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Abstract 

The extracellular concentration of dopamine in the striatum and medial prefrontal cortex of the rat was determined following 
the systemic administration of ~ receptor ligands. The (+)-benzomorphan, (+)-pentazocine, significantly increased the 
extracellular concentration of dopamine in the striatum and medial prefrontal cortex. A stimulatory effect on the extracellular 
concentration of dopamine in the striatum also was produced by the ( +)-, but not the ( - ) - ,  enantiomer of N-allylnormetazocine, 
as well as by the non-benzomorphans 1-(cyclopropylmethyl)-4-(2'-(4"-fluorophenyl)-2'-oxoethyl)-piperidine (DUP 734) and 
(-)-butaclamol. In contrast, the dopamine concentration was unaffected by di-o-tolylguanidine and markedly suppressed by 
(+)-3-[3-hydroxyphenyl]-N-(2-propyl)piperidine (3-PPP). Finally, the (+)-pentazocine-induced elevation of the extracellular 
concentration of dopamine was not suppressed by an inhibitor of the dopamine transporter, 1-[2-[bis(4- 
fluorophenyl)methoxy]ethyl]-4-[3-phenylpropyl]piperazine (GBR 12909). Thus, benzomorphan, e.g., (+)-pentazocine and (+)-N- 
allylnormetazocine, and non-benzomorphan, e.g., DUP 734 and (-)-butaclamol, tr receptor ligands appear to facilitate 
dopamine release from nigrostriatal, and presumably mesocorticolimbic, neurons through a non-transporter-mediated mecha- 
nism. 
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1. Introduct ion 

Opiate receptors of tlhe tr subtype were initially 
postulated by Martin et al. (1976) to account for the 
behavioral effect of  racemic, opiate benzomorphans,  
e.g., (+)-N-allylnormetazocine.  The term o- receptor 
has replaced tr opiate receptor based on the findings 
that the effects of  tr receptor ligands are insensitive to 
naloxone (Young and Kh~zan, 1986) and that o- recep- 
tors, in contrast to opiate receptors, exhibit enantiose- 
lectivity for the (+)-isome, r (Slifer and Balster, 1983). 

Data  from behavioral ,;tudies are supportive of the 
view that tr receptor ligands interact with dopaminer-  
gic systems in the central nervous system. The i.c.v, or 
systemic administration of the tr receptor  ligand di-o- 
tolylguanidine (DTG)  or (+)-N-al lylnormetazocine has 
been shown to produce stereotypy and hyperlocomo- 
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tion (Contreras et al., 1988), similar to that produced 
by amphetamine.  In addition, the intranigral injection 
of D T G  or (+) -pentazocine  elicits circling behavior 
that is suppressed in rats t reated with 6-hydroxydopa- 
mine (Goldstein et al., 1989). 

A neuroanatomical  basis for an interaction of o, 
receptors and dopaminergic neurons has been pro- 
vided by the demonstrat ion of o" receptor  ligand bind- 
ing in those brain regions, viz., the striatum and sub- 
stantia nigra, that contain the terminals and cell bod- 
ies, respectively, of nigrostriatal dopamine neurons 
(Tam and Cook, 1984; Gundlach et al., 1986). Binding 
sites for tr receptor ligands also have been demon- 
strated in the cortex, in areas containing the terminals 
of mesocorticolimbic dopamine neurons (Largent et 
al., 1986; Walker et al., 1992). 

Also supportive of  the involvement of o- receptors 
in the regulation of dopaminergic neurons are the 
neurochemical findings of Iyengar et al. (1990) who 
demonstrated that the (+) -benzomorphans ,  (+ ) -pen -  
tazocine and (+)-N-allyl-normetazocine,  increased the 
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concentration of dihydroxyphenylacetic acid (DOPAC) 
in post mortem samples of the striatum and olfactory 
tubercle. In addition, (+)-benzomorphans have been 
shown under in vitro conditions to increase the synthe- 
sis of dopamine in slices of the striatum (Booth and 
Baldessarini, 1992). Furthermore, Patrick et al. (1993) 
utilized in vivo microdialysis to determine that (+)- 
pentazocine and DTG increase the extracellular con- 
centration of dopamine in the striatum. Thus, behav- 
ioral, neurochemical and neuroanatomical data are 
supportive of the hypothesis that or receptors modulate 
dopaminergic neurotransmission in nigrostriatal and, 
possibly, mesocorticolimbic neurons. 

In view of the structural diversity of or receptor 
ligands, the present study was undertaken to evaluate 
the effects of o- receptor ligands of the benzomorphan 
type, e.g., ( + )-pentazocine and ( + )-N-allylnormetazo- 
cine, and non-benzomorphan type, e.g., 1-(cyclopro- 
pylmethyl)-4-(2'-(4"-fluorophenyl)-2'-oxoethyl)-piperi- 
dine (DUP 734), (+)-3-[3-hydroxyphenyl]-N-(1- 
propyl)-piperidine ((+)-3-PPP), and ( ')-butaclamol, 
on the release of dopamine from the terminals of 
nigrostriatal neurons. The effect of one (+)-benzo- 
morphan, ( + )-pentazocine, on the release of dopamine 
from mesocorticolimbic dopaminergic neurons in the 
medial prefrontal cortex also was determined. 

2. Materials and methods 

2.1. Animals 

Adult male rats (200-300 g) of the Sprague-Dawley 
strain (Zivic Miller Laboratories, Allison Park, PA) 
were used in these studies. The animals were housed 
three per cage in a temperature-and light-controlled 
room. Food and water were available ad libitum. 

2.2. In vivo microdialysis 

A concentric style dialysis probe was implanted Un- 
der chloral hydrate (400 mg/kg, i.v.) anesthesia into 
the striatum (A: 1.2, L: 3.2, V: -7.5 mm from bregma) 
or the medial prefrontal cortex (A: 3.5, L: 0.7, V: -4.5 
mm from bregma) according to the stereotaxic atlas of 
Paxinos and Watson (1986). The exposed portion of 
the membrane for the probes was 4.0 mm. 18-24 h 
following surgery, the dialysis probes were connected 
to an infusion pump set to deliver a modified Krebs- 
Ringer solution (136 mM NaC1, 2.0 mM KCI, 1.2 mM 
Ca2C1, 6.0 mM Na2HPO 4, 1.0 mM KH2PO4, pH 7.4) 
at 1.8 /zl/min for the striatum and 1.3/zl/min for the 
medial prefrontal cortex. After a 2-h equilibration pe- 
riod, dialysis samples were obtained every 30 min. At 
least four baseline samples were collected prior to drug 
treatment. 

2.3. Biochemical measurements 

The extracelluar concentration of dopamine was 
quantified with high performance liquid chromatog- 
raphy with electrochemical detection. Briefly, dialysis 
samples were injected onto a C18 column (Phenome- 
nex, Torrance, CA) connected to a LC-4B amperomet- 
ric detector (Bioanalytical Systems, West Lafayette, 
IN) or a Coulochem detector (ESA, Bedford, MA). 
The mobile phase consisted of 35 mM citric acid, 54 
mM sodium acetate, 60 rag/1 of disodium etylenedi- 
amine tetraacetate, 65 mg/1 of octanesulfonic acid 
sodium salt, pH 4.2. Peak heights were recorded with 
an integrator (Model 3396A, Hewlett Packard), and 
the quantity of dopamine was calculated based on 
known standards. 

2.4. Drugs 

(+)-Pentazocine succinate and ( +)-and (-)-N-al- 
lylnormetazocine hydrochloride were obtained from the 
National Institutes of Drug Abuse. (-)-Butaclamol, 
1-[2-[bis(4-fluorophenyl)methoxy]ethyl]-4-[3-phenyl- 
prpyl]piperazine (GBR 12909) and (+)-3-PPP were 
purchased from Research Biochemicals (Natick, MA). 
DTG was purchased from Aldrich Chemical Co 
(Milwaukee, WI). DUP 734 was provided generously by 
DuPont Merck Pharmaceutical Co. (Wilmington, DE). 
The doses of DUP 734, (+)-3-PPP, DTG and ( - ) -  
butaclamol were chosen on the basis of earlier reports 
(Imperato et al., 1988; Iyengar et al., 1990, Rominger 
and Tam, 1991; Patrick et al., 1993; Hjorth et al., 1985). 

2.5. Statistics 

Data from dialysis experiments were analyzed using 
a two-way repeated measures analysis of variance 
(SigmaStat, Jandel Scientific). Multiple pairwise com- 
parisons were performed using the Student Newman- 
Keuls test. Treatment differences were considered sta- 
tistically significant at P < 0.05. 

3. Results 

The extracellular concentration of dopamine in the 
striatum was increased dose dependently by (+)-pen- 
tazocine (1-20 mg/kg, s.c.) (Fig. 1A). (+)-Pentazocine 
(10 or 20 mg/kg) produced a significant (P < 0.05) 
increase of approximately 50% in the extracellular 
concentration of dopamine in the striatum. (+)-Penta- 
zocine (20 mg/kg, s.c.) produced an increase of similar 
magnitude in the extracellular concentration of 
dopamine in the medial prefrontal cortex (Fig. 1B). 
The (+)-pentazocine induced increase in dopamine 
was 90-120 min in duration. 
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The enantioselectivity of the (+)-opiate-induced in- 
crease in striatal dopamine release also was examined. 
The administration of (+)-N-allylnormetazocine (20 
mg/kg, s.c.) elicited an increase in the extracellular 
concentration of dopamine in the striatum that was 
similar in magnitude to that produced by (+)-penta- 
zocine (Fig. 2). In contrast, the response to ( - ) -N-al-  
lylnormetazocine was significantly less than that pro- 
duced by the (+)-enantiomer and did not differ signifi- 
cantly from that for vehicle-treated controls. 

Extracellular concentrations of dopamine in the 
striatum also were determined after the administration 
of non-benzomorphan c, receptor ligands. DTG (3 
mg/kg, i.p.) did not significantly alter the extracellular 
concentration of dopamme in the striatum (Fig. 3). 
Dopamine concentrations also were unaffected by a 
low dose (0.5 mg/kg) of DTG (data not shown). How- 
ever, a significant increase in dopamine concentrations 
was produced by DUP 734 (5 mg/kg, i.p.) (Fig. 3). In 
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Fig. 1. The effect of (+)-pentazocinc on tllc cxtraceUular concentra- 
tion of dopamine in the (A) striatum and (B) medial prefrontal 
cortex (MPFC). ( + )-Pentazocine (1, 10 or 20 mg/kg) or its vehicle (0 
mg/kg) was injected s.c. at time 0. Dialysis samples were obtained 
every 30 rain after drug administration. Each symbol and vertical line 
represent the mcan+S.E.M, of 5-11 rats. * Indicates values that 
differ significantly (P < 0.05) from the corresponding value for the 
vehicle-treated rats. 
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Fig. 2. Enantioselecitivity of the effect of N-allylnormetazocine 
(NANM) on the extracellular concentration of dopamine in the 
striatum. (+)-or (-)-N-allylnormetazocine (20 mg/kg, s.c.) was in- 
jected at time 0. Dialysis samples were obtained every 30 rain after 
drug administration. Each symbol and vertical line represent the 
mean+S.E.M, of six to eight rats. * Indicates values that differ 
significantly (P < 0.05) from the corresponding value for the ( - )-N- 
allylnormetazocine-treated animals. 

addition, a relatively long-lasting increase in the extra- 
cellular concentration of dopamine in the striatum was 
achieved following the administration of (-)-butacla- 
mol (10 mg/kg, i.p.) (Fig. 3). In contrast, (+)-3-PPP 
(20 mg/kg, i.p.) produced approximately a 80% reduc- 
tion in the extracellular concentration of dopamine 
(Fig. 3). 

The dopamine response to (+)-pentazocine was ex- 
amined in rats treated with the dopamine uptake in- 
hibitor GBR 12909, in an attempt to address whether 
the increase in the extracellular concentration of 
dopamine elicited by (+)-benzomorphan-type or lig- 
ands involved transporter-mediated dopamine release. 
The administration of ( + )-pentazocine (20 mg/kg, s.c.) 
again produced a 50% increase in the extracellular 
concentration of dopamine. The administration of GBR 
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Fig. 3. The effect of DTG, DUP 734, (-)-butaclamol or (+)-3-PPP 
on the cxtracellular concentration of dopamine in the striatum. DTG 
(3 mg/kg, i.p.), DUP 734 (5 mg/kg, i.p.), ( - )-butaclamol (10 mg/kg, 
i.p.) or (+)-3-PPP (20 mg/kg, s.c.) was injected at time 0. The 
numbers in parentheses represent the doses of each drug. Dialysis 
samples were obtained every 30 rain after drug administration. Each 
symbol and vertical line represent the mean + S.E.M. of four to nine 
rats. * Indicates those values that differ significantly (P < 0.05) from 
the baseline value for each respective group. 
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Fig. 4. The  effect of GB R  12909 on the (+)-pentazocine- induced 
elevation of the extracellular concentration of dopamine in the 
striatum. GBR 12909 (10 m g / k g ,  i.p.) or its vehicle was injected at 
time 0. (+)-Pentazocine (PTZ) (20 mg/kg, s.c.) or its vehicle was 
injected 30 min later. Dialysis samples were obtained every 30 min 
after drug administration. Each symbol and vertical line represent 
the mean+S.E.M, of seven to eight rats. * Indicates values that 
differ significantly (P < 0.05) from the corresponding value for the 
rats treated with GBR 12909 alone. 

12909 (10 mg/kg,  i.p.) alone produced approximately a 
100% increase in the extracellular concentration of 
dopamine (Fig. 4). Extracellular concentrations of 
dopamine in rats treated with both (+)-pentazocine 
and GBR 12909 were significantly greater than those 
in rats treated only with GBR 12909 at the 90, 150 and 
180 min time periods (Fig. 4). Furthermore,  dopamine 
concentrations in rats treated with (+)-pentazocine 
and GBR 12909 were significantly greater than those 
in rats treated only with GBR 12909 at times (i.e., 150 
and 180 min) when the dopamine response in rats 
treated with (+)-pentazocine alone had returned to 
baseline values. 

4. Discussion 

The results of the present study are consistent with 
the hypothesis that dopamine release from nigrostriatal 
neurons is enhanced by (+)-benzomorphan-type,  e.g. 
(+)-pentazocine and (+)-N-allylnormetazocine, lig- 
ands of the 0. receptor. This response also is elicited by 
some non-benzomorphan, e.g., DUP 734 and ( - ) -  
butaclamol, ligands of the 0. site. These findings gener- 
ally are consistent with those of earlier neurochemical 
studies in which it had been shown that (+)-penta-  
zocine and (+)-N-allylnormetazocine increase the con- 
centration of DOPAC in the striatum (Iyengar et al., 
1990) and increase the synthesis of dopamine in striatal 
slices in vitro (Booth and Baldessarini, 1992). The 
present fingings confirm and extend those of Patrick et 
al. (1993) who demonstrated that (+)-pentazocine in- 
creases the extracellular concentration of dopamine in 
the striatum. (+)-Pentazocine also appears to increase 
the release of dopamine from mesocorticolimbic (A10) 
dopaminergic neurons, as evidenced by an increase in 

the extracellular concentration of dopamine in the 
medial prefrontal cortex. Iyengar and coworkers 
(Iyengar et al., 1990) also have concluded that o- recep- 
tor ligands activate A10 dopaminergic neurons on the 
basis of a ( + )-pentazocine-induced increase in DOPAC 
concentrations in the olfactory tubercle. 

On the basis of radioligand binding studies, it is 
generally accepted that (+)- isomers of benzomor- 
phan-type ligands of the o- receptor exhibit a greater 
affinity for receptors of the 0.~ subtype compared to 0.2 
receptors, whereas the ( - ) - enan t iomers  exhibit an 
affinity greater than that of the (+)-enant iomer  at 0.2 
sites (Quirion et al., 1992). In the present study, the 
extracellular concentration of dopamine was more ef- 
fectively increased by (+)-N-allylnormetazocine com- 
pared to the ( - ) - ena t iomer ;  (+)-pentazocine also is 
more effective in this regard (Gudelsky, unpublished 
observations). This finding is consistent with the rela- 
tive potencies of the enantiomers of N-allylnorme- 
tazocine to increase striatal DOPAC concentrations 
(Iyengar et al., 1990) and is suggestive of the involve- 
ment of 0.~ receptors in the stimulatory effect of these 
agents on dopamine release. 

In view of the affinity of N-allylnormetazocine for 
phencyclidine, as well as 0. sites (De Costa et al., 1989; 
Carroll et al., 1992), the possibility that activation of 
phencyclidine receptors contributes to the stimulatory 
effect of (+)-N-allylnormetazocine on dopamine re- 
lease cannot be excluded, particularly since phencycli- 
dine also exerts this effect (Lillrank et al., 1994). In 
view of the differences in affinities of (+)oN-al- 
lylnormetazocine and (+)-pentazocine for o- receptors 
(Carroll et al., 1992), the near equipotency of these two 
benzomorphans to stimulate dopamine release is sug- 
gestive of a role for mechanisms (i.e., phencyclidine 
sites) in addition to 0. receptors in the effect of (+ ) -  
N-allylnormetazocine. However, an argument that miti- 
gates this possibility is the greater potency of ( + )-N-al- 
lylnormetazocine relative to the ( - ) - i so m er  with re- 
gard to dopamine release, since the enantiomers ex- 
hibit near equal affinities for the phencyclidine recep- 
tor (Carroll et al., 1992). Nevertheless, it is conceivable 
that the actions of (+)-N-allylnormetazocine involve 
both phencyclidine and or receptor mechanisms. 

In the present study, DTG, a non-discriminant li- 
gand of 0.1 and 0" 2 sites, failed to alter the extracellular 
concentration of dopamine in the striatum. This find- 
ing is not in accord with the report  of Patrick et al. 
(1993) who demonstrated that D TG  did increase 
dopamine release in this brain region. The reasons for 
this discrepancy are not readily apparent. Perhaps 
noteworthy is the fact that Patrick et al. (1993) utilitzed 
sodium pentobarbital for surgical procedures, whereas 
chloral hydrate was used in the present study 24 h 
prior to beginning dialysis. Chloral hydrate anesthesia 
has been reported to alter the responsiveness of mid- 
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brain dopamine neurons (Kelland et al., 1989; Hamil- 
ton et al., 1992). A difference in drug preparat ion also 
might be a contributory factor. These differences could 
result in an alteration in. the sensitivity of dopamine 
neurons to DTG.  This may be of importance in view of 
the fact that D T G  can ,~xhibit complex, bell shaped 
dose-ef fec t  re la t ionships  in some exper imenta l  
paradigms (Bergeron et al., 1994; Earley et al., 1991). 

DUP 734 exhibits high affinity for or and 5-HT 2 
receptors (Tam et al., 1992) and has been reported to 
increase D O P A C  concentrations in the prefrontal  cor- 
tex, as well as the striatura (Rominger  and Tam, 1991). 
The stimulatory effect of DUP 734 on the extracellular 
concentration of dopamine in the striatum in the pres- 
ent study is consistent witlh this latter finding. D U P  734 
has been characterized as a or receptor 'antagonist '  
(Tam et al., 1992), and it is noteworthy that other 
putative or receptor  'antagonists ' ,  e.g., BMY 14802 and 
remoxipride, also increase the extracellular concentra- 
tion of dopamine in the striatum (Gudelsky and Nash, 
1992). There  is considerable controversy regarding the 
classification of the tr receptor  ligands used in the 
present study as agonists or antagonists. In many in- 
stances, the pharmacolog2.i of these agents seems to be 
specific for the particular biological response that is 
being evoked. The similarity of action on dopamine 
release of the or receptor  ligands tested, with the 
exception of ( + )-3-PPP, seemingly precludes the use of 
the terms agonist or antagonist with regard to this 
response. 

Although (+ ) -3 -PPP  exhibits high affinity for o" re- 
ceptors (De Costa et al., 1989), it also exhibits consid- 
erable affinity for dopamine receptors (Sonesson et al., 
1992). The biochemical, electrophysiological, and neu- 
roendocrinological effects of  (+ ) -3 -PPP are similar to 
those exerted by dopamine agonists (Clark et al., 1985; 
Steinfels et al., 1989; Iyen.gar et al., 1991; Mikuni et al., 
1984). The inhibitory effect of (+ ) -3 -PPP on the extra- 
cellular concentration of dopamine in the present study 
is in accord with previous findings ( Imperato  et al., 
1988; Svensson et al., 1994) and is consistent with a 
dopamine agonist property of the drug. 

Although the (+ ) - enan t iomer  of  butaclamol has high 
affinity for dopamine receptors (Seeman, 1980) and 
exerts anti-dopaminergic effects (Hjorth et al., 1985), 
there is little evidence to suggest that the ( - ) -  
butaclamol-induced eleval:ion of the extracellular con- 
centration of dopamine is due to an effect at dopamine 
receptors.  ( - ) - B u t a c l a m o l  has little affinity for 
dopamine receptors (Seeman, 1980), and Hjorth et al. 
(1985) have shown that ( - ) - b u t a c l a m o l  is inactive in 
behavioral ,  biochemical  and hormonal  tests for 
dopamine antagonist properties. Thus, it would seem 
that the stimulatory effect of ( - ) - b u t a c l a m o l  on stri- 
atal dopamine release is related to its high affinity for 
the ~r receptor. 

Inhibitors of dopamine uptake, such as mazindol, 
GBR 12909 and nomifensine, have been shown to 
suppress dopamine release induced by amphetamine or 
3,4-methylenedioxymethamphetamine (Nash and Brod- 
kin, 1991; Butcher et al., 1988; Hurd and Ungerstedt,  
1989). Blockade of drug-induced dopamine release by 
inhibitors of the dopamine transporter  has been viewed 
as evidence in support of the conclusion that such 
drugs, i.e., amphetamine,  facilitate dopamine release 
through a carrier-or t ransporter-mediated mechanism. 
In the present  study, GBR 12909 did not suppress the 
stimulatory effect of (+) -pentazocine  on extracellular 
concentrations of dopamine in the striatum; indeed, at 
times, the response to (+)-pentazocine  was enhanced. 
Thus, it seems reasonable to conclude that the stimula- 
tory effect of these or receptor ligands on dopamine 
release does not involve facilitation of transporter- 
mediated dopamine release. Inasmuch as it is generally 
believed that dopamine release may occur through 
either carrrier-mediated or impulse-dependent  mecha- 
nisms (Seiden et al., 1993), it is tempting to speculate 
that the stimulation of dopamine release by or receptor 
ligands is an impulse dependent  process. 
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