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ABSTRACT

One of the important targets of dopamine D, receptors in
prefrontal cortex (PFC) is the multifunctional Ca®*/calmodulin-
dependent protein kinase Il (CaMKIl). In the present study, we
investigated the effect of D, receptor activation on subcellular
localization of CaMKIIl. We found that activation of D, recep-
tors, but not D, receptors, induced a rapid translocation of
a-CaMKIl from cytosol to postsynaptic sites in cultured PFC
neurons. Activated CaMKIl (Thr?®®¢ phospho-CaMKII) was also
redistributed to postsynaptic sites after D, receptor stimulation.
The translocation was blocked by inhibiting the phospholipase
C/inositol 1,4,5-trisphosphate receptor/Ca®* signaling. Point
mutation of the calmodulin binding site (Ala®°?), but not the
autophosphorylation site (Thr?®¢), of a-CaMKII prevented the
D,-induced CaMKIl translocation. Moreover, D, receptors

failed to induce CaMKIl translocation in the presence of an
actin stabilizer, and D, activation reduced the binding of
CaMKIl to F-actin. Concomitant with the synaptic accumulation
of a-CaMKIl in response to D, receptor activation, a D,-in-
duced increase in the CaMKIl phosphorylation of a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
glutamate receptor 1 (GluR1) subunits and the amplitude of
AMPA receptor-mediated excitatory postsynaptic currents was
also observed. Thus, our results show that D, receptor activa-
tion induces the synaptic translocation of CaMKIl through a
mechanism involving Ca®*/calmodulin and F-actin, which fa-
cilitates the regulation of synaptic targets of CaMKII, such as
AMPA receptors.

Dopaminergic inputs to prefrontal cortex (PFC) are be-
lieved to play important roles in many physiological func-
tions, such as working memory formation (Brozoski et al.,
1979; Goldman-Rakic, 1995; Marie and Defer, 2003). Dys-
function of the dopaminergic system in PFC is considered
to be a significant contributor to the pathophysiology of a
variety of disorders, including schizophrenia (Grace, 1991;
Goldman-Rakic, 1994; Andreasen et al., 1997; Lewis and
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Lieberman, 2000; Carlsson et al., 2001). The dopamine D,
receptor, a member of the D, family of receptors, is highly
expressed in PFC (Mrzljak et al., 1996; Wedzony et al.,
2000). Several lines of evidence have suggested the in-
volvement of D, receptors in normal PFC functioning and
neuropsychiatric disorders (Rubinstein et al., 1997; Du-
lawa et al., 1999; Oak et al., 2000). The expression of D,
receptors is elevated in PFC of patients with schizophrenia
(Seeman et al., 1993). Some antipsychotic drugs have high
affinities to D, receptors (Van Tol et al., 1991; Kapur and
Remington, 2001). D, receptor antagonists are effective in
ameliorating cognitive deficits caused by the psychotomi-
metic drug phencyclidine (Jentsch et al., 1997, 1999). How-

ABBREVIATIONS: PFC, prefrontal cortex; PLC, phospholipase C; IPsR, inositol 1,4,5-triphosphate receptor; PKA, protein kinase A; CaMKIl,
Ca?"/calmodulin-dependent protein kinase Il; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA, N-methyl-D-aspartate;
PSD-95, 95-kDa postsynaptic density protein; PD168077, [(4-phenylpiperazinyl)-methyllbenzamide; L-745870, 3-(4-[4-chlorophenyl]piperazin-1-
yl)methyl-1H-pyrrolo[2,3b]pyridine; SCH23390, R-(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine; a-Me-5HT,
a-methyl-5-hydroxytryptamine; cpt-cAMP, chlorophenylthio-cAMP; U73122, 1-[6-[[17B-methoxyestra-1,3,5(10)-trien-17-ylJamino]hexyl]-1H-pyr-
role-2,5-dione; Bisl, Bis-indolyl-maleimide I; KN-62, 1-[N,O-bis(5-isoquinolinesulfonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine; KN-93, 2-[N-(2-
hydroxyethyl)-N-(4-methoxybenzenesulfonyl)Jamino-N-(4-chlorocinnamyl)-N-methylbenzylamine; 2APB, 2-aminoethoxydiphenylborane; PCR,
polymerase chain reaction; GFP, green fluorescent protein; mEPSC, miniature excitatory postsynaptic current; QX-314, 2-((2,6-dimethylphe-
nyl)amino)-N,N,N-triethyl-2-oxoethanaminium; TTX, tetrodotoxin; K-S, Kolmogorov-Smirnov; ANOVA, analysis of variance; BAPTA, 1,2-bis(2-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid; AM, acetoxymethyl ester; A23187, calcimycin.
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ever, the cellular mechanisms underlying these D, actions
have yet to be elucidated.

Our recent studies have shown that one of the important
targets of dopamine D, receptors in PFC is CaMKII (Wang et
al., 2003; Gu and Yan, 2004). In PFC neurons with low
activity, D, receptor stimulation increases CaMKII activity
through a PLC/IP;R-dependent pathway, but not the classic
G/, and PKA signaling pathway, whereas D, receptors fail to
increase CaMKII activity (Gu and Yan, 2004). Thus, activa-
tion of CaMKII can be one of the features to distinguish D,
receptor signaling from D, receptor signaling.

CaMKII is a multifunctional kinase highly enriched in
neurons. It is activated by elevated intracellular Ca®", which
triggers calmodulin binding to CaMKII at Ala®°2. CaMKII is
autophosphorylated at Thr?®® when the enzyme is activated,
leading to the appearance of a sustained, Ca®*-independent
activity (Miller and Kennedy, 1986). Many signals can ele-
vate intracellular Ca®" through different pathways, includ-
ing extracellular Ca®?" influx through voltage-gated Ca®*
channels and NMDA receptor channels, or Ca®?™ release from
intracellular stores through activation of G -coupled recep-
tors. Upon activation, CaMKII phosphorylates dozens of sub-
strates throughout the whole cell (Braun and Schulman,
1995). Like other kinases with broad substrate selectivity,
CaMKII achieves the efficacy and specificity of signal trans-
duction via compartmentalized localization (Kennedy, 2000;
Hudmon and Schulman, 2002). CaMKII located in postsyn-
aptic sites has been found to play a crucial role in synaptic
plasticity, which is integral for learning and memory,
through the regulation of several postsynaptic proteins, such
as postsynaptic AMPA receptors and NMDA receptors (Silva
et al., 1992; Malenka and Nicoll, 1999; Frankland et al.,
2001; Soderling et al., 2001).

Because targeting CaMKII to certain subcellular compart-
ments is crucial for the efficacy and specificity of signals in
response to various stimuli, we examined whether D, recep-
tor activation in PFC neurons could change the subcellular
localization of CaMKII. We found that D, receptor stimula-
tion induced a synaptic translocation of CaMKII, and this
event was paralleled by a significant increase in the CaMKII
phosphorylation of AMPA receptors and the postsynaptic
AMPA response after D, receptor activation.

Materials and Methods

Primary Neuronal Culture. Rat PFC cultures were prepared as
described previously (Wang et al., 2003). In brief, PFC was dissected
from embryonic day 18 rat embryos and cells were dissociated using
trypsin and trituration through a Pasteur pipette. The neurons were
plated on coverslips coated with poly-L-lysine in Dulbecco’s modified
Eagle’s medium with 10% fetal calf serum at a density of 100,000
cells/cm?. When neurons attached to the coverslip within 24 h, the
medium was changed to Neurobasal medium with B27 supplement
(Invitrogen, Carlsbad, CA). Neurons were maintained in the same
kind of media for 2 to 3 weeks. Cultured neurons were treated with
various agents for the durations as indicated in texts before fixation
and immunostaining.

Immunocytochemistry. After treatment, cultured PFC neurons
were fixed in 4% paraformaldehyde in PBS for 20 min and were
permeabilized with 0.2% Triton X-100 for 5 min. After 1 h of incu-
bation with 5% bovine serum albumin to block nonspecific staining,
the cells were incubated with the polyclonal a-CaMKII antibody
(1:100; Upstate Biotechnology, Lake Placid, NY) and monoclonal
95-kDa postsynaptic density protein (PSD-95) antibody (1:100; Af-

finity Bioreagents, Golden, CO) at 4°C overnight. In some experi-
ments, the cells were incubated with the polyclonal Thr?®¢-p-a-
CaMKII antibody (1:100; Santa Cruz Biotechnology, Santa Cruz)
and monoclonal PSD-95 antibody at 4°C overnight. Otherwise, cells
were incubated with the polyclonal B-CaMKII antibody (1:100;
Zymed Laboratories Inc., South San Francisco, CA). After washing,
the cells were incubated with a fluorescein- and rhodamine-conju-
gated secondary antibody (1:200; Sigma, St. Louis, MO) for 60 min at
room temperature. After three washes in PBS, the coverslips were
mounted on slides with VECTASHIELD mounting media (Vector
Laboratories, Inc., Burlingame, CA). Fluorescent images were ob-
tained using a 100X objective with a cooled charge-coupled device
camera mounted on a Nikon microscope, and analyzed with the
Imaged software (http://rsb.info.nih.gov/ij/). All specimens were im-
aged under identical conditions and analyzed using identical param-
eters. To define CaMKII, p-CaMKII, and PSD-95 clusters, a single
threshold was chosen manually and corresponded to two times the
average intensity of fluorescence in the dendritic shaft. Any CaMKII
or p-CaMKII cluster that overlapped with a PSD-95 cluster was
defined as synaptic. Three to four independent experiments for each
of the treatments were performed. On each coverslip, four to six
neurons were chosen and quantified. For each neuron, three to four
neurites (50 um each) were measured. Quantitative analyses were
conducted blindly (without knowledge of experimental treatment).

Receptor ligands PD168077 maleate, L-745870 trihydrochloride
(Tocris, Ballwin, MO), quinpirole, dopamine, SCH23390, sulpiride,
a-methyl-5-hydroxytryptamine (a-Me-5HT), carbachol (Sigma), as
well as second messenger reagents cpt-cAMP, PKI,, ,,, U73122,
genistein, Bis-indolyl-maleimide I (Bis1), KN-62, KN-93, 2-aminoe-
thoxydiphenylborane (2APB) (Calbiochem, San Diego, CA), and ac-
tin/microtubule agents phalloidin-oleate and paclitaxel (Taxol;
Sigma) were made up as concentrated stocks and stored at —20°C.
The final dimethyl sulfoxide concentration in all applied solutions
was no more than 0.1%. Stocks were thawed and diluted immedi-
ately before use.

Western Blot and Coimmunoprecipitation. After treatment
with different agents, equal amounts of protein from PFC culture
homogenates (in 1% SDS lysis buffer) were separated on 7.5% acryl-
amide gels and transferred to nitrocellulose membranes. The blots
were blocked with 5% nonfat dry milk for 1 h at room temperature.
Then the blots were incubated with the anti-pS®3'-GluR1 (1:500;
Upstate Biotechnology) or anti-GluR1 (1:1000; Upstate Biotechnol-
ogy) for 1 h at room temperature. After being rinsed, the blots were
incubated with horseradish peroxidase-conjugated anti-rabbit anti-
bodies (1:1000; Amersham Biosciences, Little Chalfont, Bucking-
hamshire, UK) for 1 h at room temperature. After three washes, the
blots were exposed to the enhanced chemiluminescence substrate.
Quantification was obtained from densitometric measurements of
immunoreactive bands on films using NIH Image software (http:/
rsb.info.nih.gov/nih-image).

For coimmunoprecipitation experiments, PFC slices (400 um)
from 3-week-old rats were used. Slices were prepared as described
previously (Gu et al., 2003; Gu and Yan, 2004). After treatment with
indicated agents, each slice was collected and homogenized in 1 ml of
lysis buffer (1% Triton X-100, 0.1% SDS, 0.5% deoxycholic acid, 50
mM NaPO,, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 10 mM sodium
pyrophosphate, 1 mM sodium orthovanadate, 1 mM phenylmethyl-
sulfonyl fluoride, and 1 mg/ml leupeptin). Lysates were centrifuged
at 4°C at 16,000g for 30 min. Supernatant fractions were incubated
with an anti-actin antibody (Santa Cruz Biotechnology) for 1 h at
4°C, followed by incubation with 50 ul of protein A/G plus agarose
(Santa Cruz Biotechnology) for 1 h at 4°C. Immunoprecipitates were
washed three times with lysis buffer containing 0.2 M NaCl, boiled in
2X SDS loading buffer for 5 min, and separated on 7.5% SDS-
polyacrylamide gels.

CaMKII « Subunit Cloning and Site Mutation. CaMKII «
subunit cDNA (GenBank accession number NM012920) was ampli-
fied by reverse transcription-PCR from rat brain total RNA. The



primers used for PCR were 5'-gcgaattctgecaggatggcetaccatcace-3’ and
5'-gcggatecctggectggtecttcaatgg-3’. The PCR product was then
cloned to PCR2.1-TOPO vector (Invitrogen) and further subcloned to
pEGFP-C1 vector (Clontech, Mountain View, CA). Point mutants
were made with a site mutation kit (Stratagene, La Jolla, CA) using
the primers 5'-catgcacagacaggaggccgtggactgee-3’ (for Thr?®6 to Ala
mutation) and 5’'-ggaaactgaagggacgcatccteaccac tatge-3' (for Ala®°2
to Arg mutation). Transfection of GFP-fused CaMKII constructs to
primary PFC cultures was performed using Lipofectamine 2000 (In-
vitrogen) according to the manufacturer’s instructions. Neurons
were used 2 days after transfection.

Synaptic Current Recording in Cultures. The recording of
AMPAR-mediated miniature excitatory postsynaptic currents (mEP-
SCs) in PFC cultures was similar to that described previously (Cai et
al., 2002). The internal solution consisted of 130 mM Cs-methane-
sulfonate, 10 mM CsCl, 4 mM NaCl, 10 mM HEPES, 1 mM MgCl,, 5
mM EGTA, 2.2 mM QX-314, 12 mM phosphocreatine, 5 mM MgATP,
0.5 mM Na,GTP, 0.1 mM leupeptin, pH 7.2 to 7.3, 265 to 270 mOsM.
The external solution consisted of 127 mM NaCl, 5 mM KCI, 2 mM
MgCl,, 2 mM CaCl,, 12 mM glucose, 10 mM HEPES, 0.001 mM TTX,
0.005 mM bicuculline, pH 7.3 to 7.4, 300 to 305 mosM. D-2-Amino-
5-phosphonovalerate (20 uM) was added to block the NMDA recep-
tor-mediated component of mEPSCs. The membrane potential was
held at —70 mV. The AMPA receptor mEPSCs in the absence or
presence of agonists were compared. Before recording, cultured neu-
rons were treated with TTX (1 uM) for 24 h to lower the basal
activity. Synaptic currents were analyzed with Mini Analysis Pro-
gram (Synaptosoft, Leonia, NJ). Statistical comparisons of the am-
plitude and frequency of synaptic currents (mean * S.E.M.) were
made using the Kolmogorov-Smirnov (K-S) test.

Results

Induction of CaMKII Postsynaptic Translocation by
D, Receptors in Cultured PFC Neurons. We assessed the
effect of D, receptor activation on the subcellular localization
of CaMKII in cultured PFC neurons using immunocytochem-
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Fig. 1. PD168077 induced a-CaMKII clustering along dendrites of cul-
tured PFC neurons in a time-dependent manner. A, immunocytochemical
images of a-CaMKII in cultured PFC pyramidal neurons treated with or
without PD168077 (20 uM) for different durations. Diffused distribution
of CaMKII staining was shown in untreated neurons. CaMKII clusters
were formed 2 min after PD168077 application, peaked at 5 min, and
returned to basal level at 60 min. Enlarged versions of the boxed regions
of dendrites are shown beneath each of the images. B, quantitative
analysis of a-CaMKII clusters along dendrites under different treatment.
#, p < 0.001 versus control; #*, p < 0.05 versus control, ANOVA.
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ical approaches. As shown in Fig. 1A, in the untreated cells
(control), CaMKII was mainly distributed uniformly
throughout dendritic shafts, similar to what was found in
cultured hippocampal neurons (Fong et al., 2002). In the cells
treated with PD168077, a selective D, receptor agonist
(Glase et al., 1997; Wang et al., 2003), CaMKII exhibited
enrichment in punctate structures along dendritic processes.
Counting CaMKII puncta along dendrites (Fig. 1B) showed
that the translocation occurred at 2 min (18.3 * 3.9 clusters/
100 pm versus 7.2 *= 1.5 clusters/100 um in untreated neu-
rons; p < 0.05, ANOVA), peaked at 5 min (43.5 * 7.5 clusters/
100 um, p < 0.001, ANOVA), lasted for approximately 30 min
(17.1 = 3.8 clusters/100 um, p < 0.05, ANOVA), and recov-
ered at approximately 60 min (8.9 = 2.2 clusters/100 wm).
To further investigate the localization of CaMKII puncta
after PD168077 treatment, we costained CaMKII with the
postsynaptic scaffolding protein PSD-95 (a marker for
postsynaptic synapses). In contrast to the translocation of
CaMKII, the distribution of PSD-95 was not altered by
PD168077 treatment (Fig. 2A). As illustrated on the merged
pictures, the punctate distribution of CaMKII after

PD168077 treatment showed a marked colocalization with
PSD-95, suggesting that CaMKII was translocated to
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Fig. 2. PD168077-induced CaMKII clusters were largely colocalized with
PSD-95 in cultured PFC neurons, and autophosphorylated CaMKII
(pT2%6.CaMKII) was also translocated to synapses by PD168077 treat-
ment. A, images of cultured PFC pyramidal neurons coimmunostained
with antibodies against a-CaMKII (green) and PSD-95 (red). Before
staining, cultured neurons were either untreated (top) or treated with
PD168077 (bottom, 20 uM, 5 min). The merged pictures showed great
colocalization of CaMKII clusters and PSD-95 after PD168077 treatment.
B, quantitative analysis of CaMKII clusters, PSD-95 clusters and colo-
calized CaMKII and PSD-95 clusters along dendrites with or without
PD168077 treatment. *, p < 0.001 versus control, ANOVA. C, images of
cultured PFC pyramidal neurons coimmunostained with antibodies
against pT2*6-CaMKII (green) and PSD-95 (red). Similar to total CaMKII,
p 2%6-CaMKII was clustered after application of PD168077 (5 min). The
clusters of pT2®6-CaMKII were also colocalized with PSD-95. D, quanti-
tative analysis of p-CaMKII clusters and colocalized p-CaMKII and
PSD-95 clusters along dendrites with or without PD168077 treatment. *,
p < 0.001 versus control, ANOVA.
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postsynaptic sites in response to D, receptor activation.
Quantification (Fig. 2B) revealed a significant increase in
synaptic CaMKII clusters along dendrites after activating D,
receptors (control, 5.3 = 1.5 clusters/100 um; PD168077,
35.5 * 6.4 clusters/100 um; p < 0.001, ANOVA; n = 24
neurons per group from six cultures), whereas the density of
synaptic PSD-95 clusters along dendrites was unchanged by
D, receptor activation (control, 52.9 * 8.5 clusters/100 um;
PD168077, 54.8 = 8.7 clusters/100 um; n = 10 neurons per
group from three cultures).

We then examined whether D, receptor activation trig-
gered the synaptic targeting of activated CaMKII (Thr2%%-
phosphorylated) in cultured PFC neurons. As shown in Fig.
2, C and D, in the untreated cell, p-CaMKII was distributed
almost evenly on dendritic arbors. In the PD168077-treated
cell, p-CaMKII exhibited a significantly increased clustering
at synaptic sites, as indicated by the enhanced colocalization
with PSD-95 (synaptic p-CaMKII clusters/100-um dendrite:
6.2 = 1.7 in controls, 37.3 = 6.7 in PD168077-treated neu-
rons; p < 0.001, ANOVA; n = 22 neurons per group from four
cultures). These results suggest that activated CaMKII, like
CaMKII, was redistributed to postsynaptic sites by D, recep-
tor activation.

Mechanisms for the D,-Induced Synaptic Transloca-
tion of CaMKII in PFC Cultures. If the PD168077-in-
duced CaMKII translocation to postsynaptic sites was indeed
mediated by D, receptors, selective D, receptor antagonists
should prevent the action of PD168077. Consistent with this,
application of L.745870 (20 uM), a selective D, receptor an-
tagonist (Kulagowski et al., 1996; Patel et al., 1997), strongly
inhibited the synaptic translocation of CaMKII induced
by PD168077 (Fig. 3, synaptic CaMKII clusters/100-um
dendrite: 5.2 *= 1.7 in untreated neurons; 35.7 * 6.2 in
PD168077-treated neurons; 6.1 =*= 1.6 in L745870+
PD168077-treated neurons; n = 18 neurons per group from
four cultures). In addition, we found that quinpirole, a dopa-
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Fig. 3. D, receptor, but not D, receptor, activation induced CaMKII
synaptic translocation. A, immunocytochemical images of «-CaMKII in
cultured PFC pyramidal neurons treated with PD168077 (20 uM),
PD168077 plus the D, receptor antagonist L-745870 (20 uM), quinpirole
(20 uM), or dopamine (50 uM) in the presence of the D,/D, antagonist
SCH23390 (10 uM) and D,/D, antagonist sulpiride (10 uM). B, quanti-
tative analysis of CaMKII synaptic clusters along dendrites under differ-
ent treatment. *, p < 0.001 versus control, ANOVA.

mine D, receptor agonist, failed to induce CaMKII translo-
cation (4.9 * 1.9 synaptic CaMKII clusters/100-um dendrite,
n = 20 neurons from four cultures), indicating that the effect
on CaMKII translocation is specific for D, receptor activa-
tion.

We further tested whether dopamine can mimic the effect
of D, agonist. PFC cultures were treated with SCH23390 (10
puM) and sulpiride (10 uM) for 15 min to block D,/Dy and
D,/D; receptors, followed by a 5-min treatment with dopa-
mine (50 uM). SCH23390 and sulpiride treatment alone did
not induce CaMKII clustering (5.6 * 3.8 clusters/100-um
dendrite, » = 18 neurons from three cultures). However, in
the presence of these D,/D5 and D,/D, antagonists, dopamine
induced significant CaMKII synaptic translocation (26.8 =
4.5 synaptic CaMKII clusters/100-um dendrite, n = 20 neu-
rons from three cultures, p < 0.001, ANOVA), similar to the
effect of PD168077.

It has been shown previously that D, receptor activation
increased CaMKII activity through a mechanism involving
the stimulation of PLC/IP;R pathway, but not the classic D,
receptor-coupled G;,, and PKA pathway in PFC slices (Gu
and Yan, 2004). We then examined the participation of these
signaling molecules in D, -induced CaMKII translocation. As
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Fig. 4. The PD168077-induced CaMKII synaptic translocation was de-
pended on the PLC/IP;R/Ca®" pathway, but not PKA or PKC. A, immu-
nocytochemical images of a-CaMKII in cultured PFC pyramidal neurons
preincubated (20 min) with various agents followed by the PD168077
treatment (20 uM, 5 min). Agents include the PKA activator cpt-cAMP
(100 pM), the PKA inhibitor PKI,, ,, (100 nM), the PLC inhibitor
U73122 (1 uM), the IP, receptor inhibitor 2APB (15 uM), the membrane
permeable Ca?* chelator BAPTA/AM (50 uM), the PKC inhibitor Bis1 (4
M), or the tyrosine kinase inhibitor genistein (100 uM). B, quantitative
analysis of CaMKII synaptic clusters along dendrites under different
treatment. *, p < 0.001 versus control, ANOVA.



shown in Fig. 4, neither the PKA activator cpt-cAMP (100
pM) nor the PKA inhibitor PKI,, ,, (100 nM) prevented the
PD168077-induced CaMKII translocation (synaptic CaMKII
clusters/100-um dendrite: 32.7 = 5.7 in cAMP+PD168077-
treated neurons; 33.2 + 5.8 in PKI+PD168077-treated neu-
rons; n = 18 neurons per group from three cultures), indicat-
ing the lack of involvement of the PKA pathway in this event.
On the other hand, in the presence of the PLC inhibitor
U73122 (1 uM), after PD168077 treatment, CaMKII still
exhibited the uniform distribution along dendritic processes
(5.8 = 1.3 clusters/100 pm in U73122+PD168077-treated
neurons, n = 16 neurons from three cultures), indicating that
the D, -induced CaMKII synaptic translocation is abolished
by the inhibition of the PLC pathway.

Because PLC stimulation leads to the release of intracel-
lular Ca®" via IP, receptors and activation of PKC, we fur-
ther examined the role of these molecules in D, -induced
CaMKII synaptic translocation. As shown in Fig. 4, blocking
1P, receptors with 2APB (15 uM) or inhibiting the elevation
of intracellular Ca?* with BAPTA/AM (50 uM) prevented
CaMKII from clustering at synaptic sites in response to
PD168077 treatment (synaptic CaMKII -clusters/100-um
dendrite: 6.5 = 1.4 in 2APB+PD168077-treated neurons;
6.8 = 1.2 in BAPTA+PD168077-treated neurons; n = 14
neurons per group from three cultures). In contrast, inhibit-
ing PKC activation with the specific inhibitor Bisl (4 uM) or
inhibiting tyrosine kinases with genistein (100 uM) failed to
alter the PD168077-induced CaMKII synaptic targeting
(synaptic CaMKII clusters/100-um dendrite: 31.7 = 5.3 in
Bis1+PD168077-treated neurons; 33.6 * 6.2 in genistein+
PD168077-treated neurons; n = 18 neurons per group from
four cultures). Taken together, these results suggest that
the D, receptor-mediated CaMKII translocation depends
on intracellular Ca®>" elevation induced by the PLC/IP,R
pathway.

To understand how Ca®" is potentially involved in the D,
induction of CaMKII translocation, we examined the influ-
ence of CaMKII mutants on the translocation. We expressed
GFP-fused wild-type a-CaMKII, the autophosphorylation-de-
ficient mutant (T286A), or the calmodulin binding-deficient
mutant (A302R) form of «-CaMKII in PFC cultures. As
shown in Fig. 5, similar to the endogenous CaMKII, GFP-
fused a-CaMKII diffused throughout dendritic shafts in un-
treated neurons (synaptic CaMKII clusters/100-um dendrite:
6.4 + 1.8,6.8 * 1.7, and 5.2 + 1.4 for wild-type, autophos-
phorylation-deficient, and calmodulin binding-deficient
CaMKII, respectively, n = 20 neurons per group from four
cultures). PD168077 treatment (5 min) significantly in-
creased CaMKII-GFP puncta along dendrites in neurons
transfected with wild-type CaMKII (38.8 + 6.7 clusters/100
pm, p < 0.001, ANOVA,; n = 20 neurons from four cultures)
or autophosphorylation-deficient CaMKII (39.4 *+ 6.6 clus-
ters/100 um, p < 0.001, ANOVA; n = 20 neurons from four
cultures), but not in neurons transfected with the calmodulin
binding-deficient CaMKII (8.3 = 1.9 clusters/100 um; n = 20
neurons from four cultures). It suggests that calmodulin
binding, but not autophosphorylation, of CaMKII is required
to trigger its synaptic translocation in response to D, recep-
tor activation.

To determine whether calmodulin binding is sufficient to
induce CaMKII redistribution, we examined the effect of
several other agents on CaMKII translocation, including glu-
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tamate (50 wM), muscarinic receptor agonist carbachol (10
puM), 5-HT, receptor agonist a-Me-5HT (20 uM), and the
calcium ionophore A23187 (2 uM), all of which can elevate
intracellular Ca®* and thus promote the calmodulin binding
and activation of CaMKII. Indeed, similar to PD168077, all
these agents induced CaMKII activation, as indicated by the
increased level of Thr?®6-phosphorylated CaMKII (Fig. 6A
and 6B). However, only glutamate induced a significant in-
crease in synaptic CaMKII clustering along dendrites (Fig. 6,
C and D, 38.1 = 5.5 clusters/100 um, p < 0.001, ANOVA; n =
18 neurons from three cultures), consistent with the previous
result (Shen and Meyer, 1999). None of the other three
agents showed any effect on CaMKII clustering (Fig. 6, C and
D, CaMKII clusters/100-um dendrite: 6.5 + 1.5,6.3 = 1.3 and
6.0 = 1.4 for carbachol, a-Me-5HT and A23187, respectively),
suggesting that calmodulin binding is not sufficient to induce
CaMKII redistribution.

What is the other factor, in addition to CaZ®*/calmodulin
binding, that is necessary for CaMKII translocation? Previ-
ous studies have shown that CaMKII could associate with
actin filaments (Ohta et al., 1986) and microtubules (Vallano
et al., 1986). We hypothesize that the D -induced elevation of
intracellular Ca®* and calmodulin binding of CaMKII may
affect the association of CaMKII with the cytoskeletal net-
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Fig. 5. Mutation of the calmodulin binding site (AlaSOz), but not the
autophosphorylation site (Thr?®¢), of CaMKII prevented the PD168077-
induced CaMKII synaptic translocation. A, fluorescence images of GFP-
CaMKII in cultured PFC pyramidal neurons transfected with wild-type
or site mutants of CaMKII. All three kinds of GFP-CaMKII were distrib-
uted evenly throughout the dendrites in untreated neurons, similar to the
distribution pattern of endogenous CaMKII. Application of PD168077
induced a dramatic synaptic translocation of the wild-type GFP-CaMKII
and the autophosphorylation-deficient GFP-CaMKII (Thr?**— Ala), but
not the calmodulin binding-deficient GFP-CaMKII (Ala**>—Arg). B,
quantitative analysis of GFP-CaMKII synaptic clusters along dendrites
in neurons transfected with different CaMKII constructs before (control)
and after PD168077 treatment (PD). #, p < 0.001 versus control, ANOVA.
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work, therefore facilitating the translocation of CaMKII. To
test this, we exposed neuronal cultures to various agents that
disturb F-actin or microtubule before activating D, receptors
with PD168077 treatment. As shown in Fig. 7, A and B,
the F-actin stabilizer phalloidin-oleate (1 uM) prevented
PD168077-induced synaptic CaMKII translocation along
dendrites (9.4 = 2.1 clusters/100 um, n = 20 neurons from
four cultures), whereas the microtubule stabilizer paclitaxel
(10 M) had no effect (33.0 = 4.9 CaMKII clusters/100-um
dendrite, p < 0.001, ANOVA; n = 20 neurons from four
cultures). Neither of these stabilizers induced CaMKII clus-
tering by itself. These results prompted us to hypothesize
that the F-actin stabilizer may prevent the reorganization of
actin cytoskeleton and the dissociation of CaMKII from actin,
thus blocking the D -induced CaMKII translocation.

To test this, we examined the effects of various agents on
the binding between CaMKII and F-actin. As shown in Fig. 7,
C and D, both PD168077 and glutamate caused a significant
reduction of CaMKII that bound to F-actin (PD168077, 35 *+
8% of control; Glu, 29 * 6% of control, n = 6; p < 0.001,
ANOVA), whereas carbachol, a-Me-5HT, and A23187 had no
effect (carbachol, 97 = 15% of control; «-Me-5HT, 98 *= 13%
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Fig. 6. Various agents that could activate CaMKII had different effects
on CaMKII translocation. A, immunoblots of phospho-CaMKII and
CaMKII in PFC slices incubated with PD168077 (PD, 20 uM), glutamate
(50 wM), muscarinic receptor agonist carbachol (10 uM), 5-HT, receptor
agonist a-Me-5HT (20 pM), or the calcium ionophore A23187 (2 uM) for
10 min. Extracts of slices were immunoblotted with an anti-phospho-a-
CaMKII antibody. After stripping out signals, membranes were reblotted
with an antibody recognizing the total «-CaMKII. B, quantification of
p-CaMKII induced by different treatment. *, p < 0.001 versus control,
ANOVA. C, immunocytochemical images of a-CaMKII in cultured PFC
pyramidal neurons treated for 5 min with various agents, including
glutamate (50 uM), carbachol (10 uM), a-Me-5HT (20 nM), and A23187 (2
uM). Among them, only glutamate induced CaMKII translocation. D,
quantitative analysis of CaMKII synaptic clusters along dendrites under
different treatment. *, p < 0.001 versus control, ANOVA.

CaMKIl clusters/100 um
n
=]

of control; A23187, 95 + 19% of control; n = 6). In the
presence of phalloidin, both PD168077 and glutamate lost
the capability to reduce the level of actin-binding CaMKII.
These results suggest that CaMKII redistribution may re-
quire its dissociation from actin cytoskeleton, and the differ-
ent effects of those agents on the binding of CaMKII to
F-actin may underlie their distinct effects on CaMKII trans-
location.

Because B-CaMKII binds to F-actin directly and «-CaMKII
is docked to the actin cytoskeleton by forming hetero-oli-
gomers with B-CaMKII (Shen et al., 1998), we further exam-
ined the possible translocation of B-CaMKII in response to D,
receptor activation. As shown in Fig. 8A and 8B, treatment of
PFC culture with PD168077 (20 uM, 5 min) induced a sig-
nificant increase of B-CaMKII clusters along dendrites (con-
trol, 6.8 = 4.5 clusters/100 um, n = 20 neurons from three
cultures; PD168077, 41.3 * 7.3 clusters/100 um, n = 24
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Fig. 7. The CaMKII synaptic translocation involved F-actin. A, immuno-
cytochemical images of «-CaMKII in cultured PFC pyramidal neurons
preincubated (1 h) with the F-actin stabilizer phalloidin-oleate (1 wM) or
the microtubule stabilizer paclitaxel (10 uM), followed by the PD168077
treatment (20 uM, 5 min). Phalloidin, but not paclitaxel, prevented the
PD168077-induced CaMKII synaptic translocation. B, quantitative anal-
ysis of CaMKII synaptic clusters along dendrites under different treat-
ment. #, p < 0.001 versus control, ANOVA. C, effect of various agents on
the interaction of CaMKII with F-actin. Cell lysates from PFC slices were
incubated with various agents in the absence or presence of phalloidin-
oleate (1 uM), followed by immunoprecipitation with anti-actin antibody
and Western blot analysis for CaMKII and actin. PD168077 and gluta-
mate, but not carbachol (10 uM), a-Me-5HT (20 uM), or A23187 (2 uM),
disrupted the binding of CaMKII to F-actin. Phalloidin blocked this effect
of PD168077 and glutamate. D, bar graphs showing the levels of CaMKII
bound to F-actin under different treatment. *, p < 0.001 versus control,
ANOVA.



neurons from three cultures; p < 0.001, ANOVA), similar to
the effect of glutamate (50 uM, 5 min) treatment (45.8 = 7.8
clusters/100 um, n = 20 neurons from three cultures). In
contrast, carbachol (10 uM, 5 min) treatment had no effect on
the distribution of B-CaMKII (7.5 = 5.5 clusters/100 um, n =
20 neurons from three cultures).

Increased CaMKII Phopsphorylation of GluR1 and
Miniature EPSCs after D, Receptor Activation. The
synaptically translocated CaMKII after D, receptor activa-
tion can phosphorylate many synaptic substrates. One poten-
tial target is the AMPA receptor GluR1 subunit (Soderling
and Derkach, 2000). We then investigated whether D, recep-
tor activation can modulate the CaMKII phosphorylation of
GluR1. Previous studies have identified that both CaMKII
and PKC phosphorylate GluR1 at the same site Ser®3! (Mam-
men et al., 1997). As shown in Fig. 9, A and B, application of
PD168077 (5 min) induced a significant increase in GluR1
phosphorylation at Ser®3! (3.4 = 0.3-fold, n = 8, p < 0.001,
ANOVA). The effect was largely blocked by the D, receptor
antagonist L-745870 (1.3 = 0.2-fold, n = 6) or the CaMKII
inhibitor KN-62 (1.4 + 0.2-fold, n = 6), but not by the PKC
inhibitor Bis1 (3.1 = 0.3-fold, n = 6, p < 0.001, ANOVA). It
suggests that D, receptor activation increases the CaMKII-
mediated phosphorylation of GluR1.

To determine whether the increased phosphorylation of
GluR1 is caused by synaptically translocated CaMKII, we
then examined the effect on GluR1 phosphorylation by other
agents that might activate but not translocate CaMKII. As
shown in Fig. 9, C and D, the calcium ionophore A23187 (2
uM, 5 min) was unable to increase GluR1 phosphorylation
(1.2 = 0.2-fold, n = 6). Glutamate (50 uM, 5 min) and carba-
chol (10 puM, 5 min) induced a strong increase in GluR1
phosphorylation (Glu, 3.7 = 0.5-fold; carbachol, 3.9 * 0.6-
fold, n = 6, p < 0.001, ANOVA), and a-Me-5HT (20 uM, 5
min) had a moderate effect (2.1 = 0.4-fold, n = 6, p < 0.05,

A
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Fig. 8. PD168077 induced B-CaMKII clustering along dendrites of cul-
tured PFC neurons. A, immunocytochemical images of B-CaMKII in
cultured PFC pyramidal neurons treated with or without PD168077 (20
uM, 5 min), glutamate (50 uM, 5 min), or carbachol (10 uM, 5 min).
Enlarged versions of the boxed regions of dendrites are shown beneath
each of the images. B, quantitative analysis of 3-CaMKII clusters along
dendrites under different treatment. *, p < 0.001 versus control, ANOVA.
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ANOVA). We further found that the glutamate-induced
GluR1 phosphorylation was largely blocked by the CaMKII
inhibitor KN-62 (1.8 + 0.3-fold, n = 6, p < 0.05, ANOVA),
and partially blocked by the PKC inhibitor Bisl (2.2 *= 0.4-
fold, n = 6, p < 0.05, ANOVA). However, the effect of carba-
chol or a-Me-5HT on GluR1 phosphorylation was insensitive
to CaMKII inhibition but was almost completely blocked by
inhibiting PKC, indicating that the GluR1 phosphorylation
induced by carbachol or a-Me-5HT probably occurs through
activated PKC rather than CaMKII. Taken together, our
data show that the agents that can induce CaMKII translo-
cation, such as PD168077 and glutamate, increase CaMKII
phosphorylation of GluR1, whereas the agents that can not
induce CaMKII translocation, such as A23187, carbachol,
and a-Me-5HT, fail to increase CaMKII-dependent phosphor-
ylation of GluR1.

To understand the functional consequence of the D, -in-
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Fig. 9. PD168077 increased CaMKII phosphorylation of GluR1 in PFC
culture. A, immunoblots of Ser®®! phospho-GluR1 (top) and total GluR1
(bottom) in PFC neurons untreated (ctl) or treated with PD168077 (PD,
20 uM) or quinpirole (quin, 20 uM) in the absence or presence of various
agents. Agents include the D, receptor antagonist L-745870 (20 uM), the
CaMKII inhibitor KN-62 (10 uM), and the PKC inhibitor Bis-indolyl-
maleimide (Bis1, 4 uM). C, immunoblots of Ser®*! phospho-GluR1 in PFC
neurons treated with various agents in the absence or presence of KN-62
or Bisl. Agents used: A23187 (2 uM), glutamate (Glu, 50 uM), carbachol
(10 uM), and a-Me-5HT (20 uM). B and D, bar graphs showing the -fold
increase of GluR1 phosphorylation at Ser®®! under different treatment. s,
p < 0.001 versus ctl; #*, p < 0.05 versus ctl; #, p < 0.05 versus Glu alone,
ANOVA.
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duced synaptic translocation of CaMKII, we examined the
effect of PD168077 on AMPA receptor-mediated synaptic
transmission. mEPSCs are believed to result from the ran-
dom release of single glutamate packets (quanta), and a
significant effect on their amplitude is usually considered
good evidence for a modification of postsynaptic AMPA re-
ceptor properties. Thus, neuronal cultures were exposed to
tetrodotoxin (1 wM) and mEPSCs were recorded in PFC
pyramidal neurons. As shown in Fig. 10, A and B, bath
application of PD168077 significantly enhanced the mEPSC
amplitude (p < 0.01, K-S test), as indicated by a rightward
shift of the distribution. In the presence of the CaMKII in-
hibitor KN-93 (10 uM, 10-min pretreatment), PD168077
failed to enhance the mEPSC amplitude (Fig. 10, C and D). In
a sample of neurons we tested, PD168077 increased the
mean amplitude of mEPSCs by 18.7 = 2.4% (n = 7, p < 0.01,
K-S test), which was abolished by KN-93 (2.7 = 0.9%, n = 4).
The mEPSC frequency was either slightly increased or not
changed by PD168077 (data not shown). These results sug-
gest that AMPA receptors are up-regulated by synaptically
translocated CaMKII in response to D, receptor activation.

Discussion

Given the broad substrate selectivity of CaMKII, the con-
trol of specificity becomes a crucial issue in signal transduc-
tion. Subcellular targeting has emerged as an important
mechanism by which signaling enzymes achieve precise sub-
strate recognition and enhanced efficacy of signal transduc-
tion (Pawson and Scott, 1997; Hudmon and Schulman, 2002).
Different pools of CaMKII compartmentalized at membrane,
PSD, nucleus, and cytosol are responsible for regulating dis-
tinct substrates. A previous study has revealed the CaMKII
translocation after NMDA receptor activation (Shen and
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Fig. 10. PD168077 increased the mEPSC amplitude in PFC cultures. A
and C, representative mEPSC traces obtained from cultured PFC pyra-
midal neurons treated with PD168077 (PD, 40 uM) in the absence or
presence of KN-93 (10 uM). Scale bars, 25 pA, 1 s. B and D, cumulative
plots of the distribution of miniature inhibitory postsynaptic current
amplitude before and during PD168077 treatment in the absence or
presence of KN-93.

Meyer, 1999). Little is known about CaMKII translocation in
response to other stimuli that can elevate intracellular Ca®*
from internal stores. Our previous studies have found that D,
receptor stimulation changes the enzymatic activity of
CaMKII (Wang et al., 2003; Gu and Yan, 2004). In this study,
we showed that stimulation of D, receptors also changed the
subcellular localization of CaMKII. After a short treatment
with the D, receptor agonist, both endogenous CaMKII and
transfected CaMKII-GFP exhibited rapid redistribution to
synapses. Activated CaMKII (Thr?®¢-phosphorylated) was
also recruited to synapses after D, receptor stimulation. The
synaptic accumulation of CaMKII provides a mechanism for
limiting activation of all cellular CaMKII and phosphoryla-
tion of all of its substrates when D, receptors are activated.

CaMKII has multiple interacting partners in the PSD,
including actin (Shen et al., 1998) and NMDA receptors (Gar-
doni et al., 1998; Leonard et al., 1999; Strack et al., 2000). It
has been shown that the regulated CaMKII interaction with
NR2B subunits provides a mechanism for the glutamate-
induced synaptic translocation of CaMKII-GFP (Strack and
Colbran, 1998; Bayer et al., 2001). Possible mediators for the
D,-induced CaMKII translocation include synaptic activity,
actin reorganization, kinase activation, and an alteration in
the affinity of protein interactions. We show that the D,-
induced CaMKII synaptic translocation depends on the stim-
ulation of PLC pathway, elevation of intracellular Ca®", but
not PKC or tyrosine kinases. Similar to NMDA-induced
CaMKII translocation (Shen and Meyer, 1999), mutation of
the calmodulin binding site, but not the autophosphorylation
site, of CaMKII prevented CaMKII synaptic accumulation
after D, receptor activation, suggesting that Ca®*/calmodu-
lin binding is the driving force for CaMKII translocation
under these conditions. However, although calmodulin bind-
ing is necessary for the D -induced CaMKII synaptic trans-
location, it is not a sufficient factor. Many other agents, such
as the agonists for G,-coupled muscarinic and serotonergic
receptors (carbachol and «-Me-5HT) and the calcium iono-
phore A231087, show no effect on CaMKII distribution, de-
spite their capability to elevate intracellular Ca®* and pro-
mote calmodulin binding to CaMKII. Additional mechanisms
must be involved in the D -induced CaMKII translocation.

CaMKII has been found to bind to actin filaments in a
calmodulin-sensitive manner (Ohta et al., 1986). The pre-
dominant o-CaMKII is docked to the actin cytoskeleton by
forming hetero-oligomers with g-CaMKII, which is bound to
F-actin (Shen et al., 1998). It also binds to the actin network
through a-actinin, an actin-binding protein (Walikonis et al.,
2001; Dhavan et al., 2002). We speculate that the D -induced
Ca®*/calmodulin binding to CaMKII leads to the decreased
association of CaMKII with F-actin and increased association
of CaMKII with PSD-localized binding partners, thereby fa-
cilitating the clustering of CaMKII at PSD. In agreement
with this, our data show that an F-actin stabilizer prevents
the D,-induced CaMKII translocation, and D, receptor acti-
vation reduces the binding of CaMKII to F-actin. The lack of
effect of carbachol, a-Me-5HT, and A231087 on CaMKII as-
sociation with F-actin provides a possible reason to explain
why not all agents that can promote calmodulin binding of
CaMKII will induce CaMKII redistribution. Taken together,
these results suggest that the dissociation of CaMKII from
F-actin is required for the D -induced synaptic translocation
of CaMKII.



By inducing synaptic targeting of CaMKII, D, receptors
could more effectively modulate synaptic efficacy through the
specific regulation of CaMKII substrates that are enriched in
PSD, such as AMPA receptors (Barria et al., 1997; Hayashi et
al., 2000). Indeed, we observed a CaMKII-mediated increase
of GluR1 phosphorylation after D, receptor activation. It is
noteworthy that other agents that do not induce CaMKII
synaptic translocation fail to increase CaMKII-dependent
GluR1 phosphorylation, suggesting that synaptically trans-
located CaMKII is a more effective regulator of AMPA recep-
tors. The D,-induced potentiation of mEPSC amplitudes is
consistent with the finding that CaMKII phosphorylation of
GluR1 enhances the AMPA channel conductance (McGlade-
McCulloh et al., 1993; Derkach et al., 1999). Therefore, D,
receptors could achieve efficient and specific regulation of
synaptic strength through modulating postsynaptic AMPA
receptors by PSD-accumulated CaMKII.

This study mechanistically links together D, receptors and
CaMKII, both of which have been implicated in cognitive and
emotional processes (Chen et al., 1994; Oak et al., 2000;
Hudmon and Schulman, 2002) associated with PFC. In ad-
dition to the dynamic regulation of CaMKII activity (Gu and
Yan, 2004), D, receptors cause the synaptic translocation of
CaMKII through a mechanism depending on the PLC path-
way and intracellular Ca®* release. This dynamic trafficking
of CaMKII enables D, receptors to facilitate the preferential
regulation of CaMKII substrates localized at postsynaptic
sites, including AMPA and NMDA receptors. By focusing the
range of CaMKII substrates, D, receptors should be able to
achieve an increased “signal-to-noise” ratio in signal trans-
duction. Because “loss of central filtering” caused by unbal-
anced excitatory and inhibitory activity has been postulated
as a mechanism for the sensorimotor gating deficiencies in
schizophrenia (McGhie and Chapman, 1961; Braff and
Geyer, 1990), the accurate regulation of CaMKII signaling
provides a cellular mechanism for the functional roles of D,
receptors in neuropsychiatric disorders.

References

Andreasen NC, O’Leary DS, Flaum M, Nopoulos P, Watkins GL, Boles Ponto LL, and
Hichwa RD (1997) Hypofrontality in schizophrenia: distributed dysfunctional cir-
cuits in neuroleptic-naive patients. Lancet 349:1730-1734.

Barria A, Muller D, Derkach V, Griffith LC, and Soderling TR (1997) Regulatory
phosphorylation of AMPA-type glutamate receptors by CaM-KII during long-term
potentiation. Science (Wash DC) 276:2042—-2045.

Bayer KU, De Koninck P, Leonard AS, Hell JW, and Schulman H (2001) Interaction
with the NMDA receptor locks CaMKII in an active conformation. Nature (Lond)
411:801-805.

Braff DL and Geyer MA (1990) Sensorimotor gating and schizophrenia. Human and
animal model studies. Arch Gen Psychiatry 47:181-188.

Braun AP and Schulman H (1995) The multifunctional calcium/calmodulin-
dependent protein kinase: from form to function. Annu Rev Physiol 57:417—445.

Brozoski TJ, Brown RM, Rosvold HE, and Goldman PS (1979) Cognitive deficit
caused by regional depletion of dopamine in prefrontal cortex of rhesus monkey.
Science (Wash DC) 205:929-932.

Cai X, Gu Z, Zhong P, Ren Y, and Yan Z (2002) Serotonin 5-HT; 5 receptors regulate
AMPA receptor channels through inhibiting CaMKII in prefrontal cortical pyra-
midal neurons. J Biol Chem 277:36553-36562.

Carlsson A, Waters N, Holm-Waters S, Tedroff J, Nilsson M, and Carlsson ML (2001)
Interactions between monoamines, glutamate and GABA in schizophrenia: new
evidence. Annu Rev Pharmacol Toxicol 41:237—-260.

Chen C, Rainnie DG, Greene RW, and Tonegawa S (1994) Abnormal fear response
and aggressive behavior in mutant mice deficient for alpha-calcium-calmodulin
kinase II. Science (Wash DC) 266:291-294.

Derkach V, Barria A, and Soderling TR (1999) Ca?*/calmodulin-kinase II enhances
channel conductance of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate
type glutamate receptors. Proc Natl Acad Sci USA 96:3269-3274.

Dhavan R, Greer PL, Morabito MA, Orlando LR, and Tsai LH (2002) The cyclin-
dependent kinase 5 activators p35 and p39 interact with the a-subunit of Ca?*/
calmodulin-dependent protein kinase II and a-actinin-1 in a calcium-dependent
manner. J Neurosci 22:7879-7891.

Dulawa SC, Grandy DK, Low MJ, Paulus MP, and Geyer MA (1999) Dopamine D,

821

D, Regulation of CaMKIl Localization in Prefrontal Cortex

receptor-knock-out mice exhibit reduced exploration of novel stimuli. J Neurosci
19:9550-9556.

Fong DK, Rao A, Crump FT, and Craig AM (2002) Rapid synaptic remodeling by
protein kinase C: reciprocal translocation of NMDA receptors and calcium/
calmodulin-dependent kinase II. J Neurosci 22:2153-2164.

Frankland PW, O’Brien C, Ohno M, Kirkwood A, and Silva AJ (2001) Alpha-
CaMKII-dependent plasticity in the cortex is required for permanent memory.
Nature (Lond) 411:309-313.

Gardoni F, Caputi A, Cimino M, Pastorino L, Cattabeni F, and Di Luca M (1998)
Calcium/ calmodulin-dependent protein kinase II is associated with NR2A/B sub-
units of NMDA receptor in postsynaptic densities. J Neurochem 71:1733-1741.

Glase SA, Akunne HC, Georgic LM, Heffner TG, MacKenzie RG, Manley PJ, Pugsley
TA, and Wise LD (1997) Substituted [(4-phenylpiperazinyl)-methyl]benzamides:
selective dopamine D4 agonists. J Med Chem 40:1771-1772.

Goldman-Rakic PS (1994) Working memory dysfunction in schizophrenia. o/ Neuro-
psychiatry Clin Neurosci 6:348—-357.

Goldman-Rakic PS (1995) Cellular basis of working memory. Neuron 14:477—485.

Grace AA (1991) Phasic versus tonic dopamine release and the modulation of dopa-
mine system responsivity: a hypothesis for the etiology of schizophrenia. Neuro-
science 41:1-24.

Gu Z and Yan Z (2004) Bi-directional regulation of CaMKII activity by dopamine D,
receptors in prefrontal cortex. Mol Pharmacol 66:948-955.

Gu Z, Zhong P, and Yan Z (2003) Activation of muscarinic receptors inhibits B-amy-
loid peptide —induced signaling in cortical slices. J Biol Chem 278:17546—17556.

Hayashi Y, Shi SH, Esteban JA, Piccini A, Poncer JC, and Malinow R (2000) Driving
AMPA receptors into synapses by LTP and CaMKII: requirement for GluR1 and
PDZ domain interaction. Science (Wash DC) 287:2262—-2267.

Hudmon A and Schulman H (2002) Neuronal CA%*/calmodulin-dependent protein
kinase II: the role of structure and autoregulation in cellular function. Annu Rev
Biochem 71:473-510.

Jentsch JD, Redmond DE Jr, Elsworth JD, Taylor JR, Youngren KD, and Roth RH
(1997) Enduring cognitive deficits and cortical dopamine dysfunction in monkeys
after long-term administration of phencyclidine. Science (Wash DC) 277:953-955.

Jentsch JD, Taylor JR, Redmond DE Jr, Elsworth JD, Youngren KD, and Roth RH
(1999) Dopamine D4 receptor antagonist reversal of subchronic phencyclidine-
induced object retrieval/detour deficits in monkeys. Psychopharmacology 142:78—
84.

Kapur S and Remington G (2001) Atypical antipsychotics: new directions and new
challenges in the treatment of schizophrenia. Annu Rev Med 52:503-517.

Kennedy MB (2000) Signal-processing machines at the postsynaptic density. Science
(Wash DC) 290:750—754.

Kulagowski JJ, Broughton HB, Curtis NR, Mawer IM, Ridgill MP, Baker R, Emms
F, Freedman SB, Marwood R, Patel S, et al. (1996) 3-((4-(4-Chlorophenyl)pipera-
zin-1-yl)-methyl)-1H-pyrrolo-2,3-b-pyridine: an antagonist with high affinity and
selectivity for the human dopamine D4 receptor. J Med Chem 39:1941-1942.

Leonard AS, Lim IA, Hemsworth DE, Horne MC, and Hell JW (1999) Calcium/
calmodulin-dependent protein kinase II is associated with the N-methyl-p-
aspartate receptor. Proc Natl Acad Sci USA 96:3239-3244.

Lewis DA and Lieberman JA (2000) Catching up on schizophrenia: natural history
and neurobiology. Neuron 28:325-334.

Malenka RC and Nicoll RA (1999) Long-term potentiation—a decade of progress?
Science (Wash DC) 285:1870-1874.

Mammen AL, Kameyama K, Roche KW, and Huganir RL (1997) Phosphorylation of
the a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor GluR1 subunit
by calcium/calmodulin-dependent kinase II. J Biol Chem 272:32528-32533.

Marie RM and Defer GL (2003) Working memory and dopamine: clinical and exper-
imental clues. Curr Opin Neurol 16:529-35.

McGhie A and Chapman J (1961) Disorders of attention and perception in early
schizophrenia. Br J Med Psychol 34:102-116.

McGlade-McCulloh E, Yamamoto H, Tan SE, Brickey DA, and Soderling TR (1993)
Phosphorylation and regulation of glutamate receptors by calcium/calmodulin-
dependent protein kinase II. Nature (Lond) 362:640—642.

Miller SG and Kennedy MB (1986) Regulation of brain type IT Ca?*/calmodulin-
dependent protein kinase by autophosphorylation: a Ca®*-triggered molecular
switch. Cell 44:861—-870.

Mrzljak L, Bergson C, Pappy M, Huff R, Levenson R, and Goldman-Rakic PS (1996)
Localization of dopamine D, receptors in GABAergic neurons of the primate brain.
Nature (Lond) 381:245-248.

Oak JN, Oldenhof J, and Van Tol HH (2000) The dopamine D(4) receptor: one decade
of research. Eur J Pharmacol 405:303—-327.

Ohta Y, Nishida E, and Sakai H (1986) Type II Ca®*/calmodulin-dependent protein
kinase binds to actin filaments in a calmodulin-sensitive manner. FEBS Lett
208:423-426.

Patel S, Freedman S, Chapman KL, Emms F, Fletcher AE, Knowles M, Marwood R,
Meallister G, Myers J, Curtis N, et al. (1997) Biological profile of 1.-745,870, a
selective antagonist with high affinity for the dopamine D, receptor. o Pharmacol
Exp Ther 283:636-647.

Pawson T and Scott JD (1997) Signaling through scaffold, anchoring and adapter
proteins. Science (Wash DC) 278:2075-2080.

Rubinstein M, Phillips TJ, Bunzow JR, Falzone TL, Dziewczapolski G, Zhang G,
Fang Y, Larson JL, McDougall JA, Chester JA, et al. (1997) Mice lacking dopamine
D, receptors are supersensitive to ethanol, cocaine and methamphetamine. Cell
90:991-1001.

Seeman P, Guan HC, and Van Tol HH (1993) Dopamine D4 receptors elevated in
schizophrenia. Nature (Lond) 365:441—-445.

Shen K and Meyer T (1999) Dynamic control of CaMKII translocation and localiza-
tion in hippocampal neurons by NMDA receptor stimulation. Science (Wash DC)
284:162-166.

Shen K, Teruel MN, Subramanian K, and Meyer T (1998) CaMKIlIbeta functions as



822

Gu et al.

an F-actin targeting module that localizes CaMKIIalpha/beta heterooligomers to
dendritic spines. Neuron 21:593-606.

Silva AJ, Stevens CF, Tonegawa S, and Wang Y (1992) Deficient hippocampal
long-term potentiation in alpha-calcium-calmodulin kinase II mutant mice. Sci-
ence (Wash DC) 257:201-206.

Soderling TR, Chang B, and Brickey D (2001) Cellular signaling through multi-
functional Ca?*/calmodulin-dependent protein kinase II. J Biol Chem 276:
3719-3722.

Soderling TR and Derkach VA (2000) Postsynaptic protein phosphorylation and LTP.
Trends Neurosci 23:75—-80.

Strack S, McNeill RB, and Colbran RJ (2000) Mechanism and regulation of calcium/
calmodulin-dependent protein kinase II targeting to the NR2B subunit of the
N-methyl-p-aspartate receptor. JJ Biol Chem 275:23798-23806.

Strack S and Colbran RJ (1998) Autophosphorylation-dependent targeting of calci-
um/ calmodulin-dependent protein kinase II by the NR2B subunit of the N-methyl-
p-aspartate receptor. J Biol Chem 273:20689-20692.

Vallano ML, Goldenring JR, Lasher RS, and Delorenzo RJ (1986) Association of
calcium/calmodulin-dependent kinase with cytoskeletal preparations: phosphory-

lation of tubulin, neurofilament and microtubule-associated proteins. Ann NY
Acad Sci 466:357-374.

Van Tol HH, Bunzow JR, Guan HC, Sunahara RK, Seeman P, Niznik HB, and Civelli
0O (1991) Cloning of the gene for a human dopamine D, receptor with high affinity
for the antipsychotic clozapine. Nature (Lond) 350:610—614.

Walikonis RS, Oguni A, Khorosheva EM, Jeng CJ, Asuncion FJ, and Kennedy MB
(2001) Densin-180 forms a ternary complex with the a-subunit of Ca?*/calmodulin-
dependent protein kinase II and «-actinin. o/ Neurosci 21:423—-433.

Wang X, Zhong P, Gu Z, and Yan Z (2003) Regulation of NMDA receptors by
dopamine D, signaling in prefrontal cortex. J Neurosci 23:9852-9861.

Wedzony K, Chocyk A, Mackowiak M, Fijal K, and Czyrak A (2000) Cortical local-
ization of dopamine D4 receptors in the rat brain-immunocytochemical study.
o Physiol Pharmacol 51:205-221.

Address correspondence to: Zhen Yan, Department of Physiology and Bio-
physics, State University of New York at Buffalo, 124 Sherman Hall, Buffalo,
NY 14214. E-mail: zhenyan@buffalo.edu




