransferase activity with a half-time
of 60 mm, indicating that the turnover of N-

acetyltransferase molecules is quite slow (11).
The rapid disappearance of N-acetyltrans-

ferase activity caused by beta adrenergic
blocking agents would be a different process
from the classical degradation of enzyme
molecules. 1\iaintenance of the high level of

N-acetyltransferase activity seems to re-

quire continuous stimulation of the beta

adrenergic receptor on the pineal cell ; once
the receptor has been blocked, regardless of

the level of cyclic AMP, N-acetyltransferase

activity disappears immediately. The rapid
inactivation of N-acetyltransferase by beta

adrenergic blocking agents could be due either

to rapid conversion of the active to an in-
active form of the enzyme or to disaggrega-

tion of the enzyme molecule to its subunits.
It is still questionable whether the pre-

cipitous disappearance of N-acetyltrans-
ferase activity is linked to the cyclic AMP
system. Although cyclic AMP returned to its
baseline level 30 mm after i-isoproterenol

(Fig. 1) and i-propranolol did not change the

basal level of cyclic A�sIP (Table 2) , it is

possible that a functionally active pool of
cyclic AMP is very small and its change is
undetectable. It is also possible that the ratio

of the active to the inactive form of protein
kinase might have been changed by beta

adrenergic blocking agents, although the

total amount of cyclic AMP was unaffected

by these drugs. It would be of special interest

to know how quickly the active protein

kinase (cyclic AMP-independent form) is

converted to the inactive form (cyclic AMP-

dependent form) in vivo, and how rapidly

blockade of the beta adrenergic receptor

affects the conversion of the two forms of

protein kinase. The observations reported

here suggest that cyclic AMP may have two

functions for pineal N-acetyltransferase: in-

duction of the enzyme, which requires a

high concentration of cyclic NNIP, and

maintenance of N-acetyltransferase in the

active form, for which a low level of cyclic

AMP might suffice. An alternative explana-

tion for the rapid inactivation of N-acetyl-

transferase by beta adrenergic blocking

agents could be an effect on processes other

than the adenyl cyclase system that regulate

inactivation of �V-acetyltransferase in

pineals.
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