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Background: Trafficking of AMPA receptors (AMPAR) to medium spiny neuron (MSN) synapses regulates synapse
strength.
Results: The neurotransmitters dopamine and glutamate cooperate to induce MSN synaptic trafficking of the Ca2-permeable
AMPAR, which stimulates further AMPAR trafficking.
Conclusion: Dopamine and glutamate cooperate in a feed-forward mechanism for MSN synaptic potentiation.
Significance:MSN synaptic strength regulation integrates convergent dopamine and glutamate signals.

Regulation of striatal medium spiny neuron synapses under-
lies forms of motivated behavior and pathological drug seeking.
A primary mechanism for increasing synaptic strength is the
trafficking of �-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid receptors (AMPARs) into the postsynapse, a process
mediated by GluA1 AMPAR subunit phosphorylation.We have
examined the role of converging glutamate and dopamine
inputs in regulating biochemical cascades upstream of GluA1
phosphorylation. We focused on the role of Ca2�-permeable
AMPARs (CPARs), which lack the GluA2 AMPAR subunit.
Under conditions that prevented depolarization, stimulation of
CPARs activated neuronal nitric oxide synthase and production
of cGMP. CPAR-dependent cGMP production was sufficient to
induce synaptic insertion of GluA1, detected by confocal
microscopy, through a mechanism dependent on GluA1 Ser-
845phosphorylation.DopamineD1 receptors, in contrast, stim-
ulateGluA1 extra synaptic insertion. Simultaneous activation of
dopamine D1 receptors and CPARs induced additive increases
in GluA1membrane insertion, but only CPAR stimulation aug-
mentedCPAR-dependentGluA1 synaptic insertion. This incor-
poration into the synapse proceeded through a sequential two-
step mechanism; that is, cGMP-dependent protein kinase II
facilitated membrane insertion and/or retention, and protein
kinase C activity was necessary for synaptic insertion. These
data suggest a feed-forward mechanism for synaptic priming
whereby an initial stimulus acting independently of voltage-
gated conductance increases striatal neuron excitability, facili-
tating greater neuronal excitation by a subsequent stimulus.

Synapses onto striatal neurons are regulated by converging
glutamate and dopamine inputs (1, 2). Plasticity at these syn-
apses modulates the excitability of medium spiny projection
neurons (MSNs),3 which are involved in the orchestration of
motor programs, including the seeking of natural rewards and
drugs of abuse (3–6). MSNs exhibit bistable membrane prop-
erties, suggesting a two-step process for action potential initia-
tion; an excitatory stimulus causes a transition from a so-called
“down” state at approximately �80 mV to an “up” state at
roughly �50 mV, and a properly-timed subsequent stimulus
triggers an action potential in the up state neuron (7). There-
fore, receptors that function at hyperpolarized potentials are an
important locus for regulating synaptic strength in MSNs.
Importantly, voltage-gated conductance, including N-methyl-
D-aspartate receptors (NMDARs), are inactive at hyperpolar-
ized potentials. Initiation of up state transitions, therefore,
requires voltage-independent conductance, and previous stud-
ies suggest that Ca2�-permeable AMPA receptors (CPARs)
could be vitally important to this process because they conduct
Ca2� robustly in the MSN down state (8).

CPARs are AMPARs lacking the GluA2 subunit. They play a
significant role in synaptic plasticity and neuronal dysfunction
in disease states (9, 10). Long term potentiation (LTP) is a form
of synaptic plasticity often considered a cellular correlate of
learning and memory; it has been viewed most often as an
NMDAR-dependent process (11–13). Some studies suggest
that induction of LTP causes a transient increase in CPARs,
which facilitates the subsequent incorporation of GluA2-con-
taining AMPARs (14–16). Other studies suggest that although
CPARs comprise a very small percentage of synaptic AMPARs
(17), they are sufficient to induce LTP at spinal cord synapses
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and in interneurons of the amygdala, regulating nociception
and fear conditioning, respectively (18–20). Nevertheless, the
biochemical pathways by which CPARs regulate synaptic plas-
ticity are unknown.
Ca2� fluxes throughNMDARs are known to trigger cascades

that increase synaptic strength throughmembrane insertion of
AMPARs (13, 21, 22). In hippocampal neurons, Ca2�-stimu-
lated adenylyl cyclases induce CREB activation and stimulate
membrane insertion of GluA1-containing AMPARs through
protein kinase A (PKA)-dependent phosphorylation of GluA1
Ser-845 (23–25). In parallel, Ca2� influx in the hippocampus
regulates Ser-845 phosphorylation through the nitric oxide
(NO)/cGMP pathway (26, 27). NMDAR regulation of neuronal
nitric oxide synthase (nNOS) stimulates cGMP production and
phosphorylation of Ser-845 by cGMP-dependent protein
kinase II (cGKII) (26–30). Ser-845 phosphorylation has been
shown to be necessary in stabilizing CPARs in the extra synap-
tic membrane (31), with additional synaptic activity necessary
to facilitate synaptic insertion of GluA1-containing AMPARs
(32, 33). Further studies have suggested that phosphorylation of
GluA1 at Ser-818 by protein kinase C (PKC) is a key step in
synaptic insertion of AMPARs during NMDAR-dependent
LTP (34).
In striatal MSNs, cAMP production is stimulated primarily

by dopamine receptor signal transduction rather thanNMDAR
activity, due to the prevalent expression of Ca2�-inhibited
adenylyl cyclase isoforms (V and VI) in the striatum (35, 36).
Activation of dopamineD1 receptors (D1Rs) has been shown to
increase GluA1 Ser-845 phosphorylation and induce mem-
brane insertion in striatal neurons through a PKA-dependent
mechanism (37–40). Nitric oxide signaling plays a prevalent
role in modulating MSN excitability (41), and cGMP plays an
important role in this regulation (42, 43), but the mechanisms
by which it regulates MSN synapses are unknown. In the pres-
ent studywe investigated the possibility of cooperation by these
parallel pathways downstream of the D1 receptor and cGMP in
promoting trafficking of GluA1-containing AMPARs. Addi-
tionally, we asked whether CPARs could serve as surrogates for
NMDARs, specifically in highly hyperpolarized neurons such
as MSNs, by facilitating Ca2� fluxes that stimulate nitric oxide
production and GluA1 synaptic insertion.

EXPERIMENTAL PROCEDURES

Primary Culture of Striatal Neurons—Striatal tissue was iso-
lated from E19 fetal Sprague-Dawley rats from coronal slices
bounded by the rostral extent of the olfactory tubercle and cau-
dal extent of the Circle of Willis. The tissue was treated with
trypsin (Invitrogen, 10�) for 15 min at 37 °C. Neurons were
dissociated by trituration with fire-polished Pasteur pipettes
and suspended in 5 ml of plating medium (Minimum Essential
Medium (Invitrogen) containing 0.45% glucose, 5ml penicillin/
streptomycin (Invitrogen), sodiumpyruvate (Invitrogen), 50ml
fetal bovine serum (Invitrogen), and 25 �M glutamate). Cells
were counted with a hemocytometer and diluted for plating at
the desired density. After incubation for 2 h at 37 °C in plating
media, platingmediumwas removed and replaced with Neuro-
basal media (Invitrogen; containing glutamine (10�), penicil-
lin/streptomycin (Invitrogen), and B18 supplement (as

described previously (44)). Neuronsweremaintained by adding
50% volume of Neurobasal once per week.
cGMP/cAMPMeasurement—Striatal neuronal cultureswere

prepared as described above and grown 1 � 106 cells/well on
six-well dishes for 10 DIV. Cells were treated with combina-
tions of NMDA (EMDBiosciences), AMPA (Sigma), SKF38393
(Sigma), SCH23390 (Sigma), NASPM (Sigma), BAPTA-AM
(Sigma), quinpirole (EMD Biosciences), APV (Sigma), nNOS
Inhibitor I (EMD Biosciences), CdCl2 (Sigma), and/or TTX
(Sigma). cGMP or cAMP levels were assayed using GE Biosci-
ences cGMP or cAMP Biotrak EIA kits (RPN 226 or RPN 225;
acetylation protocols). Datawere collected using a 96-well plate
reader at 450 nm and analyzed using Student’s t tests. Concen-
trations were determined from a standard curve created during
each assay.
Immunocytochemistry—Striatal MSN 14 DIV were treated

with 500 nm TTX, 50 �M CdCl2, and 10 �M APV for 30 min.
Cells were then treated with the noted combination of AMPA,
SKF38393, NASPM, ODQ (EMD Biosciences), BAPTA-AM,
DEA/NO (A.G. Scientific, Inc.), 2,5-dideoxyadenosine (Sigma),
chelerythrine (Sigma), (Rp)-8-bromo-PET-cyclic guanosine
monophosphate salt (Rp-8-pCPT-cGMPS) (Sigma), or KT-
5720 (Sigma). After drug treatment, coverslipswere removed to
amoisturized chamber in 37 °C and incubatedwith a polyclonal
antibody for either theN terminus ofGluA1 (EMDBiosciences,
PC246) or amonoclonal antibody to the HA tag of exogenously
expressed GluA1 (Sigma, S9658) for 10 min. Coverslips were
washed, fixed, permeabilized, and stained for SV2 (Novus Bio-
logicals), synaptophysin (EMD Biosciences), or PSD-95 (Santa
Cruz Biotechnology) and D1R (Sigma). Confocal micrographs
were taken of individual cells in a blinded fashion, and 30 by 60
pixel regions of juxta-soma dendrites were randomly selected
and imported into the analysis program ImageJ, where the
mean pixel intensities/micrograph region were measured for
surface GluA1, D1Rs, PSD-95, GFP, and/or synaptophysin as
described (27). For colocalization measurements, channels
containing surface GluA1 and PSD-95 were merged using an
ImageJ colocalization plug-in (rsbweb.nih.gov). The plug-in
measured co-localized pixels in two different channels and rep-
resented the colocalized pixels individually in a third channel if
pixel intensities were higher than the specified intensity thresh-
old of the respective channels and if the ratio of intensities
between channels exceeded 50%. Colocalized pixel intensities
were then measured.
Western Blotting—Equal amounts of proteins were fraction-

ated on 8% SDS-PAGE gels. Gels were blotted to PVDF mem-
branes (Bio-Rad), and membranes were incubated for 1 h at
room temperature in 3% driedmilk in PBST to prevent nonspe-
cific binding. Primary antibodies were added for 1 h at room
temperature, including GluA1 (Chemicon), phosphor-845
GluA1 (Chemicon), or tubulin (Sigma). Membranes were
washed three times with PBST and incubated with secondary
antibodies (MilliporeHRP-conjugated) for 1 h at room temper-
ature. Developer (PerkinElmer Life Sciences Advanced Chemi-
luminescent Enhancer) was added for 5 min, and membranes
were exposed to audioradiographic film.
Viral Infection—Cells were infected with Sindbis viruses

expressing wild type GluA2, R607Q GluA2, wild type
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HA-tagged GluA1 as described previously (27, 45) or with a
lentivirus expressing only the C terminus of GluA1, courtesy of
Dr. Takuya Takahashi.

RESULTS

Regulation of Cyclic Nucleotide Production by Glutamate
and Dopamine Receptors—To investigate signaling in striatal
neurons as related to cyclic nucleotide-dependent GluA1 traf-
ficking, we investigated the expression of pertinent signaling
proteins in cultured striatal neurons. Previous studies suggest
thatMSNs in homogenous culture do not formdendritic spines
(46). We analyzed confocal micrographs for co-localization of
synaptic proteins involved in signaling upstream of GluA1 Ser-
845 phosphorylation.MSN cultures were stained for dopamine
D1Rs, nNOS, soluble guanylyl cyclase (sGC), adenylyl cyclase
type V/VI (ACV/VI), and the neuronal markerMAP2 (Fig. 1A).
Coexpression of these proteins suggested that this culture sys-
tem could be utilized to investigate intracellular signaling cas-
cades employing dopamine and cGMP in striatal neurons (47).
We employed the culture system to investigate the dynamics

of cGMP production in MSNs. We demonstrated previously
that in hippocampal neurons, NMDA treatment induces signif-
icant cGMP production through nNOS activation (26) and
hypothesized that CPARs could act as surrogates for the
NMDAR in stimulating cGMP production. CulturedMSNs (10
DIV) were treated with 50 �M AMPA for 1 min and lysed.
Lysates were subjected to an ELISA assay measuring cGMP
concentration. As shown in Fig. 1B, AMPA stimulation
induced robust cGMP production (200.8 � 40.3% increase in
concentration (measured in fmol/well), n � 6, p � 0.001, Stu-
dent’s unpaired two-tailed t test). AMPA-induced increases
were abolished when cultures were preincubated with either
the cell-impermeable Ca2�-chelator BAPTA-AM, nNOS
inhibitor I, or a specific polyamine inhibitor of CPARs, NASPM
(Fig. 1B). To investigate whether the influx of Ca2� that
induced cGMP production required AMPA-induced depolar-
ization, such as if the fluxes were throughNMDARs or voltage-
gated calcium channels or, alternatively, whether currents
through Ca2�-permeable, GluA2-lacking AMPARs were suffi-
cient, cultures were incubated with an inhibitor mixture con-
taining APV (NMDAR antagonist) plus TTX (voltage-gated
Na� channel antagonist) plus CdCl2 (voltage gated Ca2� chan-
nel inhibitor) (collectively “inhibitors”) to block non-CPAR-de-
pendent Ca2� currents. AMPA treatment increased cGMP
production significantly in the presence of these inhibitors, and
the increase was blocked if NASPM was added to the inhibitor

FIGURE 1. CPARs regulate cGMP production. A, accumbens MSNs (10 DIV)
were stained for nNOS, adenylyl cyclase type VI (ACV/VI), soluble guanylyl
cyclase (sGC), D1Rs, and MAP2. B, MSNs were either treated with vehicle or

AMPA or with a mixture of inhibitors (APV, 10 �M; CdCl2, 50 �M; TTX, 500 nm)
or BAPTA (500 �M) or nNOS Inhibitor (2 �M) or NASPM (200 �M) and then with
AMPA (50 �M, 1 min) in the indicated combinations, and cGMP concentra-
tions were measured by ELISA. C, MSNs (10 DIV) were infected overnight with
Sindbis viruses expressing wild type GluA2 (WT) or GluA2-Q (Q) and treated
with AMPA (50 �M, 1 min) or treated with vehicle as indicated, and cGMP
concentrations were measured by ELISA. D, corresponding relative percent
changes in the three infection conditions after AMPA treatment. Concentra-
tions are fmol/well with n � 6 wells/test condition. Inhibitors or antagonists
were added 30 min before treatment, and virus infections were performed
12 h before lysis. Data are represented as the mean � S.E. normalized to
vehicle treatment and analyzed using one-way ANOVA followed by Fisher’s
post hoc tests.
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mixture (Fig. 1B). This demonstrated that activation of CPARs
is sufficient to trigger AMPA-induced cGMP production.
To investigate this question further, we infected cultures

with Sindbis viruses expressing variants of the AMPAR subunit
GluA2: 1) wild type GluA2 and 2) GluA2-Q, where Gln-607 has
not undergone RNA editing to Arg, rendering the mutant per-
meable to Ca2� (48–50). Base-line cGMP was significantly
higher in GluA2-Q-expressing cultures than in GluA2 wild
type-expressing cultures (79.3 � 16.1% increase, n � 3, p �
0.001, Student’s unpaired two-tailed t test), consistent with the
capacity of Ca2� currents arising from the spontaneous activity
of CPARs to induce cGMP. Furthermore, treatment of GluA2-
Q-expressing cultures with AMPA induced cGMP production
that was significantly higher than with AMPA treatment of
GluA2wild type-expressing cultures (41.7� 9.0% increase, n�
3, p � 0.001, Student’s unpaired two-tailed t test) (Fig. 1C),
suggesting that Ca2� permeability of AMPARs increases the
capacity for cGMP production. Although the proportional
increase obtained with GluA2-Q was not as great as with
GluA2-WT (Fig. 1D), this is likely the result of the high base-
line level of cGMP in the GluA2-Q-expressing cells.
To determine the role of AMPARs in cAMP production, we

measured cAMP concentrations from the same MSN culture
lysates where cGMPhad beenmeasured.We hypothesized that
the presence of Ca2�-inhibited adenylyl cyclase type V in stri-
atal neurons (35, 36) would attenuate cAMP production after
AMPA treatment. Surprisingly, whereas treatment of cultures
with AMPA induced a slight but not statistically significant
increase in cAMP production (24.5 � 3.5% increase n � 3), a
significant increase was observed upon treatment with AMPA
after preincubation with the Ca2� flux inhibitors, either
NASPMor the inhibitormixture that blocks voltage gatedCa2�

conductance, APV, plus TTX plus CdCl2 (inhibitor) (14.3 �
4.27 and 31.8 � 2.15% increases, respectively, compared with
NASPM or vehicle alone, n � 4, p � 0.05 and p � 0.01, Stu-
dent’s unpaired two-tailed t test) (Fig. 2A). This suggested that

unlike cGMP production, cAMP production took place
through a mechanism that did not require Ca2� and may have
been Ca2�-inhibited, also consistent with Na� depolarization-
induced stimulation of adenylate cyclase as reported in previ-
ous studies (51–53). Because this increase in cAMP was
observed when CPARs were blocked by NASPM, the increase
must have been induced by Ca2�-impermeable AMPA recep-
tors, consistent with a role for Ca2�-inhibited adenylyl cyclase
type V.
To determine further whether Ca2� fluxes inhibited cAMP

production in MSNs, we treated cultures with NMDA. Inter-
estingly, treatment with 50 �M NMDA for 1 min significantly
decreased the cAMP concentration in MSN lysates (33.8 �
4.4% decrease, n � 3, p � 0.001, Student’s unpaired two-tailed
t test). As before, we attributed this result to the expression in
striatal neurons of Ca2�-inhibited adenylyl cyclase type V in
striatal neurons (35, 36). Stimulation of D1Rs with the agonist
SKF38393 (10 �M for 1 min) increased cAMP concentration
significantly, and this effect was attenuated by preincubation
with the specific D1R-antagonist SCH23390 (10�M) for 30min
or by co-administration with NMDA (Fig. 2B), suggesting that
the inhibiting effect of NMDAR Ca2� is dominant over D1R
stimulation of adenylyl cyclase type V in MSN cultures.
CPARs and D1Rs Cooperate to Regulate GluA1 Trafficking—

Recognizing that cGMP and cAMP can induce surface mem-
brane trafficking of AMPARs through phosphorylation of
GluA1 Ser-845 by cGKII and PKA, respectively (25, 27), we
asked if AMPARs and, more specifically, CPARs, could cooper-
ate with D1Rs through an additive mechanism, with each
kinase stimulating surface membrane insertion of GluA1
through GluA1 serine 845 phosphorylation, respectively, by
cGMP- and cAMP-dependent pathways. Stimulation had been
shown previously to increase the rate of GluA1 surface traffick-
ing (37). Cultured MSNs were pretreated with the voltage-
gated Ca2� conductance inhibitor mixture APV plus TTX plus
CdCl2 to confine extracellular Ca2� currents to CPARs as a

FIGURE 2. cAMP production and CPAR activation. Lysates were prepared from accumbens MSNs (10 DIV), and intracellular cAMP was measured by ELISA. A,
cAMP concentrations normalized to vehicle after treatment with AMPA (50 �M, 1 min) and/or NASPM (200 �M) and inhibitors (APV, 10 �M; CdCl2, 50 �M; TTX,
500 nm) as indicated. B, cAMP concentrations after treatment with NMDA (50 �M, 1 min) and/or SKF38393 (10 �M, 1 min) and SCH23390 (10 �M) as indicated.
Concentrations are fmol/well with n � 6 wells/test condition. Inhibitors/antagonists were added 30 min before treatment. Data are represented as the mean �
S.E. normalized to vehicle treatment and analyzed using one-way ANOVA followed by Fisher’s post hoc tests. N.S., not significant.
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source as described above. Neurons were then treated with
SKF38393 and/or AMPA for 1 min and stained for surface
GluA1 for D1Rs and for PSD-95. We determined total surface
GluA1 by measuring immune fluorescence in randomly
selected, equal size segments of juxta-soma dendrites in confo-
cal micrographs of D1R-expressing MSNs and determined the
synaptic component of GluA1 through measuring the fraction
of this signal that colocalized with the synaptic marker PSD-95,
as described under “Experimental Procedures.” Both AMPA
and SKF38393 stimulation increased surfaceGluA1, and simul-
taneous addition of AMPA and SKF38393 increased GluA1
surface expression more greatly than stimulation of either
receptor individually (46.9 � 6.3% increase compared with
D1R, 43.0 � 6.3% increase compared with CPAR, n � 3, p �
0.05, Student’s unpaired two-tailed t test) (Fig. 3, A and B),
suggesting that CPARs and D1Rs stimulated GluA1 trafficking
additively and in parallel through the cGMP and cAMP path-
ways, respectively. To investigate this further and to determine
whether CPAR generation of cGMP rather than generation of
cAMP was specifically involved after AMPA treatment, cul-
tures were pretreated with the soluble guanylyl cyclase inhibi-
tor 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), the
adenylyl cyclase type V/VI inhibitor 2,5-dideoxyadenosine, or
NASPM. The increase in surface GluA1 after AMPA treatment
was blocked by pretreatment with NASPM and 1H-[1,2,4]
oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), whereas a slight
but significant increase in surface GluA1 was observed after
AMPA addition in 2,5-dideoxyadenosine-pretreated cultures,
suggesting CPAR stimulation of cGMP production played a
significant role in the induction of GluA1 surface expression by
AMPA and that the cAMP pathway did not make a major con-
tribution (34.3 � 7.1% increase, n � 3, p � 0.037, Student’s
unpaired two-tailed t test) (Fig. 3C).

Previous studies demonstrated that D1Rs stimulate traffick-
ing of GluA1 to extrasynaptic sites (33). We next investigated
whether CPAR stimulation acted differently and could facili-
tate synaptic insertion of GluA1, not just surface expression.
AMPA treatment significantly increased synaptic GluA1 com-
pared with vehicle or SKF38393 treatment (Fig. 3, A and B; n �
3, p� 0.02, Student’s unpaired two-tailed t test). This indicated
that AMPA was capable of inducing both surface expression at
extrasynaptic sites and synaptic trafficking. Although treat-
ment with SKF38393 alone elevated surface GluA1, it did not
elevate synaptic GluA1, and simultaneous administration of
AMPA and SKF38393 did not increase synaptic GluA1 com-
pared with AMPA treatment alone (Fig. 3, A and B). This sug-
gested that AMPA stimulation was capable of both extrasynap-
tic surface expression and synaptic expression, whereas D1R
signalingwas sufficient for induction of surface but not synaptic
insertion.
Given that AMPA stimulation was sufficient to induce syn-

aptic insertion of GluA1 but D1R stimulation was capable of
only extrasynaptic surface expression, we investigated whether
CPARs initiated an additional signal to trigger movement of
GluA1 from extrasynaptic to synaptic sites. We hypothesized
that CPAR Ca2� could trigger PKC-dependent synaptic inser-
tion of extrasynaptic GluA1 (34). Cultures were pretreated for
30 min with APV, TTX, and CdCl2 as described above and

subsequently with either the cGKII inhibitor Rp-8-pCPT-
cGMPS, the PKA inhibitor, KT-5720, or the PKC inhibitor
chelerythrine. We then treated with AMPA or SKF38393 and
measured GluA1 surface expression and synaptic localization.
We observed that Rp-8-pCPT-cGMPS blocked surface and
synaptic expression after AMPA treatment but had no effect on
D1R-stimulated surface expression as induced by SKF38393, as
expected (Fig. 3D). Rp-8-pCPT-cGMPS also prevented the
additive cooperation by AMPA and D1Rs in induction of
GluA1 surface expression. However, AMPA was still able to
cooperatewith SCF38393 to elevate synapticGluA1 in the pres-
ence of Rp-8-pCPT-cGMPS, consistent with SCF38393 elevat-
ing surface GluA1 and AMPA trafficking this surface receptor
to the synapse (Fig. 3D). Interestingly, PKC inhibitor cheleryth-
rine had no effect on D1R- or CPAR-dependent surface mem-
brane trafficking but prevented CPAR-induced synaptic inser-
tion (Fig. 3E). These data suggest that CPARs induce surface
and synaptic insertion of GluA1 through cGKII and PKC,
respectively, which is in accordance with previous studies that
demonstrate which Ser-845 phosphorylation is sufficient for
plasmamembrane retention/trafficking but not synaptic inser-
tion (27, 33).
To determine whether AMPA induced trafficking of GluA1

relative to trafficking of GluA2, we measured surface GluA1:
GluA2 ratios after stimulation with AMPA or a stimulator
of cGMP production, the NO donor Diethylammonium (Z)-
1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (DEA/NO). Con-
sistent with preferential trafficking of GluA1, treatment with
AMPA or DEA increased the surface GluA1 to GluA2 ratio
(Fig. 4, A and B), although a small increase in GluA2 was
evident (Fig. 4A). To confirm that AMPA receptors induce
GluA1 surface expression through Ser-845 phosphorylation,
we biotin-labeled surface proteins in cultured MSNs after
vehicle or AMPA treatment. We measured two ratios: 1) sur-
face phospho-Ser-845 GluA1 to total GluA1 and 2) surface
GluA1 to total GluA1. There were significant increases in sur-
face phospho-Ser-845 to totalGluA1 and surfaceGluA1 to total
GluA1 after AMPA treatment compared with cultures treated
with only vehicle orwithAMPA�NASPM (Fig. 4,C–E). These
data suggest that AMPA induces Ser-845 GluA1 phosphoryla-
tion andmembrane insertion through amechanism dependent
in part on CPARs.
To confirm by an additional method that AMPA induces

GluA1 trafficking, we infected MSNs with a lentivirus express-
ing the C terminus of GluA1, a construct shown previously to
prevent surface trafficking of GluA1 (54). We observed that
expression of the GluA1 C terminus construct prevented both
AMPA- and forskolin-induced surface trafficking of GluA1
(Fig. 5, A and B). We conclude that CPAR Ca2� fluxes work via
cGMP/cGKII in parallel with D1Rs to induce GluA1 extrasyn-
aptic trafficking via a C terminus-dependent mechanism, con-
sistent with a role for Ser-845 phosphorylation. CPARs also
induce synaptic insertion through PKC stimulation. Although
NMDARs play an important role in accumbens plasticity (55),
these data identify additional NMDAR-independent mecha-
nisms through which dopamine and glutamate can regulate
GluA1 trafficking inMSNs and implicate CPARs as inducers of
potentiation.
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DISCUSSION
Excitability of striatal MSNs is regulated by dopamine trans-

mission and glutamatergic regulation of the NO/cGMP path-

way (43, 56). MSNs rest at a highly hyperpolarized down state
where CPARs are responsible almost exclusively for Ca2� con-
ductance (8). For MSNs to generate action potentials, AMPAR
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activation first stimulates an up state transition, after which an
action potential can be generated by additional stimulation (7,
57). This suggests that mechanisms by which synaptic strength
can be increased independently of voltage, thereby increasing
the probability of an up state transition, could be important for
understanding synaptic potentiation in the striatum. In the
present study we investigate production of cGMP and cAMP,
second messengers important for increasing synaptic strength
through trafficking of the AMPAR subunit GluA1 (25, 27). We
observe that cyclic GMP and cyclic AMP are produced by par-
allel glutamate- and dopamine-dependent pathways. Our data
show that voltage dependent Ca2� fluxes, such as through the
NMDA receptor and voltage gated Ca2� channels can induce
cGMP. Interestingly, stimulation of endogenous CPARs on

their own was sufficient to induce cGMP production. In sup-
port, stimulation of neurons with exogenous expression of
CPARs by AMPA elevated the level of cGMPmore greatly than
AMPA stimulation of neurons in which exogenous Ca2�-im-
permeable AMPA receptors have been expressed.We observed
a numerically greater proportional increase in cGMP after
AMPA treatment inGluA2-WT versusGluA2-Q infection con-
ditions. We hypothesize that the proportional increase in
cGMP after AMPA was less in GluA2-Q infection conditions
because base-line cGMP was statistically higher; it is possible
that we observed cell maximum capacity for cGMP production
in the GluA2-Q � AMPA condition. Also, whereas NMDAR
regulation of cAMP-dependent phosphorylation of GluA1 is
important for hippocampal LTP (25), we found that NMDAR

FIGURE 3. CPARs selectively induce GluA1 trafficking through GluA1 Ser-845 phosphorylation. A, visualization of surface and synaptic GluA1 in cultured
MSNs expressing D1 receptors (10 DIV) after treatment with AMPA (5 �M, 1 min) and/or SKF38393 (10 �M, 5 min) and 30 min pretreatment with APV (10 �M),
CdCl2 (50 �M), TTX (500 nm). Neurons were stained for D1R, surface GluA1, and PSD-95 (synaptic marker). Scale bar � 20 �M. B, quantification of surface and
synaptic GluA1 in cultured MSNs treated in A; n � 25 dendrite regions. C, MSNs (10 DIV) were treated with vehicle or AMPA (50 �M, 1 min) either alone or in
cultures pretreated for 30 min with NASPM (200 �M), 2,3-dideoxyadenosine (DDA; 10 �M), or 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one or ODQ (5 �M), and
surface GluA1 levels were determined and normalized to vehicle; n � 20 dendrite regions. D–F, MSN cultures were treated as in A and pretreated either with
Rp-8-pCPT-cGMPS (D), chelerythrine (E), or KT-5720 (F). Data are represented as mean pixel intensity � S.E. normalized to vehicle treatment and analyzed using
one-way ANOVA followed by Fisher’s post hoc tests; n � 20 dendrite regions for each condition.

FIGURE 4. AMPA induces GluA1 trafficking and GluA1 Ser-845 phosphorylation. A and B, accumbens MSNs (10 DIV) were treated with an NO donor (DEA,
50 �M, 10 min) or AMPA (50 �M, 1 min), surface GluA1 and GluA2 were measured, and the surface GluA1:GluA2 ratio was determined. Scale bar � 10 �M; n �
20 dendrite regions. C, accumbens MSNs (10 DIV) were analyzed either directly or after treatment with AMPA (50 �M, 1 min) or NASPM (200 �M, 30 min
pretreatment) as indicated. Surface proteins were labeled with biotin, isolated on streptavidin beads, analyzed by Western blot, and Ser(P)-845 GluA1, total
GluA1, and tubulin were measured. D, the ratio of surface Ser(P)-845 GluA1:Total GluA1 was determined for the three conditions and normalized to vehicle; n �
4 samples/condition. E, the ratio of biotinylated, surface GluA1:total GluA1 was determined and normalized to vehicle; n � 4 samples/condition. Data are
represented as the mean � S.E. normalized to vehicle treatment and analyzed using one-way ANOVA followed by Fisher’s post hoc tests.
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activation suppressed cAMP production. We then observed
that CPARs, which signal through the NO/cGMP pathway,
were sufficient to induce GluA1 synaptic insertion. We inves-
tigated the role of the GluA1 C terminus in the trafficking
mechanism. AMPA receptor trafficking may take place by
C-tail dependent andC-tail independentmechanisms (22). The
insertion induced by the NO/cGMP pathway was blocked by a
dominant negative peptide corresponding to the GluA1 C-ter-
minal domain, consistent with a mechanism dependent on
phosphorylation of Ser-845 in the GluA1 C-terminal domain.
Additionally, whereas simultaneous activation of CPARs and
D1Rs caused an additive increase in surface GluA1, there was
not an additive increase in synaptic GluA1, and further exper-
iments suggested that the CPAR Ca2� signal was sufficient to
induce a two-step process of GluA1 membrane insertion
through cGKII and synaptic insertion through PKC. The dem-
onstration of the ability of CPARs tomediate GluA1 trafficking
via a cGMP-dependent pathway is a novel finding. The cGMP-
dependent pathway provides a mechanism by which synaptic
strength can be increased independently of voltage. Postsynap-
tic cell depolarization is not required, and thus it can operate
when the NMDA receptor and voltage-gated calcium channels
are inoperative.
Regulation of Cyclic Nucleotide Production—Although acti-

vation of AMPARs has been shown previously to induce cGMP
production (58, 59), themechanism for soluble guanylyl cyclase
activation by AMPARs has been unclear. Here we demonstrate
that CPAR Ca2� is sufficient to induce cGMP production. This
suggests that cGMP production can proceed independently of
voltage-gated conductance, which is of particular importance
in highly hyperpolarized cells such asMSNs inwhichNMDARs
are inactive. We observed that CPAR-induced cGMP produc-
tion is dependent on nNOS, providing the first evidence that
CPARs regulate NO production. This provides a potential
mechanistic link between CPARs and the pathologies often
associatedCa2� andnon-NMDA-type glutamate receptors (45,
60, 61).

NMDAR-dependent activation of cAMP-dependent protein
kinase (PKA) has been shown to regulate LTP induction in the
hippocampus and amygdala (25, 62). In the striatum, however,
where the predominant isoform is the Ca2�-inhibited type V,
we demonstrate that NMDAR activation suppresses cAMP
production over short time scales (1min).Meanwhile, although
AMPARs stimulated a modest and not significant increase in
cAMP production, the increase was augmented and significant
when CPARs and other Ca2� conductances were blocked. Pre-
vious studies have demonstrated that adenylyl cyclases can be
stimulated by depolarization (51–53), and our results suggest
thatNa� depolarization andCa2� flux exert opposite effects on
adenylyl cyclase type V inMSNs.We conclude that cAMP pro-
duction is dopamine-dependent and NMDAR-suppressed in
striatal neurons and that glutamate and dopamine pathways
work in parallel to induce cGMP and cAMP production,
respectively.
D1R and CPAR Regulation of GluA1 Trafficking—Phosphor-

ylation of GluA1 Ser-845 promotes membrane trafficking
and/or retention of AMPARs. Both PKA and cGKII phosphor-
ylate Ser-845 (25, 27), and phosphorylation of Ser-818 by PKC
has been shown to be necessary for synaptic insertion (34).
We investigated whether trafficking of GluA1 could take
place without the involvement of voltage-gated conductance.
NMDARs, voltage-gated Ca2� channels, and Na� channels
were blocked, and AMPARs and/or D1Rs were stimulated to
induce cGMP and cAMP production. We observed that
AMPARs stimulated GluA1 surface insertion through a mech-
anism dependent on CPARs, nNOS, and cGKII. Interestingly,
synaptic insertion was dependent on PKC but not cGKII when
the D1 receptor was stimulated, suggesting that cGKII or PKA
phosphorylation of Ser-845 increases the extrasynaptic pool of
AMPARs, and PKC phosphorylation of Ser-818 promotes syn-
aptic incorporation. Further evidence for this hypothesis came
from the observation that stimulation of D1Rs and CPARs
together, although causing an additive increase in surface
expression, did not lead to an additive increase in synaptic

FIGURE 5. Confirmation of AMPA-induced GluA1 trafficking through genetic blockage of trafficking. Surface GluA1 was visualized (A) and quantified (B)
in MSNs (10 DIV) infected with lentiviruses expressing GFP or the GluA1 C-terminal (CT) peptide tagged with GFP. Infections were carried out 4 days before
treatment with AMPA or forskolin (25 �M, 10 min). Synaptophysin levels were unchanged among all conditions. Scale bar � 10 �M. AMPA treatment � 5 �M,
1 min in each case. Data are represented as the mean � S.E. integrated density of surface GluA1; n � 20 dendrite regions, and data are represented as the
mean � S.E. normalized to vehicle treatment and analyzed using one-way ANOVA followed by Fisher’s post hoc tests.
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expression.Weconclude that stimulation of Ser-845phosphor-
ylation by cGMP or cAMP increases extrasynaptic accumula-
tion of GluA1-containing AMPARs, and these receptors are
trafficked into synaptic areas through Ca2�-dependent activa-
tion of PKC, perhaps through subsequent phosphorylation of
Ser-818 (34). In this mechanism, D1 receptors, which induce
cAMP, and CPARs, which induce cGMP and activate PKC,
can cooperate to regulate GluA1 synaptic trafficking. Also,
although AMPA and an NO donor increased the ratio of sur-
face GluA1 toGluA2, consistent with GluA1 surface trafficking
by this pathway, the surface level of GluA2 also increased,
although to a lesser extent than GluA1. This is consistent with
the ability of GluA1/2 heteromers to traffic in response to the
same signals as GluA1 homomers (63). Given our recent find-
ings that CPAR activity is necessary for hyperactivity immedi-
ately after sucrose consumption (6), it is likely that the mecha-
nisms described herein play a role in synaptic plasticity related
to reward-driven behavioral modifications.
Conclusion—Our results suggest that cAMP- and cGMP-de-

pendent pathways work in parallel in striatal MSNs to increase
neuronal excitability through GluA1 phosphorylation and traf-
ficking. Given that glutamate receptors did not promote cAMP
production anddopamineD1 receptors did not promote cGMP
production (data not shown), our results also suggest that
dopamine and glutamate release regulate synaptic plasticity
through distinct pathways in MSNs. Therefore, environmental
stimuli that pair glutamate and dopamine release likely both
promote GluA1 Ser-845 phosphorylation-dependent traffick-
ing of AMPARs to the neuronalmembrane, and it is likely addi-
tive comparedwith glutamate or dopamine alone.However, the
observation that D1R signaling does not promote synaptic
insertion of GluA1 suggests that paired glutamate and dop-
amine stimulation leads to an additive increase only in extra-
synaptic AMPAR accumulation, with an additional Ca2�-de-
pendent stimulus that activates PKC necessary for synaptic
insertion. Physiologically, thismechanism could play an impor-
tant role in lowering the threshold for highly hyperpolarized
MSNs to undergo down-to-up state transitions and generate
action potentials by means of a mechanism in which a voltage-
independent increase in excitability facilitates greater neuronal
excitation by a subsequent voltage-dependent stimulus. Addi-
tionally, given the role of dopamine in reward prediction error
(64), thismechanism also potentially underlies synaptic plastic-
ity related to natural rewards.
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