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Abstract

Some o receptor ligands have been shown to bind with low affinity to the dopamine transporter and to inhibit [*H]dopamine uptake.
It has not previously been shown whether any of these compounds influence release of dopamine via facilitated exchange diffusion. To
further examine the nature of the interaction between o receptor ligands and the dopamine transporter, the effects of o receptor ligands
on amphetamine-stimulated [3H]dopamine release were examined in dlices prepared from rat caudate putamen. In the absence of
exogenous Ca?*, both (+ )-pentazocine and ( — )-pentazocine potentiated amphetamine-stimulated [ *H]dopamine release at concentrations
consistent with their affinities for o, receptors. In contrast, BD737 (1S2 R-(—)-cis-N-{2-(3,4-dichlorophenyl)ethyl}-N-methyl-2-(1-
pyrrolidinyl)cyclohexylamine), a o, receptor agonist, had no effect on amphetamine-stimulated release. Neither isomer of pentazocine
alone had any effect on basal [3H]dopamine release under these conditions. Three antagonists at o receptors, one of which is
non-selective for subtypes, and two of which are o,-selective, al blocked the enhancement of stimulated release produced by
(+)-pentazocine. Enhancement of stimulated release by (—)-pentazocine was similarly blocked by o, receptor antagonists. Our data
support the contention that it is possible to regulate transporter-mediated events with drugs that act at a subpopulation of o receptors

pharmacologically identified as the o, subtype. © 1998 Elsevier Science B.V.
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1. Introduction

Both amphetamine and cocaine are thought to produce
their behavioral and reinforcing effects via actions at the
dopamine transporter. Cocaine binds to the dopamine
transporter and inhibits reuptake of dopamine into presy-
naptic terminals, resulting in an increase in extracellular
dopamine. Amphetamine also acts via the dopamine trans-
porter: it is transported into the terminals where it causes
release of vesicular pools of dopamine into the cytoplasm
and ultimately into the extracellular fluid (Schuldiner et
al., 1993; Sulzer et al., 1993, 1995). Because of these
actions, much interest has been focused on mechanisms by
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which transporter function can be regulated, in the hope
that this information will lead to the development of agents
that may be of use in the treatment of drug abuse.

There are few studies showing receptor regulation of
dopamine transporter function. There is some evidence that
dopamine D, receptors might modulate dopamine reup-
take. When inward transport of dopamine is mathemati-
cally modeled from studies using rotating disk electrode
voltammetry to measure dopamine levels it appears that
the dopamine D, receptor agonist quinpirole increases the
rate of removal of dopamine from the synapse (Meiergerd
et a., 1993), while haloperidol (McElvain and Schenk,
1992), and raclopride (Cass and Gerhardt, 1994), both
dopamine D, receptor antagonists, decrease dopamine re-
uptake. These effects are not robust, and alterations in
dopamine uptake in the presence of dopamine D, agonists
are not apparent when in vitro measurements of dopamine
uptake into synaptosomes are used (Dean and Copolov,
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1989). Other studies have shown that nicotine inhibits
dopamine uptake, but does not bind to the dopamine
transporter (Izenwasser et al., 1991). In addition, the inhi-
bition by nicotine is blocked by nicotinic receptor antago-
nists, suggesting a regulation of the transporter by nicotine
receptors (Izenwasser et al., 1991; Yamashita et al., 1995).

Recently it was shown that some o receptor ligands
bind with low affinity to the cocaine binding site on the
dopamine transporter (Izenwasser et al., 1993) and inhibit
dopamine uptake (Woodward and Harms, 1992; lzen-
wasser et a., 1993). The mechanism for the inhibition of
uptake appears to be noncompetitive, in that the com-
pounds are binding to a regulatory site on the transporter
(as evidenced by their competition against binding to the
cocaine binding site). (+)-Pentazocine produces no inhibi-
tion of uptake at concentrations up to 10 uM. Previoudly,
it has also been shown that cocaine interacts with o
receptors (Sharkey et al., 1988).

Another mechanism by which o receptor ligands could
regulate synaptic dopamine levels would be to facilitate
reversal of transport. In the current study, we tested (+)-
pentazocine, (—)- pentazocine, and BD737 (1S2R-(—)-
cis-N-{2-(3,4-dichlorophenyl)ethyl}-N-methyl-2-(1-pyrroli-
dinyl)cyclohexylamine), all widely held to be o receptor
agonists, for their effects on dopamine release stimulated
by amphetamine. Although (+ )-pentazocine can inhibit
dopamine uptake at high concentrations, we used only
concentrations consistent with activation of the two o
receptor subtypes, but too low to have effects on uptake
(Izenwasser et al., 1993).

We have previoudy found that o receptor agonists
such as (+)-pentazocine, (—)-pentazocine and BD737
inhibit NMDA-stimulated release of dopamine from the
striatum (Gonzalez-Alvear and Werling, 1994; Gonzalez-
Alvear and Werling, 1995), nucleus accumbens, and pre-
frontal cortex (Weatherspoon et al., 1996). These studies
were done under conditions favorable for NM DA -receptor
stimulation (i.e., in the presence of Ca?" and absence of
Mg?*). In addition, a dopamine uptake inhibitor was used,
so as to prevent the reuptake of released dopamine, thus
precluding any conclusions about the effects of these
compounds on transporter-mediated release. Under these
conditions, the o receptor agonists do not have any effect
on basal dopamine release.

The present study was undertaken in order to further
investigate the nature of the interaction between o recep-
tor ligands and the dopamine transporter. Since am-
phetamine causes the release of dopamine via reversal of
the dopamine transporter (Liang and Rutledge, 1982; Ja-
cocks and Cox, 1992; Giros et ., 1996), the effects of o
receptor agonists and antagonists on amphetamine-stimu-
lated [*H]dopamine release were examined. Additionally,
the effects of Mg?" and Ca?* were considered in these
interactions. Since the presence of Mg?* blocks the activa-
tion of the NMDA-operated cation channel, it was possible
to rule out a contribution of NMDA-mediated stimulation

of dopamine release by measuring release in the presence
of Mg?*. Similarly, since extracellular Ca2* is necessary
for exocytotic release to occur, and NMDA-stimulated
release is exocytotic, removal of Ca®* ensured that any
observed release was likely to be via the dopamine trans-
porter.

2. Materials and methods
2.1. Chemicals

Chemicals and reagents were obtained from the follow-
ing sources; [*H]dopamine (specific activity ranged from
47-50 Ci/mmol) from Amersham (Arlington Heights,
IL); (+)- and (— )-pentazocine, and amphetamine from the
National Institute on Drug Abuse, Rockville, MD; DTG
(1,3-di-o-tolylguanidine) from Research Biochemicals,
(Natick, MA); BD737 (1S2R-(—)-N-[2-(3,4-dichloro-
phenylethyl]-N-methyl-2-(1-pyrrolidinyl)cyclohexylamine)
and BD 1008 (N-{2-(3,4-dichlorylphenylethyl} N-methyl-
2-pyrrolidinyl)ethylamine) from Wayne Bowen at NIDDK,
NIH; BIMU-8 (endo-N-(8-methyl-8-azabicyclo{3.2.1.}oct-
3-yD-2,3-dihydro-(1-methyl)ethyl-2-oxo-1 H-benzimidazo-
le-1-carboxamidehydrochloride) from Doug Bonhaus at
Roche Bioscience; DuP734 (1-(cyclopropylmethyl]-4-
(2'4"-fluorophenyl)-2'-oxoethyl)piperidine  HBr) from
Robert Zaczek at Dupont Merck; Lu28-179 (1-[4-[1-94-
fluorophenyl)-1 H-indol-3-yl]-1-butyl]spirolisobenzof uran-
1(3H), 4-piperidine]) from Connie Sanchez at H. Lund-
beck.

2.2. Dopamine release assays

Dopamine release was measured essentially as previ-
ously described (Werling et al., 1988; Gonzalez-Alvear
and Werling, 1994). Male Sprague—Dawley rats (350-500
g, Hilltop, Scottdale, PA) were killed by decapitation and
their brains removed to an ice-cooled dish for dissection of
the striatum. The tissue was weighed and chopped into 250
pm slices on a Sorvall TC2 tissue slicer with two succes-
sive cuts at an angle of 90°. The strips of tissue were
suspended in oxygenated modified Krebs—HEPES buffer
(MKB) consisting of 127 mM NaCl; 5 mM KCl; 1.3 mM
NaH,PO,; 1.2 mM MgSO, (where indicated); 15 mM
HEPES acid; 10 mM glucose; (adjusted to pH 7.4 with
NaOH) which was presaturated with 95% O,/5% CO,
and warmed to 37°C. The tissue was rinsed three times,
each in approximately 20 volumes of buffer. The tissue
slice suspensions were then incubated in 20 ml buffer
containing [*H]dopamine (final concentration 15 nM) and
0.1 mM ascorbic acid at 37°C for 30 min. Tissue was then
washed twice in 20 ml MKB and once in MKB containing
domperidone, which was included in all subsequent steps
of the experiment to prevent feedback inhibition by re-
leased [3H]dopamine. Tissue was suspended a final time in
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MKB and distributed in 275 wl aliquots between glass-fiber
filter discs into chambers of a BRANDEL (Gaithersburg,
MD) superfusion apparatus. MKB was superfused over the
tissue at a flow rate of 0.6 ml /min. A low, stable baseline
release, of approximately 1.1% /collection interval of two
minutes, was established over a 30 min period. Tissue was
then stimulated to release [*H]dopamine by a 2 min expo-
sure to amphetamine (Stimulus 1, S1). The inflow was
then returned to a non-stimulating buffer (interstimulus
interval) for a period of 10 min. When the effect of a test
drug on basal release was examined, the drug was intro-
duced at the beginning of the interstimulus interval. The
tissue was then stimulated a second time for 2 min with
amphetamine in the presence or absence of the drug being
tested, as appropriate (Stimulus 2, S2). Inflow was again
returned to non-stimulating buffer to allow a return to
baseline release before the final extraction of radioactivity
remaining in the tissue by a 45 min exposure to 0.2 M
HCI. After concentration-response curves for amphetamine
had been established, a standard stimulus of 10 uM
amphetamine was chosen for subseguent experiments. Su-
perfusates were collected at 2 min intervals in scintillation
vials, and the glass-fiber filter discs and tissue were col-
lected into the final vials. Released radioactivity was deter-
mined by liquid scintillation spectroscopy.

All experiments were carried out in accordance with the
guidelines of, and with the approval of, The George Wash-
ington University Ingtitutional Animal Use and Care Com-
mittee. Animals used in this study were maintained in
facilities fully accredited by the American Association for
the Accreditation of Laboratory Animal Care (AAALAC)
and all experimentation was conducted in accordance with
the guidelines of the Ingtitutional Care and Use Committee
of the Division of Intramural Research, Nationa Institute
on Drug Abuse, Nationa Institutes of Health, and the
Guide for Care and Use of Laboratory Animals, National
Research Council, Department of Health, Education and
Welfare, NIH Publication 85-23, revised 1985.

2.3. Data analysis

Data were expressed as radioactivity released above
baseline during the collection interval as a fraction of total
radioactivity in the tissue at the beginning of the collection
interval (percent fractional release) to allow visudization
of absolute amounts of release, or as a percentage of
radioactivity released by the control stimulus (percent con-
trol stimulated release) to facilitate comparison across
agonist /antagonist treatments. In experiments on the ef-
fects of o receptor ligands on amphetamine-stimulated
release, all data were datistically analyzed as ratios
(S2/51) before transformation of data into percent control
stimulated release. Data were analyzed as ratios so that
each tissue sample could serve as its own control. Since
the test drug is added after the first and before the second
stimulus, a ratio higher than the control ratio indicates

facilitation of release, while that lower than the control
indicates an inhibition. In drug treatment experiments, the
control S2/S1 ratio (typicaly 0.8) was set to 100%, and
the drug treatments were expressed relative to this control.
This transformation facilitates comparison across treat-
ments which may have been used in different experiments.
Under the experimental conditions used, the released ra-
dioactivity has been shown to be primarily dopamine
(Werling et al., 1988). Data were analyzed using atwo-way
factorial analysis of variance (ANOVA). Post-hoc Dun-
nett’s tests were aso performed as indicated. Results were
considered to be significantly different when P < 0.05.

3. Reaults

Amphetamine stimulated the release of preloaded radio-
labeled dopamine in a concentration-dependent manner
(Fig. 1). In the presence of Mg?", dlightly less [*H]dopa-
mine was released by amphetamine. The ICg, for stimula-
tion of release by amphetamine was 1 M in the absence
of Mg®" and 1.5 uM in its presence. For subsequent
experiments, a concentration of 10 M amphetamine was
chosen to stimulate release. To limit a potential contribu-
tion of NM DA -receptor-mediated stimulation to release, as
well as to enhance membrane stability in the absence of
added Ca?*, all subsequent experiments were performed in
the presence of Mg?™.

In three experiments, (+ )-pentazocine was tested as a
potential stimulator of basal release by exposing the tissue
to various concentrations of this drug for 2 min, as would
be done for any stimulating drug. As seen in Table 1, at al
concentrations tested (10 nM—1 wM) release by (+)-pen-
tazocine was not significantly different from unstimulated
basal release. In contrast, (+ )-pentazocine enhanced am-
phetamine-stimul ated [ *H]dopamine release in a concentra-
tion-dependent manner, with an 1C., above 100 nM (Fig.
2). When endogenous Ca?* was chelated by the inclusion

—h —
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Fractional Release (%)
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-8 7 -6 -5 -4
Log [Amphetamine] (M)

Fig. 1. Stimulation of [*H]dopamine release by amphetamine (S1). Data
are expressed as percent fractional release+ S.E.M. for increasing concen-
trations of amphetamine. Closed circles show the effect of amphetamine
in the presence of Mg2* (1.2 mM), while open circles represent stimula-
tion in the absence of Mg2". ANOVA revedled a significant effect of
increasing anphetamine concentration. The presence or absence of Mg?*
produced no significant differences. Release produced by the second
stimulation (S2) was approximately 80% of that measured in S1. n=3.
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Table 1
Effect of (+ )-pentazocine on basa release

(+)-Pentazocine (nM)

[*H]Dopamine release (fractional
release (%) /2 min+ SE.M.)

None 1.10+0.24
10 1.394+0.54
50 1.00+0.55

100 1.04+0.68
500 1.08+0.33
1000 1.26+0.66

(+ )-Pentazocine had no effect on basal release over arange of concentra-
tions. Release was measured as described in Section 2, except that instead
of amphetamine in S2, the indicated concentration of (+ )-pentazocine
was added after the interstimulus interval. Data are expressed as the mean
% fractional release per 2 min collection interval. n= 3.

of 1 mM EGTA, the stimulated release of [*H]dopamine
by amphetamine alone was not significantly affected, but
the enhancement of release by (+)-pentazocine was abol-
ished.

The effects of (+ )-pentazocine on amphetamine-stimu-
lated [*H]dopamine release in the presence of severa
reported o receptor antagonists were also measured (Fig.
3). The antagonists themselves had no significant effects
on either basal or amphetamine-stimulated release. The
lowest concentration of (+ )-pentazocine (100 nM) that
had produced significant enhancement (140%) over am-
phetamine alone was chosen to test for reversa by o
receptor antagonists. At 100 nM, (+ )-pentazocine should
occupy 95% of o, receptors (K; =5 nM) and 18% of o,
receptors (K; = 440 nM, Connor and Chavkin, 1992) so
that the contribution of o, and o, receptors to the
response could be evaluated. The enhancement produced
by 100 nM (+)-pentazocine in this set of experiments was
about 150% of control amphetamine-stimulated release.
The (+ )-pentazocine-mediated enhancement of release was
significantly reversed by the non-subtype selective antago-
nist BD 1008 (10 nM), and by the selective o, receptor
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Fig. 2. Enhancement of amphetamine-stimulated [ *H]dopamine release by
(+)-pentazocine. Data are expressed as percent fractional release+ SEM.
for increasing concentrations of (+ )-pentazocine during the second stim-
ulation (S2) by 10 uM amphetamine. Release measured in the absence
(closed circles) or the presence of EGTA (1 mM; open circles). ANOVA
detected an effect of increasing (+ )-pentazocine concentrations. = signif-
icantly different from control amphetamine-stimulated release by post-hoc
Dunnett'sat P <0.05. n=6.
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Fig. 3. Effects of o receptor agonists and antagonists on (+)-penta-
zocine (100 nM) enhancement of amphetamine-stimulated [ *H]dopamine
release. Release stimulated by 10 ©M amphetamine alone is indicated as
CONT. (A) Antagonists producing full reversal of (+)-pentazocine-medi-
ated enhancement. BD1008 was tested at 10 nM, BIMU-8 was tested at
100 nM, and Lu28-179 was tested at 1 nM. (B) Antagonists that did not
significantly reverse enhancement, and lack of effects of the sigma;
receptor agonist BD737. Dup734, DTG, and haloperidol were tested at
100 nM. BD737 was tested at 50 nM. Data are expressed as percent
control release+ S.E.M. stimulated by 10 «M amphetamine, set at 100%.
ANOVA revealed significant treatment differences. * significantly differ-
ent from control amphetamine-stimulated release by post-hoc Dunnett’'s
at P < 0.05. * reversal by antagonists to values not significantly different
from control amphetamine-stimulated release. n= 4.

antagonists BIMU-8 (100 nM), and Lu28-179 (1 nM) (Fig.
3A). The o,-selective receptor antagonist DuP734 (100
nM), and the purported antagonists DTG (100 nM) and
haloperidol (100 nM) did not produce a significant reversal
of (+)-pentazocine-mediated enhancement (Fig. 3B). Ad-
ditionally, BD737, which is an agonist selective for o,
sites at concentrations below 100 nM was also tested at 10
and 50 nM, and found to have no effect on amphetamine-
stimulated release (Fig. 3B, 50 nM concentration only
shown).

In the absence of a selective o, receptor agonist, to
confirm that enhancement was mediated by o, receptors,
we aso tested (—)-pentazocine at 100 nM on am-
phetamine-stimulated release. The (—)-isomer of penta-
zocine has similar K; values at both o; (87 nM) and o,
receptors (82 nM), with dlightly greater affinity at o, sites
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Fig. 4. Enhancement of amphetamine-stimulated [ *H]dopamine release by
(—)-pentazocine (100 nM), and reversal of enhancement by o, receptor
antagonists. BIMU-8 was tested at 100 nM and Lu28-179 was tested at 1
nM. Data are expressed as percent control release+ S.E.M. stimulated by
10 uM amphetamine, set at 100%. Release stimulated by 10 uM
amphetamine alone is indicated as CONT. ANOVA revealed significant
differences among treatments. # significantly different from control
stimulated release at P < 0.05 as compared to amphetamine aone by
post-hoc Dunnett’s. # ot significantly different from control stimulated
release by post-hoc Dunnett’s. n= 3.

(Hellewell and Bowen, 1990). At 100 nM, (—)- penta
zocine should occupy about 50% of o, receptors. (—)-
Pentazocine produced 140% of control stimulated release,
and both selective o, receptor antagonists, BIMU-8 and
Lu28-179 blocked the enhancement (Fig. 4).

4, Discussion

Amphetamine stimulated [3H]dopamine release from
slices of rat caudate putamen in a concentration-dependent
manner. The stimulation was dlightly diminished in the
presence of Mg?*. Since dopamine release can also be
stimulated by activation of NMDA receptors, but only in
the absence of Mg?" (and the presence of Ca'), dll
further studies were conducted in the presence of Mg?* to
eliminate a potentia contribution of NMDA receptor- me-
diated stimulation to the release measured. The release of
dopamine by amphetamine is primarily non-exocytotic in
nature, since no exogenous Ca®" was added in any of
these assays. Secondly, it has previously been shown that
o receptor ligands such as (+)-pentazocine inhibit
NM DA -stimulated dopamine rel ease (Gonzal ez-Alvear and
Werling, 1994, 1995; Weatherspoon et al., 1996). The
enhancing effect of (+)-pentazocine on amphetamine-
stimulated release are in direct contrast to its inhibiting
effects on NMDA-stimulated release previously reported
(Gonzalez-Alvear and Werling, 1994, 1995). In those stud-
ies, the release stimulated by NMDA was Ca?*-dependent,
vesicular release.

The present findings show that amphetamine-stimul ated
dopamine release can be modulated by several drugs iden-

tified as agonists and antagonists at o receptors. If the
effects of drugs used in this study are mediated via o
receptors, identification of the subtypes involved must be
considered. (+)-Pentazocine is generally held to be a o,
and o, receptor agonist (reviewed by Walker et al., 1990),
with higher affinity for o, receptors, and moderate affinity
for o, receptors. (+)-Pentazocine aso has the ability to
inhibit dopamine uptake, but only at concentrations well
above those required to bind to o, or o, receptors
(Izenwasser et d., 1993). In the current study, (+)-penta-
zocine was tested for its ability to modulate amphetamine-
stimulated release over a concentration range at which
both o, and o, receptors would be activated, but lower
than necessary for inhibition of uptake. We do not have a
selective o, receptor agonist, but (—)-pentazocine has
similar affinity for the o, and o, receptors, so if the o,
receptor is responsible for the enhancement of am-
phetamine-stimulated release, then (—)-pentazocine would
be expected to enhance stimulated release similarly to
(+ )-pentazocine. Finaly, at concentrations below 100 nM,
BD737 is a o,-selective receptor agonist. BD737 can be
used to confirm or rule out o; receptor involvement in the
observed effects of (+)-pentazocine. Although most re-
search has focused on o, and o, subtypes of o recep-
tors, additional binding sites have been proposed (Zhou
and Musacchio, 1991; Quirion et al., 1992). A trans-1-
phenyl-3-aminotetralin-sensitive site called o5 has been
described (Owens et a., 1995), as has a site termed o,
(Bowen et al., 1995). Monnet and colleagues have de-
scribed effects of steroid-sensitive o-like receptors phar-
macologically different from o, and o, that regulate
NMDA-stimulated norepinephrine release (Monnet et al.,
1995, 1996).

(+)-Pentazocine has high affinity for o, sites (K; =
1-5 nM; Carrall et al., 1992; Connor and Chavkin, 1992)
but also has good affinity for o, sites (K; = 400-500 nM;
Walker et a., 1990; Connor and Chavkin, 1992), and for
the newly identified o, sites (K, <100 nM; Bowen et d.,
1995). The o, binding site is not (+)-pentazocine-sensi-
tive (Owens et al., 1995). In the present study, the en-
hancement of amphetamine-stimulated dopamine release
by (+ )-pentazocine did not occur at concentrations below
100 nM, suggesting that the majority of the stimulation
was unlikely to be mediated via o, receptors. Addition-
ally, the selective o, receptor agonist BD737 produced no
significant enhancement of amphetamine-stimulated
[*H]dopamine release, supporting the assertion that o,
receptors do not participate in the enhancement by (+)-
pentazocine. At concentrations of (+)-pentazocine that
produce significant occupation of o, receptors (18% frac-
tional occupancy at 100 nM, increasing to 67% at 1 wM),
an appreciable enhancement of release was observed. The
effects of 100 nM (+ )-pentazocine were completely antag-
onized by the non-selective o receptor antagonist BD
1008 (Gonzalez-Alvear and Werling, 1994), and by
BIMU-8 and Lu28-179, both selective o, receptor antago-
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nists (Perregard et al., 1995; Weatherspoon et al., 1996).
Antagonists were tested at approximately 1 log unit above
their K; values for the o, receptor. The K; values for
antagonists are: BD1008, 1.2 nM, unspecified for subtype
(De Codta et al., 1989); BIMU-8, 20 nM a o,, >1 uM
at o, (Bonhaus et a., 1993); Lu28-179, 0.12 nM at o,
17 nM a o, (Moltzen et al., 1995). These observations
suggest that (+)-pentazocine is more likely to enhance
release via o, than o, receptors in the current studies.
Since little is known about o, receptors, it is not possible
to exclude their participation in regulation of release with
the current evidence. At 100 nM, (—)-pentazocine occu-
pies about 50% of o, receptors, and significantly en-
hanced amphetamine-stimulated [ *H]dopamine release. Al-
though (—)-pentazocine is also a x opioid receptor ago-
nist, the complete reversal of the effects of (—)-penta-
zocine by the selective o, receptor antagonists suggest
that enhancement by (—)-pentazocine is not mediated by
opioid receptors. (—)-Pentazocine, at 100 nM, enhanced
amphetamine-stimulated release by amost 150%, while
(+)- pentazocine, at the same concentration, enhanced
release by 160%. Thus, a lower fractional occupancy of o,
receptors by (+ )-pentazocine produces a relatively greater
effect. This may be due to differing efficacies of the two
agonists. This possibility was not explored in the current
study. The reversal of both isomers release-enhancing
effects by o, selective receptor antagonists argues that
both isomers produce their enhancement via o, receptors.

In the current study, both DTG and DuP734, at the
concentrations tested, appear to dightly antagonize (+)-
pentazocine-mediated enhancement of amphetamine-
stimulated dopamine release, but neither attained statistical
significance. DTG is considered a o receptor agonist by
some investigators and a o receptor antagonist by others.
Ilthasa K; a ;=12 nM and a o, =38 nM (Walker et
al., 1990). We have previously shown that DTG behaves
as a o, receptor antagonist against the o receptor ago-
nists (+)-pentazocine and BD737 in modulating [*H]nor-
epinephrine release from hippocampal slices (Gonzalez
and Werling, 1995). DuP734 is a highly sdective o,
receptor antagonist (K; a o, =10nM; K, at o, > 1 uM;
Culp et a., 1992; Gonzalez-Alvear and Werling, 1994,
1995; Gonzaez and Werling, 1995).

It is interesting to note that (+)-pentazocine had no
effect on dopamine release in the absence of amphetamine.
The lack of effect on basal release suggests that the o,
ligands do not facilitate release via the same mechanisms
that amphetamine stimulates release, or the effects of the
combination of test drug and amphetamine would be ex-
pected to be additive. Since the mechanism by which
amphetamine releases dopamine is complex, it is difficult
to predict the exact cellular location mediating the o
receptor drug effect.

There are severa possible explanations for the apparent
increase in the ability of amphetamine to stimulate
dopamine release in the presence of (+)-pentazocine.

(1) (+)-Pentazocine may increase the uptake of am-
phetamine into the cells via the membrane transporter.
This explanation is unlikely since we have previousy
shown that the uptake of dopamine via the membrane
transporter is decreased, not increased by some o receptor
ligands (Izenwasser et al., 1993). In addition, (+ )-penta-
zocine, which at the highest concentration tested, 1 uM,
produced approximately a 300% increase in dopamine
release when combined with amphetamine, has no effect
on dopamine uptake under identical conditions to those
used in the present experiment.

(2) The o, agonists might facilitate the reversal of the
membrane transporter such that a greater amount of
dopamine is transported out of the cell upon exposure to
amphetamine. If this were occurring, there might not be an
effect of o, agonists alone on basal release, since presum-
ably the cytoplasmic concentrations of dopamine are rela
tively low, and increase only following the entrance of
amphetamine into the storage vesicles. Facilitation of re-
versal of the membrane transporter by o, agonists seems
unlikely, however, because a reversal of the transporter
would produce an apparent inhibition of dopamine uptake
(i.e., if the transporter was reversed, less dopamine would
be entering the cell in this manner). In fact, (+)-penta
zocine has previously been shown to have no effect on
dopamine uptake in the absence of amphetamine (Izen-
wasser et a., 1993).

(3) Perhaps the most likely suggestion is that o recep-
tor agonists may increase the uptake of amphetamine into
the intracellular storage vesicles. If this is happening, it
suggests that o receptor agonists can regulate uptake into
the vesicle. This would have to occur either by (a) penetra-
tion of the cells by the o receptor agonists and subsequent
action at intracellular sites; or (b) regulation of vesicular
uptake secondary to binding to the cell membrane o
receptor binding sites. If (a) occurs, it further suggests that
there might be o receptors that regulate the vesicular
transporter residing on the vesicle. It has been shown that
there is a subcellular distribution of o receptorsin both rat
brain (McCann and Su, 1990) and liver (Samovilova and
Vinogradov, 1992). o receptors have been proposed as
targets for steroids (Su, 1982; Monnet et al., 1995, 1996).
Steroid receptors are known to be intracellular. Further-
more, penetration of the cells by the o receptor ligands is
possible. Thelog P value for pentazocine is 4.45, suggest-
ing that both isomers are quite lipophilic, and may enter
the cell to their exert their effects. If these compounds are
indeed acting at intracellular binding sites, it is not clear
whether those sites might reside on, or be able to regulate
the storage vesicles. Further studies to examine these
possibilities are underway.

It is important to point out that if indeed the compounds
having effects in the current system are acting intra-
cellularly, the ability of each compound (both agonists and
antagonists) to enter the cell could greatly influence the
results. It is reasonable to speculate that due to the polar
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guanidino function of DTG, it is probably charged at
physiological pH, and cell penetrability may be compro-
mised. Haloperidol, a putative o receptor antagonist, has
previously been shown to antagonize NMDA-stimulated
norepinephrine release in a manner consistent with a o,
receptor antagonist (Gonzalez and Werling, 1995).
Haloperidol is quite lipid soluble, so should be capable of
acting at intracellular sites. Only a single concentration of
haloperidol was tested here, so the lack of significant
reversibility may be due to the concentration tested.

The mechanism by which regulation of vesicular uptake
by cell membrane binding sites (b) might occur is unclear,
but the lack of potentiation by high concentrations of
(+)-pentazocine in the presence of EGTA (i.e., removal of
endogenous Ca?*) suggests that a Ca?* pool might be
involved. It has previously been shown that o receptor
ligands acting on o, receptors release Ca?* from intra-
cellular stores, suggesting that there are o receptors that
are capable of regulating intracellular Ca2* release (Vilner
and Bowen, 1995). Thus, it is possible that either extracel-
lular membrane-bound o receptors, or receptors located
on a subcellular fraction, regulate a Ca?* pool that can in
turn modulate vesicular uptake. We have not addressed the
source of the Ca?* utilized in the (+ )-pentazocine-media-
ted enhancement of release. While EGTA is usually used
to deplete external Ca2*, the extent to which it can aso
chelate intracellular Ca?* is dependent upon the incuba-
tion time, since at longer times, EGTA depletes intra-
cellular stores as well.

Collectively, our data suggest that o, receptor ligands
can regulate release of dopamine stimulated by reversing
the transporter. This is based upon the concentration range
over which (+)-pentazocine enhanced amphetamine-
stimulated release, a similar enhancement by (—)-penta-
zocine, and the complete reversal of the enhancement by
two antagonists at o, receptors. Additionaly, the o,
receptor agonist BD737 did not enhance stimulated re-
lease, nor did the o;-selective receptor antagonist DuP734
reverse (+ )-pentazocine-mediated enhancement. In addi-
tion, o, receptors have been associated with the regulation
of intracellular Ca2* levels (Vilner and Bowen, 1995), and
the (+)-pentazocine effect at high concentrations on re-
lease was dependent on endogenous Ca?". Nevertheless,
participation of other o receptor subtypes cannot be ruled
out, due to the identification of the o, subtype, which has
a pharmacological profile consistent with the (+)-penta-
zocine and BD 1008 effects. Too little is known about the
o, Site to speculate further at this point.

Although much remains to be learned about the mecha
nisms responsible for these findings, they do support the
belief that it is possible to regulate transporter-mediated
events with drugs that act at receptors. Specifically, these
findings suggest that o receptors are a potential target for
the development of therapeutics for drug abuse, as well as
other for other diseases that disrupt dopaminergic function
such as Parkinson’s disease or schizophrenia.
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