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Exocytotic release of noradrenaline from synaptosomes

(Received 28 October 1979; accepted 5 January 1980)

Exocytosis is now generally accepted as the mechanism of
secretion of noradrenaline from nerve terminals [1,2].
Although much is known about the release of neurotrans-
mitters from the autonomic nervous system (ANS), the
initial lack of a suitable model made studies of the central
nervous system (CNS) more difficult. The recognition and
acceptance of the isolated nerve terminal or synaptosome
as a suitable model with which to study CNS neurotrans-
mission [3] has recently facilitated comparison between the
secretion mechanisms of the peripheral and CNS.

In general, although features of transmitter release of
the periphery are also apparent in the CNS [4], evidence
for exocytosis in the CNS is rather limited. There is sub-
stantial ultrastructural evidence for fusion of synaptic ves-
icles with the synaptic plasma membrane [5, 6], but the
biochemical evidence is less substantial and therefore is
less convincing than the evidence for the adrenal medulla,
for instance.

We have extended our work employing synaptosomes
[7-9] to include not only studies of the release of nor-
adrenaline (NA) but also of a variety of other substances,
including dopamine B-hydroxylase (DA BOHase) and
ATP.

Synaptosomes were prepared from cerebral cortices of
male Sprague-Dawley rats as described previously [7]. The
release of neurotransmitters and other substances was mon-
itored from synaptosome layers [9, 10] where NA was meas-
ured fluorimetrically, succinate dehydrogenase (SDH) and
acetylcholinesterase (AChE) manometrically, and adeno-
sine triphosphatases (ATPases), lactate dehydrogenase
(LDH) and protein colorimetrically. Dopamine j-
hydroxylase was measured fluorimetrically [11]. Adenosine
triphosphate was measured either by comparison of the

enzymatic release of inorganic phosphate from known
amounts of ATP or fluorometrically [12].

When synaptosomes were stimulated electrically (20 V,
100 Hz, 1msec), there was a significant increase in the
release of NA, adenosine triphosphate (ATP), DA BOHase
and protein (Table 1). In each case the augmented release
was calcium-dependent. The release of NA and ATP was
dependent on the stimulation parameters employed and
could be mimicked by depolarizing the preparations with
K* (55.6 mM). In sharp contrast, on electrical stimulation
there was no increment in the release of the mitochondrial
marker succinate dehydrogenase (SDH), the synapto-
somal membrane markers acetylcholinesterase (AChE)
and sodium-potassium-activated, magnesium-dependent
adenosine triphosphatase (NA ¥, K™-ATPase) or of the
synaptosomal cytoplasm marker, lactate dehydrogenase
(LDH).

This lack of change in the levels of these enzyme markers
suggests that electrical stimulation does not simply cause
increased synaptosomal breakdown. The fact that the
enzymes can be measured in the incubation fluid in the
absence of stimulation is perhaps indicative that a small
percentage of the synaptosomes spontaneously break down
at 37°. This breakdown is independent of electrical stimu-
lation but dependent on time. Further evidence that the
synaptosome is not merely ‘rupturing’ to release all its
contents is that synaptic vesicles, as determined by the
activity of anticonvulsant-sensitive Mg2*-ATPase which
appears to be unique to these particles [7], are not found
in the incubation medium.

The release of noradrenaline is therefore more carefully
controlled than ‘rupturing’ of synaptosomes. The question
remains as to how it is brought about. Obviously it is in

Table 1. Basal and stimulated release of noradrenaline and other substances from synaptosomes™

Ratio
Basal release Stim. release (stim/basal)

Noradrenaline 192+14 51.7 £ 2.6t nmoles. 100 mgPr~'hr™’ 2.7
ATP 52x0.8 14.6 + 1.1+ nmoles. 100 mgPr 'hr ™! 2.8
DA BOHase 22+0.5 5.5+ 0.7¢ nmoles NA produced. 100 mgPr ™ 'hr™! 2.5
Protein 15.4 0.8 19.9 = 0.84 ngPr released. 100 mgPr 'hr™! 1.3
LDH 2.7+0.4 2.9 + 0.3 AOD.100 mgPr "hr™ NS¢
SDH 9215 7.8 2.1 ulCO,.100 mgPr~'hr™! NS
AChE 10.4 £ 0.9 11.2 + 1.5 BCO,.100 mgPr~'hr™! NS
Na*, K*-ATPase 58+0.6 6.2 = 1.1 wmoles Pi.100 mgPr~'hr™! NS
Vesicular Mg?*-ATPase ND ND NS

* The release was measured as previously described [7-10] into a medium of the following composition (mM): NaCt,
153.5; MgSOy, 2.8; CaCly, 2.1; KCl, 5.65; NaHCOj3, 1.8; sucrose, 64.3; glucose, 8.3, with the pH adjusted to 7.4. Biphasic
pulses of alternating polarity (20V, 100 Hz, 1 msec) were applied to the synaptosomes when appropriate via platinum
electrodes. The stimulation parameters were chosen to represent supramaximal stimulation of the synaptosomal layers.
The values expressed as release per 100 mg of initial synaptosomal material are the means + S.E.M. of six to nine

experiments.

t Significant increase during electrical stimulation, P <0.01.
t Significant increase during electrical stimulation, P < 0.025.
§ NS = no significant increase in ratio during electrical stimulation.

|| ND = not detectable.
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Table 2. The relative release of a variety of substances
from synaptosomes under basal and stimulated conditions

Release relative to

noradrenaline*

Basal Stimulated
NA 1.0 1.0
ATP 0.27 £ 0.02 0.28 £0.02
DA BOHase 0.11 £ 0.02 0.10 £ 0.01
Protein 0.80 = 0.09 0.38 £0.06
LDH 0.14 +£0.02 0.06 = 0.00
SDH 0.48 = 0.05 0.15+0.01
AChE 0.54 £ 0.09 0.22+0.02
Na', K*-ATPase 0.30 = 0.06 0.11 = 0.01
Vesicular Mg**-ATPase 0 0

* The release is relative to noradrenaline basal and stimu-
lated release shown as 1.0. Conditions are as in Table 1.
The values are the means = S.E.M. of four to six deter-
minations rounded off to two decimal points.

close association with DA BOHase and ATP. This is seen
in Table 2 where the ratios of these substances relative to
NA remain constant under conditions of basal and stimu-
lated release. These ratios for the other proteins and
enzymes measure tend to decrease under conditions of
electrical stimulation.

The ATP concentrations measured here do not necess-
arily reflect the total amount of ATP released during stimu-
lation. In our experiments, in addition to an increment in
ATP release, there is also a large increase in inorganic
phosphate [13], the breakdown product of ATP, during
stimulation. Experiments have shown that any exogenous
ATP added to the preparations is broken down rapidly by
synaptosomal ATPases and other enzymes.

These findings of rapid ATP hydrolysis are in agreement
with the work of White {14], who used luciferin~luciferase
to measure the ATP, but they are difficult to reconcile with
our finding that there is some ATP remaining in the incu-
bation medium after 10 min. One answer as to why some
ATP remains is that perhaps it is sequestered with either
NA or protein and is not accessible in this form to the
action of ATPases. However, the important feature
remains that during electrical stimulation, the concentra-
tion of ATP in the medium is increased more than 2-fold.,

It is unlikely that the increase in overall protein in Table
1 can be accounted for by increased DA BOHase levels
alone. One of many possibilities as to the origin of the
remainder of the protein is that at least in part it could be
chromogranin, found at other sites of NA release [15].

None of the evidence presented here is inconsistent with
the involvement of exocytosis in the release of NA from
synaptosomes. The process is calcium-dependent; the
organelles of the synaptosome are not released, as shown
by the use of enzyme markers for synaptosomal cytoplasm,
mitochondria and synaptic vesicle. There is, however, an
augmented release of NA, ATP and DA BOHase, pre-
sumably from synaptic vesicles [16, 17], upon stimulation.
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The release of each of these is intimately associated with

that of the others as the release ratios remain relatively

constant for basal and stimulated release. The ATP released

is in a form apparently inaccessible to enzymatic destruc-

tion, and perhaps bound to NA, DA BOHase and even

chromogranin in a suitable form for traversing the synaptic

cleft.
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