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SUMMARY

RAITERI, MAURIZIO, DEL CARMINE, RENATA, BERTOLLINI, ALBERTO & LEVI, GIULIO
(1977) Effect of desmethylimipramine on the release of [*H]norepinephrine induced
by various agents in hypothalamic synaptosomes. Mol. Pharmacol., 13, 746-758.

In order to discriminate between carrier-mediated and non-carrier-mediated mecha-
nisms of norepinephrine release, hypothalamic synaptosomes labeled with [*H]norepi-
nephrine were treated with desmethylimipramine, a blocker of the norepinephrine
transport system, and then superfused under various conditions stimulating the release
of the labeled amine. The stimulatory effect on release elicited by unlabeled norepi-
nephrine, p-tyramine, and S8-phenylethylamine was blocked in desmethylimipramine-
treated synaptosomes. The effect of B-phenylethylamine, but not that of norepineph-
rine, was largely maintained in synaptosomes superfused with a sodium-free medium,
in the absence of desmethylimipramine; thus 8-phenylethylamine could enter synapto-
somes without utilizing the norepinephrine carrier and displace the catecholamine,
which would then be transported out of the particles through a desmethylimipramine-
sensitive carrier. The release of [*Hlnorepinephrine was increased upon superfusion
with a sodium-free medium, and desmethylimipramine largely prevented this release.
The release of [3H]norepinephrine from reserpine-treated synaptosomes induced by
lack of sodium was totally blocked by desmethylimipramine. Superfusion with a potas-
sium-free medium stimulated [*Hlnorepinephrine release, which was affected only
slightly by prior treatment with desmethylimipramine. Depolarization of synaptosomes
by 56 mm KCl, in the presence of calcium, or addition of the ionophore A23187 to the
superfusion medium caused a desmethylimipramine-insensitive release of labeled
amine, a finding compatible with exocytotic release. The release of 3H-labeled deami-
nated metabolites of [*H]norepinephrine induced by reserpine was not affected by
desmethylimipramine.

INTRODUCTION
The mechanism by which norepineph-
rine is released from noradrenergic nerve
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North Atlantic Treaty Organization and Grant CT
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Council.

terminals under various experimental con-
ditions is not fully understood. It is gen-
erally agreed that the release, coupled
to the depolarization of nerve terminals,
occurs by a mechanism of exocytosis. Evi-
dence favoring this mechanism has been
obtained essentially in studies on periph-
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eral nerves (1-3), but recent results of in-
vestigations on nerve ending preparations
obtained from the central nervous system
may be compatible with the idea that exo-
cytotic release also operates in central
nerve terminals (4, 5). As “an alternative
to exocytosis,” Bogdanski (6) proposed that
the amine released by depolarizing stimuli
leaves the nerve terminal through a car-
rier-mediated process having character-
istics similar to those of the uptake sys-
tem. On the other hand, a carrier-mediated
process seems to be involved in the release
of norepinephrine elicited under some ex-
perimental conditions by sympathomimetic
amines, as suggested, for example, by the
studies of Paton (7) on atria from reser-
pine-treated rabbits. Finally, since the
carrier-mediated uptake of norepinephrine
is dependent on the Na* gradient across
the nerve ending membrane (6, 8), a car-
rier-mediated efflux of norepinephrine
might be expected under conditions tend-
ing to reverse the direction of the Na*
gradient.

In attempting to discriminating be-
tween carrier-mediated and non-carrier-
mediated release of norepinephrine from
nerve terminals, we analyzed the release
of the radioactive amine induced by sev-
eral experimental conditions from hypo-
thalamic synaptosomes treated with des-
methylimipramine, a drug causing long-
lasting inhibition of the carrier-mediated
transport of norepinephrine.

METHODS

Crude synaptosomal fractions (P,) pre-
pared from adult male Wistar rat hypo-
thalamus according to Gray and Whit-
taker (9) were washed once with 0.32 M
sucrose and resuspended in 0.32 M glucose
at a protein concentration of about 8 mg/
ml. The suspension was diluted 1:10 with
Krebs-Ringer medium (128 mm NaCl, 5
mMm KCl, 2.7 mm CaCl,, 1.2 mm MgSO,, 5
mM Na,HPO,, and 10 mmM Tris-HCI buffer
at pH 7.35) containing (unless otherwise
stated) ascorbic acid (1 mM) and nialamide
(12.5 uM) and equilibrated for 10 min at 37°
in a rotary water bath. Synaptosomes
were then labeled for 10 min with 0.1 um[-
[7-*H]norepinephrine (specific activity, 9.8
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Ci/mmole; Radiochemical Centre). Ali-
quots of the suspension (1 ml) were trans-
ferred to as many as 18 parallel superfu-
sion chambers (10) and washed with 15 ml
of oxygenated, glucose-containing superfu-
sion medium at 37°, under moderate vac-
uum. Superfusion was then started, at a
rate of 0.5 ml/min, with standard medium
or with a medium containing 10 umM DMI.!
After 10 min the particles were washed
with two 5-ml portions of standard me-
dium and then superfused again for 7 min,
after which the superfusion medium of
some of the chambers was replaced with
new medium whose composition was al-
tered as indicated in the figures. The su-
perfusion was stopped after 6-8 min. Frac-
tions were collected at 1-min intervals
from the various chambers and counted for
radioactivity. The radioactivity remaining
in the tissue was also measured at the end
of the superfusion period. Since, under the
superfusion conditions used, reuptake of
the spontaneously released [*H]norepi-
nephrine was completely prevented (10-
12), the increased release observed under
the various experimental conditions tested
could not be attributed to inhibition of
reuptake of the released amine. In some
experiments the amount of *H-labeled de-
aminated metabolites of [*H]norepineph-
rine was measured in the superfusate by
the method described by Baldessarini and

Kopin (13).

RESULTS

Release by sympathomimetic amines.
One method used for studying the mecha-
nism of norepinephrine release by sympa-
thomimetic amines has been pharmacolog-
ical blockade of the norepinephrine carrier
before or during administration of the re-
leasing drug (7, 14-17). Reduction of the
releasing activity subsequent to inhibition
of the carrier has often been attributed to
inhibition of the entry of the sympathomi-
metic amine into the nerve terminals
through the norepinephrine transport sys-
tem.

In recent studies we have shown that 8-
phenylethylamine, p-tyramine, and nor-

! The abbreviation used is: DMI, desmethylimip-
ramine.
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epinephrine itself stimulate the release of
[*Hlnorepinephrine from hypothalamic
synaptosomes (18-20). Figure 1 shows that
the release induced by any of the three
amines at 10 uM was completely abolished
when 1 um DMI was added to the superfu-
sion fluid together with the releasing
amine, in order to block the norepineph-
rine carrier. DMI alone did not apprecia-
bly influence the spontaneous release of
[*HInorepinephrine. Very strong inhibi-
tion of [*H]norepinephrine release by B-
phenylethylamine and norepinephrine (10
uM) was also detected in synaptosomes
previously treated with 10 um DMI and
then washed for several minutes before
addition of the releasing agents (Fig. 2).
The inhibition was somewhat less when 1

Percent of total radioactivity per fraction
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puM DMI was used (data not shown). The
spontaneous release of [*H]norepinephrine
was minimally influenced only (difference
not statistically significant) by the prior
DMI treatment alone.

The inhibition of the releasing activity
of norepinephrine and p-tyramine by DMI
was probably due largely to prevention of
their entry into synaptosomes consequent
to the blockade of the norepinephrine car-
rier (21). However, it has been reported
that some phenylethylamine derivatives,
including B-phenylethylamine, are not
good substrates for the norepinephrine
transport system and that they could enter
nerve terminals by passive diffusion (16,
22). If this were the case, 8-phenylethyla-
mine might also be expected to exhibit

o—e Control

o—o DMI 10°°M
a—a Norepinephrine
o—a p-Tyramine
®—a Phenylethylamine (10°°M)

A07°M»
a07°M)

a—a Norepinephrine  (10™°M )+ DMI(10°"°M)

o—ao p-Tyramine (10"°M> + DMI(10°°M>
st %—x Phenylethylamine (10°°M >+ DMI10"*M)
4}

2 34667 8 91011121314

fraction number
F1G. 1. Inhibitory effect of desmethylimipramine on [*H]norepinephrine release induced by sympathomi-

metic amines

Crude synaptosomal fractions from rat hypothalamus were labeled with 0.1 uM [*H]norepinephrine for 10
min and then superfused in 18 parallel superfusion chambers with standard medium. After 6 min (see
arrow), the medium in two or three chambers was replaced with new medium containing either 1 uxu DMI or
10 uM unlabeled amine, or both, as indicated. Radioactivity was measured in superfusate fractions collected
at 1-min intervals and in tissue at the end of the superfusion period. The counts recovered in each fraction
are expressed as a percentage of the total counts (fractions plus tissue). Each curve is the average of two
duplicate or triplicate experiments performed on different days.
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& - = Norepinephrine 10 °M (DM
»—a Phenylethylamine 10°*M
o---0 Phenylethylamine 10°°M (DMI)

I 1 e

T2 34 586

78

§30 177213

fraction number

Fi1G. 2. Effect of prior treatment with desmethylimipramine on release of [*H]norepinephrine induced by

unlabeled B-phenylethylamine and norepinephrine

Crude hypothalamic synaptosomal fractions were labeled with 0.1 uM [*H]norepinephrine for 10 min and
then superfused for 10 min with standard medium or with medium containing 10 umM DMI. The fractions
collected during this period were discarded. After washing with standard medium, the particles were
superfused for 6 min with the same medium, which was then replaced (see arrow) with new medium
containing 10 M norepinephrine or B-phenylethylamine. Each curve is the average of two triplicate
experiments performed on different days. The additional 10 min of superfusion to which synaptosomes were
subjected in these experiments and in those presented in Figs. 5-8 accounts for the slower rates of
[*Hnorepinephrine release in the prestimulation part of the curves, compared with the rates presented in

Figs. 1, 3, and 4.

releasing activity in the presence of DMI.
The inhibition that was instead observed
(Figs. 1 and 2) might suggest that DMI
blocked the outward transport of the
[*H]norepinephrine displaced from its stor-
age sites by B-phenylethylamine. In order
to test this possibility, we had to deter-
mine whether B-phenylethylamine would
maintain its releasing capacity under con-
ditions (lack of extacellular Na+) prevent-
ing the influx (23) but not the efflux (see
following paragraph) of norepinephrine
through its carrier. Figure 3 shows that
the release of [*H]norepinephrine induced

by B-phenylethylamine was only moder-
ately reduced in a Na*-free medium; in
contrast, that induced by unlabeled nor-
epinephrine was very strongly inhibited
(Fig. 4).

Release induced by lack of sodium or
potassium. The release of [*H]norepineph-
rine from hypothalamic synaptosomes was
increased when Na* was removed from the
superfusion medium and replaced with su-
crose (Fig. 5), confirming previous results
of Bogdanski et al. (24) obtained in whole
brain synaptosomes. Prior treatment of
the particles with DMI largely prevented
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o—e Control

o—o -Na*

e—s f-Phenylethylamine 107°M

a—2 B- Phenylethylamine 10°°M (-Na*)

a--4 B-Phenylethylamine 10°*M (-Na*)
(corrected)

1234567591511151514

fraction number
F1G. 3. Release of [*H]norepinephrine induced by B-phenylethylamine in the absence of extracellular

sodium

Crude hypothalamic synaptosomal fractions labeled with 0.1 uM [*H]norepinephrine were superfused for
6 min with standard medium. The medium was then replaced with the following new media: Na*-free me-
dium (128 mm NaCl replaced by 256 mu sucroee), Na*-free medium with 10 M B-phenylethylamine, stan-
dard medium, or standard medium with 10 uM S-phenylethylamine. Each curve is the average of two ex-
periments performed in triplicate on different days. The dashed curve was obtained by subtracting the
release induced by the Na*-free medium from that elicited by 8-phenylethylamine in the absence of Na*.

this increase, in agreement with similar
observations made by Paton in atria from
reserpine-treated rabbits (17).

In order to obtain information on the
origin of the norepinephrine released by
sodium deprivation, reserpine-treated syn-
aptosomes were labeled with [*H]norepi-
nephrine and then superfused with a so-
dium-free medium in the presence and
absence of DMI. Figure 6 shows that DMI
completely blocked the [*Hlnorepineph-
rine release due to sodium deprivation,
and also that DMI caused a pronounced
decrease in spontaneous [*H]norepineph-
rine release from reserpine-treated syn-
aptosomes.

When synaptosomes were superfused
with a medium lacking K*, the release of
[*Hlnorepinephrine was also increased, al-

though to a lesser extent than in the ab-
sence of Na* (Fig. 7). However, the release
elicited by lack of K* was diminished only
slightly in DMI-treated synaptosomes.
The release elicited by lack of either Na*
or K+ was totally accounted for by unme-
tabolized [*H]norepinephrine. *H-Labeled
deaminated metabolites, which repre-
sented about 25% of the total 3H sponta-
neously released in standard medium con-
taining nialamide, were reduced to about
5-7% under conditions of Na* deprivation.?

Calcium-dependent release. In a previ-
ous study (4) we showed that depolariza-
tion of synaptosomes by 56 mm KCl, in the
presence of Ca?*, caused the release of un-
metabolized [*Hlnorepinephrine. In order

2 Unpublished observations.
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o—eo Control

o—o -Na*

=—a Norepinephrine 10"*M

&—= Norepinephrine 10°°M (-Na*)

a--- Norepinephrine 10°*M (-Na*)
(corrected)

23 4567 8 01011121314

fraction number

F16. 4. Release of [*H]norepinephrine induced by unlabeled norepinephrine in the absence of extracellular

sodium

Experimental details were the same as for Fig. 3, except for the unlabeled amine added to the superfusion
medium. Each curve is the average of two experiments performed in triplicate on different days.

to clarify the mechanism of this stimu-
lated release, synaptosomes were sub-
jected to a depolarizing concentration of
KCI after being treated with the norepi-
nephrine carrier-blocking agent DMI. Fig-
ure 8 shows identical patterns of [*Hlnor-
epinephrine release in DMI-treated and
control synaptosomes.

It has recently been shown that the cal-
cium ionophore A23187 releases largely
unmetabolized [*H]norepinephrine from
peripheral and central nerve endings (5,
25). Figure 9 shows that also this stimu-
lated release was not inhibited in DMI-
treated synaptosomes.

Reserpine-induced release. Reserpine (1
uM) caused an increase in the release of
total H from synaptosomes labeled with
[*Hlnorepinephrine (Fig. 10). The reser-
pine-induced release was not altered in

synaptosomes previously treated with
DMI. In both control and DMl-treated
nerve endings essentially all the *H re-
leased by reserpine consisted of *H-labeled
deaminated metabolites. A pattern identi-
cal with that reported in Fig. 10 was ob-
tained in experiments in which DMI was
present in the superfusion medium at 10
puM during the reserpine-induced release.

DISCUSSION

Since norepinephrine, according to the
available literature (1-7), can be released
from nerve terminals by at least two mech-
anisms (carrier-mediated transport and
exocytosis), it was thought that the utiliza-
tion of an experimental procedure blocking
one of these mechanisms would help to
elucidate the modality of norepinephrine
release under a variety of experimental



752

Percent of total radioactivity per fraction
()

RAITERI ET AL.

o—eo Control

o—o Control (DMI
a—a -Na*

&--a -Na* (OM))

T2 3456

T8 o 01TIz13

fraction number
F1G. 5. Effect of prior treatment with desmethylimipramine on release of [*H]norepinephrine induced by a

sodium-free medium

Experimental details were the same as for Fig. 2, except for the superfusion media added at the sixth
minute. Each curve is the average of four experiments performed in duplicate or triplicate on different days.

conditions. In the present study we at-
tempted to block synaptosomal carrier-me-
diated norepinephrine release with DMI (a
drug amply described as an inhibitor of
norepinephrine uptake in central and pe-
ripheral nervous tissues), on the assump-
tion that the outward carrier-mediated
release of [*H]norepinephrine is DMI-sen-
sitive. The ICs, values reported for norepi-
nephrine uptake inhibition by DMI are in
the range of 10 nM (26), and in the present
study synaptosomes were first treated
with 10 uM DMI in order to achieve almost
complete blockade of the norepinephrine
pump.

Spontaneous release. About 75% of the
SH released spontaneously from super-
fused synaptosomes in the presence of ni-
alamide consisted of unmetabolized [*H]-
norepinephrine.? The finding that prior
treatment with DMI had little if any in-
hibibitory effect on the spontaneous re-
lease suggests that most of the [*H]norepi-

nephrine exits from synaptosomes without
utilizing the carrier system blocked by the
drug. Whether this release represents dif-
fusion, possibly from damaged synapto-
somes, or takes place by other mechanisms
can not be established at present. It is
noteworthy, however, that when the cyto-
plasmic concentration of [*H]norepineph-
rine was increased by treating the syn-
aptosomes with reserpine before labeling
them with [*H]norepinephrine in the pres-
ence of a monoamine oxidase inhibitor, the
subsequent spontaneous release was sub-
stantially decreased by the addition of
DMI to the superfusion fluid. A substan-
tial decrease in the spontaneous release of
[*HInorepinephrine could also be observed
in synaptosomes prepared from rats
treated with reserpine as described by Pa-
ton (17) and superfused in the presence of
DMI.2

Release by sympathomimetic amines.
Phenylethylamine derivatives having
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o—e Control

o—o DMl 10°°M
a—a -Na*

a—a -Na* +« DMI 10°°M

A L

723456

T8 910111213 14

fraction number
F1G. 6. Effect of desmethylimipramine on release of [*H]norepinephrine induced by a sodium-free medium

in reserpine-treated synaptosomes

Crude hypothalamic synaptosomes which had been incubated for 10 min in the presence of 1 uM reserpine
and labeled with 0.5 uM [*H]norepinephrine (in the presence of reserpine) were superfused for 6 min with
standard medium. Then the medium was replaced with new media as indicated. Incubation and superfusion
were performed in the presence of 0.5 mM pargyline. Each curve is the average of the data obtained in one
experiment performed in triplicate. Another triplicate experiment, utilizing synaptosomes from reserpine-

treated rats, gave qualitatively similar results.

phenolic hydroxyl groups are not only in-
hibitors of norepinephrine uptake but also
substrates for the norepinephrine trans-
port system (16, 22, 26). On the other
hand, compounds lacking phenolic hy-
droxyl groups, such as g-phenylethyla-
mine, are not considered good substrates
for the norepinephrine carrier (16, 22).
Therefore the inhibition by DMI of the
[3H]norepinephrine-releasing effect of g-
phenylethylamine, p-tyramine, and unla-
beled norepinephrine (Figs. 1 and 2) can be
attributed to inhibition of the entry of the
releasing compound into synaptosomes
only in the cases of p-tyramine and norepi-
nephrine. g-Phenylethylamine largely re-
tained its releasing effect in the absence of
extracellular Na* (Fig. 3), a condition that
prevents uptake through the norepineph-
rine transport system (23, 26) and that led
to a large reduction in [*H]norepinephrine
release by unlabeled norepinephrine (Fig.

4). Thus the inhibitory effect of DMI on g-
phenylethylamine-induced release may
have been due to inhibition of carrier-me-
diated outward transport of the [*H]nor-
epinephrine displaced by B-phenylethyl-
amine from intraterminal storage sites. A
similar interpretation was given by Paton
(27) to the inhibition by cocaine of the re-
lease of [*H]norepinephrine from reser-
pine-treated rabbit atria induced by phen-
ylethylamines lacking phenolic hydroxyl
groups.

Release induced by lack of sodium or
potassium. According to the Na* gradient
hypothesis (28), the establishment of an
outward downhill Na* gradient across the
synaptosomal membrane should facilitate
outward norepinephrine carrier-mediated
transport (6). The finding that the in-
creased release observed upon superfusion
with a Na*-free medium consisted of un-
metabolized [*HInorepinephrine, together
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o—e Control
o---o Control (OMI»
a—a -K*

a-a -K* (DMbh

T 234567 8910111213

fraction number
F1G. 7. Effect of prior treatment with desmethylimipramine on release of [*H]norepinephrine induced by a

potassium-free medium

Experimental details were the same as for Fig. 2, except for the superfusion media added at the sixth
minute. Each curve is the average of four experiments performed in duplicate or triplicate on different days.

with the observation that prior treatment
of the synaptosomes with DMI largely pre-
vented this increased release (Fig. 5), is in
keeping with this expectation.

When present in the superfusion fluid,
DMI also blocked the release (both sponta-
neous and stimulated by lack of sodium) of
[*HInorepinephrine accumulated by reser-
pine-treated synaptosomes in the presence
of a monoamine oxidase inhibitor (Fig. 6),
or by synaptosomes from reserpine-treated
animals (data not shown). This result sup-
ports the idea that cytoplasmic norepi-
nephrine can exit from the nerve endings
through a DMI-sensitive carrier located in
the plasma membrane.

The effects of DMI on [*Hlnorepineph-
rine release from reserpine-treated syn-
aptosomes could not be observed unless
DMI was present in the superfusion me-
dium, in contrast with the observations
made with non-reserpine-treated synapto-
somes, which had been treated beforehand

with DMI. A possible explanation is that
the two drugs compete for the plasma
membrane lipids, for which reserpine
would have an affinity higher than DMI.
Reserpine might thus hinder stable bind-
ing of DMI to the membrane, or displace it
in the case of synaptosomes previously
treated with DMI; however, when present
in the superfusion fluid at 10 um, DMI was
apparently able to interact with the norep-
inephrine transport sites, even in reser-
pine-treated synaptosomes.

The observation that the inhibition by
DMI of [*Hlnorepinephrine release in-
duced by lack of Na* was not complete
(Fig. 5), a finding similar to that reported
by Paton in atria from reserpine-treated
rabbits (17), is not likely to have been due
to a generalized increase in membrane
permeability, as suggested by Paton, since
under identical conditions of sodium depri-
vation the release of [*H}y-aminobutyric
acid, whose synaptosomal localization is



NOREPINEPHRINE RELEASE: MODIFICATION BY DESMETHYLIMIPRAMINE

Percent of total radioactivity per fraction

A

Il oL 1 A

755

o—e Control

o---o Control <OMI)
a—a KCI 56 mM
a--a KCI 56 mM (DMI)»

T2 34 56

78 9107111213

fraction number
F1c. 8. Effect of prior treatment with desmethylimipramine on release of [*H]norepinephrine induced by

56 muM KCl

Experimental details were the same as for Fig. 2. In the medium containing 56 mm KCl, the excess KCl
added replaced an equimolar concentration of NaCl. Each curve is the average of three experiments

performed in triplicate on different days.

largely cytoplasmic, was unaltered (29,
30). Another possibility that should be con-
sidered is that part of the [*H]norepi-
nephrine release observed in the absence
of Na* is related to an increased influx of
Ca?**. In fact, Blaustein and Oborn (31)
have shown that Ca?* influx into synapto-
somes increases as the extracellular con-
centration of Na* decreases. As shown in
Fig. 8, the release of [*H]norepinephrine
induced by high K+, which is Ca?*-depend-
ent (4, 32), was not inhibited by DMI (see
also following paragraph). It should be
noted that in another system (heart slices)
Ca?*-dependent, DMI-sensitive release of
[*H]norepinephrine under conditions of so-
dium deprivation was reported by Bogdan-
ski (6).

It is known that ouabain or lack of K+
inhibits the (Na* + K*)-ATPase (8), with
a consequent increase in the intracellular
Na* concentration. Under these condi-

tions, the less unfavorable Na* gradient
should facilitate outward carrier-mediated
norepinephrine transport (24). Data in
keeping with this expectation were re-
ported by Paton in reserpine-treated atria
(17). Under our experimental conditions
ouabain (0.1 mM) had a very modest re-
leasing effect on synaptosomal [*Hlnorepi-
nephrine (33), and was therefore not used
in the present investigation. The releasing
effect of the K*-free medium was much
greater than that of ouabain and was only
moderately inhibited in synaptosomes pre-
viously treated with DMI (Fig. 7). Proba-
bly, therefore, the bulk of the release
caused by the K+*-deficient medium is not
mediated by the DMI-sensitive carrier.
The data of Paton in reserpine-treated
atria (17) are in marked contrast with
those presented here, since under his con-
ditions the release caused by ouabain was
much greater than that induced by lack of
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o—e Control

o---0 Control (DMI»
a—a A23187 (2x10°°M)
&s—a A23187 «DMD

23456 76910111213

fraction number
F1G. 9. Effect of prior treatment with desmethylimipramine on release of [*H]norepinephrine induced by

the ionophore A23187

Experimental details were the same as for Fig. 2, except for the superfusion media added at the sixth
minute. A23187 was added to the medium, just before use, as an ethanolic solution (7 ul/ml); control
superfusion media contained the same amount of ethanol. Each curve is the average of four experiments

performed in duplicate or triplicate on different days.

K+, and both were strongly inhibited by
DMI and cocaine. It is possible that follow-
ing the combined effect of reserpine and
monoamine oxidase inhibition (17), more
free norepinephrine becomes available in
the cytoplasm for the carrier-mediated exit
favored by the increased Na* concentra-
tion. Under our conditions, the cytoplas-
mic norepinephrine concentration is likely
to be negligible, and the creation of a less
unfavorable Na+* gradient may not be suf-
ficient to promote large outward transport.
The release of small amounts through the
carrier, however, can be inferred from the
fraction of [*H]norepinephrine release in-
hibited by DMI (Fig. 7). The mechanism
by which the absence of extracellular K*
causes substantial release of unmetabo-
lized norepinephrine by a process which is
largely DMI-insensitive is still unclear.
The possibility cannot be excluded that
part of this release is related to increased
availability of free intracellular Ca?*,

which may follow the increased intracellu-
lar Na* concentration (31).
Calcium-dependent release. We have
previously shown that depolarization of
synaptosomes, in the presence of Ca2*,
causes the release of unmetabolized [*H]-
norepinephrine (4). The calcium ionophore
A23187 was also shown to release largely
unmetabolized [*Hlnorepinephrine from
synaptosomes (5). In the present study we
have shown that both stimuli (which are
generally considered to mimic the physio-
logical stimulation of nerve endings)
caused release of [*Hlnorepinephrine that
could not be inhibited by DMI. Altogether
these findings are consistent with an exo-
cytotic release of norepinephrine triggered
by the entry of Ca%** into nerve endings.
On the other hand, the release of norepi-
nephrine induced by depolarization has
been considered by Bogdanski (6) to be
compatible with carrier-mediated trans-
port. Bogdanski attributed the lack of in-
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Experimental details were the same as for Fig. 2, except that incubation and superfusion media did not
contain monoamine oxidase inhibitors, and fractions were collected every 2 min and aliquots were used for
the determination of deaminated metabolites. The release of [*H]norepinephrine (center) was calculated by
subtracting the radioactivity accounted for by deaminated metabolites (right) from the total radioactivity
released (left). Each curve is the average of two experiments performed in triplicate on different days.

hibitory effect of DMI on [*H]norepineph-
rine release from rat heart slices elicited
by high K* to a possible K*-induced con-
formational change of the norepinephrine
carrier, which would hinder the binding of
DMI. Our data do not support this inter-
pretation. In fact, prior treatment with
DMI was without effect not only on the
release of [*Hlnorepinephrine induced by
56 mm KCl (Fig. 8), but also on that pro-
voked by the ionophore A23187 in the ab-
sence of high K* (Fig. 9). Since both high
K* and A23187 are believed to cause the
release of [*H]norepinephrine triggered by
the entry of Ca?* into synaptosomes (4, 5),
it would appear that the Ca?*-dependent
norepinephrine release is not mediated by
the DMI-gensitive carrier system. In this
respect, it is pertinent that tricyclic anti-

depressants like DMI generally do not in-
hibit adrenergic transmission (21, 26).

In conclusion, DMI, known as a norepi-
nephrine uptake inhibitor without appre-
ciable effect on spontaneous release of the
amine, has been shown in the present in-
vestigation to inhibit selectively some
types of stimulated [*H]norepinephrine
release mediated by the membrane nor-
epinephrine carrier system. It therefore
seems important, when experimenting
with a new neuroactive drug, also to eval-
uate its possible effects on neurotransmit-
ter release stimulated under various con-
ditions.

Interaction with the carrier-mediated
release of norepinephrine represents a tar-
get of drug action that has not previously
been considered. It should be emphasized
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that an action at this level may have phys-
iological implications. For example, en-
dogenous phenylethylamines, which have

bee

n proposed to modulate monoaminergic

transmission, might also do so by causing

the
ing

release of amines (34), which, accord-
to the present study, is carrier-me-

diated and drug-inhibitable.
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