The Journal of Neuroscience,

March 1, 1996, 76(5):1591-1604

Psychostimulants
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in the
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The effects of dopamine (DA) and the psychostimulants
cocaine
and amphetamine
on excitatory transmission in the nucleus
accumbens (NAc) were examined in rat NAc slices using both
extracellular-field
and whole-cell patch-clamp
recording. DA,
cocaine, and amphetamine reversibly reduced the excitatory
synaptic responses (EPSPs/EPSCs) elicited by stimulation of
prelimbic cortical afferents. DA and amphetamine
increased
paired-pulse facilitation, reduced the frequency of spontaneous
miniature EPSCs (mEPSCs), and had no effect on mEPSC
amplitude, suggesting a presynaptic mechanism for the observed reduction in excitatory synaptic transmission. The effects of DA and amphetamine
were attenuated by the Dl
receptor antagonist SCH23390 but not by the D2 receptor
antagonist sulpiride. The broad-spectrum
DA receptor agonist
6,7-ADTN mimicked the effects of DA and the psychostimulants, but neither the Dl receptor agonists SKF38393 and
SKF81297 nor the D2 receptor agonist quinpirole caused a

significant reduction in EPSP magnitude. SKF38393 at a higher
concentration
(100 FM) was effective in reducing the EPSP,
however, and this reduction was sensitive to SCH23390. There
was no difference in the effects of DA in cells from mutant mice
lacking Dla receptors and cells from wild-type control mice.
Unilaterally lesioning the dopaminergic
afferents to the NAc
using 6-hydroxydopamine
attenuated
the amphetamineinduced reduction in EPSP magnitude in slices from the lesioned hemisphere but not the control (unlesioned) hemisphere. These results indicate that DA and psychostimulants
(acting indirectly by increasing endogenous extracellular DA
levels) reduce excitatory synaptic transmission in the NAc by
activating presynaptic DA receptors with Dl -like properties.
Key words: amphetamine; cocaine; miniature excitatory
postsynaptic currents; dopamine; dopamine receptors; nucleus
accumbens; excitatory synaptic transmission; presynaptic modulation; 6-hydroxydopamine

The nucleus accumbens (NAc), which is often described as the
ventral striatum, receives a major dopaminergic input from cells
located in the ventral tegmental area (VTA) (Swerdlow and
Koob, 1987; Pennartz et al., 1994) and thus is considered a
principal component of the mesolimbic dopamine (DA) system
(Paxinos and Watson, 1986; Swerdlow and Koob, 1987). The
limbic inputs to this nucleus are excitatory and originate from
both cortical and subcortical limbic areas including the subiculum,
hippocampus, cingulate cortex, prefrontal cortex, and amygdala
complex (Nauta et al., 1978; DeFrance et al., 1985a; Christie et al.,
1987; Sesack et al., 1989; Brog et al., 1993). Activation of these
afferents elicits fast monosynaptic excitatory postsynaptic responses that are mediated by both non-NMDA
and NMDA
glutamate receptors (Chang and Kitai, 1986; Uchimura et al.,
1989; Pennartz et al., 1990; Uchimura and North, 1991; Pennartz
et al., 1992a; O’Donnell and Grace, 1993, 1995; Kombian and
Malenka, 1994a). The principal cells of the NAc are medium spiny
GABAergic neurons (Chronister et al., 1981; DeFrance et al.,

1985a; O’Donnell and Grace, 1993) that exhibit extensive collateral interaction within the NAc (Christie et al., 1987; Pennartz et
al., 1994). These cells are generally quiescent both in viva and in
vitro with very negative resting potentials (White and Wang, 1984;
Yang and Mogenson, 1984; Higashi et al., 1989; Uchimura and
North, 1991) and are therefore strongly dependent on excitatory
inputs to generate their output.
The NAc serves as an important site of action for the rewarding
effects of psychostimulant drugs such as cocaine and amphetamine (Koob and Bloom, 1988; Nestler, 1992). These drugs also
induce behavioral sensitization, which refers to an augmentation
of their locomotor stimulatory activity with repetitive administration (Kalivas and Stewart, 1991). Both the rewarding properties of
psychostimulants and the behavioral sensitization induced by
them depend on excitatory synaptic transmission (Hamilton et al.,
1986; Pulvirenti et al., 1991, 1992; Wolf and Khansa, 1991; Karler
and Calder, 1992; Wolf and Jeziorski, 1993) as well as on dopaminergic transmission (Koob and Bloom, 1988; Kalivas and Stewart, 1991; Nestler, 1992).
Psychostimulants are thought to induce their behavioral effects
by inhibiting the reuptake of DA into the presynaptic terminal
and in the case of amphetamine by promoting the nonvesicular
release of DA, thereby increasing extracellular levels of DA (Wise
and Bozarth, 1987; Kuhar et al., 1991; Seiden et al., 1993; Sulzer
et al., 1995). Despite the knowledge of the biochemical actions of
psychostimulants and the documented importance of the NAc as
a locus for their behavioral effects, the basic effects of DA and
psychostimulants on synaptic transmission within the NAc are not
well understood. Relatively few in vitro studies have been per-
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formed (Chang and Kitai, 1986; Higashi et al., 1989; Uchimura et
al., 1989; Pennartz et al., 1990; Uchimura
and North; 1991; Pen-

nartz et al., 1992a,b; O’Donnell and Grace, 1993, 1994) and some
of the most relevant results from these studies are conflicting
(Pennartz et al., 1992a,b; O’Donnell and Grace, 1994; Higashi et
al., 1989). Here we attempt to clarify the synaptic effects of DA
and psychostimulants
within the core region of the NAc by pharmacologically
characterizing
the actions of DA, cocaine,
and
amphetamine
on evoked excitatory responses and on spontaneous
miniature
EPSCs (mEPSCs).
Parts of this paper have been published previously
in abstract
form (Kombian
and Malenka,
1994b; Nicola et al., 1995).

MATERIALS AND METHODS
Slice preparation and recording techniques. The methods used for
this study were largely identical to those described previously (Kombian
1994a). Sprague-Dawley
rats (13-40 d postnatal)
and Malenka,
were used for all experiments except those involving mutant mice or
h-hydroxydopamine
(6-OHDA)
lesioned rats. Animals were completely
anesthetized with Halothane and parasagittal NAc slices (400 mm thick)
were prepared from both hemispheres using a vibratome. Throughout the
procedure, the tissue was maintained in ice-cold artificial CSF, which was
bubbled continuously with 95% 0,/5% CO,. The composition of the CSF
was (in mivt): 126 NaCl, 1.6 KC], 1.2 NaH,PO,, 1.2 MgCl,, 2.5 CaCl,, 18
NaHCO,, and 11 glucose. After at least 1 hr incubation at room temperature, slices were transferred to a recording chamber and submerged
beneath continuously flowing (2 ml per min) CSF at a temperature of
26-29°C. Because of the presence of strong GABAcrgic inhibition in the
NAc, picrotoxin (25 PM) was present in the CSF for all experiments.
Prelimbic cortical afferents were activated at 0.1 Hz by placing a bipolar
stainless steel microelectrode at the prelimbic cortex-NAc border, and
recordings were made in the core region of the NAc using the anterior
commissure and lateral ventricles as anatomical markers.
All recordings were performed using either an Axoclamp 2A or Axopatch 2D amplifier (Axon Instruments, Foster City, CA). For field recordings, glass micropipettes were filled with 3 M NaCl. For whole-cell
current-clamp recordings (Blanton et al., 1989), micropipettes
(8-15
MR) were filled with a solution consisting of (in mM): 117.5 potassium
gluconate, 17.5 potassium methylsulfate, 8 NaCl, 10 HEPES, 0.2 EGTA,
5 Mg-ATP, and 0.2 GTP, pH 7.2-7.4. In some cases the potassium
gluconate was replaced with potassium methylsulfate. Input resistance
was monitored continuously throughout all experiments by applying a
50-100 pA (100 msec) negative current pulse at least 150 msec after
synaptic stimulation. Appropriate
current was injected via the bridge
circuit to maintain a constant membrane potential throughout each
experiment.
For whole-cell voltage-clamp recordings, the pipette solution consisted
of (in mM): 117.5 cesium gluconate. 17.5 cesium chloride. 8 NaCl. 10
HEPES, 012 EGTA, 5 MgrATP, and 0.2 GTP, pH 7.2-7.4. Cells were
clamped near their resting potential (holding potential, V,, = -80 mV) in
the continuous single-electrode voltage-clamp mode. At this potential,
the EPSC was mediated mainly by non-NMDA receptors (Kombian and
Malenka, 1994a). Input resistance was monitored continuously by applying a 10 mV (100 msec) hyperpolarizing step 100-200 msec after synaptic
stimulation. Spontaneous mEPSCs were collected under the same conditions, except that 1.5 pM tetrodotoxin (TTX) was present in the perfusion medium throughout the experiment.
6-OHDA lesion experiments. Female Wistar rats (160-175 gm) were
anesthetized with ketamine (60 mgikg, i.p.) and acepromazine (0.6 mg/kg,
i.p.) and ventilated with a mixture of O,, N,O, and Halothane while
stereotaxic injections of 6-OHDA were made into the left medial forebrain bundle (Ungerstedt, 1971). Injection coordinates (Konig and Klippel, 1963; Paxinos and Watson, 1986) were 4.4 mm posterior to Bregma,
1.2 mm lateral to the midline, and 8.5 mm ventral to the top of the skull
at Lambda. Freshly prepared 6-OHDA solution (8 kg/PI in 0.1% ascorbic
acid) was placed in a glass micropipette (tip diameter 100 km), and 4 ~1
was injected over 2-3 min. After 5 min, the pipette was removed and the
animal was allowed to recover. To assess the effectiveness of the lesion,
animals were tested for rotation behavior 10 d after surgery by administering apomorphine (1 mgikg, i.p.) and counting the number of rotations
contralateral to the lesion made during a 5 min period beginning 15 min
after the apomorphine injection (Hefti et al., 1979). Slices were cut lo-15
d after the rotation test.
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Drug application. All drugs were applied by bath perfusion with
CSF containing the final concentration of the drug. Appropriate stock
solutions of drugs were made and diluted with CSF just before application All stock solutions were made daily and at concentrations at least
lOOO-fold higher than those applied to the slices. Antagonists were
applied at least 10 min before the addition of agonist in the continued
presence of antagonist. CGP35348 was dissolved directly in CSF. DA
HCI, (+)-norepinephrine
HCI, and (?)-2-amino-6,7-dihydro-1,2,3,4tetrahydronaphthalene
HBr (6,7-ADTN) were orepared in a water stock
solution containing sodium metabisulfite’(50 rnh in stock solutions, 50 PM
in the final solution) to orotect them from oxidation. S(-)-sulpiride
and 6-cvano-7-nitrocminoxaline-2,3-dione
(CNQX) were prepared in
dimethyl sulfoxide, and TTX was prepared in ethanol. Cocaine, S(+)R(+)-SCH23390.
(p)-auinoirole,
SKF38393,
(2)
amuhetamine.
SKF81297, S(-)-propranolol,
phentolamine m’esylate, and serotonin HCI
were all made up in water. Chemicals were from Sigma (St. Louis, MO)
or Research Biochemicals (Natick, MA).
Data acquisition, analysis, and statistics. Data were collected and analyzed (3-10 KHz sampling rate) using custom-written software. Both the
EPSP/EPSC amplitude and the initial slope of the EPSP, calculated using
a least square regression, were monitored as a measure of synaptic
response. Each point on the illustrated graphs is the mean of six successive responses. Each representative data trace is the mean of lo-11
successive responses.
For experiments studying mEPSCs, 0.1 Hz negative-voltage
pulses
were used throughout the experiment to monitor input and access resistance. Data were continuously digitized at 10 KHz and stored on a
computer hard disk. After the experiment, mEPSCs were detected using
software (generously provided by J. Steinbach, Washington University)
that used the fast rise lime of mEPSCs to determine the presence of each
putative mEPSC. If the amplitude of the cvcnt fell within the limits
expected for mEPSCs (usually 3-70 PA), the event was counted as an
mEPSC. The ability of the program to detect genuine mEPSCs was
always checked by eye at several times during the experiment, and a plot
of input resistance and access resistance over time was always computed.
Average mEPSC amplitude and frequency were computed in 1 min bins.
For all slice experiments, the experimental comparison was between
the magnitude of the baseline responses and the magnitude of the
responses in agonist. For each individual experiment, two data points
were computed for use in the statistical analysis: the average of all points
in the 10 min baseline and the average of all points in a 3 min period
(which was the same for all experiments in one set of comparisons) during
agonist application. Thus, all experiments involved repeated measures of
one factor: presence of agonist. When this was the only experimental
factor, a paired t test was used to determine whether there was a
significant effect of the agonist on the magnitude of the response comDared with the baseline magnitude. In some exoeriments, an additional
comparison such as the degree to which the agonist-induced change was
affected by an antagonist was also made. In these cases, the statistical test
used was a two-factor repeated-measures ANOVA with repeated measures on one factor (presence of agonist) but not on the other (presence of
antagonist). The ANOVA revealed whether the agonist caused a change
in the response as well as whether the antagonist significantly altered the
degree of change induced by the agonist. (In no case did the ANOVA
reveal a significant difference between the different levels of the nonrepeated-measures
factor, presence of antugonist, and therefore these
results are not reported.)
All statistical calculations were based on non-normalized data; howcvcr, graphs of the averages of experiments, the calculated percentage
change, and the calculated SEM of the percentage change are all based
on data normalized to a 10 min baseline. All statistical tests assumed that
the underlying distribution of the data was normal unless the data were
obviously skewed. This was the case for only one experiment (see Fig.
5C), and a nonparametric test was used in this case. ANOVAs were
calculated using SigmaStat (Jandel Scientific, San Rafael, CA); p 5 0.05
was considered statistically significant.

RESULTS
Extracellular field recording in the presence of picrotoxin (25 PM)
revealed that electrical stimulation at the border of the prelimbic
cortex and the NAc resulted in a biphasic response (Fig. 1A)
(Pennartz et al., 1992a). Bath application of the ionotropic glutamate receptor
antagonist
CNQX (10 pM) abolished the later of
the two negative
potentials
(n = .5), demonstrating
that this
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component (N2, Fig. 1A) resulted from excitatory synaptic transmission. The earlier component (Nl, Fig. 1A) was not diminished
by CNQX but was eliminated by the Na channel blocker TTX
(1 PM, n = 5). These results demonstrate that the amplitude of Nl
is a measure of the direct, nonsynaptic generation of action
potentials, whereas the amplitude of N2 is a measure of excitatory
postsynaptic responses (Malenka and Kocsis, 1988).
Cocaine, amphetamine,
and DA inhibit excitatory
synaptic transmission
Cocaine has at least two pharmacological actions. It blocks the
reuptake of monoamines such as DA (Kuhar et al., 1991; Cunningham et al., 1992), and it exerts a local anesthetic effect
(Dunwiddie et al., 1988). Bath application of cocaine (30 PM)
reversibly depressed the synaptic response but also decreased Nl
amplitude (Fig. 1B). When the stimulus strength was increased,
however, such that the Nl amplitude in the presence of cocaine
was identical to the baseline Nl amplitude, the synaptic response
remained depressed (Fig. lB), indicating that the synaptic depression induced by cocaine is not attributable to its local anesthetic
actions alone. To confirm this result, we mimicked the local
anesthetic reduction in the number of axons firing action potentials by stimulating the slice with a range of stimulus intensities
both before and after the application of cocaine (Fig. 10). In six
of seven experiments, the plot of N2 versus Nl amplitude was
shifted to the right by cocaine (30 PM). Such a shift is inconsistent
with the superimposable curves that would be expected if cocaine
had no effect on synaptic transmission other than to reduce
action-potential activation. In addition, cocaine (30-100 PM) reduced the size of evoked EPSPs recorded in whole-cell current
clamp without affecting the membrane potential (not shown) or
input resistance of the cells (Fig. lC, IZ = 7). These results (Fig. 1)
suggest that cocaine depresses excitatory synaptic transmission in
the NAc by means of a specific mechanism that is independent of
both local anesthetic effects and effects on postsynaptic
conductances.
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Cocaine reducesevoked synaptic
responses.A, An extracellular recording of a
typical biphasic potential, demonstrating
that the later event (N2) was sensitive to
CNQX (10 PM), whereas the earlier event
(NI) was sensitive to TTX (1 PM, n = 5). In
this and all subsequentfigures, sample data
traces (averages of lo-11 consecutive
sweeps) are superimposed above graphs
representing measurementstaken from the
raw sweeps,in this caseN2 amplitude (top)
and Nl amplitude (bottom). The representative sweeps are taken at the times indicated by the numbers on the graphs. B, An
experiment demonstrating the reduction in
the synaptic (N2) and nonsynaptic (NI) potentials causedby application of 30 PM cocaine (solid bar). In the presenceof cocaine,
the stimulus strength was increased such
that the Nl amplitude matched the baseline
Nl amplitude (open bar). C, In a typical
current-clamped cell, 30 PM cocaine depressedthe initial slope of the EPSP but not
the input resistance as measured by the amplitude of the voltage response to a -0.1 nA
current injection. D, A representative inputoutput curve (n = 7) for responses before
the application of cocaine (circles) and in the
presence of 30 PM cocaine (squares). E~KV
bars represent standard deviations.

Similar results were obtained for amphetamine (Fig. 2,4,B),
which also increases extracellular
DA levels (Seiden et al.,
1993). Amphetamine (10 PM) reversibly depressed the synaptic
response but had no effect on action potential generation (Fig.
2A) (n = 8). Moreover, neither the membrane potential nor
the input resistance of NAc cells was influenced by a concentration of amphetamine
(10 PM) that caused a substantial
decrease in the EPSP (Fig. 2B) (n = 8). If cocaine and amphetamine depress synaptic transmission by increasing extracellular DA (Kuhar et al., 1991; Seiden et al., 1993), then DA
should mimic the effects of these psychostimulants. Indeed, DA
(75 FM) depressed excitatory synaptic transmission without
affecting Nl amplitude (Fig. 2C) (n = 21) and without affecting
the membrane potential or input resistance of postsynaptic
cells (Fig. 20) (n = 8). Thus, cocaine, amphetamine, and DA
all affect excitatory synaptic transmission in a similar fashion in
the NAc, with the exception that the reversal of the amphetamine effect after wash-out of the drug is prolonged (40-60
min) compared with the time course of DA recovery (lo-20
min) (Fig. 2). This prolonged time course may be a consequence of the reversal of the vesicular DA transporter caused
by the intracellular
action of amphetamine, which is taken up
into dopaminergic terminals (Sulzer et al., 1995).
A presynaptic
mechanism
is responsible
for the
depressant
effects of amphetamine
and DA
The mechanism of psychostimulant- and DA-induced depressant
effects on excitatory synaptic transmission may involve a decrease
in presynaptic neurotransmitter release, a decreased postsynaptic
sensitivity to the neurotransmitter, or both mechanisms acting in
concert. To determine which of these mechanisms is responsible,
we used whole-cell voltage clamp (V,l = -80 mV) to record
spontaneous mEPSCs in the presence of TTX (1.5 FM). A decrease in the frequency of spontaneous events recorded in these
conditions is classically attributed to a reduction in the probability
of neurotransmitter release or in the number of quanta available
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2

Amphetamine and DA reduce
evoked synaptic responses.A, A typical
field recording in which 10 PM amphetamine reduced the synaptic response
(N2) without affecting the nonsynaptic
potential (N1). B, When 10 PM amphetamine was applied to a cell in whole-cell
current clamp, the initial slope of the
EPSP was reduced, whereas the input
resistance (-0.03 nA current injection)
was unchanged. C, A representative field
experiment in which 75 PM DA reduced
the synaptic potential (iV2) but did not
change the nonsynaptic potential (NI).
D, Application of 75 WM DA to a currentclamped cell reduced the initial slope of
the EPSP without affecting the input resistance (-0.03 nA current injection).
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for release, whereas a decrease in the amplitude of these events
normally indicates a reduction in the postsynaptic sensitivity to
the released quanta (Katz, 1966). All recordings were initially
made in the absence of TTX; TTX was then applied, and
complete abolition of evoked EPSCs was observed before the
experiments summarized in Figures 3 and 4 were begun. The
frequency of mEPSCs in NAc cells was quite high, often lo-15
Hz, and the range of amplitudes was large (4-70 PA). To
confirm that the recorded events were true mEPSCs arising
from glutamate receptor activation, CNQX was applied (10
PM)
at the end of six experiments, and in each of these cases
mEPSCs were blocked (Fig. 4A, fur right). Because the effect of
amphetamine on synaptic transmission was more robust than
that of cocaine, we focused on the actions of amphetamine for
the remainder of the study.
A typical experiment in which the effect of amphetamine
(10 FM) on mEPSC frequency and amplitude was examined is
shown in Figure 3A-G. Representative consecutive current traces
taken before (I), during (2), and after (3) amphetamine application (Fig. 3A) demonstrate that mEPSC frequency, but not amplitude, was reversibly reduced by the presence of amphetamine.
This result is summarized in Figure 3, B and C, which shows that
mEPSC amplitude was unchanged throughout the entire course
of the experiment (Fig. 3C), whereas amphetamine reduced
mEPSC frequency with a time course of recovery similar to that
observed for evoked responses (Fig. 3B). The distribution of
mEPSC amplitudes was unaffected by amphetamine (Fig. 3&G),
whereas the distribution of the time intervals between successive
mEPSCs was shifted toward longer intervals after application of
amphetamine (Fig. 3D,F). These experiments were repeated in six
cells in which mEPSC frequency was reduced to 57 ? 2% of the
baseline value (p < 0.05) (Fig. 3H), whereas mEPSC amplitude
remained at 95 ? 3% of baseline 0, > 0.1) (Fig. 31).
Similar results were obtained when the effects of DA on
mEPSCs were examined (Fig. 4). Representative
consecutive
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current traces from a typical cell (Fig. 4A) demonstrate that
mEPSC frequency, but not amplitude, was reversibly depressed
by the application of DA (100 PM) (Fig. 4B, C). As was the case
for amphetamine, DA did not cause a shift in the distribution
of mEPSC amplitudes (Fig. 4E,G) but did cause a shift toward
longer intervals between consecutive mEPSCs (Fig. 4D,F).
Similar results were observed in 1.5 cells in which DA application resulted in an average reduction in mEPSC frequency to
61 2 4% of baseline values (p < 0.001) (Fig. 4H), whereas
mEPSC amplitude in DA was 100 2 3% of baseline (p > 0.05)
(Fig. 41). Thus, both DA and amphetamine reduce mEPSC
frequency without affecting mEPSC amplitude, suggesting that
they both depress excitatory synaptic transmission via a presynaptic mechanism.
Although the reduction in mEPSC frequency strongly suggests
that DA and psychostimulants act presynaptically, the exact identity of the excitatory synapses that contribute to the mEPSC
distributions is unknown. The NAc receives excitatory afferents
from many different brain regions in addition to the prelimbic
cortex (Pennartz et al., 1994), and it is therefore possible that
terminals not of cortical origin were mainly responsible for the
observed amphetamine- and DA-induced reduction in mEPSC
frequency. To examine further whether DA reduces corticoaccumbens excitatory transmission via a presynaptic mechanism,
we tested the effect of DA on paired-pulse facilitation (PPF), a
presynaptic phenomenon, the magnitude of which correlates inversely with the probability of neurotransmitter release (Zucker,
1989; Manabe et al., 1993). A pair of synaptic responses was
elicited with an interstimulus interval of 50-100 msec, and the
magnitude of increase of the second response relative to the first
one was monitored continuously during the experiment. To obviate any effect of nonlinear summation on the magnitude of PPF
(Martin, 1955), experiments were performed in voltage clamp.
Figure 5 demonstrates that an increase in the PPF ratio occurs
simultaneously with the reduction in EPSC amplitude induced by
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Figure 3. Amphetamine reduces mEPSC frequency but not amplitude. A, Representative consecutive 1 set current sweeps (taken at the times shown
in B) from a voltage-clamped cell in which spontaneous mEPSCs were recorded in the presence of TTX. B-G summarize the experiment performed on
this cell. B, The average mEPSC frequency (1 min bins) was reduced by application of 10 pM amphetamine. C, The average mEPSC amplitude (1 min
bins) was unchanged by the amphetamine. D, The distribution of the time intervals between successive mEPSCs before and during the application of 10
WM amphetamine. E, The distribution
of mEPSC amplitudes before and during application of amphetamine. F and G, The same distributions shown in
D and E, respectively, but with cumulative probability along the ordinate instead of absolute probability. H, Summary of six experiments in which mEPSCs
were recorded in the presence of 10 @M amphetamine, demonstrating that mEPSC frequency was reversibly reduced. I, In the same six experiments,
mEPSC amplitude was unchanged by the amphetamine. Error bars in this and all subsequent figures represent the SEM.
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Figure 4. DA reduces mEPSC frequency but not amplitude. A, Representative consecutive 1 set current sweeps (taken at the times shown in B) from
a voltage-clamped cell in which spontaneous mEPSCs were recorded in the presence of TTX. The last set of sweeps was taken at the end of the
experiment, after application of 10 FM CNQX. B-G summarize the experiment performed on this cell. B, The average mEPSC frequency (I min bins)
was reduced by application of 100 pM DA. C, The average mEPSC amplitude (1 min bins) was unchanged by the DA. D, The distribution of the time
intervals between successive mEPSCs before and during the application of 100 FM DA. E, The distribution of mEPSC amplitudes before and during
application of DA. F and G, The same distributions shown in D and E, respectively, but with cumulative probability along the ordinate instead of absolute
probability. H, Summary of 15 experiments in which mEPSCs were recorded during application of 100 pM DA, demonstrating that mEPSC frequency was
reversibly reduced. I, In the same 15 experiments, mEPSC amplitude was unchanged by the DA.
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transmitter release, thereby decreasing the efficacy of excitatory
transmission between the cortex and the NAc.

DA (75 PM). DA increased the PPF ratio to an average of 129 5
7% of the baseline PPF ratio (n = 8; p 5 0.024, Wilcoxon rank
sum test) (Fig. 5C, top), an increase that accompanied a decrease
in the amplitude of the first pulse to 71 i 10% of the baseline
amplitude (n = 8; p 5 0.054, Wilcoxon rank sum test) (Fig. 5C,
bottom). The results of these experiments suggest that psychostimulants and DA act at cortico-accumbens synapses to reduce

Amphetamine and DA depress excitatory synaptic
transmission via a DA receptor with Dl-like properties
DA receptors can be subdivided into two pharmacologically and
biochemically distinct classes (Civelli et al., 1993; Sibley, 1995),
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sentative current traces from the voltageclamped cell shown in B. Two stimuli were
administered with an interpulse interval of
75 msec. The current deflection beginning
400 msec after the first stimulus was the
result of a -10 mV voltage pulse. For
clarity, capacitive transients were truncated. B, The ratio of the amplitude of the
second EPSC to that of the first increases
with the application of 75 p.~ DA (top),
which simultaneously reduces the amplitude of the first EPSC (bottom). C, Summary (n = 8) of voltage-clamp experiments
similar to the one shown in B.
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Figure 6. The D2 antagonist sulpiride
does not affect the synaptic depression
resulting from application of amphetamine or DA. A, A typical field recording experiment in which 10 ELM amphetamine was first applied in the absence of
sulpiride and then in the presence of 10
WM sulpiride. B, Summary of eight field
experiments in which 10 pM amphetamine was applied in the absence of
sulpiride. C, In the same eight experiments, amphetamine (10 pM) was again
applied in the presence of 10 pM
sulpiride; the amphetamine-induced
reduction in the synaptic response was not
diminished by the sulpiride. D, A representative field recording in which 75 pM
DA was applied first in the absence and
then in the presence of sulpiride (10
PM).
E, Summary of eight experiments,
demonstrating the effects of DA (75 PM)
in the absence of sulpiride. F, In 12 experiments (5 of which were performed in
the same slices as those shown in E and
the remainder of which were interleaved
with those shown in E), DA (75 pM) was
applied in the presence of 10 PM
sulpiride; the sulpiride did not block the
reduction
of the synaptic response
caused by DA.
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Figure 7, The Dl antagonist SCH23390
inhibits the synaptic actions of amphetamine and DA. A, A representative
current-clamp experiment in which 10
PM amphetamine was first applied in the
presence of 2 p,M SCH23390 and again
after washout of the SCH23390. A current injection of ~0.03 nA was used to
elicit the voltage deflections after the
EPSPs. B, Summary (n = 8) of experiments in which 10 FM amphetamine was
applied. C, Summary of experiments in
which 10 pM amphetamine was applied
in the presence of 2 WM SCH23390,
showing that SCH23390 blocked the effects of DA (n = 8, 6 of which were
performed in the same cells as those
shown in B and the remainder of which
were interleaved with them). D, A field
recording experiment in which 75 pM
DA elicited a depression of the synaptic
response that was sensitive to SCH23390
(10 PM). E, Summary (n = 14) of the
effects of 75 pM DA on the synaptic
response. F, In the same 14 experiments
as those shown in E, DA (75 FM) was
applied in the presence of 10 pM
SCH23390, which significantly reduced
the effects of DA.
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the Dl-like (consisting of the cloned Dla and Dlb receptors, also
known as Dl and D5) and the D2-like receptors (consisting of D2,
D3, and D4 receptors). Both Dl-like and D2-like receptors are
found in high concentrations in the NAc (Civelli et al., 1993), and
thus either subtype could mediate the synaptic actions of DA. To
begin the pharmacological characterization of the receptor responsible for the psychostimulant- and DA-induced depression of
synaptic transmission, we examined the effects of specific D2 and
Dl receptor antagonists (Figs. 6 and 7). Sulpiride (10 PM), an
antagonist specific for D%-like receptors (Civelli et al., 1993;
Sibley, 1995), did not reduce the synaptic depression elicited by
application of amphetamine (10 PM, p > 0.9) (Fig. U-C). This
lack of effect of sulpiride was observed in eight slices that were
exposed to both amphetamine alone (10 FM, 40 ? 2% of baseline,
p < 0.0001) (Fig. 6B) and amphetamine in the presence of
sulpiride (30 i 4% of baseline) (Fig. 6C). Sulpiride also did not
antagonize the depressant effect of DA (75 FM, p > 0.1) (Fig.
6D-F). In the absence of sulpiride, DA depressed the synaptic
response to 58 -C 8% of baseline (n = 8, p < 0.0001) (Fig. 6E),
whereas in the presence of sulpiride DA reduced the response to
65 +- 5% of baseline (n = 12, Fig. 6F). Therefore, neither
amphetamine nor DA seems to act through a D2-like receptor to
produce depression of excitatory synaptic transmission.
In contrast, the Dl receptor antagonist SCH23390 (Civelli et
al., 1993; Sibley, 1995) blocked the depressant action of both DA
and amphetamine (Fig. 7). Figure 7A shows an example of a cell
in which amphetamine (10 pM) had very little effect on the EPSP
in the presence of SCH23390 (2 PM), whereas it greatly reduced
the EPSP after wash-out of the SCH23390. Similar results from a
total of 10 cells are illustrated in Figure 7, B and C. In the absence
of SCH23390, amphetamine (10 PM) reduced EPSPs to 57 ? 4%
of baseline (n = 8,~ < O.OOOl),whereas in the presence of 2 pM
SCH23390, the EPSPs in amphetamine remained at 92 t- 8% of
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baseline (n = 8). The effect of amphetamine was therefore significantly reduced by SCH23390 (p < 0.001). As shown in the
example in Figure 70, SCH23390 antagonized the effects of DA
as well. On average, DA (75 PM) reduced the synaptic response to
51 5 4% of baseline when SCH23390 was not present (n = 14,
p < 0.0001) (Fig. 7E), whereas in the same slices it reduced the
response to only 81 t 5% of baseline in the presence of
SCH23390, a significant reduction in the degree of depression
caused by DA (p < 0.002) (Fig. 7F).
If psychostimulants and DA act through a Dl-like receptor to
depress synaptic transmission, then Dl but not D2 agonists should
mimic the depressant actions of amphetamine, cocaine, and DA.
6,7-ADTN (50 FM), a DA agonist that activates both Dl-like and
D2-like receptors, reduced the EPSP to 58 -t 8% of baseline
(n = 4, p < 0.02) (Fig. &I). In contrast, the D2-specific agonist
quinpirole (20 PM) did not significantly depress EPSPs (92 -t 7%
of baseline, II = 6,p > 0.2) (Fig. 8B). These results are consistent
with the involvement of a Dl-like receptor; however, the results
obtained with Dl agonists were less clear. Neither the partial Dl
agonist (+)-SKF38393 (30 PM, n = 6) (Fig. 8C) nor the full Dl
agonist (t)-SIG83297
(30 PM, n = 11) (Fig. SD) significantly
reduced EPSPs (103 5 5% of baseline,p > 0.5, and 93 ? 5% of
baseline,p > 0.1, respectively), despite the fact that these agonists
were used at concentrations exceeding their EC,,, values for
activation of Dl receptors, as determined by CAMP assays in
striatal tissue (Andersen and Jansen, 1990); however, 100 ELM
(?)-SKF38393 did reduce synaptic responses to 77 f 3% of
baseline (n = 6, p < 0.01) (Fig. 9A), and this effect was significantly antagonized (p < 0.02) by SCH23390 (10 FM, 94 + 10% of
baseline, n = 4) (Fig. 9B).
These pharmacological results are most consistent with the
hypothesis that activation of a Dl-like receptor is responsible for
the depression of synaptic transmission caused by psychostimu-
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lams and DA. Although the concentrations of Dl agonist required to observe the effect are high, there are reports of a
neurochemical effect in striatal slices with a pharmacological
profile very similar to that found here (Undie and Friedman, 1990,
1992; Undie et al., 1994) (see Discussion). To begin to test more
directly the role of specific Dl-like receptors, we next examined
the effects of DA on cortico-accumbens synaptic transmission in
slices prepared from mutant mice lacking Dla receptors (Xu et
al., 1994a,b).As illustrated in Figure 10, there was no difference in
the depressant effects of DA in slices prepared from the mutant
mice when compared with slices prepared from wild-type control
mice (p > 0.9). DA (75 pM) reduced the EPSP to 73 5 14% of
baseline in the wild-type mice (n = 5,~ < 0.003) (Fig. lOA,C) and
to 73 -C6% of baseline in the mice lacking Dla receptors (n = 9)
(Fig. 10&C). Thus, Dla receptors are not essential for the DAinduced reduction in excitatory synaptic transmission in the NAc.
In the VTA, activation of Dl-like receptors on the terminals of
GABA-containing afferents facilitates evoked GABA release
(Cameron and Williams, 1993). If DA has similar actions in the
NAc, then its depressant effects on excitatory synaptic transmission conceivably could be indirect and attributable to a Dl
receptor-mediated increase in extracellular GABA levels. This
would result in activation of presynaptic GABA, receptors, which
inhibit excitatory synaptic transmission in the NAc (Uchimura and
North, 1991). To test whether such a mechanism accounts for the
effects of DA on excitatory synaptic transmission, we applied DA
(75 PM) to six slices, first in the absence and then in the presence
of the GABA, receptor antagonist CGP35348 (500 FM). Responseswere depressedby DA to the same extent whether or not
the antagonist was present (65 -C6% of baseline for control, 66 -C
6% of baseline in the presence of CGP35348,p > 0.5), indicating
that GABA, receptors are not involved in the observed effects
of DA.
Because psychostimulants can increase the extracellular levels
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Figure 8. A broad-spectrumDA agonist reduces the EPSP, whereas specific
Dl and D2 agonists do not. A, The DA
agonist 6,7-ADTN (50 pM) reversibly reduced the initial slope of the EPSP, as
shown by an example (top) and a summary of four experiments (bottom). B, A
representative experiment (top) demonstrates that the D2 agonist quinpirole (20
FM)
had no effect on the EPSP initial
slope, whereas 7.5 FM DA reduced the
EPSP; the lack of effect of quinpirole is
summarized in the bottom graph (n = 6
cells). C, The partial Dl agonist (+)SKF38393 (30 PM) did not reduce the
EPSP initial slope in a typical cell,
whereas a reduction could be obtained
by 75 PM DA (top); the bottom graph
summarizes the effects of (+)-So38393
(n = 6 cells). D, An example demonstrating that the full Dl agonist (I!)SKF81297 (30 g.M) did not reduce the
initial slope of the EPSP, whereas 75 PM
DA did (top); the bottom graph summarizes the effects of (-t)-SKF81297 (n =
11). The current injection used to obtain
the voltage deflections in all the cells
depicted in this figure was -0.03 nA.

of monoamines other than DA (Cunningham et al., 1992; Seiden
et al., 1993) and DA can act on non-DA receptors (Malenka and
Nicoll, 1986; Goldberg, 1972), we were concerned that non-DA
receptors may have contributed to the observed effects of psychostimulants and DA agonists. We therefore examined the effects of
two monoamine neurotransmitters that might be expected to
contribute to the actions of psychostimulants. Norepinephrine
(100 pM) reduced synaptic responses to 73 f 3% of baseline
(n = 11, p < O.OOOl),an effect that was abolished by the
a-adrenergic antagonist phentolamine (10 PM) (98 ? 2% of
baseline, n = 5, p > 0.05, Student Newman-Keuls test) but not
affected by the /3-adrenergic antagonist propranolol(l0 PM) (73 -C
4% of baseline, n = 7, p < 0.05, Student Newman-Keuls test);
however, phentolamine (10 PM) did not antagonize the reduction
in synaptic responses caused by amphetamine (10 PM) (51 k 7%
of baseline for amphetamine alone, n = 7; 63 ? 10% of baseline
for amphetamine in the presence of phentolamine, n = 7;p > 0.05
for the effect of phentolamine on amphetamine). Serotonin (2
PM) also caused a decrease in synaptic responses (81 -C 7% of
baseline, n = 7), but this decreasewas not reduced by SCH23390
(10 pM) (50 ? 8% of baseline, n = 5) at the concentration that
antagonized the effects of amphetamine and DA (Fig. 7). It is
therefore unlikely that activation of adrenergic or serotonergic
receptors are important in mediating the psychostimulantinduced depression of synaptic transmission in the NAc.
As a final test of the importance of DA in mediating the
effects of the psychostimulants, we examined the consequences
of lesioning the dopaminergic pathway from the VTA into the
NAc by injecting 6-OHDA into the medial forebrain bundle of
one hemisphere. Such lesions cause dopaminergic axons and
terminals to degenerate within 4 d after the injection (Ungerstedt, 1971). If amphetamine causes a synaptic depression by
releasing DA from dopaminergic terminals, then eliminating
these terminals should block the synaptic actions of amphet-
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Figure 9. A higher concentration of a Dl agonist reduces the synaptic
response,and this effect is antagonized by SCH23390.A, As shown in an
example (fop) and a summary of six experiments (bottom), 100 PM (t)SKF38393depressedsynaptic responses.B, SCH23390 (10 PM) blocked the
reduction in the synaptic responsecausedby 100PM (?)-SKF38393, as shown
in an example (top) and a summary (bottom) of four experiments (each of
which was performed in the same slices as those summarized in A).

amine. Before preparing slices from 6-OHDA-lesioned
animals, we examined the apomorphine-induced
increase in rotation behavior, a standard behavioral assay that tests for the
effectiveness of a lesion in the nigro-striatal pathway (Hefti et
al., 1979). All three of the 6-OHDA-treated
animals exhibited
a strong tendency to rotate to the side opposite the lesion, with
the average turning rate being 3.1 turns/min for the 5 min
beginning 15 min after the injection of apomorphine (1 mg/kg,
i.p.). Unlesioned control rats treated with the same dose of
apomorphine did not rotate in either direction (n = 2). These
results indicate that the 6-OHDA injections were effective in
lesioning a significant proportion
of DA-containing
fibers
(Hefti et al., 1979). Figure 11, A and B, illustrates that the
effect of amphetamine on synaptic transmission could be reduced drastically in slices prepared from the lesioned hemisphere when compared with its effects in slices prepared from
the contralateral,
control hemisphere. On average, amphetamine (5-10 PM) caused a significantly greater reduction (p <
0.03) in the synaptic responses in slices prepared from unle-

5
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15
Time (min)

Figure 10. DA reduces the EPSP to the same extent in slices taken from
mutant mice lacking Dla receptors and in slices taken from control mice.
A, In a cell from a wild-type control mouse, 75 PM DA reduced the initial
slope of the EPSP. B, DA (75 PM) had similar effects in a cell from a Dla
mutant mouse. C, A summary of current-clamp recordings in cells from
wild-type mice (n = 5) and Dla knock-out mice (n = 9), demonstrating
that the reduction in the EPSP initial slope was nearly identical in mutant
and control mice. The current injections used to obtain the voltage
deflections after the EPSPs were ~0.03 nA in the traces shown in this
figure.

sioned hemispheres (27 ? 12% of baseline synaptic responses,
II = 6) (Fig. 13C) than in slices prepared from 6-OHDAlesioned hemispheres (58 2 10% of baseline, n = 8) (Fig. 11C).
These results provide additional evidence indicating that the
effects of amphetamine on cortico-accumbens
synaptic transmission are in large part attributable to the release of DA from
DA-containing
terminals.

DISCUSSION
The NAc is an important site of action for drugs of abuse,
including
the psychostimulants
amphetamine
and cocaine
(Koob and Bloom, 1988; Nestler, 1992). The behavioral and
addictive properties of these drugs are thought to be attributable in large part to their interactions with DA-containing
nerve terminals (Robinson and Berridge, 1993; Kalivas and
Stewart, 1991). There is also accumulating evidence from behavioral studies that glutamate receptors are important in
mediating the behavioral
effects of psychostimulants
(Pul-
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Unilateral lesions of dopaminergic afferents to the nucleus
accumbens diminish the synaptic actions of amphetamine. A, In a slice
taken from the unlesioned hemisphere, 5 FM amphetamine caused a large
reduction in the synaptic response. B, In a slice taken from the same rat,
but from the hemisphere that had sustained a 6-OHDA lesion in the
medial forebrain bundle, 5 pM amphetamine had little effect. C, Summary
of experiments in which amphetamine was applied to slices from the
unlesioned hemispheres (5 pM, n = 3; 10 FM, n = 3) and 6-OHDA
lesioned hemispheres (5 pM, IZ = 4; 10 pM, n = 4) of three rats.
Figure 11.

virenti et al., 1991; Karler and Calder, 1992; Kelley and
Throne, 1992; Wolf and Jeziorski, 1993; Bristow et al., 1994;
Wolf et al., 1994). We therefore thought it important to examine in detail the effects of psychostimulants and DA on excitatory synaptic transmission in the NAc. Our results demonstrate
that cocaine, amphetamine,
and DA each depress synaptic
transmission between prelimbic cortex and cells in the core
region of the NAc. In general, these results agree with previous
studies which found that excitatory transmission in the NAc is
reduced by DA (Yang and Mogenson, 1984; DeFrance et al.,
1985b; Yim and Mogenson, 1988; Higashi et al., 1989; Pennartz
et al., 1992a; O’Donnell and Grace, 1994).
An important finding of the present study is that a presynaptic mechanism seems to be responsible for the depressant
action of DA and amphetamine on cortico-accumbens
synaptic
transmission. This conclusion follows from the finding that
mEPSC frequency but not mEPSC amplitude is reduced by the
application of DA or amphetamine. Consistent with this con-
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clusion, the magnitude of PPF at the cortico-accumbens
synapse was increased by DA (see also Higashi et al., 1989;
Pennartz et al., 1992a). The NAc receives excitatory inputs
from several brain regions other than the prelimbic cortex
(Pennartz et al., 1994), and the mEPSC distributions are likely
to reflect this diversity in excitatory afferent input. Thus, the
presynaptic actions of the psychostimulants and DA are probably not limited to the terminals of prelimbic afferents but may
also act on other excitatory inputs to the NAc.
It is important to note that in neostriatal cells DA can modify
several voltage-dependent
conductances (Calabresi et al., 1987;
Schiffmann et al., 1995; Surmeier et al., 1995), an effect that
postsynaptically may alter the integration of synaptic potentials.
DA acting on Dl-like receptors has also been reported to modulate NMDA receptor-mediated currents directly (Cepeda et al.,
1993). Because cells in our experiments were held at negative
membrane potentials (-80 to -90 mV), such postsynaptic effects
would not have been observed.
Psychostimulants block the reuptake of DA (Kuhar et al., 1991)
or, as is the case with amphetamine, actively reverse the reuptake
pump so that DA is released from dopaminergic terminals even in
the absence of activity in the nerve terminal (Seiden et al., 1993;
Sulzer et al., 1995). Thus it is not surprising that many previous
studies in the NAc, both in vivo and in vitro, have also demonstrated that pyschostimulants produce effects that are similar to
those of DA (Uchimura et al., 1986; White and Wang, 1986;
Higashi et al., 1989; Uchimura and North, 1990; Henry and White,
1992; White et al., 1993). Anatomical studies indicate that the
terminals of dopaminergic afferents to the NAc do not make
axoaxonic contacts on excitatory afferents but instead form the
majority of their synapses on distal dendritic spines of medium
spiny neurons (for review, see Smith and Bolam, 1990). These
same dendritic spines receive input from excitatory afferents
(Freund et al., 1984; Sesack and Pickel, 1990) including those
from prefrontal cortex (Sesack and Pickel, 1992). Thus, the
psychostimulant-induced
increase in extracellular DA level must
be sufficient to allow DA to diffuse away from the site of direct
synaptic contact and interact with presynaptic receptors on the
terminals of cortical afferents, which are usually <l pm away.
Consistent with this idea is recent work in the NAc which suggests
that DA routinely escapes from the synaptic cleft during dopaminergic synaptic transmission and can in fact readily diffuse to
extrasynaptic sites >l pm away (Garris et al., 1994). DA released
from dopaminergic terminals in the NAc may therefore act in a
paracrine fashion, similar to the extrasynaptic modulatory actions
of DA in the vertebrate retina (Dowling, 1991).
The pharmacological analysis of the synaptic actions of DA and
psychostimulants indicates that the receptor mediating the decrease in transmitter release may be atypical. The Dl-like receptor antagonist SCH23390, but not the D%-like antagonist
sulpiride, inhibited the actions of DA and amphetamine. Consistent with these results, the D2 agonist quinpirole did not depress
synaptic transmission, whereas 6,7-ADTN, an agonist for both
Dl-like and D2-like receptors, mimicked the actions of DA and
the psychostimulants. However, neither (-)-SKF38393 nor (?)SKF81297 at a concentration higher than the EC,, for adenylate
cyclase-coupled Dl-like receptors (Andersen and Jansen, 1990)
induced an appreciable depression of synaptic transmission. Furthermore, coapplication of SKF81297 and quinpirole had no
significant effect (data not shown). Surprisingly, when we applied
higher concentrations (100 PM) of (?)-SKF38393, a synaptic
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depression, which was blocked by the Dl antagonist SCH23390,
was observed.
A receptor with a similar pharmacological profile has recently
been identified in striatal tissue and found to be coupled to
phosphoinositide hydrolysis (Mahan et al., 1990; Undie and Friedman, 1990, 1992; Undie et al., 1994). The observed effects of
psychostimulants and DA on synaptic transmission may be the
result of activation of this receptor, or of the activation of a
classical Dl-like receptor that has been modified such that its
binding to certain agonists is adversely affected. The finding of a
normal effect of DA on synaptic transmission in slices from
mutant mice lacking Dla receptors (Xu et al., 1994a,b), however,
rules out the possibility that the Dla receptor is required. Several
other Dl-like receptors have been identified (Sibley, 1995) but
examination of the precise role of these in the NAc will depend on
the development of more specific pharmacological agents or the
generation of additional knockout mice.
In addition to influencing extracellular DA levels, psychostimulants can alter the reuptake of norepinephrine
and serotonin
(Cunningham et al., 1992). Thus we considered the possibility that
these other monoamines contributed to the observed effects of
amphetamine on synaptic transmission. Both norepinephrine and
serotonin were found to depress synaptic transmission in the NAc.
The cu-adrenergic receptor antagonist phentolamine, however,
completely inhibited the effect of norepinephrine yet had no effect
on the depression of synaptic transmission caused by amphetamine. Similarly, SCH23390 blocked the effects of amphetamine
and DA but did not reduce the effects of serotonin. Thus the
synaptic actions of amphetamine do not seem to involve other
monoamines and are likely mediated predominantly by DA. In
agreement with this conclusion, we found that lesioning the dopaminergic afferents from the VTA to the NAc with 6-OHDA
(Ungerstedt, 1971) significantly reduced the effectiveness of amphetamine. The fact that the amphetamine effect was not completely abolished by injections of 6-OHDA can be attributed to
combined
with
denervation
incomplete
lesions perhaps
supersensitivity.
Taken together, the present results indicate that psychostimulants and DA depress cortico-accumbens synaptic transmission by
a presynaptic mechanism that involves a DA receptor with some
properties in common with the Dl family, most notably antagonism by SCH23390. Previous investigations have yielded conflicting results concerning whether Dl-like receptor activation inhibits
cortico-accumbens synaptic transmission (Higashi et al., 1989;
Pennartz et al., 1992a; O’Donnell and Grace, 1994). Our findings
of an atypical pharmacological profile similar but not identical to
the classical Dl-like receptors may help to explain the differing
results. Evidence is accumulating that Dl-like receptors can modulate transmitter release in several regions other than the NAc,
including inhibitory synapses in the VTA (Cameron and Williams,
1993) as well as excitatory synapses in the entorhinal cortex
(Pralong and Jones, 1993) and prefrontal cortex (Law-Tho et al.,
1994; Williams and Goldman-Rakic, 1995). Each of these areas
receives dopaminergic afferents from the VTA. Thus, one general
function of the mesolimbic DA system may be to exert an inhibitory modulation of synaptic transmission in target areas via
SCH23390-sensitive Dl-like DA receptors. In contrast, DA autoreceptors, which function to modulate DA release from dopaminergic neurons, exhibit properties characteristic of D2-like receptors (Wolf and Roth, 1987).
In viva single-unit recording has demonstrated that activation of Dl receptors in the NAc with either DA agonists or
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psychostimulants
depresses single-unit
activity (White and
Wang, 1986; White et al., 1993) an effect that, like the one
reported here, may not involve a classic Dl receptor (Johansen
et al., 1991). Repeated administration
of cocaine causes a
persistent enhancement of this Dl receptor-mediated
depressant effect (Henry and White, 1991). These results have been
interpreted as being attributable
to activation of postsynaptic
Dl receptors and changes in their sensitivity after chronic
cocaine treatment (Henry and White, 1991, 1992). The present
results suggest that decreases in the level of excitatory input to
the NAc attributable
to activation of presynaptic Dl-like receptors may also contribute to the inhibition of firing of NAc
cells induced by DA and pyschostimulants in vivo.
All areas of the cerebral cortex project to the striatum topographically such that the dorsal striatum receives a predominant
input from sensorimotor cortical areas and the ventral striatum
(i.e., NAc) receives inputs primarily from limbic-related areas
(Alexander et al., 1986; Gerfen, 1992). If as suggested by this and
previous studies (Malenka and Kocsis, 1988; Surmeier et al., 1993;
Hersch et al., 199.5) the presynaptic action of DA to depress
excitatory cortical inputs is limited to the ventral striatum, however, release of DA attributable to activity in the VTA will modify
the integration of afferent information by medium spiny neurons
in the NAc in a manner different from that which occurs in the
dorsal striatum during activity in the substantia nigra. To determine whether this differential action of DA contributes to the
behavioral and rewarding effects of psychostimulants will require
a more complete understanding of the actions of DA in the NAc
and dorsal striatum.
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