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SUMMARY
The aim of the present study was to investigate the possible role
played by the Na�-Ca2� exchange system in the modulation of
[3H]dopamine ([3H]DA) release from tuberoinfundibular hypotha-
lamic (TIDA) neurons. 2’ ,4’-Dimethylbenzamil (DMB) dose-de-
pendently (1 0-1 00 �M) inhibited Na�-dependent 45Ca2� effiux
from brain synaptosomes. This compound (30-300 �tM), as well
as a-phenylbenzamil amiloride (30-1 00 �zM), another inhibitor of
the Na�-Ca2� antiporter, was also able to stimulate basal release
of [3H]DA from superfused TIDA neurons. This stimulation was
completely prevented by the removal of extracellular Ca2� ions,
in the presence of 1 m� ethylene glycol bis(f3-aminoethyl ether)-
N,N,N’ ,N’-tetraacetic acid. In addition, DMB-induced [3H]DA re-
lease was unaffected by the dopamine transport inhibitor nomi-
fensine (1 0 �tM). On the other hand, 5-[N-methyl-N-guanidinocar-
bonylmethyljamiloride (MGCMA) (1 00-300 SM), which lacks in-
hibitory properties on the Na�-Ca2� exchanger but behaves as
an inhibitor of the Na�-H� antiporter, failed to modify basal [3H]
DA release from TIDA neurons. When the Na�-Ca2� antiporter
operates as a Ca2� influx pathway, as occurs upon the removal
of extracellular Na� ions, Na�-depondent 45Ca2� uptake in brain

synaptosomes was dose-dependently (1 0-300 MM) inhibited by
DMB, whereas DMB itself was unable to prevent 55 m� K�-
induced 45Ca2� uptake, which mainly reflects the activation of
voltage-operated Ca2� channels. In keeping with these results,
ouabain (500 �M)-induced [3H]DA release, which depends on the
activation of the Na4-Ca2� exchanger due to inhibition of the
Na�-K�-ATPase pump, was prevented by superfusion of TIDA
neurons with 0MB (50 SM). By contrast, MGCMA (1 00 ��M) failed
to modify either Na�-dependent 45Ca2� influx or ouabain-induced
[3HJDA release. In conclusion, the results of the present study
appear to suggest that the pharmacological inhibition of the Na�-
Ca2� antiporter by amiloride analogues may affect DA release
from central neurons. Opposite effects are observed, depending
on the direction of operation of the exchanger. In fact, when the
Na�-Ca2� exchanger operates as a Ca2� efflux pathway, its
pharmacological blockade can produce a stimulation of DA re-
lease. In contrast, when this antiporter operates as a Ca2� influx
pathway, as occurs as a consequence of the inhibition of the
Na�-K�-ATPase pump by ouabain, its pharmacological blockade
can prevent ouabain-induced DA release from TIDA neurons.

It is now generally established that, among the membrane

systems that regulate Ca2� transport in neuronal cells, the Nat

Ca2� exchanger can mediate Ca2� fluxes across the synaptic

plasma membrane in a bidirectional way (1, 2). In resting

excitable cells, this transport mechanism couples the uphill

extrusion of Ca2’ to the entrance of Na� ions into the cells

down their electrochemical gradient. This occurs in order to

maintain the 104-fold difference in Ca2� concentration that

This work was supported by grants from the Italian Ministry of Education
(M.P.I.) and National Research Council (C.N.R.) to L.A. and G.D.R.

exists between the intracellular and extracellular spaces (3). In

contrast, when the transmembrane Na� electrochemical gra-

dient is reduced (i.e., increased intracellular Na� levels or

reduced extracellular Na� concentration), the Na�-Ca2� ex-

changer, in a reverse manner, operates as a Ca2� influx pathway

(4,5).

Recently, it has been reported that the organic Ca2� entry

blocker verapamil (6), the antineoplastic antibiotic doxorubicin

(7), the acridine derivative quinacrine (8) and the Ktsparing

diuretic amiloride (9, 10) posses a certain degree of effectiveness

in inhibiting the NatCa2� antiporter. However, the physiolog-
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these problems, two classes of amiloride analogues have been

ical role played by this membrane ionic exchanger in the process

of neurotransmitter release in the central nervous system has

been difficult to evaluate, because of the lack of pharmacolog-

ical tools that potently and specifically inhibit this Ca2�-trans-
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Fig. 2. Effect of different concentrations of DMB on 45Ca2� efflux from
whole brain synaptosomes into a 145 mM Na�-containing solution. After
a 60-mm preincubation period at 37#{176}in a standard medium containing
1 45 m� Na� , synaptosomes were loaded with 50 MM 45Ca25 in a solution
containing (in mM) 95 NaCI, 55 KCI, 1 .2 MgCI2, 10 glucose, 10 HEPES,
pH 7.4 (1 00 �sl final incubation volume, 37#{176}).After 30 sec. 45Ca2� uptake
was terminated and 45Ca2� efflux was measured for 5 sec by dilution of
45Ca2�-loaded synaptosomes with 2.5 ml of prewarmed medium contain-
ing either 1 45 mM Na� or 145 m� choline. 45Ca2� efflux in the control
group represents the difference between 45Ca2� efflux in the presence of
1 45 mM Na� and 145 mM choline. DMB (or vehicle) was added during
the last 30 mm of the preincubation phase, the 30 sec of the uptake
phase, and the 5 sec of the effiux phase. 0MB did not interfere with
45Ca2� uptake during the 30 sec of the loading phase (see data of Fig.
8). Data are the mean ± standard error of three separate experiments.
In each experiment, at least three samples for each DMB concentration
were evaluated. * Values statistically different (p < 0.01) versus their
respective control group (45Ca2� efflux in the absence of DMB).

porting system.

In fact, with regard to amiloride as a NatCa2� exchanger

inhibitor, its use is limited by two major inconveniences. First,

millimolar concentrations are required for inhibition of the

NatCa2� exchanger (9). Second, it lacks specificity, because it

inhibits the epithelial Na� channel at micromolar concentra-

tions (11) and the NatH� exchanger in the millimolar range

(12). This latter system is a major regulator of cytoplasmic pH

in neuronal cells (13). More recently, in order to overcome

Fig. 1. Structures of amiloride and its analogues used in
the present study.

developed (Fig. 1). The compounds of one type 1) bear substit-

uents on the terminal guanidino nitrogen atom, 2) behave as

specific inhibitors (K, = 1-10 �sM) of the epithelial Na� channel

and the NatCa2� antiporter (14-17), and 3) are devoid of any

* inhibitory effect on the NatN� exchange system (14). In
contrast, a second class of amiloride derivatives 1) are substi-

tuted on the 5-amino nitrogen atom of the pyrazine ring, 2)

lack inhibitory properties on the epithelial Na� channel and

the membrane NatCa2� exchanger, and 3) display great effec-

tiveness in inhibiting the NatH� exchange system (12, 17).

In a previous study, we have shown that amiloride could

modulate [3H]DA release from hypothalamic TIDA neurons

(18), a neuronal system that is primarily involved in the control

of anterior pituitary hormonal secretion (19). The purpose of

the present study was to investigate the possible involvement

of the NatCa2� exchange system in the process of [3H]DA

release from TIDA neurons. To attain this objective, the effect

on [3H]DA release from superfused TIDA neurons of amiloride

analogues that selectively inhibited this ionic antiporter was

evaluated.

Materials and Methods

Tissue preparation. Fragments of arcuate periventricular nucleus-
median eminence complexes, containing, respectively, the cell bodies
and the axonal projections of TIDA neurons, were obtained from adult

female Wistar rats (200-250 g of body weight). Rats were decapitated

and one fragment, weighing approximately 2 mg, was obtained from

each brain by dissection of a triangular-shaped area 1-mm wide and 1-
mm high, with the help of a stereomicroscope and fine scissors, accord-

ing to a previously described method (20).
Release of [3HJDA “previously taken-up” from TIDA neu-

rons. After being dissected, the fragments were incubated at 3T in a
Dubnoff metabolic shaker in flasks containing 890 �l of KRB buffer,
whose composition was (in mM) 118 NaCI, 5 KC1, 1.15 MgSO4, 1.15

NaH2PO4, 1.25 CaC12, 25 NaHCO3, 11 glucose, 0.01 tyrosine, 1 ascorbic

acid. The KRB medium was adjusted to pH 7.4 after equilibration with
a mixture of 95% 02/5% CO2. After 7 mm of incubation, 100 �zl of KRB

plus chlorimipramine (1 MM final concentration) were added to the
flasks. This concentration of chlorimipramine is known to inhibit DA
uptake into noradrenergic and serotoninergic nerve terminals (21). Five
minutes later, the fragments were labeled for 25 mm with 0.2 �zM

[ethylamine-1,2-3HJDA hydrochloride (specific activity, 49 Ci/mmol.;
The Radiochemical Centre, Amersham).

At the end of the labeling period, one fragment was placed into each
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Fig. 3. Time-course and dose dependency of the effects of DMB on
45Ca2� efflux from whole brain synaptosomes into a 36 mM Na�-contain-
ing solution. A, In this 45Ca2� efflux experiment, the procedure described
by Schellenberg et al. (27) was followed. Briefly, after a 60-mm preincu-
bation period at 37#{176}in a standard medium containing 145 m� Na4,
purified synaptosomes were loaded for 20 mm with 2 �M 45Ca24 in a
solution containing 1 50 KCI, 1 .2 MgCI2, 10 glucose, 10 HEPES, pH 7.4
(200 �zl final incubation volume, 23#{176}).45Ca2� uptake was terminated by
addition of 5 mM EGTA to the tubes, and 45Ca24 efflux was simultaneously
initiated by addition (time 0) of 36 mM Na4 or 36 m� choline to the tubes
and determined at the indicated times. DMB (or vehicle) was added at
time 0 to the respective group. B, Dose response of DMB obtained after
240 sec of the effiux phase, with the same experimental procedure
described in A. Data are the mean ± standard error of three separate
experiments. In each experiment, at least three samples for each DMB
concentration were evaluated. �, Values statistically different (p < 0.01)
versus their respective control group (45Ca24 efflux in the absence of
DMB).

parallel superfusion chamber (200-Ml volume). These fragments were

continuously superfused with KRB medium, at 3T and at a flow rate
of 500 Ml/min, and oxygenated for the whole duration of the experiment
with a mixture of 95% 02/5% CO2, according to the originally described
method (22). The preincubation time was at least 60 mm. After the
preincubation period, the fragments were superfused with standard

KRB medium or with KRB medium containing the compound(s) under
investigation. Because in our experimental conditions there is a lag
period of 20 mm before the medium reaches the superfusion chamber,
superfusion media of different composition were changed taking into

account the perfusion rate and the dead space. During the experiments,
4-mm fractions of eluate were collected into tubes containing, for each

500 �l of eluate, 100 � of a protective solution (40 mM EGTA, 56.8 mM

ascorbic acid, 0.526 mM dopamine), in order to prevent [3H)DA break-

down. The radioactivity present in a 200-id aliquot of the eluate was

counted by standard scintillation techniques for the determination of

total 3H radioactivity. The remaining volume of the eluate was sub-
jected to ion exchange chromatography (Biorex-70 resin, 200-400
mesh), in order to separate [3H]DA from its respective 3H-metabolites

(23). [3H]DA, [3HIDA metabolites, and total 3H release were expressed
as fractional rate/fraction, which represents [3H]DA, [3H]DA metabo-
lites, and total 3H released during each interval expressed as a percent-
age of [3H]DA, [3H]DA metabolites, and total :q.� content in the tissue

at the onset of the respective interval. All the compounds were dissolved
in DMSO at a concentration of 100 mM and then diluted with KRB to

the final desired concentration. The maximal concentration of DMSO

in the superfusion medium never exceeded 0.5%, a concentration that

did not affect basal [3HJDA release from TIDA neurons.’

45Ca2� uptake studies. Synaptosomal fractions derived from whole

240 brains of adult female Wistar rats were prepared according to the
procedure described by Dunkley et al. (24). 45Ca2� uptake into synap-

tosomes exposed to extracellular media of different ionic compositions

was studied according to the protocol of Sanchez-Armass and Blaustein

(25), modified as described in the accompanying paper (26). Amiloride

analogues were dissolved in DMSO (the final concentration of DMSO

in the uptake media of both controls and amiloride analogue groups

never exceeded 0.5%, v/v) and incubated for the last 20 mm of the

preincubation period in a 145 mM Na4-containing solution. Maximal

DMSO concentration (0.5%) did not affect 45Ca24 uptake in brain

45Ca2� efflux studies. After a 60-mm preincubation period in a
145 mM Na4-containing medium, synaptosomes were loaded with

45Ca24, following the procedure of either Sanchez-Armass and Blaustein
(25) or Schellenberg et at. (16), as indicated in the legends to Figs. 2

and 3, respectively. At different times, synaptosomes were filtered and

filters were washed and counted as described in the accompanying

paper (26).

Protein determination. Synaptosomal protein concentration was

determined as described by Bradford (27).
Statistics. Statistical analysis in the experiment on 13H]DA release

was performed on the integrated areas under the [3H]DA release curve

for control and treated groups, during definite time intervals. These

values were compared and analyzed by means of analysis of variance,

followed by the Neuman-Keul’s test. In the experiments on 4�Ca24
transport in synaptosomes exposed to media of different ionic compo-

sition, 45Ca24 influx and efflux values for the different experimental
groups were compared and analyzed by means of analysis of variance,

followed by the Neuman-Keul’s test.

Materials. The amiloride analogues were synthesized by the previ-
ously described method (28). Deprenyl was a kind gift of Prof. J. Knoll,

(Budapest, Hungary). All other reagents were from commercial sources

and of the highest purity available.

Results

Effect of DMB on Na�-dependent 45Ca2� efflux from
purified whole brain synaptosomes. DMB is an agent that

belongs to the guanidino-substituted class of amiloride deriva-

tives. This compound dose-dependently (10-100 �tM) inhibited

45Ca24 efflux that occurred after 5 sec into a 145 mM Na4-

containing solution, which reflects the operation of the Na4-

Ca24 antiporter when this system is operating as a Ca24 efflux

pathway (Fig. 2). This inhibitory effect of DMB on Na4-

dependent 45Ca24 efflux was still more evident when Na4-

dependent 45Ca24 efflux was studied at longer intervals (30, 60,

120, and 240 sec) and at increasing drug concentrations (10-

100 MM) in an extracellular medium containing 36 mM Na4

ions (Fig. 3).

Stimulatory effect of DMB on basal [3HJDA release
from TIDA neurons as a Ca2�-dependent and DA car-
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rier-independent phenomenon. When TIDA neurons were
superfused with KRB under basal conditions in the presence

of the Na4-Ca24 antiporter inhibitor DMB, a dose-dependent

(30-300 MM) stimulation of [3H]DA release occurred (Fig. 4).

The time-course and the dose dependency of this effect of DMB

were strictly related to the inhibition of Na4-dependent 45Ca24

efflux (see the previous paragraph). In addition, the superfusion

of TIDA neurons in the absence of extracellular Ca24 ions, plus

the addition of 1 mM levels of the Ca24 chelator EGTA, com-

pletely prevented the stimulatory effect exerted by DMB (100
�tM) on [3H]DA release (Fig. 5), suggesting, therefore, that the

entrance of extracellular Ca24 ions into TIDA neurons is a

crucial prerequisite for DMB-induced [3H]DA release.

In contrast, the stimulatory effect exerted by DMB (100 j.�M)

on [3H]DA release was unaffected by the DA transport inhibitor

nomifensine (10 MM) (Fig. 5), suggesting that the release of the

neurotransmitter evoked by the amiloride analogue does not

occur through the DA membrane carrier operating in a reverse

manner.

Effect of DMB on the efflux of [3H]DA metabolites and
total 3H and of the MAO inhibitors pargiline, nialamide,

396 Taglialatela et a!.

KRB
Fig. 4. Effect of 0MB on basal [3H]DA release from

1� superfused TIDA neurons. After the labeling period, the
hypothalamic fragment containing TIDA neurons was

preincubated for 60 mm in a standard KRB buffer. After
the 60-mm preincubation period, DMB (1 0-300 �M) was
added to the superfusion medium, as indicated by the
first arrow. At the 92nd minute from the beginning of the
superfusion, the compound was removed from the KRB
superfusing TIDA neurons, as indicated by the second
arrow. The areas under the [3H]DA release curve from
TIDA neurons superfused with 30, 50, 100, and 300 �tM

DMB were statistically different from that of controls (p
< 0.01 ), whereas that under the [3HJDA release curve
from TIDA neurons exposed to 10 MM DMB did not show
any statistically significant difference versus that of the
control group (p < 0.05). Each point of the curve repre-
sents the mean of four separate determinations. Stand-
ard errors (about 1 5% of the mean value) were omitted

52 60 68 76 84 92 100 for clarity.

MINUTES

Fig. 5. Effect of a Ca24-free medium and nomifensine on DMB-induced
[3H]DA release from TIDA neurons. The experiment was performed as
described in the legend to Fig. 4. In the DMB-Ca24-free group, the Ca2�-
free medium containing 1 m� EGTA was added from the beginning of
the superfusion period. All the other drugs were added at the times
indicated in the figure. At the 92nd minute from the beginning of the

superfusion, all the compounds were removed and TIDA neurons were
superfused with a standard KRB medium, as indicated by the second
arrow. The area under the [3H]DA release curve in the group treated
with 1 00 MM DMB in a Ca24-free and EGTA-containing medium was
statistically different from that of the DMB-treated group superfused in
a standard Ca24-containing KRB (p < 0.05), whereas the area under the
[3HJDA release curve from TIDA neurons exposed to 100 MM 0MB pIus
10 MM nomifensine did not show any statistically significant difference
versus that of 100 �M 0MB treatment alone (p > 0.05). Each point of
the curve represents the mean of four separate determinations. Standard
errors (about 1 5% of the mean value) were omitted for clarity.

Fig. 6. Effect of DMB on the release of [3H}DA, 3H-metabolites of DA,
and total 3H from superfused TIDA neurons. The experiment was per-
formed as described in the legend to Fig. 4. [3HJDA, 3H-metabolites of
DA, and total �H were determined and expressed as reported in Materials

and Methods. Each point of the curve represents the mean of four
separate determinations. Standard errors (about I 5% of the mean value)
were omitted for clarity.

TABLE 1

Effects of different MAO inhibitors on [3HJDA release from
superfused TIDA neurons

[3HJDA release is expressed as the integrated area under the curve of the fractional
rate of the neurotransmitter efflux for the 32 mm (60-92 minutes) of exposure of
TIDA neurons to KRB (control group) or to KRB plus different MAO inhibitors. Each
value is the mean ± standard error of three separate determinations.

Treatment Dose I3HIDA release

�zM
CONTROL 17 ± 1.6

PARGILYNE 10 22.6± 1.21

PARGILYNE 100 16.5 ± 3

NIALAMIDE 100 1 7.6 ± 5

DEPRENYL 100 13 ± 1.2
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KRB

1 Fig. 7. Effect of a-PB on basal [3H]DA release from super-
fused TIDA neurons. After the 60-mm preincubation period,
a-PB (1 0-1 00 MM) was added to the superfusion medium,
as indicated by the first arrow. At the 92nd minute from
the beginning of the superfusion, the compound was re-
moved from the KRB medium superfusing TIDA neurons,
as indicated by the second arrow. The area under the [3H]
DA release curve from TIDA neurons superfused with 30
and 100 MM a-PB was statistically different from that of
controls (p < 0.01), whereas that under the [3H]DA release
curve corresponding to 10 and 20 MM a-PB did not show
any statistically significant difference versus that of the
control group(p > 0.05). Each point ofthe curve represents
the mean of four separate determinations. Standard errors
(about 15% of the mean value) were omitted for clarity.
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and deprenyl on [3HJDA release from TIDA neurons.

DMB (100 MM), in addition to its stimulatory effect of [3H]DA

release, was also able to enhance, although to a lesser exent,

the efflux of 3H-metabolites and total 3H from TIDA neurons

(Fig. 6).
Furthermore, nialamide and pargyline, two “mixed” MAO-A

and MAO-B inhibitors, as well as deprenyl, a selective inhibitor

of the MAO-B enzymatic form (29, 30), were ineffective in

modifying [3H]DA release from TIDA neurons (Table 1).

Effect of a-PB and MGCMA on basal [3H]DA release

from TIDA neurons. When TIDA neurons were superfused

under basal conditions with KRB in the presence of a-PB,

another amiloride derivative with inhibitory properties on the

membrane Na4-Ca2� antiporter, a dose-dependent (30-100 /AM)

stimulation of [3HJDA release occurred (Fig. 7).

In contrast, MGCMA, an amiloride derivative that bears

Na�-Ca2� Exchanger Inhibition and DA Release 397
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Fig. 8. Effect of MGCMA on [3H]DA release from superfused TIDA
neurons. After the 60-mm preincubation period, MGCMA (1 00 and 300
�M) was added to the superfusion medium, as indicated by the first

arrow. At the 92nd minute from the beginning of the superfusion, the
compound was removed from the KRB medium superfusing TIDA neu-
rons, as indicated by the second arrow. The area under the [3HIDA
release curve from TIDA neurons superfused with 100 and 300 MM

MGCMA did not show any statistically significant difference versus that
of the control group (p > 0.05). Each point of the curve represents the
mean of four separate determinations. Standard errors (about 15% of
the mean value) were omitted for clarity.
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Fig. 9. Effect of DMB on 145 m� choline- and 55 m� K4-stimulated
45Ca24 uptake in whole brain synaptosomes. Whole brain synaptosomes
were preincubated for 60 mm in a 145 m� Na4-containing medium. DMB
(0-300 MM) was added to the synaptosomes during the last 20 mm of
the preincubation period. After the preincubation phase, synaptosomes
of each group were exposed to 2 MM 45Ca24 in an extracellular medium
containing either 145 mM Na4, 55 m� K4, or 145 m�i choline. After 30
sec, 45Ca24 trapped in synaptosomes was determined. Data are the
mean ± standard error of three separate experiments. In each experi-
ment, at least three samples for each DMB concentration were evaluated.
5, Values statistically different (p < 0.01) versus their respective control
group (45Ca24 uptake in the absence of DMB).

substituents on the 5-amino nitrogen atom (12, 31, 32) and

possesses a potent inhibitory action on the Na4-H4 antiporter2

even at concentrations of 100-300 MM, which are 100-300 times

higher than the IC50 value for the inhibition of the Na4-H4

antiporter,2 was unable to modify [31-I}DA release from TIDA

neurons (Fig. 8). It is interesting to emphasize the fact that

this amiloride analogue also failed to affect the Na4-Ca24 an-

tiporter in cerebral synaptosomes (see Fig. 11).

Effect of DMB on 45Ca2� uptake in whole brain syn-

aptosomes induced by 55 mr�t K� or by extracellular Na�

ion substitution with 145 m�i choline. When synaptosomes

were preincubated with increasing (10-300 MM) concentrations

of DMB, 45Ca24 uptake evoked by the removal of extracellular

Na� ions and their substitution with an equimolar concentra-
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Fig. 10. Effect of DMB on ouabain-induced [3HJDA release from super-
fused TIDA neurons. After 60 mm of preincubation, DMB (50 MM) was
added in the superfusion medium of DMB- or DMB- plus ouabain-treated
groups. Sixteen minutes later (at the 76th minute from the beginning of
the superfusion) ouabain (500 MM) or 0MB (50 �M) plus ouabain (500
MM) were added to the superfusion medium of their respective group.
The arrow at the 92nd mm indicates the removal of all the compounds
from the KRB buffer superfusing the different groups. Each point of the
curve represents the mean of four separate determinations. Standard
errors (about 1 5% of the mean value) were omitted for clarity. B, Same
results of A, expressed as integrated areas under the curve of [3H]DA
release during the interval from the 76th to the 92nd minute of superfu-
sion. ‘, Value statistically different versus the ouabain-treated group (p
< 0.01).

tion of choline was dose-dependently inhibited (Fig. 9). This

experimental condition, as has been discussed in the accom-

panying paper (26), caused an activation of the Na4-Ca24 an-

tiporter as a Ca24 influx pathway. In contrast, 45Ca24 uptake

evoked by 55 mM extracellular K4 ions, which seems to reflect

Ca24 ion entrance mainly through voltage-operated Ca24 chan-

nels, was completely unaffected by DMB (1-100 MM) (Fig. 9).

Similar results on the inhibitory effect of DMB on 4�Ca24 uptake

stimulated by extracellular Na4 substitution with 145 mM

choline were also obtained in experiments performed in syn-

aptosomes obtained from selective dopaminergically innervated

brain areas (i.e., striatum, median eminence).’

Effect of DMB on ouabain-induced [3H]DA release

from TIDA neurons. The cardioactive glycoside ouabain (500
�zM), an inhibitor ofthe Na4-K4-ATPase pump (33), stimulated

E:IH]DA release from TIDA neurons (Fig. 10). However, if the

dopaminergic neurons were exposed to ouabain after a prein-

cubation with a concentration of DMB (50 MM) close to the

U
4) 180

0

� t 120

� -I---

+� �

�E 60

I � �T .__ . ____
� I� mM N� � � i�io mM K � � [� mM lhoIIne

Fig. 1 1. Effect of MGCMA on 145 m�i choline- and 150 m�i K�-stimulated
45Ca24 uptake in striatal synaptosomes. Striatal synaptosomes were
preincubated for 60 mm in a 145 mM Na�-containing medium. MGCMA
(1 00 MM) was added to the synaptosomes during the last 20 mm of the
preincubation period. After the preincubation phase, synaptosomes of
each group were exposed to 2 MM 45Ca2� in an extracellular medium
containing either 145 mM Na4, 150 mM K4, or 145 mM choline. After 30
sec, 45Ca24 trapped in synaptosomes was determined by liquid scintilla-
tion counting. Data are the mean ± standard error of three separate
experiments. In each experiment, at least three samples for each exper-
imental group were evaluated.

IC5() value for the inhibition of Na4-dependent 4�Ca24 influx in

brain synaptosomes (see Fig. 9), this stimulation was signifi-

cantly prevented (Fig. 10).

Effect of MGCMA on 45CasF uptake in striatal synap-

tosomes induced by 145 m�t choline or elevated K� con-

centrations and on ouabain-induced [3H]DA release

from TIDA neurons. Preincubation of striatal synaptosomes

in the presence of 100 MM MGCMA, the amiloride analogue

that inhibits the Na4-H� antiporter (12, 31, 32),2 failed to affect

45Ca24 uptake evoked either by extracellular Na4 ion removal

and substitution with 145 mM choline or by elevated K4 con-

centrations (Fig. 11). Furthermore, when TIDA neurons were

superfused with MGCMA (100 MM), the release of previously

taken-up [3H]DA induced by ouabain (500 MM) was unaffected

(Fig. 12).

Discussion

The results of the present study demonstrated that DMB

and a-PB, two amiloride analogues that bear substituents on

the terminal guanidino nitrogen atom ofthe parental molecule,

specifically and potently inhibited the Na4-Ca24 exchanger in

cerebral nerve endings. The pharmacological blockade of this

ionic exchange mechanism can exert a dual modulation of [3H]

DA release from a central neuronal system like the TIDA tract.

In fact, if the Na4-Ca24 exchanger was pharmacologically in-

hibited when the neurons were under basal conditions, a stim-

ulation of basal [‘H]DA release occurred. These results can be

explained on the basis of the following consideration. In resting

nerve cells, the Na4-Ca24 exchanger favors the extrusion of

Ca2� ions from the cytoplasm in order to maintain constant

intracellular Ca2� levels (1, 2, 34). In the presence of the two

amiloride analogues with great effectiveness in inhibiting the

Na4-Ca2� antiporter, Ca24 efflux mediated by this ionic anti-

porter would be blocked, leading to an increase in cytosolic

Ca24 levels. The increase in intracellular Ca2� concentrations

would trigger [‘H]DA release from TIDA nerve terminals. This

view seems to be supported by the experiments showing that
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Fig. 12. Effect of MGCMA on ouabain-induced [3H]DA release from
superfused TIDA neurons. After 60 mm of preincubation, MGCMA (100
MM) was added in the superfusion medium of MGCMA- or of MGCMA
(1 00 IAM) plus ouabain (500 ILM)-treated groups. Sixteen minutes later
(at the 76th minute from the beginning of the superfusion), ouabain (500
MM) or MGCMA (1 00 MM) plus ouabain (500 MM) were added to the
superfusion medium of their respective group. The arrow at the 92nd
minute indicates the removal of all the compounds from the KRB buffer
superfusing the different groups. Each point of the curve represents the
mean of four separate determinations. Standard errors (about 1 5% of
the mean value) were omitted for clarity. B, Same results as in A,
expressed as integrated areas under the curve of [3H]DA release during
the interval from the 76th to the 92nd minute of superfusion. The area
under the [3HJDA release curve from TIDA neurons superfused with
ouabain plus MGCMA did not show any statistically significative differ-
ence versus that of ouabain alone (p > 0.05).

DMB effectively blocked Na4-dependent 45Ca24 efflux in cen-

tral nerve endings in a concentration range and with a time-

course compatible with those required for the stimulation of

[3H]DA release from TIDA neurons.

In addition, DMB-induced [3H]DA release was prevented by

the removal of extracellular Ca24 ions, suggesting that the

entrance of Ca24 from the extracellular space is a crucial

prerequisite for the stimulation of basal [3H]DA release. In

addition, the hypothesis that DMB, which inhibits the Na4-

Ca24 antiporter, may induce nonexocytotic release of [‘H]DA

by displacing it from storage vesicles (35) seems not to be

supported by the results obtained with the DA transport inhib-

itor nomifensine. In fact, when nonexocytotic DA release oc-

curs, the membrane DA carrier operates in a reverse fashion,

mediating the efflux of the neurotransmitter (21, 36). There-

fore, if DMB produces a nonexocytotic DA release, it would be

expected that nomifensine would prevent such a phenomenon.

However, this seems not to be the case under our experimental

conditions, because nomifensine did not prevent DMB-induced

[�H]DA release. The observed stimulatory action of DMB on

DA release is in accordance with the results obtained by Flo-

reani et al. (37, 38) and Siegl et al. (39), who investigated

another cellular system, i.e., the cardiac muscle. They found

that amiloride and 3’,4’-dichlorobenzamil, which potently in-

hibited the cardiac Na4-Ca24 exchange system, both displayed

positive inotropic effects, because they increase the systolic

force of contraction and the diastolic tension.

In addition, it has been recently shown that amiloride can

inhibit monoamine catabolism in peripheral catecholaminergic

neurons (40). Therefore, the possibility existed that the stim-

ulation of [3H]DA release observed with amiloride derivatives

specific for the Na4-Ca24 exchanger could be ascribed to the

reduced intraneuronal catabolism of dopamine. However, this

hypothesis is not supported by the results of the present study

showing that DMB, in addition to its stimulatory action on

[3HJDA release, also enhanced the efflux of :cHmetabolites of

DA from TIDA neurons. Furthermore, the fact that previously

taken-up [3H]DA release from TIDA neurons was unaffected

by the mixed MAO-A and MAO-B inhibitors nialamide and

pargyline, as well as by deprenyl, a selective inhibitor of the

MAO-B enzymatic form (29, 30), seems to suggest that the

inhibition of MAO activity in superfused TIDA neurons does

not account for the stimulatory effect exerted by DMB on [‘H]

DA release.

The relationship between the effectiveness of DMB and a-

PB in inhibiting the Na4-Ca24 antiporter and their ability to

modulate DA release from TIDA neurons is further supported

by the result obtained with MGCMA. This 5-N-substituted

derivative of amiloride (12, 31, 32), which has no effect on the

Na4-Ca24 antiporter but inhibits the Na4-H4 antiporter,2 was

devoid of any stimulatory effect on basal [‘HJDA release from

TIDA neurons. These results also suggest that the Na4-H4

antiporter seems not to be involved in the regulation of basal

DA release from central neurons.

The Na4-Ca2’� exchange system does not only operate as a

pathway for the extrusion of intracellular Ca24 ions but can

also work in a reverse way (4). In fact, when the transmembrane

Na4 electrochemical gradient is reduced, as it is upon the

inhibition of the Na4-K4-ATPase pump by ouabain (33), the

Na4-Ca24 exchanger functions as a Ca24 influx pathway. The

increase in intracellular Ca24 concentration that follows the

inhibition ofthe Na4-K4-ATPase elicits dopamine release (41).

In the present experiments, the Na�-Ca2� exchanger inhibitor

DMB, at a concentration close to the IC.�) value for the inhi-

bition of the Na4-Ca24 antiporter, was able to cause a 50%

inhibition of ouabain-induced [‘H]DA release. The ability of

DMB to prevent the stimulatory effect on [‘H]DA release

produced by the inhibition of the Na4-K4-ATPase pump can

be explained on the basis of the ability of DMB to block Ca24

influx mediated by the Na4-Ca24 antiporter. Interestingly, an

analogous phenomenon has been described for the amiloride-

induced reversal of the inotropic and toxic action of ouabain

(37).

In contrast, the Na4-H4 inhibitor MGCMA, which failed to

affect the activity of the Na4-Ca24 antiporter in central nerve

endings and displayed no effect on basal [cH]DA release, was

unable to prevent ouabain-induced [‘H]DA release from TIDA

neurons, suggesting that, also under these conditions, the phar-

macological modulation ofthe activity ofthe Na4-H4 antiporter
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does not appear to play a crucial role in neurotransmitter

release.

In conclusion, the results of the present experiments suggest

that pharmacological inhibition ofthe Na4-Ca24 antiporter may

affect dopamine release from the central nervous system in

opposite ways, depending on whether the Na4-Ca24 exchanger

is operating as a Ca24 efflux pathway, as occurs under resting

conditions, or as a Ca24 entrance pathway, as occurs upon the

reversal of the transmembrane Na4 electrochemical gradient.
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