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Abstract—The influence of serotonin on the accumulation and metabolism of [*H]nore-
pinephrine by isolated perfused rat hearts has been investigated. Serotonin, at a con-
centration of 10—¢ M, inhibits the uptake of [*H]norepinephrine. A serotonin con-
centration of 10~* M appears to reduce the neuronal norepinephrine storage capacity
as well as the neuronal membrane amine transport system. Serotonin (10~% M) also
inhibits the extraneuronal metabolism of [*Hlnorepinephrine in cocainized hearts
similar to adrenergic receptor blockers. It is concluded that serotonin at low concen-
trations would enhance adrenergic responses by blocking the uptake of norepinephrine,
while high concentrations of serotonin would block adrenergic receptors and tissue
response to norepinephrine. Diminished neuronal amine storage in the presence of
serotonin may lead to a prolonged decrease in response to adrenergic nerve stimulation
due to a diminished release of authentic transmitter.

BioGeNIC amines are widely distributed throughout most living organisms, and
evidence indicates that these amines function as neurohormones, either activating
the post-synaptic membrane or modifying the action of a transmitter substance. The
fact that serotonin and norepinephrine act as antagonists in many experimental
conditions has led to the possibility that specific behavioral patterns or physiological
actions may be influenced by the interaction of these two amines.!~3

Norepinephrine, injected into the circulation or released from nerve endings during
stimulation, is rapidly inactivated either by uptake into sympathetic nerve endings or
by metabolism at non-neuronal sites.* Norepinephrine accumulation and metabolism
in the heart have been demonstrated many times.5-® This study demonstrates the
influence of serotonin on [*H]norepinephrine uptake, storage and metabolism in
the isolated perfused rat heart.

METHODS

Male Royal Hart rats (175-200 g) were anesthetized with sodium pentobarbital,
30 mg/kg. Hearts were removed and perfused by the Langendorff technique as pre-
viously described.”

The drugs used were D,L-norepinephrine hydrochloride (Sigma Chemical Com-
pany), D,L-norepinephrine-7-*H (New England Nuclear; specific activity, 6-6 c¢/m-
mole), 5-hydroxytryptamine creatine sulfate complex (Sigma Chemical Company)
and cocaine hydrochloride (Merck).

Hearts were perfused for 10 min with norepinephrine-free medium to wash out
blood and allow rhythmic beating to be established. This was followed by a 2-min
perfusion with [*H]norepinephrine (50 uc/l.) containing medium. Perfusion for 2
min is known to provide amine accumulation values close to initial rates of uptake.®
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The hearts were then perfused another 2 min with norepinephrine-free medium to
wash out extracellular [*H]norepinephrine.® During the last 4 min of perfusion, the
heart perfusates were collected in beakers and stored frozen for metabolite analysis.

The perfusion procedure was repeated with serotonin in both media at concentra-
tions of 10~%, 10=3, 10~* and 1073 M.

To study the effect of serotonin on the non-neuronal metabolism of [*H]nore-
pinephrine, cocaine (10~% M) was added to both perfusion media and the procedures
described above were repeated.

After perfusion, the hearts were weighed, homogenized in 5 ml of 0-4 N perchloric
acid and centrifuged for 10 min at 500 g. Aliquots (4 ml) of the heart supernatants
and all of the collected perfusates were assayed for [*H]norepinephrine and its
metabolites as described by Kopin et al.1°

The accumulation of [*H]norepinephrine by isolated hearts in the presence of
serotonin was determined by perfusing the hearts for various time intervals (5-40
min with [®*H]norepinephrine, 50 uc/l.; specific activity, 5 mc/umole). Serotonin
(10~* M) was included in both media. Perfusion times are listed in Table 1. The hearts
were perfused with Krebs—Ringer buffer for 2 min after the norepinephrine perfusion.

Aliquots (1 ml) of the heart supernatants were assayed for tritium in a liquid
scintillation counter and the tritium was calculated as [*H]norepinephrine. It is
known that greater than 95 per cent of the tritium in hearts perfused with [*H]-
norepinephrine is associated with norepinephrine.!?

TaBLE 1. PERFUSION TIMES UTILIZED IN DETER-
MINING THE EFFECTS OF SEROTONIN ON THE ACCUMU-

LATION OF NOREPINEPHRINE BY THE ISOLATED RAT
HEART*

Krebs—Ringer with
Krebs-Ringer (min) norepinephrine (min)

19-0 2
17-5 5
15-0 10
100 20
50 30
0 40

* Serotonin was included in both perfusion
media. A 2-min perfusion of Krebs-Ringer fol-
lowed the norepinephrine perfusion.

The influence of serotonin on soluble catechol-O-methyltransferase (COMT)
activity was determined by modifying a method described previously by Axelrod
et al.'? Rats were treated with the monoamine oxidase inhibitor pargyline (25 mg/kg,
intraperitoneally) 4 hr prior to sacrifice. Hearts were removed and homogenized in
5 vol. of Krebs—Ringer buffer (with bicarbonate) containing 3-6 M magnesium sulfate.
The heart homogenates were centrifuged for 20 min at 14,000 g. The tissue and tissue
extracts were maintained at 5° at all times until the incubation period. Krebs-
Ringer buffer (75 pl) which contained 04 uM magnesium sulfate, 70 muc [*H]-
norepinephrine (specific activity, 2-3 ¢/umole) and 60 mumoles S-adenosylmethion-
ine per 75-ul aliquot was added to 25 pl of the heart supernatant and incubated for
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90 min at 37°. Blanks were obtained by substituting boiled tissue extract. The reaction
was terminated by the addition of 0-5 ml of 0-4 N perchloric acid. [P’H]Normetane-
phrine was assayed as indicated above.

RESULTS
[*H]Norepinephrine uptake is inversely proportional to the perfusate concentra-
tion of serotonin (Fig. 1). When perfused at 10~> M, serotonin inhibited the accumula-
tion of [*H]norepinephrine by 43 per cent. At higher concentrations of serotonin
(10~% and 1073 M), the uptake of [*H]norepinephrine was reduced by 75 and 88
per cent respectively.
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FiG. 1. Effect of serotonin on [*Hlnorepinephrine accumulation in the isolated perfused rat heart

Hearts were perfused for 10 min with or without serotonin followed by a 2-min perfusion with

[*Hlnorepinephrine. The perfusions were concluded with a 2-min washout of norepinephrine-free
media. Each value is the mean + S.E.M. of at least eight hearts.

Iversen® has suggested that the accumulation of norepinephrine during short
perfusion periods represents the rate of membrane transport, while amine accumula-
tion during long perfusions is indicative of intraneuronal storage capacity. Serotonin
(10~* M) greatly reduced the accumulation of [*H]norepinephrine at all perfusion
times (Fig. 2). Thus, serotonin appears to interfere not only with the neuronal mem-
brane transport, but also with neuronal storage.

The effects of serotonin on the metabolism of [*H]norepinephrine by the rat
heart are illustrated in Table 2. At 103 M, serotonin reduced [*H]norepinephrine
uptake by the heart tissue more than 40 per cent. However, at this concentration,
serotonin did not influence [*H]norepinephrine metabolism. At 10~* M, serotonin
reduced [*H]norepinephrine uptake in the heart 75 per cent with a 22 per cent reduc-
tion in [*H]normetanephrine formation and a 30 per cent decrease in [*H] deamin-
ated catechols.

To study the influence of serotonin on the extraneuronal fate of norepinephrine,
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Fic. 2. Influence of serotonin on norepinephrine accumulation in the isolated perfused rat heart.

Perfusion times are listed in Table 1. The [*Hlnorepinephrine perfusate contained 200 ng/ml of
norepinephrine. Each value is the mean 4+ S.E.M. of at least eight hearts.

TABLE 2. EFFECT OF SEROTONIN ON THE METABOLITES OF NOREPINEPHRINE IN THE ISOLATED PERFUSED

RAT HEART*
Serotonin Serotonin
Control (10-3 M) (107 *M~-
(mpc 3H/ (mpc 3H/ Change (muc *H/  Change
[3H]-metabolites heart) heart) (%) P heart) (%) P

Normetanephrine 935 +£ 032 920 +042 —1-57 N.S. 724 £ 0-50 —22'57 <0-005
Deaminated
catechols 12:53 +£ 097 1340 + 052 688 N.S. 873 + 041 —30-32 <0-001

* Hearts were perfused for 10 min with or without serotonin, followed by a 2-min perfusion of
[®*Hlnorepinephrine. The perfusions were concluded with a 2-min washout of norepinephrine-free
media. Values are the mean 4+ S.E.M. of at least six hearts and represent the total of each metabolite
in tissue and perfusate. N.S. = not significant.

TABLE 3. EFFECT OF SEROTONIN ON THE UPTAKE AND METABOLISM OF NOREPINEPHRINE IN THE COCAIN-
IZED RAT HEART*

Serotonin Serotonin
Control (103 M) (104 M)
(mpc 3H/ (muc®H/  Change (mpc *H/  Change
[*H]-metabolites heart) heart) (%) P heart) (%) P

Norepinephrine 47-32 + 4-59 38:90 £ 275 —17-79 N.S. 20-10 + 192 —57-51 <0-001
Normetanephrine 22-78 4- 1-34 15:84 4+ 0-44 —30-48 <0:005 10-77 & 083 —52-73 <0-001
Deaminated

catechols 33-11 + 4-35 24-27 4-1-34 —2669 N.S. 14-35 £ 0-15 —56:60 <0-005

* Hearts were perfused as described under Table 2, except that cocaine (10~ M) was included in
all perfusion media. Values are the mean 4+ S.E.M. of at least six hearts and represent the total of
each metabolite in tissue and perfusate (except for norepinephrine, which only includes tissue levels).
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cocaine (10~ M) was included in all perfusion media. Under these conditions, sero-
tonin (10~ M) reduced [*H]norepinephrine in the heart 17 per cent, [*H]normetane-
phrine 30 per cent and the H-deaminated catechols by 26 per cent. At 10~4 M,
serotonin reduced [3*H]norepinephrine, [*H]normetanephrine and [*H]deaminated
catechols by 57, 52 and 56 per cent respectively (Table 3).

Serotonin (10~ M) incubated with soluble COMT did not reduce the activity of
this enzyme.

DISCUSSION

Various investigations indicate that serotonin can either enhance or inhibit the
the action of norepinephrine. Scroop and Walsh'? have demonstrated that serotonin
potentiates the norepinephrine-induced constriction of forearm blood vessels.
Whereas, Hurwitz et al.1* have demonstrated that serotonin may either enhance or
inhibit the action of norepinephrine in peripheral blood vessels. The fact that sero-
tonin-norepinephrine interaction produces such a wide variety of physiological
responses has led to much confusion as to the influence of serotonin on adrenergic
functions.

The results of this study indicate that serotonin inhibits norepinephrine uptake in
heart tissue. Since amine uptake is apparently the major route of norepinephrine
inactivation around the synapse, this antagonism of norepinephrine inactivation
could result in a potentiation of norepinephrine response as seen 1n the study of
Scroop and Walsh.!3

Serotonin also appears to reduce the intraneuronal norepinephrine storage capacity
in heart tissue. Fluorescence studies by Lichtensteiger e al.'5 also indicate that sero-
tonin is taken up by the catechol-containing neurons, where it is accumulated by the
norepinephrine storage granules. Since serotonin is accumulated by the catecholamine
storage vesicles, serotonin may have the capacity to diminish adrenergic function by
displacing norepinephrine from storage sites or by acting as a “false transmitter™.

Serotonin reduces norepinephrine uptake; therefore, an increase in normetane-
phrine might be anticipated.!® This study demonstrates, however, that in the presence
of reduced uptake, serotonin also inhibits the formation of normetanephrine.
Eisenfeld er al.'® have shown that adrenergic receptor blockers inhibit normet-
anephrine synthesis but do not inhibit solubilized COMT; because serotonin has the
same type of activity, it may be postulated that this indole amine is capable of blocking
adrenergic receptors. Serotonin has also been shown to inhibit norepinephrine-
stimulated adenyl cyclase in erythrocyte ghosts!? and pineal gland.!'® Since adenyl
cyclase and adrenergic receptors are thought to be connatural,’® the inhibition
of cyclase by serotonin supports the concept of serotonin as an adrenergic receptor
blocker.

It is apparent that serotonin influences several adrenergic mechanisms and, de-
pending upon the concentration of serotonin and the length of time that it is present
in the synaptic region, a variety of effects on physiological functions might be observed.
If serotonin is present acutely at low concentrations, an enhanced norepinephrine
response would be expected due to norepinephrine uptake inhibition. On the other
hand, at high concentrations, serotonin may inhibit the norepinephrine response
because of its apparent blocking action on adrenergic receptors. The ability of nore-
pinephrine storage vesicles to accumulate serotonin may lead to a prolonged decrease
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in responses to adrenergic nerve stimulation caused by a diminished release of au-
thentic transmitter.

Whether the effect of serotonin on adrenergic functions has any physiological
significance is not known; however, it is possible that this proposed dual blockade
may, in certain circumstances, regulate catecholamine access to the receptor and thus
modulate the action of these amines.
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