
Abstract Rationale: Considerable evidence suggests
that the medial prefrontal cortex (mPFC) is an important
region in mediating certain behavioral and neurochemi-
cal responses to cocaine. However, a role for cortical do-
pamine (DA) receptor subtypes in modulating these re-
sponses has yet to be elucidated. Objectives: This study
investigated the effects of intra-mPFC administration of
DA agonists on the acute motor-stimulant response to
cocaine. In addition, in vivo microdialysis techniques
were employed to determine the effects of intracortical
injection on cocaine-induced extracellular DA concen-
trations in the nucleus accumbens (NAC). Methods: One
week following bilateral cannulae implantation over the
mPFC and the NAC (for dialysis experiments), male
Sprague-Dawley rats received an intra-mPFC injection
of saline, the DA D2-like agonist quinpirole (0.015,
0.05, 0.15, 0.5, 1.5, or 5.0 nmol per side) or the partial
DA D1-like agonist SKF 38393 (0.5, 1.5, or 5.0 nmol
per side) approximately 5 min before peripheral adminis-
tration of saline or cocaine (15 mg/kg, i.p.). For dialysis
experiments, only the highest dose of quinpirole was ex-
amined. Results: Pretreatment with quinpirole produced
a dose-dependent decrease in cocaine-induced motor ac-
tivity, with the highest doses resulting in a complete abo-
lition of the acute motor-stimulant response to cocaine.
In contrast, intra-mPFC administration of SKF 38393
was not shown, at the doses tested, to alter cocaine-
induced motor activity. In agreement with the behavioral
effects, intra-mPFC quinpirole injection (5 nmol per
side) significantly blocked cocaine-induced DA over-
flow in the NAC. Conclusions: The results of the present
study provide additional support that the mPFC is a neu-
ral substrate through which cocaine, in part, produces its
motor-stimulant effects. In addition, these data suggest

that modulation of cortical DA D2 receptors can block
acute cocaine-induced behavioral (locomotor activity)
and neurochemical (DA concentrations in the NAC) re-
sponses in the rat.
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Introduction

It has been postulated that the motor-stimulant response
to cocaine underlies various components of drug-seeking
and drug-taking behaviors that, in humans, often culmi-
nate in drug addiction (Wise and Bozarth 1987; Robin-
son and Berridge 1993). Moreover, the motor-stimulant
response to cocaine is reported to result, in part, from
drug-induced elevations in extracellular dopamine (DA)
concentrations in the mesolimbic DA system (Kalivas
and Stewart 1991; Kalivas et al. 1993; Robinson and
Berridge 1993). Similarly, this system, which originates
with DA cell bodies in the ventral tegmental area (VTA)
and projects to various limbic regions, including the nu-
cleus accumbens (NAC) (Oades and Halliday 1987), po-
tently mediates the euphorigenic effects of cocaine (for
review, see Koob and Bloom 1988). It is, however, be-
coming increasingly apparent that other DAergic sys-
tems in the brain may contribute to the psychomotor-
stimulant (and presumably addictive) properties of co-
caine (Beyer and Steketee 1999; Prasad et al. 1999).

The medial prefrontal cortex (mPFC) is permissively
involved in mediating the motor-activating effects of
psychostimulants. This is evidenced by studies demon-
strating that the enhanced locomotor response elicited by
repeated exposure to cocaine, a process termed behavior-
al sensitization, is reported to be induced following re-
peated electrical stimulation (or kindling) of the mPFC
(Schenk and Snow 1994) and to be disrupted following
ibotenic and quinolinic acid lesions of excitatory amino
acid (EAA) neurons in the mPFC (Pierce et al. 1998;
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Tzschentke and Schmidt 1998). Similarly, ibotenic acid
lesions of the mPFC prevent the development of amphet-
amine- and cocaine-induced behavioral sensitization, as
well as the accompanying neuroadaptations associated
with cocaine sensitization (Wolf et al. 1995; Li et al.
1999). In addition to these findings, cortical 6-hydroxy-
dopamine lesions are reported to enhance the acute mo-
tor-stimulant response to cocaine (Beyer and Steketee
1999) and amphetamine (Carter and Pycock 1980), as
well as the locomotor effects of repeated amphetamine
exposure (Banks and Gratton 1995). To this end, consid-
erable evidence suggests that the ability of the mPFC to
modulate the motor response to psychostimulants is
widely attributed to cortical control over subcortical
function (Carter and Pycock 1980; Banks and Gratton
1995; Karreman and Moghaddam 1996; Karler et al.
1998; Beyer and Steketee 1999).

The mPFC receives DAergic input from the VTA,
giving rise to the mesocortical DA system, which pro-
vides a significant modulatory input to this region
(Beckstead 1979; Oades and Halliday 1987). Both in vit-
ro and in vivo studies indicate that DA transmission in
the mPFC predominately functions to inhibit neuronal
activity in this region (Bunney and Aghajanian 1976;
Carter and Pycock 1980; Beyer and Steketee 1999). In
this light, neuroanatomical studies suggest that DA neu-
rons, originating in the VTA, project to and terminate on
EAA cell bodies in the mPFC and serve to directly atten-
uate output from this region (Sesack and Bunney 1989;
Cowen et al. 1994; Law-Tho et al. 1994; Grobin and
Deutch 1998). In addition, studies confirm the existence
of γ-aminobutyric acid (GABA)ergic interneurons in the
mPFC that interact with both DA projections from the
VTA and EAA cell bodies in the mPFC (Sesack and
Bunney 1989; Cowen et al. 1994; Law-Tho et al. 1994;
Grobin and Deutch 1998). Therefore, utilization of this
pathway would allow for an indirect regulation of corti-
cal excitatory output to regions innervated by the mPFC.
Since cortical glutamatergic projections innervate sub-
cortical regions including the NAC and the VTA (Sesack
and Pickel 1992), enhanced DA transmission in the
mPFC may serve to directly and/or indirectly inhibit lo-
cal glutamate release and subsequent excitation of meso-
limbic DA neurons. Lesion studies support this conclu-
sion because DA depletion in the mPFC, in particular the
infralimbic and prelimbic cortices, has been demonstrat-
ed to enhance cocaine-induced DA concentrations in the
NAC (Beyer and Steketee 1999).

Collectively, the aforementioned data describe a role
for cortical DA in mediating aspects of locomotor behav-
ior and subcortical function; however, the involvement
of specific DA receptor subtypes in the mPFC in mediat-
ing these responses has not yet been elucidated. Several
reports indicate the presence of both D1-like and D2-like
DA receptor subtypes on pyramidal neurons in the
mPFC (Vincent et al. 1995), and activation of these re-
ceptors has been shown to modulate the excitatory out-
put from the mPFC (Vezina et al. 1994; Grobin and
Deutch 1998). In the present study, therefore, we investi-

gated the potential involvement of specific cortical DA
receptors in mediating the acute motor-stimulant re-
sponse to cocaine. In order to do this, the effects of intra-
mPFC injection of DA D1- and D2-like receptor ago-
nists, SKF 38393 and quinpirole, respectively, were de-
termined on the acute behavioral response to cocaine. In
addition, microdialysis techniques were employed to de-
termine the effects of intracortical microinjection on in-
terstitial DA concentrations in the NAC.

Materials and methods

Subjects

Animal experiments were previously approved by the Louisiana
State University Medical Center Animal Resources Advisory
Committee and were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory An-
imals. Adult male Sprague-Dawley rats (Harlan Sprague-Dawley,
Indianapolis, Ind.) weighing 250–300 g at the time of surgery
were used. All animals were housed individually in a temperature-
and humidity-controlled, American Association for Accreditation
of Laboratory Animal Care (AAALAC) international-accredited
facility and maintained on a 12-h/12-h light/dark cycle (with lights
on at 0600 hours). Food and water were provided ad libitum.

Behavioral data collection

Locomotor activity was measured using a Macintosh classic-II com-
puter interfaced with a Digiscan Micro-monitoring system (Omni-
tech Electronics, Columbus, Ohio.). This monitoring system was
connected to each behavioral chamber (45×24×19 cm), which con-
sisted of 16 evenly spaced light beams, located 4.5 cm above the
bottom of the chamber. Each motor activity box was placed in a
separate sound-attenuating chamber that included a 10-W light bulb
and a fan to mask extraneous noise. Animals were placed in the ex-
perimental chambers 1 h prior to receiving injections, and motor ac-
tivity was monitored during this time. Following injections, photo-
cell counts were recorded for 2 h in 15-min time intervals.

Intra-mPFC microinjections and acute cocaine

Rats were anesthetized with equithesin (3.3 ml/kg) and were
placed in a David Kopf stereotaxic instrument (Tujunga, Calif.).
All animals were bilaterally implanted with stainless-steel, 26-gauge
cannulae (14 mm) that were directed 1 mm above the mPFC. The
coordinates for these cannula tips were +3.2 mm anterior to breg-
ma; ±0.6 mm from the midline; and –3.5 mm from the top of the
skull, with the mandible bar set at 0.0 mm (Paxinos and Watson
1986). Cannulae were secured in position with dental acrylic and
three stainless-steel screws mounted directly to the skull of the an-
imal, and obturators (33 gauge, 14 mm) were inserted into the in-
jection cannulae to maintain their patency. Following 1-week post-
operative recovery, bilateral intra-mPFC microinjection of either
saline (0.5 µl per side), the DA D2-like agonist quinpirole (0.015,
0.05, 0.15, 0.5, 1.5, and 5.0 nmol per side) or the DA D1-like ago-
nist SKF 38393 (0.5, 1.5, and 5.0 nmol per side) were given 4–5 min
before systemic administration of either saline (1.0 ml/kg, i.p.) or
cocaine (15 mg/kg, i.p.). All intra-mPFC microinjections were ad-
ministered via 33-gauge (15 mm) injectors attached to a Sage sy-
ringe pump (Orion Research Inc., Boston, Mass.) at a rate of 0.5 µl/
min. A total volume of 0.5 µl per side was injected and both injec-
tors remained in place for approximately 20 s following cessation
of injection. Separate groups of animals were used for each dose
of quinpirole or SKF 38393 tested, and all animals received each
of the four treatment combinations (saline/saline, saline/cocaine,
DA agonist/saline, DA agonist/cocaine) in a random order with a
minimum of 3 days separating each drug exposure.
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In vivo microdialysis

For microdialysis studies, guide cannulae (20 gauge, 14 mm), in
addition to intra-mPFC injectors (see above), were implanted 3 mm
above the NAC and secured to the skull of the animal with dental
acrylic. The coordinates for these cannulae were +1.4 mm anterior
to bregma; ±1.4 mm from the midline; and –5.2 mm from the top
of the skull, with the mandible bar set at 0.0 mm (Paxinos and
Watson 1986). One week after surgery and approximately 16 h be-
fore the commencement of experiments, concentric-style dialysis
probes, with a 2-mm active membrane, were inserted into the
guide cannulae. The dialysis probes were attached to an infusion
pump, and a liquid swivel attached to a counterbalance rod provid-
ed free mobility to all animals during the experiments. Following
the adaption phase (overnight), microdialysis probes were per-
fused continuously at a rate of 2 µl/min with dialysis buffer [KCl
2.7; NaCl 140; CaCl2 1.2; MgCl2 1.2; phosphate-buffered saline
(PBS) 0.2 (all in mM), pH 7.4] for at least 1 h before the start of
dialysis experiments. Four, 20-min dialysis samples were collected
before intra-mPFC injection of saline or quinpirole (5 nmol per
side), which were administered 4–5 min prior to a systemic injec-
tion of saline or cocaine (15 mg/kg, i.p.). Dialysis samples were
collected every 20 min following injections and were collected in-
to 20 µl of mobile phase containing 1×10–7 M internal standard di-
hydroxybenzylamine (DHBA). Next, samples were either stored at
–80°C or immediately injected onto a high-performance liquid
chromatography (HPLC) column. When possible, animals were
used in two dialysis studies, with each NAC being dialyzed only
once. Animals received different treatment combinations on each
test day, which were separated by a minimum of 3 days.

HPLC

Mobile phase [NaH2PO4 75 mM, EDTA (disodium ethylenedi-
amine tetraacetate) 0.01 mM, octanesulfonic acid 0.8 mM; and
11% acetonitrile v/v, pH 3.4 with H3PO4] was pumped, via a Rain-
in HP pump, through an octadecasilane reverse-phase column
(Rainin) at a rate of 1.0 ml/min, as previously described (Steketee
1998). The electrochemical detection system consisted of three co-
ulometric electrodes (preoxidation electrode –0.175 V, oxidation
electrode 0.15 V, and preinjection port electrode 0.4 V). Dialy-
sates, including the internal standard, were injected onto the col-
umn and compared with an external standard curve ranging from
10–14 mol to 10–11 mol. The minimum level of detection was 3 fmol/
sample. These HPLC conditions allowed for determination of DA
concentrations in the NAC.

Histologies, drugs and statistics

All animals were euthanized via an overdose of sodium pentobar-
bital and were perfused by means of intracardiac infusion of PBS
(0.2 mM) and 4% formaldehyde. Brains were rapidly removed and
stored in 4% formaldehyde until time of sectioning on a vibratome
(Technical Products International Inc., St. Louis, Mo.). Next, sec-
tions were mounted on gelatin-coated slides and stained with cre-
syl violet to allow visualization of cannulae placement under a
light microscope. Animals with incorrect cannulae placement were
excluded from the experiments.

Cocaine hydrochloride was purchased from Sigma Chemical
Company (St. Louis, Mo.), and quinpirole hydrochloride (trans-
(–)-4aR-4,4a,5,6,7,8,8a,9-octahydro-5-propyl-1H-pyrazolo[3,4-g]
quinoline hydrochloride) and SKF 38393 hydrochloride ((±)-1-
phenyl-2,3,4,5-tetrahydro-(1H)-3-benzazepine-7,8-diol hydrochlo-
ride) were purchased from Research Biochemicals Incorporated
(Natick, Mass.). All drugs were diluted with isotonic saline.

Total motor activity is expressed as mean photocell counts per
treatment session and was analyzed by a one-way repeated measures
analysis of variance (ANOVA). Multiple comparisons were made by
a Student-Newman-Keuls test. For microdialysis studies, DA data
were converted to percentage of baseline to avoid interassay variabil-
ity, and time courses of neurochemical and behavioral data were ana-
lyzed using a two-way ANOVA with one repeated measure (time).

Multiple comparisons were made using a modified least significant
differences test (Milliken and Johnson 1984). In addition, significant
differences of the microdialysis data, since normalized to percentage
of baseline, were confirmed by conducting a Kruskal-Wallis test.

Results

Effects on behavior

The effects of intra-mPFC quinpirole (0.015, 0.05, 0.15,
0.5, 1.5, and 5.0 nmol per side) on the acute motor stim-
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Fig. 1A, B Effects of intra-mPFC (medial prefrontal cortex) mi-
croinjection of (A) quinpirole and (B) SKF 38393 on the acute mo-
tor-stimulant response to cocaine (15 mg/kg, i.p.). Systemic co-
caine produced a significant increase in motor activity which was
suppressed following intracortical quinpirole injection. Data are
represented as mean±SEM photocell counts per 2-h time interval
(total locomotor activity); n=7 in all treatment groups except 
0.15 nmol per side quinpirole (n=8), 0.05 nmol per side quinpirole
(n=9), and 0.015 nmol/side quinpirole (n=9). Data were analyzed
using a one-way repeated-measures analysis of variance and F
scores were as follows: A 0.015 nmol per side (between subjects
F8,35=0.615, P=0.758; within subjects F3,35=20.115, P=0.0001),
0.05 nmol per side (between subjects F8,35=0.551, P=0.808; within
subjects F3,35=17.104, P=0.0001), 0.15 nmol per side (between
subjects F7,24=0.252, P=0.967; within subjects F3,31=21.582,
P=0.001), 0.5 nmol per side (between subjects F6,27=0.243,
P=0.957; within subjects F3,27=19.196, P=0.0001), 1.5 nmol per
side (between subjects F6,27=0.175, P=0.981; within subjects
F3,27=27.478, P=0.0001) and 5 nmol per side (between subjects
F6,27=0.497, P=0.803; within subjects F3,27=12.150, P=0.0001).
B 0.5 nmol per side (between subjects F6,27=0.258, P=0.950; with-
in subjects F3,27=13.431, P=0.0001), 1.5 nmol per side (between
subjects F6,27=0.701, P=0.652; within subjects F3,27=14.694,
P=0.0001) and 5 nmol per side (between subjects F6,27=0.428,
P=0.852; within subjects F3,27=17.209, P=0.0001). *P<0.05 com-
pared with saline/ saline and +P<0.05 compared with saline/co-
caine



ulant response to cocaine is illustrated in Fig. 1A. Sys-
temic cocaine (15 mg/kg, i.p.) produced a significant in-
crease in motor activity that was completely abolished
by high dose quinpirole (1.5 nmol and 5.0 nmol per side)
pretreatment. Additionally, intermediate doses of quinpi-
role (0.05, 0.15, and 0.5 nmol/side) attenuated the motor-
stimulant response to cocaine. It was also demonstrated
that intra-mPFC quinpirole administration did not signif-
icantly alter, at any dose tested, basal motor activity lev-
els, suggesting that the effects of quinpirole were not the
result of a nonspecific suppression of motor activity.

The effects of intra-mPFC injection of SKF 38393
(0.5, 1.5, and 5.0 nmol per side) on the motor-stimulant
response to cocaine is shown in Fig. 1B. Systemic co-
caine (15 mg/kg, i.p.) resulted in an enhanced motor-
stimulant response. However, unlike intra-mPFC quinpi-

role administration, intracortical pretreatment with SKF
38393 did not alter, at any dose tested, the acute motor-
stimulant response to cocaine. Similar to quinpirole,
SKF 38393 was not observed to significantly alter basal
motor activity.

Examination of the time course of motor activity fol-
lowing systemic cocaine (Fig. 2) reveals that intra-mPFC
quinpirole administration was effective in completely
blocking horizontal activity during the first 75 min (quinpi-
role 1.5 nmol per side) and 60 min (quinpirole 5 nmol per
side) post-injection. Additionally, motor activity induced
by cocaine was attenuated during at least the first 30 min
following administration of intermediate doses of
quinpirole (Fig. 2A, B). Cocaine-induced locomotor ac-
tivity was not inhibited, at any time point, by intracorti-
cal SKF 38393 (0.5, 1.5, and 5.0 nmol per side) injection
(data not shown).

In vivo microdialysis

Figure 3 shows the interstitial DA concentrations in the
NAC, as estimated using in vivo microdialysis techniques,
of animals receiving intra-mPFC quinpirole (5 nmol per
side) prior to peripheral injection of cocaine (15 mg/kg,
i.p.) or saline (1 ml/kg, i.p.). Systemic cocaine produced
an increase in extracellular DA concentrations in the
NAC, which was nearly completely blocked by cortical
quinpirole pretreatment (20 min, H=16.342, P=0.001; 
40 min, H=17.916, P<0.001; 60 min, H=13.858,
P=0.003; 80 min, H=14.425, P=0.002; 100 min,
H=8.366; P=0.039; 120 min, H=18.659, P=0.034). In
these experiments, rats pretreated with intracortical
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Fig. 2A–D A time course of the effects of intra-mPFC (medial
prefrontal cortex) quinpirole injection on cocaine-induced hori-
zontal motor activity. Quinpirole [0.15 (A), 0.5 (B), 1.5 (C), and
5.0 (D) nmol per side] pretreatment significantly blocked cocaine-
induced motor activity during at least the first 30 min post-injec-
tion. Data illustrated correspond with that shown in Fig. 1, and all
animals received each of the possible treatment combinations. Val-
ues represent mean±SEM photocell counts at each 15-min time in-
terval. The F scores were: A 0.15 nmol per side (treatment
F3,28=14.093, P<0.0001; time F11,308=25.931, P<0.0001; interac-
tion F33,308= 7.283, P<0.0001); B 0.5 nmol per side (treatment
F3,24=19.819, P<0.0001; time F7,168=8.200, P<0.0001; interaction
F21,168=2.196, P=0.003). C 1.5 nmol per side (treatment
F3,24=28.644, P<0.0001; time F7,168=17.116, P<0.0001; interaction
F21,168=4.895, P<0.0001). D 5 nmol per side (treatment
F3,24=11.330, P=0.0001; time F7,168=12.595, P<0.0001; interac-
tion F21,168=3.195, P<0.0001). *P<0.05 comparing all groups with
saline/saline and #P<0.05 compared with quinpirole/cocaine using
the methods of Milliken and Johnson (1984)



quinpirole, prior to systemic cocaine administration, did
not statistically differ from control (saline/saline) ani-
mals. Additionally, intra-mPFC quinpirole administra-
tion did not alter DA content in the NAC following pe-
ripheral saline injections, and baseline (i.e., pre-injec-
tion) DA concentrations in the NAC (saline/saline
15.6±2.9; saline/cocaine 27.2±3.5; quinpirole/saline
30.6±9.9; quinpirole/cocaine 21.3±6.2; all in fmol/20 min)
were not significantly different between any of the treat-
ment groups (F3,29=1.086, P=0.370).

Histology

In general, bilateral cannulae for intra-mPFC injections
were found to be medial to the forceps minor corpus col-
losum (Fig. 4A), resulting in drug administration into the
infralimbic and/or the prelimbic (or cingulate) cortices of
the mPFC (Paxinos and Watson 1986). For microdialysis
studies, the active membrane of the dialysis probe was
located at or medial to the anterior commissure (Fig. 4B).
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Fig. 3 Effects of intracortical microinjection of quinpirole (5 nmol
per side) on cocaine-induced (15 mg/kg, i.p.) dopamine (DA)
transmission in the NAC. Intra-mPFC (medial prefrontal cortex)
injection of quinpirole significantly blocked cocaine-induced DA
transmission in the nucleus accumbens (NAC). The arrow indi-
cates the time of intra-mPFC injection which was given 4–5 min
prior to systemic injection. Neurochemical data are expressed as
mean±SEM percentage of baseline. Raw basal DA concentrations
were not statistically different (see results section for F score val-
ues) between treatment groups (n=8 in all groups except quinpi-
role/cocaine, n=9). The F scores were as follows: treatment
F3,29=13.591, P<0.0001; time F11,319=6.277, P<0.0001; and inter-
action F33,319=3.269, P<0.0001. *P<0.05 comparing all groups
with saline/saline and #P<0.05 compared with quinpirole/cocaine.
All multiple comparisons were performed according to the meth-
ods of Milliken and Johnson (1984)

Fig. 4 A Representative photomicrograph showing placement of
bilateral injector cannulae in the medial prefrontal cortex (mPFC).
In general, cannulae implants were found medial to the forceps mi-
nor corpus collosum (fmi), resulting in drug administration in the
infralimbic and/or the prelimbic (or cingulate) cortices of the
mPFC (Paxinos and Watson 1986). Magnification ×20. B Repre-
sentative micrograph of dialysis probe located in the nucleus acc-
umbens (NAC). The active membrane of the dialysis probe was, in
general, located at or medial to the anterior commissure (ac). In
addition, greater than 50% of the active membrane was located in
the boundaries of the NAC (including the core and the shell re-
gions) as determined by (Paxinos and Watson 1986)



In most circumstances, greater than 50% of the active
membrane was located in the boundaries of the NAC (in-
cluding the core and the shell regions) as determined by
Paxinos and Watson (1986). On occasion, a small por-
tion of the dialysis probe was found to be dorsal or ven-
tral to the NAC.

Discussion

The present study provides evidence consistent with the
hypothesis that cocaine-induced locomotor activity and
DA transmission in the NAC is mediated, in part, by
DAergic mechanisms in the mPFC. Specifically, the re-
sults demonstrate that intra-mPFC microinjection of the
DA D2-like receptor agonist quinpirole blocked, in a
dose-dependent manner, the acute motor-stimulant re-
sponse to cocaine. Similar to the behavioral experiments,
intra-mPFC quinpirole treatment resulted in a significant
blockade of cocaine-induced DA transmission in the
NAC. These latter findings are consistent with evidence
demonstrating a role for the mPFC in regulating subcor-
tical regions including the NAC (Carter and Pycock
1980; Beyer and Steketee 1999) and the striatum (Carter
and Pycock 1980; Baca et al. 1998); areas confirmed to
regulate certain facets of locomotor activity. Also, it ap-
pears that the reported behavioral effects are specific for
cortical DA D2-like receptors, as intra-mPFC microin-
jection of SKF 38393, a DA D1-like receptor agonist,
did not alter, at the doses tested, the acute locomotor ef-
fects of systemic cocaine administration. Although a di-
rect correlation between cortical DA receptors and the
motor-stimulant effects of cocaine in the rat, to our
knowledge, has yet to be identified, the present results
coincide with findings that cortical DA D2 receptors par-
ticipate in various facets of cocaine reinforcement
(Goeders et al. 1986).

The inhibitory behavioral effects of intracortical
quinpirole reported in the present study are consistent
with the local effects of DA agonists on psychostimu-
lant-induced motor activity. Behavioral data have shown
that intra-mPFC injections of the D2 agonist (±)-2-(N-
phenylethyl-N-propyl)amino-5-hydroxytetraline (PPHT)
(Karler et al. 1998) or amphetamine (Prasad et al. 1999),
an indirect DA agonist, decrease amphetamine- and co-
caine-induced stereotypy and motor activity in the
mouse and the rat, respectively. Moreover, electrophysi-
ological studies demonstrated that DA receptor activa-
tion by DA (Bunney and Aghajanian 1976) and DA D2
agonists (Sesack and Bunney 1989) suppresses activity
of cortical neurons, suggesting that DAergic transmis-
sion in the mPFC has an inhibitory influence in this re-
gion. The ability of DA to inhibit cortical activity is pre-
sumed to occur via DAergic–GABAergic interactions in
the mPFC (Linderfors et al. 1989). Indeed, neuroanatom-
ical evidence suggests the existence of GABAergic axon
terminals, dendrites, and perikarya in the mPFC (Sesack
et al. 1995). Further, studies have demonstrated that D2
but not D1 agonists increase the spontaneous release of

labeled GABA in cortical neuronal slices (Rétaux et al.
1991) and the concentrations of GABA in the mPFC as
measured by in vivo microdialysis (Grobin and Deutch
1998). The mechanism by which D2 agonists increase
cortical GABA levels is suggested not to be due to
changes in intermediary metabolic pools of GABA
(Grobin and Deutch 1998) or due to the reversal of the
GABA transporter in this region (Grobin and Deutch
1998), but rather from DA agonist-induced depolariza-
tion of GABAergic interneurons (Yang et al. 1997;
Zheng et al. 1997). In consideration of these findings, it
is hypothesized that intracortical quinpirole administra-
tion produced a suppression of cocaine-induced behav-
ioral and neurochemical responses via dampening the
excitatory output from the mPFC, potentially an indirect
result of GABAergic interneuron modulation of gluta-
matergic transmission in the mPFC (Penit-Soria et al.
1987).

Another equally important hypothesis to consider is
that the inhibitory DAergic influence in the mPFC is me-
diated by a direct DA-glutamate interaction in this region.
Thus, midbrain DA neurons, originating in the VTA, pro-
ject to and synapse directly on cortical glutamatergic neu-
rons (Seguela et al. 1988; Sesack et al. 1995), and have
been reported to inhibit cortical EAA efferent projections
(Cowen et al. 1994; Law-Tho et al. 1994; Grobin and
Deutch 1998). Consequently, activation of cortical DA
D2 receptors by quinpirole may directly inhibit glutamate
cell bodies in the mPFC that would decrease neuronal ac-
tivity in the mPFC and subsequent neuronal activity in
subcortical regions; ultimately resulting in a decrease in
cocaine-induced locomotor activity and NAC DA con-
centrations. Further studies exploring the potential rela-
tionship between cortical DA and GABA/glutamate are
necessary to determine the importance of the interactions
of transmitter systems in the mPFC during cocaine-medi-
ated behaviors.

Another potential area of interest, although not inves-
tigated in the present study, would be to explore whether
cortical modulation of the NAC is via a direct (cor-
tico–accumben) or an indirect (cortico–VTA–accumben)
interaction. The latter hypothesis is supported by a study
from Taber and colleagues (1995), which demonstrated
that electrical manipulation of the mPFC resulted in
changes in DA transmission in the NAC that could be
blocked by intra-VTA administration of glutamate recep-
tor antagonists. Therefore, in that study, cortico–accum-
ben interaction occurred specifically through midbrain
DAergic projections from the VTA. This evidence is fur-
ther supported by studies suggesting that EAA receptors
located in the VTA, rather than those in the NAC, exhibit
a tonic excitatory influence over DAergic overflow in
the NAC (Karreman et al. 1996). In light of these find-
ings, future studies need to be conducted to determine
the putative involvement of the VTA in mediating the ef-
fects of intra-mPFC quinpirole administration on co-
caine-induced DA transmission in the NAC.

In contrast to the effects of quinpirole, intra-mPFC in-
jection of SKF 38393 did not alter, at any dose tested,
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the acute motor stimulant response to cocaine. These
findings compliment those of Karler and colleagues
(1998) who reported that SKF 38393, unlike the D2 ago-
nist PPHT, had no significant effect in blocking amphet-
amine-induced stereotypy in the mouse. However, the
present data are dissimilar to those of Vezina et al.
(1991), who demonstrated that injection of a D1 but not
a D2 antagonist was successful in enhancing locomotor
activity induced by intra-NAC administration of amphet-
amine. Furthermore, D1 receptor mechanisms in the
mPFC have been implicated in mediating mesolimbic
DA responses to stress (Doherty and Gratton 1996). The
discrepancies between these studies and the present find-
ings are not completely clear. It is conceivable that, in
the present study, an effect of SKF 38393 on cocaine-
induced motor activity was not observed due to the fact
that SKF 38393 is only a partial agonist for DA D1 re-
ceptors (Setler et al. 1978). Therefore, we may have ob-
served an effect on cocaine-induced motor activity fol-
lowing intra-mPFC injections of a full agonist for corti-
cal DA D1 receptors. In addition, we investigated only
three doses of SKF 38393 (5.0, 1.5, and 0.5 nmol per
side). Perhaps, pretreatment with higher doses of SKF
38393 would have resulted in a significant effect on the
behavioral responses to cocaine. Support for this hypoth-
esis comes from electrophysiological data showing that
doses of SKF 38393 much higher than DA D2 agonists
were required to elicit a decrease in mPFC neuron firing
(Parfitt et al. 1990), suggesting that cortical DA D1-like
receptors may be less sensitive than other types of DA
receptors in this region. We did, however, observe in a
separate experiment a strong tendency for a decrease, al-
though not significant, in basal motor activity evoked by
SKF 38393 (5.0 nmol per side), potentially indicating
that higher doses of SKF 38393 may have produced non-
specific effects on motor behavior (C.E. Beyer and J.D.
Steketee, unpublished observation).

The dose-dependent decrease in cocaine-induced lo-
comotor activity observed in the present study is likely
the result of DA D2 receptor activation in the mPFC.
However, Sesack and Bunney (1989) report that ionto-
phoretic application of quinpirole only inhibited a small
population of DA-sensitive neurons in the mPFC. More-
over, in their study, the inhibitory effects of quinpirole
on cortical neurons was blocked by both stereoisomers
of the D2 antagonist sulpiride (Sesack and Bunney
1989). It is suggested, therefore, that the pharmacologi-
cal characteristics of quinpirole in the mPFC may be
from effects on a receptor complex that is different from
D2 receptors found in other regions of brain (Sesack and
Bunney 1989). Along similar lines, it is noteworthy to
mention that quinpirole is an agonist with much higher
affinity for DA D3 and DA D4 receptors than the DA D2
receptor subtype (Tang et al. 1994). Although little evi-
dence indicates the presence of DA D3 receptors in the
mPFC, autoradiographic studies indicate the existence of
cortical DA D4 receptors on GABAergic interneurons in
the mPFC (Tarazi et al. 1997). Therefore, it is feasible to
speculate that the results of the present study were due to

the effects of quinpirole on DA D4 receptors in the
mPFC. Or rather, the effects of quinpirole on decreasing
the acute behavioral and neurochemical effects of co-
caine may have resulted from the indistinguishable acti-
vation of both receptor subtypes. In order to test these
hypotheses, we are conducting research in our laboratory
to more accurately determine the contribution of cortical
DA D2 and/or D4 receptors in modulating the motor-
stimulant response to cocaine.

In conclusion, it was shown in this study that intra-
mPFC pretreatment with the DA D2-like agonist quinpi-
role dose-dependently blocked the acute motor-stimulant
response to cocaine. Intracortical quinpirole injection
also significantly inhibited the ability of cocaine to in-
crease extracellular DA concentrations in the NAC.
These findings strongly support the recent hypothesis
that the mPFC plays an integral role in contributing to
the motor-stimulant response to cocaine (Beyer and
Steketee 1999; Prasad et al. 1999) and suggest that DA
D2 receptors in the mPFC may act to temper the function
of subcortical areas during cocaine exposure. In this
light, it would be interesting to speculate on possible
pharmacological targeting of cortical D2 receptors to po-
tentially modulate certain responses to cocaine. Finally,
since the psychomotor-stimulant effects of cocaine have
been suggested to underlie various components of drug
dependence and drug craving (Wise and Bozarth 1987;
Robinson and Berridge 1993), the results of the present
study identify potential cellular processes that may con-
tribute to the addictive properties of cocaine.
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