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Release in the Nucleus Accumbens of the Rat: Modulation by 
Metabotropic Glutamate Receptors 
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In vivo microdialysis was used to assess the effects of 
electrical stimulation of the prefrontal cortex (PFC) on do- 
pamine (DA) release in the nucleus accumbens (NAC) of 
awake, unrestrained rats. The PFC was stimulated bilater- 
ally for 20 min at parameters previously shown to support 
intracranial self-stimulation in this structure. Stimulation at 
50 PA evoked a 38% increase in DA release while 100 PA 
produced a 69% increase. Thus, phasic activation of the 
PFC increases DA release in the NAC. Additional experi- 
ments were performed to establish whether glutamate re- 
ceptors in the NAC mediated these effects. The noncom- 
petitive NMDA antagonist dizocilpine maleate (MK-801) and 
the broad spectrum competitive antagonist kynurenic acid 
were each applied locally to the NAC via reverse dialysis 
alone or in combination with electrical stimulation of the 
PFC (100 PA). Both MK-801 (10 PM) and kynurenic acid (5 
mM) increased DA release when administered alone. When 
a “subthreshold” concentration (i.e., the highest concen- 
tration employed that did not itself increase DA release) of 
either compound was administered together with PFC stim- 
ulation, neither kynurenic acid (1 mM) nor MK-801 (1 PM) 

attenuated the effect of stimulation on DA release, thereby 
indicating that this effect is not mediated by ionotropic glu- 
tamate receptors located within the NAC. 

To examine the possible role of metabotropic glutamate 
receptors in regulating DA release, the metabotropic glu- 
tamate agonist tfans(1 S,3R)-1-aminocyclopentane-1,3-di- 
carboxylic acid (ACPD) was employed. When applied lo- 
cally to the NAC, ACPD had a dose-dependent effect on DA 
release with a high concentration (1 mM) causing an in- 
crease and a lower concentration (100 PM) causing a small 
decrease. The latter concentration blocked PFC stimulation 
(100 PA)-induced increases in DA release in the NAC. To 
determine whether this finding reflected a general inhibi- 
tory effect of ACPD on stimulated DA release, ACPD was 
also applied during electrical stimulation (20 PA) of the 
ventral tegmental area, the origin of the mesoaccumbens 
DA projection. Again, ACPD (100 PM) blocked the stimula- 
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tion-induced increase in DA release. These findings dem- 
onstrate that (1) phasic activation of the PFC increases DA 
release in the NAC, (2) this effect is not mediated by ion- 
otropic glutamate receptors in the NAC, and (3) local me- 
tabotropic receptors serve to inhibit stimulation-induced 
increases in transmitter release from mesoaccumbens DA 
terminals. These results provide further evidence for func- 
tional interactions between metabotropic glutamate recep- 
tors and DA in the limbic striatum. 

[Key words: ACPD, dialysis, dopamine release, kynuren- 
ate, glutamate receptors, MK-801, nucleus accumbens, pre- 
frontal cortex] 

Electrical and chemical stimulation of the sensorimotor or pre- 
frontal cortex (PFC) have been shown to enhance dopamine 
(DA) release in the dorsal striatum and nucleus accumbens 
(Nieoullon et al., 1978; Murase et al., 1993a; Taber and Fibiger, 
1993). The neurotransmitter glutamate (GLU) may be implicated 
in the mechanism underlying DA release evoked by PFC stim- 
ulation. The PFC projects heavily to the dorsal and ventral stria- 
turn in a topographically organized manner (Sesack et al., 1989; 
Berendse et al., 1993). This projection is thought to use GLU 
or aspartate (ASP) as a neurotransmitter, since lesions of the PFC 
have been shown to reduce GLU uptake in the dorsal striatum 
(Divac et al., 1977; McGeer et al., 1977), and ‘H-ASP injected 
into the nucleus accumbens (NAC) is retrogradely transported 
to the prelimbic areas of the PFC (Christie et al., 1990). In viva 
studies have demonstrated that electrical or chemical stimulation 
of the frontal cortex increases the release of both ASP and GLU 
in the dorsal striatum (Godukhin et al., 1980; Young and Brad- 
ford, 1986; Palmer et al., 1989; Perschak and Cuenod, 1990). 
Although these findings have not been extended to the NAC, 
the general parallel nature of the cortical projections to these 
areas of the striatal complex are suggestive of a similar orga- 
nization. Taken together, these findings suggest that stimulation 
of the PFC may activate the corticostriatal projection and in- 
crease GLU release in the NAC which may, in turn, enhance 
DA release from mesoaccumbens nerve terminals. 

The extent to which GLU may modulate DA release via direct 
presynaptic actions within the striatum or NAC remains a critical 
question to this hypothesis. Axoaxonic synapses between corti- 
cal and midbrain afferents in the NAC or striatum rarely, if ever, 
occur (Bouyer et al., 1984; Sesack and Pickel, 1990). Recent in 
V&J microdialysis studies have examined this issue by applying 
GLU or GLU receptor agonists locally to the NAC via a dialysis 
probe while concurrently monitoring DA concentrations in the 
same area (Imperato et al., 1990a,b; Youngren et al., 1993). One 
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group of researchers found that the specific GLU receptor ago- 
nist NMDA (1 mM) failed to evoke DA release (Imperato et al., 
1990b), while the agonists quisqualate and kainate at similar 
concentrations increased DA release (Imperato et al., 1990a). 
Others have reported that high concentrations of either GLU or 
ASP (I-10 mM) evokes DA release, with ASP causing the larger 
increase (Youngren et al., 1993). Additionally, the NMDA re- 
ceptor antagonist AP5 was found to be more effective than the 
non-NMDA antagonist CNQX at reducing the effect of ASP, 
whereas the reverse held true for the effects of GLU (Youngren 
et al., 1993). Utilizing electrochemistry to measure DA concen- 
trations, Svensson et al. (1994) found that local administration 
of either NMDA or AMPA could increase DA release in the 
NAC, but only at high concentrations that also evoked physio- 
logical events consistent with spreading depression. These re- 
ports indicate that DA release can be evoked by GLU acting at 
either NMDA or non-NMDA ionotropic receptors, but that the 
effect may not be physiological. A survey of the literature ad- 
dressing the same question in the dorsal striatum points to a 
similar, inconclusive picture (Moghaddam et al., 1990; Keefe et 
al., 1992; Westerink et al., 1992; Morari et al., 1993). 

The present study was performed to establish whether elec- 
trical stimulation of the PFC can increase DA release in the 
NAC and if so, the extent to which this effect is mediated by 
GLU receptors in the NAC. To this end, the noncompetitive 
NMDA antagonist dizocilpine maleate (MK-801) or the broad 
spectrum ionotropic GLU receptor antagonist kynurenic acid 
(KYN) was applied locally to the NAC alone or in combination 
with electrical stimulation of the PFC. Additionally, because the 
NAC contains relatively high concentrations of metabotropic 
GLU receptors (Albin et al., 199 I ; Shigemoto et al., 1992; Testa 
et al., 1994), we sought to investigate the possible role of these 
receptors in modulating DA release. Activation of metabotropic 
GLU receptors mediates a variety of physiological effects in 
striatal slice preparations (Lovinger et al., 1993; Calabresi et al., 
1993), and produces behavioral effects in the intact rodent (Sa- 
caan et al., 1991, 1992; Klitgaard and Laudrup, 1993; Laudrup 
and Klitgaard, 1993). Furthermore, a recent study has implicated 
interactions of the GLU metabotropic and dopaminergic systems 
in regulating motor activity (Sacaan et al., 1992). To address 
whether GLU metabotropic receptors may play a role in regu- 
lation of DA release, the effects of the specific metabotropic 
agonist tuuns( 1 S,3R)- I -aminocyclopentane- 1,3-dicarboxylic acid 
(ACPD) on basal and stimulation-evoked DA release were ex- 
amined. 

Materials and Methods 

Surgery. Male Wistar rats, weighing 280-350 gm, were anesthetized 
with 50-60 mg/kg pentobarbital (i.p.) and placed in a stereotaxic ap- 
paratus. A vertical, concentric type dialysis probe with 2.0 mm of active 
membrane (AN69, Hospal, MW cutoff = 60,000 Da) was implanted in 
the NAC. Coordinates relative to bregma were A +3.6 mm, L + 1.5 
mm, and V -7.8 mm (at the ventral extent of the active membrane) 
according to the atlas of Pellegrino et al. (1979). Bilateral, bipolar stim- 
ulating electrodes (MS303/2, Plastic Products, Roanoke VA) separated 
at the tip (< 100 pm) were implanted in the prelimbic area of the PFC. 
Electrodes were implanted bilaterally because the NAC receives affer- 
ents from the PFC of both hemispheres (Sesack et al., 1989; present 
results). Electrode coordinates were A +5.0 mm, L k2.4 mm, and V 
-4.2 mm from bregma. The electrodes were implanted at an angle 20” 
lateral to the dorsal/ventral axis for ease of implantation. Another group 
of rats had electrodes implanted in the ventral tegmental area (VTA) in 
combination with the NAC dialvsis probes. VTA electrodes were im- 
planted unilaterally at A +3.5-mm,& L +2.4 mm, and V f1.8 mm 
relative to interaural zero, according to the atlas of Paxinos and Watson 

(1986). Probe outlets and electrodes were anchored to the skull with 
two or three stainless steel screws and dental acrylic. Following surgery, 
animals were housed individually in Plexiglas cages and were given 48 
hr to recover prior to initiation of dialysis. Rats were maintained on a 
12 L: 12 D schedule and had ad libitum access to food and water, 

Microdialysis. Dialysis probes were perfused with 1.0 mM aqueous 
phosphate buffer containing, in mM, NaCl 147, KCI 3.0, CaCl I .3, and 
MgCl 1 .O (pH = 7.4) at a rate of 5.0 pJmin. The resulting dialysate 
passed through outlet tubing (PEIO, Clay Adams) into the 100 pl sam- 
ple loop of an injector (CIOW, Valco). Samples were then automatically 
injected at 10 min intervals into a high performance liquid chromatog- 
raphy (HPLC) system. DA was isolated with reverse phase liquid chro- 
matography (Nucleosil, 5 urn, Cl8, Chrompack) and detected electro- 
chemically. The mobile phase was delivered at I .2-l .35 ml/min using 
an HPLC pump (1350, Bio-Rad) and contained 0.5 tnM octane sulfonic 
acid, 0.01 mM ethylenediamine-tetraacetic acid (EDTA), and 12% meth- 
anol in sodium acetate buffer (pH = 4. I). The concentration of DA was 
determined by sequential oxidation and reduction using a coulometric 
detector (Coulochem II, ESA) and a flow-through analytical cell (501 1, 
ESA) with the voltage set at +0.4 and -0.35 V, respectively. A pulse 
dampener (SSI) and guard cell (ESA) were placed between the HPLC 
pump and the injector. A DA peak on the chromatogram representing 
a signal-to-noise ratio of 2: 1 was deemed the smallest peak measurable. 
This corresponded to a detection limit of 5 fmol/sample. 

In some animals, locomotor activity was measured during the exper- 
iment using an automated locomotion detector (Dig&an, Omnitech, 
Columbus, OH). This apparatus gave a count of horizontal activity mea- 
sured as the number of interruptions of an infrared light beam during 
each IO min dialysis sample. 

Treatment was initiated after establishment of a baseline, defined as 
three consecutive samples with <lo% variation in DA levels, and in- 
volved either local drug administration or electrical stimulation. The 
stimulation period started 20 min after initiation of local administration 
of drug, except in animals receiving TTX that had a 40 min interval 
before the start of stimulation. Stimulation consisted of a 60 Hz sine 
wave applied for 20 min in all stimulation treatments, although param- 
eters varied for PFC and VTA stimulation. PFC electrodes were stim- 
ulated at 50 and 100 pA, with pulse trains of 0.5 set duration and 5.1 
set intertrain interval. VTA electrodes were stimulated at 20 pA with 
0.2 set pulse train duration and I.1 set intertrain interval. The PFC 
stimulation parameters were chosen on the basis of a previous study, 
which found that rats will self-stimulate at these currents (Phillips and 
Fibiger, 1978). The VTA stimulation parameters were chosen not only 
because they support self-stimulation in rats, but also because the DA 
release evoked by this amount of VTA stimulation approximates that 
found with PFC stimulation in the present study (Fiorino et al., 1993). 
DA was measured after stimulation to determine the time course of 
return to baseline. 

A within-subjects, counterbalanced design was used in the experi- 
mental groups that received both 50 and 100 pA currents to the PFC 
and in the group that received stimulation of the VTA alone and in 
combination with ACPD. Rats in these groups had an interval of at 
least 90 min between treatments for recovery of baseline. All other 
analyses employed a between-groups design in which rats received only 
one treatment. 

Drugs. All drugs were administered locally to the NAC via reverse 
dialysis through the same probe used to measure DA. Compounds de- 
livered in this way were dissolved in the perfusion medium and pH was 
adjusted to 7.1-7.4 with dilute acetic acid or NaOH. MK-801, KYN, 
and ACPD were obtained from Research biochemical Inc. (Natick, 
MA). TTX was purchased from Sigma Chemical Co. (St. Louis, MO). 
All drugs were diluted from frozen aliquots immediately prior to use. 

Histology. To confirm that the area of the NAC perfused by the di- 
alysis probe received a projection from the area of the PFC containing 
the stimulating electrodes, the retrograde label Fluorogold (FG; Fluo- 
rochrome Inc.) was employed. A solution of 3% FG in distilled water 
was infused through the dialysis probes of four rats at the end of the 
experiment and again I2 hr later. After an additional 24 hr, the dialysis 
probe was rinsed with distilled water to wash out excess FG. Seven 
days later animals were given an overdose of chloral hydrate and were 
perfused with saline followed by 4% paraformaldehyde in 0. I M phos- 
phate buffer. Brains were removed, postfixed for 2 hr, and transferred 
to 0.05 M phosphate buffer for 12 hr. The following day brains were 
cut in 30 pm coronal slices, mounted on slides, and observed under 
ultraviolet light. 
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Figure I. Camera lucida drawing of a coronal section through the PFC 
showing electrode location. Hatching represents areas of retrograde la- 
beling following infusion of Fluorogold through the dialysis probe in 
the NAC. Cross-hatching represents dense labeling, and rightward 
hatching represents sparse labeling. 

The remaining rats were overdosed with chloral hydrate and the 
brains were removed and fixed in 4% paraformaldehyde. At least 3 d 
later brains were cut in 40 wrn sections, mounted on slides, and stained 
with cresyl violet to confirm electrode and probe locations. All rats used 
in the present study were confirmed to have dialysis probes located in 
the NAC and electrodes in the PFC and VTA as appropriate. 

Data nnalysis. For statistical analysis, all data except DA in the pres- 
ence of TTX were represented as percent baseline, calculated as the 
three samples preceding experimental manipulation. A one-way ANO- 
VA with repeated measures across time was employed to test each in- 
dividual treatment. Two-way ANOVAs were used to compare the stim- 
ulation effects with and without drug. In all cases, Huynh-Feldt 
corrections for degrees of freedom were used to account for time as a 
repeated measure. Post hoc analysis was performed with Tukey’s test. 
To test the effects of TTX on DA release elicited by PFC stimulation, 
absolute values of DA across time were tested with a one-way ANOVA. 

Results 

The mean dialysate DA concentration for baseline samples in 
the group of rats receiving 50 or 100 pA was 51.0 ? 3.9 fmoll 
sample. No differences in the absolute baseline values were ob- 
served between experimental groups [F( 12,60) = 1.80, p > 
0.05]. 

Histology 

Figure 1 shows a camera lucida drawing of a coronal section 
through the PFC showing a typical electrode placement; hatch- 
ing has been added to show the approximate area of fluorescent 
labeling following infusion of FG through the dialysis probe. 
Cross-hatching represents higher levels of retrograde labeling, 
and rightward hatching represents lower levels. Bilateral labeling 
of the PFC was obtained following unilateral perfusion in the 
NAC, although ipsilateral labeling was stronger; this agrees with 
previous work, which shows substantial crossing of corticostria- 
tal fibers (Sesack and Pickel, 1990). Fluorescent labeling was 
found in the prelimbic, infralimbic, insular, and piriform cortices 
as well as the claustrum, amygdala, and olfactory bulbs. All 
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Figure 2. A, Dialysate values of DA in the NAC (n = 6) during 
stimulation of the PFC at 50 PA (squares) and 100 PA (circles; 60 Hz, 
pulse duration = 0.5 set, interstimulus interval = 5 set). B, Absolute 
values of dialysate DA in the NAC during PFC stimulation (100 (*A) 
and concurrent administration of TTX (1 FM) locally via reverse dial- 
ysis (n = 4). In this and all subsequent figures, data points are repre- 
sented as the mean 2 SEM. 

electrode tips were located in the ventral half of the prelimbic 
area of the PFC. 

Effects of PFC stimulation on DA in the NAC 

During the 20 min periods of 50 or 100 pA stimulation, DA 
concentrations rose significantly above baseline [F( 12,120) = 
22.8, p < 0.011 (Fig. 2A). The higher current caused a signifi- 
cantly larger increase than the lower current [F( 12,120) = 2.53, 
p < 0.051, with 100 pA causing a peak increase of 69% above 
baseline, and 50 pA causing a peak increase of 37%. Extracel- 
lular DA concentrations peaked in the second stimulation sample 
and returned to baseline 20 min following termination of the 
stimulation. A group of rats receiving only the 100 p,A (Fig. 
3C) stimulation current showed an increase in DA from stimu- 
lation (71 % above baseline) almost identical to that seen in the 
first experiment (Fig. 2A). 

Stimulation had an activating effect on locomotor activity at 
both currents in all rats, although the variation was substantial. 
Measured as the difference between the sample preceding stim- 
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Figure 3. Dialysate values of DA in the NAC during administration 
of (A) MK-801 (I PM; squares, IO FM; circles; n = 5, each group) and 
(B) KYN (1 mM; squares, 5 mM; circles) through the dialysis probe (n 
= 5, each group). C, Dialysare values of DA during PFC stimulation 
(100 PA) in combination with local perfusion of MK-801 (1 PM; cir- 

cles; n = 6), KYN (1 pM; triangles; n = 6), or vehicle solution 
(squares; n = 5). 

ulation and the sample with peak locomotor activity, locomotor 
counts ranged from 432 to 3043. Rats displayed normal behav- 
iors such as sniffing, rearing, grooming, eating, and drinking 
during stimulation. No signs of seizure or stereotypy were ob- 
served in any rat. 

Effects of TIT on DA release evoked by PFC stimulation 

TTX (1 PM) applied locally to the NAC caused a substantial 
drop in extracellular DA concentrations (Fig. 2B). Within 30 
min, DA was no longer detectable in three out of the four rats, 
and the fourth rat’s DA levels were undetectable 20 min there- 
after. When the PFC was stimulated (100 kA) in this condition, 
no increase in absolute amounts of extracellular DA was ob- 
served [F(5,15) = 2.339, p > 0.051. In a group of rats that 
received PFC stimulation without TTX treatment (Fig. 2A), ex- 
tracellular DA rose an average of 35 fmol/sample. 

Effects of locally applied GLU receptor antagonists on DA 
release 

Figure 3 shows the effects of MK-801 and KYN at various 
concentrations on DA release from the NAC. Both drugs caused 
dose-dependent increases in DA release. MK-801 (Fig. 3A) had 
a significant effect at a moderate concentration [ 10 pM [F( 12,48) 
= 16.14, p < 0.011, whereas a lower concentration (1 FM) had 
no effect [F(12,48) = 1.913, p > 0.051. A high concentration 
of KYN (5 mM; Fig. 3B) caused a significant increase in extra- 
cellular DA [F(12,48) = 5.04, p < 0.051, while 1 mM had no 
effect [F(12,48) = 0.681, p > 0.051. Both drugs required ad- 
ministration for at least 30 min before changes in DA concen- 
trations were clearly seen. For both MK-801 and KYN, the low- 
er concentration was deemed subthreshold on DA release, and 
was subsequently used in combination with stimulation of the 
PFC. 

Effects of MK-801 and KYN applied locally to the NAC on DA 
release evoked by electrical stimulation of the PFC 

When MK-801 (1 pM) or KYN (1 mM) was applied locally to 
the NAC for 2 hr beginning 20 min before the initiation of PFC 
stimulation at 100 PA, the time course of DA release was not 
different from that observed during stimulation alone (Fig. 3C). 
Stimulation still evoked a significant increase in extracellular 
DA during treatment with either MK-801 [F(10,50) = 16.14, p 
< 0.011 or KYN [F(l0,50) = 12.552, p < 0.011. When the 
effect of stimulation coadministered with KYN or MK-801 was 
compared to DA release induced by stimulation alone, there was 
no significant effect of drug treatment [F( 10,140) = 0.504, p > 
0.051. Not only did the antagonists fail to block the stimulation- 
induced increase in DA release, but the tendency was for release 
to be slightly potentiated. This finding is consistent with the 
ability of each drug to increase DA release on its own. Higher 
concentrations of the antagonists were not used because they 
had significant effects on their own, thereby confounding inter- 
pretation. 

Effects of ACPD on DA release 

Figure 4A shows the effects on DA release of two concentrations 
of ACPD. The higher concentration of ACPD (1 mM) caused a 
biphasic increase in DA release peaking at 52%, falling back to 
baseline, then rising gradually over a much longer period 
[F(12,48) = 3.721, p < 0.051. A lower dose of ACPD (100 FM) 

caused a small decrease in DA levels compared to baseline 
[F(12,48) = 7.524, p < 0.011 or compared to a control group 
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Figure 4. Dialysis values of DA in the NAC during (A) administration 
of ACPD (100 p,M; triangles, 1 mM; circles) or vehicle solution 
(squares; n = 5, all groups), or (B) PFC stimulation (100 p,A) and 
concurrent local administration of ACPD (10 pM; diamonds, 100 FM; 

triangles; n = 5). 

that only received the standard perfusion solution [F(12,84) = 
4.703, p < 0.011. This effect was quite small and delayed, how- 
ever, as the decrease was not statistically significant until an hour 
after the beginning of local drug application. On the basis of 
these results, the 100 FM concentration was judged to be sub- 
threshold with respect to DA release and was therefore used in 
the subsequent experiments. 

Effects oj’ACPD on DA releuse evoked by PFC stimulation 

Figure 4B shows the effect of two concentrations of ACPD ad- 
ministered locally to the NAC on DA release evoked by PFC 
stimulation (I 00 PA). At the higher concentration, ACPD com- 
pletely blocked the effect of PFC stimulation on DA release. 
Accordingly, the stimulation did not cause a significant deviation 
from baseline across time [F( 11,44) = 1.043, p > 0.051. The 
lower concentration of ACPD (10 pM) failed to attenuate the 
stimulation-induced effect; following administration of this con- 
centration, DA release was not different from that of stimulation 
alone [F( 10,90) = 0.462, p > 0.051. 
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Figure 5. Dialysis values of DA in the NAC (n = 5) during VTA 
stimulation (20 PA, pulse duration = 0.2 set, interstimulus interval = 
1 set) and concurrent local administration of ACPD (100 )LM; triangles) 
or vehicle (squares). 

Effects of ACPD on DA release elicited by stimulation of the 
WA 

To establish whether the effect of ACPD on stimulated DA re- 
lease was specific to cortical stimulation or was representative 
of a more general phenomenon, extracellular DA was monitored 
during electrical stimulation of the VTA with and without con- 
current local administration of ACPD (100 FM). VTA stimula- 
tion (20 PA) caused a significant increase in DA in the NAC to 
55% above baseline [F(10,50) = 11.05, p < 0.011 (see Fig. 5). 
During local application of ACPD, stimulation of the VTA failed 
to significantly raise extracellular DA concentrations in the NAC 
[F(10,50) = 2.55, p > 0.051. 

Discussion 

The present results demonstrate that phasic activation of the me- 
dial PFC increases DA release in the NAC. The stimulation- 
evoked increase was TTX sensitive and varied directly as a func- 
tion of current intensity. The peak increase in extracellular DA 
obtained during the 100 PA stimulation period was 69% above 
baseline. In a previous study, identical stimulation currents ap- 
plied to the dorsal PFC caused an increase of 38% in the dorsal 
striatum (Taber and Fibiger, 1993). This finding is reminiscent 
of previous studies showing that a variety of stimuli increase 
extracellular DA to a greater extent in the NAC than in the 
dorsal striatum (Abercrombie et al., 1989; Damsma et al., 1992). 
When applied locally via reverse dialysis, the ionotropic GLU 
receptor antagonists MK-801 and KYN failed to attenuate the 
increase in DA release produced by PFC stimulation. This sug- 
gests that ionotropic GLU receptors intrinsic to the NAC do not 
mediate this effect of PFC stimulation. The metabotropic GLU 
receptor agonist ACPD, also applied locally, blocked the in- 
crease in DA release. ACPD also effectively blocked the in- 
crease in DA release produced by electrical stimulation of the 
VTA. These findings indicate that activation of metabotropic 
GLU receptors has an inhibitory effect on stimulated DA release 
in the NAC. 

Stimulation currents were chosen on the basis of previous 
studies that showed that rats will self-stimulate the PFC and 
VTA at approximately the same intensities and train frequencies 
as those used in the present study (Phillips and Fibiger, 1978; 
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Fiorino et al., 1993). During PFC stimulation the rats became 
active, but showed no behavioral abnormalities such as seizures 
or specific motor responses. They demonstrated nonstereotyped 
sniffing, locomotion, and some rearing, although the variation 
between animals was substantial. These observations suggest 
that the stimulation currents used in the present study can be 
considered behaviorally relevant. Circling behavior was not ap- 
parent during bilateral PFC stimulation. In contrast, during uni- 
lateral VTA stimulation, animals often rotated contralateral to 
the stimulation, consistent with a unilateral increase in DA re- 
lease (Szostak et al., 1986). 

Due to the fact that the stimulating electrodes in the ventral 
PFC were 2-3 mm from the NAC dialysis probe, it was impor- 
tant to establish that the effect of stimulation was not due to 
direct depolarization of the DA terminals as a result of current 
spread. When the Na+ channel blocker TTX was applied locally 
to the NAC, DA was no longer detectable in the dialysate, and 
PFC stimulation failed to increase DA release to detectable lev- 
els. Given that the detection limit of our assay was 5 fmol/ 
sample, the stimulation could not have increased DA release by 
this amount. In contrast, an increase of 35 fmol/sample was ob- 
served in rats stimulated without concurrent TTX treatment. 
These results indicate that the effect of PFC stimulation was 
impulse dependent and not due to current spread. 

Local administration of the specific GLU antagonists MK-801 
and KYN through the dialysis probe produced dose-dependent 
increases in extracellular DA in the NAC. This confirms the 
findings of previous studies (Imperato et al., 1990b; Keefe et al., 
1992). While the increase in DA release was small and required 
considerable time to appear, it was consistent across animals. 
The increases were produced by high concentrations of the an- 
tagonists and may have involved nonspecific (i.e., glutamate re- 
ceptor independent) actions of the compounds. It is noteworthy 
in this regard that MK-801 potently activates DA neurons in the 
VTA (French et al., 1993; Murase et al., 1993b), and French et 
al. (1993) concluded that this effect was due to effects of MK- 
80 1 not involving NMDA receptors because competitive NMDA 
antagonists failed to mimic the response. Kynurenic acid was 
employed in the present study because it is one of the few GLU 
analogs with antagonist properties at all of the ionotropic recep- 
tor subtypes (Perkins and Stone, 1982). When concentrations of 
MK-801 or KYN that did not by themselves affect DA release 
were applied to the NAC in combination with electrical stimu- 
lation to the PFC, the increase in DA release did not differ from 
that evoked by stimulation alone. Indeed, there was a tendency 
for DA release to be slightly potentiated in this circumstance, 
although this effect did not reach statistical significance. Follow- 
ing the stimulation period, extracellular DA returned to baseline 
levels within 30 min in both treated and control rats. This pro- 
vides further evidence that neither of these drug treatments in- 
teracted with the stimulation-induced increases in DA release. It 
is unlikely that the lack of effect could be due to insufficient 
drug concentrations being applied through the dialysis probe. 
Previous studies of dialysis probe recoveries suggest that ap- 
proximately 5-10% of a solute crosses the dialysis membrane 
(Kendrick, 1988). This indicates that in the present experiments 
during PFC stimulation extracellular concentrations at the probe 
surface would reach at least 50-100 nM and 50-100 pM for MK- 
801 and KYN, respectively. MK-801, at these concentrations, 
should effectively block NMDA receptors in the vicinity of the 
dialysis probe since the K,, for this compound in the striatum is 
9.0 nM (Wong et al., 1988). This concentration of MK-801 has 

also been shown to attenuate the effect of local NMDA (1 mM) 

on DA release in the striatum (Morari et al., 1993). Electro- 
physiological studies have found that KYN in this dose range 
antagonizes the postsynaptic effects of GLU at both NMDA and 
non-NMDA GLU receptors in the striatum (Herrling, 1985). 
Kynurenic acid (100 pM) has also been found to attenuate 
NMDA (50 p,M)-induced DA release in a slice superfusion prep- 
aration (Krebs et al., 1991). Additionally, a microdialysis study 
has shown that the related compound, 7-chloro-kynurenic acid, 
when applied locally at 100 pM blocks the effect of local 
NMDA (300 FM) on DA release in the striatum (Martinez-Fong 
et al., 1992). We conclude that the increase in DA release pro- 
duced by stimulation of the PFC occurs independently of iono- 
tropic GLU receptors in the NAC. 

This conclusion stands in apparent contrast to a body of re- 
search that has examined the effect of locally administered GLU 
on DA release in both dorsal and ventral striatum. These studies 
indicate that locally administered GLU, ASP, NMDA, and kain- 
ate increase extracellular DA, and that this can be blocked by 
antagonists specific to either NMDA or non-NMDA receptors 
(Keefe et al., 1992; Westerink et al., 1992; Morari et al., 1993; 
Youngren et al., 1993). These findings have raised the possibility 
that synaptically released GLU has direct depolarizing actions 
on DA terminals. However, the physiological significance of 
these results can be questioned on a number of grounds. (1) 
GLU receptor antagonists do not reduce basal concentrations of 
DA when administered locally (Imperato et al., 1990b; Mog- 
haddam and Gruen, 1991; Keefe et al., 1992). (2) GLU receptor 
antagonists fail to block stress-induced increases in striatal DA 
release (Keefe et al., 1993). (3) GLU receptor agonist-induced 
increases in extracellular DA concentrations are accompanied by 
changes in K+ concentration and a large negative shift in field 
potential indicative of a pathological state such as spreading de- 
pression (Moghaddam et al., 1990; Svensson et al., 1994). (4) 
The effects of GLU or ASP are only observed at high concen- 
trations (l-10 mM), and are not dose dependent (Moghaddam 
et al., 1990; Youngren et al., 1993; Svensson et al., 1994). 

Studies showing that GLU receptor antagonists applied to the 
striatum fail to decrease DA release preclude a tonic role for 
GLU in maintaining basal DA release (Imperato et al., 1990b; 
Moghaddam and Gruen, 1991; Keefe et al., 1992). The present 
results confirm and extend these findings and suggest that ion- 
otropic GLU receptors in the NAC do not contribute to the in- 
creased DA release that is evoked by a phasic stimulus that is 
presumed to increase GLU release in the NAC. This finding 
agrees with the results of a recent study showing that ionotropic 
GLU receptor antagonists applied to the dorsal striatum fail to 
block the increase in DA release induced by pharmacological 
stimulation of the PFC (Karreman and Moghaddam, 1994). Sim- 
ilarly, Keefe et al. (1993) have demonstrated that stress-induced 
DA release in the dorsal striatum also occurs independently of 
local GLU receptors. Taken together, these results suggest that 
neither basal nor stimulated DA release is regulated by iono- 
tropic GLU receptors in the striatum. 

The present results indicate that GLU may have inhibitory 
effects on basal and stimulated DA release via activation of me- 
tabotropic receptors within the NAC. Thus, when PFC stimu- 
lation was applied in the presence of ACPD in the NAC, no 
increase in DA release was observed. This appeared to be a 
general phenomenon, as ACPD also blocked the increases in 
DA release produced by electrical stimulation of the VTA. The 
percent increase in DA release produced by stimulation in the 
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present study (55%) is similar to that found previously in rats 
self-stimulating or receiving experimenter delivered stimulation 
at the same currents (Fiorino et al., 1993). The effects of ACPD 
on stimulation-induced increases in DA release could be either 
direct or indirect. With respect to direct effects, it is noteworthy 
that in mesencephalic brain slices ACPD has been observed to 
depolarize and increase the firing rates of presumed DA neurons 
(Mercuri et al., 1993). These neurons have recently been dem- 
onstrated to express mRNA for one of the metabotropic GLU 
receptor subtypes (mGLUr1: Martin et al., 1992; Shigemoto et 
al., 1992; Testa et al., 1994). In addition, the VTA and the NAC 
contain metabotropic GLU receptor binding sites (Albin et al., 
1991). These findings, together with the present results, raise the 
possibility that DA neurons synthesize and then axonally trans- 
port mGLUr1 receptors to their terminal regions where they 
serve to regulate DA release. With respect to possible indirect 
effects, Lovinger (199 1) and Lovinger et al. (1993) have pro- 
vided electrophysiological evidence in striatal slice preparations 
that activation of metabotropic GLU receptors inhibits GLU re- 
lease at corticostriatal synapses. It remains possible that the ef- 
fects of ACPD observed in the present experiments were me- 
diated indirectly via actions on metabotropic GLU receptors 
located on nondopaminergic elements. 

Application of ACPD produced biphasic, dose-related effects 
on DA release, with the lower concentration (100 pM) causing 
a delayed decrease and the higher concentration (1 mM) causing 
a gradual increase (Fig. 4A). Inasmuch as subtypes of metabo- 
tropic GLU receptor have different affinities for ACPD 
(Schoepp and Conn, 1993), the biphasic response raises the pos- 
sibility that metabotropic GLU receptor subtypes may have op- 
posing actions on DA release in the NAC. The increase in DA 
release produced by the higher concentration of ACPD is con- 
sistent with two behavioral studies that have reported that locally 
applied ACPD increases contralateral turning behavior in rats 
(Sacaan et al., 1991, 1992). In the later report, it was demon- 
strated that this behavioral response to ACPD could be blocked 
with cr-methyl-para-tyrosine-induced depletions of DA or by the 
DA receptor antagonist haloperidol. In addition, ACPD in- 
creased tissue concentrations of DOPAC and HVA in the stria- 
turn (Sacaan et al., 1992). 

The anatomical substrate through which stimulation of the 
PFC enhances DA release remains to be determined. The present 
results suggest that the corticostriatal GLU projection is not di- 
rectly involved. Antidromic stimulation of mesocortical DA ax- 
ons leading to activation of mesoaccumbens DA collaterals can- 
not account for the present findings, as few, if any, 
DA-containing neurons project to both PFC and NAC (Lindvall 
and Bjorklund, 1983). A more plausible mechanism involves the 
projection from the PFC to the VTA (Sesack and Pickel, 1990). 
Gariano and Groves (1988) have shown that electrical stimula- 
tion of the PFC produces bursts of action potentials in mesen- 
cephalic dopaminergic neurons of anesthetized rats. This pattern 
of electrophysiological activity is associated with increases in 
DA release from the terminals of these neurons (Nissbrandt et 
al., 1994). In a study that combined electrophysiological and 
voltammetric techniques in anesthetized rats, Murase et al. 
(1993a) demonstrated that activation of the PFC by intracerebral 
injections of GLU increased burst firing of single dopaminergic 
neurons in the VTA and enhanced DA release in the NAC. Fi- 
nally, GLU receptor antagonists applied to the VTA have been 
shown to block the increase in striatal DA release produced by 
pharmacological stimulation of the PFC (Karreman and Mog- 

haddam, 1994). The present results obtained in awake, freely 
moving animals are entirely consistent with these observations 
and suggest that the PFC stimulation-induced increases in ac- 
cumbal DA release may have been due to the activation of the 
cortico-VTA projection which, in turn, increased burst firing of 
the dopaminergic neurons in the VTA. 

On the basis of behavioral studies, the PFC has long been 
thought to inhibit subcortical DA mechanisms. For example, 
DA-mediated behaviors such as amphetamine-induced stereo- 
typy and locomotor activity are enhanced by PFC lesions (Adler, 
1961; Lynch et al., 1969; Iversen et al., 1971; Jaskiw et al., 
1990). On the other hand, while lesions of the PFC have been 
reported to produce transient (2 week) increases in measures of 
subcortical DA turnover (Jaskiw et al., 1990), most studies have 
failed to observe such effects (Scatton et al., 1982; Christie et 
al., 1986). Notably, a recent microdialysis study found that PFC 
lesions did not affect amphetamine-induced DA release 5 or 15 
d after a PFC lesion, times at which the same study showed 
amphetamine-induced locomotor activity to be enhanced (Whis- 
haw et al., 1992). The present findings point to an excitatory 
influence of the PFC on subcortical DA and are consistent with 
the results of other stimulation studies that have examined this 
issue (Nieoullon et al., 1978; Murase et al., 1993a; Taber and 
Fibiger, 1993). It is unlikely therefore that PFC lesions enhance 
DA-mediated behaviors by “disinhibiting” subcortical DA sys- 
tems. 

In conclusion, the increase in DA release in the NAC evoked 
by activation of the PFC does not appear to be mediated by 
ionotropic GLU receptors intrinsic to the NAC. On the other 
hand, the metabotropic GLU receptor agonist ACPD attenuates 
the effect of PFC stimulation on DA release in the NAC. A 
general inhibitory effect of ACPD on evoked DA release is in- 
dicated as this compound also antagonized increases in DA re- 
lease produced by stimulation of the VTA. These data implicate 
metabotropic GLU receptors in mediating GLU/DA interactions 
in limbic striatum. Recent hypotheses concerning the patho- 
physiology of schizophrenia have suggested that the corticos- 
triatal projection and its effect on DA metabolism may be im- 
plicated in this disorder (Weinberger, 1987; Robbins, 1990; 
Davis et al., 1991). The present results provide new information 
on how these systems interact in vim, and could therefore aid 
the further development of these models. 

References 

Abercrombie ED, Keefe KA, DiFrischia DS, Zigmond MJ (1989) Dif- 
ferential effect of stress on in viva dopamine release in striatum, 
nucleus accumbens, and medial frontal cortex. J Neurochem 52: 
1655-1658. 

Adler MW (1961) Changes in sensitivity to amphetamine in rats with 
chronic brain lesions. J Pharmacol Exu Ther 134:214-224. 

Albin RL, Makowiec RL, Hollingswort’h ZR, Dure LSI, Penney JB, 
Young AB (1991) Excitatory amino acid receptors in the basal gan- 
glia of the rat: a quantitative autoradiographic study. Neuroscience 
46:35-48. 

Berendse HW, Galis-De Graaf Y, Groenewegen HJ (I 992) Topograph- 
ical organization and relationship with ventral striatal compartments 
of prefrontal corticostriatal projections in the rat. J Comp Neurol 3 16: 
314-347. 

Bouyer JJ, Park DH, Joh TH, Pickel VM (1984) Chemical and struc- 
tural analysis of the relation between cortical inputs and tyrosine 
hydroxylase-containing terminals in rat neostriatum. Brain Res 302: 
261-275. 

Calabresi P, Pisani A, Mercuri NB, Bernardi G (1993) Heterogeneity 
of metabotropic glutamate receptors in the striatum: electrophysio- 
logical evidence. Eur J Neurosci 5: 1370-1377. 

Christie MJ, Rowe PJ, Beart PM (1986) Effect of excitotoxin lesions 



The Journal of Neuroscience, May 1995, f5(5) 3903 

in the medial prefrontal cortex on cortical and subcortical catechol- 
amine turnover in the rat. J Neurochem 57:1593-1597. 

Christie MJ, Summers RJ, Stephenson JA, Cook CJ, Beart PM (1990) 
Excitatory amino acid projections to the nucleus accumbens septi in 
the rat: a retrograde transport study utilizing D[‘H]aspartate and 
[‘HIGABA. J Neurosurg 72:23 l-244. 

Damsma Cl, Pfaus JG, Wenkstern D, Phillips AC, Fibiger HC (1992) 
Sexual behavior increases dopamine transmission in the nucleus ac- 
cumbens and striatum of male rats: comparison with novelty and 
locomotion. Behav Neurosci 106: 181-191. 

Davis KL, Kahn RS, Ko G, Davidson M (1991) Dopamine in schizo- 
phrenia: a review and reconceptualization. Am J Psychiatry 148: 
i474-1486. 

Divac I, Fonnum E Storm-Mathisen J (1977) High affinity uptake of 
glutamate in terminals of corticostriatal axons. Nature 24:377-378. 

Fi&ino DE Coury A, Fibiger HC, Phillips AG (1993) Electrical stim- 
ulation of reward sites in the ventral tegmental area increases dopa- 
mine transmission in the nucleus accumbens of the rat. Behav Brain 
Res 55:131-141. 

French ED, Mura A, Wang T (1993) MK-801, Phencyclidine (PCP), 
and PCP-like drugs increase burst firing in rat A10 dopamine neu- 
rons: comparison to competitive NMDA antagonists. Synapse 13: 
108-l 16. 

Gariano RE Groves PM (1988) Burst firing induced in midbrain do- 
pamine neurons by stimulation of the medial prefrontal and anterior 
cingulate cortices. Brain Res 462: 194-198. 

Godukhin OV, Zharikova AD, Novoselov VI (1980) The release of 
labeled L-glutamic acid from rat neostriatum in viva following stim- 
ulation of frontal cortex. Neuroscience 5:2151-2154. 

Herrling PL (1985) Pharmacology of the corticocaudate excitatory 
postsynaptic potential in the cat: evidence for its mediation by quis- 
qualate- or kainate-receptors. Neuroscience 14:417426. 

Imperato A, Honore T, Jensen LH (1990a) Dopamine release in the 
nucleus caudatus and in the nucleus accumbens is under glutama- 
tergic control through non-NMDA receptors: a study in freely moving 
rats. Brain Res 530:223-228. 

Imperato A, Scirocco MG, Bacchi S, Angelucci L (1990b) NMDA 
receptors and in viva dopamine release in the nucleus accumbens and 
caudatus. Eur J Pharmacol 187:555-556. 

Iversen SD, Wilkinson S, Simpson B (1971) Enhanced amphetamine 
responses after frontal cortex lesions in the rat. Eur J Pharmacol 13: 
387-390. 

Jaskiw GE, Karoum E Freed WJ, Phillips I, Kleinman JE, Weinberger 
DR (I 990) Effect of ibotenic acid lesions of the medial prefrontal 
cortex on amphetamine-induced locomotion and regional brain cat- 
echolamine concentrations in the rat. Brain Res 534:263-272. 

Karreman M, Moghaddam B (1994) Dopamine release in the anterior 
medial striatum is controlled by the prefrontal cortex: evidence for 
tonic and phasic modulation. Sot Neurosci Abstr 20: 1557. 

Keefe KA, Zigmond MJ, Abercrombie ED (1992) Extracellular do- 
pamine in striatum: influence of nerve pulse activity in median fore- 
brain bundle and local glutamatergic input. Neuroscience 47:325- 
332. 

Keefe KA, Sved AE Zigmond MJ, Abercrombie ED (1993) Stress- 
induced dopamine release in the neostriatum: evaluation of the role 
of action potentials in nigrostriatal dopamine neurons or local initi- 
ation by endogenous amino acids. J Neurochem 61:1943-1952. 

Kendrick KM (1988) Use of microdialysis in neuroendocrinology. 
Methods Enzymol 168: 182-205. 

Klitgaard H, Laudrup P (1993) Metabotropic excitatory amino acid 
receptor agonists selectively potentiate behavioral effects induced by 
ionotropic excitatory amino acid receptor agonists in mice. Eur J 
Pharmacol 250:9-13. 

Krebs M-O, Trovero E Desban M, Gauchy C, Glowinski J, Kernel M 
(199 1) Distinct presynaptic regulation of dopamine release through 
NMDA receptors in striosome- and matrix-enriched areas of the rat 
striatum. J Neurosci 11: 1256-l 262. 

Laudrup P, Klitgaard H (1993) Metabotropic and ionotropic excitatory 
amino acid receptor agonists induce different behavioral effects in 
mice. Eur J Pharmacol 250: 15-22. 

Lindvall 0, Bjorklund A (1983) Dopamine and norepinephrine-con- 
taining neuron systems: their anatomy in rat brain. In: Chemical neu- 
roanatomy (Emson PC, ed), pp 229-256. New York: Raven. 

Lovinger DM (199 1) Tram-1 -aminocyclopentane- 1,3-dicarboxylic 

acid (t-ACPD) decreases synaptic excitation in rat striatal slices 
through a presynaptic action. Neurosci Lett 129: 17-2 1. 

Lovinger DM, Tyler E, Fidler S, Merritt A (1993) Properties of a 
presynaptic metabotropic glutamate receptor in rat neostriatal slices. 
J Neurophysiol 69: 1236-1244. 

Lynch G, Ballantine PI, Campbell BA (1971) Differential rates of re- 
covery following frontal cortical lesions in rats. Physiol Behav 
717377741. 

Martin LJ, Blackstone CD, Huganir RL, Price DL (1992) Cellular lo- 
calization of a metabotropic glutamate receptor in rat brain. Neuron 
91259-270. 

Martinez-Fong D, Rosales MG, Gongora-Alfaro JL, Hernandez S, Ac- 
eves J (1992) NMDA receptor mediates dopamine release in the 
striatum of unanesthetized rats as measured by brain dialysis. Brain 
Res 595:309-315. 

McGeer PL, McGeer EG, Scherer U, Singh K (1977) A glutamatergic 
corticostriatal path? Brain Res 128:369-373. 

Mercuri NB, Stratta F, Calabresi P, Bonci A, Bernardi G (1993) Acti- 
vation of metabotropic glutamate receptors induces an inward current 
in rat dopamine mesencephalic neurons. Neurosci 56:399+07. 

Moghaddam B, Gruen RJ (1991) Do endogenous excitatory amino 
acids influence striatal dopamine release? Brain Res 544:329-330. 

Moghaddam B, Gruen RJ, Roth RH, Bunney BS, Adams RN (1990) 
Effect of L-glutamate on the release of striatal dopamine: in vivo 
dialysis and electrochemical studies. Brain Res 5 18:55-60. 

Morari M, O’Connor WT, Ungerstedt U, Fuxe K (1993) N-methyl-o- 
aspartic acid differentially regulates extracellular dopamine, GABA, 
and glutamate levels in the dorsolateral neostriatum of the halothane- 
anesthetized rat: an in viva microdialysis study. J Neurochem 60: 
1884-1893. 

Murase S, Grenhoff J, Chouvet G, Gonon FG, Svensson TH (1993a) 
Prefrontal cortex regulates burst firing and transmitter release in rat 
mesolimbic dopamine neurons studied in viva. Neurosci Lett 157:53- 
56. 

Murase S, Mathe JM, Grenhoff J, Svensson TH (1993b) Effects of 
dizocilpine (MK-801) on rat midbrain dopamine cell activity: differ- 
ential actions on firing pattern related to anatomical localization. J 
Neural Transm 9 1: 13-25. 

Nieoullon A, Cheramy A, Glowinski J (1978) Release of dopamine 
evoked by electrical stimulation of the motor and visual areas of the 
cerebral cortex in both caudate nuclei and in the substantia nigra in 
the cat. Brain Res 145:69-83. 

Nissbrandt H, Elverfors A, Engberg G (1994) Pharmacologically in- 
duced cessation of burst activity in nigral dopamine neurons: signif- 
icance for the terminal dopamine efflux. Synapse 17:217-224. 

Palmer AM, Hutson PH, Lowe SL, Bowen DM (1989) Extracellular 
concentrations of aspartate and glutamate in rat neostriatum following 
chemical stimulation of frontal cortex. Exp Brain Res 75:659-663. 

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordinates. 
Toronto: Academic. 

Pellegrino LJ, Pellegrino AS, Cushman A (1979) A stereotaxic atlas 
of the rat brain. New York: Plenum. 

Perkins MN, Stone TW (I 982) An iontophoretic investigation of the 
actions of convulsant kynurenines and their interaction with the en- 
dogenous excitant quinolinic acid. Brain Res 247: 184-I 87. 

Perschak H, Cuenod M (1990) In viva release of endogenous glutamate 
and aspartate in the rat striatum during stimulation of the cortex. 
Neuroscience 35:283-287. 

Phillips AG, Fibiger HC (1978) The role of dopamine in maintaining 
intracranial self-stimulation in the ventral tegmentum, nucleus ac- 
cumbens, and medial prefrontal cortex. Can J Psycho1 32:58-56. 

Robbins T (1990) The case for frontostriatal dysfunction in schizo- 
phrenia. Schizophr Bull 16:391-403. 

Sacaan AI, Monn JA, Schoepp DD (1991) Intrastriatal injection of a 
selective metabotropic excitatory amino acid receptor agonist induces 
contralateral turning in the rat. J Pharmacol Exp Ther 259:1366- 
1373. 

Sacaan AI, Bymaster FP, Schoepp DD (1992) Metabotropic glutamate 
receptor activation produces extrapyramidal motor system activation 
that -is mediated by-striatal dopamine. J Neurochem 59:245-25 1. 

Scatton B. Worms P. Llovd KG. Bartholini G (1982) Cortical modu- 
lation of striatal function. Brain Res 232:331-343. 

Schoepp DD, Conn PJ (1993) Metabotropic glutamate receptors in 
brain function and pathology. Trends Pharmacol Sci 14: 13-20. 

Sesack SR, Pickel VM (1990) Prefrontal cortical efferents in the rat 



3904 Taber and Fibiger - PFC Regulation of Subcortical DA 

synapse on unlabeled neuronal targets of catecholamine terminals in 
the nucleus accumbens septi and on dopamine neurons in the ventral 
tegmental area. Brain Res 506:166-168. 

Sesack SR, Deutch AY, Roth RH, Bunney BS (1989) Topographical 
organization of the efferent projections of the medial prefrontal cortex 
in the rat: an anterograde tract-tracing study with Phaseolus vulgaris 
leucoagglutinin. J Comp Neurol 290:213-242. 

Svensson L, Zhang J, Johannessen K, Engel JA (1994) Effect of local 
infusion of glutamate analogues into the nucleus accumbens of rats: 
an electrochemical and behavioural study. Brain Res 643: 1555161. 

Shigemoto R, Nakanishi S, Mizuno N (1992) Distribution of the 
mRNA for a metabotropic glutamate receptor (mGluR1) in the central 
nervous system: an in situ hybridization study in adult and devel- 
oping rat. J Comp Neurol 322:121-135. 

Szostak C, Jakubovic A, Phillips AG, Fibiger HC (1986) Dopaminergic 
and serotonergic correlates of stimulation-induced circling. Behav 
Brain Res 21:37-46. 

Taber MT, Fibiger HC (1993) Electrical stimulation of the medial pre- 
frontal cortex increases dopamine release in the striatum. Neuropsy- 
chopharmacology 9:271-275. 

Testa CM, Standaert DG, Young AB, Penney JB (1994) Metabotropic 

glutamate receptor mRNA expression in the basal ganglia of the rat. 
J Neurosci 14:3005-3018. 

Weinberger DR (1987) Implications of normal brain development for 
the pathogenesis of schizophrenia. Arch Gen Psvchiatrv 44:660-669. 

Westerink BHC, Santiago M, De Vries JB (1992j The release of do- 
pamine from nerve terminals and dendrites of nigrostriatal neurons 
induced by excitatory amino acids in the rat. Naunyn Schmiedebergs 
Arch Pharmacol 345:523-529. 

Whishaw IQ, Fiorino D, Mittleman G, Castaneda E (1992) Do fore- 
brain lesions compete for behavioral expression? Evidence from am- 
phetamine induced behavior, microdialysis, and caudate-accumbens 
lesions in medial frontal cortex damaged rats. Brain Res 576: l-l 1. 

Wong EHF, Knight AR, Woodruff GN (1988) [‘H]MK-801 labels a site 
on the N-methyl-D-aspartate receptor channel complex in rat brain 
membranes. J Neurochem 50:274-28 1. 

Young AMJ, Bradford HF (1986) Excitatory amino acid neurotrans- 
mitters in the corticostriate pathway: studies using intracerebral mi- 
crodialysis in viva. J Neurochem 47: 1399-l 404. 

Youngren KD, Daly DA, Moghaddam B (1993) Distinct actions of 
endogenous excitatory amino acids on the outflow of dopamine in 
the nucleus accumbens. J Pharmacol Exp Ther 264:289-293. 


