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Modulation of [3H]-dopamine released by different
frequencies of stimulation from rabbit retina
Margarita L. Dubocovich1 & Julie G. Hensler

Department of Pharmacology, Northwestern University Medical School, 303 East Chicago Avenue, Chicago,
Illinois 60611, U.S.A.

1 Rabbit retinal pieces were incubated with [3H]-dopamine and superfused with Krebs solution.
Calcium-dependent tritium release was elicited twice within each experiment by electrical field
stimulation (360 pulses, 2 ms, 20 mA) at frequencies of 1 Hz, 3 Hz, and 6 Hz. The evoked release of
[3H]-dopamine for the first period of stimulation (SI) was 2.09 ± 0.23% (n = 5) at I Hz and was of
similar magnitude at all other frequencies of stimulation employed.
2 The D2-dopamine receptor agonist, LY 171555 (quinpirole HCl; 0.01-1 gM) added to the
superfusion medium before the second period of stimulation, inhibited the calcium-dependent release
of [3H]-dopamine in a concentration-dependent manner, and was more potent the lower the
stimulation frequency. The isomer of quinpirole, LY 181990 (0.01-1 gM) did not inhibit the
stimulation-evoked overflow of tritium, regardless of concentration or stimulation frequency.
3 The stereoisomers of the D2-dopamine receptor antagonist sulpiride (0.01-3p1M) increased the
calcium-dependent release of [3H]-dopamine in a concentration-dependent manner, being more potent
the higher the frequency of stimulation. S-sulpiride was more potent than R-sulpiride at all stimulation
frequencies. The inhibitory effect of quinpirole was stereoselectively antagonized by sulpiride, but not
by LY 181990. The a-adrenoceptor antagonist phentolamine (1 pM) did not modify the quinpirole-
induced inhibition of [3H]-dopamine release.
4 When the synaptic concentration of dopamine was increased by the presence of the dopamine
uptake inhibitor nomifensine (3 pM), the potency of the agonist quinpirole in inhibiting the release of
[3H]-dopamine elicited by field stimulation at 1 Hz (180 pulses) was decreased. In contrast, the potency
of S-sulpiride in enhancing the evoked release of [3H]-dopamine was increased when nomifensine was
present in the superfusion medium.
5 Picomolar concentrations ofthe hormone melatonin (0.1-10 nM) inhibited the calcium-dependent
release of [3H]-dopamine from rabbit retina with the same potency regardless of the frequency of
stimulation applied (I Hz, 3 Hz or 6 Hz).
6 The potency of D2-dopamine receptor agonists and antagonists in modifying [3H]-dopamine
release from rabbit retina appears to depend on the synaptic concentration of dopamine which is
altered by the frequency of stimulation, and by the dopamine uptake inhibitor nomifensine. At lower
synaptic concentrations of the transmitter dopamine the receptor agonist quinpirole was more potent
in inhibiting [3H]-dopamine release, while the receptor antagonist sulpiride was more potent in
enhancing [3H]-dopamine release the higher the synaptic concentration of dopamine. In contrast, the
potency of melatonin in inhibiting [3H]-dopamine release was not altered by the frequency of
stimulation, or by frequency-dependent changes in the biophase concentration ( f the transmitter
dopamine.

Introduction

In the mammalian retina, the activity of dopamine- neurotransmitters and neuromodulators. In the rabbit
containing amacrine neurones is controlled through retina, D2-dopamine autoreceptors are involved in the
the activation of receptor sites for numerous modulation of the calcium-dependent release of [3H]-

dopamine through a negative feedback mechanism
'Author for correspondence. mediated by the neurotransmitter itself (Dubocovich
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&Weiner, 1981; 1985). The calcium-dependent release
of[3H1-dopamine from rabbit retina is also modulated
through activation of inhibitory presynaptic M2-adren-
oceptors (Dubocovich, 1984) and through the activa-
tion of stereoselective presynaptic opiate receptors
(Dubocovich & Weiner, 1983). The hormone
melatonin is a potent inhibitor of the depolarization-
evoked release of [3H]-dopamine from rabbit retina
(Dubocovich, 1983), activating a distinct receptor site
pharmacologically different from monoamine recep-
tor sites (Dubocovich, 1985).
The degree of modulation of transmitter release

through autoreceptor activation has been shown to
depend on the synaptic concentration of endogenous
transmitter. The biophase concentration of transmit-
ter and thus the potency of autoreceptor agonists and
antagonists in modulating neurotransmitter release
can be altered by neuronal uptake inhibitors, and by
changing the frequency, intensity and duration of
neuronal depolarization. Agonists more potently in-
hibit neurotransmitter release at lower biophase con-
centrations of transmitter, while antagonists more
potently enhance neurotransmitter release the higher
the synaptic concentration of transmitter. This has
been demonstrated for x2-autoreceptor modulation of
noradrenaline release from rabbit ear artery (Limber-
ger & Starke, 1984), rat and rabbit cortical slices
(Bauman & Koella, 1980; Reichenbacher et al., 1982;
Heepe & Starke, 1985), as well as for D2- and
muscarinic autoreceptor modulation ofdopamine and
acetylcholine release from rabbit striatum, respective-
ly (Cubeddu & Hoffmann, 1983; James & Cubeddu,
1984).
This study investigates the modulation of [3H]-

dopamine release from rabbit retina at different
frequencies offield stimulation, through the activation
ofD2-dopamine autoreceptorS and putative melatonin
receptor sites. We have chosen to use in this study the
stereoisomers of LY 141865 [trans-(±)-4, 4a, 5, 6, 7,
8a, 9-octahydro-5-propyl-2H-pyrazole (3,4g) quin-
oline dihydrochloride], a selective D2-dopamine recep-
tor agonist (Tsuruta et al., 1981; Stoof & Kebabian,
1984) that has been shown to inhibit dopamine release
from rabbit retina (Dubocovich & Weiner, 1985) and
from cat caudate (Lehmann et al., 1983). LY 171555
(quinpirole HCI), the laevorotatory enantiomer, pos-
sesses D2-dopamine receptor agonist activity whereas
the dextrorotatory enantiomer of quinpirole,
LY 181990 (a monohydrochloride salt) lacks D2-
dopamine receptor agonist activity (Titus et al., 1983;
Wong et al., 1983; Fuller & Hemrick-Luecke, 1985).
Our objective was to study in the retina the effect of

the synaptic concentration of dopamine on the
modulation of [3H]-dopamine release through activa-
tion of D2-dopamine autoreceptors and melatonin
receptor sites. The synaptic concentration of
dopamine was modified by changes in the frequency of

field stimulation or by the inhibition of neuronal
uptake of dopamine. Under our experimental condi-
tions, melatonin receptor sites were not activated by
endogenous ligand as the levels of melatonin in the
rabbit retina are low or undetectable during the day
(Dubocovich et al., 1985). Some of these results have
been reported to the British Pharmacological Society
(Dubocovich & Hensler, 1985a).

Methods

Animals

Albino rabbits (2.5-3.5 kg) maintained on a 14-10 h
light-dark cycle were killed by decapitation during the
light cycle. The eyes were enucleated and the cornea,
lens and vitreous humor were carefully removed. The
remaining eye cup was everted and placed in a vial
containing 5 ml of Krebs solution gassed with 95%
02:5% C02. The retina was detached by gentle
shaking, during which the retina fragmented into
several pieces.

Superfusion experiments

Retinal pieces were incubated for 20 min at 37°C in the
presence of 0.1 sM [3H]-dopamine (specific activity:
44.5 Ci mmol-', Amersham). The tissue from each
retina was then washed in 5 ml of Krebs solution,
divided into four approximately equal portions and
placed in four cylindrical plastic tubes, each with a thin
nylon mesh on the bottom. Each of the eight plastic
tubes containing pieces of rabbit retina were placed in
glass superfusion chambers, between a pair of
platinum electrodes 30mm apart. The tissue was
superfused, by means of a roller pump at a rate of
1 ml min ', with Krebs solution prewarmed at 37°C,
until the spontaneous outflow of radioactivity had
levelled off. The composition of the Krebs solution
was (mM): NaC1 108, KCl 4.7, glucose 11.1,
NaHCO3 25.0, MgCl2 1.2, NaH2PO4 1.0, CaCl2 1.3,
ascorbic acid 0.11 and disodium EDTA 0.004.

Tritium release was elicited by electrical field
stimulation (20 mA, 2 ms duration) delivered by a
Grass Stimulator model S44 at frequencies of 1 Hz,
3 Hz or 6 Hz. During stimulation, pulses were mon-
itored on an oscilloscope. Two periods of field
stimulation were applied in each experiment, at 60 min
(Si) and at 100 min (S2) after the beginning of super-
fusion. Samples of superfusate were collected by
means of a fraction collector at 4 min intervals before,
during and after each period of stimulation. The drugs
were added to the perfusion medium either 40 min
before SI or 20 min before S2, and were present for the
remainder of the experiment. At the end of the
experiment, the retinal tissue contained in each cham-
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ber was solubilized in 0.5 ml of TS-1 (Research
Products International) and the tritium content was
determined by liquid scintillation counting.

Calculations

The outflow of radioactivity in each sample was
expressed as the percentage of the total tissue radioac-
tivity present at the beginning of each sample collec-
tion: total tritium release per sample divided by total
tritium present in the tissue, and multiplied by one
hundred. The total radioactivity present in the tissue at
the initiation of each sample collected was determined
by adding the radioactivity present in the tissue at the
end of the experiment to the radioactivity collected in
each subsequent sample until the end of the sample
collection. Throughout the text, 'spontaneous outflow
of radioactivity' refers to the outflow of tritium
released during the 4 min period preceding each period
of field stimulation. The spontaneous outflow of
radioactivity from the rabbit retina consists mainly of
[3H]-dopamine metabolites (see Dubocovich &
Weiner, 198 1).
The total overflow of the transmitter is the percen-
tage of total tissue radioactivity released above spon-
taneous levels, induced by the period of field stimula-
tion (Dubocovich& Weiner, 1981). Results are expres-
sed as the ratio (S2/S1) of the percentage of total tissue
radioactivity released above spontaneous levels during
the second (S2) and first (SI) periods of field stimula-
tion within the same experiment. Throughout the text
the 'overflow of transmitter' is also termed: 'calcium-
dependent release of [3H]-dopamine' or 'evoked-re-
lease of [3H]-dopamine'. Unpaired Student's t test
(two-tailed) was used for statistical comparisons.

Drugs used

Nomifensine maleate was donated by Hoechst-Rous-
sel Pharmaceuticals, Inc. (Somerville, NJ); S- and R-
sulpiride by Ravizza (Milan, Italy); LY 171555 and
LY 181990 by the Lilly Laboratories (Indianapolis,
IN); clonidine HCl by Boehringer Ingelheim Ltd.
(Ridgefield, CT); phentolamine HC1 by Ciba-Geigy
(Summit, NJ). Yohimbine HCl was purchased from
Aldrich (Milwaukee, WI). Melatonin was purchased
from Sigma Chemical Company (St Louis, MO).

Results

Calcium-dependent release of[3H]-dopamine elicited
at differentfrequencies offield stimulation

The spontaneous outflow of radioactivity from rabbit
retina pieces, previously labelled in vitro with [3H]-
dopamine, during the 4 min period preceding the first
period of field stimulation (Sp,) for controls was
0.86 ± 0.04% (n = 15). The release of [3H]-dopamine
was elicited by electrical field stimulation at different
frequencies (1 Hz, 3 Hz or 6 Hz), with the number of
pulses kept constant. The percentage total tissue
radioactivity released above spontaneous levels by the
first (SI) period offield stimulation (360 pulses, 20mA,
2ms) was 2.09 ± 0.23% (n = 5) at a stimulation
frequency of 1 Hz, 2.63 ± 0.29% (n = 6) at 3 Hz, and
2.71 ± 0.40% (n = 4) at 6 Hz (Table 1). The evoked
release of [3H]-dopamine did not increase significantly
with increasing stimulation frequency (Table 1). The
ratio of the percentage of total tissue radioactivity
released by the second period of stimulation to that

Table 1 Calcium-dependent release of [3H]-dopamine from rabbit retina at different frequencies of field stimulation

n

5 2.09 ± 0.23
6 2.63± 0.29
5 2.71±0.40

1.97 ± 0.23
2.36 ± 0.30
2.35 ± 0.20

Ratiob
S2/S,

0.95 ± 0.06
0.91 ± 0.06
0.91 ± 0.05

Spontaneous outflow
Ratioc
Sp2/SPI

0.85 ± 0.02
0.83 ± 0.04
0.79 ± 0.01

Calcium-dependent release was elicited twice within each experiment by electrical field stimulation (360 pulses, 20 mA,
2 ms) at frequencies of 1 Hz, 3 Hz, or 6 Hz. Evoked release of[CH]-dopamine is expressed as% 3H-transmitter overflow.
aPercentage of the total tissue radioactivity released above spontaneous levels during the first (SI) and second (S2)
consecutive periods of field stimulation.
bRatio ofthe percentage of total tissue radioactivity released by the second period of stimulation (S2) to that released by
the first period of stimulation (SI).
cRatio ofthe spontaneous outflow ofradioactivity during the 4 min preceding the second period of stimulation (Sp2) to
that released during the 4 min preceding the first period of stimulation (Sp,).
Shown are mean values + s.e.mean; n = number of experiments.

Frequency of
stimulation

1 Hz
3Hz
6Hz

3H-transmitter overflow
% total tissue radioactivity"

S. S2
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a1 Hz, 6 min
LY181990
,ix

. -;

b3Hz,2min
LY181990

LY171555

_ **

I I / I I
0 0.01 0.1 1 10 0 0.01 0.1 1 10

c6Hz,1 min
LY1 81990

\4
-...'

0I 1
0 "0.01 0.1 1 10

Dopamine agonist (>M)

Figure 1 Effect of LY 171555 (quinpirole) and LY 181990 on the release of [3H]-dopamine elicited at different
frequencies of field stimulation. Ordinate scale: inhibition of [3H]-dopamine overflow is the percentage of the total
tissue radioactivity released above spontaneous levels, expressed as the ratio of the second (S2) to the first (SI) period of
stimulation. Calcium-dependent release of [3H]-dopamine was elicited twice within each experiment by field
stimulation (360 pulses, 20 mA, 2 ms) at Hz (a), 3 Hz (b) or 6 Hz (c). Abscissa scale: micromolar concentrations of
LY 171555 (quinpirole) and LY 181990 (logarithmic scale). LY 171555 and LY 181990 in the concentrations shown
were added to the superfusion medium 20 min before the second period of stimulation (S2) and were present for the
remainder of the experiment. Control: (0) at 1 Hz; (0) at 3 Hz; (A) at 6 Hz. Shown are mean values of three to seven

per experimental group; s.e.mean indicated by vertical lines.
* P< 0.05 when compared with corresponding control.

released by the first period of stimulation (S2/S) did
not vary significantly from unity (Table 1). Omission
of calcium from the superfusion medium 20min
before the second period of stimulation prevented the
evoked release of radioactivity at all stimulation
frequencies (1 Hz, 3 Hz, 6 Hz), but did not affect the
spontaneous outflow of radioactivity.

Frequency-dependent modulation of[3H]-dopamine
release by the stereoisomers ofLY 141865 and sulpiride

The D2-dopamine receptor agonist LY 171555 (quin-
pirole HCI), the (-)-isomer of the racemate
LY 141865, when added to the superfusion medium
before the second period of stimulation (S2) produced
a concentration-dependent inhibition of [3HJ-
dopamine release (Figure 1). The maximal inhibitory
effect of quinpirole was obtained at 1 LM when the
tissue was stimulated at I Hz, and at IO M when the
tissue was stimulated at 3 Hz or 6 Hz. With the number
of pulses held constant (360 pulses), quinpirole
(0.01-10 gM) was more potent in inhibiting the
evoked release of[3H]-dopamine the lower the stimula-
tion frequency, as indicated by the concentration of
agonist inhibiting release by 50% (IC50) (Table 2). The
isomer of quinpirole, LY 181990 (0.01-1 gM) when

added to the superfusion medium before S2 had no

inhibitory effect on the evoked release of [3H]-
dopamine, regardless of concentration and stimula-
tion frequency (Figure 1). Neither quinpirole nor
LY 181990 in the range of concentrations used
modified the spontaneous outflow of radioactivity.
The stereoisomers of the D2-dopamine receptor

antagonist sulpiride (0.01-3 JLM), when added before
the second period of stimulation (S2), increased the
evoked release of [3H]-dopamine in a concentration-
and frequency-dependent manner (Figure 2). R-Sul-
piride was less potent than S-sulpiride at all stimula-
tion frequencies. A maximal increase in [3H]-
dopamine release was obtained for S-sulpiride (3 JLM)
when the retina tissue was stimulated at a frequency of
6 Hz. The enhancement of [3H]-dopamine release by
R- or S-sulpiride was greater the higher the stimula-
tion frequency as indicated by the concentration of
antagonist increasing release by 50% (EC150) (Table
2). Neither stereoisomer of sulpiride in the range of
concentrations used (0.01-33 M) modified the spon-
taneous outflow of radioactivity.
The percentage total tissue radioactivity released

during the first period of stimulation (SI) at a

frequency of 1 Hz (360 pulses) in the presence of the
D2-dopamine receptor antagonist S-sulpiride (0.1 M)
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a 1 Hz, 6 min
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Figure 2 Effect of S- and R-sulpiride on the evoked release of [3HJ-dopamine elicited at different frequencies of field
stimulation. Ordinate scale: increase [3H]-dopamine overflow is the percentage of the total tissue radioactivity released
above spontaneous levels expressed as the ratio of the second (S2) to the first (SI) period of stimulation. Calcium-
dependent release of [3HJ-dopamine was elicited twice within each experiment by field stimulation (360 pulses, 20 mA,
20 ms) at frequencies of 1 Hz (a), 3 Hz (b), or 6 Hz (c). Abscissa scale: micromolar concentrations of S- and R-sulpiride
(logarithmic scale). The dopamine antagonists S-sulpiride and R-sulpiride in the concentrations shown were added to
the superfusion medium 20 min before the second period of stimulation (S2) and were present for the remainder of the
experiment. Control: (0) at I Hz; (0) at 3 Hz; (A) at 6 Hz. Shown are mean values of three to seven per experimental
group; s.e.mean indicated by vertical lines.
* P< 0.05 when compared with corresponding control.

Table 2 Potency of melatonin, and the isomers of LY 141865 (LY 171555, LY 181990) and sulpiride in modifying
[H]-dopamine release from rabbit retina at different frequencies of field stimulation (360 pulses)

Frequency of stimulation

1 Hz
3 Hz
6 Hz

IC30 (nM)a
Melatonin LY 171555

0.05
0.05
0.05

50 > 1000
350 >1000
500 > 1000

Melatonin (1 pM-10 nM), the isomers of LY 141865 (0.01-1I0 M) and sulpiride (0.0I-3IM) were added to the

superfusion medium 20 min before the second period of stimulation (S2) and were present for the remainder of the

experiment.
aIC50 is the concentration of drug producing a 50% reduction in the release of [3H]-dopamine elicited by field
stimulation. The IC, values were determined by graphical extrapolation of concentration-effect curves obtained with
at least 4 concentrations of each drug.
bEC150 is the concentration of drug producing a 50% increase in the release of [3H]-dopamine elicited by field
stimulation. The ECIm values were determined by graphical extrapolation ofconcentration-effect curves obtained with
at least 4 concentrations of each drug.
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Figure 3 Antagonism of LY 171555-induced inhibition of ['H]-dopamine release by LY 181990 and the isomers of
sulpiride. Ordinate scale: [3H]-dopamine overflow is the percentage of the total tissue radioactivity released above
spontaneous levels, expressed as the ratio of the second (S2) to the first (SI) period of stimulation. Calcium-dependent
release of ['H]-dopamine was elicited twice within each experiment by field stimulation at 1 Hz (360 pulses, 20 mA,
2 ms). Abscissa scale: micromolar concentrations of drugs used. Either LY 181990 (1 gM), S-sulpiride (0.1 FM) or R-
sulpiride (0.1 Mm) was present in the superfusion medium from 40 min before SI until the end of the experiment. The
dopamine agonist LY 171555 (quinpirole; 0.I Mm) was added to the superfusion medium 20 min before S2. The
percentage total tissue radioactivity released during the first period of stimulation (SI) was: for controls, 2.09 ± 0.23%
(n = 5); in the presence of LY 181990 (1I M), 2.51 ± 0.31% (n = 9); in the presence of S-sulpiride (0.1IM),
3.54 ± 0.35% (n = 7); in the presence of R-sulpiride (0.1IpM), 3.91 ± 0.37% (n = 7). Shown are mean values of three to
six per experimental group; s.e.mean shown by vertical lines.
*P< 0.05 when compared with corresponding controls; tP< 0.05 when compared with the effect ofLY 171555 alone.

was 3.54 ± 0.35% (n = 7), and in the presence of R-
sulpiride (0.1 Mm) was 3.91 ± 0.37% (n = 7). The ratio
S2/Sj, in the presence of R- or S-sulpiride did not vary
significantly from the control value near unity. Under
these conditions, the inhibition of [CH]-dopamine
release produced by the agonist quinpirole
(LY 171555) was antagonized by S-sulpiride (0.1 MuM)
(Figure 3). The effect of sulpiride was stereoselective
since R-sulpiride was less potent than S-sulpiride in
antagonizing the quinpirole-induced inhibition of
[3H]-dopamine release. LY 181990 (1 piM) did not
affect the inhibition of [3H]-dopamine release
produced by its isomer, quinpirole (Figure 3).
The percentage total tissue radioactivity released for

SI at a frequency of 1 Hz (360 pulses) in the presence of
the a2-adrenoceptor antagonist yohimbine (0.1IM)
was 3.73 ± 0.16% (n = 14), and in the presence of the

a-receptor antagonist phentolamine (1 pM) was
2.02 ± 0.15% (n = 19). The ratio S2/Sj, in the presence
of yohimbine or phentolamine did not vary from the
control value near unity. Yohimbine (0.1 MM)
antagonized the inhibition of [3H]-dopamine release
by quinpirole, shifting the dose-effect curve to the
right (Figure 4) (ICm = 251 nM for quinpirole in the
presence of yohimbine 0.1 MM, see Table 2). The a-
receptor antagonist phentolamine (1 pM) however did
not antagonize the quinpirole-induced inhibition of
dopamine release (Figure 4).

Effect ofnomifensine on the modulation of[3H]-
dopamine release by LY 171555 and S-sulpiride

When the calcium-dependent release of [3H]-
dopamine was elicited by field stimulation at 1 Hz for
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Phentolamine
1 p.M (S1, S2)

0// 0.01 0.1 1
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Figure 4 Effect of yohimbine and phentolamine on the
inhibition of [3HJ-dopamine release by LY 171555 (quin-
pirole). Ordinate scale: inhibition [3H1-dopamine over-
flow is the percentage of the total tissue radioactivity
released above spontaneous levels, expressed as the ratio
of the second (S2) to the first (SI) period of stimulation.
Calcium-dependent release of [3H]-dopamine was elicited
twice within each experiment by field stimulation at 1 Hz
(360 pulses, 20 mA, 2 ms). Abscissa scale: micromolar
concentrations of LY 171555 (logarithmic scale).
LY 171555, in concentrations shown, was added to the
superfusion medium 20 min before S2. When indicated,
yohimbine (0.1I M) or phentolamine (1 JAM) was present
from 40 min before SI until the end ofthe experiment: (0)
control; (0) LY 171555 (S2); (A) yohimbine (SI, S2); (A)
yohimbine (SI, S2) plus LY 171555 (S2); (O) phen-
tolamine (SI, S2); (*) phentolamine (SI, S2) plus
LY 171555 (S2). Shown are mean values of 3 to 7
experiments per group; s.e.mean shown by vertical lines.
* P< 0.05 when compared with control.

3 min (180 pulses), the percentage total tissue radioac-
tivity released for the first period of stimulation (SI)
was 1.52 ± 0.09% (n = 31). With nomifensine (3 pM)
present in the superfusion medium during the first (SI)
and second (S2) stimulations, the percent total tissue
radioactivity released for SI was 3.46 ± 0.19%
(n = 32), and the ratio SJ/S, did not vary significantly
from the control value of unity. Under these ex-

perimental conditions, the potency of quinpirole

(0.01-1 I M) in inhibiting the calcium-dependent re-
lease of [3H]-dopamine was decreased as shown by the
shift to the right in the concentration-effect curve for
the D2-dopamine receptor agonist (Figure 5a). In
controls, the concentration of quinpirole inhibiting by
50% the release of [3H]-dopamine (IC50) elicited at
1 Hz (180 pulses) was 79 nM. In the presence of
nomifensine, the IC5o value was 560 nM. In contrast,
the potency of S-sulpiride (0.01-1I-M) in enhancing
the evoked release of [3H]-dopamine was increased
when nomifensine was present in the superfusion
medium (Figure 5b). The concentration of S-sulpiride
increasing by 50% the release of [3H]-dopamine
(EC150) elicited at I Hz (180 pulses) was greater than
3000nM in the absence of nomifensine (3pM). The
EC150 value in the presence of nomifensine (3 jsM) was
lOnM.

Inhibition of[3H]-dopamine release by melatonin at
differentfrequencies offield stimulation

Melatonin (0.01-10 nM) inhibited the calcium-depen-
dent release of [3H]-dopamine from rabbit retina in
vitro in a concentration-dependent manner (Figure 6).
The maximal inhibitory effect of melatonin was
obtained at a concentration of 1 nM, regardless of the
frequency of stimulation applied (Figure 6). The
potency of melatonin in inhibiting [3H]-dopamine
release was the same at stimulation frequencies of
1 Hz, 3 Hz and 6Hz (Table 2).

Discussion

The modulation of [3H]-dopamine release through
activation of stereoselective D2-dopamine autorecep-
tors in the rabbit retina appears to be dependent on the
synaptic concentration oftransmitter, altered by chan-
ges in the frequency of stimulation or by the presence
of the dopamine uptake inhibitor, nomifensine. The
D2-dopamine receptor agonist quinpirole (LY-
171555) more potently inhibited the calcium-depen-
dent release of [3H]-dopamine the lower the frequency
of stimulation, while the D2-dopamine receptor
antagonist sulpiride more potently enhanced [3H]-
dopamine release the higher the stimulation
frequency. Moreover, the potency of the agonist
quinpirole was decreased in the presence of the
dopamine reuptake inhibitor nomifensine, whereas
the potency of the antagonist S-sulpiride was in-
creased. In contrast, the potency of exogenous
melatonin in inhibiting the evoked-release of
dopamine from rabbit retina in the absence of en-
dogenous hormone was not altered by changes in the
frequency of stimulation and thus was independent of
the biophase concentration of dopamine.
The inhibition of [3H]-dopamine release produced

co(I)

0

a)
0
01)c
._

VC
0
T-
c
.0

._

57



58 M.L.DUBOCOVICH & J.G. HENSLER

b

3

Nomifensine 3 FiM
(S, SO)

It

* *

//1 I1 1
o // 0.01 0.1 1

LY 171555 (>M)

2

10

*

Nomifensine
3 FM (Sl, S2)

'i *

I

*,

,~~l i*~~~~
Yg I I I I

0 0.01 0.1 1 10

S-sulpiride (>iM)

Figure 5 Effect of nomifensine on the modulation of [3HJ-dopamine release by LY 171555 (quinpirole) and S-
sulpiride. Ordinate scale: [3H]-dopamine overflow is the percentage of the total tissue radioactivity released above
spontaneous levels, expressed as the ratio of the second (S2) to the first (SI) period of stimulation. Calcium-dependent
release of [3HJ-dopamine was elicited twice within each experiment by a 3 min period of field stimulation at 1 Hz (180
pulses, 20 mA, 2 ms). Abscissa scale: Micromolar concentrations of(a) LY 171555 or (b) S-sulpiride (logarithmic scale).
The agonist LY 171555, or the antagonist S-sulpiride, in concentrations shown, was added to the superfusion medium
20 min before S2. Nomifensine (3pM) was present from 40 min before S until the end of the experiment. (a) (0)
Control; (0) LY 171555 (S2); (A) nomifensine (S, S2); (A) nomifensine (SI, S2) plus LY 171555 (S2). (b) (0) Control;
(-) S-sulpiride (S2); (*) nomifensine (S, S2); (*) nomifensine (S, S2) plus S-sulpiride (S2). Shown are mean values of
three or four experiments per group; s.e.mean shown by vertical lines.
* P< 0.05 when compared with corresponding control.

by the agonist quinpirole HC1 (LY 171555) was
antagonized by the isomers of the selective D2-
dopamine receptor antagonist sulpiride. The S-isomer
of sulpiride was more potent than R-sulpiride at all
frequencies of stimulation in its ability to enhance
[3H]-dopamine release. LY 181990, the monohydro-
chloride salt of the dextrorotatory enantiomer of
quinpirole, had no inhibitory effect on the calcium-
dependent release of [3H]-dopamine and did not
modify the quinpirole-induced inhibition of [3H]-
dopamine release. These results are consistent with the
regulation of dopamine release from rabbit retina in
vitro through stereoselective D2-dopamine autorecep-
tors (Dubocovich& Weiner, 1981; 1985). The modula-
tion of dopamine release by stereoselective presynap-
tic D2-dopamine autoreceptors is well established in
the striatum (Arbilla & Langer, 1981; Starke et al.,
1983).

In the rabbit retina, quinpirole inhibited the cal-
cium-dependent release of [3H]-dopamine evoked by
field stimulation at frequencies of 1 Hz, 3 Hz, 6 Hz
with IC50 values in the nanomolar range, consistent
with the action of the agonist at dopamine autorecep-
tors of D2-subtype (Kebabian & Calne, 1979; Stoof &
Kebabian, 1984; Dubocovich & Weiner, 1985). Quin-
pirole has been shown to have a2-adrenoceptor agonist
activity at concentrations of 0.1 to 100 pM (Cohen et
al., 1984). Although the calcium-dependent release of
[3H]-dopamine from rabbit retina in vitro is modulated
by inhibitory M2-adrenoceptors (Dubocovich, 1984),
the lack of antagonism of the quinpirole-induced
inhibition of [3H]-dopamine release by the a-receptor
antagonist phentolamine suggests that at concentra-
tions up to 1 IpM, quinpirole did not activate C2-
receptors. The C2-antagonist yohimbine however did
modify the inhibition of dopamine release by quin-
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Figure 6 Inhibition of[3HJ-dopamine release by melatonin at different frequencies of field stimulation. Ordinate scale:
inhibition of [3H]-dopamine overflow is the percentage of the total tissue radioactivity released above spontaneous
levels, expressed as the ratio of the second (S2) to the first (SI) period ofstimulation. Calcium-dependent release of [3H]-
dopamine was elicited twice within each experiment by field stimulation (360 pulses, 20 mA, 2 ms) at frequencies of I Hz
(a), 3 Hz (b), or 6 Hz (c). Abscissa scale: molar concentrations of melatonin (logarithmic scale). Melatonin, in the
concentration shown, was added to the superfusion medium 20 min before S2 and remained present for the duration of
the experiment. Controls: (0) 1 Hz; (A) 3 Hz; (*) 6Hz. Shown are the mean values of three to twenty-six per
experimental group; s.e.mean shown by vertical lines.

pirole, shifting the dose-effect curve to the right. This
antagonism by yohimbine of the inhibitory effect of
quinpirole can be explained by the D2-dopamine
receptor blocking action of yohimbine (Scatton et al.,
1980).
The potencies of dopamine receptor agonists and

antagonists in modulating dopamine release at dif-
ferent frequencies of field stimulation through
autoreceptor activation appears to be related to
changes in the synaptic concentration of neurotrans-
mitter. The total tissue radioactivity released by the
first period of field stimulation (SI) was of similar
magnitude at frequencies of 1, 3 and 6 Hz (360 pulses).
However, the higher the frequency of stimulation the
greater the concentration of dopamine in the synaptic
gap per unit of time. Moreover, with increasing
frequency of stimulation the formation ofmetabolities
declines, possibly due to the reduction of neuronal
reuptake of transmitter under conditions of de-
polarization (Holtz & Coyle, 1974; Dubocovich &
Langer, 1976). Frequency-dependent modulation of
transmitter release by respective agonists and
antagonists through activation of presynaptic
autoreceptors has also been demonstrated for

dopamine and acetylcholine in the rabbit striatum
(Cubeddu & Hoffmann, 1983; James & Cubeddu,
1984). Similarly, the effects of a-receptor agonists and
antagonists on noradrenaline release from cortical
slices (Reichenbacher et al., 1982; Heepe & Starke,
1985) and from sympathetic nerve terminals in the
periphery (Limberger & Starke, 1984) largely depend
on the parameters of stimulation employed.
The spontaneous outflow of radioactivity from

rabbit retina labelled in vitro with [3HJ-dopamine
consists mainly of [3H]-dopamine metabolites
(Dubocovich & Weiner, 1981). Unmetabolized [3H]-
dopamine however, accounts for about 50% of the
release of tritium above the spontaneous levels elicited
by the period ofelectrical field stimulation from rabbit
retina (Dubocovich & Weiner, 1981). In order to
determine further whether the potencies of quinpirole
and sulpiride in modifying the evoked release of [3H]-
dopamine from rabbit retina were dependent upon the
synaptic concentration of dopamine released, ex-

periments were done in the presence of the dopamine
uptake inhibitor nomifensine (Hyttel, 1978). By in-
hibiting the reuptake of released dopamine, nomifen-
sine acts to increase the synaptic concentration of the
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transmitter, an effect equivalent to an increase in
stimulation frequency (Zumstein et al., 1981). In the
experiments carried out in the presence of nomifen-
sine, the conditions of field stimulation (1 Hz, 180
pulses) were modified to obtain 3H-overflow of similar
magnitude to controls. Nomifensine decreased the
potency of the agonist quinpirole. In contrast, the
antagonist S-sulpiride was more potent in the presence
of the uptake inhibitor. The results are compatible
with an increase in the synaptic concentration of
dopamine following neuronal uptake inhibition by
nomifensine and a consequent increase in D2-
dopamine receptor activation. Thus, the modulation
ofdopamine release from rabbit retina through activa-
tion of D2-dopamine autoreceptors appears to be
dependent on the concentration of dopamine in the
synapse.
The effect of stimulation frequency on presynaptic

receptor modulation of dopamine release in the
absence of endogenous ligand was investigated by
determining the potency of exogenous melatonin in
inhibiting dopamine release at different frequencies of
stimulation. The levels of immunoreactive melatonin
in the rabbit retina display a diurnal rhythm and are
low or undetectable during the light period when the in
vitro release experiments described here were perfor-
med (Dubocovich et al., 1985). Under these experi-
mental conditions, frequency-dependent changes in
the synaptic concentration of dopamine had no effect
on the inhibitory potency of exogenous melatonin.

In the rabbit retina, melatonin inhibited the release
ofdopamine evoked by field stimulation with the same
potency regardless of stimulation frequency, when the
number of pulses was kept constant. Since the percen-
tage total tissue radioactivity released by the first
period of stimulation (SI) and the inhibitory effect of
melatonin were unaffected by the frequency of
stimulation employed, we conclude that field stimula-
tion delivered at frequencies of 1 Hz, 3 Hz, and 6 Hz

(360 pulses) resulted in the same amount of calcium
entry into the terminal. In the rat hypothalamus, the
inhibition of dopamine release by melatonin appears
to involve a reduction of calcium entry into the
presynaptic nerve ending, as melatonin reduces tissue
uptake of45Ca2" during field stimulation or potassium
depolarization (Zisapel & Laudon, 1983). Moreover,
we have found that the inhibitory effect of melatonin
on the release of [3H]-dopamine from rabbit retina
evoked by field stimulation (20 mA, 2 ms) at frequen-
cies of 1 Hz, 3 Hz or 6 Hz, was potentiated when the
number of pulses was lowered from 360 to 180 pulses
and when the calcium concentration in the superfusion
medium was reduced from 1.3 mM to 0.65 mM
(Dubocovich & Hensler, 1985b). These results are
compatible with the hypothesis that activation of the
melatonin receptor may inhibit dopamine release from
rabbit retina by reducing the availability ofcalcium for
the stimulus-secretory process.

Melatonin is approximately 1000 times more potent
than dopamine and D2-dopamine receptor agonists
(i.e. quinpirole) in inhibiting dopamine release from
rabbit retina (Dubocovich, 1983). The difference in the
potencies of dopamine agonists and melatonin in
inhibiting dopamine release from retina suggests that
in vivo, endogenous melatonin may be the more
important modulator of dopamine release during the
dark period (Dubocovich et al., 1985). Conversely,
during the light period when melatonin levels in the
retina are very low, modulation of dopamine release
may be primarily mediated through the activation of
D2-autoreceptors.
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