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Abstract-The purpose of this study was to determine if structural analogs of dapamine in which the 
side chain nitrogen has been replaced by a permanently uncharged monomethyis~ifide, mono- 
metbylselenid~ or sulfoxide group are capable of binding to the striatal D-2 dopamine receptor and 
acting as agonists at this receptor. All the permanently uncharged dopamine analogs were found to bind 
to the D-2 dopamine receptor as evidenced by their abilities to inhibit significantly [3H]spiperone binding 
to striatal homogenates. However, the inhibition of [‘Hlspiperone binding by the uncharged dopamine 
analogs was incomplete and was almost abolished by the addition of NaCl (125 mM) to the incubation 
medium or by the addition of dopamine or quinpirole at a concentration that saturates the high-affinity 
state of the D-2 dopamine receptor. These effects of NaCI, dopamine and quinpirole suggest that the 
uncharged dopamine analogs bind primarily to the high-affinity state of the D-2 dopamine receptor. 
Whether the uncharged monomethylsu~fide and sulfoxide analogs could function as dopamine agonists 
at the striatal D-2 dopamine rece tor was assessed by determining the abilities of these compounds to 
inhibit the K+-evoked release of [ P H]acetylcholine from striatal slices. Both the monomethyIsulfide and 
sulfoxide analogs inhibited the K+-evoked release of [3H]acetylcholine, but this inhibitory effect does 
not appear to be due to the activation of the D-2 dopamine receptor since it was not reversed by the 
selective D-2 dop~ine antagonist, sulpiride. Additionally, the uncharged monomethyisulfide and 
sulfoxide dopamine analogs were found to antagonize the ability of apomo~h~ne to inhibit the K+- 
evoked release of [3H]a~etylchoiine, but this ~tagonistic effect does not appear to be due to the 
reversible blockade of the D-2 dopamine receptor since it was not reduced by increasing the concentration 
of apomorphine. Therefore, while the permanently uncharged analogs of dopamine appear to bind to 
the sigh-~finity state of the D-Z dopamine receptor, they are not dopamine agonists or antagonists at 
the striatal D-2 dopamine receptor involved in regulating the release of acetylcholine. These results 
suggest that a positive charge may be a requirement for the activation of the striatal D-2 dopamine 
receptor, 

The specific structural elements of the ethylamine 
side chain of dopamine necessary for agonist activity 
have yet to be determined. One unresolved issue is 
whether the presence of a positive charge in the 
ethylamine side chain is optimal for interacting with 
the dopamine receptor. The side chain nitrogen of 
dopamine can exist in both charged and uncharged 
forms at physiological PI-I. Based on the p&C0 of 
the side chain amine group (f&93), the equifibrium 
between the charged and uncharged forms of dopa- 
mine at pII 7.4 is in favor of the charged form. 
An equilibrium in favor af the charged form of 
dopamine, though, does not preclude the existence 
and possible physiological significance of the 
uncharged form. It has been suggested that the orien- 
tation of the nitrogen electron pair is important in 
the interaction of agonists with the do~amine recep- 
tor [l]. If the nitrogen electron pair were to interact 
with the dopamine receptor, it follows that the side 
chain nitrogen of dopamine would be in the 
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uncharged molecular form, However, whether it is 
the charged or uncharged form of dopamine which 
is responsible for binding to, and activation of, dopa- 
mine receptors is still an unresolved issue. 

In a previous study we synthesized structural ana- 
logs of dopamine that contained a permanent posi- 
tive charge in the ethylamine side chain and 
determined their abilities to act as dopaminergic 
agonists and to bind to the D-2 dopamine receptor 
[2]. The analogs that were synthesized contained 
either a permanently charged trimethylammonium, 
dimethy~sulfonium or dimethyiselenonium group in 
place of the primary amine of dopamine. These 
permanently charged analogs of dopamine were 
found to bind to the D-2 receptor in a manner similar 
to conventional dopamine agonists and to exert D-2 
dopaminergic activity at the dopamine receptor that 
inhibits the depolarization-evoked release of 
[3H~acetylcholine, These results support the hypoth- 
esis that it is the positively charged form of the 
dopamine agonist molecule that interacts with the 
D-2 dopamine receptor, in part, by binding to an 
anionic recognition site. Therefore, if the ability to 
interact with an anionic site on the dopamine D-2 
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receptor is a requirement for the expression of agon- 
ist activity, then permanently uncharged analogs of 
dopamine would not be expected to bind to the D- 
2 dopamine receptor or produce dopamine agonist 
activity. To test this hypothesis, we have now syn- 
thesized three permanently uncharged dopamine 
analogs which are similar in structure to the per- 
manently charged dopamine analogs. These are the 
monomethylsulfide, monomethylselenide and the 
sulfoxide derivatives (see Figs. 3-S). To determine 
whether these uncharged compounds can bind to the 
D-2 dopamine receptor and/or exert D-2 agonist 
activity, we examined their effects on {3H]spiperone 
binding to rat striatal membranes and on the K+- 
evoked release of [“Hlacetylcholine from striatal 
slices. 

Our studies show that, although permanently 
uncharged dopamine analogs inhibited [3H]spi- 
perone binding, they did not possess activity at the 
striatal D-2 dopamine receptor characteristic of typi- 
cal dopamine agonists. 

MATERIALS AND METHODS 

~uterials. [3H]Spi erone 
,P 

(23.2 Ci/mmol) and 
[3H]choline (8O.OCi mmol) were obtained from 
New England Nuclear (Boston, MA, U.S.A.). 
Dopamine and dimethyldopamine were obtained 
from the Sigma Chemical Co. (St. Louis, MO, 
U.S.A.). Cinanserin and (+)- and (-)-butaclamol 
were obtained from E. R. Squibb & Sons, Inc. 
(Princeton, NJ, U.S.A.) and Research Biochemicals 
(Wayland, MA, U.S.A.) respectively. The mono- 
methylsulfide, monomethylselenide and sulfoxide 
analogs of dopamine were synthesized in our 
laboratories. 

Preparation of drug solutions. All drugs were 
freshly prepared. The monomethylsulfide, mono- 
methylselenide and sulfoxide analogs of dopamine 
were dissolved in a small amount of solvent which 
consisted of 2 parts 95% ethanol, 2 parts dimethyl 
sulfoxide (DMSO) and 6 parts PEG 400 and then 
diluted with buffer. The concentration of solvent 
used had no effect on either [3H]spiperone binding 
or the K+-evoked release of [3H]acetylchoIine. Buta- 
clamol was dissolved in a small amount of con- 
centrated acetic acid and then diluted with hot 0.1% 
ascorbic acid. All other drugs were dissolved in 
buffer. 

Preparation of striatal homogenates. Male 
Sprague-Dawley. rats (Harlan Sprague-Dawley, 
Inc., Indianapolls, IN), 30@4OOg, were killed by 
decapitation. The brains were removed, and the 
striata were dissected, weighed and placed in 50 vol. 
of ice-cold buffer (50 Mm Tris-base, 2 mM MgS04, 
pH 7.7, at 25”). The striatal tissue was homogenized 
(nine complete strokes) using a Potter-Elvehjem 
glass homogenizer fitted with a Teflon pestle. After 
homogenization, the tissue suspension was centri- 
fuged for 10 min at 48,OOOg. The supernatant frac- 
tion was discarded, and the pellet was resuspended 
in 50 vol. of buffer (same as above) and centrifuged 
again for 10 min at 48,000g. The pellet was then 
resuspended in 200~01. of ice-cold assay buffer 
(SOmM Tris-base, 1 mM MgS04, 125mM NaCi, 
5 mM KCl, 1.25 mM CaC12, 1 mM ascorbic acid, 

0.1 FM cinanserin, 10pM pargyline, pH 7.7, at 25’), 
resulting in a final concentration of 5 mg original 
tissue wet weight/ml buffer. For some of the binding 
studies, NaCl was omitted from the buffer. The tissue 
homogenate was stored on ice until addition to the 
incubation tubes. 

[3H]Spiperone binding assays. The buffer used in 
the assays was the same as the buffer in which the 
tissue was finally suspended as described above. 
Binding assays were done in duplicate in disposable 
glass test tubes (16 X 125 mm). For saturation assays, 
tf;? tubes received in order: f3H]spiperone (diluted 
a,.., added in such a volume as to give a final con- 
centration of 0.01 to 1 nM); 50 ,ul (+)-butaclamol (to 
give a final concentration of 1 PM) added to some 
samples to determine nonspecific binding; assay 
buffer (sufficient to bring the total assay volume to 
5 ml) and l.Oml striatal homogenate (final con- 
centration of 1 mg original wet tissue weight/ml~. 
Specific binding of [3H]spiperone was defined as the 
difference between total [3H]spiperone bound 
and [3H]spiperone bound in the presence of 1 ,uM 
(+)-butaclamol. For competition assays, the tubes 
rec&ved in order: [‘Hlspiperone (added to give a 
final concentration of 0.1 nM); various concen- 
trations of cold competitor; assay buffer (with or 
without 125 mM NaCl) sufficient to yield a final assay 
volume of 5 ml and 1 ml of striatal homogenate (with 
a final concentration of 1 mg original tissue wet 
weight/ml). Cinanserin (0.1 PM) was included in the 
assay buffer to eliminate the serotonergic component 
of [3H]spiperone binding. This concentration 
(0.1 PM) of cinanserin has been reported previously 
to saturate S-2 serotonergic sites without affecting 
[“Hlspiperone binding to D-2 dopaminergic sites [3]. 

All assays were carried out at room temperature 
(23-25”) [3,4]. The tubes were incubated for 
100 min, a time at which equilibrium had been estab- 
lished. The reaction was terminated by separation of 
the free radioligand from bound by rapid vacuum 
filtration (Whatman B glass fiber filters) using a 
12-well cell harvester (Brandel, Gaithersburg, MD, 
U.S.A.). The filters were washed with 20ml 
(4 X 5 ml washes) of assay buffer at room tempera- 
ture: the duration of the washing was approximately 
30sec. The filters were then transferred to liquid 
scintillation vials (20 ml), and 10 ml of scintillation 
fluid (Formula 963, New England Nuclear) was 
added immediately. The vials were then shaken 
for 30min in a mechanical shaker after which 
time the bound radioactivity was counted in a 
Beckman LS 6800 liquid scintillation counter at 40% 
efficiency. 

Measurement of the K+-induced release of 
[3H]acetyZchoZine from striatal slices. Male Swiss- 
Webster mice (Harlan Sprague-Dawley, Inc.) were 
injected with reserpine (5 mg/kg) and u-methyl-p- 
tyrosine (250mg/kg) 20 and 2 hr, respectively, 
before decapitation. The brains were removed, and 
the striatal tissue rostra1 to the anterior commissures 
was dissected [S]. The tissue was cut into 0.6mm 
X 0.6mm using a McIlwain tissue chopper 
(Brinkman Instruments, Westbury. NY) and dis- 
persed into a Krebs-Ringer bicarbonate medium. 
The medium contained (mM): NaCl, 118; KCI. 4.8; 
CaCIZ 1.3: MgSOJi, 1.2; NaHCO,, 25; KH?PO,, 



1.2; ascorbic acid, 0.6; disodium EDTA, 0.03; and medium (beaker 4) which precedes their incubation 
glucose, 11. The medium was stored on ice, bubbled in high K” medium. 
with a 95% 02-5% CO* mixture and adjusted to a Analysis of data. All binding data were analyzed 
pH of 7.2 with NaOH. The slices were incubated for using an iterative nonlinear least squares curve-fitting 
20 min with [3H]choline at a final concentration of program. For i3H]spiperone saturation studies the 
0.1 FM. This low concentration was used because it data were fit to a model assuming either one ligand 
favors the selective uptake of choline into cholinergic and one binding site or one ligand and two binding 
neurons through a high-affinity uptake system. After sites. The equilibrium dissociation constant for 
incubation, the slices were rinsed with cold medium [3H]spiperone was derived from the analysis of the 
and transferred to a plastic tube with nylon mesh [3H]spiperone saturation studies and was used in the 
attached to one end. This tube was placed into a subsequent analysis of the [3H]spiperone com- 
water-jacketed tissue chamber maintained at 37” and petition studies. For the [3H]spiperone competition 
the slices were superfused with normal medium at a studies the data were fit to a model assuming either 
constant rate of 0.5 ml/min for 45 min. The super- two ligands and one binding site or two ligands and 
fusion medium and the subsequent incubation two binding sites. From these analyses the apparent 
medium contained hemicholinium (10 PM) and LX- equilibrium dissociation constants of the competing 
methyl-p-tyrosine (2.50 PM). At the end of the super- drugs were determined. 
fusion, the tube containing the slices was removed To determine whether a one-site or two-site model 
from the tissue chamber, and two slices were placed more appropriately described the data, the gen- 
in each of twelve tubes with nylon mesh attachments. eralized form of the logistic function was initially fit 
The tubes were then transferred at S-min intervals to the binding data [9]. This analysis yields a slope 
into six successive 10-m! beakers, each of which factor that describes the steepness of the curve and 
contained 3 ml of fresh medium at 37”. The first four represents the slope of the logit-log plot when the 
beakers contained normal medium, while the fifth concentration of the cold competing drug is 
and sixth beakers contained medium in which the expressed in terms of natural logarithms. When the 
concentration of K4 was increased to 13.8 mM (the slope factor equals one, the logistic equation 
concentration of sodium was reduced to maintain becomes identical to the law of mass action equation 
isotonicity). To test for dopamine agonist activity, which describes the interaction of one binding site 
the compounds were added to the high K+ medium. with one ligand (saturation experiments) or with 
To test for dopamine antagonist activity, the com- two competing ligands (competition experiments). 
pounds were added to the normal medium (beakers Therefore, binding curves with slope factors equal 
3 and 4) as well as to the high K+ medium (beakers to one were assumed to represent the case in which 
5 and 6) while apomo~hine was added only to the ligands interact with one class of binding sites. Bind- 
high K+ medium. After the last incubation, the tubes ing curves with slope factors significantly less than 
containing the slices were removed from the beaker. one, as determined by Student’s t-test, were con- 
and the slices were homogenized in 0.4 N perchloric sidered justification to further analyze the data using 
acid. the model which describes interactions with two 

The radioactivity in the medium that remained in classes of binding sites. A partial F-statistic, used to 
the beakers and the perchloric acid extracts was determine whether the two-site model fit the data 
determined by liquid scintillation counting. The tri- better than the one-site model, was calculated from 
tium that was released into the medium by the high the following equation: 
K+ was not characterized further. Several previous 
studies have demonstrated that in the presence of 

ss, - S& 

physostigmine, an inhibitor of acetylcholinesterase, F = df, - df2 
radioactive acetylcholine is the main radioactive con- 
stituent of the medium [6,7]. In the present study, 

=2 

physostigmine was not added to the medium, since dfz 
it can result in high extracellular levels of acetyl- where SS, and df, and SS2 and dfi represent the 
choline, which has been shown to inhibit the de- residual sum of squares and degrees of freedom 
polarization-induced release of acetylcholine [7,8]. associated with the one-site and two-site models 
Under the conditions of the present study, the K*- respectively [lo]. Only when the two-site binding 
induced release of tritium was completely dependent model resulted in a significant reduction in the re- 
on the presence of calcium ions in the medium (data sidual sum of squares, as determined by the partial 
not shown). F-test, was the binding data considered to represent 

The amount of tritium released from the tissue the binding of the ligand to two classes of receptors. 
into the medium in each 5-min incubation period is Student’s t-test was used to determine if significant 
expressed as a percentage of the total tritium content changes in the proportion of high-affinity sites 
of the tissue at the start of the incubation period occurred when 125 mM NaCl was added to the incu- 
(fractional release x 100). This was calculated by bation medium. ANOVA and Duncan’s multiple- 
correcting the tissue content of tritium for the tritium range test were used to determine whether significant 
released into the medium. The K+-evoked increase differences existed among the fractional release of 
in tritium release is the mean percentage release of [3H]acetylcholine obtained for the different treat- 
tritium obtained when the slices were incubated in ment groups. Before statistical analyses, the data 
the beakers with high K+ medium above the baseline were transformed by converting the proportion of 
of spontaneous release. The latter is the percentage high-affinity sites and the [3H]acetylcholine frac- 
fractional release of slices incubated in normal tional release data to the arcsine of the square-root 
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of the proportion in order to obtain data which are 
normally distributed. 

The level of significance employed for all statistical 
tests was P < 0.05. 

RESULTS 

Effects of dopamine and dimethyldopamine on 
[3H]spiperone binding in the absence and presence 
of NaCl. [‘HlSpiperone binding was found to be 
saturable, stereoselective and fit best to a one-site 
binding model (data not shown). Specific binding 
represented SO-90% of total binding. In the presence 
of 125 mM NaCl, the equilibrium binding dis- 
sociation constant (&) and B,,, of [3H]spiperone 
binding were 31 +- 8 pM and 25.3 t 7 pmol/g tissue 
respectivefy. In the absence of NaCl, the ik;d and 
B,,, of [aH]spiperone binding were 75 t 15 pM and 
24.2 rt 2.1 pmol/g tissue respectively. 

In NaCl-free medium, dopamine (Fig. 1) and 
dimethyldopamine (Fig. 2) maximally inhibited total 
[3H]spiperone binding by 90% which corresponds 
to the complete inhibition of specific [3H]spiperone 
binding. The inhibition curves were found to fit best 
to a two-site binding model which is believed to 
represent the high- and low-affinity states of the D- 
2 dopamine receptor [ll]. For both compounds, 
binding to the high-affinity site represented approxi- 
mately 50-60% of total binding which is similar to 
that reported for dopaminergic agonists by Gri- 
goriadis and Seeman [12]. In the absence of NaCl, 
the binding dissociation constant of dopamine for 
the high-affinity site (li;H) was 3.7 2 2.0 nM (SEM, 
N = 3) and the binding dissociation constant for the 
low-affinity site (Kt) was 354 ? 40 nM (SEM, N = 
3) (Fig. 1). The binding dissociation constant of 
dimethyldopamine for the high-affinity site (K,) was 
24.6 A 7.2 nM (SEM, N = 4) and that for the Iow- 
affinity site (r(r,) was 720 2 170 nM (SEM, N = 4) 
(Fig. 2). The addition of 125 nM NaCl to the incu- 
bation medium produced a marked decrease in the 
proportion of high-affinity binding sites for dopamine 
(60% to 24%) and dimethyldopamine (51% to 26%), 
but did not change the maximum inhibitory effect of 
these compounds (Figs. 1 and 2). This effect of NaCl 
has been interpreted as a conversion of a high-affinity 
state of the receptor to a low-affinity state [12]. In 
the presence of NaCl, the KH for dopamine was 
11.4* l.lnM (SEM, N = 3) and the K, was 

-10 -9 -8 -7 -6 -5 -4 -3 

Log [DA] moles/liter 

Fig. 1. Dopamine (DA)/[3H]spiperone (0.1 nM) com- 
petition curves in the presence and absence of 125mM 

NaC1. Each value is the mean -+ SEM. 

Fig. 2. Dimethyldopamine (DMDA)/13H]spiperone 
(0.1 nM) competition curves in the presence and absence 

of 125 mM NaCI. Each value is the mean _t SEM. 

958 * 3nM (SEM, N = 3) (Fig. 1). The rC, for 
dimethyldopamine was 117.5 * 22.7 nM (SEM, N = 
5) and the KL was 1.73 * 0.13pM (SEM, N = 5) 
(Fig. 2). 

Effect of the permanently uncharged dopamine 
analogs on [ 3H]spiperone binding in the absence and 
presence of NaCl. In the absence of NaCI, all three 
permanently uncharged compounds inhibited 
[3H]spiperone binding (Figs. 3-5). The methysulfide 
and methylselenide analogs produced a maximum 
inhibition of total [3H]spiperone binding of 60%, 
whereas the sulfoxide analog produced a maximum 
inhibition of 40%. Computer-assisted analysis indi- 
cates that the inhibition curves for the three 
uncharged analogs, unlike the curves for dopamine 
and dimethyldopamine, did not fit a two-site binding 
mode1 better than a one-site model. Very high con- 
centrations of all three uncharged analogs (1 mM and 
above) were found to increase, rather than decrease, 
[3H]spiperone binding. This effect, which may be 
related to nonspecific membrane changes produced 
by these lipid soluble drugs, was not examined 
further because the large amounts of drug required 
for this study were not available. The apparent equi- 
librium binding dissociation constants (KJ values 
for the methylselenide, methylsulfide and sulfoxide 
analogs were 3.8 5 1.4pM (SEM) (N = 3), 
16.1 * 9.1 ,uM (SEM) (N = 3) and 32.7 2 2.0 PM 
(SEM) (N = 3) respectively. 

Fig. 3. Inhibition of total [‘Hlspiperone binding by the 
uncharged monomethylsulfide dopamine analog (DA-S) in 
the presence and absence of 12.5 mM NaCI. Each value is 

the mean ? SEM. 
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El,, , , , / 
-10 -9 -8 -7 -6 -5 -4 
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Fig. 4. Inhibition of total [3H]spiperone binding by the 
uncharged monomethylselenide dopamine analog (DA-Se) 

Fig. 6. Inhibition of total [‘Hlspiperone binding by the 

in the presence and absence of 125 mM NaCI. Values are 
uncharged monomethylsulfide dopamine analog (DA-S) 

means 2 SEM (N = 3) or range (N = 2). 
in the presence and absence of 0.1 PM dopamine in NaCI- 
free medium. Values are means f SEM (N = 3) or range 

(N = 2). 

The addition of 125 mM NaCl to the incubation 
medium almost abolished the inhibitory effects of 
the uncharged analogs on [3H]spiperone binding 
(Figs. 3-5). Thus, in the presence of NaCl, the maxi- 
mum inhibition of total [3H]spiperone binding for 
the methylsulfide analog was only 20% at a con- 
centration of 0.3 mM, whereas that for the methyl- 
selenide and the sulfoxide analogs was even less. 
These results show that the binding of the per- 
manently uncharged analogs to the D-2 dopa- 
minergic receptor resembles the high-affinity binding 
of typical dopamine agonists in that both are reduced 
markedly by the addition of NaCl to the incubation 
medium. This effect of NaCl on the binding prop- 
erties of the uncharged analogs suggests that the 
uncharged analogs, in the absence of NaCl, may bind 
predominantly to the high-affinity state of the D-2 
receptor. 

Effects of dopamine and quinpirole on the inhi- 
bition of [3H]spiperone binding produced by the 
permanently uncharged methylsul’de analog of dopa- 
mine. To test further whether the permanently 
uncharged methylsulfide analog binds to the high- 
affinity state of the D-2 dopamine receptor, we deter- 
mined whether the methylsulfide analog could inhibit 
[3H]spiperone binding in the presence of 1 PM dopa- 
mine in NaCl-free medium. This concentration of 

1 I 

-10 -9 -6 -7 -6 -5 -4 

Log [DA-SO] molesmer 

Fig. 5. Inhibition of total [3H]spiperone binding by the 
uncharged sulfoxide dopamine analog (DA-SO) in the pres- 
ence and absence of 125 mM NaCI. Each value is the 

mean +- SEM. 

dopamine is ten times greater than the Ki of dopa- 
mine for the high-affinity sites and l/7 the K, of 
dopamine for the low-affinity sites and would, there- 
fore, be expected to saturate the high-affinity sites 
while having minimal effect on the low-affinity sites. 
This prediction was confirmed in studies in which 
dopamine at 1 PM was found to inhibit [3H]spiperone 
binding by 50% which would be expected since, as 
shown in Fig. 1, high-affinity binding accounts for 
50% of total binding. Furthermore, in the presence 
of 1 PM dopamine, dimethyldopamine, a drug which 
binds to both high- and low-affinity sites, inhibited 
[3H]spiperone binding, but the inhibition curve mod- 
elled best to a single class of sites with a Ki of 
5 X lo-‘M which is similar to the Ki of dimethyl- 
dopamine for the low-affinity site in NaCl-free 
medium, 7.2 ? 1.7 X lo-‘M. Figure 6 shows that 
dopamine at a concentration of 1 PM almost abol- 
ished the ability of the uncharged methylsulfide ana- 
log to inhibit [3H]spiperone binding in NaCl-free 
medium, suggesting that the uncharged methyl- 
sulfide analog binds predominantly to the high-affin- 
ity state of the receptor. 

Additionally the effect of quinpirole, a selective 
D-2 dopamine receptor agonist, on the inhibition of 
[3H]spiperone binding produced by the permanently 
uncharged methylsulfide analog was determined. 

a [ 1 I I 1 I 1 

-9 -8 -7 -6 -5 -4 -3 

Log [ LY 1715551 moles/Ilter 

Fig. 7. Inhibition of total [‘Hlspiperone binding by LY 
171555 (quinpirole) in NaCl-free medium. 

BP 37:10-H 
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Log [DA-S] moles/liter 

Fig. 8. Inhibition of total [“HJspiperone binding by the 
uncharged monomethylsulfide dopamine analog in the 
presence and absence of 0.2 pM LY 171555 (quinpirole) in 

NaCl-free medium. 

Similar to other typical D-2 dopamine receptor agon- 
ists, quinpirole inhibited [3H]spiperone binding in 
NaCl-free medium in a biphasic manner (Fig. 7). 
The Ki values for binding to the high- and low-affinity 
sites were 0.02 and 1.4 ,uM respectively. Conse- 
quently, a concentration of 0.2pM, which is ten 
times higher than the K, for the high-affinity site 
and l/7 the K, for the low-affinity site was used to 
selectively inhibit the binding of [3H]spiperone to 
high-affinity agonist sites. In the presence of 0.2 PM 
quinpirole, dimethyldopamine inhibited [3H]spi- 
perone binding with a Ki of 5.8 x 10m7M which is 
similar to the KL of dimethyldopamine in NaCl-free 
medium, 7.2 ? 1.7 x 10m7M. Similar to the effect 
observed with 1 PM dopamine, the addition of 
0.2 PM quinpirole to the medium was found to almost 
abolish the inhibitory effect of the uncharged sulfide 
analog on [3H]spiperone binding in NaCl-free 
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Fig. 9. Effect of sulpiride (SULP) on t he 

medium (Fig. 8). further supporting the concept that 
the binding of the uncharged sulfide analog in NaCl- 
free medium is predominantly to the high-affinity 
state of the D-2 dopamine receptor. 

Effect of the permanently uncharged analogs of 
dopamine on the potassium-evoked release of 
[‘Hlacetylcholine from mouse striatal slices. To 
determine whether the permanently uncharged ana- 
logs of dopamine could act as agonists on D-2 dopa- 
minergic receptors, we determined whether these 
compounds could inhibit the K+-evoked release of 
[3H]acetylcholine from striatal slices. The uncharged 

sulfide (3 mM) and sulfoxide (1 mM) analogs of 
dopamine were found to inhibit significantly the K+- 
evoked release of [3H]acetylcholine by approxi- 
mately 35% (Fig. 9). However, the inhibition pro- 
duced by the sulfide and sulfoxide analogs was not 
reversed by 2 PM sulpiride, a D-2 selective antagonist 
(Fig. 9). In contrast, dopamine (10 PM) produced a 
70% inhibition of the K+-evoked release of 
[3H]acetylcholine which was reversed completely by 
2pM sulpiride (Fig. 9). These results suggest that 
the inhibition of the K+-evoked release of 
[3H]acetylcholine produced by the uncharged ana- 
logs is not due to a specific action on D-2 dopamine 
receptors. 

The ability of the uncharged methylsulfide dopa- 
mine analog to antagonize the apomorphine-induced 
inhibition of the K+-evoked release of [3H]ace- 
tylcholine was also determined. Apomorphine 
(0.3pM) produced a 65% inhibition in the K+- 
evoked release of [3H]acetylcholine, an effect which 
was partially antagonized by the uncharged sulfide 
dopamine analog (1 mM) and completely antag- 
onized by sulpiride (2 PM) (Fig. 10). Increasing the 
concentration of apomorphine to 100pM resulted 
in an 80% inhibition of the K+-evoked release of 

3A DA 
IOpM iOpM 

+ 
bulp q‘M 

inhibition of the K--evoked release of [ ‘Hlacetylcholine 
produced by dopamine (DA), the uncharged monomethylsullide dopamine analog (DA-S) and the 
sulfoxide dopamine analog (DA-SO). Differences according to Duncan’s Multiple Range test, P < 0.05: 
values for DA, DA-S and DA-SO groups were significantly less than control: values for DA + Sulp 
group were significantly greater than DA alone; values for DA-S + Sulp and DA-SO + Sulp were n&t 
significantly different from those of the DA-S group or DA-SO group respectively. Each value is 
the mean 2 SEM of 4-18 determinations. The K’-evoked release (net fractional release X 100) of 

[‘Hlacetylcholine for controls was 18.30 ? 0.76% (N = 18). 
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Fig. 10. Effect of increasing apomorphine (APO) concentration on the abilities of sulpiride (Sulp) and 
the uncharged monomethylsulfide analog of dopamine (DA-S) to antagonize the APO-induced inhibition 
of the K’-evoked release of [‘Hlacetylcholine. Differences according to Duncan’s Multiple Range test, 
P < 0.05: values for all groups containing APO (0.3 and 100 PM) were significantly less than control; 
values for both APO (0.3) + Sulp and APO (IdO) + Sulp were significantly greater than those of APO 
(0.3) and APO (loo), respectively; values for APO (0.3) + DA-S and APO (100) + DA-S were 
significantly greater than APO (0.3) and APO (100) respectively. Each value is the mean 5 SEM of 4- 
22 determinations. The K’-evoked release (net fractional release x 100) of [3H]acetylcholine for controls 

was 17.80 C 0.49% (N = 22). 

[3H]acetylcholine, but this effect was reversed only 
slightly by 2 PM sulpiride (Fig. 10). Thus, the antag- 
onist action of sulpiride was reduced markedly when 
the concentration of apomorphine was raised to 
100 ,uM. In contrast, there was no difference in the 
ability of the uncharged methylsulfide dopamine ana- 
log to antagonize the inhibitory effects of 0.3 and 
100pM apomorphine (Fig. lo), suggesting that the 
uncharged methylsulfide analog of dopamine is not 
reversibly blocking the effect of apomorphine on the 
D-Z dopamine receptor. 

DlSCUSSION 

The results of this study demonstrate that the 
permanently uncharged methylsulfide, methylsel- 
enide and sulfoxide analogs of dopamine were able 
to inhibit effectively [“Hlspiperone binding to D-2 
dopamine receptors in rat striatal membranes in the 
absence of NaCl. However, the binding properties 
of the uncharged dopamine analogs were different 
from those of dopamine and dimethyl- 
dopamine. In the absence of NaCl, the permanently 
uncharged dopamine analogs maximally inhibited 
total [3H]spiperone binding by 4C-60%, and the 
inhibition curves were best described by a one-site 
binding model. In contrast, the maximum inhibition 
of total [3H]spiperone binding observed with dopa- 
mine and dimethyldopamine was 90%) and the inhi- 
bition curves were best described by a two-site 
binding model in which the receptor exists in both 
high- and low-affinity states. Thus, these studies 
show that the uncharged dopamine analogs can bind 
to the D-2 site in NaCl-free medium, but that the 
binding is not characteristic of typical dopamine 
agonists. 

Since the binding of the uncharged analogs is best 
described by a one-site binding model, these com- 
pounds may be binding predominantly to either the 
high- or low-affinity state of the D-2 receptor. The 
addition of NaCl to the incubation medium has been 
shown to convert high-affinity binding sites for dopa- 
mine and dimethyldopamine to low-affinity binding 
sites [12] (Figs 1 and 2). Consequently, we deter- 
mined the effect of NaCl on the inhibition of 
[3H]spiperone binding produced by the uncharged 
analogs. The inhibitory effect of all uncharged ana- 
logs on [ 3H]spiperone binding was abolished almost 
totally in the presence of NaCl, suggesting that the 
uncharged analogs of dopamine bind primarily to 
the high-affinity state of the D-2 receptor. Addition- 
ally, the binding of the uncharged dopamine analogs 
in the presence of concentrations of dopamine or 
quinpirole which preferentially saturate the high- 
affinity site was also almost totally abolished. These 
observations suggest that the binding of the un- 
charged analogs is predominantly to the high-affinity 
state of the D-2 receptor. 

In addition to measuring the abilities of the 
uncharged analogs to bind to the D-2 dopamine 
receptor, we also assessed the potential D-2 agonist 
and antagonist activities of the uncharged dopamine 
analogs by determining their abilities to inhibit the 
K+-induced release of (3H]acetylcholine from striatal 
slices and to antagonize the inhibitory activity of the 
dopamine agonist, apomorphine, on this system. In 
these studies the sulfide and sulfoxide analogs were 
able to produce a small, but significant, inhibition of 
the K+-evoked release of [3H]acetylcholine, but only 
at concentrations of 3 and 1 mM respectively. The 
inhibition produced by these uncharged analogs does 
not appear to be due to the activation of dopamine 
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receptors since it was not antagonized by the D-2 
antagonist, sulpiride. which was shown to completely 
antagonize the inhibition produced by dopamine and 
apomorphine (Fig. 9). The uncharged dopamine ana- 
logs were also able to partially antagonize the ability 
of apomorphine to decrease the K+-evoked release 
of [“H]acetylcholine (Fig. 10). However, the antag- 
onistic effects of the uncharged analogs were not 
reversed by increasing the concentration of apo- 
morphine, suggesting that the abilities of the sulfide 
and sulfoxide analogs to antagonize the effects of 
apomorphine are not due to the reversible blockade 
of the D-2 dopamine receptor. Thus, the uncharged 
dopamine analogs are neither specific dopamine 
agonists nor dopamine antagonists of the dopamine 
receptor regulating the release of acetylcholine. 

In summary, these studies show that permanently 
uncharged analogs of dopamine bound primarily to 
the high-affinity state of the D-2 dopamine receptor 
but did not possess D-2 dopamine agonist activity. 
In contrast, previous studies have shown that per- 
manently charged analogs of dopamine bind to both 
high- and low-affinity states of the D-2 dopamine 
receptor and are agonists at this site [2. 131. These 
results suggest that the ability to bind to the low- 
affinity state of the D-2 dopamine receptor may be 
an important determinant of agonist activity. Fur- 
thermore, the observation that binding to the low- 
affinity state occurred with permanently charged and 
not permanently uncharged analogs suggests that 
low-affinity binding may involve an interaction 
between a positively charged group on the drug 
molecule and an anionic site on the D-2 dopamine 
receptor. Therefore, the presence of a positive 
charge, as in the case of the permanently charged 
douamine analogs. or the caoacitv to nroduce a 

positive charge, as in the case of dopamine or 
dimethyldopamine, may be a requirement for acti- 
vation of the D-2 dopamine receptor and subsequent 
agonist activity. 
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