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Fragile X syndrome, the most common form of inherited
mental retardation, is causedby the absenceof theRNA-binding
protein fragile X mental retardation protein (FMRP). FMRP
regulates local protein synthesis in dendritic spines. Dopamine
(DA) is involved in the modulation of synaptic plasticity. Acti-
vation of DA receptors can regulate higher brain functions in a
protein synthesis-dependent manner. Our recent study has
shown that FMRP acts as a keymessenger for DAmodulation in
forebrain neurons. Here, we demonstrate that FMRP is critical
for DA D1 receptor-mediated synthesis of synapse-associated
protein 90/PSD-95-associated protein 3 (SAPAP3) in the pre-
frontal cortex (PFC). DA D1 receptor stimulation induced
dynamic changes of FMRP phosphorylation. The changes in
FMRP phosphorylation temporally correspondwith the expres-
sionof SAPAP3afterD1 receptor stimulation. Proteinphospha-
tase 2A, ribosomal protein S6 kinase, and mammalian target of
rapamycin are the key signalingmolecules for FMRP linkingDA
D1 receptors to SAPAP3. Knockdown of SAPAP3 did not affect
surface expression of �-amino-3-hydroxyl-5-methyl-4-isox-
azole-4-propionate (AMPA) GluR1 receptors induced by D1
receptor activation but impaired their subsequent internaliza-
tion in cultured PFC neurons; the subsequent internalization of
GluR1 was also impaired in Fmr1 knock-out PFC neurons, sug-
gesting that FMRP may be involved in subsequent internaliza-
tion of GluR1 through regulating the abundance of SAPAP3
after DA D1 receptor stimulation. Our study thus provides fur-
ther insights into FMRP involvement in DA modulation and
may help to reveal the molecular mechanisms underlying
impaired learning and memory in fragile X syndrome.

Fragile X syndrome, the most common form of inherited
mental retardation, is caused by the absence of the RNA-bind-
ing protein fragile X mental retardation protein (FMRP),3

because of silencing of the FMR1 gene (1–6). FMRP interacts
with its mRNA targets in brain, the functional consequence of
which is presently known for few messages (1, 7, 8). FMRP
associates with neuronal polysomes and mRNPs and regulates
local protein synthesis, especially in dendritic spines (1, 2, 7,
9–13). This is supported by the effects of group I metabotropic
glutamate receptor stimulation on FMRP synthesis and trans-
port (2, 8, 11, 14, 15).
The phosphorylation status of FMRP has been identified as a

regulator for FMRP function (16, 17). Previous studies showed
that phosphorylated FMRP may associate with stalled ribo-
somes (18). FMRP phosphorylation might be a key regulatory
step in activity-dependent protein synthesis (16, 17, 19). The
group I mGluR stimulation induces rapid changes in FMRP
phosphorylation (dephosphorylation and rephosphorylation)
in hippocampus. The changes in FMRP phosphorylation corre-
late with the expression of synapse-associated protein 90/PSD-
95-associated protein 3 (SAPAP3) (1, 16, 17), a postsynaptic
scaffolding protein whose mRNA has been identified as an
FMRP target (20–22). It further supports the roles of FMRP in
synaptic stimulation-induced protein synthesis.
Dopamine (DA), a well known neurotransmitter involved in

the synaptic modulation, is important for cognitive functions
(23–29). DA transmission is mediated by five G protein-cou-
pled receptors classified as either D1 (D1 and D5 subtypes) or
D2 (D2–D4 subtypes) receptors (25, 26, 28, 30–32). DA D1
receptors are positively coupled to protein kinase A through Gs
proteins and modulate AMPA GluR1 receptor (33–35). The
activation of DA receptors also regulates long term memory
formation in a protein synthesis-dependent manner (36–39).
Activation of DAD1 receptor stimulates local protein synthesis
in the neuronal dendrites (39). Our recent study has identified
FMRP as a key messenger for DA modulation in forebrain
(40, 41). However, it is still unknown whether FMRP could
be involved in protein synthesis induced by DA receptor
stimulation.
In the present study, we demonstrate that DA D1 receptor

stimulation could induce expression of SAPAP3 and dynamic
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changes of FMRP phosphorylation in the prefrontal cortex
(PFC). DA D1 receptor-induced SAPAP3 expression is protein
synthesis-dependent and requires FMRP. Protein phosphatase
2A (PP2A),mammalian target of rapamycin (mTOR), and ribo-
somal protein S6 kinase (S6K1) are the key signaling molecules
in regulation of FMRP phosphorylation and SAPAP3 expres-
sion byDAD1 receptors. Knockdown of SAPAP3 did not affect
surface expression of AMPA GluR1 receptors induced by D1
receptor stimulation but impaired their subsequent internal-
ization in cultured PFC neurons. Similarly, the subsequent
internalization of surface GluR1 was also impaired in Fmr1
knock-out (KO) PFC neurons. Our study thus provides evi-
dence for DA receptor-mediated synapse-associated protein
synthesis and reveals one possible molecular mechanism by
which FMRP contributes to DA modulation in forebrain.

EXPERIMENTAL PROCEDURES

Animals—Adult male C57Bl/6mice were used inmost of the
experiments. Fmr1 wild type (WT) and KO mice of the
FVB.129P2-Fmr1tm1Cgr strain were generously provided by
Dr. W. T. Greenough (University of Illinois). The mice were
generated and maintained as reported before (42–44). All of
the mice were housed under a 12:12 light cycle with food and
water provided ad libitum. All of the mouse protocols were in
accordance with National Institutes of Health guidelines and
approved by the Animal Care and Use Committee of the Uni-
versity of Toronto.
Drugs and Antibodies—SKF81997, dihydrexidine, bro-

mocriptine, SCH23390, okadaic acid, and rapamycin were pur-
chased from Tocris Bioscience (Ellisville, MO). Anisomycin,
protease inhibitormixture, and phosphatase inhibitormixtures
1 and 2 were purchased from Sigma. The anti-FMRP (1C3) and
anti-FMRP (7G1) (developed by Dr. Stephen T. Warren) anti-
bodies were from Millipore Corporation (Temecula, CA) and
the Developmental Studies Hybridoma Bank (University of
Iowa), respectively; anti-PP1 or PP2A antibodies, horseradish
peroxidase-linked goat anti-mouse IgG, and goat anti-rabbit
IgG antibodies for Western blot were purchased from Milli-
pore. Anti-phospho-mTOR (Ser2448), anti-mTOR, anti-phos-
pho-S6K1 (Thr389), anti-S6K1 antibody, anti-phosphoserine,
or anti-phosphotyrosine antibodies were purchased from Cell
Signaling Technology (Danvers, MA), and anti-SAPAP3 anti-
body was a gift from Dr. Guoping Feng (Duke University) or
purchased from Prosci Incorporation (Poway, CA). The anti-
actin antibody was from Sigma. The small interference RNA
(siRNA) was from Thermo Scientific Dharmacon (Lafayette,
CO). Transfection reagent for siRNA was from Invitrogen.
Brain Slice Preparation and Drug Treatment—Adult male

mice were anesthetized with 1–2% halothane. Transverse slices
containing PFC (300 �m) will be prepared using standard
methods (40, 42). The slices were slowly brought to a final tem-
perature of 30 °C in ACSF gassed with 95% O2, 5% CO2 and
incubated for at least 1 h before experiments. The mouse brain
slices were treated with DA receptor agonists for 5 min in
ACSF.After treatment, the sliceswere brieflywashedwith fresh
ACSF and incubated in ACSF without agonists until the time
points indicated in the experiments.

Immunoprecipitation—Immunoprecipitation was carried
out as reported previously (45). For detection of FMRP phos-
phorylation, the solubilized protein samples were prepared
with lysis buffer and precipitated with 50 �l of protein G-agar-
ose precoupled with anti-FMRP (7G1) antibody for at least 4 h
at 4 °C. The reaction mixtures were then washed three times,
eluted by boiling in loading buffer, and subjected to Western
blot using anti-FMRP (1C3), anti-phosphoserine, or anti-phos-
photyrosine antibodies.
Western Blot—Western blot analysis was done as described

previously (40, 46, 47). The cultured cortical neurons or brain
tissueswere harvested andhomogenized in lysis buffer contain-
ing protease inhibitor mixture and phosphatase inhibitor mix-
ture. Electrophoresis of equal amounts of total protein was
done on SDS-polyacrylamide gels. Separated proteins were
transferred to polyvinylidene fluoride membranes overnight at
4 °C for Western blot analysis. The membranes were probed
with primary antibodies overnight at 4 °C or 4–6 h at room
temperature. The membranes were then incubated in the
appropriate horseradish peroxidase-coupled secondary anti-
body for 2 h at room temperature followed by ECL detection of
the proteins with Western Lightning Plus ECL substrate
(PerkinElmer Life Sciences) according to the manufacturer’s
instructions. The density of immunoblots was measured using
National Institutes of Health ImageJ software.
RT-PCR—The total RNA from the ACC was isolated using

theRNAspinmini kit (GEHealthcare). RT-PCRwas carried out
using procedures reported before (42, 45). The exponential
phase of the PCR was determined by amplifying equivalent
amounts of input over different number of PCR cycles and by
amplifying dilutions of input RNA over the same number of
PCR cycles. 25 PCR cycles were used. The primers for Sapap3
used in this experiment were as follows: sense, 5�-ACTATTT-
GCAGGTGCCGCAAG-3�; and antisense, 5�-GGGCTAC-
CATCTGAGTCTCC-3�. Glyceraldehyde-3-phosphate dehy-
drogenase was amplified as an internal control by using the
primer sets: sense, 5-AACGACCCCTTCATTGAC-3�; and
antisense, 5�-TCCACGACATACTCAGCAC-3�. RT-PCR
products were electrophoresed on 1.5% agarose gels and visu-
alized under UV light by ethidium bromide staining. The rela-
tive density of bands was analyzed by the National Institutes of
Health ImageJ program.
PP1 and PP2A Enzyme Activity Assay—PP1 and PP2A activ-

ity were measured as reported before (16, 48) using a serine-
threonine phosphatase assay kit (Millipore) and following the
manufacturer’s directions. To immunoprecipitate PP1 or
PP2A, rabbit anti-PP1 or mouse anti-PP2A antibodies were
added to tissue lysate and gently mixed at 4 °C overnight, fol-
lowed by 50% protein A-agarose bead slurry and incubation for
2 h at 4 °C. The beads were washed three times with PBS, fol-
lowed by the enzyme assay according to the manufacturer’s
manual.
Primary Culture of Prefrontal Cortical Neurons—Prefrontal

cortical neuronswere prepared frompostnatal day 0mice using
methods described previously (40, 46). The prefrontal cortices
were dissected, minced, and trypsinized for 15 min using
0.125% trypsin (Invitrogen). The cultures were grown in Neu-
robasal Amedium supplementedwith B27 and 2mMGlutaMax
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(Invitrogen) and incubated at 37 °C in 95% air, 5% CO2 with
95%humidity. The cultureswere used for experiments between
days in vitro 14 and 18.
Surface Biotinylation Assay—Surface AMPA receptor sub-

units were detected by a biotinylation assay, followed byWest-
ern blot analysis (40). Briefly, ice-cold PBS (with calcium and
magnesium, pH 7.4; Invitrogen) were added to the cultures or
slices to prevent receptor internalization. The cultures or slices
were incubated in sulfo-NHS-LC-biotin (0.3 mg/ml in cold
PBS; Pierce) for 30min. The surface biotinylation were stopped
by removal of the above solution and incubation in 10 mM ice-
cold glycine in PBS for 20 min. Then the samples were washed
three times with cold PBS and lysed by radioimmune precipi-
tation assay buffer. Biotinylated proteinswere precipitatedwith
100 �l of ImmunoPure immobilized streptavidin (Pierce). Bio-
tinylated proteinswere separated on 4–12%SDS-PAGEgel and
detected by Western blot using specific antibodies for AMPA
receptor subunits.
Data Analysis—The data were presented as the mean val-

ues � S.E. Statistical comparisons were made using the paired
or unpaired t test. In all cases, p � 0.05 was considered
significant.

RESULTS

Synapse-associated Protein SAPAP3 Expression and FMRP
PhosphorylationMediated byDAReceptors inPFC—Dopaminer-
gic afferent from the ventral tegmental area plays important
roles in PFC cognitive functions, including working memory,
reward, and attention (49–53). Activation of DA receptors reg-
ulates higher brain functions in a protein synthesis-dependent
manner (25, 37, 38, 54). A previous study has shown thatDAD1
receptor stimulation induces local protein synthesis in neuro-
nal dendrites (39). Our recent study has shown that FMRP is
critical for theDAmodulation in forebrain (40, 41). The expres-
sion of SAPAP3, a synapse-associated protein that is critical for
synaptic function and related to anxiety, obsessive-compulsive
disorder, and other psychiatric disorders (21), can be induced
by group I mGluR stimulation in hippocampus (1, 16, 17). In
this study, to further elucidate the molecular mechanisms for
FMRP involvement inDAmodulation,we investigatedwhether
DA receptor stimulation could induce synapse-associated pro-
tein expression in adult PFC slices. By Western blot, we found
that application of DA D1 receptor agonist SKF81297 (5 �M, 5
min) could increase SAPAP3 expression in a time-dependent
manner in PFC slices, the increase could be observed immedi-
ately after 5min treatment, and the highest level was reached at
the 10-min time point (n � 6; Fig. 1A). Then the SAPAP3
expression started to decrease and reached the control basal
levels at the 20-min time point (Fig. 1A). By contrast, applica-
tion ofDAD2 receptor agonist bromocriptine (5�M, 5min) did
not affect SAPAP3 expression in PFC slices (n � 5; Fig. 1B).
These data indicate that DA D1 receptor stimulation can regu-
late SAPAP3 expression in PFC neurons.
It has been shown that group I mGluR stimulation induces

the changes of FMRP phosphorylation, which correspond to
SAPAP3 expression in hippocampus (1, 16, 17).We next inves-
tigated whether DA receptor stimulation could affect the phos-
phorylation status of FMRP in PFC. By immunoprecipitation

andWestern blot, we found that application of DAD1 receptor
agonist SKF81297 (5 �M, 5 min) could cause rapid changes of
FMRPphosphorylation at serine residues in PFC slices, the dra-
matic decrease of FMRP phosphorylation could be observed
immediately after 5 min of treatment (n � 6; Fig. 1C), and then
FMRP phosphorylation levels rapidly went up to the control
levels after the 10-min time point (p� 0.01, compared with the
values at the 5-min time point, n � 6; Fig. 1C), closely parallel-
ing the temporal profile of SAPAP3 expression seen in Fig. 1A.
However, the phosphorylation levels of FMRP at tyrosine resi-
dues were not affected by SKF81297 (5 �M, 5 min) treatment
(n � 5; Fig. 1C). By contrast, application of DA D2 receptor
agonist bromocriptine (5�M, 5min) did not affect FMRP phos-
phorylation at serine or tyrosine residues in PFC slices (n � 5;
Fig. 1D). These results indicate that DA D1 receptor stimula-
tion induces dynamic changes of FMRP phosphorylation,
including transient dephosphorylation and subsequent rapid
rephosphorylation after stimulation.
To further confirm the roles of DA D1 receptors in SAPAP3

expression and FMRP phosphorylation, we then tested the
effect of another DA D1 receptor agonist dihydrexidine in PFC
slices.We found that application of dihydrexidine (5�M, 5min)
could cause the changes in both SAPAP3 expression and FMRP
phosphorylation at serine residues in PFC slices, similar to the
effects of SKF81297; the dynamic changes of SAPAP3 expres-
sion corresponded with the temporal pattern of FMRP phos-
phorylation after D1 receptor stimulation (Fig. 1E). In the pres-
ence of DA D1 receptor antagonist SCH23390 (5 �M, 5 min
prior to and during SKF81297 treatment), DAD1 receptor ago-
nist SKF81297 (5 �M, 5 min) did not cause any change in
SAPAP3 expression or FMRP phosphorylation at serine resi-
dues in PFC slices (n � 5; Fig. 1F). These data further support
that DA D1 receptors can regulate SAPAP3 expression and
FMRP phosphorylation in PFC neurons. The correspondence
between temporal patterns of SAPAP3 expression and FMRP
phosphorylation may suggest roles for FMRP in DA-mediated
synapse-associated protein expression.
FMRP Is Required for Protein Synthesis-dependent SAPAP3

Expression Mediated by DA D1 Receptors—DA D1 receptors
regulate protein synthesis-dependent long term recognition
memory and contribute to induction of late phase of LTP in a
protein synthesis-dependent manner (25, 38, 39, 54). To inves-
tigate whether DA D1 receptor-mediated SAPAP3 expression
is protein synthesis-dependent, we investigated the Sapap3
mRNA levels after DA D1 receptor agonist SKF81297 treat-
ment. By RT-PCR, we found that SKF81297 (5�M, 2 and 5min)
treatment did not affect the Sapap3mRNA levels in PFC slices
(n � 4; Fig. 2A). This suggests that DAD1 receptor stimulation
may not regulate SAPAP3 expression at the transcriptional
level. We then tested the effect of protein synthesis inhibitor
anisomycin on D1 receptor agonist SKF81297-induced
SAPAP3 expression in PFC slices. Anisomycin (30 �M) was
applied 5 min prior to and during SKF81297 (5 �M, 5 min)
treatment.We found that anisomycin could completely block the
changesofSAPAP3expression inducedbySKF81297 inPFCslices
(p � 0.01, compared with SKF81297 treatment, n � 6; Fig. 2B).
However, application of anisomycin (30 �M) did not affect basal
expression levels of SAPAP3 in PFC slices (n � 4; Fig. 2C). These
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results indicate that DAD1 receptor-
induced SAPAP3 expression is pro-
tein synthesis-dependent.
FMRP binds to its mRNA targets

in brain and regulates local protein
synthesis (1, 2, 13, 55). It is necessary
for neurotransmitter-induced pro-
tein translation at synapses (1, 56).
SAPAP3 has been identified as a
FMRP ligand (17, 20). Can FMRP
be involved in SAPAP3 synthesis
mediated by DA D1 receptors? To
test this, we investigated the effect
of DA D1 receptor stimulation on
SAPAP3 expression in PFC slices of
Fmr1 KO mice. We found that the
basal levels of SAPAP3 was not
changed in PFC of Fmr1 KO mice
compared with WT mice (n � 6;
Fig. 2D). Application of DA D1
receptor agonist SKF81297 (5 �M,
5 min) could increase SAPAP3
expression in PFC slices ofWTmice
but did not affect SAPAP3 expres-
sion in PFC slices of Fmr1 KO mice
(p � 0.01, compared with WT, n �
5; Fig. 2E). These data indicate that a
lack of FMRP can block D1 receptor
agonist-induced SAPAP3 expres-
sion, suggesting that FMRP is criti-
cal for DA D1 receptor-mediated
SAPAP3 synthesis in PFC neurons.
PP2A and Regulation of FMRP

Phosphorylation and SAPAP3 Ex-
pression by DA D1 Receptor—Pro-
tein phosphatases have been shown
to play key roles in mGluR-medi-
ated SAPAP3 expression through
modulation of FMRP phosphoryla-
tion (16, 17). The PP2A has been
identified as a major FMRP phos-
phatase in primary neurons (16).
DA D1 receptor activation can reg-
ulate PP1 and PP2A activity via pro-
tein kinase A and dopamine and
cAMP-regulated phosphoprotein
(DARPP-32) (57–60). To investi-
gate the roles of protein phos-
phatases in modulation of FMRP
phosphorylation and SAPAP3 ex-
pression by DA D1 receptors,
we performedPP1/2Aenzyme assay
in PFC slices after D1 receptor ago-
nist treatment.We found that appli-
cation of DA D1 receptor agonist
SKF81297 (5 �M, 5 min) could tran-
siently activate PP2A, whereas PP1
activitywas slightly inhibited in PFC

FIGURE 1. The effect of DA receptor activation on SAPAP3 and FMRP phosphorylation in prefrontal
cortical slices. A, DA D1 receptor agonist SKF81297 (5 �M, 5 min) caused a time-dependent increase of
SAPAP3 expression in PFC slices. B, DA D2 receptor agonist bromocriptine (5 �M, 5 min) did not affect
SAPAP3 expression. C, SKF81297 (5 �M, 5 min) caused time-dependent changes of FMRP phosphorylation
at serine residues, whereas the phosphorylation at tyrosine residues was not affected. D, bromocriptine (5
�M, 5 min) did not affect FMRP phosphorylation at serine or tyrosine residues. E, D1 receptor agonist
dihydrexidine (5 �M, 5 min) treatment caused time-dependent increase of SAPAP3 expression and
changes of FMRP phosphorylation at serine residues in PFC slices. F, D1 receptor agonist SKF81297 (5 �M,
5 min) did not affect SAPAP3 expression or FMRP phosphorylation at serine residues in the presence of D1
receptor antagonist SCH23390 (5 �M); SCH23390 was applied 5 min prior to and during SKF81297 treat-
ment. The slices were treated with DA D1 or D2 receptor agonists for the first 5 min (solid lines) and
incubated to the time points as indicated by the dotted lines after the drugs were washed out. Represent-
ative Western blots (top panels) and quantification data (bottom panels) are shown. n � 6 mice in A and
C; n � 5 mice in B and D–F; *, p � 0.05, and **, p � 0.01, compared with control; �, p � 0.01, compared with
5-min time point. The data were calculated as ratios to loading controls and then normalized by the values
of control conditions. Con, control.
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slices (n � 5; Fig. 3A). These data
indicate that DA D1 receptor stim-
ulation can activate PP2A in PFC
neurons.
To further characterize the roles

of PP2A in DAD1 receptor stimula-
tion-induced changes of FMRP
phosphorylation and SAPAP3 ex-
pression, we then tested the effect of
protein phosphatase inhibitor oka-
daic acid, which is relatively specific
for PP2Aat a concentration of 0.2–1
nM (16, 61). We found that applica-
tion of okadaic acid (1 nM) almost
completely blocked the changes
of FMRP phosphorylation and
SAPAP3 expression induced by D1
receptor agonist SKF81297 (5 �M, 5
min) treatment (n � 5; Fig. 3, B and
C). However, application of okadaic
acid (1 nM) itself did not affect the
levels of basal FMRP phosphoryla-
tion or SAPAP3 expression in PFC
slices (n � 4; Fig. 3, D and E). These
data indicate that PP2A activation is
critically involved in DA D1 recep-
tor-regulated FMRP phosphoryla-
tion and SAPAP3 expression in PFC
neurons.
Activation of S6K1 by DA D1

Receptors—S6K1, which is down-
stream of mTOR in mTOR signal-
ing pathway (62–65), has been iden-
tified as the key kinase for FMRP
during group I mGluR stimulation
(1, 17). S6K1 can be activated
through its phosphorylation by
mTOR (17, 65, 66). To investigate
whether S6K1 is involved in DA D1
receptor-mediated effects, we mea-
sured the phosphorylation of S6K1
(Thr389) in PFC slices by Western
blot.We found that DAD1 receptor
agonist SKF81297 (5 �M, 5 min)
caused a rapid increase in the phos-
phorylation of S6K1; the highest
phosphorylation level was seen at
the 10-min time point (n � 5;
Fig. 4A). However, application of
SKF81297 (5 �M, 5 min) did not
affect the total protein levels of
S6K1 in PFC slices (n � 5; Fig. 4B).
These data indicate that DA D1
receptor stimulation activates S6K1
in PFC neurons.
To determine the roles of

mTOR in S6K1 activation by DA
D1 receptors, we tested the effect

FIGURE 2. DA D1 receptor-mediated SAPAP3 expression was protein synthesis-dependent and abol-
ished in PFC of Fmr1�/� mice. A, DA D1 receptor agonist SKF81297 (5 �M, 2 and 5 min) did not affect the
levels of Sapap3 mRNA in PFC slices, as shown by RT-PCR. The sizes of PCR products are 142 and 191 bp for
Sapap3 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), respectively. Representative gels (top
panel) and quantification data (bottom panel) of Sapap3 mRNA are shown. B, the protein synthesis inhib-
itor anisomycin (30 �M) could block SKF81297-induced (5 �M, 5 min) SAPAP3 expression in PFC slices.
Anisomycin was applied 5 min prior to and during SKF81297 treatment. C, anisomycin (30 �M) did not
affect SAPAP3 expression in PFC slices. D, the basal SAPAP3 expression was not altered in PFC of Fmr1�/�

mice. E, SKF81297 (5 �M) did not affect SAPAP3 expression in PFC of Fmr1�/� mice. The slices were treated
with DA D1 receptor agonist for the first 5 min (solid line) and incubated to the time points as indicated by
the dotted lines after the drugs were washed out. Representative Western blots (top panel) and quantifi-
cation data (bottom panel) of protein levels are shown in B–E. *, p � 0.05, and **, p � 0.01, compared with
control in B and E; #, p � 0.05, and ##, p � 0.01, compared with SKF81297 treatment in B, compared with
WT in E. The data were calculated as ratios to loading controls and then normalized by the values of control
conditions in A–C and E and by WT values in D; n � 6 mice for each group in B and D, n � 4 mice in A and
C, and n � 5 mice in E. Con, control.
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of mTOR inhibitor rapamycin (16, 65, 67, 68) in PFC slices.
We found that application of rapamycin (0.2 �M) 5 min prior
to and during D1 receptor agonist SKF81297 (5 �M, 5 min)

treatment, could block SKF81297-
induced S6K1 phosphorylation in
PFC slices (n � 5; Fig. 4C). How-
ever, application of rapamycin (0.2
�M) itself did not affect the phos-
phorylation or basal expression of
S6K1 in PFC slices (n � 4; Fig. 4D).
These data indicate that activation
of S6K1 by DA D1 receptors is
mTOR-dependent.
S6K1 and DA D1 Receptor-

mediated Effects on FMRP and
SAPAP3—S6K1 has been shown to
directly phosphorylate FMRP dur-
ing group I mGluR stimulation (1,
17). To investigate whether S6K1
could be involved in FMRP phos-
phorylation by DA D1 receptor
stimulation, we tested the effect of
knockdown of S6K1 in cultured
PFC neurons. We found that trans-
fection of S6K1 siRNA could knock
down the expression of S6K1 in cul-
tured PFC neurons (31 � 10% of
control levels, p � 0.01, compared
with control, n� 4; Fig. 5A). Knock-
down of S6K1 by siRNA did not
affect dephosphorylation of FMRP
but blocked the FMRP rephosphor-
ylation afterDAD1 receptor agonist
SKF81297 (5 �M, 5 min) treatment
in PFC neurons (n � 5; Fig. 5B). We
also found that knockdown of S6K1
did not affect the expression or
phosphorylation status of FMRP in
cultured PFC neurons at the basal
condition (n � 4; Fig. 5D). These
data indicate that S6K1 is required
for FMRPphosphorylation after DA
D1 receptor stimulation and suggest
that S6K1 might be a key kinase for
modulation of FMRP phosphoryla-
tion by DA D1 receptors in PFC
neurons.
We next investigated the roles of

S6K1 in DA D1 receptor-mediated
SAPAP3 expression in PFC neu-
rons. We found that knockdown
of S6K1 by siRNA did not affect
the up-regulation of SAPAP3 but
blocked the subsequent decrease of
up-regulated SAPAP3 after DA D1
receptor agonist SKF81297 (5 �M, 5
min) treatment in cultured PFC
neurons (n � 5; Fig. 5C). Knock-

down of S6K1 did not affect the basal expression of SAPAP3 in
cultured PFC neurons (n � 4; Fig. 5E). These data indicate that
S6K1 is involved in the dynamic regulation of SAPAP3 and

FIGURE 3. PP2A is involved in DA-mediated changes of FMRP phosphorylation and SAPAP3 expression.
A, measurement of PP2A and PP1 activity. D1 agonist SKF81297 (5 �M, 5 min) caused transient activation of PP2A
and slight inhibition of PP1 in PFC slices. B and C, the PP2A inhibitor okadaic acid (OA, 1 nM) abolished the changes of
FMRP phosphorylation (B) and SAPAP3 expression (C) induced by SKF81297 (5 �M, 5 min). Okadaic acid was applied
5 min prior to and during SKF81297 treatment. D and E, okadaic acid (1 nM) did not affect the basal FMRP phosphor-
ylation (D) and SAPAP3 expression (E) in PFC slices. The slices were treated with DA D1 receptor agonist for the first
5 min (solid lines) and incubated to the time points as indicated by the dotted lines after the drugs were washed out.
Representative Western blots (top panel) and quantification data (bottom panel) are shown in B–E. *, p � 0.05, and
**, p �0.01, compared with control in A–C; #, p �0.05, and ##, p �0.01, compared with SKF81297 treatment in B and
C; �, p � 0.01, compared with 5-min time point in B. The data were normalized by control values in A. For Western
blot, the data were calculated as ratios to loading controls and then normalized by the values of control conditions
in B–E. n � 5 mice for each group in A–C, and n � 4 mice in D and E. Con, control.
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suggest that S6K1 may act as a SAPAP3 translational repressor
through FMRP phosphorylation after DA D1 receptor
stimulation.
mTOR and SAPAP3 Expression Mediated by DA D1

Receptors—The mTOR signaling pathway has been shown to
regulate protein synthesis-dependent changes in synaptic
strength (67–70). Previous studies suggest that DA D1 recep-
tors are linked to the mTOR signaling pathway (38, 71). The
activity of mTOR is related to its phosphorylation status (16,
67). To investigate the role of mTOR in DAD1 receptor-medi-
ated SAPAP3 expression, we measured the phosphorylation of
mTOR (Ser2448) after DA D1 receptor agonist stimulation in
PFC slices.We found that DAD1 receptor agonist SKF81297 (5
�M, 5 min) could cause dynamic changes in the phosphoryla-
tion of mTOR, the mTOR phosphorylation was increased
immediately after SKF81297 treatment, the highest levels were
seen at 10 min, and then the phosphorylation decreased and

reached basal levels at the 20-min
time point (n � 5; Fig. 6A). How-
ever, the basal expression levels
of mTOR were not affected by
SKF81297 (5 �M, 5 min) treatment
(n � 4; Fig. 6B). These data indicate
that DA D1 receptor agonist stimu-
lation can activate mTOR in PFC
neurons.
To further elucidate the roles of

mTOR in DA D1 receptor-medi-
ated changes of FMRP phosphory-
lation and SAPAP3 expression, we
tested the effect of mTOR inhibitor
rapamycin in PFC slices. We found
that application of rapamycin (0.2
�M) did not affect the dephos-
phorylation of FMRP but blocked
FMRP rephosphorylation after DA
D1 receptor agonist SKF81297 (5
�M, 5 min) treatment in PFC slices
(n � 5; Fig. 6C), similar to what was
observed when S6K1 was knocked
down in cultured PFC neurons. In
the presence of rapamycin (0.2 �M),
D1 receptor agonist SKF81297 (5
�M, 5min) did not cause any change
of SAPAP3 expression (p � 0.01 or
p � 0.05, compared with SKF81297
treatment, n � 5; Fig. 6D). In addi-
tion, application of rapamycin (0.2
�M) did not affect FMRP phosphor-
ylation and SAPAP3 expression in
PFC slices at the basal condition
(p � 0.05, compared with control,
n � 4; Fig. 6E). The data indicate
that inhibition of mTOR can block
SAPAP3 expression caused by DA
D1 receptor stimulation,whereas its
effect on FMRP phosphorylation is
similar to that of S6k1 knockdown.

These findings suggest that in addition to its function through
S6K1, mTOR is critically involved in SAPAP3 synthesis that is
caused by PP2A-catalyzed dephosphorylation of FMRP.
Inhibition of mTOR in S6K1 Knockdown PFC Neurons—To

further characterize the roles of mTOR in SAPAP3 synthesis,
we applied themTOR inhibitor rapamycin to S6K1 knockdown
PFC neurons. We found that application of rapamycin did not
affect the phosphorylation state of FMRP in S6K1 knockdown
PFCneurons (n� 5 dishes; Fig. 7A). However, rapamycin could
block the initial increase of SAPAP3 expression caused by DA
D1 receptor stimulation, which actually was not affected by
S6K1 knockdown in cultured PFC neurons (n � 5 dishes; Fig.
7B). These results further support that mTOR and S6K1 con-
tribute differently to SAPAP3 synthesis, although inhibition of
mTOR and knockdown of S6K1 have shown similar effects on
phosphorylation of FMRP after dopamine D1 receptor stimu-
lation. Taken together, we have identified PP2A, mTOR, and

FIGURE 4. The activation of S6K1 by DA D1 receptors. A, DA D1 agonist SKF81297 (5 �M, 5 min) increased the
phosphorylation of S6K1 (Thr389) in a time-dependent manner. B, SKF81297 (5 �M, 5 min) did not affect the
basal levels of S6K1 in PFC slices. C, the mTOR inhibitor rapamycin (0.2 �M) could block SKF81297-induced S6K1
phosphorylation (Thr389) in PFC slices. Rapamycin was applied 5 min prior to and during SKF81297 (5 �M, 5 min)
treatment. D, application of rapamycin (0.2 �M) did not affect the phosphorylation or basal expression of S6K1
in PFC slices. The slices were treated with DA D1 receptor agonist for the first 5 min (solid lines) and incubated
to the time points as indicated by the dotted lines after the drugs were washed out. Representative Western
blots (top) and quantification data (bottom) are shown in A–D. *, p � 0.05, and **, p � 0.01, compared with
control in A and C; #, p � 0.05, and ##, p � 0.01, compared with SKF81297 treatment in C. The data were
calculated as ratios to loading controls and then normalized by the values of control conditions. n � 5 mice for
each group in A–C, and n � 4 mice for each group in D. Con, control.
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S6K1 as the key signaling molecules
for DA D1 receptor modulation
of FMRP phosphorylation and
SAPAP3 expression (Fig. 7C).
SAPAP3 and Surface AMPA

GluR1 Receptors after DAD1Recep-
tor Activation—DA D1 receptors
are positively coupled to protein
kinase A signaling pathway through
Gs proteins and regulate the phos-
phorylation and trafficking of
AMPA GluR1 receptor (33–35, 72,
73). Our recent study has shown
that DA D1 receptor stimulation
can increase surface expression of
GluR1 in cultured PFC neurons; the
surface expression of GluR1 trig-
gered by D1 receptor agonist is
impaired in Fmr1 KO PFC neurons
(40). SAPAP3, a postsynaptic scaf-
folding protein at excitatory syn-
apses, plays key roles in regulating
synaptic function and plasticity (21,
22). Can SAPAP3 be involved in
surface expression of GluR1 trig-
gered by DA D1 receptor stimula-
tion? To test this, we used SAPAP3
siRNA to knock down the expres-
sion of SAPAP3 in cultured PFC
neurons. We found that transfec-
tion of SAPAP3 siRNA could
knock down the expression of
SAPAP3 in cultured PFC neurons
(33 � 12% of control levels, p �
0.01, compared with control, n �
4; Fig. 8A). SAPAP3 siRNA could
block DA D1 receptor agonist
SKF81297-induced (5 �M, 5 min)
changes of SAPAP3 expression
that were observed in PFC neu-
rons transfected with control
siRNA (compared with control
siRNA, n � 5; Fig. 8B). However, it
did not affect the basal levels of
FMRP expression and phosphor-
ylation in cultured PFC neurons
(n � 4; Fig. 8C). In addition, the
changes of FMRP phosphorylation
caused by SKF81297 (5 �M, 5 min)
treatment were not affected by
knockdown of SAPAP3 (n � 5;
Fig. 8D). These data suggest that
FMRP could be an upstream regula-
tor for DA D1 receptor-mediated
SAPAP3 expression.
We next investigated the effect of

SAPAP3 knockdown on AMPA
receptors in cultured PFC neurons.

FIGURE 5. The effect of S6K1 knockdown on FMRP phosphorylation and SAPAP3 expression mediated by
DA D1 receptors. A, S6K1 siRNA could reduce S6K1 expression in cultured PFC neurons. B, transfection of S6K1
siRNA did not affect FMRP dephosphorylation at serine residues but blocked the subsequent rephosphoryla-
tion after DA D1 receptor agonist SKF81297 (5 �M, 5 min) treatment. C, S6K1 siRNA did not affect the up-reg-
ulation of SAPAP3 but could impair the decrease of up-regulated SAPAP3 after SKF81297 (5 �M, 5 min) treat-
ment in cultured PFC neurons. D and E, S6K1 siRNA did not affect basal expression, phosphorylation of FMRP
(D), and SAPAP3 expression (E). siRNA was transfected into cultured PFC neurons (day in vitro 16) 40 h before
experiments. PFC neurons were treated with DA D1 receptor agonist for the first 5 min (solid lines) and incu-
bated to the time points as indicated by the dotted lines after the drugs were washed out. Representative
Western blots (top panels) and quantification data (bottom panels) are shown in A–E. *, p � 0.05, and **, p � 0.01,
compared with control siRNA in A–C; ##, p � 0.01, compared with control siRNA in B and C; � p � 0.01,
compared with 5-min time point in B. The data were calculated as ratios to loading controls and then normal-
ized by the values of control conditions. n � 4 dishes for each group in A, D, and E, and n � 5 dishes in B and
C. Con, control.
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We found that SAPAP3 knockdown did not affect the total
levels of both GluR1 and GluR2 nor the phosphorylation and
surface expression of GluR1 in cultured PFC neurons at the
basal condition (n � 4; Fig. 9, A–E). We then compared the
surface expression of GluR1 after DA D1 receptor stimulation.
We found that DAD1 receptor agonist SKF81297 (5�M, 5min)

treatment can cause a similar
increase of surface GluR1 in control
and SAPAP3 siRNA transfected
PFC neurons; the highest levels of
surface GluR1 could be observed at
the 10-min time point (n � 6; Fig.
9F). After 10min, the surface GluR1
started to decrease and reached
basal levels at the 20-min time point
in control siRNA transfected PFC
neurons (p � 0.01, compared with
the 10-min time point, n � 6; Fig.
9F). However, the decrease of
surface GluR1 was impaired in
SAPAP3 siRNA transfected PFC
neurons (p � 0.01, compared with
control siRNA, n � 6; Fig. 9F).
These results indicate that SAPAP3
may not be required for the surface
delivery of GluR1 expression but
could be involved in subsequent
internalization of surface GluR1
after DA D1 receptor stimulation.
Requirement of FMRP for Subse-

quent Internalization of Surface
GluR1—DA D1 receptor-mediated
SAPAP3 expression requires FMRP;
PP2A, mTOR, and S6K1 are the key
signaling molecules for FMRP in-
volvement in this process. To fur-
ther characterize the roles of FMRP
in these signaling pathways, we
investigated the expression and
activity of PP2A, mTOR, and S6K1
in PFC slices from Fmr1 KO mice.
By Western blot, we found that the
total levels of PP2A, mTOR, and
S6K1 were not altered in PFC slices
from Fmr1KOmice compared with
that ofWTmice (n� 6; Fig. 10,A,C,
and E). DA D1 receptor agonist
SKF81297 (5 �M, 5 min) treatment
can cause a similar increase of PP2A
activity in WT and Fmr1 KO PFC
slices n � 5; Fig. 10B). In addition,
no differencewas found in the phos-
phorylation ofmTORor S6K1 at the
basal condition or after SKF81297 (5
�M, 5 min) treatment between WT
and Fmr1KO PFC slices (n � 6; Fig.
10, D and F). The data indicate that
the lack of FMRP does not affect

PP2A, mTOR, and S6K1 in DAD1 receptor-mediated SAPAP3
synthesis in PFC neurons. It also suggests that activation of
pp2A andmTOR signaling are not sufficient to induce SAPAP3
synthesis when FMRP is absent, although both pp2A and
mTOR are required for SAPAP3 synthesis caused by DA D1
receptor stimulation.

FIGURE 6. mTOR is involved in SAPAP3 expression mediated by DA D1 receptors. A, DA D1 agonist
SKF81297 (5 �M, 5 min) increased the phosphorylation of mTOR (Ser2448) in a time-dependent manner.
B, SKF81297 (5 �M, 5 min) did not affect the basal levels of mTOR in PFC slices. C, the mTOR inhibitor rapamycin
(0.2 �M) did not affect FMRP dephosphorylation at serine residues but blocked the subsequent rephosphory-
lation after SKF81297 (5 �M, 5 min) treatment. D, rapamycin (0.2 �M) could block SKF81297-induced SAPAP3
expression in PFC slices. Rapamycin was applied 5 min prior to and during SKF81297 treatment. E, rapamycin
(0.2 �M) did not affect the basal levels of FMRP phosphorylation and SAPAP3 expression in PFC slices. The slices
were treated with DA D1 receptor agonist for the first 5 min (solid lines) and incubated to the time points as
indicated by the dotted lines after the drugs were washed out. Representative Western blots (top panels) and
quantification data (bottom panels) are shown in A–E. *, p � 0.05, and **, p � 0.01, compared with control in
A, C, and D; #, p � 0.05, and ##, p � 0.01, compared with SKF81297 treatment in C and D; �, p � 0.01, compared
with the 5-min time point in C. The data were calculated as ratios to loading controls and then normalized by
the values of control conditions. n � 5 mice in A, C, and D, and n � 4 mice in B and E. Con, control.
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Because DA D1 receptor-mediated SAPAP3 expression,
which requires FMRP, could be involved in subsequent surface
GluR1 internalization after DA D1 receptor stimulation, we
next determined surface expression of GluR1 in PFC slices of
Fmr1 KOmice. As we have reported before (40), we found that
the increase of surface GluR1 triggered by DAD1 receptor ago-
nist SKF81297 (5 �M, 5 min) was impaired in Fmr1 KO PFC
slices (n � 5; Fig. 10, G and H). The surface GluR1 started to
decrease after 10 min and reached basal levels at the 20-min
time point in WT PFC neurons (p � 0.01, compared with

FIGURE 7. Pharmacological inhibition of mTOR in S6K1 knockdown PFC
neurons. A, the mTOR inhibitor rapamycin (0.2 �M) did not affect FMRP phos-
phorylation at serine residues in S6K1 knockdown-cultured PFC neurons
treated with SKF81297 (5 �M, 5 min). B, rapamycin (0.2 �M) blocked SKF81297-
induced (5 �M, 5 min) SAPAP3 expression in S6K1 knockdown-cultured PFC
neurons. C, a model of signaling pathways for DA D1 receptor-mediated
SAPAP3 expression. Both FMRP and mTOR are required for initiation of
SAPAP3 synthesis. PP2A dephosphorylates FMRP, and dephosphorylated
FMRP is involved in the initiation of SAPAP3 synthesis. The mTOR also

activates S6K1, which phosphorylates FMRP, and phosphorylated FMRP acts
as a repressor for SAPAP3 synthesis. PFC neurons were treated with DA D1
receptor agonist for the first 5 min (solid lines) and incubated to the time
points as indicated by the dotted lines after the drugs were washed out. Rep-
resentative Western blots (top panels) and quantification data (bottom panels)
are shown in A and B. **, p � 0.01, compared with control in A and B; ##, p �
0.01, compared with S6K1 siRNA only in B. The data were calculated as ratios
to loading controls and then normalized by the values of control conditions.
n � 5 dishes for each group in A and B. Con, control.

FIGURE 8. Knockdown of SAPAP3 in cultured PFC neurons. A, SAPAP3
siRNA could knock down SAPAP3 expression in cultured PFC neurons.
B, SAPAP3 siRNA could block DA D1 receptor agonist SKF81297-induced (5
�M, 5 min) changes of SAPAP3 expression that were observed in cultured PFC
neurons transfected with control siRNA. C, transfection of SAPAP3 siRNA did
not affect the basal expression and phosphorylation (serine residues) levels of
FMRP. D, SKF81297 (5 �M, 5 min) could induce the changes of FMRP phosphor-
ylation in cultured PFC neurons; Transfection of SAPAP3 siRNA did not affect
the changes of FMRP phosphorylation caused by SKF81297 treatment. siRNA
was transfected into cultured PFC neurons (day in vitro 16) 40 h before exper-
iments. PFC neurons were treated with DA D1 receptor agonist for the first 5
min (solid lines) and incubated to the time points as indicated by the dotted
lines after the drugs were washed out. Representative Western blots (top) and
quantification data (bottom) are shown in A–D. *, p � 0.05, and **, p � 0.01,
compared with control in A, B, and D; #, p � 0.05, and ##, p � 0.01, compared
with control siRNA in B; �, p � 0.01, compared with 5-min time point in D. The
data were calculated as ratios to loading controls and then normalized by the
values of control conditions. n � 4 dishes in A and C, and n � 5 dishes for each
group in B and D. Con, control.
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10-min time point, n � 5; Fig. 10, G and H). However, the
decrease of surface GluR1 was impaired in Fmr1KO PFC slices
(n � 5; Fig. 10,G andH). These results indicate that the lack of
FMRP not only affects the initial surface GluR1 expression but
also impairs subsequent internalization of surface GluR1 after
DA D1 receptor stimulation.

DISCUSSION

Our previous studies suggest that FMRP is required for the
physiological function of cingulate cortex (42, 43). Recently, we

have identified FMRP as a keymessenger for DAmodulation in
forebrain neurons (40). Here, we provided evidence that FMRP
is involved inDAD1 receptor-mediated synthesis of SAPAP3, a
synapse-associated protein. DA D1 receptor stimulation may
control the abundance of SAPAP3 through dynamic modula-
tion of FMRP phosphorylation in PFC neurons. FMRP is not

FIGURE 9. The effect of SAPAP3 knockdown on AMPA receptors after D1
receptor activation in PFC neurons. A and B, transfection of SAPAP3 siRNA
did not affect the basal levels of AMPA receptor GluR1 (A) or GluR2 (B) sub-
units. C and D, SAPAP3 siRNA did not affect the basal levels of GluR1 phos-
phorylation at residues Ser845 (C) or Ser831 (D) in cultured PFC neurons.
E, SAPAP3 siRNA did not affect basal GluR1 surface expression in cultured PFC
neurons as measured by biotinylation assay. F, SAPAP3 siRNA did not affect
the increase of surface GluR1 but impaired the decrease of the increased
surface GluR1 after SKF81297 (5 �M, 5 min) treatment in cultured PFC neu-
rons. siRNA was transfected into cultured PFC neurons (day in vitro 16) 40 h
before experiments. PFC neurons were treated with DA D1 receptor agonist
for the first 5 min (solid lines) and incubated to the time points as indicated by
the dotted lines after the drugs were washed out. Representative Western
blots (top) and quantification data (bottom) are shown in A–F. *, p � 0.05, and
**, p � 0.01, compared with control in C and F; ##, p � 0.01, compared with
control siRNA in F; �, p � 0.01, compared with the 10-min time point in F. The
data were calculated as ratios to loading controls and then normalized by the
values of control conditions. n � 4 dishes in A–E, and n � 6 dishes for each
group in F. Con, control.

FIGURE 10. AMPA receptor GluR1 surface expression after DA D1 receptor
activation in Fmr1 KO PFC neurons. A and B, the basal PP2A levels (A) and
PP2A activation (B) after SKF81297 (5 �M, 5 min) treatment were not altered in
a PFC slice of Fmr1 KO mice. C and D, the basal mTOR levels (C) and mTOR
phosphorylation (D) after SKF8129 treatment were not altered in a PFC slice of
Fmr1 KO mice. E and F, the basal S6K1 levels (E) and S6K1 phosphorylation
(Thr389) (F) after SKF81297 treatment were not altered in a PFC slice of Fmr1
KO mice. G and H, the increase of surface GluR1was partially blocked, and the
decreases of the increased surface GluR1 levels were impaired after SKF81297
(5 �M, 5 min) treatment in PFC slices of Fmr1 KO mice compared with WT mice,
as measured by biotinylation assay. The slices were treated with DA D1 recep-
tor agonist for the first 5 min (solid lines) and incubated to the time points as
indicated by the dotted lines after the drugs were washed out. *, p � 0.05, and
**, p � 0.01, compared with control in B, D, F, and H; ##, p � 0.01, compared
with WT in H; �, p � 0.01, compared with 10-min time point in H. The data
were calculated as ratios to loading controls and then normalized by the
values of control conditions. n � 6 mice in A and C–F, and n � 5 mice for each
group in B, G, and H. Con, control.
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only required for the surface expression ofAMPAGluR1 recep-
tors but also necessary for their subsequent internalization after
surface delivery by D1 receptor stimulation. Regulation of
SAPAP3 abundance could be the key mechanism for FMRP
involvement in GluR1 receptor internalization after D1 recep-
tor stimulation.
FMRP- and DA-mediated SAPAP3 Expression—TheDA sys-

temcanmodulate synaptic plasticity andhigher brain functions
in a protein synthesis-dependent manner (26, 36–38, 54).
Dopaminergic stimulation induces protein synthesis in neuro-
nal dendrites (39). In this study, we found that DA D1 receptor
stimulation can induce SAPAP3 synthesis in PFC neurons.
These data provide direct evidence that DA receptors can reg-
ulate the synthesis of synapse-associated protein.
FMRP regulates local protein synthesis in dendritic spines (2,

11, 74). Previous studies suggested that FMRP phosphorylation
might be a key regulator for activity-dependent protein synthe-
sis (16–18). We found that DA D1 receptor stimulation could
cause dynamic changes of FMRP phosphorylation at serine res-
idues in PFC slices. The changes of FMRPphosphorylation cor-
respond to the temporal pattern of SAPAP3 after D1 receptor
stimulation. This suggests that FMRP could be involved in DA
mediated synapse-associated protein expression. Our recent
study has shown that FMRP plays key roles for DAmodulation
in forebrain neurons (40). In this study, we found that DA D1
receptor-mediated SAPAP3 expression was abolished in Fmr1
KOPFC neurons. It indicates the requirement of FMRP for DA
D1 receptor-induced synapse-associated protein synthesis.
Key Signaling Molecules for FMRP Linking DA Receptors to

SAPAP3—Dynamic changes of FMRP phosphorylation have
been found during group I mGluR-mediated SAPAP3 expres-
sion (16). PP2A, a major FMRP phosphatase, is critical for
FMRP dephosphorylation after group ImGluR stimulation (16,
17). DA D1 receptor activation is believed to regulate PP1 and
PP2A activity via protein kinase A and DARPP-32 (57, 59, 60).
Here, we found that application of D1 receptor agonist
SKF81297 could transiently activate PP2A, whereas PP1 activ-
ity was slightly inhibited in PFC slices. Pharmacological inhibi-
tion of PP2A almost completely blocked the changes of FMRP
phosphorylation and SAPAP3 expression induced byD1 recep-
tor agonist treatment. The data indicate that DA D1 receptor
stimulation can activate PP2A in PFC neurons; PP2A is the key
protein phosphatase for FMRP dephosphorylation after DAD1
receptor stimulation. It also suggests that PP2A-mediated
FMRP dephosphorylation might be a key step for induction of
SAPAP3 synthesis by D1 receptor stimulation in PFC neurons.
S6K1, which is downstream of mTOR, can be activated by

mTOR during group I mGluR activation (17, 62, 63, 66, 75).
FMRP can be directly phosphorylated by S6K1 (17). S6K1 has
been identified as a major FMRP kinase during group I mGluR
stimulation (1, 17). In this study, we have shown that S6K1 can
be activated by DA D1 receptor stimulation, and activation of
S6K1 by DAD1 receptors is mTOR-dependent. Knockdown of
S6K1 did not affect the dephosphorylation of FMRP after DA
D1 receptor stimulation but blocked the phosphorylation of
FMRP after its dephosphorylation in cultured PFC neurons.
Interestingly, the up-regulation of SAPAP3 after DA D1 recep-
tor stimulation was not affected, whereas the decrease of up-

regulated SAPAP3 was impaired by knockdown of S6K1 in cul-
tured PFC neurons. The data indicate that S6K1 is the key
kinase for FMRP phosphorylation triggered by DAD1 receptor
activation. It also suggests that S6K1 via phosphorylating FMRP
plays a critical role in the regulation of SAPAP3 abundance by
DA D1 receptors.
DA D1 receptors are linked to mTOR (38, 71), which regu-

lates protein synthesis-dependent changes in synaptic plasticity
(67, 69, 70). ThemTORhas been shown to be involved in FMRP
phosphorylation and SAPAP3 expression triggered by group I
mGluRs (16, 17). Because DA D1 receptor stimulation could
induce changes of FMRP phosphorylation and mediate
SAPAP3 synthesis, we next investigated the roles of mTOR in
this process. We found that DA D1 receptor stimulation could
activate mTOR, as shown by the increased phosphorylation of
mTOR in PFC slices. Pharmacological inhibition of mTOR
could block the phosphorylation of FMRP after its dephosphor-
ylation in PFC slices, which is similar to what was observed in
cultured PFC neurons when S6K1was knocked down. Pharma-
cological inhibition of mTOR also completely blocked DA D1
receptor agonist-induced up-regulation of SAPAP3 expression,
which was actually not affected by knockdown of S6K1 in cul-
tured PFC neurons. Theses results indicate that mTOR and
S6K1 contribute differently to SAPAP3 synthesis induced by
DA D1 receptor stimulation.
It is well known that mTOR plays critical roles in protein

synthesis (1, 70). The mTOR, as a kinase, phosphorylates
eukaryotic initiation factor 4E-binding protein 1; phosphoryla-
tion of eukaryotic initiation factor 4E-binding protein 1 causes
it to dissociate fromeukaryotic initiation factor 4E and activates
cap-dependent translation initiation (1, 70, 76). Inhibition of
mTOR with rapamycin has been shown to block activity-de-
pendent or brain-derived neurotrophic factor (BDNF)-induced
dendritic protein synthesis (77–79). This is consistent with our
finding that rapamycin blocked SAPAP3 expression triggered
by D1 receptor activation. Although we cannot rule out the
possibility that S6K1 is also involved in SAPAP3 synthesis trig-
gered by DA D1 receptor stimulation, our data do show that
knockdown of S6K1 by siRNAblocked the subsequent decrease
of up-regulated SAPAP3 but did not affect the initial increase of
SAPAP3 expression in this process. It could be possible that the
function of S6K1 in SAPAP3 synthesis might be compensated
by other kinases after S6K1 is knocked down. This was also
supported by the study in S6K1 KO mice, which actually
showed that SAPAP3was slightly elevated in the hippocampi of
S6K1 KOmice (17), suggesting that S6K1may not be necessary
for initial SAPAP3 synthesis.
Although mTOR plays a critical role in SAPAP3 synthesis,

our data actually indicate that FMRP and mTOR are both
required for SAPAP3 synthesis triggered by DA D1 receptor
stimulation, instead of a direct route from mTOR to SAPAP3
synthesis that does not go through FMRP (see Fig. 7C for
model). Our results from Fmr1 KO mice suggest that FMRP is
definitely needed for SAPAP3 expression triggered by DA D1
receptor stimulation; activation of mTOR is not sufficient to
induce SAPAP3 expression without FMRP, because themTOR
and its activation by D1 receptor stimulation are actually not
altered in PFC neurons of Fmr1 KO mice. Meanwhile, activa-
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tion of mTOR is also necessary for SAPAP3 synthesis, because
dephosphorylation of FMRP is unable to cause SAPAP3 expres-
sion when DA D1 receptors were stimulated in the presence of
mTOR inhibitor rapamycin. The dissociation between the
FMRP phosphorylation state and SAPAP3 synthesis in the
presence of rapamycin reflects the critical roles of mTOR in
SAPAP3 synthesis induced by DA D1 receptor stimulation. To
further elucidate the detailed mechanisms by which FMRP and
mTOR are involved in SAPAP3 synthesis induced by DA D1
receptor stimulation will be interesting for future studies.
FMRP, SAPAP3, and DA Modulation of AMPA Receptors—

DA D1 receptor stimulation induces surface expression of
AMPA GluR1 receptors in cultured PFC neurons (33, 40).
Because SAPAP3 synthesis can be induced by DA D1 receptor
stimulation, we investigated its role in surface expression of
AMPAGluR1 receptors.We found that knockdownof SAPAP3
did not affect DA D1 receptor agonist-induced increase of sur-
face GluR1 cultured PFC neurons. However, the decrease of
surfaceGluR1was impaired in SAPAP3 siRNA transfected PFC
neurons comparedwith control neurons. These results indicate
that SAPAP3 may not be required for the surface delivery of
GluR1 expression but could be involved in subsequent internal-
ization of surface GluR1 after DAD1 receptor stimulation. Pre-
vious study has shown that PSD-95 is necessary for GluR1
internalization induced by neurotransmitter stimulation (80).
It is possible that SAPAP3, a PSD-95-associated protein,may be
involved in subsequent GluR1 internalization after DA D1
receptor stimulation through its interaction with PSD-95.
Our recent study has shown that DA D1 receptor stimula-

tion-inducedGluR1 surface expression is impaired in Fmr1KO
PFC neurons (40). Here, we further demonstrated that the
decrease of surface GluR1 was also impaired in Fmr1 KO PFC
slices compared with WT ones. It indicates that FMRP is not
only required for GluR1 surface expression but also necessary
for its subsequent internalization after DA D1 receptor stimu-
lation. Because the lack of FMRP and the knockdown of
SAPAP3 have similar effects on subsequent internalization of
GluR1 after DA D1 receptor stimulation in PFC neurons, it
suggests that FMRP may be involved in internalization of
GluR1 through regulating the abundance of SAPAP3.
In summary, we have demonstrated that FMRP is critical for

DA D1 receptor-mediated SAPAP3 synthesis in PFC neurons.
DA D1 receptor stimulation controls the abundance of
SAPAP3 through dynamic regulation of FMRP phosphoryla-
tion. FMRP is not only involved in surface expression of AMPA
GluR1 receptors but also required for their subsequent inter-
nalization after surface delivery by D1 receptor stimulation.
FMRP may be involved in GluR1 receptor internalization after
D1 receptor stimulation through regulation of SAPAP3 abun-
dance in PFC neurons. Our study thus provides further insights
into FMRP involvement in DA receptor-mediated responses in
PFC. Itmay help to elucidate themolecularmechanisms under-
lying impaired learning and memory in fragile X syndrome.
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