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Increasing evidence has suggested that the interaction between dopaminergic and glutamatergic systems in prefrontal cortex (PFC) plays
an important role in normal mental functions and neuropsychiatric disorders. In this study, we examined the regulation of NMDA-type
glutamate receptors by the PFC dopamine D4 receptor (one of the principal targets of antipsychotic drugs). Application of the D4 receptor
agonist PD168077 caused a reversible decrease of the NMDA receptor (NMDAR)-mediated current in acutely isolated and cultured PFC
pyramidal neurons, an effect that was blocked by selective D4 receptor antagonists. Furthermore, application of PD168077 produced a
potent reduction of the amplitude (but not paired-pulse ratio) of evoked NMDAR EPSCs in PFC slices. The D4 modulation of NMDA
receptors in PFC involved the inhibition of protein kinase A, activation of protein phosphatase 1 and the ensuing inhibition of active
Ca 2�– calmodulin-dependent kinase II (CaMKII). Moreover, PD168077 reduced the surface expression of NMDARs and triggered the
internalization of NMDARs in a manner dependent on CaMKII activity. These results identify a mechanistic link between D4 and NMDA
receptors in PFC pyramidal neurons, suggesting that D4 receptors may play an important role in modulating synaptic plasticity and thus
cognitive and emotional processes in PFC circuits.
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Introduction
Prefrontal cortex (PFC), which is highly associated with the con-
trol of cognition and emotion (Goldman-Rakic, 1995; Miller,
1999), is one of the most prominent brain regions affected by
schizophrenia (Andreasen et al., 1997; Lewis and Lieberman,
2000). Schizophrenics often exhibit deficits in cognitive tasks re-
quiring working memory subserved by PFC (Goldman-Rakic,
1994) and fail to show normal activation of PFC neurons when
attempting to perform working memory tasks (Weinberger et al.,
1986; Taylor, 1996). Despite the lack of a clear understanding of
the etiology of schizophrenia, pharmacological therapies devel-
oped to alleviate clinical symptoms in patients implicate the ab-
errations of several neurotransmitter systems in this disorder.
Among them, dysfunctions of the dopaminergic and glutamater-
gic systems in PFC are considered to be major contributing fac-
tors to the pathophysiology of schizophrenia (Carlsson et al.,
2001).

PFC functions are highly influenced by the dopaminergic in-
put from the ventral tegmental area (Brozoski et al., 1979; Berger
et al., 1988). Among the five dopamine receptors, D4 receptor is
expressed at a high level in PFC pyramidal principal neurons and
GABAergic interneurons (Mrzljak et al., 1996; Wedzony et al.,

2000). Several lines of evidence suggest that D4 receptor is criti-
cally involved in PFC functioning and neuropsychiatric disorders
(Oak et al., 2000). Many of the “atypical” antipsychotic drugs
(such as clozapine) have high affinities for D4 receptors (Van Tol
et al., 1991; Kapur and Remington, 2001). Elevated D4 receptors
have been found in PFC of schizophrenia patients (Seeman et al.,
1993). D4 receptor antagonists can ameliorate cognitive deficits
exhibited by monkeys after long-term treatment with the psy-
chotomimetic drug phencyclidine (PCP) (Jentsch et al., 1997,
1999). Moreover, genetic ablation of D4 receptors in mice results
in supersensitivity to psychomotor stimulants (Rubinstein et al.,
1997), reduced exploration of novel stimuli (Dulawa et al., 1999),
and cortical hyperexcitability (Rubinstein et al., 2001).

In addition to the well recognized dopaminergic dysfunction
in schizophrenia, hypofunction of NMDA receptors has been
implicated in schizophrenia (Tsai and Coyle, 2002). Administra-
tion of the noncompetitive NMDA receptor antagonists, such as
PCP and MK-801, produces behavioral symptoms that remark-
ably resemble schizophrenia in humans and animals and exacer-
bates symptoms in schizophrenics (Javitt and Zukin, 1991;
Jentsch and Roth, 1999). The connection of NMDA receptors to
schizophrenia is further corroborated by a mouse model express-
ing 5% of the normal level of NR1 (Mohn et al., 1999). These mice
exhibit a series of schizophrenia-like behaviors, and administra-
tion of antipsychotic drugs that target dopamine receptors ame-
liorates behavioral abnormalities in the NMDA receptor
(NMDAR) mutant mice (Mohn et al., 1999).

In this study, we examined the interaction between D4 and
NMDA receptors in PFC pyramidal neurons, in the hope of pro-
viding some clues on how the two prominent models of schizo-
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phrenia, hyperdopaminergia and hypoglutamatergia, may be
mechanistically linked.

Materials and Methods
Acute-dissociation procedure. PFC neurons from young adult (3–5 weeks
postnatal) rats or mice were acutely dissociated using procedures similar
to those described previously (Yan and Surmeier, 1997; Feng et al., 2001).
All experiments were performed with the approval of State University of
New York at Buffalo Animal Care Committee. After incubation of brain
slices in a NaHCO3-buffered saline, PFC was dissected and placed in an
oxygenated Cell-Stir chamber (Wheaton, Inc., Millville, NJ) containing
papain (0.4 mg/ml; Sigma, St. Louis, MO) in HEPES-buffered HBSS
(Sigma) at 35°C. After 20 – 40 min of enzyme digestion, tissue was rinsed
three times in the low Ca 2�, HEPES-buffered saline and mechanically
dissociated with a graded series of fire-polished Pasteur pipettes. The cell
suspension was then plated into a 35 mm Lux Petri dish that was then
placed on the stage of a Nikon (Tokyo, Japan) inverted microscope.

Primary neuronal culture. Rat PFC cultures were prepared by modifi-
cation of previously described methods (Goslin and Banker, 1991).
Briefly, PFC was dissected from 18 d rat embryos, and cells were dissoci-
ated using trypsin and trituration through a Pasteur pipette. The neurons
were plated on coverslips coated with poly-L-lysine in DMEM with 10%
fetal calf serum at a density of 3000 cells/cm 2. When neurons attached to
the coverslip within 24 hr, the medium was changed to Neurobasal with
B27 supplement. Neurons were maintained in the same kind of media for
3 weeks before being used for recordings.

Whole-cell recordings. Whole-cell recordings of whole-cell ion channel
currents used standard voltage-clamp techniques (Yan et al., 1999; Ma et
al., 2003). The internal solution consisted of (in mM): 180 N-methyl-D-
glucamine (NMG), 40 HEPES, 4 MgCl2, 0.1 BAPTA, 12 phosphocre-
atine, 2 Na2ATP, 0.2 Na3GTP, and 0.1 leupeptin, pH 7.2–7.3, 265–270
mOsm/l. The external solution consisted of (in mM): 127 NaCl, 20 CsCl,
10 HEPES, 1 CaCl2, 5 BaCl2, 12 glucose, 0.001 TTX, and 0.02 glycine, pH
7.3–7.4, 300 –305 mOsm/l. Recordings were obtained with an Axon In-
struments (Foster City, CA) 200B patch-clamp amplifier that was con-
trolled and monitored with an IBM personal computer running pClamp
(version 8) with a DigiData 1320 series interface (Axon Instruments).
Electrode resistances were typically 2– 4 M� in the bath. After seal rup-
ture, series resistance (4 –10 M�) was compensated (70 –90%) and peri-
odically monitored. The cell membrane potential was held at �60 mV.
The application of NMDA (100 �M) evoked a partially desensitizing
inward current. Peak values were measured for generating the plot as a
function of time and drug application. NMDA was applied for 2 sec every
30 sec to minimize desensitization-induced decrease of current ampli-
tude. Drugs were applied with a gravity-fed “sewer pipe” system. The
array of application capillaries (�150 �m inner diameter) was posi-
tioned a few hundred micrometers from the cell under study. Solution
changes were effected by the SF-77B fast-step solution stimulus delivery
device (Warner Instrument Co., Hamden, CT).

Dopamine receptor ligands PD168077 maleate (PD), L-741742 hydro-
chloride, L-745870 trihydrochloride (Tocris, Ballwin, MO), (RS)-(�)-
sulpiride (Sigma), as well as second messenger reagents cpt-cAMP, myr-
istoylated PKI[14 –22], PKC19 –36, PKI[5–24], U73122, microcystin,
okadaic acid (OA), okadaic acid methyl ester (OAE), KN-93, KN-92,
autocamtide-2 related inhibitory peptide (AIP), calmodulin, and calmi-
dazolium (Calbiochem, San Diego, CA) were made up as concentrated
stocks and stored at �20°C. The final DMSO concentration in all applied
solutions was �0.1%. No change on NMDAR currents has been ob-
served with this concentration of DMSO. Stocks were thawed and diluted
immediately before use. The amino acid sequence for the phosphorylated
inhibitor-1 (I-1) peptide p Thr35I-1[7–39] is: PRKIQFTVPLLEPHLD-
PEAAEQIRRRRP (pT)PATL. Mice with deficient �-CaMKII were cre-
ated as described previously (Silva et al., 1992).

Data analyses were performed with AxoGraph (Axon Instruments,
Union City, CA), Kaleidagraph (Albeck Software, Reading, PA), Origin 6
(OriginLab Co., Northampton, MA), and Statview (Abacus Concepts,
Calabasas, CA). For analysis of statistical significance, Mann–Whitney U
tests were performed to compare the current amplitudes in the presence
or absence of agonists. ANOVA tests were performed to compare the

differential degrees of current modulation between groups subjected to
different treatment.

Electrophysiological recordings in slices. To evaluate the regulation of
NMDAR-mediated EPSCs by D4 receptors in PFC slices, the whole-cell
technique (Wang et al., 2002; Zhong et al., 2003) was used for voltage-
clamp recordings using patch electrodes (5–9 M�) filled with the follow-
ing internal solution (in mM): 130 Cs-methanesulfonate, 10 CsCl, 4
NaCl, 10 HEPES, 1 MgCl2, 5 EGTA, 2.2 QX-314, 12 phosphocreatine, 5
MgATP, 0.2 Na3GTP, and 0.1 leupeptin, pH 7.2–7.3, 265–270 mOsm/l.
The slice (300 �m) was placed in a perfusion chamber attached to the
fixed-stage of an upright microscope (Olympus, Tokyo, Japan) and sub-
merged in continuously flowing oxygenated artificial CSF (ACSF). Cells
were visualized with a 40� water-immersion lens and illuminated with
near infrared (IR) light, and the image was detected with an IR-sensitive
CCD camera. A Multiclamp 700A amplifier was used for these record-
ings. Tight seals (2–10 G�) from visualized pyramidal neurons were
obtained by applying negative pressure. The membrane was disrupted
with additional suction, and the whole-cell configuration was obtained.
The access resistances ranged from 13–18 M� and were compensated
50 –70%.

For the recording of NMDAR-mediated EPSCs, cells were bathed in
ACSF containing CNQX (20 �M) and bicuculline (10 �M) to block AM-
PA– kainate receptors and GABAA receptors. Evoked currents were gen-
erated with a 50 �sec pulse from a stimulation isolation unit controlled
by a S48 pulse generator (Astro-Med, Inc., West Warwick, RI). A bipolar
stimulating electrode (FHC, Inc., Bowdoinham, ME) was positioned
�100 �m from the neuron under recording. Before stimulation, cells
(voltage-clamped at �70 mV) were depolarized to �60 mV for 3 sec to
fully relieve the voltage-dependent Mg 2� block of NMDAR channels
(Hestrin et al., 1990). Clampfit Program (Axon Instruments) was used to
analyze evoked synaptic activity. The amplitude of EPSC was calculated
by taking the mean of a 2– 4 msec window around the peak and compar-
ing with the mean of a 4 – 8 msec window immediately before the stim-
ulation artifact.

Western blot analysis. PFC slices were prepared as previously described
(Gu et al., 2003). After incubation in a NaHCO3-buffered saline for 1 hr,
PFC slices were treated with various agents for 30 min as described in the
text, followed by a 10 min treatment with PD168077. Equal amounts of
protein from PFC slice homogenates were separated on 7.5% acrylamide
gels and transferred to nitrocellulose membranes. The blots were blocked
with 5% nonfat dry milk for 1 hr at room temperature. Then the blots
were incubated with the anti-Thr 286-phosphorylated CaMKII antibody
(1:2000; Promega, Madison, WI) for 1 hr at room temperature. After
being rinsed, the blots were incubated with horseradish peroxidase-
conjugated anti-rabbit antibodies (1:2000; Amersham Biosciences, Ar-
lington Heights, IL) for 1 hr at room temperature. After three washes, the
blots were exposed to the enhanced chemiluminescence substrate. Then
the blots were stripped for 1 hr at 50°C followed by saturation in 5%
nonfat dry milk and incubated with an anti-CaMKII antibody (1:2000;
Upstate Biotechnology, Lake Placid, NY) for the detection of the total
CaMKII. Quantitation was obtained from densitometric measurements
of immunoreactive bands on films.

Biochemical measurement of surface-expressed receptors. After treat-
ment, PFC slices were incubated with ACSF containing 1 mg/ml Sulfo-
NHS-LC-Biotin (Pierce, Rockford, IL) for 20 min on ice. The slices were
then rinsed three times in TBS to quench the biotin reaction, followed by
homogenization in 300 �l of modified radioimmunoprecipitation assay
buffer (1% Triton X-100, 0.1% SDS, 0.5% deoxycholic acid, 50 mM

NaPO4, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 10 mM sodium pyro-
phosphate, 1 mM sodium orthovanadate, 1 mM PMSF, and 1 mg/ml
leupeptin). The homogenates were centrifuged at 14,000 � g for 15 min
at 4°C. Fifteen micrograms of protein were removed to measure total
NR1. For surface protein, 150 �g of protein was incubated with 100 �l of
50% Neutravidin Agarose (Pierce) for 2 hr at 4°C, and bound proteins
were resuspended in 25 �l of SDS sample buffer and boiled. Quantitative
Western blots were performed on both total and biotinylated (surface)
proteins using anti-NR1 (1:1000; Upstate Biotechnology).

Immunocytochemical measurement of internalized receptors. Surface
NMDARs were labeled in live cultured PFC neurons (2–3 weeks in vitro)
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by 15 min incubation with an antibody directed at the N terminus of the
NR1 subunit (1:50; Chemicon, Temecula, CA). After washout of the
antibody, cells were treated with different agents as described in the text.
After the treatment, cells were chilled on ice and surface-stripped with an
acidic solution (0.5 M NaCl, 0.2 N acetic acid) for 3 min. Cells were then
fixed in 4% PFA, permeabilized in 0.1% Triton X-100 and stained with a
fluorescein-conjugated secondary antibody (1:200; Sigma) for 50 min at
room temperature. After washing in PBS for three times, the coverslips
were mounted on slides with VECTASHIELD mounting media (Vector
Laboratories, Burlingame, CA).

Labeled cells were imaged using a 100� objective with a cooled CCD
camera mounted on a Nikon microscope. All specimens were imaged
under identical conditions and analyzed using identical parameters. Im-
ages were first thresholded to subtract the average background fluores-
cence, then the level of internalized NMDAR immunoreactivity on the
same length of dendrites and the same area of somas in treated versus
untreated cells was compared. Four independent experiments were per-
formed, and each time two coverslips for each of the four treatments were
observed. On each coverslip, the immunofluorescence intensity of three
or four neurons was quantified. For each neuron, the immunoreactivity
of soma (within a 15 � 15 �m area) and four neurites (100 �m each)
were measured. Quantitative analyses were conducted blindly (without
knowledge of experimental treatment).

Results
Activation of D4 receptors reduces NMDA-evoked currents in
dissociated PFC pyramidal neurons
To test the potential impact of D4 receptors on NMDA signaling,
we first examined the effect of PD168077, a potent and highly
selective D4 receptor agonist (Glase et al., 1997; Wang et al.,
2002), on NMDA receptor-mediated currents in acutely isolated
PFC pyramidal neurons. Application of NMDA (100 �M) evoked
a partially desensitizing inward current that was completely
blocked by the NMDA receptor antagonist D-APV (50 �M), con-
firming mediation by the NMDA receptor. Application of
PD168077 (20 – 40 �M) caused a significant reduction in the am-
plitude of NMDAR currents in isolated PFC pyramidal neurons.
The time course and current traces from a representative cell is
shown in Figure 1, A and B. The PD168077-induced reduction of
NMDAR currents was reversible and had fast-onset kinetics, tak-
ing 1–2 min to stabilize. After recovery from the first application,
a second application of PD168077 resulted in a similar response
(92.1 � 2.5% of first response; n � 54). To further confirm the
involvement of D4 receptors in the regulation of NMDAR cur-
rents, we also tested the effect of dopamine (50 �M) on NMDAR
currents in the presence of D1/D5 antagonist SCH23390 (10 �M)
and D2/D3 antagonist sulpiride (5 �M). As shown in Figure 1C,
when D1/D5 and D2/D3 receptors were blocked, dopamine pro-
duced a reversible inhibition on NMDAR currents, similar to the
PD168077 effect, suggesting that dopamine released on PFC py-
ramidal neurons could indeed modulate NMDA receptors via the
activation of D4 receptors. As summarized in Figure 1D, in a
sample of acutely dissociated PFC pyramidal neurons, the D4

receptor agonist PD168077 produced a 17.2 � 0.3% (n � 156;
p � 0.01; Mann–Whitney U test) reduction of NMDAR currents.
This effect was mimicked by application of dopamine in the pres-
ence of D1/D5 and D2/D3 antagonists (15.3 � 1.3%; n � 14; p �
0.01; Mann–Whitney U test) (Fig. 1D).

The effect of D4 receptors on NMDAR currents was also tested
in cultured PFC pyramidal neurons. PD168077 or dopamine (co-
applied with D1/D5 and D2/D3 antagonists) decreased NMDAR
currents by 15.8 � 0.9% (n � 19; p � 0.01; Mann–Whitney U
test) or 18.9 � 2.5% (n � 11; p � 0.01; Mann–Whitney U test),
respectively, consistent with the results obtained in acutely disso-
ciated neurons.

To verify that D4 receptors were mediating the modulation
seen with PD168077, we examined the ability of selective dopa-
mine receptor antagonists to prevent the action of PD168077. As
shown in Figure 1E, PD168077 (20 �M) produced a reversible
reduction of NMDAR currents in the dissociated PFC neuron,
and this effect was blocked by L-741742 (10 �M), a highly selective
D4 antagonist (Rowley et al., 1996). As summarized in Figure 1F,
PD168077 had little effect on NMDAR currents in the presence of
L-741742 (3.6 � 0.8%; n � 9; p 	 0.05; Mann–Whitney U test),
which was significantly ( p � 0.005; ANOVA) different from the
PD168077 effect in control neurons (18.0 � 0.8%; n � 37; p �
0.01; Mann–Whitney U test). Similarly, in the presence of
L-745870 (10 �M), another highly selective D4 antagonist (Patel et
al., 1997), PD168077 failed to modulate NMDAR currents (4.4 �
0.7%; n � 22; p 	 0.05; Mann–Whitney U test) (Fig. 1F). In
contrast, the PD168077-induced reduction of NMDAR currents

Figure 1. Activation of D4 receptors reversibly reduced NMDA receptor currents in acutely
dissociated PFC pyramidal neurons. A, Plot of peak NMDAR current showing that the D4 agonist
PD168077 (20 �M) decreased NMDA (100 �M)-evoked currents in the cell. B, Representative
current traces taken from the records used to construct A (at time points denoted by #). C, Plot of
peak NMDAR current showing that dopamine (50 �M) decreased NMDAR currents in the pres-
ence of the D1/ D5 antagonist SCH23390 (10 �M) and the D2/ D3 antagonist sulpiride (5 �M). D,
Cumulative data (mean � SEM) showing the percentage reduction of NMDAR currents by
different agonists: PD168077 (n � 156) and dopamine (in the presence of SCH23390 and
sulpiride; n � 14). E, Plot of peak NMDAR current showing that the selective D4 antagonist
L-741742 (10 �M) blocked PD168077-induced reduction of NMDAR currents. Inset, Represen-
tative current traces (at time points denoted by #). Calibration: 0.25 nA, 1 sec. F, Cumulative data
(mean � SEM) showing the percentage reduction of NMDAR currents by PD168077 in the
absence (n � 37) or presence of L-745870 (10 �M; n � 22), L-741742 (10 �M; n � 9), or
sulpiride (5 �M; n � 10) (*p � 0.005; ANOVA).
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was intact in the presence of the D2/D3 receptor antagonist
sulpiride (5 �M; 16.4 � 1.5%; n � 10; p � 0.01; Mann–Whitney
U test) (Fig. 1F). Cultured PFC neurons gave similar results.
PD168077 or dopamine (coapplied with D1/D5 and D2/D3 antag-
onists) failed to produce a significant effect on NMDAR currents
in the presence of L-741742 (PD168077: 1.7 � 0.8%, n � 6;
dopamine: 3.3 � 0.6%, n � 6; p 	 0.05, Mann–Whitney U test).
The pharmacological profile of these responses thus identifies D4

as the receptor underlying the PD168077-induced inhibition of
NMDAR currents.

Activation of D4 receptors decreases NMDAR-mediated
EPSCs in PFC slices
To understand the impact of D4 receptors on NMDAR-mediated
synaptic transmission, we examined the effect of PD168077 on
NMDAR-EPSCs in PFC slices. Cells were bathed in ACSF con-
taining the non-NMDA receptor antagonist CNQX (20 �M) and
GABAA receptor antagonist bicuculline (10 �M). NMDAR-
EPSCs were evoked in PFC pyramidal neurons depolarized to
�60 mV to relieve the Mg 2� block. Application of the NMDAR
antagonist D-APV (50 �M) blocked the EPSCs (n � 6), indicating
that these synaptic currents were indeed mediated by NMDA
receptors. Application of PD168077 induced a potent and long-
lasting reduction in the amplitude of NMDAR EPSCs. A repre-
sentative experiment is shown in Figure 2, A and B. In parallel
control measurements in which no PD168077 was administrated,
NMDAR EPSCs remained stable throughout the length of the
recording (Fig. 2A), indicating that the inhibition of NMDAR
EPSCs produced by PD168077 did not result from an agonist-
independent run-down of the evoked responses. In a sample of
PFC pyramidal neurons we examined, PD168077 decreased the
mean amplitude of NMDAR EPSCs by 42.3 � 3.2% (n � 13; p �
0.001; Mann–Whitney U test). The bigger effect of PD168077

found in slices than in dissociated neurons could be attributed to
the more intact D4 receptors localized at dendritic processes that
were not truncated in slices. Alternatively, D4 receptors may pref-
erably affect synaptic NMDA receptors. Thus, PD168077 had a
larger impact on NMDAR EPSCs that were evoked by stimula-
tion of synaptic NMDA receptors than on NMDAR currents in
isolated neurons in which both extrasynaptic and synaptic
NMDA receptors were stimulated.

To determine whether the D4 regulation of NMDAR EPSCs
involves changes in the probability of transmitter release (Pr), we
examined the responses to paired pulses, a measure that is exquis-
itely sensitive to changes in Pr (Manabe et al., 1993; Debanne et
al., 1996). When double pulses with 100 msec intervals were de-
livered to PFC neurons, the second NMDAR EPSC showed a
larger amplitude than the first one, but the ratio of this paired-
pulse facilitation (PPR) remained primarily unaltered after
PD168077 application (Fig. 2C) (PPR in control: 1.69 � 0.1, PPR
in PD168077: 1.75 � 0.1, n � 9; p 	 0.05, ANOVA). The
NMDAR EPSC traces evoked by double pulses from a represen-
tative neuron is shown in Figure 2D. This result suggests that
activation of D4 receptors may not cause a significant change in
glutamate release, and the reduction of NMDAR EPSC ampli-
tudes by PD168077 is likely to be attributed to the D4-induced
change in postsynaptic NMDA receptors.

The D4 reduction of NMDAR currents is dependent on the
inhibition of protein kinase A and activation of protein
phosphatase 1
We next examined the signal transduction pathways mediating
the reduction of NMDAR currents by D4 receptors. Activation of
D4 receptors inhibits adenylate cyclase and cAMP formation in
transfected cell lines (Chio et al., 1994), whereas protein kinase A
(PKA) phosphorylation of NMDAR subunits changes the chan-
nel activity (Raman et al., 1996). This led us to test whether the D4

reduction of NMDAR currents was through the inhibition of
PKA. As shown in Figure 3A, inhibiting PKA activity by applica-
tion of the membrane-permeable PKA inhibitory peptide, myr-
istoylated PKI[14 –22] (1 �M), produced a depressing effect on
NMDAR currents, mimicking the effect of PD168077. Moreover,
PKI[14 –22] occluded the ability of PD168077 to reduce NMDAR
currents, and washing off the inhibitor restored the effect of
PD168077 (Fig. 3A). In contrast, dialysis with the phospholipase
C (PLC) inhibitor U73122 (5 �M) failed to block the PD168077-
induced decrease of NMDAR currents (Fig. 3B). As summarized
in Figure 3C, PD168077 had little effect on NMDAR currents
when PKA was activated by application of the membrane-
permeable cAMP analog cpt-cAMP (50 �M; 3.4 � 0.9%; n � 9;
p 	 0.05; Mann–Whitney U test). The PD168077-induced reduc-
tion of NMDAR currents was also widely abolished in neurons
dialyzed with the specific PKA inhibitory peptide PKI[5–24] (20
�M) or in the presence of myristoylated PKI[14 –22] (3.9 � 0.8%;
n � 20; data pooled together; p 	 0.05; Mann–Whitney U test)
(Fig. 3C), but was almost intact in neurons loaded with the PKC
inhibitory peptide PKC19 –36 (20 �M; 14.5 � 1.8%; n � 8; p �
0.01; Mann–Whitney U test) (Fig. 3C) or U73122 (15.3 � 1.7%;
n � 12; p � 0.01; Mann–Whitney U test) (Fig. 3C). These results
suggest that the PD168077 reduction of NMDAR currents de-
pends on the inhibition of PKA and does not require activation of
PLC or PKC.

The D4-induced inhibition of PKA could directly modulate
NMDAR currents through decreased phosphorylation of NR1
subunits on the PKA sites (Tingley et al., 1997). Alternatively, the
inhibition of PKA could cause the disinhibition of protein phos-

Figure 2. Activation of D4 receptors reduced the amplitude of NMDAR-mediated EPSCs in
PFC slices but did not change the paired-pulse ratio of NMDAR EPSCs. A, Plot of peak evoked
NMDAR EPSCs as a function of time and agonist application. NMDAR EPSCs were decreased by
PD168077 (20 �M) but remained stable in the control cell not subjected to the D4 agonist. Each
point represents the average peak (mean � SEM) of three consecutive NMDAR EPSCs. B, Rep-
resentative current traces (average of 3 trials) taken from the records used to construct A (at
time points denoted by #). Calibration: 50 pA, 100 msec. Stimulus artifacts were blanked. C, The
ratio of paired-pulse facilitation (PPF) of NMDAR EPSCs (interstimuli interval: 100 msec) under
control conditions and after application of PD168077. The filled squares (and error bars) indicate
the mean (� SEM) of the ratio of PPF (n � 9). D, Representative NMDAR EPSCs (average of 3
trials) evoked by double pulses from a PFC neuron before (control) and after PD168077 appli-
cation. Calibration: 50 pA, 100 msec.
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phatase 1 (PP1) via decreased phosphory-
lation of the inhibitory protein I-1 (Ingeb-
ritsen and Cohen, 1983), leading to the
increased dephosphorylation of NMDAR
subunits and downregulation of NMDAR
currents. To test which is the potential sig-
naling mechanism, we examined the effect
of PD168077 on NMDA receptors in the
presence of phosphatase inhibitors.

As shown in Figure 3D, bath applica-
tion of the PP1–2A inhibitor OA (0.5 �M)
markedly attenuated the ability of
PD168077 to inhibit NMDAR currents
(4.1 � 0.9%; n � 15; p 	 0.05; Mann–
Whitney U test). On the contrary, applica-
tion of OAE, a compound with a similar
structure as OA but lacking the ability to
inhibit PP1–2A, did not affect the
PD168077-induced inhibition of NMDAR
currents (data not shown), suggesting the
involvement of PP1 or PP2A. To test the
role of PP1 in D4 modulation of NMDAR
currents, we dialyzed PFC pyramidal neu-
rons with the phosphorylated inhibitor-1
(I-1) peptide p Thr35I-1[7–39], derived
from the PP1 interaction region. Bio-
chemical analysis demonstrated that the
phospho-I-1 peptide p Thr35I-1[7–39] po-
tently inhibited PP1 catalytic activity with
an IC50 at the nanomolar range (Foulkes et
al., 1983). Comparing with the PD168077
effect in control cells (16.7 � 0.7%; n � 17;
p � 0.01; Mann–Whitney U test) (Fig. 3E),
the ability of PD168077 to modulate
NMDAR currents was significantly ( p �
0.005; ANOVA) diminished by dialysis
with the p Thr35I-1[7–39] peptide (40 �M; 4.2 � 1.8%; n � 17; p 	
0.05; Mann–Whitney U test) (Fig. 3E). Dialysis with microcystin
(5 �M), another structurally different and potent PP1–2A inhib-
itor, also significantly ( p � 0.005; ANOVA) attenuated the effect
of PD168077 (4.8 � 0.7%; n � 14; p 	 0.05; Mann–Whitney U
test) (Fig. 3E). These results indicate that activation of PP1 is
required to link D4 receptors to the reduction of NMDAR
currents.

We then examined the involvement of phosphatases in D4

modulation of NMDAR EPSC amplitudes in pyramidal neurons
recorded in PFC slices. Neurons were dialyzed with microcystin (20
�M), and the effect of PD168077 on NMDAR-EPSCs was examined.
As shown in Figure 3F, in the microcystin-loaded neuron,
PD168077 (20 �M) failed to inhibit the amplitude of NMDAR EP-
SCs. In a sample of PFC pyramidal neurons tested, PD168077
caused little reduction in the mean amplitude of NMDAR EPSCs
in cells dialyzed with microcystin (9.8 � 3.2%; mean � SEM; n �
7; p 	 0.05; Mann–Whitney U test), which was significantly ( p �
0.005; ANOVA) different from the effect of PD168077 in control
cells (42.3 � 3.2%; n � 13; p � 0.001; Mann–Whitney U test).
These results indicate that the D4 modulation of NMDAR EPSCs
also requires the activation of PP1.

The D4 modulation of NMDA receptors depends on the
inhibition of active CaMKII
The D4-induced activation of PP1 could lead to the downregula-
tion of NMDAR currents by two potential mechanisms. One is

through the increased PP1 dephosphorylation of NMDA recep-
tor NR1 subunit directly (Westphal et al., 1999). The other is
through the decreased CaMKII regulation of NMDA receptors,
because activated PP1 could reduce CaMKII Thr 286 autophos-
phorylation and its consequent Ca 2�-independent kinase activ-
ity (Shields et al., 1985; Miller and Kennedy, 1986). To test which
signaling mechanism is involved, we examined the D4 effect on
NMDAR currents in PFC pyramidal neurons in which CaMKII
was inhibited.

As shown in Figure 4A, bath application of the selective
CaMKII inhibitor KN-93 (10 �M) prevented PD168077 from
decreasing the NMDAR current amplitude. Washing off KN-93
restored the ability of PD168077 to modulate NMDA receptors.
Dialysis with the highly specific and potent inhibitor of CaMKII,
AIP peptide (10 �M; Ishida et al., 1995), also prevented the
PD168077-induced suppression of NMDAR currents (Fig. 4B).
In contrast, inclusion of calmodulin (10 �M) in the patch elec-
trode failed to block the depressing effect of PD168077 (Fig. 4B).
As summarized in Figure 4C, PD168077 had little effect on
NMDAR currents in the presence of KN-93 (3.3 � 0.7%; n � 9;
p 	 0.05; Mann–Whitney U test) or AIP peptide (4.0 � 0.9%; n �
11; p 	 0.05; Mann–Whitney U test), which was significantly
( p � 0.005; ANOVA) different from the effect of PD168077 in
the absence of these CaMKII inhibitors (17.3 � 1.1%; n � 22; p �
0.01; Mann–Whitney U test) or in the presence of KN-92 (10
�M), the inactive analog of KN-93 (13.4 � 1.5%; n � 9; p � 0.01;
Mann–Whitney U test). Dialysis with calmodulin or the calmod-

Figure 3. The effect of PD168077 on NMDAR currents was dependent on PKA–PP1, but not PKC or PLC. A, Plot of peak NMDAR
currents showing that application of the membrane-permeable myristoylated PKA inhibitor PKI[14 –22] (1 �M) reduced NMDAR
currents and occluded the effect of subsequent application of PD168077 (20 �M). B, Plot of peak NMDAR currents showing that
dialysis with the PLC inhibitor U73122 (5 �M) did not prevent the PD168077-induced reduction of NMDAR currents. Inset,
Representative current traces (at time points denoted by #). Calibration: 0.25 nA, 0.5 sec. C, Cumulative data (mean � SEM)
showing the percentage reduction of NMDAR currents by PD168077 in the absence (n � 8) or presence of cpt-cAMP (50 �M; n �
9), PKI (PKI[5–24]: 20 �M, PKI[14 –22]: 1 �M; n � 20), PKC19 –36 (20 �M; n � 8), or U73122 (n � 12) (*p � 0.005; ANOVA). D,
Plot of peak NMDAR currents showing that the membrane-permeable PP1–2A inhibitor OA (0.5 �M) blocked the ability of
PD168077 (20 �M) to reduce NMDAR currents. Inset, Representative current traces (at time points denoted by #). Calibration: 0.1
nA, 0.5 sec. E, Cumulative data (mean � SEM) showing the percentage modulation of NMDAR currents by PD168077 in the
absence (n � 17) or presence of OA (0.5 �M; n � 15), p Thr35I-1[7–39] (40 �M; n � 17), or microcystin (5 �M; n � 14) (*p �
0.005; ANOVA). F, Plot of peak evoked NMDAR EPSCs as a function of time and agonist application in a neuron dialyzed with the
PP1–2A inhibitor microcystin (20 �M). Each point represents the average peak (mean�SEM) of three consecutive NMDAR EPSCs.
Microcystin markedly diminished the PD168077 (20 �M)-induced reduction of NMDAR EPSCs. Inset, Representative current traces
(average of 3 trials) taken from the records used to construct F (at time points denoted by #). Calibration: 20 pA, 40 msec.
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ulin antagonist calmidazolium (20 �M) was without effect on the
PD168077-induced decrease of NMDAR currents (calmodulin:
13.3 � 1.6%, n � 8; calmidazolium: 15.9 � 1.5%, n � 13, p �
0.01, Mann–Whitney U test). These results argue against the in-
volvement of Ca 2�– calmodulin-dependent inactivation of
NMDARs (Ehlers et al., 1996; Zhang et al., 1998) in the D4 mod-
ulation of NMDAR currents in PFC pyramidal neurons.

To further confirm the involvement of CaMKII in D4 modu-
lation of NMDA receptors, we took advantage of the mutant mice
deficient for �-CaMKII (Silva et al., 1992). �-CaMKII knock-out
mice, especially the heterozygotes, exhibit a spectrum of behavioral
abnormalities, including a decreased fear response and an increase in
defensive aggression, and therefore provide a model for studying the
molecular basis underlying emotional disorders (Chen et al., 1994).
Thus, we examined the effect of PD168077 on NMDAR currents in
these mutant mice. We first compared the expression of total
CaMKII and active CaMKII (Thr286-autophosphorylated) in PFC
slices from wild-type mice versus �-CaMKII heterozygotes. As
shown in Figure 4D (inset), the total CaMKII protein level was
markedly reduced, and the active CaMKII was almost abolished in
�-CaMKII heterozygotes. Application of PD168077 (40 �M) failed
to produce any significant effect on NMDAR currents in PFC neu-
rons isolated from these mutant mice (3.2 � 1.2%; n � 14; p 	 0.05;
Mann–Whitney U test), which was significantly ( p � 0.005;
ANOVA) different from the effect of PD168077 in wild-type control
cells (13.8 � 2.1%; n � 12; p � 0.01; Mann–Whitney U test). A
representative example is shown in Figure 4D. These lines of evi-
dence show that the D4 reduction of NMDAR currents depends on
the inhibition of CaMKII activity.

To test the involvement of CaMKII in
D4 modulation of NMDAR-mediated syn-
aptic transmission, we examined the effect
of PD168077 on NMDAR-EPSCs in
�-CaMKII�/� mice. A representative ex-
ample is shown in Figure 4, E and F. Ap-
plication of PD168077 (20 �M) had a sig-
nificantly ( p � 0.005; ANOVA) smaller
effect on the amplitude of NMDAR EPSCs
in PFC neurons from the �-CaMKII het-
erozygotes, compared with wild-type mice
(wild-type: 43.2 � 3.0%, n � 5; heterozy-
gote: 18.3 � 3.1%, n � 11). These results
suggest that changes in CaMKII activity
are required for the D4 modulation of
NMDAR transmission in PFC slices.

D4 receptors decrease CaMKII activity
in a PKA–PP1-dependent manner
We then examined whether activation of
D4 receptors can indeed inhibit CaMKII
activity. The Thr 286 autophosphorylation
state of CaMKII determines its Ca 2�-
independent activity (Miller and Kennedy,
1986; Miller et al., 1988), therefore, we
compared the phosphorylation of CaMKII
at Thr 286 in PFC slices treated with or
without PD168077. A representative ex-
ample is shown in Figure 5A. A short (10
min) treatment of PD168077 (40 �M) po-
tently reduced the Thr 286 phosphorylation
of CaMKII. This ability of PD168077 to
reduce CaMKII activity was prevented by
pretreatment with KN-93 (10 �M). When
PKA activity was suppressed by the inhib-

itor, myristoylated PKI[14 –22] (1 �M), subsequent treatment
with PD168077 had no further effect on CaMKII autophosphor-
ylation. In the presence of the PKA activator cpt-cAMP (100 �M),
the PD168077 reduction of CaMKII autophosphorylation was
blocked. Application of the PP1 inhibitor OA (0.3 �M) also elim-
inated the PD168077 effect on CaMKII activity. The expression
levels of total CaMKII were not changed by any of these treat-
ments (Fig. 5A).

Quantification of the data are summarized in Figure 5B. Un-
der control conditions, PD168077 decreased CaMKII Thr286
phosphorylation to 35 � 9% of the basal level (n � 8). Pretreat-
ment with KN-93 abolished the ability of PD168077 to reduce
CaMKII autophosphorylation (96 � 11%; n � 6). In PFC slices in
which PKA was inhibited by PKI[14 –22] or activated by cpt-
cAMP, subsequent application of PD168077 failed to produce a
significant inhibition of CaMKII autophosphorylation (in the
presence of PKI[14 –22]: 105 � 10%, n � 5; in the presence of
cpt-cAMP: 85 � 18%, n � 6). When PP1 was inhibited by OA,
PD168077 also lost the ability to reduce CaMKII Thr 286 phos-
phorylation (110 � 20%; n � 8). These results suggest that D4

receptors can suppress the kinase activity of CaMKII through PP1
that is activated by PKA inhibition.

D4 receptors reduce the NMDAR surface expression and
increase the NMDAR internalization in a CaMKII-dependent
manner
To test whether the PD168077 reduction of NMDAR-mediated
ionic and synaptic currents can be accounted for by decreased

Figure 4. The D4 reduction of NMDA receptors required the inhibition of CaMKII activity. A, Plot of peak NMDAR currents
showing that the CaMKII inhibitor KN-93 (10 �M) prevented PD168077 (40 �M) from reducing NMDAR currents. B, Plot of peak
NMDAR currents as a function of time and agonist application in neurons dialyzed with the CaMKII inhibitory peptide AIP (10 �M)
or the purified calmodulin (10 �M). C, Cumulative data (mean � SEM) showing the percentage reduction of NMDAR currents by
PD168077 in the absence (n � 22) or presence of KN-93 (10 �M; n � 9), KN-92 (10 �M; n � 9), AIP (n � 11), calmodulin (n �
8), or calmidazolium (20 �M; n � 13) (*p � 0.005; ANOVA). D, E, Plot of peak NMDAR currents ( D) or evoked NMDAR EPSCs ( E)
as a function of time and drug application in neurons from wild-type versus �-CaMKII �/� mice. Each point ( E) represents the
average peak (mean � SEM) of three consecutive NMDAR EPSCs. The effect of PD168077 (20 �M) on NMDA receptors was
markedly attenuated in the mutant cell. D, Inset, Immunoblots of total CaMKII and Thr 286 autophosphorylated CaMKII in PFC slices
from wild-type versus �-CaMKII heterozygous mice. F, Representative current traces (average of 3 trials) taken from the records
used to construct E (at time points denoted by #). Calibration: 20 pA, 100 msec.
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NMDARs on the cell membrane, we performed surface biotiny-
lation to measure levels of surface NR1 in PFC slices. Surface
proteins were first labeled with sulfo-NHS-LC-biotin, and then
biotinylated surface proteins were separated from nonlabeled in-
tracellular proteins by reaction with Neutravidin beads. Surface
and total proteins were subjected to electrophoresis and probed
with an antibody against the NR1 subunit. As shown in Figure
6A, treatment of PFC slices with PD168077 (40 �M, 10 min)
reduced the level of surface NR1, with no change in the total NR1
protein. Furthermore, the PD168077 effect on the surface expres-
sion of NR1 was blocked by pretreatment with the CaMKII in-
hibitor KN-93 (5 �M, 30 min). Analysis of band intensities in a
sample of experiments indicated that PD168077 decreased the
level of surface NR1 to 60 � 12% of control (Fig. 6B) (n � 6; p �
0.01; ANOVA), but failed to do so in the presence of the CaMKII
inhibitor (94 � 13%; n � 5; p 	 0.05; ANOVA) (Fig. 6B).

We also performed immunocytochemical experiments to de-
tect NMDAR internalization in cultured PFC pyramidal neurons.
Surface NMDARs were first stained with an antibody to the ex-
tracellular region of NR1 subunit, and then after the treatment
with various agents, surface-bound antibodies were stripped
away so that only internalized NMDARs were visualized. As
shown in Figure 6C, application of PD168077 (40 �M, 5 min)
triggered a rapid internalization of NMDARs. To test the role of
CaMKII in the D4-regulated NMDAR internalization, we pre-
treated PFC cultures with KN-93 (5 �M, 10 min). This CaMKII
inhibitor abolished the ability of PD168077 to induce NMDAR
internalization (Fig. 6C). Quantification of fluorescently labeled,
internalized NMDARs in a sample of cells indicates that

PD168077 increased NMDAR internalization by 3.2 � 0.6-fold
(Fig. 6D) (n � 20; p � 0.001; ANOVA), and this effect was lost in
the presence of the CaMKII inhibitor (1.14 � 0.4-fold, n � 15;
p 	 0.05; ANOVA) (Fig. 6D). Taken together, these results sug-
gest that PD168077 regulates the trafficking of NMDARs in a
CaMKII-dependent manner.

Figure 5. Activation of D4 receptors reduced CaMKII activity in PFC slices, which was blocked
by activation of PKA or inhibition of PP1. A, Immunoblots of autophosphorylated CaMKII and
total CaMKII. PFC slices were pretreated without or with KN-93 (10 �M), PKI[14 –22] (1 �M),
cpt-cAMP (100 �M), or OA (0.3 �M) for 30 min, followed by incubation without or with
PD168077 (40 �M) for 10 min. After treatment, slice lysates were blotted with an antibody
specific for Thr 286-phosphorylated CaMKII. After stripping out signals, membranes were reblot-
ted with an antibody recognizing the total CaMKII. B, Quantitation of Thr 286-phosphorylated
CaMKII with various treatments (n � 5– 8 for each condition; *p � 0.001; ANOVA).

Figure 6. Activation of D4 receptors reduced the NMDAR surface expression and increased
the NMDAR internalization in a CaMKII-dependent manner. A, Immunoblots showing the sur-
face NR1 and total NR1 in PFC slices under different treatment conditions. PD168077 (40 �M;
10 min) decreased the level of surface NR1, and this effect was abolished by the pretreatment
with KN-93 (5 �M; 30 min). B, Quantitation of the NR1 surface level with various treatments
(n � 5– 6 for each condition; *p � 0.01; ANOVA). C, Examples of internalized NMDAR immu-
noreactivity in cultured PFC pyramidal neurons under different treatment conditions. The un-
treated cell showed little NMDAR internalization, whereas the cell treated with PD168077 (40
�M; 5 min) showed significant staining for NMDARs internalized from the plasma membrane.
Pretreatment with KN-93 (5 �M; 10 min) blocked the PD168077-induced NMDAR internaliza-
tion. D, Quantitation of the internalized NR1 with various treatments (n � 24 –32 cells per
group from four cultures; *p � 0.001, ANOVA).
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Discussion
Interactions between dopaminergic and glutamatergic
systems in PFC
Most of the antipsychotic drugs act on the dopamine system
(Creese et al., 1976; Seeman et al., 1976). Their significant efficacy
forms the corner stone for the “dopamine hypothesis of schizo-
phrenia” (Davis et al., 1991). The enrichment of D4 receptors in
PFC (Mrzljak et al., 1996; Ariano et al., 1997) and its high affinity
for many atypical antipsychotic drugs (Van Tol et al., 1991; Ka-
pur and Remington, 2001) have led the speculation that D4 re-
ceptors play a key role in regulating PFC functions and are highly
involved in the pathophysiology of neuropsychiatric disorders.
Cortical hyperexcitability exhibited in D4 receptor knock-out
mice (Rubinstein et al., 2001) suggests that D4 receptors may
function as an inhibitory modulator of glutamate activity in the
PFC. However, it is still unclear how D4 receptors interact with
the glutamate system in PFC pyramidal neurons. In this study, we
demonstrated that activation of D4 receptors significantly re-
duced the currents through the NMDA-type glutamate receptor
channels in acutely dissociated and cultured PFC pyramidal neu-
rons. Moreover, activation of D4 receptors produced a potent
reduction of the NMDAR-mediated EPSCs in PFC slices. It sug-
gests that the postsynaptic NMDA receptor is one of the key
targets of D4 receptors in PFC neurons. Because the
schizophrenia-like behaviors induced by administration of
NMDAR antagonists (Javitt and Zukin, 1991; Jentsch and Roth,
1999) or NMDAR knock-down (Mohn et al., 1999) have impli-
cated NMDAR hypofunction in mental disorders, the D4 inter-
action with NMDAR channels in PFC could play a significant role
in regulating the cognitive and emotional status.

Dopamine, by activating different receptors and their down-
stream second-messenger cascades, can regulate NMDAR chan-
nels in a complex manner. It has been reported that NMDAR-
mediated responses in PFC are potentiated by D1 receptors and
are suppressed or unchanged by D2 receptors (Zheng et al., 1999;
Seamans et al., 2001; Gonzalez-Islas and Hablitz, 2003). In this
study, we found that when D1 and D2 receptors were blocked,
dopamine inhibited NMDAR currents in PFC pyramidal neu-
rons, an effect that was blocked by D4 antagonists, indicating the
mediation by D4 receptors. These results suggest that activation
of different dopamine receptors may have differential functional
consequences on NMDAR channels in PFC neurons.

Mechanisms for the D4 regulation of NMDA receptors in PFC
The NMDAR channel activity can be regulated by protein phos-
phorylation– dephosphorylation via a variety of protein kinases–
phosphatases (Lieberman and Mody, 1994; Raman et al., 1996;
Westphal et al., 1999). Our results show that the D4 modulation
of NMDAR currents or NMDAR EPSCs in PFC pyramidal neu-
rons is mediated by a signaling cascade involving the inhibition of
PKA and the subsequent activation of PP1. Consistent with this,
a PKA–PP1-mediated pathway has been implicated in the D1

regulation of NMDA receptors in striatum (Snyder et al., 1998;
Flores-Hernandez et al., 2000). Experiments with various
CaMKII inhibitors and CaMKII�/� mice further show that the
D4-mediated suppression of NMDA receptor functions in PFC
pyramidal neurons was dependent on the inhibition of CaMKII
activity, which was downstream of PKA inhibition and PP1 acti-
vation. Moreover, the D4 regulation of NMDA receptors in PFC
was not dependent on PLC stimulation or calmodulin activation.
A different mechanism that is independent of PKA but involves
the transactivation of a receptor tyrosine kinase and the enhanced
Ca 2�– calmodulin-dependent inactivation of NMDA receptors

has been proposed to explain the irreversible inhibition of
NMDA receptors by D2-class receptors in hippocampus (Ko-
techa et al., 2002). It suggests that dopamine receptors could be
coupled to distinct signaling pathways to regulate NMDAR trans-
mission in different types of neurons.

In the brain, NMDA receptors are found both in the cyto-
plasm of neurons and at excitatory synapses (Petralia et al., 1994).
At the postsynaptic membrane, NMDA receptors interact with
postsynaptic density (PSD) components, a macromolecular
complex containing anchoring and signaling elements (Sheng
and Pak, 2000). The subcellular distribution of NMDA receptors
to postsynaptic sites can be regulated by neuronal activity, PKA,
and PKC (Rao and Craig, 1997; Crump et al., 2001; Lan et al.,
2001). In this study, we found that activation of D4 receptors
reduced the surface expression of NMDA receptors in PFC neu-
rons, which is opposite to the D1-induced increase of NMDA
receptors at the postsynaptic membrane in striatal neurons (Du-
nah and Standaert, 2001). Interestingly, the opposing effects of
D4 versus D1 receptors on the NMDAR targeting are consistent
with the PFC D4-induced suppression (this study) versus the
striatal D1-induced enhancement of NMDAR currents (Flores-
Hernandez et al., 2000). Because PKA activity has been impli-
cated as a mediator of enhanced synaptic transport or stabiliza-
tion of NMDA receptors (Crump et al., 2001), the inhibitory or
stimulatory effect on PKA activity produced by D4 or D1 recep-
tors might be associated with their differing effects on the
NMDAR trafficking.

CaMKII is an important downstream target of the PKA-gated
PP1 in PSDs of glutamatergic synapses in which NMDARs are
concentrated. D4 receptor activation in PFC reduced the
NMDAR surface expression and increased NMDAR internaliza-
tion in a CaMKII-dependent manner (Fig. 6). Several possible
mechanisms could account for this finding. First, activation and
Thr 286 autophosphorylation of CaMKII have been shown to in-
duce high-affinity binding to NMDA receptor subunits (Strack
and Colbran, 1998; Leonard et al., 1999). Thus, the D4-induced
inhibition of CaMKII activity may reduce the interaction be-
tween CaMKII and NMDARs, causing the dispersal of NMDARs
from postsynaptic membrane, leading to the reduced NMDA
response. Second, previous studies found that the calcineurin-
dependent dephosphorylation of endocytic proteins can trigger
endocytosis of synaptic vesicles in nerve terminals (Slepnev et al.,
1998). Therefore, the D4 inhibition of CaMKII activity may
change the Ca 2�-dependent phosphorylation– dephosphoryla-
tion of proteins that are part of the endocytic complex, which in
turn enhances endocytosis by promoting the assembly and func-
tion of the complex.

In summary, we have demonstrated that activation of D4 re-
ceptors in PFC pyramidal neurons causes the inhibition of PKA,
leading to the disinhibition of PP1 caused by the decreased phos-
phorylation of inhibitor-1. Activated PP1 reduces the auto-
phosphorylation and autonomous activity of CaMKII, resulting
in the internalization of NMDA receptors and the reduction of
NMDAR-mediated currents. Given the key role of D4 and
NMDA receptors in schizophrenia and other neuropsychiatric
disorders, the present results provide a possible cellular mecha-
nism that could underlie the D4 regulation of cognitive functions
associated with PFC.
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