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Synaptic Expression

Jing Du, Neil A. Gray, Cynthia A. Falke, Wenxin Chen, Peixiong Yuan, Steven T. Szabo, Haim Einat, and
Husseini K. Manji
Laboratory of Molecular Pathophysiology, Mood and Anxiety Disorders Program, National Institute of Mental Health, Bethesda, Maryland 20892

Increasing data suggest that impairments of cellular plasticity underlie the pathophysiology of bipolar disorder. In this context, it is
noteworthy that AMPA glutamate receptor trafficking regulates synaptic plasticity, effects mediated by signaling cascades, which are
targets for antimanic agents. The present studies were undertaken to determine whether two clinically effective, but structurally highly
dissimilar, antimanic agents lithium and valproate regulate synaptic expression of AMPA receptor subunit glutamate receptor 1 (GluR1).
Chronic (but not acute) treatment of rats with therapeutically relevant concentrations of lithium or valproate reduced hippocampal
synaptosomal GluR1 levels. The reduction in synaptic GluR1 by lithium and valproate was attributable to a reduction of surface GluR1
distribution onto the neuronal membrane as demonstrated by three independent assays in cultured hippocampal neurons. Furthermore,
these agents induced a decrease in GluR1 phosphorylation at a specific PKA site (GluR1p845), which is known to be critical for AMPA
receptor insertion. Sp-cAMP treatment reversed the attenuation of phosphorylation by lithium and valproate and also brought GluR1
back to the surface, suggesting that phosphorylation of GluR1p845 is involved in the mechanism of GluR1 surface attenuation. In
addition, GluR1p845 phosphorylation also was attenuated in hippocampus from lithium- or valproate-treated animals in vivo. In con-
trast, imipramine, an antidepressant that can trigger manic episodes, increased synaptic expression of GluR1 in hippocampus in vivo.
These studies suggest that regulation of glutamatergically mediated synaptic plasticity may play a role in the treatment of bipolar
disorder and raise the possibility that agents more directly affecting synaptic GluR1 may represent novel therapies for this devastating
illness.
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Introduction
Bipolar disorder is a common, severe, often life-threatening ill-
ness (Goodwin and Jamison, 1990). Despite the devastating im-
pact that bipolar disorder has on the lives of millions worldwide,
there is still a dearth of knowledge concerning its underlying
etiology and pathophysiology. The brain systems that traditionally
have received the greatest attention in neurobiological studies
of bipolar disorder have been the monoaminergic neurotrans-
mitter systems, which are distributed extensively throughout the
network of limbic, striatal, and prefrontal cortical neuronal cir-
cuits (Drevets, 2000, 2001; Manji et al., 2001; Nestler et al.,
2002a). However, increasing recent data suggest that impair-
ments of cellular plasticity also may underlie the pathophysiology
of severe mood disorders. These observations have raised the

possibility that effective treatments may exert effects on systems
known to play critical roles in neuronal plasticity, such as the
glutamatergic system (Manji and Lenox, 2000; Manji et al., 2001;
D’Sa and Duman, 2002; Nestler et al., 2002a; Young, 2002).

Somewhat surprisingly, the potential role of the glutamatergic
system in the pathophysiology and treatment of mood disorders
has begun to be investigated in earnest only recently (Krystal et
al., 2002; Coyle and Duman, 2003; Moghaddam and Wolf, 2003).
Glutamate, the major excitatory neurotransmitter in the CNS,
regulates numerous physiological functions in the mammalian
CNS, most notably various forms of plasticity, and represents a
major neurotransmitter system in the circuitry thought to sub-
serve many of the symptoms of severe, recurrent mood disorders
(Drevets, 2001). Three major classes of ionotropic glutamate re-
ceptors are expressed throughout the mammalian CNS, includ-
ing AMPA, kainate, and NMDA receptors. AMPA receptors me-
diate the majority of excitatory synaptic transmission in the CNS;
the AMPA R channel is composed of the combination of gluta-
mate receptor 1 (GluR1), GluR2, GluR3, and GluR4 subunits.

Modification of the levels of synaptic AMPA receptors, in par-
ticular by receptor subunit trafficking, insertion, and internaliza-
tion, is a critically important mechanism for regulating postsyn-
aptic responsiveness at many different synapses (Malinow and
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Malenka, 2002). AMPA receptor subunit GluR1 trafficking is reg-
ulated by protein kinase A (PKA), Ca 2�/calmodulin-dependent
protein kinase II (CaMKII), and protein kinase C (PKC) via
phosphorylation of specific sites on GluR1 (Lee et al., 1998; Ma-
linow and Malenka, 2002; Esteban et al., 2003). Phosphorylation
of the receptor subunits regulates not only the intrinsic channel
properties of the receptor but also the interaction of the receptor
with associated proteins that modulate the membrane trafficking
and synaptic targeting of the receptors (Malinow and Malenka,
2002).

The possibility that AMPA receptor trafficking also may be
involved in the pathophysiology of neuropsychiatric disorders is
suggested by recent studies showing that the ability of drugs of
abuse to elevate levels of the AMPA GluR1 receptors in the ven-
tral tegmental area is crucial for the development of behavioral
sensitization (Carlezon and Nestler, 2002). More recently, it has
been demonstrated that both the in vivo administration of drugs
of abuse with different molecular mechanisms of action and
acute stress increase in strength at excitatory synapses on mid-
brain dopamine neurons; these results have led to the postulate
that AMPA-mediated plasticity changes at excitatory synapses on
dopamine neurons may be a key neural adaptation contributing
to addiction (Saal et al., 2003).

In the present series of experiments we sought to determine
whether two structurally highly dissimilar antimanic agents, lith-
ium and valproate, exert effects on AMPA receptor trafficking.
Because lithium and valproate require days to weeks to exert their
therapeutic effects, it is widely believed that adaptive changes in
intracellular signaling and/or cellular physiology underlie the
beneficial effects; moreover, these two agents have been shown to
exert robust effects on the very same signaling pathways known to
regulate AMPA receptor trafficking. We found that these anti-
manic agents, when administered in therapeutically relevant par-
adigms, attenuate AMPA receptor distribution at synapses. In
dramatic contrast, an antidepressant drug (which is known to be
capable of inducing mania) exerted opposite effects on GluR1
localization. This attenuation on GluR1 receptor synaptic recep-
tors by antimanic agents may play an important role in the ther-
apeutic effects of lithium and valproate, suggesting avenues for
the development of novel therapeutics.

Materials and Methods
Animals. All animal treatments, procedures, and care were approved by
the National Institute of Mental Health Animal Care and Use Committee
and followed the Guide for the Care and Use of Laboratory Animals (ISBN
0-309-05377-3). Male Wistar Kyoto rats 7– 8 weeks of age from Harlan
(Indianapolis, IN) were housed two to three per cage in a 12 hr light/dark
cycle with ad libitum access to water and food. Rat chow was custom-
produced by BioServe (Frenchtown, NJ). Chows containing drugs and
control chow were identical with the exception of the added drug and
were produced at both a low and high concentration for each drug, with
concentrations of 1.2 and 2.4 gm/kg lithium carbonate and 10 and 20
gm/kg sodium valproate. These doses of lithium and valproate were used
previously by our group and were found to lead to therapeutic serum
drug levels (Yuan et al., 1999). For the in vivo treatment studies we
mimicked the clinical situation by treating the animals with a lower dose
for a short period of time (to acclimatize them and reduce side effects),
followed by an additional, longer period of time at the full dose. Thus, for
the chronic treatment studies the rats were treated with half-dose chow
for 5–7 d to prevent adverse effects, followed by 3 weeks of full-dose
treatment. For the short-term treatment studies the rats were treated
with low (half) dose chow for 2 d, followed by 3– 4 d of full-dose treat-
ment. Only animals with drug levels within the therapeutic concentra-
tions were used for additional studies; in general, �80% of animals
achieved therapeutic levels. The number of animals used for each assay is

indicated in the figure legends and was generally 6 –12 animals/group.
Serum blood levels of the animals used for additional analysis were lith-
ium, 0.80 � 0.13 mEq/l (long term), and valproate, 80.6 � 8.8 �g/ml
(long term); and lithium, 0.702 � 0.126 mEq/l (short term), and val-
proate, 58.65 � 23.0 �g/ml (short term).

For the imipramine treatment studies the animals were injected with
imipramine (10 mg/kg in 0.3 ml of saline, twice daily, i.p.) or saline for 4
weeks.

All rats were decapitated during the morning hours. Trunk blood was
collected for analysis of drug levels. Drug serum levels were performed by
Medtox Scientific (St. Paul, MN), and �80% of animals were found to be
within the therapeutic range (only these were used for subsequent bio-
chemical analyses). Animals were killed (and the tissue subsequently
processed) by alternating control and treated animals, with separate con-
trol groups for each drug. Hippocampi were dissected immediately after
decapitation. Brain specimens then were frozen rapidly in liquid nitrogen
and stored at �80°C until additional analyses.

Synaptosomal preparation and Western blot analysis. Both hippocampi
from one animal were used to prepare the synaptosomes, using the dif-
ferential and discontinuous Ficoll gradient centrifugation method
(Pozzo-Miller et al., 1999). Briefly, each group of hippocampal tissue was
homogenized in 3 ml of cold Syn buffer (300 mM mannitol/1 mM EDTA,
pH 7.4). Aliquots of the crude homogenates were taken to determine the
levels of synaptic proteins in the whole hippocampus. The remaining
homogenates were centrifuged twice at 5000 � g for 10 min. The super-
natants were centrifuged at 15,000 � g for 30 min. The pellets then were
resuspended in Syn buffer, loaded on Ficoll gradient tubes, and centri-
fuged at 32,000 � g at 4°C for 90 min. The proteins in the interfaces
between 8 and 12% and between 12 and 16% Ficoll gradients were col-
lected, diluted in Syn buffer in a ratio of 1:4, and then centrifuged for 20
min at 15,000 � g. Pellets were resuspended in 500 �l of 1� P buffer
[containing (in mM): 5.4 KCl, 0.8 MgSO4, 5.5 glucose, 50 HEPES, 130
choline chloride, 1 BSA, plus 0.01% CHAPS]. Synaptosomal proteins
were solubilized with 300 �l of solubilization buffer (150 mM NaCl, 10
mM HEPES, and 1.5% CHAPS), stirred at 4°C for 1.5 hr, and additionally
centrifuged at 12,000 � g for 1 hr to remove any insoluble impurities.
Proteins from the crude homogenates (in Syn buffer) were solubilized by
the same protocol after the addition of a concentrated solubilization
buffer. Protein concentration was determined by using the BCA assay
(Pierce, Rockford, IL); the presence of mannitol in the crude homoge-
nates was not found to affect the linearity of this assay significantly. Equal
amounts of proteins from either homogenized hippocampus (3 �g) or
hippocampal synaptosomes (1 �g) were separated by 10% SDS gradient
gel electrophoresis (Invitrogen, San Diego, CA), transferred to 0.45 �m
pore size polyvinylidene difluoride membranes (Millipore, Bedford,
MA), and immunoblotted with anti-GluR1 (1:2000; Chemicon, Te-
mecula, CA), anti-phospho-GluR1p845 (1:100; Upstate Biotechnology,
Lake Placid, NY), anti-phospho-GluR1p831, anti-GluR2/3, anti-
synaptobrevin, anti-postsynaptic density 95 (PSD95) (all at 1:1000; Chemi-
con), anti-synaptophysin(1:5000; Chemicon), anti-phospho-synapsin I
(1:200; for site 1, a PKA site; a generous gift from Paul Greengard’s
laboratory, New York, NY), and anti-NR1 (1:200; Chemicon) antibod-
ies. Horseradish peroxidase-conjugated anti-rabbit and anti-mouse IgG
antibodies [Amersham Biosciences (Arlington Heights, IL) and Vector
Laboratories (Burlingame, CA)] were the secondary antibodies. The im-
munoreactive bands were visualized by enhanced chemiluminescence
(ECL �, Amersham Biosciences) and exposed to Kodak BioMax or Bio-
light film (Rochester, NY). The ECL signal intensities were quantified by
using the Kodak Imaging System, based on standard curves of these
synaptic proteins. All data were analyzed by Student’s t test and presented
as the mean � SE (n � number of the animals).

Primary hippocampal culture preparations. Cultures of hippocampal
neurons were prepared according to established procedures with minor
modifications (Du et al., 2000). Briefly, whole hippocampi were dissected
from embryonic day 18 (E18) rats, dissociated in Ca 2� and Mg 2�-free
HBSS containing 0.125% trypsin for 15 min, triturated in DMEM (In-
vitrogen)/10% fetal bovine serum, and plated at 0.2 million cells/well in
12-well plates. Cells were grown at 37°C, 5% CO2/95% humidity, first in
10% fetal bovine serum/DMEM and then 1 d later switched to serum-
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free medium Neurobasal plus B27 (B27NB, Invitrogen). Cultures were
grown in serum-free medium for 8 –10 d before the start of experiments,
and the medium was changed every 3 d. Fresh medium was applied 24 hr
before each experiment. These cultures yielded virtually pure neurons
(data not shown).

Surface biotinylation and Western blot analysis of GluR1 and phospho-
GluR1. Surface GluR1 receptors were detected by a biotinylation assay,
followed by Western blot analysis that used either a GluR1 antibody
(1:200; Chemicon) or a pan-cadherin antibody (1:500; Sigma, St. Louis,
MO). At the end of valproate or lithium treatment for the time indicated,
ice-cold PBS (with calcium and magnesium, pH 7.4; Invitrogen) was
added to the cultures to prevent receptor internalization. After three
washes with ice-cold PBS the cells were incubated in sulfo-NHS-LC-
biotin (0.25 mg/ml in cold PBS; Pierce) for 30 min. The surface biotiny-
lation was stopped by removal of the above solution and incubation in 10
mM ice-cold glycine in PBS for 20 min. Cells then were washed three
times with cold PBS and lysed by RIPA buffer, which contained (in mM)
20 HEPES, pH 7.4, 100 NaCl, 1 EGTA, 1 Na-orthovanadate, 50 NaF, 1
mM 4-(2-aminoethyl)-benzenesulfonylfluoride hydrochloride, plus 1%
NP-40, 1% deoxycholate, 0.1% SDS, 10 �g/ml leupeptin, 1 �g/ml apro-
tinin. Biotinylated proteins were precipitated with 100 �l of Immuno-
Pure Immobilized Streptavidin (Pierce). Biotinylated proteins were sep-
arated on 10% SDS-PAGE gel and transferred to nitrocellulose
membrane. The membranes were probed with a polyclonal anti-GluR1
antibody (1:200; Chemicon) or an anti-pan-cadherin antibody (1:200;
Sigma), followed by peroxidase-conjugated goat anti-rabbit IgG (1:3000;
Vector Laboratories). Immunoreactive bands were visualized by ECL
(Amersham Biosciences). The ECL signal intensities were quantified by
the Kodak Imaging System.

To verify that only a specific protein population, membrane proteins,
was biotinylated, we performed silver staining of the total protein gel and
Western blot analysis with avidin-conjugated peroxidase for the biotin-
ylated proteins. Briefly, after biotinylation the hippocampal neurons
were harvested, and equal amounts of proteins were separated by elec-
trophoresis. The gel was stained by Simply Blue SafeStain (Invitrogen) to
show the total protein pattern. The proteins also were transferred onto
nitrocellulose membrane and blotted by avidin-peroxidase to show the
biotinylated protein pattern (supplemental Fig. 1, available at www.
jneurosci.org/cgi/content/full/24/29/6578/DC1). Additionally, experi-
ments also were performed to determine the biotinylation of the total
hippocampal protein. The hippocampal neurons were harvested in lysis
buffer and centrifuged at 14,000 � g for 10 min to discard debris. Then 50
�g of protein in PBS with magnesium and calcium was incubated with
500 ng of NHS-LC-biotin for 2 hr at 4°C. Equal amounts of proteins were
separated by 10% electrophoresis. The protein gel was stained by a silver
staining kit (Bio-Rad, Hercules, CA) according to the manufacturer’s in-
structions. The same proteins were transferred onto nitrocellulose mem-
branes and stained by streptavidin conjugated with horseradish peroxidase
(HRP-streptavidin; 1:10,000; Chemicon). All of the protein profiles stained
by silver staining were biotinylated. Because HRP-streptavidin staining is
very sensitive, proteins that could not be shown by silver staining also were
biotinylated and recognized by HRP-streptavidin (supplemental Fig. 2,
available at www.jneurosci.org/cgi/content/full/24/29/6578/DC1).

To measure the total (surface and internalized) amount of GluR1, we
simply harvested cultured hippocampal neurons by RIPA buffer and
processed them for Western blot. For phospho-GluR1, after lithium and
valproate treatment equal amounts of cell homogenates (15 �g) were
separated by electrophoresis. Western blot analysis was performed with
anti-phospho-GluR1 (Ser 845; 1:100; Upstate Biotechnology) or anti-
phospho-GluR1 (Ser 831; 1:100) antibodies (Upstate Biotechnology).
Quantitation for each experimental condition was based on three to six
independent experiments (samples); each was repeated at least two to
three times. The results were pooled, averaged, and presented as the
mean � SE.

GluR1 surface staining. The rat hippocampal cultures were treated with
lithium or valproate at 37°C. Then the cells were blocked with 0.5% BSA

in B27NB medium for 10 min at 37°C, followed by treatment with rabbit
anti-GluR1 N-terminal antibody (Oncogene Research, San Diego, CA)
in 0.1% BSA in B27NB (1:10) for 15 min. After being washed with 0.1%
BSA in B27NB, the cells were incubated with Cy3-goat anti-rabbit anti-
body (1:30; Jackson ImmunoResearch, West Grove, PA) for 15 min at
37°C, washed with B27NB three times, and fixed with 4% paraformalde-
hyde in PBS for 1 hr on ice before mounting with Antifade mounting
medium. Z-stack images were acquired by 510-Meta confocal micro-
scope under exactly the same conditions. To acquire high-quality images
for quantification, we took only five confocal images randomly from
each slice, mounted with Antifade mounting medium. The samples were
assigned a blinded code. The quantitation was performed by a technician
who was completely blind to the experiments. The mean fluorescence of
the dendrites �55 �m in length (starting point was one cell body in
length apart from the neuronal cell body) was measured from 12 neurons
in each treated group. ANOVA was used for statistical analysis.

Fluorescent double immunostaining. Cultured rat hippocampal neu-
rons were treated with lithium (Li; 1.0 mM) or valproate (VPA; 1.0 mM)
for 1 or 4 d and fixed in 4% paraformaldehyde in PBS for 1 hr on ice. Then
the cells were blocked with 10% normal goat serum, 1% bovine serum
albumin (BSA), and 0.4% Triton X-100 in PBS for 1 hr. After being
incubated in rabbit anti-GluR1 (1:40; Chemicon) and mouse anti-
synaptotagmin (1:100; Chemicon) at 4°C overnight, the cells were
washed extensively in PBS. The secondary antibodies were FITC-
conjugated anti-mouse (for multiple staining, 1:50; Jackson ImmunoRe-
search) and Cy3-conjugated anti-rabbit (for multiple staining, 1:150;
Jackson ImmunoResearch) antibodies. After extensive washing, the cells
were mounted onto slides with Antifade mounting medium (Molecular
Probes, Eugene, OR). Z-stack imaging was acquired by using a 510-Meta
confocal microscope under exactly the same conditions. The samples
were assigned a blinded code. The quantitation was performed by a tech-
nician who was completely blind to the experiments. Neurons, which
were viewed under the confocal microscope, were photographed ran-
domly; only five images were taken from each slice to ensure that the
condition of slices for each group was the same. The longest dendrite was
picked from each neuron treated in each group for quantification, and
the average length of dendrites from each cell used for quantification had
no significant difference among the control, lithium-, and valproate-
treated groups. Fluorescent intensity of GluR1 (red) at each individual
synapse on the longest dendrite of the neuron was determined by 510-
Meta software; data were analyzed by using ANOVA.

PKA enzyme assay. PKA activity was determined by using previously de-
scribed methods (Tartaglia et al., 2001). In brief, hippocampi from chronic
lithium- or valproate-treated rats (4 weeks), which were kept frozen at
–70°C, were sonicated in homogenization buffer [50 mM Tris-Cl, pH 7.5,
containing (in mM) 2 dithiothreitol, 2 EDTA, 1 EGTA, 50 KF, plus 50 nM

okadaic acid, Na-orthovanadate, and NP-40 as well as 50 �M 4-(2-
aminoethyl)-benzenesulfonylfluoride hydrochloride, 5 mg/ml leupeptin,
aprotinin, chymostatin, pepstatin A] and spun in the Eppendorf 5810R cen-
trifuge (Madison, WI) for 20 min at 4°C at 20,000 � g; the clear homogenate
was used for protein determination and PKA enzymatic assay experiments.

PKA activity of brain samples prepared from the hippocampus of mice
was measured at 30°C for 5 min in a mixture (50 �l) containing 30 mM

Tris-Cl, pH 7.5, 6 mM MgCl2, 120 �M [�- 32P]ATP, 1.0 mg/ml bovine
serum albumin, 40 �M PKA substrate peptide (PGRQRRHTLPANE-
FRC), and 1 �g protein of tissue extract. Reactions were stopped by
placing the tubes at 99°C for 3 min and being allowed to cool for 10 min.
Tubes were centrifuged with the Eppendorf Centrifuge 5415D for 3 min;
5 �l of reaction mixture was blotted on 4 � 4 cm Whatman P81 chro-
matography paper (Maidstone, UK). Blotted papers were allowed to dry
for 30 min and then were washed in a 7% phosphoric acid solution three
times for 10 min each. The papers were placed on aluminum foil and
allowed to dry overnight. 32P-labeled peptide substrates blotted on chro-
matography paper were measured in a scintillation counter. All reactions
were run in duplicate. PKA activities were converted to picomoles of 32P
incorporated into peptides per microgram of protein per minute.
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Results
Chronic treatment with the structurally dissimilar antimanic
agents lithium and valproate reduces AMPA receptor subunit
GluR1 synaptic expression in vivo
To determine whether chronic treatment with structurally dis-
similar antimanic agents altered synaptic AMPA GluR1 levels, we
treated rats with lithium or valproate for 4 weeks, achieving ther-
apeutically relevant drug concentrations. GluR1 receptor expres-
sion in the synaptosomal preparations from the hippocampus
was reduced significantly in the lithium- or valproate-treated rats
(Fig. 1A,B,I). Synaptophysin, used as a presynaptic protein
marker, and PSD95, used as a postsynaptic marker to control for
protein loading, remained unchanged in synaptosomal prepara-
tions of three groups (Fig. 1C–F). Another presynaptic marker,
synaptobrevin, also remained unchanged among these three groups
in hippocampal synaptosomal preparation (data not shown). As a
quality control measure the fold-enrichment of both a presynaptic
and postsynaptic marker was evaluated in five independent experi-
ments. GluR1 levels were enriched approximately fourfold (3.82 �
1.24-fold; n � 5) in the synaptosomal preparation compared with

the tissue original homogenates in a pool of
control animals from five independent syn-
aptic preparations. A presynaptic marker
synaptobrevin-2 showed a very similar
fold-enrichment in synaptosomal prepara-
tion (4.01 � 0.69-fold; n � 5), suggesting
that both the presynaptic marker synapto-
brevin-2 and postsynaptic marker GluR1
are solubilized in the 1.5% CHAPS-soluble
pool.

Chronic treatment with the structurally
dissimilar antimanic agents lithium and
valproate does not affect total AMPA
receptor subunit GluR1 expression in
vivo
One possibility for the reduction in syn-
aptosomal GluR1 levels is a decrease in
total GluR1 protein expression. How-
ever, Western blot analysis of GluR1 in
tissue homogenates from hippocampus
of chronically treated rats indicated that
there was no significant change in the
total amount of GluR1 levels (Fig.
1G,H ) either after chronic lithium or af-
ter chronic valproate treatment. We
therefore postulated that lithium or val-
proate might exert selective effects on GluR1
synaptic expression, which involves AMPA
receptor trafficking. This possible mecha-
nism was examined additionally in cultured
hippocampal neurons (see below).

AMPA receptor GluR2/3 levels also are
attenuated in synaptosomal
preparations from lithium- and
valproate-treated animals after chronic
administration; however, NMDA
receptor subunit NR1 levels at synapses
remain unchanged
Previous studies have shown that three ma-
jor subunits of AMPA receptors, GluR1,
GluR2, and GluR3, are all localized in the

hippocampus. Thus, it is possible that the effects of GluR1 could
be compensated by alterations in GluR2/3 synaptic localization.
Therefore, we sought to determine whether GluR2/3 levels
were altered in synaptosomal preparation from lithium- and val-
proate-treated animals after chronic administration, using an an-
ti-GluR2/3 antibody. The data showed that GluR2/3 levels also
were attenuated significantly in synaptosomal preparations from
lithium- or valproate-treated animals by 29.6 or 20.9%, respec-
tively (Fig. 1K). Synaptophysin was used as the loading control.
In summary, the three major AMPA receptor subunits GluR1,
GluR2, and GluR3 were reduced at synapses after lithium or val-
proate treatment in vivo (Fig. 1K).

We next sought to investigate the specificity of the effects on
AMPA receptors and undertook studies to determine whether
the major NMDA receptor subunit, NR1, also was reduced at
synapses after chronic lithium or valproate treatment. Western
blot analysis with anti-NR1 antibody revealed that NR1 levels at
synapses remained unchanged in synaptosomal preparations af-
ter chronic lithium or valproate treatment (Fig. 1 J).

Figure 1. AMPA receptor subunit GluR1 was attenuated in synaptosomal preparation from long-term lithium- and valproate-
treated animals. A, Quantification of GluR1 content in hippocampal synaptosomes from lithium-treated (n � 10) and control;
(n � 12) animals (t test; p � 0.01). B, GluR1 protein content in hippocampal synaptosomes from valproate-treated (n � 11) and
control (n � 12) animals (t test; p � 0.05). C, Quantification of synaptophysin protein in hippocampal synaptosomal preparation
from lithium-treated (n � 5) and control (n � 6) animals. D, Synaptophysin protein levels in hippocampal synaptosomal
preparation from valproate-treated (n � 8) and control (n � 7) animals. E, PSD95 protein levels in synaptosomal preparation
from lithium-treated (n � 11) and control (n � 12) animals. F, PSD95 protein levels in synaptosomal preparation from valproate-
treated (n � 12) and control (n � 12) animals. G, Total GluR1 expression levels in hippocampal tissue homogenates from
lithium-treated (n � 9) and control (n � 9) animals. H, Total GluR1 expression levels in hippocampal tissue homogenates from
valproate-treated (n � 5) and control (n � 9) animals. I, Samples of Western blot analysis of hippocampal synaptosomal
preparation from lithium-treated (L) or valproate-treated (V) animals with anti-GluR1, anti-synaptophysin (SYP), or anti-PSD95
antibodies. J, NMDA receptor NR1 levels remained unchanged in synaptosomal preparation from lithium-treated (n � 10) or
valproate-treated (n � 12) animals compared with control animals (n � 10). K, AMPA GluR2/3 receptors also were attenuated in
hippocampal synaptosomal preparations from lithium- and valproate-treated animals (control, n � 7; lithium, n � 7; valproate,
n � 6). ANOVA; *p � 0.05. L, GluR1 and synaptophysin (SYP) levels in synaptosomal preparation from short-term (5 d) lithium-
treated (n � 7), valproate-treated (n � 8), and control (n � 7) animals.
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Acute treatment with the structurally
dissimilar antimanic agents lithium and
valproate does not alter AMPA receptor
subunit GluR1 synaptic expression
in vivo
To ascribe potential therapeutic relevance,
we also undertook short-term treatment
studies (at a time point when clinical ef-
fects generally are not observed). To learn
whether short-term lithium or valproate
treatment has an effect on GluR1 synaptic
localization, we determined GluR1 levels
in hippocampal synaptosomal prepara-
tions from short-term-treated animals by
Western blot analysis. Synaptic GluR1 lev-
els were not changed significantly after
short-term (5 d) lithium or valproate
treatment (Fig. 1L). Synaptophysin was
used as a loading control and also was un-
altered similarly after short-term lithium
or valproate treatment (Fig. 1L).

Lithium and VPA treatments attenuate
surface expression and synaptic
localization of GluR1 in cultured
hippocampal neurons
To investigate in more detail the mecha-
nisms by which lithium or valproate selec-
tively reduced synaptosomal GluR1 on
AMPA receptor levels and trafficking, we
established hippocampal neuronal cul-
tures. Three independent assays, biotiny-
lation, surface GluR1 immunostaining,
and GluR1/synaptotagmin double stain-
ing, were used to determine the surface
and synaptic localization of GluR1.

Hippocampal neuronal cultures were prepared from E18 em-
bryos to yield a pure neuronal population and were cultured for
8 –10 d to allow for synaptic neuronal connections. Therapeuti-
cally relevant concentrations of lithium and valproate were ap-
plied to cultured hippocampal neurons, and surface GluR1 levels
were determined by biotinylation assay. Both lithium and val-
proate significantly attenuated GluR1 surface expression in a
dose- and time-dependent manner. In the dose–response exper-
iments the hippocampal neurons were treated with lithium and
valproate with various concentrations (0.3, 1.0, 2.0 mM) for 4 d
(Fig. 2A). Surface GluR1 levels were normalized to a neuronal
surface protein marker pan-cadherin. Surface GluR1 levels were
reduced significantly in 1.0 or 2.0 mM lithium- or valproate-
treated groups (Fig. 2A,B), suggesting that concentrations ap-
proximating the therapeutic antimanic concentrations (�1.0
mM of both agents) were required for these effects. Concentra-
tions that were considered subtherapeutic (0.3 mM) resulted in a
slight decrease. Therapeutic doses of lithium or valproate (1.0
mM) produced significant decreases, with a maximum reduction
of 43 and 53%, respectively (Fig. 2B,D,F). Similar to their clinical
effects, the reductions in surface GluR1 required more prolonged
exposure and were not seen with shorter-term (6 hr) administra-
tion (Fig. 2D,F). The time frame differs markedly from that seen
with activity-dependent regular of AMPA receptor trafficking,
which occurs in minutes, suggesting that complex second mes-
senger cascades are involved (addressed further below) (Lin et al.,
2000). The reduction in surface GluR1 was maintained through 4

and even 7 d (data not shown) of lithium and valproate treat-
ment, suggesting that it is a sustained effect.

To demonstrate that only a specific protein population,
membrane protein, was biotinylated, we performed Simply
Blue (Invitrogen) staining of the total protein gel and Western
blot analysis with avidin-conjugated peroxidase for the biotinylated
proteins (supplemental Fig. 1, available at www.jneurosci.org/cgi/
content/full/24/29/6578/DC1).

To confirm the biochemical finding further, we immuno-
stained live hippocampal neurons after lithium and valproate
treatment with an anti-GluR1 antibody, which recognizes the
GluR1 N-terminal on its extracellular domain. Previous studies
have shown that this antibody does not trigger internalization of
GluR1 receptors after binding to the receptor under similar con-
ditions (Liao et al., 2001). In Figure 3A, the orthogonal picture
shows that the GluR1 labeling was localized mainly on the neu-
ronal surface, as indicated by the arrows. After lithium and val-
proate treatment the fluorescent intensity of GluR1 patches on
the dendrites of the neuron was reduced, as indicated by the
arrows, demonstrating a reduction in GluR1 staining on the neu-
ronal surface (Fig. 3A). Using 510-Meta software, we performed
quantification analysis to determine the mean fluorescence in 55
�M length of dendrites from 10 neuronal images. As demon-
strated in Figure 3B, the mean fluorescence per 55 �m of den-
drites was decreased significantly in lithium- and valproate-
treated neurons, by 28.4 and 29.2%, respectively.

To determine whether this attenuation is attributable to a
decrease in total GluR1 expression, we performed Western blot

Figure 2. Surface GluR1 on cultured hippocampal neurons was decreased after lithium and valproate treatment within a
therapeutic range in a dose- and time-dependent manner. Hippocampal primary culture neurons were prepared from E18 Sprague
Dawley embryos. After 10 d of culturing in B27 Neurobasal media, the neurons were treated with lithium or valproate with the
dose indicated and for various durations. Surface proteins of the neurons were labeled with biotin, and then the cells were
harvested with lysis buffer. Biotinylated surface proteins were precipitated by immobilized avidin and analyzed by Western blot
analysis with anti-GluR1 or anti-pan-cadherin (surface protein control) antibodies. Data were analyzed by the Kodak Imaging
System and pooled from three independent experiments. A, Dose dependency of lithium and valproate effect on surface GluR1
after 4 d of treatment. Con, Control. B, Dose–response curve for surface GluR1 expression after lithium and valproate treatment for 4 d.
Pan-cadherin was used as a loading control (n � 2, n � 4; *p � 0.05). C, Lithium (1.0 mM) effects on surface GluR1 after 1 or 4 d of
treatment.D,QuantificationofthetimecourseonlithiumeffectofGluR1onneuronalsurface(n�3; n asindicatedonthebars; t test;*p�
0.05). E, Valproate (1.0 mM) effect on GluR1 surface expression after 1 or 4 d of treatment. F, Quantification for the effect of valproate on
GluR1 surface expression (n � 3; n as indicated on the bars; t test; *p � 0.05). C, Control; L, lithium; V, valproate.
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analysis of lithium- or valproate-treated hippocampal neuronal
lysate with anti-GluR1 antibody. Actin was used as a loading
control. Total GluR1 levels remained unchanged after lithium or
valproate treatment for 1 or 4 d (Fig. 4). Increasingly, as is the case
for the treatment of other complex illnesses like epilepsy, combi-
nations of treatments are being used to treat bipolar disorder. We
therefore next investigated the effects of the combination of ther-
apeutic doses of both agents. Treatment of hippocampal cultures
with a combination of both lithium and valproate produced ad-
ditive effects, resulting in �65% reduction in surface GluR1 ex-
pression. The cultured hippocampal neurons underwent routine
visual inspection microscopically and showed no signs of toxicity
secondary to medication exposure (Fig. 5).

GluR1 immunostaining at synapses is attenuated after
lithium and valproate treatment in cultured
hippocampal neurons
Because GluR1 receptors at synapses are important for glutamate
synaptic transmission, additionally we specifically quantitated

GluR1 levels at synapses by double-immunostaining of GluR1
and synaptotagmin. Synaptotagmin puncta were used as a crude
indicator of synaptic specialization. After 4 d treatment with lith-
ium (1.0 mM) or valproate (1.0 mM) fluorescent intensities of
GluR1 (red) and synaptotagmin (green) were determined from
individual synapses (Fig. 6A,B). All of the synapses on the longest
dendrite from seven neuronal images for each treatment (�150 –
190 synapses in each experimental condition) were counted for
fluorescent intensity (Fig. 6B). After 1 d of treatment with lith-
ium or valproate the GluR1 fluorescent intensity at synapses re-
mained unchanged, although the surface GluR1 previously was
decreased. After 4 d of treatment the GluR1 intensity at synapses

Figure 3. A, Surface staining with anti-GluR1 N-terminal antibody after lithium and val-
proate treatment in cultured hippocampal neurons. Hippocampal neurons were cultured for
10 d, followed by treatment with Li (1.0 mM) or VPA (1.0 mM) for an additional 1 d. The surface
of living neurons was labeled with anti-GluR1 (against N-terminal epitope) antibody and sub-
sequently with Cy3-anti-rabbit IgG. Z-stack images were acquired with a 510-Meta confocal
microscopy under exactly the same setup for different experimental groups. Three-dimensional
images were reconstructed with 510-Meta software. The orthogonal picture (Ortho) indicates
that GluR1 stainings are at the neuronal surface. B, Quantification of surface GluR1 in hippocam-
pal neurons after lithium and valproate treatment. The mean fluorescent intensity on the long-
est dendrite was determined (n � 10 for each group; ANOVA; **p � 0.01). This experiment
was repeated. Con, Control.

Figure 4. GluR1 total protein expression remained unchanged after lithium or valproate
treatment in cultured hippocampal neurons. Hippocampal neurons were treated with lithium
(1.0 mM) or valproate (1.0 mM) for 1 or 4 d. Equal amounts of proteins were applied for Western
blot analysis by anti-GluR1 antibody. The loading of the protein was corrected by actin. Con,
Control.

Figure 5. Treatment with both lithium and valproate had an additive effect on the surface
GluR1 expression of hippocampal neurons. After being cultured for 10 d, hippocampal neurons
were treated with lithium only, valproate only, and lithium plus valproate for 4 d. Surface GluR1
was determined by biotinylation assay. Samples were pooled from three independent experi-
ments, with n of 9 –12 (ANOVA; #,**p � 0.05). Con, Control.
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was reduced significantly in lithium- and valproate-treated neu-
rons, by 48.8 and 40.3%, respectively. Together, these data sug-
gest that the mood stabilizer-induced decreased surface expres-
sion of GluR1 brings about changes in the synaptic expression of
GluR1 in a time-dependent manner.

GluR1 phosphorylation at the PKA site plays an important
role in lithium- or valproate-induced regulation of surface
expression of GluR1
Phosphorylation and dephosphorylation of GluR1 plays an im-
portant role for AMPA glutamate receptor insertion and inter-
nalization (Ehlers, 2000; Lee et al., 2000; Malinow and Malenka,
2002). Previous studies have demonstrated that phosphorylation
of the PKA site (GluR1p845) and/or the Ca MKII/PKC site
(GluR1p831) are the key regulators for synaptic distribution of
GluR1. Therefore, we next investigated the effects of lithium and
valproate on the phosphorylation of GluR1. After 4 d treatments
with lithium (1.0 mM) or valproate (1.0 mM) equal amounts of hip-
pocampal proteins were analyzed by Western blot analysis with anti-
phospho-GluR1p845 and anti-phospho-GluR1p831 antibodies.
Phosphorylation of GluR1 at the PKA site (p845) was attenuated
significantly after lithium and valproate treatment by 52.0 and
31.0%, respectively (Fig. 7A,C). Western blot analysis of GluR1 also
was performed with stripped membrane, and total GluR1 level re-
main unchanged. However, phosphorylation of GluR1 at CaMKII/
PKC site was not altered by lithium or valproate treatment (Fig.
7B,C), suggesting that lithium and valproate regulates GluR1 phos-
phorylation in a site-specific manner.

To determine whether this attenuation of phosphorylation on
GluR1p845 correlates with the surface localization of GluR1, we
stimulated the phosphorylation of GluR1 on the p845 site with
Sp-cAMP, a membrane-permeable specific PKA activator. The
surface GluR1 levels subsequently were investigated to determine
whether reversing lithium and valproate effects on phosphoryla-
tion of GluR1 might bring GluR1 back to the neuronal surface. As
depicted in Figure 8, Sp-cAMP significantly enhanced the phos-
phorylation of GluR1 on the PKA site in all control (138%),
lithium-treated (125%), and valproate-treated (93%) groups in
comparison to the original 100, 61, and 63%, respectively. Fur-
thermore, Sp-cAMP treatment also resulted in GluR1 insertion
onto the membrane such that surface GluR1 levels were increased
significantly to reach 134% in control, 107% in lithium-treated,
and 112% in valproate-treated groups in comparison to the orig-
inal 100, 66, and 68%, respectively.

GluR1 phosphorylation both at the PKA site and PKA basal
activity are attenuated after chronic administration of lithium
or valproate in vivo
To determine whether GluR1 phosphorylation was altered in vivo
after lithium or valproate treatment, we investigated phosphory-
lation of GluR1 at p845 or p831 in hippocampal homogenates
from chronically lithium- or valproate-treated animals by West-
ern blot analysis with anti-phospho-GluR1p845 and anti-
phospho-GluR1p831 antibodies (Fig. 9A). The data have shown
that GluR1 phosphorylation at the p845 site was attenuated by
30.3 and 31.0%, respectively. To determine the specificity of ef-
fects (i.e., that phosphorylation of all PKA substrates is not sim-
ilarly reduced), we investigated the effects of chronic lithium or
valproate on the PKA site of synapsin I (site 1), another major
synaptic protein. We found that chronic treatment with either
drug was not associated with a significant reduction in hip-
pocampal synapsin I phosphorylation at the PKA site (data not
shown).

One of the possible mechanisms for the attenuation of GluR1
phosphorylation at the PKA site is that basal PKA activity was
decreased in the hippocampus after lithium or valproate treat-
ment. Therefore, we measured the PKA activity in hippocampal
homogenates from lithium- or valproate-treated animals. In-
deed, basal levels of PKA activity in tissue homogenates from

Figure 6. Double immunostaining of GluR1 and synaptotagmin indicated that GluR1 was
attenuated at synapses. A, Double immunostaining of GluR1 and synaptotagmin in hippocam-
pal neurons treated with lithium or valproate for 4 d. After lithium (1.0 mM) or valproate (1.0
mM) treatment for 4 d, hippocampal neurons were double-stained with anti-GluR1 (red) and
anti-synaptotagmin (STM; green) antibodies. Z-stack images were acquired by using a confocal
microscope under the same setup for lithium-treated (Li) or valproate-treated (VPA) and un-
treated (Con) groups. Three-dimensional images were reconstructed by 510-Meta software.
Portions of dendrite (red rectangle) were taken from the neurons for a close observation on their
synapses. The GluR1-positive synapses are indicated with white arrows, and GluR1-negative
synapses are indicated with blue arrows. B, Quantification of GluR1 (red) fluorescent intensity at
the synapses. GluR1 fluorescent intensities were quantified at the individual synapses from the
longest dendrite from seven neuronal images for each condition. The average length of the
longest dendrite in each condition was not significantly different. In total, �150 –190 syn-
apses were measured for each condition (ANOVA; *p � 0.01). This experiment was repeated.
Con, Control.
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both lithium- and valproate-treated animals were reduced signif-
icantly (Fig. 9B).

The antidepressant agent imipramine (which is capable of
inducing mania) increases surface GluR1 levels
The two structurally dissimilar antimanic agents lithium and val-
proate robustly decrease synaptic GluR1 expression, effects that
previously have been associated with reduced AMPA receptor
synaptic strength. We therefore next sought to determine
whether a promanic agent might produce opposite effects. It is
well established that tricyclic antidepressants can precipitate
manic episodes in individuals with bipolar disorder (Nolen and
Bloemkolk, 2000); therefore, we used the mixed serotonin/nor-
epinephrine reuptake inhibitor antidepressant imipramine. In-
deed, as predicted, chronic treatment of rats with imipramine
produced increases in synaptosomal GluR1 levels, whereas syn-
aptophysin levels in the same preparations remained unchanged
(Fig. 10).

Discussion
In this study we have demonstrated for the first time that AMPA
GluR1 receptor trafficking may play an important role in the
adaptive synaptic plasticity underlying the treatment of bipolar
disorder. Thus, we found that the structurally highly dissimilar
antimanic agents lithium and valproate have a common effect on
downregulating AMPA GluR1 synaptic expression in the hip-
pocampus after prolonged treatment with therapeutically rele-
vant concentrations as assessed both in vitro and in vivo. In cul-
tured hippocampal neurons lithium and valproate attenuated
surface GluR1 expression after chronic (days) treatment. Addi-
tionally, we found that this effect on GluR1 surface expression
may be attributable to a reduction of GluR1 phosphorylation at
the PKA (GluR1p845) site. Furthermore, rather than compensat-
ing for GluR1 reductions, GluR2/3 levels also were reduced at
synapses, suggesting a coordinated regulation of the major
AMPA receptor subtypes. However, NR1 levels at synapses re-
main unchanged after mood stabilizer treatment, suggesting an
AMPA-specific mechanism. Further supporting the therapeutic
relevance of the finding, we found that an agent that provokes
mania, namely the antidepressant imipramine, has an opposite
effect because it upregulates hippocampal GluR1. Notably, a sim-
ilar upregulation of GluR1 receptors also has been reported with
psychostimulants, which also are capable of inducing manic ep-
isodes (Carlezon and Nestler, 2002).

Because chronic administration of mood stabilizers brings
about numerous biochemical effects, our laboratory (Manji and
Lenox, 1999, 2000) and others (Coyle and Duman, 2003) have
established several criteria that findings should meet to maximize
the likelihood of their therapeutic importance. First, this effect of
mood stabilizers on GluR1 is a common effect of the structurally
highly dissimilar antimanic agents lithium, which is a monova-
lent cation, and valproate, which is an eight-carbon branched
fatty acid. Second, this attenuation of synaptic GluR1 by lithium
and valproate occurs in the hippocampus, a brain region known
to be involved in critical affective neuronal circuits. Third, this
effect of lithium and valproate on synaptic GluR1 occurs at ther-
apeutic concentrations both in vivo and in vitro. Fourth, similar
to the clinical therapeutic effects, the changes in GluR1 were ob-
served only after chronic (and not acute) administration. Fifth,
all three types of AMPA receptors are attenuated at synapses after
lithium or valproate treatment, suggesting that the GluR1 atten-
uation at synapses will not be compensated by other subtypes of
AMPA receptors. Finally, the effects are specific for antimanic
agents, because the promanic antidepressant produced opposite
effects. Although it is impossible to determine whether synaptic
GluR1 attenuation occurs in the human brain in vivo, our exper-
imental conditions attempted to mimic this situation as closely as
possible.

Further supporting our data are the recent studies that show
that AMPA receptor antagonists attenuate several “manic-like”
behaviors produced by amphetamine administration. Thus,
AMPA antagonists have been demonstrated to attenuate
psychostimulant-induced development or expression of sensiti-
zation and hedonic behavior without affecting spontaneous lo-
comotion; additionally, some studies have demonstrated that
AMPA receptor antagonists reduce amphetamine/cocaine-
induced hyperactivity (Willins et al., 1992; Burns et al., 1994; Li et
al., 1997; Mead and Stephens, 1998; Hotsenpiller et al., 2001;
Backstrom and Hyytia, 2003). The need to use caution in the
appropriate application of animal models to complex neuropsy-
chiatric disorders has been well articulated, and in fact it is un-

Figure 7. Phosphorylation of GluR1 at PKA site was attenuated significantly by lithium or
valproate treatment in cultured hippocampal neurons. A, Phosphorylation of GluR1 at p845
(PKA site) after lithium (1.0 mM) or valproate (1.0 mM) treatment for 4 d in cultured hippocampal
neurons. The membranes were stripped and reprobed with anti-GluR1 antibody. B, Phosphor-
ylation of GluR1 at p831 (CaMKII site) after lithium (1.0 mM) or valproate (1.0 mM) treatment for
4 d. The same blot was stripped and reprobed with anti-GluR1 antibody. C, Quantification of
GluR1 phosphorylation at p845 and p831 sites after lithium or valproate treatment for 4 d.
Results were pooled from two to three independent experiments. The number for each condi-
tion is indicated on the bars (ANOVA; *p � 0.05). Con, Control.
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likely we will ever develop rodent models
that display the full range of symptomatol-
ogy as clinically expressed in man (Nestler
et al., 2002b; Einat et al., 2003; McClung
and Nestler, 2003). However, one current
model of mania, which has been used ex-
tensively and has reasonable heuristic
value in the studies of mood disorders, in-
volves the use of psychostimulants in ap-
propriate paradigms. Thus, psychostimu-
lants like amphetamine and cocaine are
known to induce manic-like symptoms in
healthy volunteers and trigger frank
manic episodes in individuals with bipolar
disorder (Goodwin and Jamison, 1990).
Thus, the best-established animals of ma-
nia use the administration of amphet-
amine or cocaine to produce hyperactiv-
ity, risk-taking behavior, and increased
hedonic drive, all very important facets
of the human clinical condition of ma-
nia. Moreover, these psychostimulant-
induced behavioral changes are attenu-
ated by the administration of chronic
lithium in a therapeutically relevant time
frame. Thus, the fact that AMPA receptor
antagonists are capable of attenuating psy-
chostimulant-induced sensitization, hy-
peractivity, and hedonic behavior (Willins
et al., 1992; Burns et al., 1994; Li et al.,
1997; Mead and Stephens, 1998; Schmidt,
1998; Hotsenpiller et al., 2001; Backstrom
and Hyytia, 2003) provides compelling
behavioral support for our contention
that AMPA receptors play important roles
in regulating affective behavior.

As discussed previously, in striking
contrast to the effects seen with the anti-
manic agents lithium and valproate, we
found that the chronic administration of
the antidepressant imipramine, which is
capable of triggering manic episodes, in
susceptible individuals (Goodwin and
Jamison, 1990) increased hippocampal
synaptic expression of GluR1. Very recent studies from other
laboratories also have demonstrated that chronic administration
of antidepressants enhances membrane expression of GluR1 as
well as phosphorylation of GluR1 at the PKA site (p845) and the
CaMKII/PKC site (p831)(Martinez-Turrillas et al., 2002; Li et
al., 2003). Furthermore, it is noteworthy that AMPA-potentiat-
ing agents reportedly have efficacy in preclinical models of de-
pression (Li et al., 2001). An elegant series of studies recently has
provided insights into how dopamine receptors, which are acti-
vated during psychostimulant administration, might influence
glutamate-dependent forms of synaptic plasticity that are in-
creasingly recognized as important for the long-term behavioral
effects of these drugs (Carlezon and Nestler, 2002; Chao et al.,
2002). These studies have demonstrated that surface GluR1 label-
ing on processes of medium spiny neurons and interneurons was
increased by brief incubation with a D1 agonist. Although these
studies were designed to investigate the role of GluR1 in mediat-
ing the effects of psychostimulants in the context of drug abuse, it
is noteworthy that many of the symptoms of mania resemble the

effects of psychostimulants (e.g., locomotor hyperactivity, racing
thoughts, reduced sleep, psychosis, increased hedonic drive).
Taken together, the biochemical and behavioral studies investi-
gating the effects of antimanic (lithium and valproate) and pro-
manic (antidepressants, cocaine, amphetamine) agents on GluR1
strongly suggest that AMPA receptor trafficking may represent
an important mediator of the pathogenesis and treatment of cer-
tain facets of bipolar disorder.

Our mechanistic studies suggested that GluR1 phosphoryla-
tion at the PKA site plays an important role in lithium- or
valproate-induced regulation of surface expression of GluR1.
Previous studies have demonstrated that phosphorylation of
the PKA site (GluR1p845) and/or the CaMKII/PKC site
(GluR1p831) is the key regulator for synaptic distribution of
GluR1. Therefore, we next investigated the effects of lithium and
valproate on the phosphorylation of GluR1. We found that phos-
phorylation of GluR1 at the PKA site (p845) was attenuated sig-
nificantly after lithium and valproate treatment by 52.0 and
31.0%, respectively; in contrast, phosphorylation of GluR1 at

Figure 8. Sp-cAMP enhanced GluR1 phosphorylation on the PKA site in lithium- or valproate-treated neurons and also resulted
in an increase in GluR1 surface expression. Hippocampal neurons were cultured for 8 d in B27 plus Neurobasal medium and treated
with lithium (1.0 mM) or valproate (1.0 mM) for an additional 4 d. Sp-cAMP (50 �M) was applied to the cultured hippocampal
neurons for 30 min. The surface proteins were labeled with sulfo-NHS-LC-biotin, and the proteins were harvested with lysis buffer.
Equal amounts of proteins were analyzed by Western blot with anti-phospho-GluR1p845 and anti-actin antibody. The blots were
stripped and reprobed with anti-GluR1 antibody. A, Sp-cAMP significantly enhanced phosphorylation of GluR1 at the p845 site in
all control, lithium-, and valproate-treated groups. B, Sp-cAMP treatment also reversed the effects of lithium and valproate on
GluR1 surface expression. Data were pooled from two to three independent experiments (n � 5– 8; t test; **p � 0.01 and
*p � 0.05). Con, Control.
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CaMKII/PKC site was not altered by lithium or valproate treat-
ment (Fig. 7B,C), suggesting that lithium and valproate regulate
GluR1 phosphorylation in a site-specific manner. To determine
whether this attenuation of phosphorylation on GluR1p845 cor-
relates with the surface localization of GluR1, we stimulated the
phosphorylation of GluR1 on the p845 site with Sp-cAMP, a
membrane-permeable specific PKA activator. The surface GluR1
levels subsequently were investigated to determine whether re-
versing lithium and valproate effects on phosphorylation of
GluR1 might bring GluR1 back to the neuronal surface. We
found that Sp-cAMP reversed the lithium- or VPA-induced re-
ductions in phosphorylation of GluR1 on the PKA site and nor-
malized surface GluR1 levels.

Adding additional support to our contention that the anti-
manic agents bring about these effects via PKA, we found that not
only GluR1 phosphorylation at the PKA site but also PKA activity
were attenuated after chronic administration of lithium or val-
proate in vivo. To determine that these effects were relatively
specific for GluR1s and that not all PKA phosphorylation was
altered similarly, we investigated the effects of these agents on

another major synaptic PKA target, synapsin I (Kao et al., 2002).
We found that, in contrast to GluR1 receptors, 4 weeks of treat-
ment with lithium or VPA did not reduce PKA phosphorylation
of synapsin I. Additionally, we examined three other proteins,
including the protein PSD95 as well as the presynaptic proteins
synaptophysin and synaptobrevin. We found that chronic treat-
ment with the mood stabilizers did not alter these proteins sig-
nificantly, suggesting that GluR receptors are important and rel-
atively selective synaptic targets for the chronic actions of mood
stabilizers.

It is now well established that regulation of synaptic GluR1
trafficking is a complex, multifaceted process. We propose that
the attenuation of synaptic GluR1 by mood stabilizers is a two
step process whereby (1) insertion of GluR1 onto neuronal sur-
face is governed by phosphorylation of GluR1 on the PKA site
(GluR1p845) and (2) GluR1 moving into synapses is regulated by
the activation of CaMKII (Hayashi et al., 2000; Lee et al., 2000).
Lithium and valproate attenuate only phosphorylation of PKA
site, resulting in a decrease in surface GluR1, which is the resource
of synaptic GluR1. Consistent with the effects observed in the
present study, previous in vivo and in vitro studies have shown
that chronic lithium and valproate treatments attenuate adenylyl
cyclase activity via distinct mechanisms (Gould and Manji, 2002;
Gould et al., 2004). Earlier work suggests that there is a significant
delay between an attenuation of GluR1 surface expression and a
decrease in GluR1 at functional synapses in cultured cortical neu-
rons (Wolf et al., 2003). The time course of lithium and valproate

Figure 9. Both GluR1 phosphorylation at the PKA site and PKA autonomous activity were
reduced in lithium- and valproate-treated animals in hippocampus. A, B, Phosphorylation of
GluR1 in hippocampus from lithium (L) or valproate (V) chronically treated animals. C, Control.
Rats were treated with lithium or valproate for 4 weeks; hippocampal tissues were isolated and
homogenated. Equal amounts of homogenate proteins were separated by gel electrophoresis
and analyzed with anti-GluR1p845, anti-GluR1p831, and anti-actin antibodies. The bands were
analyzed by the Kodak Imaging System (n � 8 for all three groups; ANOVA; *p � 0.05). C, PKA
activity in hippocampus from lithium or valproate chronically treated animals. Protein samples
were prepared from one hippocampus of lithium- or valproate-treated animals. Equal amounts
of proteins were assayed for PKA activity (n � 8 for all three groups; ANOVA; *p � 0.05).

Figure 10. Antidepressant imipramine (Im) induces an increase in synaptic GluR1 in vivo.
Rats were treated with imipramine (10 mg/kg, twice daily, i.p.) for 4 weeks; hippocampal
tissues were isolated, and synaptosome preparations were obtained by using a Ficoll gradient
assay. A, B, Equal amounts of proteins were separated by gel electrophoresis and analyzed with
anti-GluR1 antibodies and anti-synaptophysin antibodies. The bands were analyzed by the
Kodak Imaging System (n � 8; t test; *p � 0.05). Con, Control.
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effects on surface and synaptic GluR1 is in agreement with these
findings. Although requiring chronic treatment, surface GluR1
levels were reduced at a time point when the number of GluR1-
positive synapses was unchanged; the downregulation of synaptic
GluR1 was detected only after more prolonged treatment. These
findings are compatible with the delayed onset and long-term
efficacy of lithium and valproate.

Both lithium and valproate attenuate the phosphorylation of
GluR1 on its PKA site after chronic administration in vitro and in
vivo. Several lines of evidence support activity-dependent endo-
cytosis of the AMPA receptor, and two mechanisms have been
proposed for AMPA receptor internalization: AMPA-dependent
and AMPA-independent mechanisms. Synaptic activity (in-
duced by picrotoxin) can stimulate AMPA receptor endocytosis
in an NMDA receptor-independent manner (Ehlers, 2000; Lin et
al., 2000). In contrast, insulin can induce AMPA receptor inter-
nalization by a clathrin-dependent mechanism independent of
AMPA release (Man et al., 2000). The internalization of the re-
ceptor usually is in response to extracellular stimuli and occurs in
an acute manner. Because we observed that the phosphorylation
of GluR1 at the PKA site is attenuated by lithium and valproate,
we propose that this decrease in surface expression might be
caused by reduced insertion of GluR1 receptors onto the mem-
brane. However, as elucidated previously, this is a highly complex
multi-step process, and additional studies will be necessary to
delineate the precise mechanisms by which mood stabilizers exert
their effects on GluR trafficking.

In conclusion, we have shown that AMPA GluR1 receptor
trafficking may play a critical role in the treatment of mania. Now
it is well established that glutamatergic neurotransmission plays a
critical role in regulating various forms of plasticity; the regula-
tion of synaptic AMPA receptors thus has the potential to con-
tribute to the communication of critical circuits involved in af-
fective functioning and buffering. The mechanisms by which
glutamate receptors are actively recruited to synapses have long
intrigued the neuroscience community; the results presented
here suggest that they may also play important roles in the patho-
physiology and treatment of complex neuropsychiatric disor-
ders. This progress holds much promise for the development of
novel therapeutics for the long-term treatment of severe refrac-
tory mood disorders and for improving the lives of millions.
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