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1. INTRODUCTION

1.1. Calcium-dependent neurotransmitter-release-calcium-

hvpothesis: Sympathetic nerve terminals

The release of the neurotransmitter from the

presynaptic nerve terminals is an exocytotic process. During 

exocytosis there is a fusion between the synaptic vesicle 

membrane and the plasma membrane. Then the vesicular 

contents are released into the synaptic cleft.

In every secretory process the exocytosis is triggered 

by an increase in the intracellular free calcium 

concentration. The increase is the result of the entry of

calcium from the external environment and/or the release of

calcium from internal stores (Llinás and Nicholson, 1975).

Calcium ions play a fundamental role in the process of

coupling"

transmission (Katz and Miledi, 1967, 1969; Miledi and

Slater, 1966; Llinás et al., 1976; Augustine et al.,

neurochemical"excitation-secretion of

1985a,b).

Hukovic and Muscholl (1962) showed first that the

released from cardiacamount of noradrenaline (NA)

sympathetic neurons in response to nerve stimulation

decreased when external calcium-concentration was reduced.

Eccles (1964) then Burn and Gibbons (1964, 1965)
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have shown that the release of NA from sympathetic nerve 

fibres is dependent upon external calcium. Boullin (1967) 

used a perfusion technique in cat colon and measured the 

[3H] noradrenaline release. He found that in response to 

sympathetic nerve stimulation the release increased only if 

the perfusion fluid contained calcium.

These results were confirmed by Magyar et al., (1986); 

and Pauló et al., (1986) in rabbit pulmonary arteries where

low frequency of nerve stimulation was ineffective in

producing transmitter release and postsynaptic response when 

the Ca2+-gradient was reversed (Ca2+-free solution + 1 mM

EGTA).

Kirpekar and Misu (1967) studied the effects of different

alkali metal ions on transmitter release; they found that 

Sr2+ and Ba2+ can substitute for Ca2+ in maintaining the 

nerve-evoked transmitter release, but Mg2+ had an inhibitory 

action which could be partly antagonized by an increase of 

external Ca2+. This suggests a competition between external 

Ca2+ and Mg2+. An increase of external Ca2+ (from 2.5 to 7.5 

mM) potentiated the nerve stimulation-evoked NA release from 

cat spleen (Kirpekar and Misu 1967) and rabbit pulmonary

arteries (Török et al 1987) .

On the other hand high external Ca 

inhibitory effect on the nerve-stimulation induced NA

2 + (20 mM) had an
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release in cat spleen (Kirpekar et al., 1972) . These authors 

have also shown that Co2+, Ni2+ or La3+, which block the 

"late" Ca2+ entry (voltage dependent Ca2+-channel) during the 

action potential (Baker et al., 1973a,b) markedly reduced 

the nerve-evoked release of NA. Now it is widely accepted 

that the voltage-sensitive Ca2+-channel is activated during

nerve action potential. Depolarization first activates, then

inactivates the channels. A further characteristic of the 

voltage-sensitive Ca2+-channel that is unaffected by 

external or internal Na+.

The excess K+-evoked release proved to be external Ca2+- 

dependent. Kirpekar and Wakade (1968) studied the Ca2+- 

dependency of excess K+-evoked NA release in cat spleen. 

They found that Ca2+-removal nearly abolished the K+- 

depolarization induced transmitter release, but this was 

increased again on Ca2+-readmission. Garcia et al., (1976) 

further studied the excess K+-stimulated transmitter release

in cat spleen. They found that the K+-depolarization evoked 

NA release is transient. They concluded that an activation 

followed by an inactivation of Ca2+-channels could be the

reason for the transient character observed.

2+ and Ba2+In the quinea-pig vas deferens preparation Sr 

effectively substituted for Ca2+ in the excess K+-induced

and Onoda 1980). Mg2+release process (Nakazato 

competitively inhibited the actions of these ions.
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Agents such as 4-aminopyridine (4-AP) and tetra- 

ethylammonium (TEA), which are believed to prolong the 

duration of action potential (Koketsu, 1958; Baker et al., 

1962) by inhibiting the voltage-dependent K+-channel (Katz

and Miledi, 1969; Yeh et al., 1976; Meves and Pichon, 1977; 

Hermann and Gorman, 1981) were able to increase the Ca2+-

influx and NA release in sympathetic nerves (Kirpekar et

al., 1972, 1976; Johns et al., 1976 Alberts et al., 1981;

Török et al., 1987).

In cardiac sympathetic nerves the TEA-caused 

potentiation of nerve-stimulation induced [3H]NA release was 

abolished by Ca2+-removal (Wakade and Wakade, 1981).

Schoffelmeer and Mulder (1983) have studied the actions 

of excess K+ and veratrine on transmitter release in rat 

brain slices. The action of excess K+ was transient and Ca2+- 

dependent, since it did not develop in Ca2+-free, 1 mM EGTA 

containing solution and could be inhibited by Cd2+, a potent 

inhibitor of Ca2+-channels (Kostyuk, 1980) . On the other 

hand the veratrine-induced [3H]NA release was maintained 

even in the absence of Ca2+ and was unaffected by Cd2+. These 

authors also showed that ruthenium red, a mitochondrial

uptake inhibitor (Vasington et al., 1972) potentiated the 

[3H]NA releasing action of veratrine under reversed Ca2+- 

gradient. They concluded that the transmitter releasing 

action of excess K+ might be the consequence of an
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activation, followed by an inactivation of voltage-dependent 

Ca2+-channels. In addition, the veratrine induced 

transmitter release is probably the result of a Na+-caused 

Ca2+-release from internal stores. It is known that 

veratrine activates voltage-gated Na+-channels (Narahashi, 

1974; Blaustein, 1975).

Blaustein et al. (1972) working on rat brain

synaptosomes preparation ("pinched-off nerve terminals"; De 

Robertis et al., 1962; Gray and Whittaker, 1962), have shown 

that excess K+ stimulates the NA release and 45Ca-uptake. The 

excess K+ evoked transmitter release proved to be Ca 2 +

dependent and was insensitive to TTX. Blaustein et al.

(1972) also studied the action of veratridine on NA release 

in presynaptic nerve endings. They found that the action of 

veratridine to enhance transmitter release was inhibited by 

TTX and omission of Ca2+ from the external medium (EGTA was 

present). Veratridine also stimulated 45Ca-uptake.

Scorpion toxin, which depolarizes neuronal membranes by 

a Na+-dependent manner (Narahashi et al., 1972), has also 

been shown to stimulate NA release from peripheral

adrenergic neurons. The toxin-induced release was blocked by 

TTX, and markedly reduced when Ca2+ was omitted from the

bathing medium (Moss et al., 1974).
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Na+-removal from the external medium (sucrose, Li+, or 

choline+ substitution) stimulated the 45Ca-uptake in 

synaptosomes (Blaustein, 1975). The 45Ca-uptake induced by 

excess K+ was inhibited by Mg2+, Mn2+ and La3+ (Blaustein

1975).

The uptake of Ca2+ in response to external Na+-removal 

requires internal Na+ (Blaustein and Oborn, 1975). The 

observed net gain of Ca2+ is the result of an increased Ca2 + - 

influx and a decreased Ca2+-efflux (Blaustein and Oborn, 

1975) . Na+-gradient plays an important role in the 

regulation of internal Ca2+, possibly by the Na+/Ca2+- 

exchange mechanism (Blaustein and Oborn, 1975; Blaustein and

Ector, 1976).

Using quin-2, Nachshen (1984, 1985) measured the 

internal free Ca2+-concentration of synaptosomes and found 

that it was about 1-2x10-7M. The internal free Ca2+- 

concentration doubled on a reduction of external Na+ from 

145 to 5 mM and returned to the initial level when Na+ was

readmitted (Nachshen, 1985).

Summarizing these data it seems that NA release from 

sympathetic nerve terminals involves a Ca2+-dependent 

exocytotic process which is normaly triggered by electrical- 

and K+-depolarization and it is accompanied by secretion of 

dopamine beta-hydroxylase (DBH; De Potter et al., 1969;
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Trifaró and Cubeddu, 1979), and the amount of released

neurotransmitter is proportional to the amount of liberated 

enzyme (Smith, 1971; Weinshilboum et al., 1972).

1.2. Alpha2-adrenoceptor mediated negative feed-back 

mechanism

1.2.1. General aspects

Upon arrival of nerve action potentials, NA is 

released from the varicosities through a calcium-dependent 

exocytotic process. Then the released transmitter activates

specific adrenoceptors located on the membrane of the 

postsynaptic effector cell producing the characteristic

responses of the effector organs, such as positive

contraction orchronotropic and inotropic effects,

relaxation of smooth muscles, secretion from salivary

glands, etc.

The presence of adrenoceptors on the outer surface of 

the membrane of the noradrenergic varicosities was evidenced 

only in the past two decades. These receptors, which are 

called presynaptic receptors can modify the release of 

neurotransmitter upon arrival of action potentials (Fig.l).
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Fig.l.: Presentation of "negative feed-back" mechanism.
Sympathetic (noradrenergic) neuro-effector junction. The release of 
noradrenaline in response to action potential activates post-synaptic 

alpha^-receptor, producing depolarization and contraction. The rele
ased noradrenaline also activates presynaptic alph^-receptors resul
ting hyperpolarization and inhibition of transmitter release ( "nega
tive feed-back" mechanism ) . Preferential agonists and antagonists of 
alpha^- and alpha^-receptors are shewn. The actions of uptake block
ers (cocaine, corticosterone) are also indicated.

, activation;-- inhibition.
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Many authors suggested that the presynaptic alpha- 

adrenoceptors are involved in the regulation of NA release; 

the released NA inhibits its own release by a "negative

feed-back" mechanism. Consequently, once NA, released by

stimulation, reaches a threshold concentration in the

synaptic cleft activates presynaptic alpha2-adrenoceptors, 

mediating a negative feed-back mechanism which inhibits

further release of transmitter (Langer et al., 1971; Farnebo

and Hamberger, 1971; Enero et al., 1972; Starke, 1972a; Rand

et al., 1973; Langer, 1973; Vizi, 1979).

In support of this hypothesis it has been demonstrated 

that alpha2-adrenoceptor agonists, such as NA or clonidine, 

inhibit NA release during nerve stimulation independently of 

the alpha or beta nature of the postsynaptic adrenoceptor

that mediates the response of the effector organ (Langer et

al., 1972; Starke, 1972b; Kirpekar et al., 1973; Starke et

al., 1974; Starke et al., 1975a; Rand et al., 1975; Langer

et al., 1975).

Langer (1974, 1979) has reported that there are 

actually two types of alfa-adrenoceptors, the presynaptic 

alpha-receptors which mediate an inhibitory effect 

(reduction of NA release during nerve stimulation) and which 

were referred to as alpha2, furthermore the postsynaptic 

receptor which mediated the characteristic response of the 

effector organ (e.g., vasoconstriction) and which were
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referred to as alpha-^ Recently it was also shown that there 

are alpha2-receptors on the postsynaptic site as well 

(Langer, 1980; Docherty and Hyland, 1985; Daly et al., 1988;

Lonart et al., 1989).

The presynaptic alpha-receptors of some tissues (rabbit 

heart, cat spleen, rabbit pulmonary artery) became the 

prototype of alpha2-receptors and it seems that presynaptic 

alpha-receptors are mainly alpha2. The presynaptic alpha- 

receptors hypothesis, then, predicts that agonists at 

alpha2-adrenoceptors such as clonidine and noradrenaline 

itself should depress depolarization-evoked release of 

noradrenaline, whereas antagonists such as yohimbine, 

phenoxybenzamine, phentolamine and idazoxan should enhance 

the release of noradrenaline in overwhelming majority of

tissues (Starke, 1987; Fig. 1,2).

1.2.2. Possible physiological mechanisms behind presynaptic

receptors

Activation of presynaptic alpha2-adrenoceptors reduces 

the availability of calcium for "excitation-secretion 

coupling". This was evidenced by the finding that inhibition 

of transmitter release by exposure to exogenous 

noradrenaline was more pronounced when the calcium 

concentration in the medium was reduced (Langer et al.,

1975).
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Fig.2.: The inhibitorY action of 1-noradrenaline (1-NA; 0-0) on
3nerve-stimulation (2 Hz, 360 pulses) evoked [ H]NA release from

rabbit pulmonary arteries and its antagonism by yohimbine ( 3 x
-7 310 M; •-•) . Ordinate: ratio of nerve evoked release of [ HINA

was calculated by the method of Endo et al. (1977).
-log molar concentrations of 1-NA. 1-noradrenaline (18 min pre
perfusion) inhibited the nerve-evoked release of labelled trans-

-7
mitter in a concentration dependent manner. Yohimbine (3x10 M) 
antagonized the inhibitory action of 1-NA.In control experiments 

the ratio of nerve-evoked transmitter release was 0.97 +_ 0.02
_7(n=6). Yohimbine (3x10 M) alone markedly increased the trans-

Abscissa:

mitter release ratio: (3.98+0.41; n=6). Significant differences
Xbetween values: p < 0.01; XXp< 0.001. (from Török, 1989) .
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Starke (1987) has suggested that changes in Ca2+ or In

fluxes are the ionic basis for the inhibition of

noradrenaline release. Three possible mechanisms have been

proposed, namely,

1.) an inhibition of voltage-sensitive Ca2+-channels 

and an ensuing decrease of the depolarization-induced Ca2+-

current (ICa) (Horn and McAfee 1980; McAfee et al., 1981);

2. ) an opening of K+ channels and an ensuing outward 

K+-current followed by hyperpolarization of the nerve- 

terminal membrane (North and Williams 1984);

3. ) an activation of the electrogenic Na+-pump (Vizi; 

1979) which hyperpolarizes the membrane and increases the 

Na+-gradient dependent Ca2+-efflux.

Recently it has been shown, that activation of alpha2- 

adrenoceptors by agonists, such as 1-NA, inhibit the influx 

of Ca2+ through "N-type" of voltage dependent Ca2+-channels

(Lipscombe et al., 1989).

1.2.3. Physiological and pharmacological significance of the 

negative feed-back mechanism mediated by presvnaptic

alpha2-adrenoceptors

If the negative feed-back mechanism, mediated by 

presynaptic alpha2-adrenoceptors, plays a physiological role 

in the regulation of neurotransmission, the enhancement in 

transmitter release observed in the presence of alpha- 

receptor blocking agents should lead to an increase in the 

response of the effector organ to nerve stimulation. In _
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tissues, in which the postsynaptic responses are mediated 

through alpha-adrenoceptors (e.g. bloodvessels, nictitating 

membrane, spleen), the responses to nerve stimulation are 

reduced by non-selective alpha-receptor blocking agents 

(Langer 1979). Nevertheless, yohimbine, which is more potent 

in blocking the presynaptic alpha2-than the postsynaptic 

alpha-^-adrenoceptors, increased both the overflow of 

[3H]noradrenaline and the responses to nerve stimulation of 

the rabbit pulmonary artery in low concentrations (Starke et

al., 1975b).

There are many demonstrations of an inhibition, by 

selective alpha2-adrenoceptor agonists, of sympathetic 

transmission to effectors with postsynaptic alphax- or 

betha-receptors. Examples are: the inhibition by Clonidine 

of heart rate and the inhibition by xylazine of the 

nictitating membrane response, to sympathetic nerve 

stimulation in cats (Kobinger 1967; Kroneberg et al., 1967).

There are also many demonstrations of an enhancement by 

selective alpha2-adrenoceptor antagonists of sympathetic 

transmission to effectors with postsynaptic alpha- or betha- 

receptors. Examples for tissues with postsynaptic alphax- 

receptors are dog blood vessels (Toda et al., 1984) , rat vas 

deferens (Vizi et al., 1973); Brown et al., 1979; French and 

Scott 1983; Pennefather 1983), rabbit pulmonary artery 

(Starke et al., 1975; Constantine et al., 1978; Lattimer et 

al., 1984). It has also been shown in many experiments that 

there is an increase in cardiac responses to sympathetic 

nerve impulses. Examples are experiments on isolated pre-
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paration on the heart of the cat (Ilhan et al., 1976),

guinea pig (Langer et al., 1977; McCulloch et al., 1981;

Story et al., 1981; Belleau et al., 1982; Angus et al.,

1984; Ledda and Mantelli 1984) and rabbit (Carr and Fozzard

1981).

1.3. Sodium gradient created by the sodium-pump: sodium-

calcium exchange

The membrane of nerve and muscle cells are polarized, 

the cell interior being negative with respect to the 

outside. Under steady-state conditions the internal Na+- 

concentration is low and K+ is high, the movement of Na+ out 

and K+ into the cells reguires energy since both the 

concentration and electrical gradients are in opposition to 

the Na+-efflux and K+-influx. This process is known as the 

Na+/K+ exchange pump (Na+-pump, Ussing, 1949; Hodgkin and

Keynes, 1955; Caldwell, 1956; Caldwell and Keynes, 1957; 

Caldwell et al., I960). The Na+-pump is electrogenic 

(coupling ratio: 3Na+/2K+) and voltage sensitive (Thomas,

1972; Gadsby, 1984).

Cardiac glycosides specifically inhibit the Na+/K+ 

exchange pump not only in cardiac cells but also in skeletal 

and smooth muscle as well as in peripheral and central 

neurons. Another commenly used pathway for Na+-pump 

inhibition is the removal of external K+. External K+ 

physiologically activates the Na+-pump (c.f.Blaustein,1985).

In response to cardiac glycosides or K+-removal the 

intracellular Na+-concentration increases, and is accom-
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panied by K+-loss and depolarization of the membrane (Akera 

et al., 1977; Akera and Brody, 1978, 1985; Kim et al., 

1984). It has been suggested that inhibition of Na+-pump by 

cardiac glycosides somehow increases the internal Ca2+- 

concentration of cardiac muscle cells (Repke, 1964).

It is generally accepted that Na+-pump inhibition

enhances, whilst reactivation inhibits the release of

neurotransmitters from cholinergically and adrenergically 

innervated preparations (Vizi, 1972, 1977; Baker and

Crawford, 1975; Magyar et al., 1987; Török, 1989, c.f. Vizi, 

1978) . Fig. 3 shows that K+-removel from the external medium 

increased the low frequency (2Hz) nerve stimulation induced 

transmitter release from rabbit pulmonary artery.

Under steady-state conditions the internal free Ca2+- 

concentration is about 10_7M against a large concentration 

gradient, since the external Ca2+ is about 10_3M.

The Ca2+, which enters the cells during depolarization 

must eventually be extruded, thus the normal resting 

condition will be achieved. Ca2+-extrusion from the nerve 

terminals is mediated in part by the Na+/Ca2+ exchange 

mechanism (Reuter and Seitz, 1968; Baker et al., 1969); i.e. 

the internal Ca2+ is exchanged for external Na+. The Na+- 

electrochemical gradient is created by the Na+-pump 

(Blaustein and Ector, 1976). The other Ca2+-extruding 

mechanism is the ATP-driven Ca2+-pump (Schatzmann, 1973, 

1983; Di Polo and Beaugé, 1979; Caroni and Carafoli, 1980).

The Na+/Ca2+- exchange mechanism, which can also operate 

in reverse mode, i.e. internal Na+ is exchanged for external



16

Ca2+ (Baker et al., 1967a,b, 1969; Baker, 1970, 1972a,b;

Blaustein, 1974, 1977; Di Polo, 1974; Mullins, 1977) is also 

at least partly responsible for the excitation-contraction

coupling of heart muscle (Leblanc and Hume 1990).

During Na+-pump inhibition the internal Na+ concentra

tion increases which is accompanied by depolarization of the 

membrane (Baker, 1966; Rang and Ritchie 1968; Kerkut and

York 1971; Koketsu, 1971; Thomas, 1972; Vizi, 1972, 1977).

It is known that an increase of internal Na+ increases the 

influx of Ca2+ through the reversed Na+/Ca2 + -exchange and 

inhibits Ca2+ efflux, as the electrochemical gradient of 

external Na+ is running down (Blaustein, 1974, 1977;

Blaustein and Nelson, 1982).

Another process which provides a transmembrane movement 

of Ca2+ is the Ca2+-channel which is transiently activated

by depolarization.

The Na+/Ca2+-exchange, like the Na+-pump, is also

electrogenic and voltage sensitive (Blaustein, 1977; Baker 

and Allen, 1984; Baker and Di Polo, 1984). The stoichiometry 

of Na+/Ca2+-exhange is 3Na+:lCa2+ (Blaustein, 1977; Baker,

1986) .

Since the Na+/Ca2+-exchange is electrogenic, a small 

increase of internal Na+ (about 15 %) may lead to a

pronounced increase of internal Ca2+ (about 54 %; cf.

Blaustein and Hamlyn, 1983).

Another characteristic of Na+/Ca2+-exchange is its 

dependency on K+ (Allen and Baker, 1983; Baker and Di Polo, 

1984; Di Polo and Beaugé, 1984).
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External K+ activates the reverse Na+/Ca2+-exchange 

(internal Na+-dependent Ca2+-influx) and internal K+ is 

required for activation of normal Na+/Ca2+-exchange (external 

Na+-dependent Ca2+-efflux; Di Polo and Rojas, 1984) .

Thus, when the Na+-pump is reactivated, e.g. by 

readmission of K+ to Na+-loaded cells, the reverse Na+/Ca2+- 

exchange is possibly also transiently activated by the 

readmitted K+ (Török, 1989).

Further, as a result of Na+-pump reactivation, the K+ 

accumulated inside may have a stimulatory action on external 

Na+-dependent Ca2+-efflux.

The hyperpolarization, which is characteristic of Na+- 

pump reactivation (Rang and Ritchie, 1968; Thomas, 1972; 

Vizi, 1972, 1977) may inhibit the internal Na+-dependent

Ca2+-influx and activates the external Na+-dependent Ca2+- 

efflux (Baker and Di Polo, 1984). 

processes the release of neurotransmitters is transiently 

inhibited (c.f. Vizi et al. 1984; Fig.4).

Both processes can be inhibited by inorganic Ca2+- 

channel blockers such as La3+, Mn2+, Co2+ and Ni2+ but both

As a result of these

TTX and ouabain are without effect (c.f. Baker and Di Polo,

1984) .

Recently it has been shown that the excess K+-induced 

Ca2+-influx is also dependent on internal Na+ (reverse 

Na+/Ca

Requena et al., 1985; Baker and Di Polo, 1984; Allen and

2 + exchange; Requena, 1983; Mullins et al., 1983;

Baker, 1986a,b).
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2. THE AIM OF THE EXPERIMENTS

Since the MAO-B inhibitor 1-deprenyl inhibits both 

alpha-L- and alpha2-adrenoceptors, it appeared interesting to 

study the alpha2-adrenoceptor mediated transmitter releasing 

action of this compound under different experimental 

conditions which modify the release of NA in response to 

nerve stimulation. Namely, (i) after inhibition of Na+- 

channel by excess K+, (ii) excluding the Ca2+-influx through 

Ca2+-channels by using Ca2+-free solution, (iii) activation 

of Ca^-influx by slightly elevated external Ca2+ and (iv) 

inhibition of K+-efflux by a K+-channel blocker (4-AP).

Furthermore the NA-releasing action of a Na+-pump 

blocker NaN3 and the Ca-ionophor A-23187 was also 

investigated in the presence of external Ca2+. In these 

experiments the reactivated Na+-pump inhibited the

transmitter releasing action of these compounds.

Finally, we also studied the transmitter releasing 

action of different internal Ca2+-store releasing compounds 

(СССР, A-23187, veratrine) and the Na+/Ca2+ exchange 

inhibitor Mn2+ during inhibition and reactivation of Na+-pump 

under conditions when the influx of Ca2+ can be excluded

(Ca2+-free + ImM EGTA).

The obtained results may help us to understand more

about the "excitation-secretion coupling".
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3. METHODS

3.1. Rabbit pulmonary artery

The experiments have been carried out in isolated main 

pulmonary artery of the rabbit (Starke et al., 1974).

Rabbits of either sex (2-3 kg) were stunned by a blow on the

neck. The main pulmonary artery was dissected, opened 

longitudinally, fixed by two threads and placed into normal 

Krebs solution which contained the monoamine oxidase 

inhibitor pargyline (1.2xlO_4M) and was fully eguilibrated 

with a mixture of 5 % C02 and 95 % 02.

Table 1. shows the composition of normal and modified 

Krebs solutions used throughout. In Ca2+-free solution, CaCl2 

was omitted and ImM EGTA was added. When K+-free solution

was used KC1 (4.7 mM) and KH2P04 (1.2 mM) were omitted; KC1 

was not substituted, but KH2P04 was replaced by an equimolar 

concentration of NaH2P04. In these experiments double- 

distilled water was used for preparing the Krebs solution. 

When excess K+ (23.6 M, 4 times of normal) containing

solution was used, NaCl was replaced by an equimolar 

concentration of KCl. Excess Ca2+ (7.5 mM, 3 times of

normal) containing solution was prepared by simple addition 

of CaCl2 to the Krebs solution without ionic compensation.
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Table 1.: Composition of normal and modified Krebs solution used in 
experiments (mM). All of the solutions contained ascorbic 
acid (3xlO-4M), Na2EDTA (Зх10“5м), cocaine (3x10“5m) and 
corticosterone (5x10-5m).

Solutions
Normal (1) (2)Ions (3) (4) (5) (6)

+ 137.4 137.4 138.6Na 138.6 119.7 137.4
+ 5.9 5.9К 23.6 5.9

2 + 2.5Ca 2.5 2.5 7.5
2 + 1.2 1.2Mg 1.2 1.2 1.2 1.2

Cl 122.1 117.1 117.4 112.4 122.1 132.1

25.0 25.0HCO 25.0 25.0 25.0 25.03

H2TO4 

SO 2_

1.2 1.2 1.2 1.2 1.2 1.2

1.2 1.2 1.2 1.21.2 1.24
Glucose 11.5 11.5 11.5 11.5 11.5 11.5

EGTA 1.0 1.0

The normal and modified Krebs solutions were as follows: (1) Normal 
(2) Ca^+-free; (3) K+-free; (4) K+-Ca^+ free; (5) Excess K+ (23.6M 

4 times normal); (6) Excess Ca2 + (7.5 mM, 3 times normal).
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3.2. Measurement ofL3H]noradrenaline release

The method has been described by Borowski et al. 

(1977); Endo et al. (1977); Török et al. (1982, 1984) and 

Magyar et al. (1987); (see Fig.5.) Briefly, after the tissue 

had been palced in Krebs solution, 25 ul [3H]noradrenaline 

( [3H]NA) was added into the incubation bath (capacity: 1.5 

ml; final concentration of [3H]NA: 4.2-4.6xlO-7M) for 45 min 

(pargyline and the NA stabilizing agents ascorbic acid, 

3xlO“4M and disodium edetate Na2EDTA, 3xlO_5M) were present. 

The temperature of the Krebs solution was 37 °C. 

Subseguently, the artery was suspended in a superfusion 

organ bath (capacity: 2ml) between platinum electrodes fixed 

vertically on opposite sides of the tissue. The preparation

was connected to a 'strain-gauge' transducer under 1 g

tension and superfused with 800 ml of solution containing 

the neuronal-uptake blocker cocaine (3xl0-5M) instead of 

pargyline. The flow rate of the solution was 8 ml/min. At 

the end of the washing period corticosterone (5xlO-5M) was

also added to the medium for 30 min to block the

extraneuronal uptake of NA and the flow rate was reduced to 

4 ml/min. Tritiated metabolites of noradrenaline were not

(1977) have shown that indetermined, however Endo et al.

presence of cocaine and corticosterone 86 % ofthe

liberated NA is unmetabolized. On the basis of this 

assumption and knowing the specific activity of Г3H] NA, the 

release of labelled neuro-transmitter was calculated in

pmol/3 min according to the method of Endo et al. (1977).
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The perfusate was collected in 3 or 6 min samples. In 

order to release neurotransmitter the artery was stimulated 

by electrical square-wave pulses (2 Hz, 1 ms, 60 V) for 3 

min (360 pulses) using platinum wire electrodes (field 

stimulation). Tetrodotoxin (10“7M) abolished both the 

stimulation-evoked release of tritium and the muscle-

response, indicating the nervous origin of liberated NA 

(Starke et al., 1974; Török and Magyar 1986; Magyar et al., 

1986) . The stimulation-evoked release of [3H] NA was 

calculated by substraction of the resting outflow immediatly 

before stimulation from the release obtained during and up 

to 6 min after stimulation. Two control stimulation period 

(Sx, S2) were used and the drugs were added to the Krebs 

solution 18 min before the third stimulation period (S3). 

The effect of drugs was expressed as the ratio between the 

release of tritium ( [3H]NA in pmol) evoked by stimulation3 

and stimulation (S3/S2) .

At the end of the experiments the preparation was 

dissolved in 1 ml soluene (Packard) and the radioactivity of 

perfusate samples and tissues was determinated by a liquid 

scintillation counter (Beckman, LS-9000).

In most of the experiments the spontaneous outflow of 

[3H] NA was measured. The amount of liberated labelled

transmitter was calculated in pmol/6 min (non-metabolized 

percentage of [3H]NA: 65; Török et al., 1992).
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Composition of liquid scintillation solution

1000 ml toluene

500 ml Triton-x 100

5.0 g PPO

0.2 g POPOP

3.3. Stimulation technique

Square-wave pulses of 1 ms duration were delivered from 

a Grass S 44 stimulator. The pulses were monitored on an 

oscilloscope. Two platinum wire electrodes were used for

stimulation of nerves. The electrodes were fixed verically

on opposite sides of the tissue at the top and bottom of the

orqan bath. The distance between the tips of the electrodes

was 20 mm.

3.4. Tension measurements

The same preparation was used for measuring the outflow 

of radioactivity and isometric tension. The pulmonary artery 

was opened longitudinally and was mounted under 1 g tension 

and the stimulation-evoked contractions were measured with

a 'strain-gauge' transducer and recorded on a Servogor pen

recorder.

3.5. Statistic

Mean + S.E.M. are given. Significance of differences (P)

calculated by Student's t-test. n, number ofwere

experiments.
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4. RESULTS

4.1. Transmitter releasing action of selegiline ((-)

deprenvl) from peripheral sympathetic nerves under

different experimental conditions

Selegiline ((-)-deprenyl-methylpropargyl-amine HC1) is 

a blocker of the В form of the monoamine oxidase enzyme

(Knoll and Magyar 1972; Yang and Neff 1974). It strongly 

inhibits both the pharmacological action of tyramine (Knoll

and Magyar 1972) and the dopamine uptake in striatum 

(Härsing et al., 1979).

Selegiline is widely used as an adjunct of L-dopa in

the treatment of Parkinson's disease.

Previously it was shown that high concentration of 

selegiline (10-4M) exerts an alpha2-alpha1 adrenoceptor 

inhibitory action (Török et al., 1984). 

presynaptic mediatedThe alpha2-adrenoceptor 

transmitter releasing action of (-)-deprenyl was inhibited

by 1-NA, an agonist of alpha2-adrenoceptor. The 1-NA caused 

inhibition was partly antagonized by yohimbine, a 

preferential alpha2-adrenoceptor blocker (Török et al., 

1984) .
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4.1.1. The inhibitory action of excess potassium on

selegiline potentiated [3H1 noradrenaline release

In normal external ionic environments selegiline 10-4M, 

significantly potentiated the nerve-stimulation-evoked[3H]NA 

release and inhibited the postsynaptic response (Fig. 6).

[3H]NA was 2.66±0.06The ratio of nerve-evoked release of

(n=10; P< 0.001; Table 2).

Lorenz and Vanhoutte (1975) have suggested that a 

moderate increase of external K+ (10-20 mM) inhibits the

noradrenergic neurotransmission.

Blaustein et al., (1972) have found that K+ up to 15-20 

mM does not cause Ca2+ accumulation by synaptosomes and

transmitter release. In the main pulmonary artery of the 

rabbit, excess K+ (23.6 mM, 4 times of normal) did not 

enhance the ouflow of radioactivity but contracted the 

muscle (Fig. 6). On the other hand the nerve-evoked release 

of [3H] NA was abolished in 23.6 mM K+ containing solution 

(S3/S2 ratio: 0.09+0.4; n=4; p < 0.001; Fig. 6). When

selegiline (10-4M) and excess K+ were perfused together, the 

transmitter releasing action of selegiline was totally 

inhibited (ratio: 0.08+0.04; p<0.001; Fig. 6; Table 2).
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зTable 2.: [ H]NA releasing action of selegiline in the presence of
-5 -5cocaine (3x10 M) and corticosterone (5x10 M)

Ratio of nerve 
stimulation evoked 

[3h]NA release
Treatment Significance

P

1. Control

2. Seligiline, 10

3. 23.6 шМК

0.97 + 0.01 (6)

2/l< 0.0012.66 + 0.06 (10)
+

3/l< 0.001(4)0.09 + 0.04
+

4/2<0.001 
4/3> 0.9

0.08 + 0.04 (4)4. 23.6 mM К + _4
selegiline, 10

5. 7.5 mM Ca2 + (4) 5/l< 0.0011.79 + 0.06
2+ 6/2 < 0.001 

6/5< 0.001
3.64 + 0.14 (4)6. 7.5 mM Ca + _4 

selegiline, 10 M
2+ 7/l< 0.0017. Ca -free + lmM EGTA (4)-0.11 + 0.04
2 + 8/2< 0.001 

8/'7> 0.6
8. Ca -free + lmM EGTA + 

selegiline, 10“^M
(4)-0.09 + 0.01

-5
9. 4-Aminopyridine, 10 M

10_5M +

9/l<0.0012.67 + 0.18 (4)

10/2<0.001
10/9<0.01

10.4-Amincpyridine, ^ 
selegiline, KT^M

(4)4.70 + 0.44

Stimulation parameters: 2lz, 1ms, 60 V for 3 min (360 pulses) . Ratio 

of nerve stimulation-evoked release was calculated as described by 

Endo et al (1977). Drugs were added to the Krebs solution 18 min 

before stimulation^ (S^) . Ions were also added to, or removed from, 
the Krebs solution 18 min before S^.
Mean + S.E.M. Number of experiments in parentheses.
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4.1.2. i3H]noradrenaline releasing action of selegiline in

excess calcium containing solution

Kirpekar and Misu (1967) have shown that excess Ca2 +

(7.5 mM) potentiates the release of NA from the perfused cat

spleen in response to nerve stimulation. Using a higher 

concentration of Ca2+ (20 mM) , however, NA release was 

decreased (Kirpekar et al., 1972). This suggests that not 

only depolarization but internal Ca2+ also inactivates Ca2+-

channels.

In our experiments excess Ca2+ (7.5 mM, 3 times of 

normal) potentiated both the nerve-evoked release of [3H1NA 

and the postsynaptic response (Fig. 7). The stimulation- 

evoked release ratio proved to be 1.79+0.06 (n=4; P<0.001). 

This value further increased if selegiline (10~4 M) was also 

present in the perfusion medium (ratio; 3.64+0.14; n=4; 

p< 0.001; Fig.7; Table 2). From Fig. 7 it also can be seen 

that the selegiline induced inhibition of the postsynaptic 

response was partly antagonized by excess Ca2+.
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4.1.3. The lack of transmitter releasing action of

selegiline in calcium-free solution

In Ca2+-free, 1 mM EGTA containing solution, where the 

external Ca2+ concentration should be reduced to about 10-9M

(Hubbard et al. 1968; Miledi and Thies 1971) and the 

electrochemical gradient of Ca2+ is presumably reversed 

(Lev-Tov and Rahamimoff 1980) , both the pre- and 

postsynaptic events were abolished in response to nerve- 

stimulation confirming the "Ca2+-hypothesis" (Fig. 8) . The 

ratio of nerve-evoked release of [3H]NA was -0.11+0.04 (n=4; 

p<0.001; Table 2). In Ca2+-free solution, selegiline (10_4M) 

was ineffective in producing transmitter release (ratio : 

-0.09+0.01; n=4; p<0.001; Fig. 8), indicating the key role 

of Ca2+ in the presynaptic action of selegiline.

[3H]noradrenaline releasing action of selegiline4.1.4.

in the presence of a potassium-channel blocker

It has been shown that 4-aminopyridine (4-AP) blocks 

voltage-dependent K+-channels (Yeh et al., 1976) and 

potentiates both cholinergic (Vizi et al., 1977; Illés and 

Thesleff 1978) and noradrenergic (Johns et al., 1976)

transmission.
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In our experiments, 10-5M 4-AP significantly increased 

the release of [3H] NA from the arteries (ratio 2.67+0.18; 

n=4; p < 0.001; Fig. 9), and potentiated the postsynaptic 

response. When selegiline (10-4M) was also present together 

with 4-AP in the perfusion solution, the release of [3H]NA 

was further increased (ratio: 4.70+0.44; n=4; p<0.01; Table 

2) . Furthermore, 4-AP was also effective in antagonizing the 

characteristic inhibitory action of selegiline on the 

postsynaptic contraction (Fig. 9).

4.2. Sodium-azide-evoked noradrenaline release from

pulmonary artery

Hodgkin and Keynes (1955) have shown first that sodium- 

azide (NaN3) inhibits the 24Na-efflux from giant axons of 

Sepia and Loligo by a reversible manner without affecting 

the Na+-influx. In motor nerve terminals Elmqvist and 

Feldman (1965) found that NaN3 increases the acetylcholine 

(ACh) release after an "initial delay".

On the other hand Horowicz et al. (1962) and Horowicz 

and Gerber (1965) have found that azide increases the Na+- 

efflux from striated muscle cells and depolarizes the 

membrane at the same time. The Na+-efflux increasing action 

of azide was abolished by ouabain application (Horovicz and 

Gerber, 1965). Beaugé and Sjodin (1976) also measured the 

Na+-efflux from skeletal muscle cells and found a transient

increase in response to azide independent whether or not 

external K+ was present. The Na+-efflux disappeared in low
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Na+ solution and was the type inhibitable by ouabain. They 

showed that the ouabain-sensitive K+-influx was also 

inhibited by azide but not the ability of K+ to activate the 

Na+-pump. Beaugé and Sjodin (1976) have concluded that azide 

promotes an ouabain-sensitive Na+/Na+-exchange in Na+-loaded 

muscles without a net Na+-efflux from the cells.

Erlij and Grinstein (1976) found an increase of f3H] 

ouabain binding to frog sartorius muscle in response to 

azide, suggesting an increase of the number of Na+-pumping 

sites. They also showed that azide, like Na+-loading, 

increased the turnover rate of the Na+-pump.

We have investigated the action of sodium-azide on 

spontaneous noradrenaline release from rabbit pulmonary 

arteries.

4.2.1. The action of sodium-azide in normal external ionic

environments

In pulmonary arteries sodium azide (NaN3, 2mM) had an 

opposite action on spontaneous transmitter outflow and 

muscle tone, i.e. it moderately increased the outflow of 

[3H] NA and relaxed the muscle (Fig. 10, Table 3). The 

transmitter releasing action of azide immediately developed 

and proved to be reversible, since on its removal (after 120 

min perfusion) the outflow of NA returned to the control

level (Fig. 10).
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4.2.2. Transmitter releasing action of "K+-free solution"

and the action of ouabain

It is known that the inhibition of the Na+-pump either 

by cardiac glycosides or by removal of K+ from the external 

medium increases the release of neurotransmitter from

presynaptic nerve terminals even in the absence of external

calcium (Elmqvist and Feldman, 1965; Paton et al., 1971;

Vizi, 1972; Baker and Crawford, 1975; Nakazato et al., 1978;

Palaty, 1981; Powis, 1983; Török et al., 1984; Török and

Magyar, 1986).

In our experiments K+-removal from the external medium 

increased the spontaneous release of [3H]NA from pulmonary 

arteries (Fig. 11, Table 3) as expected from the Na+-pump 

inhibition. The release of NA was accompanied by an 

elevation of muscle tone (Fig. 11). After 120 min "K+-free" 

perfusion the Na+-pump was reactivated by readmission of K+ 

(5.9 mM) to the external medium. The transmitter release 

quickly returned to the control level (Fig. 11, Table 3) and 

the rate of fall was much faster than the rate of rise 

suggesting an enhanced turnover rate of Na+-pump. The 

termination of transmitter release was followed by

relaxation of the muscle (Fig. 11).

In another series of experiments the action of ouabain 

(10_4M) was studied. In response to ouabain, the release of 

[3H]NA markedly increased after an "initial delay" (about 30 

min; Fig. 12) . The release of NA was accompanied by contrac-
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tion of the muscle. Although the contraction was maintained, 

the release of labelled NA decreased in spite of the con

tinuous presence of ouabain (Fig. 12).

4.2.3. Transmitter releasing action of azide in К +-free"

solution and the action of ouabain

In Na+-pump inhibited nerves ("K+-free" perfusion for 

120 min), NaN3 (2 mM; 60 min perfusion) further increased 

the release of [3H] NA and relaxed the muscle just like in 

normal solution (Fig. 13). The transmitter releasing action 

of azide was more pronounced in the aosence than in the 

presence of external K+ (see Table 3). Figure 13 also shows 

that in the absence of external K+ and in the presence of 

azide, the applied ouabain (10-4M; 60 min) immediately 

further enhanced the release of NA without the "initial long 

delay" (compare with Fig. 12) , but practically failed to 

produce contraction.

4.2.4. Reactivation of Na+-pump caused inhibition of 

azide-evoked transmitter release

In arteries, the reactivated Na+-pump abolished the 

transmitter releasing action of NaN3. First the nerves were 

loaded with Na+ by removal of K+ from the external medium
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(120 min "K+-free" perfusion). In the absence of K+, NaN3 

60 min perfusion) further increased the release of 

[3H] NA. The subsequently readmitted K+ (5.9 mM) , in the

(2 mM;

presence of azide, terminated the transmitter release (Fig. 

14, Table 3) and the rate of fall of transmitter release was 

again much faster than the rate of rise, similarly to that 

found when the Na+-pump was reactivated in the absence of 

azide (compare with Fig. 11) . This suggests that azide 

cannot prevent the binding of K+ to the "external activation 

site" of Na+-pump. Figure 14 also shows that the muscle 

slightly further relaxed when K+ was readmitted in the 

presence of azide.
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3Table 3.: The action of sodium-azide on [ H]NA release during in
hibition and reactivation of Na+-pump

3I H]NA release 

(Apmol/6min)x n
significanceTreatment

P

1. 2 mM NaN3

2. "K+-free"

0.30 + 0.08 (7) p > 0.15

1.53 + 0.25 (8) p < 0.001
-43. 10 M ouabain 19.14 + 2.13 (8) p < 0.001

1.80 + 0.444. 2 mM NaN^ in 

"K+-free" sol.
(8) p < 0.025

-4 24.26 + 6.86 (4)5. 10 M ouabain in 2 mM NaN^ 

cont. "K+-free" sol.
p < 0.001

6. readm. of 5.9 mM 

K+ (30 min)

7. readm. of 5.9 mM K+ in 

the presence of 2 mM 

NalSL (30 min)

(4) p < 0.001- 1.29 + 0.21

- 2.68 + 0.56 (4) p < 0.01

3

X Peak release minus the last resting output obtained before

treatment.
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4.3. A—23187 evoked transmitter release and its inhibition

by reactivation of sodium-pump

A-23187 is a lipid soluble carboxylic acid antibiotic 

which specifically forms complexes with Ca2+ and Mg2+ and 

transports these divalent cations across a variety of

membranes (Reed and Lardy, 1972). A-23187 enhances both the 

influx and efflux of 45Ca (Holland et al., 1978) and 

increases the internal Ca2+-concentration by causing Ca2+- 

influx and Ca2+-release from intracellular binding sites 

(Hainaut and Desmedt, 1974; Holland et al., 1978). This 

compound apparently does not affect the Na+/Ca2+-exchange but 

increases the Ca2 + /Ca2+-exchange mechanism (Desmedt and 

Hainaut, 1976, 1979). A-23187 also activates the

"excitation-secretion coupling" in a variety of cells

(Pressman, 1976), producing catecholamine secretion from

adrenal glands (Cochrane et al., 1975; Knight and Baker,

1983) and NA release from sympathetic nerves in the absence 

of external Ca2+ (Török et al., 1984).

Using "pinched-off nerve terminals" (synaptosomes),

Blaustein et al. (1980) have presented evidence that the 

"non-mitochondrial" Ca2+ can be released by Ca2+-ionophore.

In squid axons and presynaptic nerve terminals most of the 

internal calcium is bound to the smooth endoplasmic 

reticulum (Brinley Jr. 1980; Blaustein et al., 1980).

In the isolated main pulmonary artery of the rabbit we 

have studied the NA-releasing action of A-23187 during Na+- 

pump reactivation, since the reactivated Na+-pump reestab-
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lishes the Na+-gradient of both the plasma and internal 

store membranes, thereby decreasing the internal free Ca2+- 

concentration. A-23187 does the opposite, i.e. increases the 

influx of Ca2+ and releases Ca2+ from the endoplasmic

reticulum.

[3H3 NA releasing action of A-23187 in the presence

and absence of external potassium

4.3.1.

(3xlO_7-3xlO“5M) 

increased the release of[3H]NA by a concentration dependent

In normal Krebs solution A-23187

manner.

Fig. 15 shows that A-23187 (3xlO_6M; EC50) significantly 

increased the labelled NA release from the arteries. The 

peak release developed after 78 min of ionophore perfusion, 

then decreased but it was still pronounced after 3 h 

exposure to A-23187.

In another series of experiments the transmitter 

releasing action of Ca2+-ionophore was studied during Na+- 

pump inhibition. The Na+-pump was inhibited by removal of K+

The t3H]

(Fig.16), as expected from the depolarization-evoked Ca2+- 

influx and/or the reversed Na+/Ca2+-exchange mechanism. In 

'K+-free' solution A-23187 (3xlO-6M) further increased the 

release of[3H]NA (Fig. 16, Table 4).

release increasedfrom the external medium.
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The action of A-23187 (3x10 ^M) on [^H]NA release in 

normal external ionic environments and during in
hibition and reactivation of sodium-pump

Table 4.:

[^H]NA release 

(Дpmol/6min) n
significance

Treatment P

1. 3x10 A-23187 in normal
Krebs solution

2. 3xlO-6M A-23187 in 'K+-free' 
solution

3. readmission of K+ (5.9mM) in 
the presence of 3xlO_^M 
A-23187

4. readmissicn of K+ (5.9 mM) 
in the presence of 3x10-6m 
A-23187 and excess Ca2+
(7.5 mM)

+7.54 + 1.72 (6) PCO.OOI

+3.48 + 0.64 (6) p <0.01

(5)-2.10 + 0.36 p <0.02

(6)-0.44 + 0.95 P<0.5

x 3[ H]NA outflow minus the last resting output obtained before

treatment
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52

4.3.2. Inhibition of A-23187 evoked NA release by 

reactivation of Na+-pumo

It is known that the reactivated Na+-pump terminates 

the transmitter release in cholinergic (Baker and Crawford, 

1975; Vizi, 1977) and noradrenergic (Vizi, 1977) nerve 

terminals through the reestablishment of the Na+-gradient of 

both plasma and internal stores membranes (cf. Baker and

Crawford, 1975; Török, 1989).

Fig. 17a shows that after 120 min of "K+-free" 

perfusion the readmitted K+ (5.9 mM) abolished the [3H] NA

release. The rate of fall of transmitter release was much 

faster than the rate of rise. The reactivated Na+-pump 

significantly inhibited the NA-releasing action of Ca2+- 

ionophore (Fig. 17b). First the Na+-pump was inhibited ("K+- 

free" perfusion), and 12 min before K+-readmission A-23187 

(3xlO-6M) further increased the labelled NA release in "K+- 

free" solution. In the presence of Ca2 + -ionophore, the 

readmitted K+ (after 120 min Na+-loading) significantly 

inhibited the transmitter releasing action of A-23187 (Fig.

17b, Table 4).
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4.3.3. The failure of Na+-pump reactivation caused inhibi

tion of A-23187 evoked transmitter release in the

presence of excess Ca2+

Previously it has been shown that excess Ca2+ (7.5 mM; 

3 times of normal) decreases the Na+-pump inhibition evoked 

transmitter release from rabbit pulmonary arteries either in 

response to K+-removal (Török et al., 1984) or addition of 

ouabain (10-4M; Magyar et al., 1986), but does not affect 

the resting outflow of [3H] (Magyar et al., 1986).

Figure 18 shows that in "K+-free" solution, where the 

[3H] NA release had already been increased, a combined 

application of A-23187 (3xlO-6M) and excess Ca2+ (7.5 mM) 

further increased the transmitter release. Later (12 min), 

the readmitted K+ was ineffective in inhibiting the 

transmitter releasing action of Ca2+-ionophore (Fig. 18, 

Table 4), even the release of [3H]further increased after a 

transient slight decrease.

4.4. The role of internal calcium-stores in the termination

of noradrenaline release during sodium-pump reactiva

tion

Stimulation of neurotransmitter release by Na+-pump 

inhibition in Ca2+-free solution seems to be the result of 

Na+-gain caused calcium-release from internal stores (Baker
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56

and Crawford, 1975; Carafoli and Crompton, 1978; Baker and

Di Polo, 1984; Schoffelmeer and Mulder, 1983; Török and

Magyar, 1986; Magyar et al., 1987). The internal stores are 

thought to be the mitochondria and the smooth endoplasmic

reticulum (Baker, 1976, 1978; Baker and Schlaepfer, 1978;

Blaustein, 1979; Blaustein et al., 1978, 1980; Me Graw et

1980; Brinley, 1980). The Na+-caused Ca2+-release was 

proved for the mitochondria (Carafoli and Crompton, 1978,

al. ,

see Fig. 19).

Previously it has been shown that in the absence of 

external Ca2+ the transmitter releasing action of the 

cardiac glycoside ouabain depends on the amount of Ca2+

stored in the internal compartments (Török and Magyar, 

1986) . Furthermore, it was also suggested, that in Na+- 

loaded nerves an external Na+-dependent Ca2+-extrusion still 

exists like in motor nerve terminals (Baker and Crawford, 

1975). This latter was evidenced by the finding that Mn2+, 

a well kuown inhibitor of Na+/Ca2+-exchange enhanced NA- 

release in Na+-loaded nerves under reversed Ca2+-gradient

(Török et al, 1992) .

4.4.1. Transmitter release in response to removal and

readmission of potassium in the presence and

absence of external calcium

K+-removal from external medium significantly increased 

the(3H]NA release from arteries (Fig. 20a). After 180 min 

Na+-loading, 5.9 mM K+ was readmitted, in order to reac-
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tivate the Na+-pump. In response to K+-readmission the[3H]NA

release decreased from 2.22+0.33 to 0.45+0.05 pmol/6 min (30 

min; A pmol/б min: -1.77+0.27; p < 0.001). The rate of 

recovery was faster than the rate of rise. A similar 

observation was obtained after 120 mins Na+-loading (see 

Tables 3,4).

In Ca2 + -free, 1 mM EGTA-containing solution the [3H]NA

outflow did not change significantly (Fig. 20b). In the 

absence of external Ca2+, K+-removal increasded the [3H] NA

release from 0.43+0.02 to 1.85+0.26 pmol/6 min (p < 0.01; 

Fig. 2 0b). When 5.9 mM K+ was readmitted to the 

preparations, which had been kept in "K+-free" solution for 

18o min, the[3H]NA release decreased to 0.56+0.06 pmol/6 min 

(30 min; p< 0.01; A pmol/6 min: -1.29+0.21; Table 5). The 

rate of recovery was again much faster than the rate of rise

(Fig. 20b).

4.4.2. Transmitter releasing action of calcium-store

releasers in calcium-free solution during

inhibition and reactivation of sodium-pump

The "non-mitochondrial" Ca2+ is sensitive to the Ca2+

ionophore A-23187 (c.f. Blaustein et al., 1980). In the

absence of external Ca2+ and K+ A-23187 (3xlO_6M) and the

mitochondrial uncoupler carbonyl cyanide m-chlorophenyl
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Table 5. : The effect of sodium-pump inhibition and reactivation of
[2H]NA release obtained in the presence and absence of Ca2+- 

store releasing agents and in Ca2+-free, 1 mM EGTA containing 

solution

[2H]NA releastp 
Д p mol/6 min'

significance total amount of 
released[^H]NA 
(pmol/120 min)

Treatment P
n

1. 5.9 mM K+-readmission 
(30 min)

2. 10"5M СССР + 3xlO-6M 
A-23187 in "K+-free" 
solution for 60 min

3. 10_5M СССР + ЗхЮ“бМ 
A-23187 in "K+-free" 
solution for 30 min, 
then 5.9 mM K+ 
readmitted in the 
presence of СССР and 
A-23187 (30 min)

4. 10_5M СССР + 3xlO_6M 
A-23187 + 10-4 g/ml 
veratrine in "K+-free" 
solution for 60 min

5. 10-5M СССР + Зх10-бМ 
A-23187 + IO"4 g/ml 
veratrine in "K+-free" 
solution for ^0 min, 
then 5.9 mM К was re
admitted in the presence 
of СССР, A-23187 and 
veratrine (30 min)

-1.29+0.21 (4)

3.86+0.42 (4) 88.63+11.83

0.47+0.11 (4) 3/2 pCO.001 49.31+ 4.86

was

4.31+0.68 (5) 96.30+11.37

3.88Ю.51 (5) 5/4 p>0.6 87.56+ 9.28

x. 3[ H]NA outflow minus the last output obtained before treatment.

(n)= number of experiments
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hydrazone (СССР, 10-5M) further enhanced the release of [3H] 

NA (Fig. 21a). The peak release developed after 42 min of 

СССР plus A-2 3187 application and amounted to 5.86+0.70 

pmol/6 min (Д pmol/6 min; 4.54+0.57; n=4). Later on, the

transmitter release slightly decreased in spite of the 

presence of СССР and A-23187 (after 30 min the 3H NA release 

was 4.67+0.55 pmol/6 min; p>0.2). Readmission of K+ (5.9 

mM) abolished the [3H] NA releasing action of Ca 

releasers (Fig. 21b; Table 5). First the preparations were 

perfused with "K+-free" solution for 150 min (Ca2+ was not 

present). Addition of СССР (10_5M) and A-23187 (3xlO_6M)

further increased the release of [3H] NA from 1.2 6+0.18 to 

4.88 + 0.43 pm ol/6 min (3o min n=4; p<0.001). K+-readmission 

terminated the transmitter releasing action of CCCP+A-23187. 

The [3H]NA release decreased to 1.73+0.18 pmol/6 min; 

p < 0.001 (30 min; Fig. 21b). K+-readmission was also

effective in abolishing the release of [3H]NA when СССР and 

A-23187 were added separately for 30 min in K+-free solution 

(СССР; -3.62+0.52 Apmol/6 min, 30 min, n=4 , p<0.01; 

A-23187; -1.85+0.13 Д pmol/6 min, 30 min, n=4 , p<0.01).

2+-store

4.4.3. The failure of an inhibitory action of potassium-

readmission on transmitter release in the presence

of veratrine

In another series of experiments veratrine (10 4 g/ml) 

was added together with СССР and A-23187. After 150 min Na+-
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loading ("K+-free" solution) veratrine (1СГ4 g/ml) was 

perfused together with Ca2+-store releasers (CCCP+A-23187). 

The [3H] NA release increased from 1.42+0.19 to 7.22+1.08 

pmol/6 min (n=5; p< 0.001; Fig. 22a). The peak release 

developed at 3 6 min. The rate of [3H]NA release was higher 

(5.79+0.89Äpmol/6 min) than that found in the presence of 

CCCP+A-23187 (4.54+0.57Äpmol/6 min), however the difference 

was not significant (p>0.3). Subsequently the[3H]NA release 

slightly decreased to 5.29+0.77 pmol/6 min (30 min; p>0.1; 

Fig. 22a) . Under these conditions the readmitted K+ failed 

to inhibit the neurotransmitter release (Fig. 22b). After 30 

min of K+-readmission the [3H]NA release had decreased from 

6.02+0.67 to 4.80+0.57 pmol/6 min (n=5; p>0.2). It should 

be mentioned, however that veratrine by itself was effective 

in antagonizing the termination of NA release when the Na+- 

pump was reactivated; i.e. in the presence of veratrine, the 

transmitter release was even slightly increased (from 

3.8 0+0.3 9 to 4.12+0.39 pmol/6 min; 3 0 min; n=4; p>0.5).

4.5. Internal sodium-dependent action of sodium-calcium

exchange inhibitor manganese on neurotransmitter

release

Manganese (Mn2 + ) , a first series transition metal, has 

several effects on cell membrane ion transports. Externally 

it inhibits both the Ca2+ channel (Hagiwara and Nakajima,

1966; Kerkut and Gardner, 1967; Baker et al., 1971; Baker

and Reuter, 1975; Hagiwara and Byerly, 1981; Edwards, 1982;
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Requena, et al., 1985; Penner and Dreyer, 1986) and Na+/Ca2+ 

exchange (Baker, 1972a; Reuter, 1973; Russell and Blaustein, 

1974; Blaustein and Ector, 1976; Blaustein, 1977; Deitmer 

and Ellis, 1978; Trosper and Philipson, 1983; Baker and

DiPolo, 1984; Mullins et al., 1985; Requena et al., 1985). 

Therefore it is not surprising that Mn2+ inhibits the evoked

release of neurotransmitters from presynaptic nerve

terminals (Katz and Miledi, 1969; Meiri and Rahamimoff, 

1972; Balnave and Gage, 1973). External Mn2+ can also 

substitute for Ca2+ by decreasing the specific [3H]ouabain 

binding to Na+, K+-ATPase (Hagane et al., 1989), and 

blocking the [Ca2 + ] ^activated K+ current by inhibiting Ca2 + 

entry (Mailart, 1985). Internally, however, Mn2+ stimulates 

the Na+, K+-ATPase at the concentration range of 10_5-10_4M,

and is capable of antagonizing the vanadate-caused in

hibition of Na+/K+ exchange pump (Wu and Phillis, 1979). 

Furthermore, Mn2+ can also substitute for Mg 

Na+, K+-ATPase (Campos and Beaugé, 1988).

Apart from its inhibitory effect on transmitter release, 

it has also been shown that Mn2+ increases the spontaneous 

acetylcholine (ACh) release from motor nerve terminals 

(Kajimoto and Kirpekar, 1972; Balnave and Gage, 1973; Kita

2 + in activating

et al., 1981) and cardiac parasympathetic nerves (Bechern et 

al., 1981). Mn2+ is also able to release Ca2+ from internal

stores (Baker, 1972a; Alnaes and Rahamimoff, 1975; Baker and

1980), and likeSchlaepfer, 1978; Blaustein et al., 1978,

Ca2+, is buffered by the mitochondria and smooth endoplasmic

reticulum (Rasgado-Flores et al., 1987).
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In addition there is evidence that Mn2+ passes through 

the Ca2+-channels (Hagiwara and Miyazaki, 1977; Fukuda and 

Kawa, 1977; Kita et al. 1981; Bechern et al., 1981), and can 

partly substitute for Ca2+ in the exocytotic release of 

dopamine from K+-depolarized rat brain synaptosomes (Drapeau 

and Nachshen, 1984). These latter authors showed that 

although Mn2+ binds to the Ca2+ channel more easily than 

Ca2+, it has lower mobility as evidence by its much smaller

influx rate. Further, Haworth et al. (1989) have shown in

isolated rat heart cells that low frequency of stimulation

54Mn2 + uptake, which was inhibited by organicincreased the

Ca2+ channel blockers.

4.5.1. The inhibitory action of manganese on nerve

stimulation-induced [3H1 noradrenaline release in

normal external ionic environment

In the presence of external Ca2+ (2.5 mM), Mn2+ (2 mM) 

significantly inhibited both the presynaptic release of 

[3H]NA and the contraction of circular muscle in response to

field stimulation (Fig.23a). These effects are consistent 

with the well-known inhibitory action of Mn2+ on voltage

gated Ca2+ channels and/or Na+/Ca2+ exchange. In the presence 

of Mn2+ the ratio of nerve stimulation-evoked release of 

[3H] NA decreased from 0.97+0.01 (n=6) to 0.20+0.05 (n= 9

percentage inhibition, 79.4; p< 0.001).
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In Ca2+-free (+ 1 шМ EGTA) solution both the presynaptic 

release of [3H] NA and the postsynaptic response to field 

stimulation were abolished, confirming the 'calcium 

hypothesis', and 2 mM Mn2+ (free Mn2+, 1 mM) , was ineffective 

in releasing neurotransmitter (Fig.23b).

4.5.2. Manganese-induced release of[3H1 noradrenaline in

calcium-free solution is dependent on sodium loading

In Ca2+-free ( + 1 mM EGTA) solution (60 min pre

perfusion) , external K+ was removed for different periods 

(30, 60 and 120 min) in order to inhibit the Na+-K+ exchange 

pump and thereby load the nerves with Na+. In Ca2+, 'K+-free' 

solution, Mn2+ (2mM; free Mn2+, 1 mM) increased release of 

t3H]according to the preceding perfusion periods with 'K+- 

free' solution (Fig. 24 Table 6) . The total amount of 

released transmitter in response to Mn2+ also correlated 

positively with the Na+-loading periods (Fig. 25).

After 60 and 120 min 'K+-free' perfusion the Mn2+- 

induced release of t3H]NA showed a transient character (Fig.

(2.5 mM) was readmitted to 

'K+-free' solution in the presence of Mn2+. [3H] release 

increased transiently (Fig. 24). Similar results were 

obtained if ouabain (10_4M) was used for Na+ loading in Ca2+- 

free solution (not shown).

2 +24b and c). Subsequently, Ca
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3
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of 3H.

2 + 2 +(free Mn“ , 1 mM) in Ca
2 +-free medium (60 min pre-perfusion) K+ re-

2+ after 30 min "K+-free" perfusion significantly increased the release
2 +Re introduction of Ca 

3H in the presence of Mn3 + 

shown by vertical lines. B, as in A, except that 60 min "K+-free"

60 min later further increased the release of
experiments 

perfusion 

enhanced
readmitted 60 min later. Means 

+S.E.M. of five identical experiments shown by vertical lines. C, as in A and 

B, except 120 min "K+-free" perfusion was used in Ca
markedly increased the release of 3H. After 60 min the readmitted Ca3 + 

duced a transient increase of H release. Note, that at the end of "K+-free " 
perfusion the release of H started to increase in Ca

identical. Means + S.E.M. of five

2 + 2 +-free, EGTA solution. After 60 min Na+ loading Mnwas used in Ca
3 2+release of H (compare ordinates), as did Ca

2 + 2+free solution. Mn
pro-

free solution. Means+
S.E.M. of five identical experiments are given.
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2 + 2+ 3, 1 шМ) on t Щ noradrenaline 

-free, 1 шМ EGTA solution after inhibition and reactivation
Table 6: The effect of Mn 

release in Ca 

of the Na+-pump

(2 mM; free Mn
2+

t^HJNA release
(Apmol (6 min)“l)X

significance total amount of 
released [~^H]NA 
(pmol (30 min)

Treatment P -1

2+2 mM Mn.
'K+-free' perfusion

after 30 min 3.5+ 0.4 (5) PC0.001 15.3+ 1.9

2+2 mM Mn 
'K+-free' perfusion

13.6+ 3.2 (5)after 60 min PC0.01 58.1+10.8

2 +2 mM Mn after 120 min 
'K+-free' perfusion

35.5+ 6.4 (5) PC0.001 119.1+19.8

2 + . + in lcw-Na "65.1+10.3 (6) 
/53.2+ 6.9 (6)

2 mM Mn 
(26.2 mM) solution 
after 120 min 'K+-free'

180.3+27.5
167.4+15.1

P^O.OOl 
P <$0.001

perfusion4-

2 +2 mM Mn 
sion of K+ to 'K+-free' 
solution

after readmis- 0.1+ 0.2 (5) P> 0.60
++

x Peak release minus the last resting output obtained before treatment. 

During 'К -free' perfusion normal Na 

++5.9 mM K+ was readmitted for 30 nun after 90 min 'K+-free' perfusion. 

113 mM choline4-.

+ (139.2 mM) was present.

/ 226 mM sucrose.
Means + S.E.M. are given with number of experiments in parentheses.

concentration was 1 mM.2+In all cases the free Mn
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Without Na+ loading, i.e. 120 min perfusion with Ca2+- 

free, 1 mM EGTA-containing solution, Mn2+ (2 mM; free Mn2 + , 

1 mM) failed to produce transmitter release from arteries 

(Fig. 26a) even if a much longer Ca2+ perfusion period (300 

min) was used (Fig. 26b).

The voltage-sensitive Na+ channel blocker tetrodotoxin 

(TTX, 10-7M) slightly inhibited the Mn2+-evoked release of 

[3H]NA from Na+-loaded nerves (120 min 'K+-free' perfusion; 

not shown). TTX was present throughout. In the presence of 

TTX the [3H] NA release decreased from 35.5+6.4 (n=5) to 

27.1+6.2 pmol (6 min)-1 (n=4). However, the difference was 

not significant (p>0.30; percentage inhibition, 23.7).

4.5.3. [3H1noradrenaline release from sodium-loaded

arteries is dependent on manganese concentration

In another series of experiments, there was constant, 

120 min 'K+-free' perfusion in Ca2+-free, EGTA solution and 

the Mn2+ concentration varied (total Mn 

free Mn2+, 0.2,

2 + , 1.2, 1.6, 2.0 mM; 

0.6, 1 mM) . The release oft3H] NA increased 

and it was directly proportional to the Mn2+ concentration

used (Fig.27).

4.5.4. [3H]noradrenaline release evoked by manganese from

sodium-loaded nerves in low external sodium-contain

ing medium

In these experiments 120 min 'K+-free' perfusion was 

used after removal of Ca2+ from the external medium. After
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Na+ loading, 2 mM Mn2+ (free Mn2+, 1 шМ) was added to the 

Krebs solution but at the same time external Na+ was reduced 

from 139.2 to 26.2 mM (choline+ (Fig. 28a) or sucrose

(Fig.28b) substitution) and therefore the Na+ gradient was

In both cases the release of [3H] wasprobably reversed, 

increased further. Choline substitution was slightly more

effective than sucrose in the Mn2+-induced release (Fig. 28;

In choline solution the release of [3H] increasedTable 6).

from 35.5+6.4 (n=5) to 65.1+10.3 (n=6) Apmol (6 min)-1

(p < 0.05) and in sucrose solution to 53.2+6.9 (n=6) Apmol (6 

min)-1 (p > 0.05) . Choline+ (113 mM) by itself increased the 

release of [3H] from Na+-loaded nerves (from 2.8+0.4 to 

6.5+0.9 pmol (6 min-1; n=5; not shown). This suggests that 

an external Na+-dependent Ca2+ extrusion still exists in Na+- 

loaded nerves similar to that of motor nerve terminals (cf.

Baker and Crawford, 1975).

4.5.5. Inhibition by diphenvlhvdantoin of manganese-induced 

Г3Н1noradrenaline release

When diphenylhydantoin (DPH, 10-4M) was present in 'K+- 

solution, both the resting outflow oft3H] and the Mn2 + 

(2 mM; free Mn2+, 1 mM)-evoked transmitter release were

significantly inhibited. In these experiments, after 60 min 

of Ca2+ removal, DPH (10-4M) was applied in 'K+-free' medium. 

At the end of the perfusion period (120 min) the resting

free'
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outflow of 3H decreased from 1.1+0.3 to 0.5+0.1 Apmol (6 

min)-1 (n=5; p < 0.05). The inhibitory action of DPH on 

resting[3H]outflow is compatible with Na+-evoked Ca2+ release 

from internal stores (Baker and Crawford, 1975; Carafoli and 

Crompton, 1978) . The Mn2+-induced [3H] release was also 

inhibited from 40.6+4.0 to 22.9+2.2Apmol (6 min)-1 (n=5; 

p<0.02; percentage inhibition 43.5; not shown).

4.5.6. The failure of manganese to release [3H1 noradrenaline

upon reactivation of the sodium pump

was ineffective in releasing [3H] from arteries if 

the Na+- pump had been reactivated previously. In these 

experiments after removal of Ca2+, K+ was also removed for 

90 min in order to load the nerves with Na+. Then, 30 min 

before Mn2+ application the Na+ pump was reactivated by 

readmission of K+ to the external medium. The subsequently 

applied Mn2+ (2 mM; free Mn2+, 1 mM) failed to release 

neurotransmitter (Fig. 29; Table 6) and 60 min later the

was also ineffective.

2 +Mn

2 +readmitted Ca
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5. DISCUSSION

5.1. Pre- and post-synaptic actions of selegiline

We have investigated the i3Hj noradrenaline releasing 

action of the MAO-B inhibitor selegiline in the presence of 

uptake-blockers. This drug is known to have a "phentolamine- 

like" action (Török et al., 1984), i.e. it increases the 

release of Г3Н] NA and inhibits the contraction of smooth

muscle. It was also shown that the potentiating action of 

selegiline on [3H] NA release could be inhibited by 

exogenously applied 1-NA, an agonist of alpha2-adreno- 

ceptors, and this effect can be antagonized by the 

preferential alpha2-adrenoceptors blocker yohimbine (Török 

et al., 1984). Furthermore, it was also found that 

selegiline is able to increase thet3H]NA release further if 

it had already been increased by Na+-pump inhibition ("K+- 

free" perfusion).

In this work the presynaptic alpha2-adrenoceptor inhi

bitory action of a high concentration of selegiline (10“4M) 

was studied under different experimental conditions which 

are known to modify the transmitter release from nerve 

terminals.

In the main pulmonary artery of the rabbit a moderate 

increase of external K+ (23.6 mM) did not increase the
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resting outflow of [3H] NA. This finding is in a good 

agreement with the observation of Blaustein et al. (1972) 

who have shown that K+ up to 15-20 mM does not cause either 

accumulation of Ca2+ by synaptosomes or transmitter release.

On the other hand, both the nerve stimulation evoked release 

of t3H) NA and the potentiating action of selegiline on

transmitter release were abolished. In agreement with these

results, Lorenz and Vanhoutte (1975) have shown that excess 

K+ (10-20 mM) inhibits f.3H] NA release from dog isolated

saphenous vein preparation in response to nerve stimulation. 

An increase of external K+ is known to block action

potential conductance (Grossman et al., 1979; Smith 1980) 

due to inactivation of Na+-channels (Hodgkin and Huxley 

1952) .

In contrast to these results, an increase of external 

Ca2+ (from 2.5 to 7.5 mM) potentiated the nerve-evoked 

release of C3Hl NA from the arteries. This finding is

consistent with the results of Kirpekar and Misu (1967)

obtained on cat spleen. It is believed that in nerve cells 

electrical activity increases £Ca2+]i by allowing an influx 

of Ca2+ through voltage-dependent Ca2+-channels (Katz and

Miledi 1969; Baker et al., 1971; Baker 1972a; Llinás and

Hauser 1977; Blaustein 1979; Llinás et al., 1980). In the 

presence of elevated Ca2+, selegiline was effective in

producing an additional transmitter release. Since alpha2- 

adrenoceptors are thought to inhibit the voltage-sensitive
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Ca2+-influx in sympathetic neurons (Me Afee et al., 1981;

Starke 1981), it is plausible to suppose that selegiline, an

inhibitor of alpha2-receptors, produces an additional influx 

through the channels and transmitter release. On the 

other hand, Ca2+-removal from Krebs solution abolished the

2 +of Ca

NA-releasing action of selegiline, indicating the key role 

of calcium in the alpha2-adrenoceptor-mediated action of 

this compound.

It is known that in a Ca2+-free solution containing ImM 

EGTA, in which the external Ca2+ concentration should be 

reduced to about 10~9M (Hubbard et al., 1968; Miledi and 

Thies 1971), the electrochemical gradient of Ca2+ is

probably reversed (Lev-Tov and Rahamimoff 1980) and 

transmitter release subseguent to Ca2+-entry cannot be 

triggered by electrical- or K+-depolarization or through the 

Na+/Ca2+-exchange mechanism (Baker et al., 1969; Landau 1969;

Cooke et al 1973; Blaustein 1974; c.f. Baker and Crawford 

1975) . Ca2+ removal by itself abolished both the nerve- 

evoked release of transmitter and the postsynaptic response, 

in agreement with the "Ca2+-hypothesis" (Miledi 1973; Baker 

1974; Blaustein 1979; Baker and Knight 1984).

The voltage-dependent K+-channel blocker, 4-amino- 

pyridine (Meves and Pichon 1975, 1977; Gillespie and Hutter 

1975; Yeh et al., 1976; Hermann and Gorman 1981), which in 

low concentration also partially inhibits the tCa2+] j_- 

activated K+-channels (Bartschat and Blaustein 1985), in a
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concentration of 10 5M increased the stimulation-evoked 

[3H] NA release from arteries, like in other preparations

1976; Vizi et al. , 1977; Illés and Thesleff(Johns et al.,

1978; Thesleff 1980; Török et al., 1984). In the presence of

4-AP, selegiline was able to potentiate further the release

of neuro-transmitter. In addition, the characteristic

alpha-L-adrenoceptor inhibitory action of selegiline was 

completely antagonized by 4-AP.

In conclusion it seems that the presynaptic alpha2- 

adrenoceptor-mediated noradrenaline-releasing action of 

selegiline can be inhibited by (i) inactivation of Na+- 

channels, and (ii) inhibition of voltage-sensitive Ca2+- 

channels. On the other hand, selegiline was effective in 

producing an additional transmitter release when (i) the 

Ca2+-channels were activated and (ii) the voltage-dependent 

K+-channels were blocked.

5.2. Sodium-azide-evoked noradrenaline release

We have also studied the transmitter releasing action 

of Na+-pump inhibitor NaN3 in the presence of neuronal and 

extraneuronal uptake blockers.

Azide produced a moderate increase of [3H] release. This is 

consistent with the well known Na+-pump inhibitory action of 

NaN3 (Hodgkin and Keynes, 1955; Elmqvist and Feldman, 1965).



83

In contrast to this stimulation of release mechanisms, 

azide relaxed the arteries either in the presence or in the 

absence of external K+. This postsynaptic action of azide 

seems to be similar to that found by Beaugé and Sjodin 

(1976) on skeletal muscle. They showed that in Na+-loaded 

("K+-free") muscle, azide is capable of generating an 

ouabain-sensitive Na+/Na+-exchange with a net loss of Na+

from the cells.

A further observation in our experiments was that 

readmission of K+ to Na+-loaded smooth muscle cells further

relaxed the arteries which had already been relaxed by 

azide. In this regard it is useful to note that Beaugé and 

Sjodin (1976) have shown, that in skeletal muscle, in the 

presence of azide, readmission of K+ to Na+-loaded cells 

further activated the Na+-efflux. In skeletal muscle Erlij 

and Grinstein (1976) also found a Na+-pump stimulation in 

response to azide. These authors showed that azide increases 

both the number of Na+-pumping sites and the turnover rate 

of Na+-pump.

In sympathetic nerves the NA-releasing action of azide 

was more pronounced in the absence than in the presence of 

external K+. This finding suggests that the presynaptic Na+- 

pump inhibitory action of azide is more pronounced when the 

Na+-pump had already been, in part, inhibited by K+-removal. 

In other words it is possible to suppose that there is an 

increased binding of azide to the Na+-pump if external K+ is

not present.
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K+-removal by itself increased both the release of NA

from the nerves and the tone of smooth muscle, as expected 

from the depolarization caused Ca2+-influx and/or the 

reversed Na+/Ca2+-exchange mechanism (Baker et al., 1969;

Baker, 1972a, 1986; Blaustein, 1974, 1977; Blaustein and

Hodgkin, 1969; Reguena, 1983; Reguena et al., 1985). Since, 

similary to the Na+-pump, the Na+/Ca2 + -exchange is also

electrogenic and voltage sensitive (Blaustein, 1977;

Blaustein and Nelson, 1982; Mullins, 1981; Mullins and

Brinley, 1975; Baker and Di Polo, 1984; Di Polo et al.,

1985; Eisner and Lederer, 1985; Allen and Baker, 1986), the 

depolarization and the Na+-gain inside, which are 

characteristic of Na+-pump inhibition (Kerkut and Thomas,

1965; Rang and Ritchie, 1968; Thomas, 1972; Sheu and 

Fozzard, 1982) may increase the influx of Ca2+ through the 

exchanger (cf. Baker and Di Polo, 1984) . During Na+-pump 

inhibition a part of Ca2+ may come from internal stores

(Baker and Crawford, 1975; Török and Magyar, 1986), since 

the Ca2+-content of the stores is probably also Na+-gradient

dependent (Baker and Crawford, 1975, Carafoli and Crompton

1978; Nicholls and Akerman 1982).

Similarly to K+-removal, the cardiac glycoside ouabain 

also increased the release of NA from pulmonary arteries and

contracted the muscle. The rate of NA release was more

pronounced than in response to K+-removal but it developed 

after an "initial delay". A similar "initial delay" was
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observed on motor nerve terminals (Elmqvist and Feldman, 

1965; Birks and Cohen, 1968; Baker and Crawford 1975) and 

sympathetic neurons (Nakazato et al., 1978). This could be 

the consequence of a slow Na+-dependent binding of ouabain 

to Na+-pump (cf. Baker and Crawford, 1975).

Reactivation of Na+-pump by readmission of K+ to the 

external medium inhibited the NA release and relaxed the 

arteries in the presence of external Ca2+. The rate of fall 

of transmitter release was much faster than the rate of rise 

during "K+-free" perfusion, suggesting an enhanced turnover 

rate of Na+-pump (Erlij and Grinstein, 1976; Lederer and 

Eisner, 1982; Akera and Brody, 1985). Under these conditions 

the membrane is hyperpolarized (cf. Thomas, 1972) and the 

Na+-gradient is re-established. Both the hyperpolarization 

and the re-established Na+-gradient activate the external 

Na+-dependent Ca2+-efflux and inhibit the internal Na+- 

dependent Ca2+-influx (cf. Baker and Di Polo 1984). Both 

mechanisms decrease the internal Ca2+-concentration. In 

addition, the extrusion of Na+ through the pump probably 

also re-established the Na+-gradient of the membrane of 

internal stores, leading to Ca2+-uptake into the

compartments.

The reactivated Na+-pump was able to inhibit the NA- 

releasing action of azide. It seems that azide could not 

prevent the binding of K+ to the "external activation sites"
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of Na+-pump. This finding is consistent with the observation 

of Beaugé and Sjodin (1976) on skeletal muscle, who showed 

that in the presence of azide, the readmitted K+ activates 

a net Na+-efflux from the cells.

In summary, similarly to squid axons and motor nerve 

terminals, sodium-azide inhibited the Na+-pump of peripheral 

sympathetic nerves producing NA-release. In sympathetic 

nerves, the transmitter releasing action of azide was 

antagonized by reactivation of Na+-pump.

5.3. A-23187 evoked transmitter release and its inhibition

by reactivation of sodium-pump

The Ca2+-ionophore A-23187 increased the labelled NA- 

release by a concentration dependent manner in Ca2+- 

containing medium. The used concentration (3xlO_6M; EC50) 

markedly increased the transmitter release in the presence 

and absence of external K+.

In "K+-free" solution, A-23187 further increased the 

transmitter release as expected from the additional Ca2+- 

influx and/or the release of Ca2+ from internal stores. The 

additional transmitter release shows that the release 

process is not totally activated when the Na+-pump is 

inhibited by K+-removal. It is known that the leakaged K+ 

from inside (here mainly from the smooth muscle cells)
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partially activates the Na+-pump (Birks and Cohen, 1968; 

Vizi, 1977) .

Reactivation of Na+-pump by readmission of K+ to the 

external medium abolished the transmitter release like in

other preparations (Baker and Crawford, 1975; Vizi et al., 

1982). The reactivated Na+-pump significantly inhibited the 

NA-releasing action of A-23187. Since A-23187 preferentially 

release Ca2+ from the endoplasmic reticulum (Blaustein et 

al., 1980), this suggests that the re-established Na+- 

gradient can counteract the Ca2+-ionophore caused Ca2+-influx 

and release from endoplasmic reticulum.

The Na+-pump reactivation caused inhibition of A-23187 

evoked transmitter release was antagonized by an increase of 

external Ca2+. Therefore it appears that the re-established 

Na+-gradient is not sufficiently active to be able to 

decrease the internal free Ca2+-concentration if it is 

further increased by a combined application of Ca2+- 

ionophore and excess Ca2+.

In summary, the reactivated Na+-pump caused re

establishment of Na+-gradient inhibited the transmitter 

releasing action of Ca2+-ionophore A-23187 in peripheral 

sympathetic nerves and this effect was antagonized by an 

increase of external Ca2+.
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5.4. The role of internal calcium-stores in the termina

tion of NA release during sodium-pump reactivation

In Ca2+-free, 1 mM EGTA containing solution the 

observed transmitter release in response to Na+-pump 

inhibition ("K+-free solution") is probably the result of a 

Ca2+-release from internal stores caused by a rise inlNa*^ 

(Baker and Crawford, 1975; Carafoli and Crompton, 1978; 

Erulkar and Rahamimoff, 1978; Schoffelmeer and Mulder, 1983;

Török and Magyar, 1986; Magyar et al., 1987).

In our experiments, when K+ was readmitted to arteries 

which had been kept in "K+-free" solution, the transmitter 

release was terminated. This phenomenon can be explained by 

the re-establishment of the Na+-gradient across both plasma 

and internal stores membranes. This leads to an extrusion of 

Ca2+ through the NaQ-Ca^^ exchange and accumulation of Ca2+ in 

the internal stores. The Na+-gradient of internal stores 

might be also Na+-pump dependent. The existence of an active 

Na+/K+ transport associated with internal stores had been 

suggested by Baker and Willis (1970, 1972) and Brading

(1975). In Ca2+- and "K+-free" solution the applied 

mitochondrial uncoupler СССР and smooth endoplasmic Ca2+- 

store releaser A-23187 further enhanced the[3H]NA release as 

expected from the further increase of cytoplasmic free 

calcium concentration. It is possible to suppose that the
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reestablished Na+-gradient caused Ca2+-extrusion and uptake 

into the Ca2+-stores can counteract the calcium-releasing 

action of СССР and A-23187. When these agents were applied 

separately, the readmitted K+ was also effective in

inhibiting the NA release.

In different preparations it has been shown that 

veratrine and veratridine open the TTX-sensitive Na+-channel

Blaustein, 1975; Narahashi, 1974; 

Kirpekar and Prat, 1979), and releases Ca2+ from internal

(Blaustein et al., 1972;

stores (Schoffelmeer and Mulder, 1983).

In our experiments veratrine was used which antagonized 

the abolition of [3H] NA release in response to K+- 

readmission. It is possible to suppose that in the presence 

of veratrine and in response to K+-readmission, the Na+-pump 

is fully activated since veratrine further increases the 

internal Na+ concentration in "K+-free" solution. An 

increase of internal Na+ activates the Na+-pump (Kerkut and 

Thomas, 1965; Thomas, 1972). When K+ is readmitted, the 

reactivated Na+-pump probably does not reestablish the Na+- 

gradient since in the presence of veratrine the internal Na+ 

concentration remains high.

In summary, Na+-pump reactivation caused re

establishment of the Na+-gradient across the membrane of 

both plasma and internal stores could counteract the calcium 

releasing action of mitochondiral uncoupler and smooth
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endoplasmic calcium-store releasers. However, if the TTX- 

sensitive Na+-channels are opened by veratrine, the 

reactivated Na+-pump is not sufficiently active to re

establish the Na+-gradient. The results suggest that the 

Na+-pump reactivation "per se" (Vizi, 1977) may not be 

responsible for the termination of transmitter release. 

Further it is also suggested that in Ca2+-free solution and 

in response to Na+-pump inhibition, the NA release takes 

place through exocytosis since it is also Ca2+-dependent, 

but Ca2+ may come from internal stores.

5.5. Inhibition of sodium-calcium exchange by manganase

In normal Ca2+-containing medium, Mn2+ significantly 

inhibited [3H] NA release by nerve stimulation, consistent

with the well-known inhibitory action of Mn2+ on voltage- 

dependent Ca2+ channels and/or Na+/Ca2+-exchange (Katz and 

Miledi, 1969; Baker et al. 1971; Baker, 1972a; Reuter, 1973; 

Deitmer and Ellis, 1978; Baker and Di Polo, 1984; Requena et 

al. 1985; Penner and Dreyer, 1986). Recently it was shown 

that depolarization-induced, TTX-inhibitable Na+ entry 

increases the influx of Ca2+ in the presence of nisoldipine. 

This observation suggests that reverse Na+/Ca2 + -exchange is 

activated during cardiac action potentials (Leblanc and

Hume, 1990) .
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Mn2+ has an affinity for the Ca2+ transport sites/pro

cesses, and may be transported by these mechanisms under 

certain conditions. Indeed, Mn2+ can enter into cells 

through voltage-gated Ca2+ channels (Hagiwara and Miyazaki, 

1977; Bechern et al. 1981; Kita et al. 1981) and promotes 

dopamine release from K+-depolarized synaptosomes (Drapeau 

and Nachshen, 1984), and like Ca2+, Mn2+ is buffered by

internal organelles (Rasgado-Flores et al. 1987). In the 

motor nerve terminal Mn2+ increased the miniature endplate 

potential (МБРР) frequency in the absence of external Ca2+ 

and in response to either high K+ (20 mM) or tetanic nerve 

stimulation (Kita et al. 1981). Kita et al. found that Mn2+ 

has a concentration-dependent biphasic action on МБРР

frequency. The maximal effect was reached between 2.5 and 6

mM Mn2 + which was followed by a depression if the

concentration was increased further. They concluded that 

depolarization promotes Mn2+ influx through voltage- 

dependent Ca2+-channels. Intracellularly Mn2+ evokes a 

quantal release of ACh either by releasing Ca2+ from stores 

or by mimicking the action of Ca2+ in the release machinery

(see also Narita and Kita, 1991).

In the main pulmonary artery of the rabbit Mn2+ 

promoted release of neurotransmitter by an internal Na+- 

dependent mechanism in Ca2+-free medium. The amount of 

neurotransmitter released was directly proportional to the
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duration of preceding perfusion periods with "K+-free" 

solution. Towards the end of the Na+-loading period (90-120 

min), transmitter release accelerated, consistent with 

[Na+]i -evoked Ca2+ released from internal stores (cf.Baker, 

1972a; Baker and Crawford, 1975; Carafoli and Crompton,

1978; Schoffelmeer and Mulder, 1983; Magyar et al. 1987; 

Török, 1989) . A part of the Ca2+ released from the stores is 

probably extruded by the Na+/Ca2+ exchange as in motor nerve 

terminals (Baker and Crawford 1975). Mn2+ may inhibit the

exchanger extracellularly and thereby further elevate 

(Ca2+H.
TTX (10-7M) inhibited slightly, but not significantly, 

the transmitter releasing action of Mn2+ (percentage 

inhibition, 23.7; p>0.30), suggesting a minor role of the 

voltage sensitive Na+ channel during Na+ pump inhibition.

However, Mn2+ failed to elicit transmitter release in 

Ca2+-free solution in the presence of an active Na+ pump, 

i.e. when the arteries were not exposed to nK+-free" medium

or to ouabain.

The magnitude of Mn2+-induced transmitter release from 

Na+-loaded arteries was directly related to Mn2+ 

concentration. Mn2+ further enhanced the release of NA from 

Na+-loaded preparations in low Na+-containing solution. 

These results suggest a Na+-Mn2+ competition at the external 

activation site of Na+/Ca2+-exchange. Na+-Mn2+ competition 

was also suggested in rat brain synaptosomes (Drapeau and
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Nachshen, 1984) and smooth muscle from guinea-pig ureter 

(Aickin et al., 1987). In the guinea-pig ureter Mn2 + 

competes with Na+ as well as with Ca2+ at the external site

of the exchanger (Aickin et al. 1987).

A theoretical explanation for an additional site of 

action of Mn2+ is that Mn2+ enters the cells through Ca2+ 

channels (Bechern et al. 1981; Kita et al. 1981; Drapeau and 

Nachshen, 1984) and/or transported by an internal Na+- 

dependent mechanism (Baker and Di Polo, 1984; Baker, 1986) 

and potentiates the effect of Na+ loading on Ca2+ release 

from internal stores. Mn2+-induced Ca2+ release from internal

stores has been suggested in squid axons (Baker, 1972a, 

motor nerve terminals (Alnaes and Rahamimoff, 1975) and rat 

brain synaptosomes (Blaustein et al. 1978, 1980).

In our experiments, the antiepileptic/antiarrythmic 

compound diphenylhydantoin (DPH, 10-4M) significantly 

inhibited transmitter release by "K+-free" medium and by 

Mn2+. These observations are compatible with Na+-dependent 

Ca2+ release from internal compartments and with the 

internal Na+ concentrations-dependent NA-releasing action of 

Mn2+. DPH inhibited the Mn2+-induced transmitter release by 

43.5 % (p < 0.02). DPH reduces passive Na+ permeability 

(Perry et al., 1978; Ellis, 1985) and therefore it may limit 

Na+ loading in "K+-free" solution.

Additonal evidence for the internal Na+ requirement for



94

Mn2+-induced transmitter release is provided by the 

observation that Mn2+ is ineffective if the Na+ gradient is 

reestablished by reactivation of Na+ pump.

An interesting and unexpected observation in our 

experiments was that readmission of Ca2+ to Na+-loaded nerves 

elicited an additional transmitter release in the presence 

of Mn2+, although the influx of Ca2+ is supposedly blocked 

by Mn2+. The proposal of Blioch et al. (1968) may explain 

this phenomena, namely that a number of positively charged 

ions are required for screening or neutralizing membrane 

surface charges and for facilitating vesicle-membrane 

adhesion (see also Silinsky, 1985) . However, in low Na+ 

solution, Ca2+ readmission failed to increase NA release in 

the presence of Mn2+. In low Na+ solution the membrane is

probably hyperpolarized and the concentration of divalent 

ions (Mn2+ + Ca2 + ) may not be enough to compensate the

electrostatic repulsion of the vesicles.

In conclusion, mangenese, a well-known inhibitor of

Ca2+ channels and Na+/Ca2+ exchange, released neuro

transmitter from peripheral sympathetic nerves by an 

internal sodium-dependent mechanism. Mn2+ may act externally 

to block Ca2+ efflux and thus enhance NA release.

Alternatively it may act intracellularly to potentiate the 

effect of sodium loading on Ca2+ release from internal

stores.
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7. DRUGS USED IN THE EXPERIMENTS

l-/7-3H/-noradrenaline (specific activity, 

Ci/mmol; Radiochemical Center, Amersham, UK); 

pargyline hydrochloride (SERVA)

35.9-40.0

cocaine hydrochloride (MERCK)

corticosterone (FLUKA)

ascorbic acid (EGA)

disodium ethylenediaminetetraacetate (Na2EDTA, Aldrich-

Europe)

tetrodotoxin (CALBIOCHEM)

4-aminopyridine (4-AP, Aldrich-Europe)

selegiline ((-)-deprenyl, CHINOIN)

ouabain (CALBIOCHEM) 

sodium-azide (NaN3 SIGMA) 

A-23187 (CALBIOCHEM)

carbonyl cyanide m-chlorophenyl hydrazone (СССР CALBIOCHEM)

veratrine (SIGMA) 

diphenylhydantoin (DPH; SIGMA) 

manganese chloride (Mn Cl2; SIGMA)

ethyleneglycol-bis-( p -aminoethylether) N,N'-tetra-acetic 

acid (EGTA, SERVA)
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