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Abstract

Postsynaptic interactions between dopamine and glutamate
receptors in the nucleus accumbens are critical for acute
responses to drugs of abuse and for neuroadaptations
resulting from their chronic administration. We tested the
hypothesis that D; dopamine receptor stimulation increases
phosphorylation of the AMPA receptor subunit GluR1 at the
protein kinase A phosphorylation site (Ser845). Nucleus
accumbens cell cultures were prepared from postnatal day
1 rats. After 14 days in culture, GluR1 phosphorylation was
measured by western blotting using phosphorylation
site-specific antibodies. The D4 receptor agonist SKF 81297
increased Ser845 phosphorylation in a concentration-
dependent manner, with marked increases occurring within
5 min. This was prevented by the D, receptor antagonist

SCH 23390 and the protein kinase A inhibitor H89, and
reproduced by forskolin. The D, receptor agonist quinpirole
attenuated the response to D4 receptor stimulation. Neither D4
nor D, receptor agonists altered GluR1 phosphorylation at
Ser831, the site phosphorylated by protein kinase C and
calcium/calmodulin-dependent protein kinase Il. In other
systems, phosphorylation of GluR1 at Ser845 is associated
with enhancement of AMPA receptor currents. Thus, the
present results suggest that AMPA receptor transmission in
the nucleus accumbens may be augmented by concurrent D4
receptor stimulation.
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The nucleus accumbens occupies a key position in the neural
circuitry of motivation and reward. The two major cell types in
the nucleus accumbens are interneurons ( 10%) and medium
spiny GABAergic neurons ( 90%) (Meredith and Totterdell
1999). The latter are the output neurons of the nucleus
accumbens and receive convergent synapses from dopamine
(DA) and glutamate terminals (Sesack and Pickel 1990). The
DA inputs originate from the ventral mesencephalon, while
the excitatory glutamatergic inputs originate from prefrontal
cortex and from limbic regions, such as the ventral subiculum
region of the hippocampus and the basolateral nucleus of the
amygdala. Medium spiny neurons integrate these signals and
send projections to motor regions in the ventral pallidum and
ventral mesencephalon (reviewed by Groenewegen et al.
1999; Kelley 1999). Based on this connectivity and on
functional studies, Mogenson (1987) suggested that ‘an
accumbens dopamine-dependent gating mechanism appears
to have a role in translating the motivational determinants of
behavior, mediated by the limbic system, into actions...’
Recent work has focused on the role of the nucleus
accumbens in drug addiction. Postsynaptic interactions

between DA and glutamate receptors on medium spiny
neurons are critical for both acute and chronic effects of
cocaine and amphetamine (White and Kalivas 1998; Wolf
1998). Electrophysiological studies suggest that DA recep-
tors exert neuromodulatory effects on glutamate-mediated
synaptic responses (see Discussion). However, relatively
little is known about the cellular mechanisms that enable
activation of one receptor family to influence the function of
the other. Recent studies in the dorsal striatum suggest that
one mechanism may involve regulation of glutamate receptor
phosphorylation by DA receptors (Blank et al. 1997; Snyder
et al. 1998; Price et al. 1999; Yan et al. 1999; Snyder et al.
2000).
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The present study focused on the question of whether D,
receptor stimulation regulates phosphorylation of the AMPA
receptor subunit GluR1 in primary cultures prepared from
postnatal rat nucleus accumbens. GluR1 is expressed by most
medium spiny neurons in the adult striatal complex (Bernard
et al. 1997; Chen et al. 1998) and in our primary culture
system (Chao efal. 1999). Protein kinase A (PKA)
phosphorylates GluR1 at Ser845, while calcium/calmodulin-
dependent protein kinase II and protein kinase C phosphory-
late Ser831 (Roche et al. 1996, Barria et al. 1997; Mammen
et al. 1997). Phosphorylation by PKA enhances AMPA
receptor currents (Greengard ef al. 1991; Wang et al. 1991;
Blackstone et al. 1994; Rosenmund et al. 1994; Roche et al.
1996; Banke et al. 2000). Recently, D; receptors, which
stimulate PKA activity, have been reported to enhance
AMPA receptor currents in dorsal striatal neurons via a PKA-
dependent mechanism (Price ef al. 1999; Yan et al. 1999;
Snyder efal. 2000). Since D; receptors in the
nucleus accumbens stimulate PKA activity, we hypothesized
that D; receptor activation would lead to increased
phosphorylation of GluR1 at Ser845. This was tested
using phosphorylation site-specific antibodies to assess
GluR1 phosphorylation (Mammen et al. 1997).

Materials and methods

Postnatal nucleus accumbens cultures

Postnatal nucleus accumbens cells were cultured according to
methods modified from Shi and Rayport (1994). Postnatal (P1) rats
were anesthetized by hypothermia. Brains were removed into ice-
cold phosphate-buffered saline (PBS). The forebrain was split
sagitally at the midline. With the medial surface facing up, a 16G
sharp-edged cannula was used to punch out a cylinder of tissue
containing the accumbens, using the anterior commissure to define
its peripheral border (caudal/dorsal). The lateral one-third of the
cylinder (cortex) and the medial one-quarter (using the lateral
ventricle as a landmark) of the cylinder were removed using a scalpel
blade. The middle portion was transferred to ice-cold CMF solution
(calcium- and magnesium-free PBS with 0.5% gentamicin, 1%
fungizone and 0.5% glucose) and bubbled with O, continuously.
Tissue was rinsed with cold CMF and dissociated using papain
(20-25 units/mL; Worthington, Lakewood, NJ, USA) for
15-20 min at 37 C, followed by trituration with a Pasteur pipette
and a 22G needle. Cells were filtered through fetal bovine serum
before plating at 400 000 cells/mL (120 000 cells/cm®) on
poly-p-lysine-coated culture plates with B27 (1/50; Gibco, Grand
Island, NY, USA) supplemented NeuroBasal growth medium (Gibco;
2 mmM glutamine, 0.5% gentamicin, and 25 pum glutamate). Medium
was replaced with glutamate-free NeuroBasal growth medium 24 h
later. Then, half of the medium was replaced every 4 days.
Experiments were performed after approximately 2 weeks in culture.

Western blots
Cultures were scraped into ice-cold buffer containing 20 mm NaPO,
(pH 7.2), 150 mm NaCl, 10 mm EDTA, 10 mm EGTA, 10 mm
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NaPPi, 50 mm NaF, | mm Na3;VO,, 1 um okadaic acid in dimethyl
sulfoxide (DMSO), and 1/200 Protease Inhibitor Cocktail Set III
(Calbiochem, San Diego, CA, USA). Homogenates were obtained
by sonicating culture suspensions three times for 5 s each time on
ice and centrifuging at 12 000 g for 5 min. Crude membrane pellets
were resuspended in homogenization buffer and centrifuged at the
same speed again. Protein concentration was determined by the Bio-
Rad assay. Samples were loaded onto 8% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) gels (5-10 pg
protein/lane). Preliminary experiments demonstrated that these
amounts were in the linear range as determined by densitometric
analysis (data not shown). Gels were transferred to Hybond ECL
nitrocellulose membrane (Amersham, Piscataway, NJ, USA) for
immunoblotting.

Immunoblot analysis

Nitrocellulose membranes were rinsed in distilled H,O and in 0.1%
Tween-20 in PBS (PBS-T). They were then blocked with 2% bovine
serum albumin for 1-3 h at room temperature, incubated with the
phosphorylation site-specific antibodies (P-845, 1/300; P-831,
1/1000) or other antibodies overnight at 4 C, washed with PBS-T,
incubated for 60 min with horseradish peroxide-conjugated anti-
rabbit IgG (1/10 000; Chemicon, Temecula, CA, USA), and
washed. After final washes in PBS-T, membranes were rinsed in
PBS, immersed in chemiluminescence (ECL) detecting reagent (for
60 s) and exposed to HyperFilm ECL film (for 5 s to 20 min).
Phosphorylation site-specific antibodies were stripped from the
membrane by incubating in 62.5 mm Tris (pH 6.8), 2% SDS, and
100 mm 2-mercaptoethanol at 65 C for 60 min. Blots were then
probed with a phosphorylation-independent antibody to GluRl1
(1/200; Chemicon) to verify that changes in P-845 GIuR1 are not
attributable to a change in total GluR1 levels. Blots were also probed
with antibody to actin (1/5000; Calbiochem, San Diego, CA, USA)
as a loading control. The optical density of each band was
determined using MOLECULAR ANALYST software (BioRad, Hercules,
CA, USA). The relative amount of GIluR1 phosphorylation is
expressed as the ratio of the signal obtained with the phosphory-
lation site-specific GluR1 antibody to that obtained with the
phosphorylation-independent GluR1 antibody (P-845/GluR1) or
with antibody to actin (P-845/actin). Groups were compared by
Kruskal-Wallis one-way anova on Ranks followed by a Tukey test
(for multiple comparisons) or a Dunnett’s test (for comparison of
experimental groups to control group). Significance was set at
p <0.05.

Results

Time—course and concentration-dependence

of D, receptor-mediated GluR1 phosphorylation

To determine the effect of D; receptor stimulation on
phosphorylation of the AMPA receptor subunit GluR1, we
added the D; receptor selective agonist SKF 81297 to
nucleus accumbens cultures, extracted membrane protein,
and performed western analysis using an antibody recogni-
zing GluR1 phosphorylated at the PKA site (P-845 antibody;
Mammen et al. 1997). The total amount of GIuR1 was
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Fig. 1 The D receptor agonist SKF 81297 produced a rapid increase
in GluR1 phosphorylation at the PKA site. SKF 81297 was added to
cultures for the indicated time at a concentration of 1 pum. Cultures
were homogenized and membrane protein was extracted for western
analysis with antibody selective for GluR1 phosphorylated at the PKA
site (P-845). Blots were also probed with a phosphorylation-inde-
pendent antibody to measure total GluR1 and with antibody to actin.
The ratios of P-845/total GIuR1, P-845/actin and total GluR1/actin
were determined for each sample and normalized to the control group
ratio. Triplicates were run for each condition and data are plotted as
the mean + SEM. Analysis of P-845/GluR1 data using a Kruskal—
Wallis one-way anova on ranks indicated no significant effect of time
(F4,10 = 2.66, p = 0.10) because the effect was maximal at the first
incubation time. However, a t-test indicated a significant difference
between the control group and the 5-min SKF group (p < 0.05).
Representative blots are shown.

determined with a phosphorylation-independent antibody. In
all experiments, triplicates of each condition were loaded
onto the same gel for direct comparison. To enable compar-
ison of different blots with variable exposure times, results
from experimental groups were normalized to the mean of
control lanes from the same gel.

In the first experiment, shown in Fig. 1, cultures were
incubated with 1 pm SKF 81297 for different lengths of time
(5-60 min). Results were expressed as the ratio of GluRl1
phosphorylated at Ser845 to total GluR1 (P-845/GluR1).
This ratio increased to 183 + 25% of control levels within
5 min (p < 0.05 compared with control) and remained at
approximately this level for 60 min. The ratio of total GluR1
to actin remained constant throughout the experiment,
verifying that SKF 81297 did not influence total levels of
GluR1 protein in the cultures.

In the second experiment, increasing concentrations of
SKF 81297 (0.1 nm to 100 pum) were applied to cultures for
15 min (Fig. 2). An equivalent amount of vehicle (water)
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Fig. 2 The D, receptor agonist SKF 81297 produced a concentration-
dependent increase in GIuR1 phosphorylation at the PKA site
(Ser845). SKF 81297 (0.1 nm, 10 nm, 1 um, 10 pum, or 100 pm) was
added to cultures for 15 min. The ratios of P-845/total GIuR1,
P-845/actin and total GluR1/actin were determined for each sample
and normalized to the control group ratio. Triplicates were run for each
condition. Data are plotted as the mean + SEM. Analysis of
P-845/GluR1 data using a Kruskal-Wallis one-way anova on ranks
indicated a significant effect of concentration (Fs15= 31.0,
p < 0.001). Post-hoc analysis indicated that all concentrations of
SKF 81297 except 0.1 nm were significantly different from the control
(Dunnett’s test, p < 0.05). Representative blots are shown.

was added to control wells. At concentrations as low as
10 nm, SKF 81297 produced a marked increase in GluR1
Ser845 phosphorylation (176 £ 13% of control; p < 0.05
compared with control). Phosphorylation was maximal at
10 pm SKF-81297 (281 + 22% of control), as a 10-fold
higher concentration of SKF 81297 (100 pum) had no further
effect (291 + 26% of control). The ratio of total GIuR1 to
actin did not change with any concentration of SKF 81297
tested.

Pharmacology of DA receptor-mediated regulation

of GluR1 phosphorylation

To determine if the effect of SFK 81297 was mediated by D,
receptors, experiments were performed with the D; receptor
antagonist SCH 23390. As shown in Fig. 3, incubation with
1 um SKF 81297 for 15 min produced a marked increase
(188 = 10%; p < 0.05 compared with control) in GluRl1
Ser845 phosphorylation. This effect was completely blocked
by pre-treating the cultures for 5 min with SCH 23390
(99 + 8% of control; p < 0.05 compared with SKF 81297
alone). SCH 23390 alone did not produce any effect on
GluR1 Ser845 phosphorylation (104 + 6% of control). As a
positive control for phosphorylation of GluR1 at the PKA
site (Ser845), we used the adenylyl cyclase activator
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Fig. 3 The D receptor antagonist SCH 23390 reversed the increase
in GIuR1 Ser845 phosphorylation produced by the D; agonist
SKF 81297. Cultures were incubated with 1 um SKF 81297 for 15 min,
either with or without a 5-min pre-treatment with 10 um SCH 23390.
Forskolin (10 pm in DMSO) was used as a positive control. The ratios
of P-845/total GIuR1, P-845/actin and total GluR1/actin were deter-
mined for each sample and normalized to the control group ratio.
Samples were run in triplicate (or greater) for each condition. Data are
plotted as the mean + SEM. Analysis of P-845/GluR1 data using a
Kruskal-Wallis one-way anova on ranks indicated significant group
differences (F3g = 19.28, p < 0.001). The SKF and forskolin groups
differed significantly from the control group (Tukey test; p < 0.05). In
addition, the SKF group differed significantly from the SKF/SCH group
and from the SCH-only group (Tukey test; p < 0.05). Representative
blots are shown.

forskolin (10 pm). Forskolin produced more than a threefold
increase in GluR1 Ser845 phosphorylation, regardless of
whether results were expressed as P-845/GluR1 (383 £ 32%
of control) or P-845/actin (356 + 76% of control), and had
no effect on total GluR1 levels in the membrane fraction
compared with actin (89 £ 15% of control).

The D, receptor agonist quinpirole was also applied to the
cultures to study its effect on GluR1 phosphorylation
(Fig. 4). With 1 pm quinpirole alone, phosphorylation of
GluR1 at Ser845 was not changed significantly (94 £+ 6% of
control). However, when applied with SKF 81297, quinpi-
role significantly attenuated the effect of SKF 81297 on
GluR1 Ser845 phosphorylation (158 + 5% of control com-
pared with 205 + 5% with SKF alone; p < 0.05).

D; receptors modulate GluR1 phosphorylation

at the PKA site

To verify that the D, receptor-mediated increase in GluR1
phosphorylation involves the PKA pathway, the PKA
inhibitor H89 was applied to cultures. As shown in Fig. 5,
pre-treatment with 20 pmv H89 for 5 min completely
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Fig. 4 The D, receptor agonist quinpirole (1 pm) attenuated the
increase in GIuR1 phosphorylation produced by the D, agonist
SKF 81297. Cultures were incubated with 1 um SKF 81297 for 15 min,
either with or without a 5-min pre-incubation with quinpirole. The ratios
of P-845/total GluR1, P-845/actin and total GluR1/actin were deter-
mined for each sample and normalized to the control group ratio.
Triplicates were run for each condition. Data are plotted as the
mean + SEM. Analysis of P-845/GluR1 data using a Kruskal-Wallis
one-way ANOvA on ranks indicated significant group differences
(Fsg = 110.0, p < 0.001). The SKF and SKF/Quin groups differed
significantly from the control group, and the SKF/Quin group differed
significantly from the SKF group (Tukey test; p < 0.05).
Representative blots are shown.

blocked the effect of SKF 81297 on GIuR1 Ser845
phosphorylation (200 + 18% of control for SKF alone vs.
58 £3% for SKF/H89; p < 0.05). We also examined
whether DA receptors influence phosphorylation of GluR1
at the site phosphorylated by calcium/calmodulin-dependent
protein kinase II and protein kinase C using a Ser831
phosphorylation site-specific antibody (Mammen et al.
1997). We found no significant changes in the ratio of
GluR1 phosphorylated at Ser831 to total GluR1 (P-831/
GluR1) after 30 min of incubation with SKF 81297
(10 um; 1024 £3.2% of control), quinpirole (10 um;
95.4 £ 3.9% of control), SCH 23390 (10 pum; 90.3 + 5.6%
of control), or the D, receptor antagonist eticlopride
(10 pum; 83.5 + 4.4% of control).

Discussion

Our results show that GluR1 is phosphorylated at the PKA
site by stimulation of D; receptors in nucleus accumbens
neurons. The response is robust ( twofold maximal
increase), sensitive (evident at 10 nm SKF 81297), and D,
DA receptor-specific (blocked by SCH 23390). It is selective
for the PKA site, because no changes are observed at the
site phosphorylated by protein kinase C and calcium/
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Fig. 5 The PKA inhibitor H89 inhibited basal and D, receptor-stimu-
lated phosphorylation of GluR1. H89 (20 um) was added to cultures
with or without SKF 81297. The ratios of P-845/total GIuR1,
P-845/actin and total GluR1/actin were determined for each sample
and normalized to the control group ratio. Triplicates were run for each
condition. Data are plotted as the mean + SEM. Analysis of
P-845/GluR1 data using a Kruskal-Wallis one-way anova on ranks
indicated significant group differences (F, s = 35.58, p < 0.001). The
SKF and SKF/H89 groups differed significantly from the control group,
and the SKF/H89 group differed significantly from the SKF group
(Tukey test; p < 0.05). Representative blots are shown.

calmodulin-dependent protein kinase II (Ser831). In other
systems, phosphorylation of GluR1 at the PKA site has been
shown to enhance AMPA receptor currents (see Introduct-
ion). Thus, our results suggest a potential mechanism to
account for synergistic interactions between DA and AMPA
receptors in the nucleus accumbens.

DA and AMPA receptors in nucleus accumbens
primary cultures
In characterizing our system, we performed double immuno-
fluorescence staining studies on fixed cultures (Chao et al.
1999). First, we showed that the vast majority of neurons
(identified with BIII tubulin) express glutamic acid decarb-
oxylase, in agreement with work showing that medium
spiny GABAergic neurons comprise 90% of the neurons
in adult rat nucleus accumbens (Meredith and Totterdell
1999) and nucleus accumbens cultures (Shi and Rayport
1994). Second, double staining for GluR1 and BIII tubulin
indicated that GIuR1 is present in nearly all neurons,
consistent with in vivo results (Chen et al. 1998). Third,
double staining for D; or D, receptors and PIII tubulin
indicated the presence of each DA receptor subtype on
80% of our cultured neurons, again consistent with
published findings (Rayport and Sulzer 1995; Shetreat
et al. 1996). In summary, almost all neurons in the cultures
are GABAergic medium spiny neurons expressing GluR1,

and many also express D; or D, receptors. Thus, our
results probably reflect interactions between D; receptors
and GluR1 at the single cell level.

D, receptor-mediated potentiation of AMPA

receptor currents

Prior studies in hippocampal neurons, cortical neurons and
transfected cells have shown that activation of PKA
increases AMPA receptor currents (Greengard et al. 1991,
Wang et al. 1991; Blackstone et al. 1994; Rosenmund et al.
1994; Roche et al. 1996). In studies of the dorsal striatum,
D, receptor stimulation enhanced AMPA receptor currents
through a PKA-dependent mechanism in acutely dissociated
neurons (Yan et al. 1999) and cultured embryonic neurons
(Price et al. 1999). The mechanism involves an increase in
peak open probability of the AMPA receptor channel
(Banke et al. 2000). A study in mouse striatal slices
showed that D; receptor stimulation increased GluR1
phosphorylation at Ser845 and that in vivo treatment with
cocaine or methamphetamine similarly increased GluR1
phosphorylation, but AMPA receptor currents were not
examined (Snyder et al. 2000). The present study is the first
to demonstrate that D; receptors enhance GluR1 phos-
phorylation in the nucleus accumbens, and includes a more
thorough analysis of concentration-dependence and time—
course for D; receptor-mediated effects on GluR1 phos-
phorylation. Our study is also the first to report that D,
receptor agonists attenuate the increase in GluR1 phos-
phorylation produced by D; receptor agonists. This is
consistent with opposing effects of D; and D, receptors on
PKA (Stoof and Kebabian 1981). The only prior study to
examine this issue found no effect of D, receptor stimu-
lation on GIluR1 phosphorylation at Ser845 (Snyder et al.
2000). The latter study was performed in striatal slices,
where trans-synaptic effects of D, receptor activation could
have obscured direct interactions of D; and D, receptors at
the level of PKA.

Potential mechanisms for regulation of AMPA
receptors by D; receptors
The simplest explanation for our results is that D; receptor
stimulation activates PKA, thereby increasing phosphoryla-
tion of GluR1. However, another possibility is that PKA
activation leads to phosphorylation of DARPP-32, interfering
with dephosphorylation of GIuR1. The latter pathway
contributes to DA- and PKA-mediated increases in phos-
phorylation of GluR1 (Snyder et al. 2000) and the NMDA
receptor subunit NR1 (Blank ef al. 1997; Snyder et al.
1998). It is also implicated in long-term potentiation (LTP)
and long-term depression (LTD) in the corticostriatal path-
way (Calabresi et al. 2000).

In other experiments using postnatal nucleus accumbens
cultures, we have found that D; receptor stimulation
increases the surface expression of GluR1 both in medium
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spiny neurons and interneurons, an effect that is reproduced
by the adenylyl cyclase activator forskolin (Chao et al.
2000). Results in other systems support a relationship
between PKA activity and AMPA receptor reinsertion into
the membrane during recycling (Ehlers 2000). Together,
these findings suggest that D receptor stimulation increases
GluR1 surface expression by promoting AMPA receptor
recycling through a PKA-dependent mechanism. However,
many additional studies are necessary to define the relation-
ship between D; receptor-mediated effects on GluR1 phos-
phorylation and GluR1 surface expression in the nucleus
accumbens.

Functional significance of D; and AMPA receptor
interactions

Interactions between DA and glutamate receptors in the
striatal complex have been extensively studied by electro-
physiological methods. Both inhibitory and excitatory
effects of DA on glutamate-evoked activity have been
reported depending on the recording preparation, the
concentration of DA, and the subtypes of glutamate and
DA receptors activated (Chiodo and Berger 1986; Kiyatkin
and Rebec 1996; Hu and White 1997; Cepeda and Levine
1998). For example, while many studies using micro-
iontophoretic techniques have reported inhibitory effects of
D; receptor agonists on the glutamate-evoked activity of
striatal or nucleus accumbens neurons (e.g. White and
Wang 1986; Henry and White 1991), DA or D; agonists
applied at low ejection currents will facilitate excitatory
effects of glutamate in anesthetized rats (Chiodo and Berger
1986; Hu and White 1997) and in freely moving rats
(Kiyatkin and Rebec 1996). The membrane potential of the
striatal neuron, set by the level of afferent drive, is also a
critical factor in determining the direction of the response to
D; receptor stimulation (reviewed by Nicola et al. 2000).
Medium spiny neurons show membrane potential shifts,
between a hyperpolarized ‘down state’ and a depolarized ‘up
state’, that are important for information processing in the
NAc (Wilson 1993; O’Donnell and Grace 1995; Goto and
O’Donnell 2001). Studies in striatal slices have shown that
D; receptor activation increases spike activity when
recordings are performed at depolarized membrane poten-
tials (Hernandez-Lopez ef al. 1997) but inhibits spike
activity at hyperpolarized membrane potentials (Calabresi
et al. 1987; Hernandez-Lopez et al. 1997).

Recent studies performed in vivo argue for the importance
of D; receptor-mediated excitatory effects in the intact
striatum and nucleus accumbens. Gonon and Sundstrom
(1996) showed that endogenous DA, released in a physio-
logical manner by enhancing impulse flow in the meso-
accumbens DA pathway, excited the majority of nucleus
accumbens neurons analyzed via a D; receptor-dependent
mechanism and also enhanced excitatory responses produced
by stimulation of hippocampal projections to the nucleus
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accumbens. Similar results were found in dorsal striatum
(Gonon 1997). D; receptors also potentiate basolateral
amygdala-evoked firing of nucleus accumbens neurons
(Floresco et al. 2001). In a very recent study, West and
Grace (2002) applied a D; receptor antagonist by reverse
dialysis while performing in vivo intracellular recordings
from striatal neurons, and observed a decrease in the
maximal depolarized membrane potential, a decrease in
the amplitude of up-state events, and an increase in the
intracellular current injection amplitude required to elicit an
action potential. These findings suggest that D; receptor
stimulation in the intact striatum exerts a tonic excitatory
influence on medium spiny neurons.

While some excitatory effects of D; receptors on nucleus
accumbens neurons involve potentiation of NMDA rather
than AMPA receptor-mediated responses (Floresco et al.
2001), AMPA receptors mediate most excitatory transmis-
sion in the nucleus accumbens (Pennartz et al. 1990, 1991;
Hu and White 1996). Thus, our results suggest a cellular
mechanism that may contribute to many of the observed
synergistic interactions between D; and excitatory transmis-
sion, that is, D; receptors enhance AMPA receptor currents
by stimulating phosphorylation of GIluR1 at the PKA site.
This hypothesis is consistent with results showing that PKA
activators and inhibitors enhance and depress, respectively,
excitatory postsynaptic potentials evoked by electrical
stimulation of striatal slices (Colwell and Levine 1995).
Activation of L-type calcium channels may also be involved
in D; receptor modulation of AMPA receptor currents
(Galarraga et al. 1997; Hernandez-Lopez et al. 1997; Cooper
and White 2000).

Stimulant-induced neuroadaptations in nucleus
accumbens neurons
While the present experiments focused on acute DA/
glutamate receptor interactions, a major reason for under-
taking this study was to identify mechanisms that might
account for plasticity in nucleus accumbens neurons.
Cocaine and amphetamine initially target the DA transporter,
leading to an acute increase in synaptic DA levels. However,
chronic drug administration produces changes in glutamate
transmission that are critical for neuroadaptations related to
addiction (Wolf 1998, 2001). For example, repeated
amphetamine administration decreases AMPA receptor sub-
unit expression (Lu ef al. 1997; Lu and Wolf 1999) and
electrophysiological responses to glutamate (White et al.
1995) in the nucleus accumbens. Recent studies show that
behaviorally sensitizing regimens of cocaine produce LTD-
like effects in the nucleus accumbens (Thomas et al. 2001)
and LTP-like effects in the ventral tegmental area (Ungless
et al. 2001).

Very little is known about mechanisms by which chronic
over-stimulation of DA receptors, as a result of repea-
ted psychostimulant administration, ultimately leads to
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alterations in glutamate transmission. A logical starting
point is to identify ways in which acute DA receptor
stimulation can influence glutamate receptors. The present
results show that D; receptor stimulation increases GluR1
phosphorylation in the nucleus accumbens through a PKA-
dependent mechanism. As noted above, we have found that
D; receptor stimulation increases GluR1 surface expression
in the same culture system (Chao et al. 2000). Alterations
in AMPA receptor subunit phosphorylation and synaptic
localization are critical to LTP and LTD. For example,
phosphorylation and dephosphorylation of GluR1 at both
Ser845 and Ser831 may contribute to LTP and LTD in
hippocampal neurons (Lee et al. 2000), while AMPA
receptor surface expression is increased in LTP and
decreased in LTD (reviewed by Malinow et al. 2000;
Carroll et al. 2001). By modulating AMPA receptor
phosphorylation and synaptic localization, D; receptors
may influence plasticity in the striatal complex.

After chronic stimulant administration, both D; receptor
function and the cAMP-PKA signaling cascade show
profound adaptations (Self and Nestler 1995; White and
Kalivas 1998). This may influence D; receptor-mediated
regulation of AMPA receptors. Indeed, a recent study in
dorsal striatum found reduced phosphorylation of GIuR1 at
the PKA site and reduced peak amplitudes of AMPA /kainate-
evoked currents after repeated treatment with cocaine (Bibb
et al. 2001). Our findings predict that drug-induced adapta-
tions in D; receptor signaling will alter AMPA receptor
phosphorylation and synaptic localization in the nucleus
accumbens. This could play an important role in producing
the maladaptive forms of plasticity that contribute to drug
addiction.

Acknowledgements

SZC was supported by a pre-doctoral NRSA (DA06024); RLH was
supported by the Howard Hughes Medical Institute; and MEW was
supported by USPHS grants DA09621 and DA13006, a NARSAD
Independent Investigator Award, and an Independent Scientist
Award DA00453. We are grateful to Dr Marjorie Ariano for
assistance with many aspects of these studies, including develop-
ment of the nucleus accumbens dissection procedure. We also thank
Drs Stephen Rayport, David Sulzer, Kathy Steece-Collier and
Christine Konradi for advice on culture conditions, and Dr Yan
Dong for helpful discussions.

References

Banke T. G., Bowie D., Lee H.-K., Huganir R. L., Schousboe A. and
Traynelis S. F. (2000) Control of GluR1 AMPA receptor function
by cAMP-dependent protein kinase. J. Neurosci. 20, 89—-102.

Barria A., Derkach V. and Soderling T. (1997) Identification of
the Ca?'/calmodulin-dependent protein kinase II regulatory
phosphorylation site in the o-amino-3-hydroxyl-5-methyl-4-
isoxazole-propionate-type glutamate receptor. J. Biol. Chem. 272,
32727-32730.

Bernard V., Somogyi P. and Bolam J. P. (1997) Cellular, subcellular, and
subsynaptic distribution of AMPA-type glutamate receptor
subunits in the neostriatum of the rat. J. Neurosci. 17, 819-833.

Bibb J. A., Chen J., Taylor J. R., Svenningsson P., Nishi A., Snyder
G. L., Yan Z., Sagawa Z. K., Ouimet C. C., Nairn A. C., Nestler E.
J. and Greengard P. (2001) Effects of chronic exposure to cocaine
are regulated by the neuronal protein CdkS. Nature 410, 376-380.

Blackstone C., Murphy T. H., Moss S. J., Baraban J. M. and Huganir
R. L. (1994) Cyclic AMP and synaptic activity-dependent phos-
phorylation of AMPA-preferring glutamate receptors. J. Neurosci.
14, 7585-7593.

Blank T., Nijholt I, Teichert U., Kiigler H., Behrsing H., Feinberg A.,
Greengard P. and Spiess J. (1997) The phosphoprotein DARPP-32
mediates cAMP-dependent potentiation of striatal N-methyl-
D-aspartate responses. Proc. Natl Acad. Sci. USA 94, 14859-14864.

Calabresi P., Mercuri N. B., Stanzione P., Stefani A. and Bernardi G.
(1987) Intracellular studies of the dopamine-induced firing inhi-
bition of neostriatal neurons in vitro: evidence for D1 receptor
involvement. Neuroscience 20, 757-771.

Calabresi P., Gubillini P., Centonze D., Picconi B., Bernardi G., Chergui
K., Svenningsson P., Fienberg A. A. and Greengard P. (2000)
Dopamine and cAMP-regulated phosphoprotein 32 kDa controls
both striatal long-term depression and long-term potentiation,
opposing forms of synaptic plasticity. J. Neurosci. 20, 8443-8951.

Carroll R. C., Beattie E. C., von Zastrow M. and Malenka R. C. (2001)
Role of AMPA receptor endocytosis in synaptic plasticity. Nat.
Rev. Neurosci. 2, 315-324.

Cepeda C. and Levine M. S. (1998) Dopamine and N-methyl-p—aspar-
tate receptor interactions in the neostriatum. Dev. Neurosci. 20,
1-18.

Chao S. Z., Lu W. X,, Lee H.-K., Huganir R. L. and Wolf M. E. (1999)
D1 dopamine receptor stimulation increases GluR1 phosphoryla-
tion in postnatal nucleus accumbens cultures. Soc. Neurosci.
Abstract 25, 2211.

Chao S. Z., Peterson D. A. and Wolf M. E. (2000) Dopamine and
glutamate receptors regulate surface expression of GluR1 in post-
natal nucleus accumbens cultures. Soc. Neurosci. Abstract 26, 789.

Chen Q., Veenman L., Knopp K., Yan Z., Medina L., Song W.-J.,
Surmeier D. J. and Reiner A. (1998) Evidence for the preferential
localization of glutamate receptor-1 subunits of AMPA receptors to
the dendritic spines of medium spiny neuron in rat striatum.
Neuroscience 83, 749-761.

Chiodo L. A. and Berger T. W. (1986) Interactions between dopamine
and amino acid-induced excitation and inhibition in striatum. Brain
Res. 375, 198-203.

Colwell C. S. and Levine M. S. (1995) Excitatory synaptic transmission
in neostriatal neurons: Regulation by cyclic AMP-dependent
mechanisms. J. Neurosci. 15, 1704-1713.

Cooper D. C. and White F. J. (2000) L-type calcium channels modulate
glutamate-driven bursting activity in the nucleus accumbens in vivo.
Brain Res. 880, 212-218.

Ehlers M. D. (2000) Reinsertion or degradation of AMPA receptors
determined by activity-dependent endocytic sorting. Neuron 28,
511-525.

Floresco S. B., Blaha C. D., Yang C. R. and Phillips A. G. (2001)
Dopamine D1 and NMDA receptors mediate potentiation of
basolateral amygdala-evoked firing of nucleus accumbens neurons.
J. Neurosci. 21, 6370-6376.

Galarraga E., Hernandez-Lopez S., Reyes A., Barral J. and Bargas J.
(1997) Dopamine facilitates striatal EPSPs through an L-type Ca*"
conductance. Neuroreport 8, 2183-2186.

Gonon F. (1997) Prolonged and extrasynaptic excitatory action of dop-
amine mediated by D1 receptors in the rat striatum in vivo.
J. Neurosci. 17, 5972-5978.

2002 International Society for Neurochemistry, Journal of Neurochemistry, 81, 984-992



Gonon F. and Sundstrom L. (1996) Excitatory effects of dopamine
released by impulse flow in the rat nucleus accumbens in vivo.
Neurosci. 75, 13—18.

Goto Y. and O’Donnell P. (2001) Network synchrony in the nucleus
accumbens in vivo. J. Neurosci. 21, 4498-4504.

Greengard P., Jen J., Nairn A. C. and Stevens C. F. (1991) Enhancement
of the glutamate response by cAMP-dependent protein kinase in
hippocampal neurons. Science 253, 1135-1138.

Groenewegen H. J., Wright C. I, Beijer A. V. J. and Voorn P. (1999)
Convergence and segregation of ventral striatal inputs and outputs.
Ann. NY Acad. Sci. 877, 49-64.

Henry D. J. and White F. J. (1991) Repeated cocaine administration
causes persistent enhancement of D1 dopamine receptor sensitivity
within the rat nucleus accumbens. J. Pharmacol. Exp. Ther. 258,
882-890.

Hernandez-Lopez S., Bargas J., Surmeier D. J. and Reyes A. (1997) D1
receptor activation enhances evoked discharge in neostriatal
medium spiny neurons by modulating an L-type Ca>*-conductance.
J. Neurosci. 17, 3334-3342.

Hu X.-T. and White F. J. (1996) Glutamate receptor regulation of rat
nucleus accumbens neurons in vivo. Synapse 3, 208-218.

Hu X.-T. and White F. J. (1997) Dopamine enhances glutamate-induced
excitation of rat striatal neurons by cooperative activation of D1
and D2 class receptors. Neurosci. Lett. 224, 61-65.

Kelley A. E. (1999) Neural integrative activities of nucleus accumbens
subregions in relation to learning and motivation. Psychobiology
27, 198-213.

Kiyatkin E. A. and Rebec G. V. (1996) Dopaminergic modulation of
glutamate-induced excitations of neurons in the neostriatum and
nucleus accumbens of awake, unrestrained rats. J. Neurophysiol.
75, 142-153.

Lee H.-K., Barbarosie M., Kameyama K., Bear M. F. and Huganir R. L.
(2000) Regulation of distinct AMPA receptor phosphorylation sites
during bidirectional synaptic plasticity. Nature 405, 955-959.

Lu W. and Wolf M. E. (1999) Repeated amphetamine administration
alters immunoreactivity for AMPA receptor subunits in rat nucleus
accumbens and medial prefrontal cortex. Synapse 32, 119-131.

Lu W., Chen H., Xue C.-J. and Wolf M. E. (1997) Repeated amphet-
amine administration alters the expression of mRNA for AMPA
receptor subunits in rat nucleus accumbens and medial prefrontal
cortex. Synapse 26, 269-280.

Malinow R., Mainen Z. F. and Hayashi Y. (2000) LTP mechanisms: from
silence to four-lane traffic. Curr: Opin. Neurobiol. 10, 352-357.

Mammen A. L., Kameyama K., Roche K. W. and Huganir R. L. (1997)
Phosphorylation of the alpha-amino-3-hydroxy-5-methyl-isoxaz-
ole-4-propionic acid receptor GluR1 subunit by calcium/calmodu-
lin-dependent protein kinase 1. J. Biol. Chem. 272, 32582-32593.

Meredith G. E. and Totterdell S. (1999) Microcircuits in nucleus
accumbens’ shell and core involved in cognition and reward.
Psychobiology 27, 165-186.

Mogenson G. J. (1987) Limbic-motor integration. Prog. Psychobiol.
Physiol. Psychol. 12, 117-170.

Nicola S. M., Surmeier D. J. and Malenka R. C. (2000) Dopaminergic
modulation of neuronal excitability in the striatum and nucleus
accumbens. Annu. Rev. Neurosci. 23, 185-215.

O’Donnell P. and Grace A. A. (1995) Synaptic interactions among
excitatory afferents to nucleus accumbens neurons: Hippocampal
gating of prefrontal cortical input. J. Neurosci. 15, 3622-3639.

Pennartz C. M. A., Boeijinga P. H. and Lopes da Silva F. H. (1990)
Locally evoked potentials in slices of the rat nucleus accumbens:
NMDA and non-NMDA receptor mediated components and
modulation by GABA. Brain Res. 529, 30—41.

Pennartz C. M. A., Boeijinga P. H., Kitai S. T. and Lopes da Silva F. H.
(1991) Contribution of NMDA receptors to postsynaptic potentials

D, receptors and GluR1 phosphorylation 991

and paired-pulse facilitation in identified neurons of the rat nucleus
accumbens in vitro. Exp. Brain Res. 86, 190-198.

Price C. J., Kim P. and Raymond L. A. (1999) D1 dopamine receptor-
induced cyclic AMP-dependent protein kinase phosphorylation and
potentiation of striatal glutamate receptors. J. Neurochem. 73,
2441-2446.

Rayport S. and Sulzer D. (1995) Visualization of antipsychotic drug
binding to living mesolimbic neuron reveals D2 receptor,
acidotropic, and lipophilic components. J. Neurochem. 65,
691-703.

Roche K. W., O’Brien R. J., Mammen A. L., Bernhardt J. and Huganir
R. L. (1996) Characterization of multiple phosphorylation sites on
the AMPA receptor GluR1 subunit. Neuron 16, 1179-1188.

Rosenmund C., Carr D. W., Bergeson S. E., Nilaver G., Scott J. D. and
Westbrook G. L. (1994) Anchoring of protein kinase A is required
for modulation of AMPA/kainate receptors on hippocampal neu-
rons. Nature 368, 853—856.

Self D. W. and Nestler E. J. (1995) Molecular mechanisms of drug
reinforcement and addiction. Annu. Rev. Neurosci. 18, 463-495.

Sesack S. R. and Pickel V. M. (1990) In the rat medial nucleus
accumbens, hippocampal and catecholaminergic terminals con-
verge on spiny neurons and are in apposition to each other. Brain
Res. 527, 266-279.

Shetreat M. E., Lin L., Wong A. C. and Rayport S. (1996) Visualization
of DI dopamine receptors on living nucleus accumbens neurons
and their colocalization with D2 receptors. J. Neurochem. 66,
1475-1482.

Shi W.-X. and Rayport S. (1994) GABA synapses formed in vitro by
local axon collaterals of nucleus accumbens neurons. J. Neurosci.
14, 4548-4560.

Snyder G. L., Fienberg A. A., Huganir R. L. and Greengard P. (1998) A
dopamine/D1 receptor/protein kinase A/dopamine- and cAMP-
regulated phosphoprotein (M, 32 kDa)/protein phosphatase-1
pathway regulates dephosphorylation of the NMDA receptor.
J. Neurosci. 18, 10297-10303.

Snyder G. L., Allen P. B., Fienberg A. A., Valle C. G., Huganir R. L.,
Nairn A. C. and Greengard P. (2000) Regulation of phosphoryla-
tion of the GluR1 AMPA receptor in the neostriatum by dopamine
and psychostimulants in vivo. J. Neurosci. 20, 4480—4488.

Stoof J. C. and Kebabian J. W. (1981) Opposing role for D-1 and D-2
dopamine receptors in efflux of cyclic AMP from rat neostriatum.
Nature 294, 366-368.

Thomas M. J., Beurrier C., Bonci A. and Malenka R. C. (2001) Long-term
depression in the nucleus accumbens: a neural correlate of behavioral
sensitization to cocaine. Nat. Neurosci. 41, 1217-12234.

Ungless M. A., Whisler J. L., Malenka R. C. and Bonci A. (2001) Single
cocaine exposure in vivo induces long-term potentiation in
dopamine neurons. Nature 411, 583-587.

Wang L. Y., Salter M. W. and McDonald J. F. (1991) Regulation of
kainate receptors by cAMP-dependent protein kinase and
phosphatases. Science 253, 1132—1135.

West A. R. and Grace A. A. (2002) Opposite influences of endogenous
dopamine D1 and D2 receptor activation on activity states and
electrophysiological properties of striatal neurons: Studies combi-
ning in vivo intracellular recordings and reverse microdialysis.
J. Neurosci. 22, 294-304.

White F. J. and Kalivas P. W. (1998) Neuroadaptations involved in
amphetamine and cocaine addiction. Drug Alcohol. Depend. 51,
141-153.

White F. J. and Wang R. Y. (1986) Electrophysiological evidence for the
existence of both D-1 and D-2 dopamine receptors in the rat
nucleus accumbens. J. Neurosci. 6, 274-280.

White F. J., Hu X.-T., Zhang X.-F. and Wolf M. E. (1995) Repeated
administration of cocaine or amphetamine alters neuronal

2002 International Society for Neurochemistry, Journal of Neurochemistry, 81, 984-992



992 S. Z. Chao et al.

responses to glutamate in the mesoaccumbens dopamine system.
J. Pharmacol. Exp. Ther. 273, 445-454.

Wilson C. J. (1993) The generation of natural firing patterns in neo-
striatal neurons, in Progress in Brain Research, vol 99, Chemical
Signalling in the Basal Ganglia (Arbuthnot G. W. and Emson P. C.,
eds), pp. 227-297. Elsevier, Amsterdam.

Wolf M. E. (1998) The role of excitatory amino acids in behavioral sen-
sitization to psychomotor stimulants. Prog. Neurobiol. 54, 679-720.

Wolf M. E. (2001) The Neuroplasticity of Addiction, in Toward a Theory

Yan

of Neuroplasticity (Shaw C. and McEachem J., eds), pp. 359-372.
Taylor & Francis Group, Philadelphia.

Z., Hsieh-Wilson L., Feng J.,, Tomizawa K., Allen P. B.,
Fienberg A. A., Nairn A. C. and Greengard P. (1999) Protein
phosphatase 1 modulation of neostriatal AMPA channels:
regulation by DARPP-32 and spinophilin. Nature Neurosci. 2,
13-17.

2002 International Society for Neurochemistry, Journal of Neurochemistry, 81, 984-992



