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Abstract. This study examined the effects of acute ad-
ministration of delta-9-tetrahydrocannabinol (A°>-THCQC),
the psychoactive ingredient in marijuana, on ex-
tracellular efflux of dopamine (DA) and its metabolites
as measured by in vivo microdialysis in nucleus accum-
bens of conscious, freely-moving rats. A>-THC, at low
doses (0.5-1.0 mg/kg), which significantly enhance brain
stimulation reward (intracranial self-stimulation), signifi-
cantly increased DA efflux in nucleus accumbens. Aug-
mentation of DA efflux by A~ THC was abolished by
removal of calcium (Ca* *) ions from the perfusion fluid,
indicating a Ca**-dependence of A°~THC’s action.
Augmentation of DA efflux by A°-THC was either total-
ly blocked or significantly attenuated by doses of nal-
oxone as low as 0.1 mg/kg. Given the postulated role of
mesocorticolimbic DA circuits in mediating and/or
modulating brain stimulation reward, the present data
raise the possibility that marijuana’s rewarding effects,
and hence its euphorigenic effects and abuse potential,
may be related to pharmacological augmentation of
presynaptic DA mechanisms. Additionally, the DA
mechanisms enhanced by marijuana appear to be mod-
ulated by an endogenous opioid peptide system.
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Although marijuana is the most widely used illicit drug
in North America, with significant public health conse-
quences (Petersen 1980; Glantz 1984), the neuropharma-
cological basis for its widespread recreational use and
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abuse liability have remained obscure. The hypothesis
that drugs of abuse derive a significant portion of their
abuse liability from direct neuropharmacological aug-
mentation of brain reward circuits, and that this aug-
mentation involves a portion of the mesotelencephalic
dopamine (DA) projections of the medial forebrain
bundle, has become a central and seminal conception in
recent years (Kornetsky et al. 1979; Wise 1980; Bozarth
and Wise 1981; Spyraki et al. 1983; Kornetsky 1985;
Wise and Rompre 1989). Congruent with this concep-
tion, we have recently shown: (1) that delta-9 tetrahydro-
cannabinol (A°-~-THC), the psychoactive ingredient in
marijuana, augments brain stimulation reward (electrical
intracranial self-stimulation) in the rat medial forebrain
bundle at low doses believed pharmacologically relevant
to moderate human use of marijuana (Gardner et al.
1988); and (2) that low doses of A°~-THC augment
potassium (K *)-stimulated presynaptic DA efflux in rat
neostriatum as measured by both in vivo voltammetric
electrochemistry and in vivo brain microdialysis (Ng
Cheong Ton et al. 1988). However, for technical reasons
relating to the sensitivities of the electrochemical and
microdialysis paradigms, our previous work (Ng Cheong
Ton et al. 1988) was done with anesthetized rats, with
measurements of DA efflux in the neostriatum, and with
K*-evoked rather than basal DA efflux. The present
study was undertaken to determine whether A°~THC’s
augmenting effect on DA efflux could be demonstrated
under more physiologically and pharmacologically
meaningful conditions, i.e., in conscious freely-moving
animals, and on basal rather than K *-evoked DA efflux.
Also, since the mesocorticolimbic portions of the
mesotelencephalic DA systems appear far more im-
plicated in mediating or modulating the effects of drugs
of abuse on brain reward mechanisms than the meso-
striatal portions (Wise and Rompre 1989), the present
study focused on DA efflux in the nucleus accumbens, a



crucial forebrain anatomic convergence of reward-
relevant DA circuitry (Wise and Rompre 1989). In addi-
tion, since drug-induced facilitation of brain stimulation
reward is naloxone reversible for most well-studied drugs
of abuse (e.g., Esposito et al. 1980; Nazzaro et al. 1980,
1981; Wise and Bozarth 1984; Wise and Rompre 1989),
including A°>~-THC (Gardner et al. 1989), at doses of
naloxone which themselves have no effect on brain-
stimulation reward, we sought to determine whether nal-
oxone has any effect on augmented mesocorticolimbic
DA efflux induced by A°~THC.

Materials and methods

Male Lewis rats (Charles River) weighing between 300 and 350 g
were used for these experiments. They were housed individually on
ad libitum food and water in an animal colony room kept at 72° F
with a 12 h light-dark cycle. Before experiments started, all rats were
implanted under pentobarbital anesthesia with microdialysis probes
in the nucleus accumbens by standard surgical and stereotaxic
technique. The probes were implanted at stereotaxic coordinates
A+2.0 (from bregma), L. 1.2 (from midline), and V-7.0 (from
dura), according to the brain atlas of Paxinos and Watson (1982).
Loop-shaped microdialysis probes (Sharp et al. 1984) were used;
they were implanted longitudinally parallel to the mid-sagittal line
and positioned in the midline of the medial-lateral extent of the
nucleus accumbens. Each dialysis probe had a 5 mm exposed tubu-
lar dialysis membrane which covered essentially the vertical extent
of the nucleus accumbens. Prior to implantation, each dialysis
probe was tested in vitro in beakers containing perfusate together
with known concentrations of monoamines and monoamine meta-
bolites, and per cent recoveries for DA and its metabolites estab-
lished ; any probe not yielding satisfactory recovery in vitro was dis-
carded. As determined by these in vitro tests, relative recovery rates
for the probes used in these experiments were approximately 6% for
DA, 8% for DOPAC, and 9% for HVA. Immediately following
implantation, intracerebral dialysis was begun and continued for
the duration of the experiment, the animals living in individual test
chambers with food and water available ad libitum. Drug experi-
ments were begun when animals had recovered from the implanta-
tion surgery for 20-24 h. The perfusate was a modified Ringer’s
solution [189 mM NaCl, 3.9 mM KCI, 3.37 mM CaCl, (pH=6.0)],
perfused through the dialysis probes at a flow rate of 2 pl/min.
When Ca™ *-free Ringer’s solution was used to study the Ca®+
dependence of A>-THC’s effect, CaCl, was removed and 0.1 mM
EGTA (Sigma Chemical Company) was added (Kalén et al. 1988).

Dialysis samples (40 ul) were collected every 20 min and im-
mediately assayed for DA and for the DA metabolites 3,4-dihy-
droxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) by
high performance liquid chromatography (HPLC) with electro-
chemical detection (EC). The compounds were separated by reverse
phase chromatography with a Brownlee Velosep RP-18 (3 um
particles) 100 x 3.2 mm column and a mobile phase, pH 3.0, con-
taining 0.1 M chloroacetic acid, 0.1 mM EDTA, 0.2 mM sodium
octyl sulfate, and 6.5% methanol. The mobile phase flow rate was
1.0 ml/min. Electrochemical measurements of the eluting specics
were made with a glassy carbon working electrode (Bioanalytical
Systems model TL—5A; spacer thickness 0.051 mm) coupled to a
LC-4B potentiostat (Bioanalytical Systems) set at +0.7 V. The
minimum detection limit was approximately 6-16 fmol for all
chemicals measured.

A°—THC (National Institute on Drug Abuse, US Public Health
Service) was prepared for in vivo administration by an adaptation
of methods we have previously described (Gardner et al. 1988; Ng
Cheong Ton et al. 1988). Briefly, the A>-THC was dissolved in a
20% solution of polyvinylpyrrolidone (PVP) (Aldrich Chemical
Company) prepared in ethanol. This mixed solution was then evap-
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orated under nitrogen and the dried, concentrated A°>-THC-PVP
solution was suspended in saline at a concentration of either 0.5 or
1.0 mg/ml. A 15% PVP solution was used for control injections.
Naloxone (Sigma Chemical Company) was dissolved in saline at
concentrations of 5.0 and 0.1 mg/ml. Animals were randomly as-
signed to the A°-THC and PVP-control groups. Within the
A-THC group, animals were randomly assigned to the 0.5 mg/kg
and 1.0 mg/kg dose groups. Within each group, two out of five rats
were given A°-THC on the first test day and then given A>~-THC
together with naloxone on the second test day while the other three
rats received A-THC together with naloxone at 5 mg/kg on the first
test day and A-THC alone on the second test day. A 24 h drug
wash-out period was always interspersed between test days. All
drugs and control solutions were given by intraperitoneal injection
(IP). Naloxone was tested at both 5.0 mg/kg and 0.1 mg/kg, the
latter dose chosen to be within the range of high specificity for
opiate receptors (Di Chiara and Imperato 1988). Ca* *-dependence
of A%-THC’s effect on basal DA efflux was tested by switching a
Ca™ *-free perfusate for the standard Ringers solution perfusate by
means of a liquid switch (Carnegie Medicin) after a stable baseline
was established with the standard Ringers solution perfusate, with
1 mg/kg A°-THC administered 1 h after the start of Ca**-free
perfusion.

Dhalysis samples were collected until levels of DA, DOPAC,
and HVA were stable. Then, three 20 min baseline pre-injection
dialysis samples were collected, drug or vehicle injections were
administered, and 20 min dialysis sampling continued. The mean
level of DA, DOPAC, and HVA for the three 20 min dialysis
samples immediately preceding drug or vehicle administrations
were used as baselines and analysis was performed on per cent
changes from baseline values after drug or vehicle injections. The
data were expressed as meansthe standard error of the mean
(SEM). Statistical comparisons were made by analysis of variance
for repeated measures (Winer 1962; Kirk 1982), with individual
comparisons within each data set tested for significance by the
Tukey-Kramer a posteriori statistical procedure (Kirk 1982).

In view of the fact that the animals were fully conscious and
freely moving. behavioral observations were made of all animals
throughout all dialysis experiments.

After the completion of experiments, animals were sacrificed by
anesthetic overdose, the brains removed. and standard histological
analysis carried out on all brains to verify dialysis probe locations.

Results

Basal DA and metabolite levels (uncorrected for per cent
recovery) in the baseline samples preceding drug or ve-
hicle administration were 85.34+3.2 fmol/20 min DA
(N=23), 24.34+0.4 pmol/20 min DOPAC (N=23), and
9.14+0.3 pmol/20 min HVA (N=23).

As compared to baseline levels, both 0.5 mg/kg
A°~-THC and 1.0 mg/kg A°-THC significantly aug-
mented extracellular basal DA efflux in nucleus accum-
bens (simple main A°~THC effect by analysis of variance
for repeated measures: F,,=35.5; P<0.0001), with
1.0 mg/kg A°~THC having an earlier peak effect than
0.5 mg/kg A°~-THC (time x A°~THC interaction effect
by analysis of variance for repeated measures:
Flg.60=6.9; P<0.0001). These effects on basal DA efflux
in nucleus accumbens are illustrated in Fig. 1. The lower
dose of A°>~THC (0.5 mg/kg) produced maximum change
at 60 min post-A°~THC, subsiding to baseline by 120 min
post-A’>~THC. The higher dose A>-THC (1.0 mg/kg)
produced maximum change at 40 min post-A°>~THC but
with significantly enhanced extracellular DA efflux per-
sisting for the duration of the dialysate collection periods
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Fig. 1. Per cent enhancement (+ SEM) of basal DA efflux in nucleus
accumbens of conscious freely-moving rats produced by 20% poly-
vinylpyrrolidone vehicle. 0.5 mg/kg A®-tetrahydrocannabinol
(A°-THC), and 1.0 mg/kg A°~-THC. Asterisks indicate degree
of statistical significance of each A°~THC data point as compared
to the corresponding vehicle data point (* P<0.05; ** P<0.01),
as tested using the Tukey-Kramer a posteriori test of individ-
ual comparisons. ®—® 1.0 mg/kg THC; m—m 0.5 mg/kg THC;
A—4 vehicle
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Fig. 3. Naloxone (5 mg/kg)-induced inhibition of the enhanced
basal DA efflux in nucleus accumbens of conscious freely-moving
rats produced by 1.0 mg/kg A®°-tetrahydrocannabinol (A°>~THC).
Asterisks indicate degree of statistical significance of each
AS-THC versus A°~THC-plus-naloxone comparison (* P<0.05;
** P<0.01), as tested using the Tukey-Kramer a posteriori test of
individual comparisons. ®—® 1.0 mg/kg THC; 00O 1.0 mg/kg
THC + 5.0 mg/kg NAL

(although subsiding from peak enhancement by roughly
75% at 120 min post-A°~THC) (Fig. 1). Tests of in-
dividual comparisons revealed that the lower dose of
A°-THC (0.5 mg/kg) significantly enhanced basal DA
efflux at 40, 60, 80, and 100 min post-A>~THC (Fig. 1),
while the higher dose (1.0 mg/kg) significantly enhanced
basal DA efflux at all post-A>~THC time periods tested
(Fig. 1). A°>~THC at either dose failed to produce signifi-
cant alterations in DOPAC or HVA. Vehicle injections
of 15% PVP solution did not alter DA, DOPAC, or HVA
levels.

The enhanced extracellular basal DA efflux produced
by A°~-THC was significantly attenuated by naloxone.
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Fig. 2. Naloxone (5 mg/kg)-induced inhibition of the enhanced
basal DA efflux in nucleus accumbens of conscious freely-
moving rats produced by 0.5 mg/kg A°-tetrahydrocannabinol
(A°-THC). Asterisks indicate degree of statistical significance
of each A°-THC versus A®-THC-plus-naloxone comparison
(* P<0.05; ** P<0.01), as tested using the Tukey-Kramer a
posteriori test of individual comparisons. ®—® 0.5 mg/kg
THC; 0---0 0.5 mg/kg THC+ 5.0 mg/kg NAL
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Fig. 4. Naloxone (0.1 mg/kg)-induced inhibition of the enhanced
basal DA efflux in nucleus accumbens of conscious freely-moving
rats produced by 0.5 mg/kg A®-tetrahydrocannabinol (A°>~THC).
Asterisks indicate degree of statistical significance of each
A°-THC versus A°-THC-plus-naloxone comparison (* P<0.05;
** P<(.01). as tested using the Tukey-Kramer a posteriori test of
individual comparisons. #—m 0.5 mg/kg THC; 0--0 0.5 mg/kg
THC +0.1 mg/kg NAL

The enhanced basal DA efflux produced by 0.5 mg/kg
A°~-THC was totally inhibited by naloxone at 5 mg/kg;
this naloxone-induced inhibition was statistically signifi-
cant (F, ,=28.5; P<0.01) and is illustrated in Fig. 2. As
shown in Fig. 2, tests of individual comparisons revealed
that naloxone significantly blocked the DA-enhancing
effect of 0.5 mg/kg A°~THC at every post-A°>~THC time
period at which A°-THC had an enhancing effect on DA
efflux (Fig. 1). The enhanced basal DA efflux produced
by 1.0 mg/kg A°~THC was inhibited approximately 50 %
by naloxone at 5 mg/kg; this naloxone-induced inhibi-
tion was statistically significant (F, ,=49.8; P<0.005)
and is illustrated in Fig. 3. As shown in Fig. 3, tests of
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Fig. 5. Calcium-dependence of enhancing effect of A°-tetrahydro-
cannabinol (A°>~THC) on extracellular DA efflux in nucleus accum-
bens. Extracellular DA efflux in nucleus accumbens was reduced
approximately 50% by the Ca* *-free perfusion. A>-THC 1.0 mg/kg
administered 1 h after the start of Ca™* *-free perfusion at the point
marked “injection” had no effect on extracellular DA efflux. ®—e@
Dopac; m—® HVA; A—A dopamine

individual comparisons revealed that naloxone signifi-
cantly attenuated the DA-enhancing effect of 1.0 mg/kg
A°-THC at every post-A®>~THC time period. The lower
dose of naloxone (0.1 mg/kg) also inhibited the enhanced
basal DA efflux produced by 0.5 mg/kg A°>~THC . This
low dose naloxone-induced inhibition was statistically
significant (F, 4=17.6; P<0.01) and is illustrated in
Fig. 4. A>-THC’s enhancing effect on basal DA efflux
was Ca™ *-dependent, as illustrated in Fig. 5. Basal DA
efflux was decreased approximately 50% in the presence
of Ca™ *-free perfusate. Challenge with 1 mg/kg A>~THC
did not affect extracellular basal DA efflux in the Ca™ *-
free situation.

The animals were behaviorally unaffected by injec-
tions of the PVP vehicle or naloxone. They showed no
evidence of stereotypy or psychomotor stimulation fol-
lowing injections of A°~THC; to the contrary, all ani-
mals seemed slightly quiescent following A°~THC, al-
though still retaining full motoric capability.

Discussion

Loop-shaped dialysis probes were used in the present
study. Even though this kind of probe can cause more
tissue damage due to its size than smaller probes used
both by us (Paredes et al. 1989) and by others (Di Chiara
and Imperato 1986; Hernandez and Hoebel 1988), the
basal DA efflux measured after 20-24 h recovery in the
present experiments was tetrodotoxin (TTX) sensitive
(TTX at 10~% M in the perfusate reduced basal DA efflux
to 59% of pre-TTX level; TTX at 10> M in the perfusate
decreased basal DA efflux to 14% of its pre-TTX level),
indicating the DA signal monitored in the present experi-
ments was neuronal (Westerink et al. 1987).

The present findings with A°~THC show that this
compound, the psychoactive ingredient in marijuana and
hashish, augments basal nucleus accumbens extracellular
DA efflux. As such, the present findings are in funda-
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mental agreement with the following: a) previous in vitro
studies showing augmenting effects of A°>-THC on DA
synthesis and release in synaptosomes (Poddar and De-
wey 1980; Bloom 1982), b) previous in vitro studies
showing an inhibitory effect of A°>-THC on DA uptake
into synaptosomes (Banerjee et al. 1975; Johnson et al.
1976; Hershkowitz and Szechtman 1979), and c)
previous in vivo work inferring a DA agonist-like effect
for A°~THC on the basis of A°>-THC’s similarity to
amphetamine in behavioral tests in animals with unilat-
eral mesostriatal DA denervation (Sakurai et al. 1985).
Also, the present findings are in close agreement with our
own previous in vivo findings that A°~THC augments
K*-evoked DA efflux in rat caudate-putamen, perhaps
by inhibiting presynaptic DA reuptake mechanisms (Ng
Cheong Ton et al. 1988).

Critically, however, the present findings show that
A°~-THC’s DA agonist-like effect is clearly manifest un-
der the more physiologically and pharmacologically
meaningful conditions used in the present experiments,
i.e., in conscious freely-moving animals, and on basal
rather than K*-evoked DA efflux. Also, the present
findings are the first to demonstrate a DA agonist-like
effect of A°~THC in portions of the mesocorticolimbic
DA circuitry, known to be more critically involved in
mediating or modulating the effects of drugs of abuse on
brain reward mechanisms than the brain areas studied in
previous synaptosomal and in vivo experiments. Also
importantly, the present findings together with our
previous findings in caudate-putamen (Ng Cheong Ton
et al. 1988) constitute the first studies of A°>-THC’s effect
on brain DA biochemistry to use doses of A°>~THC that
approximate those found in human use of marijuana.
Rosenkrantz et al. (1975) have translated doses of
A°-THC in rats to inhalation doses in humans; taking
their assumptions and calculations, the dose range of
0.5-1.0 mg/kg A°-THC used in the present experiments
translates into one to two marijuana cigarettes of
moderate A°>-THC content. Thus, the presently observed
robust effects of A>-THC on DA brain systems im-
plicated in mediating brain reward would appear to be
pharmacologically and physiologically relevant to hu-
man marijuana use.

Psychostimulants such as amphetamine, cocaine,
phencyclidine and nomifensine have been shown to in-
crease extracellular DA concentration in nucleus accum-
bens of freely moving rats studied by in vivo microdialy-
sis (Carboni et al. 1989). The DA-agonist effects of co-
caine, phencyclidine and nomifensine were different from
amphetamine, as shown by their dependence upon intact
neuronal firing and on exocytosis, as indicated by the
inhibiting action of y-butyrolactone and the Ca™*™-
dependence of their effects (Carboni et al., 1989). When
the Ca* * ions in the perfusion solution were replaced by
0.1 mM EGTA (a chelator of divalent ions) in the present
study, the extracellular DA efflux was immediately re-
duced but not completely abolished. This could be ex-
plained by the availability of intracellular Ca’ " ions,
since it has been demonstrated that depolarization of
terminals can release Ca™* ions from intracellular pools
to the extracellular space (Illes 1986) and the EGTA
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concentration (0.1 mM) used in the present study may
have been too low to completely block all available Ca* *
ions. However, the present study shows clearly that
A°-THC effect was Ca™*-dependent, indicating that
A°-THC has a cocaine-like and nomifensine-like effect at
DA presynaptic terminals in nucleus accumbens, rather
than an amphetamine-like effect.

That drugs of abuse act on the same brain reward
mechanisms that are activated, perhaps trans-synaptic-
ally, by the intensely rewarding stimulation of electrical
brain-stimulation reward, and derive their euphorigenic
properties and abuse potential therefrom, is at present
the most compelling hypothesis available on the neuro-
biology of drug abuse (Kornetsky et al. 1979; Wise 1980;
Wise and Bozarth 1984; Kornetsky 1985; Wise and
Rompre 1989). That the ascending DA neurons of the
mesocorticolimbic DA system, originating in the ventral
tegmental area and projecting to the nucleus accumbens,
constitute a crucial “second-stage” anatomic conver-
gence within this reward circuitry upon which drugs of
abuse act to enhance brain reward is equally compelling
(Wise 1980; Wise and Bozarth 1984; Wise and Rompre
1989). In support of this hypothesis, many lines of evi-
dence can be adduced (see, e.g., Wise and Rompre 1989).
First, virtvally all drugs of abuse that have been ade-
quately studied (including cocaine, amphetamines, etha-
nol, barbiturates, benzodiazepines, opiates, phencyclidi-
ne-like dissociative anesthetics, and marijuana) augment
brain-stimulation reward or lower brain reward thresh-
olds in brain loci closely associated with the mesocor-
ticolimbic DA system (e.g., Esposito and Kornetsky
1978 Lorens and Sainati 1978; Kornetsky et al. 1979;
Esposito et al. 1980; Nazzaro et al. 1980; Nazzaro ct al.
1981, Kornetsky 1985; Gardner et al. 1988). Second,
most drugs with DA agonist properties are euphorigenic
(and have consequential abuse potential) while most DA
antagonists are dysphorigenic (Wise 1982; Wise and
Rompre 1989). Third, virtually all drugs of abuse that
have been adequately studied have been found to aug-
ment either neuronal firing or DA release (or both) in the
mesocorticolimbic DA system (e.g., Wise 1984; Di
Chiara and Imperato 1986; Imperato and Di Chiara
1986: Westerink et al. 1987; Wise and Bozarth 1987;
Hernandez and Hoebel 1988; Wise and Rompre 1989).
Fourth, animals will work to receive microinjections of
drugs of abuse into mesocorticolimbic DA loci, but for
the most part not into other brain loci (e.g., Bozarth and
Wise 1981 Phillips et al. 1981; Goeders and Smith 1983;
Hoebel et al. 1983; Goeders et al. 1984; Wise and
Rompre 1989). Fifth, lesions or pharmacological block-
ade of the mesocorticolimbic DA circuitry markedly
inhibit the rewarding properties of systemically-adminis-
tered drugs of abuse (e.g., Yokel and Wise 1975; Roberts
et al. 1977; Lyness et al. 1979; Spyraki et al. 1983;
Bozarth and Wise 1986). From all of this evidence, and
other data, Wise and Bozarth (1987) have hypothesized
that psychomotor stimulation and reward are homolo-
gous, and derive from neural activation of the mesocor-
ticolimbic DA circuitry.

While not speaking directly to the correctness of Wise
and Bozarth’s (1987) derivative hypothesis that psycho-

motor stimulation and reward are homologous, the
present data, together with our previous demonstrations
that A°~THC significantly augments direct electrical
brain-stimulation reward of the medial forebrain bundle
(Gardner et al. 1988), strongly suggest that marijuana is
not as anomalous a drug of abuse as formerly thought,
and may in fact resemble other drugs of abuse in produc-
ing, as a final common neuropharmacological action,
acute facilitation of the mesocorticolimbic DA reward-
relevant circuitry.

Within this conceptual context of the neuropharma-
cological substrates of brain-reward enhancement by
drugs of abuse, the present fiding that naloxone signifi-
cantly attenuates A°-THC’s augmenting effect on meso-
corticolimbic DA release would appear congruent with
our previous demonstration that naloxone significantly
attenuates A>~THC’s augmenting effect on electrical
brain-stimulation reward (Gardner et al. 1989). Similar-
ly, these findings appear congruent with the fact that
brain-reward facilitation induced by a wide variety of
other drugs of abuse is also naloxone-reversible, at doses
of naloxone which themselves have no effect on brain-
stimulation reward (e.g., Esposito et al. 1980; Nazzaro
et al. 1980; Wise 1980; Nazzaro et al. 1981; Wise and
Bozarth 1984; Wise and Rompre 1989). Thus, the DA
mesocorticolimbic mechanisms enhanced by marijuana
to produce augmented brain-reward appear to be modu-
lated by an endogenous opioid peptide system. We
previously reported (Vaysse et al. 1987) that AS-THC
modulates brain 8 and p (but not k) opioid receptors,
probably at an allosteric site on the opioid receptor
complex. However, the locus at which the functional
interrelationship between the “second-stage” DA fibers
of the reward system (Wise and Rompre 1989) and en-
dogenous opioid peptide circuitry takes place, to modu-
late drug effects on brain reward, has remained unclear.
Many possibilities suggest themselves (and are by no
means mutually exclusive), including the nuclei and ter-
minal projection areas of the mesocorticolimbic DA cir-
cuitry and transsynaptic modulation via afferents to the
mesencephalic DA cell fields from the locus coeruleus
(Wise 1980). Among these, an attractive possibility is
that opioid receptors directly on mesocorticolimbic DA
terminals (Gardner et al. 1980) may form axo-axonic
connections with reward-relevant DA fibers to modulate
reward-relevant neural signals by presynaptic excitation
or inhibition. The present finding of inhibition of
A’~THC’s effect by low dose naloxone (0.1 mg/kg) in-
dicates an antagonistic effect by naloxone mediated by
opiate receptors, and appears to be congruent with the
work of Di Chiara and Imperato (1988), who found that
pretreatment with 0.1 mg/kg naloxone partially inhibited
enhanced presynaptic DA efflux induced by opiates in
nucleus accumbens and caudate-putamen. A fuller ex-
planation of the location and nature of this opioid modu-
lation of A>~THC’s effects remains to be developed, an
avenue of current investigation in our laboratory. From
such future work may well come new insights into brain
mechanisms subserving reward/euphoria and vulnerabil-
ity to drug abuse, as well as novel therapeutic strategies
for compulsive drug use.



Acknowledgements. This work was supported by National Institute
on Drug Abuse research grant DA 03622, by Biomedical Research
Support Grant RR 05397 from the National Institutes of Health,
by U.S. National Science Foundation research grant BNS
86-09351, and by the New York State Department of Substance
Abuse Services. J.C. is supported by funds from the Sue Golding
Graduate Division of Medical Sciences, Albert Einstein College of
Medicine. The A°>-THC was supplied by the Research Technology
Branch, National Institute on Drug Abuse. We thank Dr. Roger
Brown, Division of Preclinical Research, National Institute on
Drug Abuse, for his encouragement. We also thank Dr. Herman M.
van Praag, Chairman, Department of Psychiatry, and Dr. Domi-
nick P. Purpura, Dean, Albert Einstein College of Medicine, for
their support. This paper is dedicated to the memory of Dr. Nansie
Sharpless, whose tireless dedication and skill in helping establish the
brain microdialysis paradigm in our laboratories was crucial to our
current research.

References

Banerjee SP, Snyder SH, Mechoulam R (1975) Cannabinoids: in-
fluences on neurotransmitter uptake in rat brain synaptosomes.
I Pharmacol Exp Ther 194:74-81

Bloom AS (1982) Effect of delta-9-tetrahydrocannabinol on the
synthesis of dopamine and norepinephrine in mouse brain syn-
aptosomes. J Pharmacol Exp Ther 221:97-103

Bozarth MA, Wise RA (1981) Intracranial self-administration of
morphine into the ventral tegmental area of rats. Life Sci
28:551-555

Bozarth MA, Wise RA (1986) Involvement of the ventral tegmental
dopamine system in opioid and psychomotor stimulant rein-
forcement. NIDA Res Monogr Ser 67:190-196

Carboni E, Imperato A, Perezzani L, Di Chiara G (1989) Am-

phetamine, cocaine, phencyclidine and nomifensine increase

extracellular dopamine concentrations preferentially in the nu-

cleus accumbens of freely moving rats. Neuroscience

28:653-661

Chiara G, Imperato A (1986) Preferential stimulation of dopa-

mine release in the nucleus accumbens by opiates, alcohol, and

barbiturates: studies with transcerebral dialysis in freely moving

rats. Ann NY Acad Sci 473:367-381

Chiara G, Imperato A (1988) Opposite effects of mu and kappa

opiate agonists on dopamine release in the nucleus accumbens

and in the dorsal caudate of freely moving rats. J Pharmacol Exp

Ther 244:1067-1080

Esposito RU, Kornetsky C (1978) Opioids and rewarding brain
stimulation. Neurosci Biobehav Rev 2:115-122

Esposito RU, Perry W, Kornetsky C (1980) Effects of d-
amphetamine and naloxone on brain stimulation reward.
Psychopharmacology 69:187-191

Gardner EL, Zukin RS, Makman MH (1980) Modulation of opiate
receptor binding in striatum and amygdala by selective mesence-
phalic lesions. Brain Res 194:232-239

Gardner EL, Paredes W, Smith D, Donner A, Milling C, Cohen D,
Morrison D (1988) Facilitation of brain stimulation reward by
A®-tetrahydrocannabinol. Psychopharmacology 96:142-144

Gardner EL, Paredes W, Smith D, Zukin RS (1989) Facilitation of
brain stimulation reward by A°-tetrahydrocannabinol is
mediated by an endogenous opioid mechanism. Adv Biosci
75:671-674

Glantz MD (ed) (1984) Correlates and consequences of marijuana
use (ADAMHA Research Issues no. 34). Alcohol, Drug Abuse,
and Mental Health Administration, US Public Health Service,
Rockville, MD

Goeders NE, Smith JE (1983) Cortical dopaminergic involvement
in cocaine reinforcement. Science 221:773-775

Goeders NE, Lane JD, Smith JE (1984) Self-administration of
methionine enkephalin into the nucleus accumbens. Pharmacol
Biochem Behav 20:451-455

Hernandez L, Hoebel BG (1988) Food reward and cocaine increase

Di

Di

161

extracellular dopamine in the nucleus accumbens as measured
by microdialysis. Life Sci 42:1705-1712

Hershkowitz M, Szechtman H (1979) Pretreatment with Al-
tetrahydrocannabinol and psychoactive drugs: effects on uptake
of biogenic amines and on behavior. Eur J Pharmacol
59:267-276

Hoebel BG, Monaco AP, Hernandez L, Aulisi EF, Stanley BG,
Lenard L (1983) Self-injection of amphetamine directly into the
brain. Psychopharmacology 81:158-163

Illes P (1986) Mechanisms of receptor mediated modulation of
transmitter release in noradrenergic, cholinergic and sensory
neurons. Neuroscience 17:909-928

Imperato A, Di Chiara G (1986) Preferential stimulation of dopa-
mine release in the nucleus accumbens of freely moving rats by
ethanol. J Pharmacol Exp Ther 239:219-228

Johnson KM, Dewey WL, Harris LS (1976) Some structural re-
quirements for inhibition of high-affinity synaptosomal
serotonin uptake by cannabinoids. Mol Pharmacol 12:345-352

Kalén P, Strecker RE, Rosengren E, Bjorklund A (1988) En-
dogenous release of neuronal serotonin and 5-HIAA in the
caudate-putamen of the rat as revealed by intracerebral dialysis
coupled to high performance liquid chromatography with fluor-
imetric detection. J Neurochem 51:1422-1435

Kirk, RE (1982} Experimental design, 2nd edn. Brooks/Cole,
Monterey, CA

Kornetsky C (1985) Brain-stimulation reward: a model for the
neuronal bases for drug-induced euphoria. NIDA Res Monogr
Ser 62:30-50

Kornetsky C, Esposito RU, McLean S, Jacobson JO (1979) In-
tracranial self-stimulation thresholds. Arch Gen Psychiatry
36:289-292

Lorens SA, Sainati SM (1978) Naloxone blocks the excitatory effect
of ethanol and chlordiazepoxide on lateral hypothalamic self-
stimulation behavior. Life Sci 23:1359-1364

Lyness WH, Friedle NM, Moore KE (1979) Destruction of dopami-
nergic nerve terminals in nucleus accumbens: effect on d-
amphetamine self-administration. Pharmacol Biochem Behav
11:553-556

Nazzaro JM, Seeger TF, Gardner EL (1980) Naloxone blocks
phencyclidine’s dose-dependent effects on direct brain reward
thresholds. In: Proceedings of World Conference on Clinical
Pharmacology and Therapeutics. British Pharmacological Soci-
ety, London, p 949

Nazzaro JM, Gardner EL, Bridger WH, Carlson KR, Seeger TF
(1981) Pentobarbital induces a naloxone-reversible decrease in
mesocorticolimbic self-stimulation thresholds. Soc Neuroscl
Abstr 7:262

Ng Cheong Ton JM, Gerhardt GA, Friedemann M, Etgen AM,
Rose GM, Sharpless NS, Gardner EL (1988) Effects of A°-
tetrahydrocannabinol on potassium-evoked release of dopa-
mine in the rat caudate nucleus: an in vivo electrochemical and
in vivo microdialysis study. Brain Res 451:59-68

Paredes W, Chen J, Gardner EL (1989) A miniature microdialysis
probe: a new simple construction method for making a chronic,
removable and recyclable probe. Curr Separations 9:94

Paxinos G, Watson C (1982) The rat brain in stereotaxic coordina-
tes. Academic Press, Sydney, Australia

Petersen RC (ed) (1980) Marijuana and health: 8th annual report
to the US Congress from the Secretary of Health and Human
Services. National Institute on Drug Abuse, US Public Health
Service, Rockville, MD

Phillips AG, Mora F, Rolis ET (1981) intracerebral self-administra-
tion of amphetamine by rhesus monkeys. Neurosci Lett
24:81-86

Poddar MK, Dewey WL (1980) Effects of cannabinoids on catech-
olamine uptake and release in hypothalamic and striatal synap-
tosomes. J Pharmacol Exp Ther 214:63-67

Roberts DCS, Corcoran ME, Fibiger HC (1977) On the role of
ascending catecholaminergic systems in intravenous self-
administration of cocaine. Pharmacol Biochem Behav
6:615-620



162

Rosenkrantz H, Sprague RA, Fleischman RW, Brude MC (1975)
Oral AS-tetrahydrocannabinol toxicity in rats treated for
periods up to 6 months. Toxicol App Pharmacol 32:399-
417

Sakurai Y, Ohta H, Shimazone T, Kataoka Y, Fujiwara M, Ueki
S (1985) Delta-9-tetrahydrocannabinol elicits ipsilateral circling
behavior in rats with unilateral nigral lesion. Life Sci
37:2181-2185

Sharp T, Maidment N'T, Brazell MP, Zetterstrom T, Ungerstedt U,
Bennett GW, Marsden CA (1984) Changes in monoamine me-
tabolites measured by simultaneous in vivo differential pulse
voltammetry and intracerebral dialysis. Neuroscience
12:1213-1221

Spyraki C, Fibiger HC, Phillips AG (1983) Attenuation of heroin
reward in rats by disruption of the mesocorticolimbic dopamine
system. Psychopharmacology 79:278-283

Vaysse PJ-J, Gardner EL, Zukin RS (1987) Modulation of rat brain
opioid receptors by cannabinoids. J Pharmacol Exp Ther
241:534-539

Westerink BH, Tuntler J, Damsma G, Rollema H, de Vries JB

(1987) The use of tetrodotoxin for the characterization of drug-
enhanced dopamine release in conscious rats studied by brain
dialysis. Naunyn Schmiedeberg’s Arch Pharmacol 336: 502507

Winer BJ (1962) Statistical principles in experimental design.
MceGraw-Hill, New York

Wise RA (1980) Action of drugs of abuse on brain reward systems.
Pharmacol Biochem Behav [Suppl 1] 13:213-223

Wise RA (1982) Neuroleptics and operant behavior: the anhedonia
hypothesis. Behav Brain Sci 25:39-87

Wise RA (1984) Neural mechanisms of the reinforcing action of
cocaine. NIDA Res Monogr Ser 50:15-33

Wise RA, Bozarth MA (1984) Brain reward circuitry: four circuit
elements “wired” in apparent series. Brain Res Bull 12:203-208.

Wise RA, Bozarth MA (1987) A psychomotor stimulant theory of
addiction. Psychol Rev 94:469-492

Wise RA, Rompre P-P (1989) Brain dopamine and reward. Annu
Rev Psychol 40:191-225

Yokel RA, Wise RA (1975) Increased lever pressing for am-
phetamine after pimozide in rats: implications for a dopamine
theory of reward. Science 187:547-549



