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COMMENTARY 

PRESYNAPTIC RECEPTOR SYSTEMS IN 
CATEC~OLAMINER~~C TRANSMISSION 

KLALJS STARKE, HANS D. TAIJRE and EVELYN BOROWSKI 

Institute of Pharmacology, University of Essen. Hufelandstrasse 55. D-4300 Essen. West Germany 

At least three groups of receptors are essential in 
chemical neurotransmission (Fig. 1). Firstly, receptors 
on soma and dendrites of the innervating neurone 
determine the frequency of the impulses carried down 
to the axon terminals. Secondly, postsynaptic recep- 
tors recognize the transmitter and mediate the re- 
sponse of the innervated cell. While these classical 
receptors would suffice to make the system work, 
there is evidence that a third group is located on the 
nerve endings and serves to control the release per 
pulse and in some cases the synthesis of the transmit- 
ter. These presynaptic receptors have previously been 
inferred from electrophysiologic observations on non- 
catecholaminergic neurones [l pp. 122 and 220, 2, 
3 p. 4951. More recently, extensive, mainly biochemi- 
cal research has led to the conclusion that norad- 
renergic and dopaminergic nerve endings are 
endowed with a variety of release- or synthesis-modu- 
lating receptors. Only receptors for substances natur- 
ally occurring in the body are discussed in this com- 
mentary. The emphasis will be on current studies and 
open questions. Therefore. much of the fundamental 
work from which present concepts proceeded has 
been omitted. For details. the reader should consult 
other reviews [4-l 31. 

1. I. &giofnzsin receptors. Angiotensin (II) at low 
concentrations (IO- lo M and higher) increases the sti- 
mulation-evoked overflow* of noradrenaline from 
some. but not all tissues (Table 1). The effect is pre- 
vented by antagonists such as saralasin and hence 
probably mediated by specific presynaptic angiotensin 
receptors [17,20]. The increase of overflow reflects an 
increase in the amount of transmitter released* per 

*The term “release” is used for the passage of norad- 
renaline or dopamine across the neuronal membrane into 
the extracellular space. Unless further defined it indicates 
secretion evoked by orthodromic action potentials. trig- 
gered for instance by electrical stimulation. “Overflow” de- 
scribes the diffusion of noradrenaline, dopamine. or their 
metabolites from the tissue into the perfusion or incuba- 
tion fluid. Release elicited by electrical stimulation gives 
rise to “stimulation-evoked overflow”. Only the fraction 
of released transmitter that escapes uptake into extraneur- 
onal cells or back into the neurone (and subsequent stor- 
age or degradation) appears in the overflow and can be 
measured. In most cases there is good evidence that effects 
of presynaptic modulators on the stimulation-evoked ODW 
.&v are due to changes in r&use rather than changes 
of uptake or biotransformation. 

nerve impulse. In agreement with this view, angioten- 
sin also enhances the stimulation-evoked overflow of 
dopamine-P-hydroxylase t.561, a constituent of norad- 
renaline storage vesicles that is secreted along with 
noradrenaline in the process of exocytosis. 

Angiotensin has been reported to inhibit the neur- 
onal uptake of noradrenaline (e.g. [S7]). If so. this 
might contribute to the increase of the stimulation- 
evoked overflow, However, research in several labora- 
tories failed to confirm inhibition of uptake by 
reasonably low concentrations (up to IO-” M: 
see [SS]). A strong additional argument can be de- 
rived from the effect of angiotensin on noradrenaline 
metabolism. Part of the noradrenaline released upon 
stimulation is metabolised to 3,4-dihydroxyphenyl- 
glycol (DOPEG). The transformation probably takes 
place intraneuronally after re-uptake. Therefore, 
drugs such as cocaine which impair re-uptake 
diminish the stimulation-evoked overtlow of DOPEG 
(but not basal outflow, which results from degrada- 
tion of noradrenaline leaking directly from the 
granules into the neuronal cytoplasm [59]). Figure 2 
demonstrates that in rabbit pulmonary artery the sti- 
mulation-evoked overflow of DOPEG is enhanced 
rather than reduced by angiotensin. On the other 
hand, it is virtually abolished by subsequent addition 
of cocaine. Either drug increases the stimulation- 
evoked overflow of normetanephrine. which mainly 
originates from extraneuronal O-methylation [61]. 
The results indicate that angiotensin-induced facili- 
tation of release is not accompanied by any inhibition 
of noradrenaline uptake. 

Angiotensin promotes the formation of noradrena- 
line from tyrosine or dopamine in some isolated tis- 
sues. possibly by stimulating the synthesis of tyrosine 
hydroxylase and dopamine-P-hydroxylase at the 
translational level [62X+4]. The effect is not secondary 
to facilitation of release, since it occurs even in the 
absence of impulses. Conversely, facilitation of release 
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Fig. 1. Receptors involved in chemical neurotransmission. 
T. transmitter substance. 
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3H-DOPEG 

Other 3H- 
metabolites 

Angiotensin toe8 M 

Cocaine 3x1Q5 M 
t 1 

150 180 210 min of superfusion 

Fig. 2. Effect of angiotensin and cocaine on metabolism 
of ~~Hlnoradrenaline in rabbit pulmonary artery. Artery 
strips were preincubated with IO-’ M (-)[3HJnoradrena- 
line and then superfused with fresh physiological salt solu- 
tion. The superfusate was collected in 3-min samples and 
analysed for [3H]noradrenaline and 3H-metaboiites 
according to Grdefe ef al. [60]. The sympathetic nerves 
were stimulated by an electrical field three times for 3 min 
each at 4 Hz (S, - S,; cf. [413). From top to bottom: out- 
Bow in pmolesi3 min of [3H]n~radr~na~ine. [‘H33,4- 
dihydroxyphenylglyco~ ( c3H] DOPEG), [ %i]normetane- 
phrine. sum of other jH-mctabolites (3,4-dihydroxymandelic 
acid, 3-methoxy-4-hqdroxymandefic acid and 3-methoxy-4- 
hydroxyphenylglycol). Means of three experiments. Stan- 
dard errors were l-16 per cent of corresponding means. 
In control experiments without angiotensin and cocaine, 

overffows elicited by S,, S, and S, were similar. 

is not due to enhanced biosynthesis. since the release 
of exogenous, previously stored noradrenaline is also 
increased (cf. Fig. 2). It is not known how far pre- 
synaptic receptors and biocheinical events mediating 
the two effects are identical. Surprisingly, angiotensin 
fails to augment tyrosine hydroxylation in two tissues 
where it does facilitate release (rabbit coeliac artery 
and vas deferens [lS. 62,653). If both are enhanced, 
the effects may cooperate. Increased biosynthesis may 
replenish the pool from which release is facilitated. 

1.2. Acerylclzolin~~ r~eptors. Acetylcholine exerts 
two main effects on noradrenergic nerve endings. By 
activation of presynaptic nicotine receptors, it causes 
depolarization and a calcium-dependent release of 
noradrenaline. By activation of presynaptic muscarine 
receptors. it reduces the quantum secreted per nerve 
impulse. The nicotinic effect requires high concen- 
trations which probably do not occur in uico (e.g. 
threshold concentration in rabbit heart about 
6 x IO-’ M [66j); for the muscarinic effect lower 
concentrations are sufficient (e.g. in rabbit heart about 
6 x lo-* M [23]). Muscarinic agonists depress the 
release of noradrenaline in most, but not all tissues 
(Table 1). Fozard and Muscholl [67] compared effects 
of nine muscarinic agonists on atria1 tension develop- 
ment. ventricular rate, and noradrenaline release in 
the rabbit heart. They concluded that pre- and post- 
synaptic muscarine receptors are similar. 

Some recent findings do not fit into this concept 
of two presynaptic cholinergic receptors with distinct 
functions. In perfused rabbit ear arteries. acetylcho- 
line at 10‘ i ‘-lO-‘” M enhances both vasoconstric- 
tion and transmitter overflow evoked by sympathetic 
nerve stimulation. presumably through facilitation of 
release [24]. These concentrations are far below those 
needed for the muscarinic inhibitory and, of course, 
the nicotinic releasing effect. The increase is not 
affected by either atropine or hexamethoni~im. Similar 
results were obtained in rabbit atria 1683. In contrast. 
the same concentrations of acetylcholine had no effect 
in perfused rabbit hearts @I, rabbit puImonary artery 
strips [ZOJ, and guinea pig atria [6X]. More work is 
necessary to clarify the nature of this--apparently 
neither nicotinic nor mL~s~rinic--facilitation. 

1.3. Prost~~!~ndin receptors. ProstagIand~ns of the 
E series dimln~sh the per pulse release of noradrena- 
line in most, but not ail tissues (Table 1). Few studies 
have been performed with other prostaglandins. In 
the rabbit pulmonary artery. PGFZZ and PGBz also 
reduce release, but only at high concentrations [20]. 

Indirect evidence suggests that certain prostaglan- 
dins may exert a faciiitatory presynaptic effect in 
some organs. in the hind paw of the dog. PGE,, 
PGF1, and PGF,, [69,70] as well as PGAz and 
PGB, [713 enhance the vasoconstrictor response to 
sympathetic nerve stimulation, but at identical doses 
leave the response to intra-arterial noradrenaline un- 
changed (cf. [72]). The authors propose that in these 
cases the prostaglandins augment noradrenaline 
release. However, attempts to confirm such an effect 
by determination of the stimulation-evoked overflow 
of noradrenaline have hitherto been unsuccessful. In 
rabbit pulmonary artery PGF,,, a promising candi- 
date for facilitation. caused pure inhibition [20]. Faci- 
litation would raise interesting questions. Upon svm- 
pathetic nerve impulses. endogenous prostaglan~ins 
are formed and depress further release of noradrena- 
line (see 6.). Facilitation might occur when an exo- 
genous prostaglandin with low intrinsic inhibitory 
activity competes with endogenous prostaglandins for 
their presynaptic receptors. Alternatively, prostaglan- 
dins might possess intrinsic facilitatory activity in 
some tissues. If so, what is the basis for opposite 
effects of one prostaglandin in different tissues’? 

1.4. a-Adrcinoceprors. r*-Receptors have been found 
on all noradrenergic neurones tested (Table 1). Their 
activation leads to a decrease of the amount of trans- 
mitter released per impulse. Presynaptic x-receptors 
resemble classical postsynaptic ones, since the order 
of presynaptic potency of several /‘C.phenylethylamines 
agrees with their order of postsynaptic 
potency [34.42,46). Yet the agreement is not perfect. 
It has been repeatedly shown that within a given tis- 
sue the relative potencies of agonists on pre- and 
postsynaptic x-receptors may differ. For instance, in 
perfused rabbit hearts low concentrations of phenvl- 
ephrine cause an a-adrenergic increase of contract& 
force, but fail to inhibit noradrenaline release; in con- 
trast. low concentrations of oxymetazoline or napha- 
zoline are devoid of inotropic effects, but markedly 
depress release [39]. Similar results were obtained in 
rabbit pulmonary artery strips. Methoxamine and 
phenylephrine preferentially activate postsynaptic 
r-receptors and thereby elicit smooth muscle contrac- 
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Lion. In contrast. oxymetazoline, clonidine, a-methyl- 

noradrenaline and tramazoline preferentially activate 

presynaptic a-receptors. For noradrenaline, adrena- 
line and naphazoline post- and presynaptic potencies 
are similar 1421. Experiments in perfused rabbit ear 
arteries [73.74] and pithed rats [7_5] further under- 
score the possibility that certain pre- and certain post- 
synaptic r-adrenoceptors differ in structure and. 
hence. affinity to drugs. 

receptors are of the 11’~ type. On the other hand. 
Dahliif rl rrl. [SO] suggested that in cat hind limb 
blood vessels the presynaptic receptors are /II. since 
they were blocked by the /I, selective blocking agent 
metoprolol. Interestingly, both facilitatory fi- and 
inhibitory a-adrenoceptors may also occur on the 
chromaffin cells of the adrenal medulla [81-831. 

The significance of these findings is difficult to 
evaluate. It would no doubt be premature to consider 
presynaptic a-receptors as one structurally homo- 
geneous group which can be confronted with post- 
synaptic x-receptors as the second homogeneous 
group. There are indications that postsynaptic 
a-receptors are not all of a single type c76.77). The 
same may be true for presynaptic a-receptors. It can- 
not be excluded at present that the differences 
between pre- and postsynaptic cc-receptors of one tis- 
sue are no greater than the differences between post- 
synaptic r-receptors of various tissues. Available data 
suggest that perhaps agonists related to cloni- 
dine 142.73. 741 and xylazine [75] have a general pre- 
ference for the presynaptic site. Hopefully. studies on 
further tissues will reveal whether presynaptic 
cr-receptors on the one hand, and postsynaptic 
r-receptors on the other hand, can indeed be con- 
sidered as two major subclasses with respect to drug 
sensitivity. 

I .7. Morphine receptors. Narcotic analgesics reduce 
the stimulation-evoked overflow of noradrenaline 
from some. but not all tissues. probably by inhibition 
of release. Cerebral noradrenergic neurones (of the 
rat) are among the sensitive ones (Table I). The effect 
is mediated by specific morphine receptors, since it 
is stereospecific and prevented by narcotic anta- 
gonists. For some analgesics such as pethidine inhibi- 
tion of release is difficult to demonstrate [54]. because 
even at low concentrations they impair neuronal 
uptake of noradrenaline and thereby tend to incren.se 
the stimulation-evoked overflow [SS]. The block of 
uptake is unrelated to morphine receptors. Morphine 
promotes the biosynthesis of prostaglandins [84]. It 
might be supposed that the inhibition of release is 
mediated by prostaglandins. However, inhibition per- 
sists after prostaglandin formation has been blocked 
by indometacin*. 

1.5. Dopc~nin~ recepfot~ Dopamine acts as an 
agonist on postsynaptic a-adrenoceptors, being 
1 iI0 1;lOO as potent as noradrenaline 177). On the 
other hand. it is approximately equipotent with nor- 
adrenaline in reducing the per pulse release of norad- 
renaline in some tissues [36,43,44,47.48]. This is not 
another example for differences between pre- and 
postsynaptic x-adrenoceptors. Rather, some norad- 
renergic neurones appear to possess a distinct set of 
presynaptic dopamine receptors, similar to the dopa- 
mine receptors in the central nervous system [78]. 
Like the latter, and unlike #y-adrenoceptors, presynap- 
tic dopamine receptors are activated by apomorphine 
and blocked by low doses of neuroleptic drugs such 
as chlorpromazine 136,793. Presynaptic dopamine 
receptors have been found on some. but not all nor- 
adrenergic neurones (Table 1). Activation of dopa- 
mint receptors on tloptrmin~rgic~ nerve terminals 
reduces tvrosine hydroxylase activity even after im- 
pulse flow is abolished (see 2. I .). It would be of interest 
to know whether dopaminergic agonists also slow 
transmitter biosynthesis in noradrenergic nerve end- 
ings. 

Presynaptic opiate receptors are considered here 
because recent investigations indicate that narcotic 
analgesics are exogenous agonists acting on receptors 
meant for endogenous substances just as nicotine and 
muscarine are agonists related to acetylcholine. Two 
endogenous morphine receptor ligands have been iso- 
lated from the brain and identified as pentapeptides 
(methionine-enkephalin and leucine-enkephalin [SS]). 
Figure 3 shows that methionine-enkephalin shares 
with morphine the ability to inhibit release from cen- 
tral noradrenergic neurones. The effect of enkephalin 
is antagonized by naloxone [86]. 

2. Pws~naptic receptors on tlopurninergic wwows 

The lack of peripheral dopaminergic neurones has 
hampered studies on this transmitter. Presynaptic 
effects on central norcrtltwwr,qic neurones always have 
a counterpart in effects on postganglionic sympathetic 

’ -: 
Qy 

%n-&l’“- 

3H-averflo.v 

(Q ) 05- 

OLY/ ’ 

0 10-7 10-6 1u5 M 

I .h. /~-Atl,.rrlocoptors. /GAdrenergic agonists in- 
crcasc the per pulse release of noradrenaline in some, 
but not all tissues (Table 1). The facilitation is 
mediated by P-receptors. since it is antagonized by 
propranolol[35.51]. Stjtirne and Brundin [51] found 
that in human blood vessels selective /?,-receptor 
agonists did not enhance release whereas the 
/{,-receptor agonists terbutaline and salbutamol did. 
Moreover. the facilitatory effect of isoprenaline was 
not changed by the I<, selective blocking agent prac- 
tolol, but was counteracted by a p2 selective anta- 
gonist. The authors concluded that the presynaptic 

_____ 

Fig. 3. Erect of morphine and enkephalin on the stimula- 
tion-evoked overflow of tritium from rat brain slices prein- 
cubated with [3H]noradrenaline. Slices from various 
regions were preincubated with 10-’ M (-)[“Hlnorad- 
renaline and then superfused with fresh physiological salt 
solution. The superfusate was collected in 5-min samples. 
The slices were stimulated by an electrical field twice for 
2 min each at 3 Hz (S,, S2; cf. [53]). Morphine (0) or meth- 
ionine-enkephalin (0 V A) were added 20 min before Sz 
at concentrations indicated on the abscissa. Ordinate, ratio 
between the overflow of tritiated compounds evoked by 
Sz and that evoked by S1. Stimulation-evoked overflow 
of tritium reflects noradrenaline release [53]. Each point 
is the mean & S.E.M. of 8~.34 experiments. Significant dif- 

* H. D. Taube. H. Monte1 and K. Starke. unpublished. ferences from controls: “P < 0.02 to <O.OOl. 
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neurones; the analogy supports the view that the 
modulators act directly on central noradrenaline-con- 
taining nerve terminals rather than on non-norad- 
renergic fibres which then influence the noradrenergic 
ones (see 3.). For central dopaminergic neurones such 
analogies do not exist. The question whether a drug 
affects dopamine release or biosynthesis directly (via 
receptors on the dopaminergic neurone) or indirectly 
(other neurones being intercalated) remains more dif- 
ficult to answer. 

2.1. Dopamine receptors, Dopamine receptors on 
dopaminergic nerve endings were considered by Far- 
nebo and Hamberger [6,37] when they found that 
apomorphine reduces the stimulation-evoked over- 
tlow of tritium from rat neostriatal slices preincubated 
with C3H]dopamine, presumably by depressing 
release per pulse from the nigro-striatal dopaminergic 
fibres (see, however, [lop. 1061). Activation of pre- 
synaptic dopamine receptors seems to have a second 
consequence, namely inhibition of tyrosine hydroxyl- 
ation and thereby of dopamine synthesis. The inhibi- 
tion of biosynthesis is not secondary to diminished 
impulse-evoked release. since dopaminergic agonists 
reduce striatal tyrosine hydroxylation even when 
there is no impulse flow, as for instance after the 
nigro-striatal axons have been cut [87], or after im- 
pulse traffic has been suppressed by y-butyrolac- 
ton [SS], or in striatal synaptosomes [78,89] or 
slices [90,91]. Conversely. inhibition of release is not 
secondary to reduction in synthesis, since release of 
exogenous. previously stored dopamine is also 
depressed [37] and since drug effects on release and 
synthesis have a different time-course [91]. Appar- 
ently, the decreases of biosynthesis and release are 
largely independent. 

Mechanisms involved in presynaptic dopaminergic 
inhibition of tyrosine hydroxylation are the subject 
of intensive investigation. In agreement with a recep- 
tor-mediated effect, the inhibition is reversed by neur- 
oleptic drugs [87,89,91]. Activation of presynaptic 
dopamine receptors appears to lead to an alteration 
in the kinetics of tyrosine hydroxylase. above all to 
a large increase of the enzyme’s affinity for the end- 
product inhibitor, dopamine [92]. In other words, 
presynaptic, receptor-mediated inhibition of tyrosine 
hydroxylation might be due to greater sensitivity of 
the enzyme to end-product inhibition by intraneur- 
onal dopamine. If so. how does receptor activation 
trigger the change in physical properties of tyrosine 
hydroxylase? Many effects of dopamine are thought 
to be mediated by an adenylate cyclase. However, 
cyclic AMP stimulates rather than inhibits striatal 
tyrosine hydroxylase and decreases rather than in- 
creases its sensitivity to dopamine [93,94]. Therefore, 
the possibility that activation of a presynaptic adeny- 
late cyclase is responsible for the effect of dopaminer- 
gic agonists can probably be ruled out. An alternative 
is that activation of presynaptic dopamine receptors 
increases the calcium permeability of the neuronal 
membrane so that more calcium enters into the cyto- 
plasm; calcium inhibits striatal tyrosine hydroxylase 
and increases its affinity for dopamine [92]. On the 
other hand, a role of presynaptic adenylate cyclase 
in further factors contributing to the complex regula- 
tion of tyrosine hydroxylase activity seems quite poss- 
ible [94.95]. 

Pre- and postsynaptic dopamine receptors may 
differ in their sensitivity to drugs. It cannot be 
excluded that low doses of apomorphine preferen- 
tially activate the presynaptic receptor C96.973. 

2.2. Other receptors. Dopaminergic nerve endings 
appear to possess both nicotine and muscarine recep- 
tors. Activation of nicotine receptors elicits release of 
dopamine C98.99); activation of muscarine receptors 
reduces release evoked by electrical stimulation [loo]. 
Muscarine receptors of noradrenergic nerve endings 
are more sensitive to acetylcholine than nicotine 
receptors (see 1.2.). For dopaminergic terminals dif- 
ferential sensitivity has not been observed; in rat 
striatal slices. 10m6 M acetylcholine is required for 
muscarinic inhibition. lo-’ M being ineffective [loo]; 
on the other hand, lO-‘j M acetylcholine also induces 
release via nicotine receptors [99]. Finally. dopa- 
minergic neurones resemble noradrenergic ones in 
that release is depressed by prostaglandins E, and 
Ez [lop. 107,291 as well as by morphine (release 
evoked by high potassium [loll), pointing to pre- 
synaptic prostaglandin and opiate receptors respect- 
ively. 

3. Presvnaptic receptors-a working hypothrsis 

Many endogenous substances are able to modify 
the release per pulse and in some cases the biosyn- 
thesis of catecholamine transmitters. There is no 
doubt that the modulation is mediated by specific 
receptor systems; each is activated or blocked by 
structurally related drugs only. The receptors have 
been called prejunctional or presynaptic in order to 
distinguish them from those of the soma-dendritic 
part of the neurone and from those of the postsynap- 
tic cell (Fig. 1). It is evident that the release- and 
synthesis-modulating receptors are not soma-dendri- 
tic receptors. since many experiments leading to their 
detection were performed on preparations devoid of 
nerve cell bodies and dendrites. On the other hand, 
the distinction between pre- and postsynaptic location 
is much less certain, in particular, as has been pointed 
out, for dopaminergic fibres. The presynaptic (as 
opposed to postsynaptic) location is a working hy- 
pothesis. What is its basis? 

A working hypothesis should explain the observa- 
tions as simply as possible. The most obvious site 
for a release- or synthesis-modulating agent to act 
is the releasing or synthesizing cell. Any view that 
the primary action takes place elsewhere requires ad- 
ditional assumptions, namely that a second signal is 
created at the primary site, and that the nerve ending 
can perceive the second, unknown signal. Economy 
favours the presynaptic receptor hypothesis. 

Neurones with different morphologic and bio- 
chemical environment respond to presynaptic modu- 
lators in the same way. For instance, r-adrenergic 
agonists inhibit release from noradrenergic neurones 
supplying various smooth muscle organs, cardiac 
muscle, and brain areas. It cannot be excluded that 
in all these tissues the modulators primarily act upon 
some element outside the noradrenergic fibres. How- 
ever, a direct action on the one ingredient common 
to the tissues. the nerve terminals themselves, appears 
less strained. 

The soma and dendrites of postganglionic sympath- 
etic neurones possess a host of receptor systems [ 102). 
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Moreover, there is evidence for dopamine receptors 
on central dopaminergic cell bodies and for a-adreno- 
ceptors on central noradrenergic cell bodies [ 1031. 
Maybe the receptors are restricted to the soma-den- 
dritic part. However. if a nerve cell has the ability 
to construct receptors and post-r~eptor reaction 
chains for its soma-dendriti~ region, it can easily do 
the same for its terminals. From a more general point 
of view the morphologic demonstration of axo-axonic 
synapses and the electrophysiologic phenomenon of 
presynaptic inhibition make the assumption of pre- 
synaptic receptors inevitable. 

A working hypothesis should be amenable to trial. 
One type of experiment would be to search for pre- 
synaptic receptors on postgangIionic sympathetic 
neurones grown in organ culture which contain no 
postsynaptic element [I@+]. The model might help to 
clarify whether the attribute “presynaptic” describes 
the location of release- and synthesis-modulating 
receptors correctly. 

The inechanisms of presynaptic modulation of 
release are not known. Current thinking emphasizes 
alterations of the availability of calcium for release, 
since calcium is considered to be rate-limiting in elec- 
tro-secretory coupling. Drugs might modify the influx 
of calcium from the extracellular space, or its efflux. 
or its distribution between intraneuronal compart- 
ments. However, the evidence briefly outlined below 
is suggestive rather than conclusive. Moreover, the 
steps leading to the presumed alteration of calcium 
availability remain uncertain. 

(I) Several presynaptic modulators have been 
shown to affect calcium-dependent tnodcs of release 
only, such as release evoked by electrical stimulation, 
high extracellular potassium concentrations. or nico- 
tinic agonists, but not the calcium-independent small 
basal release or release evoked by the indirectly acting 
sympathomimeti~ amine tyramme (Table 2). How- 
ever, selective in~libi~ion of cal~jum-dependent se- 
cretion does not necessarily imply that the inhibitors 
reduce the amount of calcium available for electro- 

secretory coupling. They ma! just as well slow down 
another step in the calcium-mediated proce>\ which 
then becomes rate-limiting. -- Dopaminc rciease 
evoked by electrical stimulation as well as that 
evoked by high potassium can be modulated via pre- 
synaptic dopamine receptors (Table 2). This might 
suggest a dopaminerg~c dr~~~s~ of intraneurona~ cal- 
cium. On the other hand, in order to account for 
the presynaptic receptor-mediated inhibition of tyro- 
sine hydroxylation a dopaminergic incrmsr of in- 
traneuronal calcium has been postulated [92]. This 
is another apparent paradox encountered in attempts 
to elucidate mechanisms controlling dopaminergic 
transmission (see 2.1.). 

(2) Mus~ar~nic agonists and prostaglandins cause 
more pronounced inh~bjtion. the lower the external 
calcium concentration. An increase in calcium shifts 
presynaptic dose-inhibition curves to the right 
[105. 1081. The results are compatible with the view 
that the inhibitors reduce the availability of calcium 
for electro-secretory coupling; this reduction would 
be overcome by a rise of extracellular calcium. On 
the other hand, the interaction may be a functional 
antagonism [IOV] which does not allow us to draw 
conclusions concerning modes of action. 

(3) The effect of most presynaptic modulators has 
been shown to decline with increasing frequency of 
stimulation. This is in accord with the calcium avail- 
ability hypothesis if one assumes that during high fre- 
quency stitnulation intraneuronal calcium rises to 
high levels 122.1 IO, 1111 so that the “release recep- 
tors” for calcium become saturated. If so, a drug- 
induced change in calcium will markedly affect release 
at tow frequency (when intraneuronal calcium is sub- 
saturating), but negligibly affect release at high fre- 
quency (saturating intraneuronal calcium concen- 
tration). However, at present relations between fre- 
quency, intraneuronal calcium and release are 
hypothetical. Many unknown factors make conclu- 
sions from the frequency-dependence of presynaptic 
modulation hazardous. 

An increase of cyclic AMP in noradrenergic nerve 
endings has been proposed as possible mode of 

Table 1. Effect of presynaptic agonists on transmitter release evoked by different stimuli 
- 

Effect on release evoked by 
Effect on 

Presynaptic basal Electrical High Nicotinic 
Tr~~nsmitter agonist release* stimulation potassium agonists Tyramine 

Noradrenaline Angiotensin 11 0 1191 -tf 0 ci91 
Muscarinic 0 [21,23] -t - 18. IOSJ - i661 0 121,231 

agonists 
PGE,, PGEz 0 [27] -“r - 
x-Adrenergic O$ [36,39,40] -ii - 

145, 1061 - [IO61 0 126, 106-j 
[45.107] 0 [107] 

Dopamine 

agonists 
Narcotic 

anatgesics 
Dopaminerg~c 

0 CS3.541 --f - 1867 

- [6,373 - 1911a 

Muscarinic rroo1 - [loo] - C981 
agonists 

+ Increase, - decrease, 0 no change. “No change” refers to tissues where release by electrical stimulation or high 
potassium is sensitive to the respective agonists. * Release in the absence of electrical stimulation or releasing agents. 
+ For references see Table I. $ Many @-phenylethyfamines release noradrenaiine. perhaps by displacing intraneuronal 
transmitter, The effect is unrelated to presynaptic z-receptors; when it is prevented e.g. by cocaine, presynaptic a-adrener- 
gic inhibition persists. 4 Indirect evidence; the dopamine receptor blocking agent ff uphenazine enhances release. 
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P-adrenergic facilitation [28,49]. In agreement with 
this idea, phosphodiester~e inhibitors and exogenous 
cyclic nucleotides enhance the stimulation-evoke 
overflow of both noradrenaline and dopamine-&hyd- 
roxylase, though the increase is small [112,113]. Of 
course further criteria have to be satisfied in order 
to establish this mechanism. An adenylate cyclase 
should be demonstrated in noradrenergic terminals 
which should respond to /&receptor agonists. More- 
over, the increase in cyclic AMP should precede facili- 
tation of release. These criteria are difficult to obtain 
in the case of nerves supplying a large tissue mass. 
Studies on noradrenergic cell bodies would be an 
alternative. It should be noted, however, that it is 
uncertain whether the adenylate cyclase of postgang- 
lionic sympathetic cell bodies is activated by 
#Ladrenergic agonists [ 114, i 151. 

Noradrenergic neurones are similar in morphology 
and biochemistry. All the more puzzling is the finding 
that they greatly differ in their sensitivity to presynap- 
tic modulators (Table 1). Only one presynaptic recep- 
tor system, the o-adrenoceptor, has been found on 
all neurones studied. Negative results may reflect un- 
suited experimental conditions such as excessive cal- 
cium or stimulation at too high a frequency. How- 
ever, the negative results listed in Table 1 were 
obtained at low frequencies and moderate calcium 
concentrations. It cannot be ruled out that in some 
tissues the noradrenergic nerve endings lack certain 
receptor mechanisms. Unfortunately, more direct 
ways to establish the absence of a receptor are not 
available. 

Curves relating the reiease of noradrenaIine per 
pulse to frequency of stimulation differ between tis- 
sues. For instance, per pulse release increases with 
increasing frequency in rabbit portal vein, but 
remains constant in mouse vas deferens (at near nor- 
mal calcium [i&J). It has been suggested that pre- 
synaptic sensitivity to angiotensin and morphine is 
associated with particular shapes of the frequency- 
release curve [IQ Though the basis for such an as- 
sociation is unknown, the possibility merits investiga- 
tion. 

6. Physiologic signiJ(icance 

Three groups of potential physiological functions 
of presynaptic receptor systems can be distinguished. 

(1) Presynaptic receptors may be sites of action of 
modulators originating from a remote part of the 
organism and transported by the blood stream. 
Angiotensin is one candidate. Presynaptically effective 
concentrations occur in plasma, at least when renin 
secretion is high. The facilitatory effect may assist in 
the circulatory compensation for acute hemorr- 
hage f116]. Studies of the influence of angiotensin 
antagonists on noradrenaline release from blood-per- 
fused organs might further clarify whether facilitation 
by blood-borne angiotensin plays a physiological role, 

(2) Presynaptic receptors may be sites of action of 
modulators secreted from adjacent neurones or other 
cells. In peripheral tissues. postpanglionic svmpathetic 
and parasympathetic ncr\c ~_11ng\ ot’lcn iic in close 
apposition. It seems her) likcl> Lhat accr! lillt~l~r~. se- 

creted from parasympathetic fibres. can act on mus- 
earine receptors of neighbouring sympathetic ter- 
minals and inhibit the release of noradrena- 
line [I 17,1183. Interestingly, released noradrenaiine 
also inhibits the per pulse release of acetylcho- 
line [119]. Thus, a mutual presynaptic antagonism 
between the two divisions of the autonomic nervous 
system appears to supplement the classical postsynap- 
tic antagonism. It remains to be established whether 
presynaptic cholinergic modulation of catechola- 
minergic transmission also takes place in the central 
nervous system. In particular, the numerous choliner- 
gic interneurones in the corpus striatum could partly 
modulate release of dopamine at the presynaptic 
level [99]. 

The presence of enkephalin in brain and its depres- 
sant effect on noradrenaIine release open up the possi- 
bility that this endogenous morphine receptor ligand 
serves as a physiologic presynaptic inhibitor. If so. 
naloxone should enhance release. Until now, the evi- 
dence is inconclusive. Naloxone does not affect the 
electrically evoked release of noradrenaline in slices 
from several brain areas {53,54,120] ; on the other 
hand, potassium-evoked release in occipital cortex 
slices is slightly increased {SS]. 

(3) The most extensive evidence has been gathered 
for a third physiologic function, namely for presynap- 
tic prostaglandin, c[- and /?-receptors (noradrenergic 
neurones) and dopamine receptors (dopaminergic 
neurones) being links of local synaptic feedback 
mechanisms. As first proposed by Hedqvist [26], 
prostaglandins are formed during noradrenergic 
transmission, probably mostly in postsynaptic cells, 
and depress further secretion of noradrenaline (“trans- 
synaptic” feedback). Drugs like indometacin and mec- 
lofenamic acid which block prostaglandin biosyn- 
thesis interrupt the feedback circuit and enhance nor- 
adrenaline release [121,122). However. the increase is 
small, maximally by about 50 per cent. In cat spleen, 
meclofenamic acid and indometacin fail to cause any 
increase C.28, 1231. 

Released noradrenaline inhibits its own further 
release by a second m~hanism which is independent 
of prostaglandins [ 121) and entirely presynaptic, 
namely by activation of presynaptic a-adrenoceptors. 
Studies with a-adrenolytic drugs underscore the gen- 
eral operation and great effectiveness of the presynap- 
tic cc-adrenergic feedback. In contrast to prostaglan- 
din synthetase inhibitors, these drugs increase the 
release of noradrenaline in all tissues and maximally 
by about 400 per cent. It was this finding that gave 
the first clue to a role of a-receptors in the fate of 
nomdrenaline [ 1241. Not only r-receptor agonists 
(see 1.4.), but also antagonists dither in their relative 
We- and postsynaptic effects. In rabbit pulmonary 
artery, yohimbine preferentially blocks presynaptic 
a-receptors, whereas phenoxybenzamine and azape- 
tine preferentially block postsynaptic a-recep- 
tors [I251 (cf. 11261). By selective presynaptic biock- 
ade, yohimbine at low concentrations, in contrast to 
what one would expect from the ciassical postsynaptic 
antagonist effect, increases the contractile response to 
stimulation [127].-The a-adrenergic agonists cloni- 
dine [ 1283 and oxymetazoline enhance noradrenaline 
release under certain conditions (oxymetazoline in 
rabbit pulmonary artery strips stimulated at more 
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than 5 Hz*). It seems likely that in these cases the 
agonists possess a lower intrinsic inbibitor~ activity 
than noradrenaline and by competition with the latter 
diminish overall presynaptic r-receptor activa- 
tion.--In some tissues, the release of noradrenaline 
per pulse falls with successive pulses. Biochemical and 
electrophysioIo~caf studies indicate that part of this 
depression during trains of pulses is due to sz-adrener- 
gic inhibition with increasing perineuronal levels of 
noradrenaline [43, 1291. 

Langer and his colleagues [28,X, 491 suggested 
that released noradrenaline, acting on presynaptic 
~~-~~drenoceprors. promotes its own release by a posi- 
tive feedback. Presynaptic P-receptors may be selec- 
tively activated by low concentrations of noradrena- 
line, for instance during low rates of impulse flow, 
so that release per pulse increases. As frequency and 
noradrenaline concentration rise, the x-adrenergic 
negative feedback may be triggered, so that release 
per pulse falls 128,491. In agreement with this hypoth- 
esis, propranolol reduces release of noradrenaline in 
some tissues [49.80]. On the other hand, it should 
be noted that presynaptic /Greceptors have been 
found on some neurones only. Moreover. in cat 
spleen prop~nolol fails to reduce release even though 
isoprenaline causes significant facilitation (3.51: the 
same may hold good for human blood ves- 

sels [SO, 511. Thus, even where presynaptic P-recep- 
tors exist they do not necessarily mediate a positive 
feedback. 

y-Adrenergic feedback inhibition of noradrenaIjne 
release may have a counterpart in dopaminergic feed- 
back inhibition of dopamine release. Neuroleptic 
drugs such as pimozide and fluphenazine enhance 
striatal release of dopamine evoked by electrical 
stimulation or high potassium, prcsu~nabIy by block- 
ing presynaptic dopamine receptors and opening the 
feedback loop [6,37,91]. Unfortunately, there are 
diametrically opposed findings [130] which cast some 
doubt on this mechanism. Dopamine may also inhibit 
its own synthesis via presynaptic dopamine receptors. 
When impulse flow in the nigro-strialal dopaminergic 
fibres is interrupted. the rate of striatal tyrosine hy- 
droxylalion increases [87.88,94]. Cessation of im- 
pulse-evoked secretion probably leads to a decrease 
of perineuronal dopamine and, hence, diminished pre- 
synaptic receptor activation and disinhibition of tyro- 
sine hydroxylase. 

7. OLltlooli 

Pharmacological research has led to the detection 
of a somewhat bewildering number of presynaptic 
receptor systems. It seems quite possible that some 
are of ph~~rmacological interest only since they never 
encounter effective concentrations of their endo- 
genous agonists in ciao. Others, however. appear to 
play a significant physiological role. Several major 
questions arise at the present state of knowledge. The 
chain of events between the agonist--presynaptic 
receptor interaction and the change in release or bioa 
synthesis is not known for any receptor system. Fur- 
thermore. what is the reason for the surprising tissue 
differences in effects of presynaptic modulators‘? Much 
mot-c work is needed for a better ~inderstanding of 
~~____ .- .- -------------. - - 

the physiological function: an ei’t‘ort should he made 
to compare the relative importance of som~~-delldritic 
receptors (or variations in impulse frequency) and 
presynaptic receptors (or variations in release per im- 
pulse) under diverse in ~ico conditions. Finally. pre- 
synaptic receptors may mediate therapeutic as well 
as side effects of drugs. An example for which this 
possibjlity has already been put to exper~n~~ntal trial 
is the antihypertensive agent clonidine. It exerts a var- 
iety of effects, including the decrease of blood pres- 
sure. by activation of central z-adrenoceptors. Are 
these receptors. or some of them. presynaptic recep- 
tors on noradrenergic neurones? Animal experiments 
argue against a major contribution of central pre- 
synaptic x-receptors to clonidine-induced hypoten- 
sion [131. 1321. On the other hand. several hehav- 
ioural effects can best be explained by a-adrenergic 
presynaptic inhibition [97. 133. 1341. 
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