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ABSTRACT
The noncompetitive NMDA receptor antagonist phencyclidine (PCP)
and the neuronal cannabinoid receptor agonist D9-tetrahydrocannabinol (THC) are two
agents shown to have psychotomimetic properties in humans. Both drugs increase
dopamine release and utilization in the prefrontal cortex, a brain region thought to be
dysfunctional in schizophrenia. In the present series of studies, the effects of drugs acting
at a-noradrenergic receptors on PCP- and THC-induced increases in prefrontal cortical
and nucleus accumbens dopamine utilization in the rat were examined. Clonidine, an a2
noradrenergic receptor agonist, completely blocked the activation of mesoprefrontal
dopamine system by THC or PCP. In addition, the a1 noradrenergic receptor antagonist
prazosin blocked the PCP-induced increase in prefrontal cortical dopamine utilization.
These data may provide new insights concerning pharmacological therapies for acute
drug-induced psychoses and behavioral abnormalities in human PCP and THC abusers.
Synapse 28:21–26, 1998. r 1998 Wiley-Liss, Inc.
INTRODUCTION
Exposure to the noncompetitive N-methyl-D-aspartate receptor antagonist phencyclidine (PCP) or the
neuronal cannabinoid receptor agonist D9-tetrahydrocannabinol (THC) can have psychotomimetic effects in
humans (Javitt and Zukin, 1991; Thacore and Shukla,
1976). Both these agents can induce prefrontal cortical
dysfunction, a symptom associated with schizophrenia
(Goldman-Rakic, 1991), in rats, monkeys, and humans.
The prefrontal cortex subserves several cognitive and
executive processes, including working memory (Goldman-Rakic, 1987), and working memory has been shown
to be disrupted by PCP, or its congener ketamine (Boyce
et al., 1991; Krystal et al., 1994; Verma and Moghaddam, 1996), and by THC (Ferraro, 1980; Jentsch et
al., 1997b; Molina-Holgado et al., 1994; Nakamura et
al., 1991) in rats, monkeys, and humans. It now appears that the disrupting effects of THC and PCP on
working memory function may involve a drug-induced
dysregulation of the dopaminergic innervation of the
prefrontal cortex.
r 1998 WILEY-LISS, INC.

The prefrontal cortex receives a prominent dopaminergic innervation arising from the ventral mesencephalon (Roth and Elsworth, 1995), and dopamine appears
to provide a critical neuromodulatory influence on the
cognitive functions of the prefrontal cortex (GoldmanRakic et al., 1997). Destruction of the mesoprefrontal
dopamine neurons or blockade of dopaminergic receptors within prefrontal cortex disrupts performance of
tasks dependent on working memory in rats and monkeys (Brozoski et al., 1979; Bubser and Schmidt, 1990;
Sawaguchi and Goldman-Rakic, 1991; Simon et al.,
1980). In addition, recent data have shown that increased dopamine utilization in the prefrontal cortex
induced by a pharmacologic stressor impairs spatial
working memory (Murphy et al., 1996a).
Indeed, a hyperdopaminergic substrate may underlie
the cognitive disrupting effects of THC and PCP. In*Correspondence to: Robert H. Roth, Ph.D., Department of Pharmacology, Yale
University School of Medicine, PO Box 208066, New Haven, Connecticut
06520-8066.
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creases in prefrontal cortical dopamine release and
utilization have been documented after THC (Bowers
and Hoffman, 1986; Chen et al., 1990) and PCP (Bowers
and Hoffman, 1984; Deutch et al., 1987; Hertel et al.,
1996) in the rat and after PCP in the monkey (Jentsch
et al., 1997a). These drug-induced increases in prefrontal cortical dopamine transmission appear to be responsible for the working memory deficits induced by acute
THC and PCP, as the cognitive dysfunction can be
ameliorated by agents that prevent the drug-induced
activation of prefrontal cortical dopamine utilization
(Jentsch et al., 1997b) or dopamine receptor antagonists (Verma and Moghaddam, 1996). As such, agents
that prevent the increased dopaminergic transmission
in the prefrontal cortex may prevent the clinical presentation of profound cognitive impairments in PCP- or
THC-exposed subjects.
Both the a2 agonist clonidine and the a1 antagonist
prazosin have been shown to affect midbrain dopamine
neuron firing patterns (Grenhoff and Svensson, 1989,
1993). In addition, clonidine has been shown to prevent
FG7142- and stress-induced activation of the mesoprefrontal dopamine system (Morrow et al., 1996; Murphy
et al., 1996b; Tam, 1986). Thus, we hypothesized that
clonidine may have an impact on the increases in
prefrontal cortex dopamine utilization observed after
THC and PCP. In the present study, the effects of drugs
acting at a-noradrenergic receptors on THC- and PCPinduced increases in dopamine utilization in the prefrontal cortex and nucleus accumbens were examined. In
addition, the effect of the a2a-preferential agonist guanfacine on the THC-induced activation in prefrontal
cortical dopamine utilization was also determined to
identify the receptor subtype underlying any preventative effects of a2 agonists.
MATERIALS AND METHODS
Animals
Male Sprague-Dawley CAMM rats (Charles River
Labs, Portage, MI) were used as subjects. All subjects
were maintained under conditions consistent with the
NIH ‘‘Guide for the Care and Use of Laboratory Animals,’’ and all protocols were approved by the Yale
University animal care and use committee. The rats
were maintained on a 12-h light/dark cycle, with the
light phase being 7:00 A.M. to 7:00 P.M. Food and water
was provided ad libitum.
Drugs
PCP was administered at a dose of 10 mg/kg in sterile
saline. THC (5 mg/kg) was dried down under a stream
of purified nitrogen and suspended in a solution of 95%
saline and 5% Tween 80 (a surfactant). Clonidine HCl
(0.1 mg/kg), prazosin HCl (1 mg/kg), or guanfacine HCl
(0.11 mg/kg) was delivered in saline 15 min before PCP
administration. All injections were given at a volume of

1 ml/kg i.p. except THC, which was prepared and
delivered at 2 ml/kg i.p. Vehicle treatments, in all cases,
represented an injection of an equivalent volume of
sterile saline. All drugs were obtained from Research
Biochemicals Inc. (Natick, MA) except guanfacine, which
was provided courtesy of A.H. Robins (Richmond, VA).
All drugs weights were calculated as the salt.
Biochemistry
All rats were 250–275 g at the time of sacrifice.
Sacrifices were performed during the animals’ light
phase. Rats were killed by rapid decapitation 1 h after
PCP or 30 min after THC administration. The brains
were quickly removed, and brain regions were dissected
out on a thermostatically chilled platform. Samples
were immediately frozen on dry ice and stored at 270°C
until assayed.
Tissues were prepared with dihydroxybenzylamine
as an internal standard. Samples were homogenized in
400 µl of ice-cold 0.1 M perchloric acid and centrifuged
at 46,000g, and the supernate was analyzed directly
with high pressure liquid chromatography (HPLC)
using electrochemical detection with a glassy carbon
electrode at 10.7 V (BAS, West Lafayette, IN) and a
reversed-phase column (3-µm C18 beads, 100-Å diameter, 10-cm length; BAS, West Lafayette, IN). Pellets
were analyzed for protein content according to Lowry et
al. (1951).
Mobile phase used for HPLC was an 8% solution of
acetonitrile containing 0.6% tetrahydrofuran, 0.1% diethylamine, 0.025 mM EDTA, 2.3 mM 1-octane-sulfonic
acid, 30 mM sodium citrate, and 13.7 mM sodium
dihydrogen phosphate (final pH 3.1).
Measurements of turnover were made as the ratio of
tissue concentration (in ng/mg protein) of the primary
metabolite, dihydroxy-O-phenylacetic acid (DOPAC), to
the parent amine (dopamine).
Statistics
Statistical analysis was performed on a Macintosh
IIcx running Statview II (Abacus Concepts, Berkeley,
CA). Analysis of variance and post-hoc Scheffe’s F-test
were used to determine significance. All data are expressed as mean 6 SEM.
RESULTS
Clonidine blocks PCP-induced activation
of frontal cortical dopamine utilization
PCP (10 mg/kg i.p.) significantly increased dopamine
utilization (DOPAC/dopamine) in the medial prefrontal
cortex 1 h after administration (Fig. 1; F(1,7) 5 26; P #
.01). This increase was prevented by pretreatment with
clonidine (Fig. 1; F(1,7) 5 47.3; P # .001) at a dose (0.1
mg/kg) that did not alter dopamine metabolism on its
own (Fig. 1; F(1,7) 5 1.2; P . .05). These changes in
dopamine utilization after PCP and clonidine (either
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Fig. 1. PCP increases dopamine utilization in the prefrontal cortex
(PFC) and nucleus accumbens (NAc), and this effect is significantly
prevented by pretreatment with clonidine in the PFC. Clonidine
reduces dopamine metabolism in the NAc on its own. Data represent
mean 6 SEM. n 5 4 for PFC and n 5 6 for NAc. **Significantly
increased relative to control: P # .01. §Significantly reduced relative to
control: P # .05. †††Significantly reduced relative to PCP: P , .001.
TABLE I. Absolute dopamine concentrations in prefrontal cortex after
PCP, THC, clonidine, guanfacine, prazosin, and combinations1
Treatment

Vehicle

Clonidine

Guanfacine

Prazosin

Vehicle

0.40 6 0.04
(n 5 11)
0.39 6 0.07
(n 5 4)
0.36 6 0.05
(n 5 7)

0.38 6 0.03
(n 5 12)
0.36 6 0.05
(n 5 4)
0.39 6 0.03
(n 5 8)

0.38 6 0.04
(n 5 7)
n.d.

0.39 6 0.04
(n 5 4)
0.37 6 0.03
(n 5 4)
n.d.

PCP
THC

0.45 6 0.04
(n 5 8)

1No significant alterations in absolute dopamine concentrations (ng/mg protein)
in rat prefrontal cortex after administration of vehicle, THC, PCP, clonidine,
prazosin, guanfacine, or any combinations. Data represent mean 6 SEM. n.d.,
Not done.

alone or combined) are independent on effects of absolute dopamine concentrations (in ng/mg protein) and,
as such, are metabolite-driven (Table I).
PCP treatment also increased dopamine metabolism
in the nucleus accumbens (Fig. 1; F(1,11) 5 8.3; P # .05).
Clonidine significantly reduced dopamine utilization on
its own in the nucleus accumbens (Fig. 1; F(1,11) 5 17.9;
P # .01), but given as a pretreatment, clonidine produced only a nonsignificant trend for reversal of the
PCP-induced activation in this region (Fig. 1; F(1,11) 5
3.7; P 5 .08).
Increased dopamine utilization in frontal cortex
after THC is blocked by clonidine
THC administration increased dopamine utilization
in the medial prefrontal cortex 30 min after administration (Fig. 2; F(1,13) 5 7.4; P # .05). Pretreatment with
clonidine prevented this activation (Fig. 2; F(1,14) 5 5.5;
P # .05) while, as in the previous experiment, having
no significant effects on dopamine utilization on its own
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Fig. 2. THC increases dopamine metabolism in the prefrontal
cortex (PFC) and nucleus accumbens (NAc). Clonidine but not guanfacine prevents this effect in the PFC and NAc while reducing NAc
dopamine utilization on its own. Data represent mean 6 SEM. n 5 7 or
8 for all observations. *Significantly increased relative to control: P #
.05. §Significantly reduced relative to control: P # .05. †Significantly
reduced relative to THC: P # .05.

(Fig. 2; F(1,14) 5 0.4; P . .05). The effects of pretreatment with a dose of guanfacine equimolar to the
clonidine dose were also examined; guanfacine (0.11
mg/kg i.p.) failed to alter dopamine metabolism on its
own (Fig. 2; F(1,14) 5 0.1; P . .05) and, unlike clonidine,
also failed to prevent the THC-induced activation of
cortical dopamine utilization (Fig. 2; F(1,14) 5 0.1;
P . .05). The observed effects in dopamine utilization
are metabolite-driven; no significant alterations in absolute dopamine concentrations were detected after THC,
clonidine, guanfacine, or combination administration
(Table I).
THC also increased nucleus accumbens dopamine
utilization, although the magnitude of the change was
smaller (Fig. 2; F(1,14) 5 6.8; P # .05). Clonidine appeared to prevent the THC-induced rise in dopamine
metabolism (Fig. 2; F(1,14) 5 8.2; P # .05), but as in the
previous experiment, clonidine reduced dopamine utilization in the nucleus accumbens on its own (Fig. 2;
F(1,15) 5 7.6; P # .05). Guanfacine failed to reduce dopamine metabolism on its own (Fig. 2; F(1,14) 5 1.6; P . .05)
or to reduce the THC-induced activation of dopamine
metabolism (Fig. 2; F(1,14) 5 3.0; P . .05) in the nucleus
accumbens.
Prazosin prevents the PCP-induced activation
in frontal cortical dopamine metabolism
Prazosin (1 mg/kg i.p.) had no significant effect on
dopamine utilization in the frontal cortex on its own
(Fig. 3; F(1,7) 5 1.2; P . .05), but it prevented the PCPinduced activation (Fig. 3; F(1,7) 5 15.0; P # .01) in
dopamine utilization (Fig. 3; F(1,7) 5 12.7; P # .01).
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Fig. 3. Prazosin blocks the PCP-induced activation of dopamine
utilization in the prefrontal cortex. Data represent mean 6 SEM. n 5
4 for all observations. **Significantly increased relative to control: P #
.01. ††Significantly reduced relative to PCP: P # .01.

Again, this effect was metabolite driven (Table I).
Finally, prazosin blocked the PCP-induced activation of
dopamine utilization in the nucleus accumbens (data
not shown; F(1,7) 5 8.4; P , .05) without having any
effects on dopamine metabolism on its own (data not
shown: F(1,7) 5 0.5; P . .05).
DISCUSSION
In this study, we show that a-noradrenergic receptors
exert a potent regulatory influence over the activation
of mesoprefrontal dopamine neurons by the psychotomimetic drugs PCP and THC. Clonidine, an a2-agonist,
and prazosin, an a1-antagonist, prevented the psychotomimetic drug-induced rise in medial prefrontal cortical
dopamine metabolism, while having no effects on mesocortical dopamine metabolism on their own. Clonidine
also altered the PCP- and THC-induced mesolimbic
activation, but these effects were seen at a dose of
clonidine that significantly reduced dopamine utilization on its own.
By contrast, a dose of guanfacine, an a2a-preferential
agonist, equimolar to the clonidine dose did not reverse
the THC-induced activation of cortical dopamine utilization. This dose range of guanfacine does appear to be
relevant because it has been shown to prevent the
stress-induced activation of the prefrontal cortical dopamine system (Morrow et al., 1996) and to enhance
performance of a spatial memory task by young rats
(Sirvio et al., 1991). These data suggest that the a2a
subtype may not be a critical mechanism by which
clonidine modulates the THC-induced activation of the
mesoprefrontal dopamine system and further implies
that the stress- and THC-induced activation of the

prefrontal cortical dopamine system may be differentially regulated.
These data are consistent with previous studies from
this laboratory showing that clonidine can prevent the
activation of dopamine metabolism in the frontal cortex
induced by stress or the anxiogenic drug FG7142
(Deutch and Roth, 1990; Morrow et al., 1996; Murphy et
al., 1996b; Tam, 1986). A possible substrate for these
effects is based on the finding that clonidine and
prazosin regulate the firing pattern of dopamine neurons within the ventral tegmental area (Grenhoff and
Svensson, 1989, 1993), the principal nucleus providing
dopaminergic innervation to the prefrontal cortex (Roth
and Elsworth, 1995). Both clonidine and prazosin reduce firing rate and regularize firing pattern in ventral
tegmental area neurons (Grenhoff and Svensson, 1989,
1993). In addition, a2 receptors may have added benefits by acting as local heteroreceptors within prefrontal cortex, directly regulating dopamine release (Gresch
et al., 1995).
The ventral tegmental area appears to modulated by
a net excitatory noradrenergic drive, mediated by a1
receptors. Stimulating the locus coeruleus excites midbrain dopamine neurons (Grenhoff et al., 1993), whereas
lesioning the noradrenergic innervation of the ventral
tegmentum reduces medial prefrontal cortical but not
nucleus accumbens dopamine turnover (Herve et al.,
1982). In addition, as previously stated, a1 antagonists
(which might block hypothesized postsynaptic receptors in the midbrain) and a2 agonists (which reduce
noradrenergic activity) reduce firing rate and regularize firing pattern in dopamine neurons (Grenhoff and
Svensson, 1989, 1993). Finally, a2 antagonists, which
increase noradrenergic transmission, increase dopamine neuron burst firing (Grenhoff and Svensson, 1993)
and prefrontal cortical dopamine release (Gresch et al.,
1995).
The noradrenergic modulation of the PCP- and THCinduced increases in dopamine transmission can thus
occur at the level of the midbrain. PCP has been
consistently shown to activate or excite midbrain dopamine neurons (Freedman and Bunney, 1984; French,
1994; Pawlowski et al., 1990). Thus, the noradrenergic
a2 agonists and a1 antagonists may block the PCPinduced activation of ventral tegmental area neurons.
THC likewise activates dopamine neurons (French et
al., 1977) and indeed, our pharmacologic data support
the notion that THC increases impulse flow in dopamine neurons (Jentsch et al., in press).
The pharmacologic specificity of prazosin may be
questioned because it has been observed to exhibit
subtype-specific antagonistic effects on the a2b and a2c
receptors (Bylund, 1985), in addition to its effects at the
a1 receptor. Nevertheless, the antagonistic effects of
prazosin at a2 receptors are unlikely to account for the

a-NORADRENERGIC DRUGS REGULATE DOPAMINE SYSTEMS

ability of this drug to prevent the PCP-induced rise in
prefrontal cortical dopamine utilization because a2
antagonists, as previously stated, increase dopamine
neuron burst firing and transmitter release (Grenhoff
and Svensson, 1993; Gresch et al., 1995). In this study,
a2 agonists prevented the PCP-induced increase in
prefrontal cortical dopamine metabolism. Thus, the
observed ability of prazosin to reverse the stimulatory
effects of THC and PCP on dopamine utilization are
more consistent with an a1 effect.
In summary, drug-induced reductions in a-noradrenergic transmission appear to be effective in altering the
activation of the mesoprefrontal dopamine neurons
induced by the psychotomimetic drugs PCP and THC.
An involvement of dopamine system dysregulation has
been hypothesized in schizophrenia (Carlsson, 1988;
Davis et al., 1990), and the PCP- and THC-induced
activation of brain dopamine systems may be related to
their psychotomimetic effects. Thus, in cases of acute
drug-induced psychosis, a2 agonists and a1 antagonists
may prove to have clinical benefits in ameliorating any
dopamine-related psychotomimetic effects of PCP and
THC.
ACKNOWLEDGMENTS
This work was supported, in part, by PHS grant
MH-14092 (RHR) and the Scottish Rite Schizophrenia
Research Program, N.M.J., U.S.A. (JDJ). Portions of
these data were presented in abstract form.
REFERENCES
Bowers, M.B., and Hoffman, F.J. (1984) Homovanillic acid in rat
caudate and prefrontal cortex following phencyclidine and amphetamine. Psychopharmacology, 84:136–137.
Bowers, M.B., and Hoffman, F.J. (1986) Regional brain homovanillic
acid following D9THC and cocaine. Brain Res., 366:405–407.
Boyce, S., Rupniak, N.M.J., Steventon, M.J., Cook, G., and Iversen,
S.D. (1991) Psychomotor activity and cognitive disruption attributable to NMDA, but not sigma, interactions in primates. Behav.
Brain Res., 42:115–121.
Brozoski, T.J., Brown, R.M., Rosvold, H.E., and Goldman, P.S. (1979)
Cognitive deficit caused by regional depletion of dopamine in
prefrontal cortex of rhesus monkey. Science, 205:929–931.
Bubser, M., and Schmidt, W.J. (1990) 6-OHDA lesions of the rat
prefrontal cortex increases locomotor activity, impairs acquisition of
delayed alternation tasks, but does not affect uninterrupted tasks in
the radial maze. Behav. Brain Res., 37:157–168.
Bylund, D.B. (1985) Heterogeneity of alpha-2 adrenergic receptors.
Pharmacol. Biochem. Behav., 22:835–843.
Carlsson, A. (1988) The current status of the dopamine hypothesis of
schizophrenia. Neuropsychopharmacology, 20:379–382.
Chen, J., Paredes, W., Lowinson, J.H., and Gardner, E.L. (1990)
D9-tetrahydrocannabinol enhances presynaptic dopamine efflux in
medial prefrontal cortex. Eur. J. Pharmacol., 190:259–262.
Davis, K.L., Kahn, R.S., Ko, G., and Davidson, M. (1990) Dopamine in
schizophrenia: a review and reconceptualization. Am. J. Psychiatry,
148:1474–1486.
Deutch, A.Y., and Roth, R.H. (1990) The determinants of stressinduced activation of the prefrontal cortical dopamine system. In:
The Prefrontal Cortex: Its Structure, Function and Pathology.
H.B.M. Vylings, C.G.V. Eden, J.P.C. DeBruim, M.A. Corner, and
M.G.P. Feenstra, eds. Elsevier, Amsterdam, pp. 367–403.
Deutch, A.Y., Tam, S.Y., Freeman, A.S., Bowers, M.B., and Roth, R.H.
(1987) Mesolimbic and mesocortical dopamine activation induced by
phencyclidine: contrasting pattern to striatal response. Eur. J.
Pharmacol., 134:257–264.
Ferraro, D.P. (1980) Acute effects of marijuana on human memory and
cognition. NIDA Res. Monogr. 31:98–119.

25

Freedman, A.S., and Bunney, B.S. (1984) The effects of phencyclidine
and N-allylnormetazocine on midbrain dopamine neuronal activity.
Eur. J. Pharmacol., 104:287–293.
French, E.D. (1994) Phencyclidine and the midbrain dopamine system: electrophysiology and behavior. Neurotoxicol. Teratol., 16:355–
362.
French, E.D., Dillon, K., and Wu, X. (1997) Cannabinoids excite
dopamine neurons in the ventral tegmentum and substantia nigra.
Neuroreport 8:649–652.
Goldman-Rakic, P.S. (1987) Circuitry of the frontal cortex and the
regulation of behavior by representational knowledge. In: Handbook
of Physiology. Vol. V. The Nervous System. F. Plum and V. Mountcastle, eds. American Physiological Society, Bethesda, pp. 373–417.
Goldman-Rakic, P.S. (1991) Prefrontal cortical dysfunction in schizophrenia: the relevance of working memory. In: Psychopathology and
the Brain. B.J. Carroll and J.E. Barrett, eds. Raven Press, New
York, pp. 1–23.
Goldman-Rakic, P.S., Bergson, C., Mrzljak, L., and Williams, G.V.
(1997) Dopamine receptors and cognitive function in nonhuman
primates. In: The Dopamine Receptors. K.A. Neve and R.L. Neve,
eds. Humana Press, Tucson, AZ, pp. 499–522.
Grenhoff, J., and Svensson, T.H. (1989) Clonidine modulates dopamine cell firing in rat ventral tegmental area. Eur. J. Pharmacol.,
165:11–18.
Grenhoff, J., and Svensson, T.H. (1993) Prazosin modulates the firing
pattern of dopamine neurons in rat ventral tegmental area. Eur. J.
Pharmacol., 233:79–84.
Grenhoff, J., Nisell, M., Ferre, S., Aston-Jones, G., and Svensson, T.H.
(1993) Noradrenergic modulation of midbrain dopamine cell firing
elicited by stimulation of the locus coeruleus in the rat. J. Neural
Transm. [Gen. Sect.], 93:11–25.
Gresch, P.J., Sved, A.F., Zigmond, M.J., and Finlay, J.M. (1995) Local
influence of endogenous norepinephrine on extracellular dopamine
in rat medial prefrontal cortex. J. Neurochem., 65:111–116.
Hertel, P., Mathe, J.M., Nomikos, G.G., Iurlo, M., Mathe, A.A., and
Svensson, T.H. (1996) Effects of D-amphetamine and phencyclidine
on behavior and extracellular concentrations of neurotensin and
dopamine in the ventral striatum and the medial prefrontal cortex
of the rat. Behav. Brain Res., 72:103–114.
Herve, D., Blanc, G., Glowinski, J., and Tassin, J.P. (1982) Reduction
of dopamine utilization in the prefrontal cortex but not in the
nucleus accumbens after selective destruction of noradrenergic
fibers innervating the ventral tegmental area in the rat. Brain Res.,
237:510–516.
Javitt, D.C., and Zukin, S.R. (1991) Recent advances in the phencyclidine model of schizophrenia. Am. J. Psychiatry, 148:1301–1308.
Jentsch, J.D., Elsworth, J.D., Redmond, D.E., and Roth, R.H. (1997a)
Phencyclidine increases forebrain monoamine metabolism in rats
and monkeys: modulation by the isomers of HA966. J. Neurosci.,
17:1769–1776.
Jentsch, J.D., Andrusiak, E.A., Tran, A., Bowers, M.B., and Roth, R.H.
(1997b) D9-tetrahydrocannabinol increases prefrontal cortical catecholaminergic turnover and impairs spatial working memory in the
rat: Blockade of dopaminergic effects with HA966. Neuropsychopharmacology, 16:426–432.
Krystal, J.H., Karper, L.P., Seibyl, J.P., Freeman, G.K., Delaney, R.,
Bremner, J.D., Heninger, G.R., Bowers, M.B., and Charney, D.S.
(1994) Subanesthetic effects of the noncompetitive NMDA antagonist, ketamine, in humans: psychotomimetic, perceptual, cognitive
and neuroendocrine responses. Arch. Gen. Psychiatry, 51:199–214.
Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J. (1951)
Protein measurement with the folin phenol reagent. J. Biol. Chem.,
193:265–275.
Molina-Holgado, F., Gonzales, M.I., and Leret, M.L. (1994) Effect of
D9-tetrahydrocannabinol on short-term memory in the rat. Physiol.
Behav., 57:177–179.
Morrow, B.A., George, T.P., Lee, E.J.K., and Roth, R.H. (1996) Noradrenergic a-2 agonists diminish behavioral and dopaminergic responses to conditioned fear. Soc. Neurosci. Abstr. 22:2063.
Murphy, B.L., Arnsten, A.F.T., Goldman-Rakic, P.S., and Roth, R.H.
(1996a) Increased dopamine turnover in the prefrontal cortex
impairs spatial working memory performance in rats and monkeys.
Proc. Natl. Acad. Sci. U.S.A., 93:1325–1329.
Murphy, B.L., Arnsten, A.F.T., Jentsch, J.D., and Roth, R.H. (1996b)
Dopamine and spatial working memory in rats and monkeys:
pharmacological antagonism of stress-induced impairment. J. Neurosci. 16:7768–7775.
Nakamura, E.M., da Silva, E.A., Concilio, G.V., Wilkinson, D.A., and
Masur, J. (1991) Reversible effects of acute and long-term administration of D9-tetrahydrocannabinol (THC) on memory in the rat.
Drug Alcohol Dep., 28:167–175.
Pawlowski, L., Mathe, J.M., and Svensson, T.H. (1990) Phencyclidine

26

J.D. JENTSCH ET AL.

activates rat A10 dopamine neurons but reduces burst activity and
causes regularization. Acta Physiol. Scand. 139:529–530.
Roth, R.H., and Elsworth, J.D. (1995) Biochemical pharmacology of
midbrain dopamine neurons. In: Psychopharmacology, the Fourth
Generation of Progress. F.E. Bloom and D.J. Kupfer, eds. Raven
Press, New York, pp. 227–243.
Sawaguchi, T., and Goldman-Rakic, P.S. (1991) D1 dopamine receptors
in prefrontal cortex: involvement in working memory. Science,
251:947–950.
Simon, H., Scatton, B., and LeMoal, M. (1980) Dopaminergic A10
neurons are involved in cognitive functions. Nature, 286:150–151.
Sirvio, J., Riekkinen, P., Jr., Vajanto, I., Koivisto, E., and Riekkinen, P.

(1991) The effect of guanfacine, a2 agonist, on the performance of
young and aged rats in a spatial navigation task. Behav. Neural
Biol. 56:101–107.
Tam, S.Y. (1986) Mesoprefrontal dopamine neurons: studies on their
regulatory control. Doctoral Thesis, Yale University, New Haven,
Connecticut
Thacore, V.R., and Shukla, S.R. (1976) Cannabis psychosis and
paranoid schizophrenia. Arch. Gen. Psychiatry, 33:383–386.
Verma, A., and Moghaddam, B. (1996) NMDA receptor antagonists
impair prefrontal cortical function as assessed via spatial delayed
alternation performance in rats: modulation by dopamine. J. Neurosci., 16:373–379.

