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Brief Communication

Decreased Phosphorylation of NMDA Receptor Type 1 at
Serine 897 in Brains of Patients with Schizophrenia
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NMDA receptor hypofunction in schizophrenia has been inferred by a large number of clinical and preclinical observations; however,
whether and how NMDA receptors are exactly involved in the pathogenesis of schizophrenia are still unknown and subject to interpretation. Here we show, in two independent samples of brains from patients with schizophrenia, a significant decrease in the phosphorylation level at serine 897 (S897) of the NMDA receptor type 1 (NR1) subunit. Our finding, together with a previous report that antipsychotics increase phosphorylation of NR1 at S897 in vivo, strongly suggests that insufficient phosphorylation at S897 may contribute to the
neuronal pathology underlying schizophrenia.
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Introduction
Two major lines of pharmacological evidence provide indirect
support for a role of NMDA receptor hypofunction in schizophrenia. First, administration of noncompetitive NMDA antagonists, such as phencyclidine (PCP) or ketamine, exacerbates
psychotic symptoms in schizophrenics and mimics both the positive and negative schizophrenia symptoms in nonpsychiatric
controls (Thaker and Carpenter, 2001). Indeed, PCP-induced
psychosis is regarded as the best pharmacological model of
schizophrenia (Javitt and Zukin, 1991), and animals treated with
subanesthetic doses of NMDA receptor antagonists are used to
model various aspects of the disease (Kilts, 2001). Second,
NMDA receptor agonists at the glycine modulatory site, such as
glycine, D-cycloserine, and D-serine, have been shown to improve
cognition and decrease negative symptoms in schizophrenic subjects when combined with typical antipsychotics (Tsai et al., 1998;
Goff et al., 1999; Heresco-Levy et al., 1999). The implication of
altered NMDA receptor function in schizophrenia has prompted
investigations designed to examine levels of NMDA receptor ligand binding and mRNA levels of NMDA receptor subunits in
brains of schizophrenics with mostly inconsistent results
(Meador-Woodruff and Healy, 2000). Moreover, additional genetic studies failed so far to identify mutations or susceptibility
variants that are preferentially inherited by patients with schizoReceived Oct. 14, 2003; revised Dec. 23, 2003; accepted Dec. 27, 2003.
We thank the Medical Research Council Brain Bank and the Stanley Foundation Brain Consortium for providing us
with samples. Postmortem brains were donated by the Stanley Foundation Brain Consortium courtesy of Drs.
Llewellyn B. Bigelow, Juraj Cervenak, Mary M. Herman, Thomas M. Hyde, Joel E. Kleinman, José D. Paltàn, Robert M.
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phrenia in a consistent manner (Schiffer, 2002). Thus, although
schizophrenia, by inference, is likely to be accompanied by a
dysregulation of NMDA-mediated signaling, the molecular basis
of the dysregulation remains elusive and subject to interpretation. Although protein phosphorylation has been established as
an important mechanism for the regulation of NMDA receptor
function (Swope et al., 1999), the phosphorylation status of the
NMDA receptor subunits has not been assayed in brains of patients with schizophrenia. The NMDA receptor type 1 (NR1)
subunit, specifically, is a target for phosphorylation by both protein kinase A, at serine 897 (S897), and protein kinase C, at S896
(Tingley et al., 1997). Intriguingly, it has been shown that antipsychotic drugs have the ability to modulate NMDA receptor
function by increasing the phosphorylation of NR1. Treatment
with haloperidol has been shown to increase NR1 phosphorylation levels at S897 in vivo in the striatum (other brain regions
were not examined), as well as in the neuronal culture system
(Leveque et al., 2000). Moreover, a mutation of NR1 S897 to
alanine was shown to interfere with haloperidol-mediated gene
expression (Leveque et al., 2000).

Materials and Methods
Protein extraction and Western blot analysis. For protein extraction from
the frontal cortex, precisely dissected frozen blocks obtained from the
Medical Research Council (MRC) Brain Bank or frozen sections obtained from the Stanley Consortium Brain Bank were homogenized in
ice-cold lysate buffer (0.25 M Tris, pH 7.5) containing protease inhibitors
(Protease Inhibitor Cocktail tablets; Roche, Indianapolis, IN) and phosphatase inhibitor (Phosphatase Inhibitor Cocktails I and II; Sigma, St.
Louis, MO) and lysed through three cycles of freezing (in liquid nitrogen)
and thawing (in 37°C water bath). Protein concentration was measured
using the Bio-Rad protein assay (Bio-Rad, Hercules, CA) and spectrometry at 595 Å. Equal amounts of total proteins were loaded on 4 –12%
gradient Bis-Tris gels, run using the NuPAGE system (Invitrogen, Carlsbad, CA), and transferred onto nitrocellulose membranes (Schleicher &
Schuell, Keene, NH). Membranes were probed with primary phosphospecific antibodies [S897 phospho-NR1, and S831 and S845 phospho-
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glutamate receptor 1 (GluR1) (Upstate Biotechnology, Waltham, MA) and S380 phosphophosphatase and tensin homolog deleted from
chromosome 10 (PTEN) (Cell Signaling, Beverly,
MA)], as well as with anti-NR1 (PharMingen, Los
Angeles, CA) and anti-tubulin (Sigma) followed
by secondary antibodies (Amersham Biosciences,
Arlington Heights, IL). Signals were detected by
chemiluminescence (PerkinElmer Life Sciences,
Boston, MA) followed by autoradiography.
Phosphatase treatment. Equal amounts of total protein from the protein extracts of human
frontal cortex were resuspended in appropriate
phosphatase reaction buffers (for lambda phosphatase: 500 mM HEPES, pH 7.5, 1 mM EDTA, 20
mM MnCl2, and 5 mM DTT; for protein phosphatase (PP) 1 and PP2A: 0.15 M NaCl, 20 mM MOPS
(3-(N-morpholino)propanesulfonic acid) pH
Figure 1. Decreased phosphorylation of NR1 at S897 in postmortem brain tissue obtained from the MRC Brain Bank. A, S897Ab
7.5, 60 mM 2-mercaptoethanol, 0.1 mM MnCl2, 1
specificity for the phosphorylated form of human NR1. Equal amounts of total protein extracts of human frontal cortex were
mM MgCl2, 1 mM EGTA, 10% glycerol, and 0.1
resuspended in appropriate phosphatase reaction buffers. Four hundred units of lambda phosphatase (lane 2), 1 U of PP1 (lane 3),
mg/ml serum albumin). Four hundred units of
or 2 U of PP2A (lane 4) was added, and all samples, including the controls, were incubated for 30 min at 30°C. B, Phosphorylation
lambda phosphatase, 1 U of PP1, or 2 U of PP2A
of NR1 on S897 in frontal cortex of patients with schizophrenia (n ⫽ 10) and controls (n ⫽ 10) obtained from the MRC Brain Bank.
(Upstate Biotechnology, Waltham, MA) was
One hundred micrograms of total protein extract were loaded in each lane. Representative immunoblots are shown, probed with
added, and all samples, including the controls,
S897NR1 antibody (1:1000), anti-NR1 antibody (1:1000), S831 GluR1 antibody (1:1000), S380 PTEN antibody (1:2000), and
were incubated for 30 min at 30°C. Reactions were
anti-tubulin (1:1000). C, Phosphorylation of NR1 on S897 in hippocampus of controls (n ⫽ 5) and schizophrenics (n ⫽ 4) obtained
terminated by adding SDS sample buffer, and
from the MRC Brain Bank. Representative immunoblots are shown, probed with S897NR1 antibody (1:1000), anti-NR1 antibody
samples were subjected to Western blot analysis,
(1:1000), S831 GluR1 antibody (1:1000), S845 GluR1 antibody (1:1000), S380 PTEN antibody (1:2000), and anti-tubulin (1:1000).
as described.
Statistical analysis. Means and SDs of relative
at S897 phosphorylation in frontal cortex and hippocampus, two
phosphorylation levels in brain extracts from schizophrenics and conof the primary sites of disease pathology.
trols were compared using either the unpaired two-tailed t test or the
We followed up our initial observation by attempting to verify
Mann–Whitney test, when appropriate. For comparisons involving
more than two groups (Stanley Tissue data), nonparametric ANOVA
reduction of phosphorylation of NR1 at S897 in frontal cortex in
(Kruskal–Wallis Test) was used because Bartlett statistic showed a statisan independent sample of postmortem tissues obtained from the
tically significant difference in SDs among the four groups.
Stanley Consortium Brain Bank (Torrey et al., 2000). Tissue ob-

Results
To assess whether phosphorylation of NR1 at S897 is impaired in
schizophrenia, we used a phospho-specific antibody (Tingley et
al., 1997) (referred to hereafter as S897Ab) in postmortem brain
tissues obtained from the MRC Brain Bank (London, UK). We
first verified the phospho-specificity of S897Ab on human brain
tissue. As shown in Figure 1 A, reactivity of S897Ab is dramatically reduced after treating the human brain lysate with lambda
phosphatase or PP2A, confirming the specificity of S897Ab for
the phosphorylated form of human NR1. Analysis of frontal cortex lysates did not reveal any differences in the total NR1 protein
levels after correcting with ␣-tubulin as loading control. To
quantify the relative phosphorylation level of NR1 on S897, the
immunoblots prepared from frontal cortex lysates were stripped
and reprobed with S897Ab. The ratio of S897 density to total
protein density was used as a measure of phosphorylation levels
of NR1 at S897 in each subject. In two independent replicate
assays on the MRC tissues, we observed a dramatic decrease in the
S897/total NR1 ratio in the frontal cortex of schizophrenics compared with controls and good reproducibility of individual ratios
[88% decrease in the first experiment, p ⫽ 0.0005, Mann–Whitney test (Fig. 1 B); 70% decrease in the second experiment, p ⫽
0.0049, unpaired t test (data not shown)]. We also tested hippocampal protein extracts with the same antibodies and observed
a similarly dramatic decrease in S897/total NR1 in the hippocampus of the schizophrenics compared with controls (99% decrease;
p ⫽ 0.01; Mann–Whitney test) (Fig. 1C). Thus, in agreement with
expectations from the previously observed augmentation in S897
phosphorylation by typical antipsychotics, we observed a deficit

tained from the Stanley Consortium consisted of 10 consecutive
frozen sections from rostrocaudally matched areas of frontal cortex from patients diagnosed with schizophrenia, bipolar mood
disorder, and major depression, as well as controls subjects.
These samples are matched in terms of age, gender, race, postmortem intervals, and the average antipsychotic treatment (Torrey et al., 2000). Protein extracts from cortical lysates were subjected to SDS-PAGE and immunoblot analysis. We initially
probed two sets of immunoblots with the protein extracts from
all 60 samples, blind to the affected status. In both replicate assays, we observed a decrease in S897/total NR1 in the frontal
cortex of schizophrenics compared with controls [p ⫽ 0.03 (Fig.
2 A) and 0.04 (data not shown); nonparametric ANOVA]. Interestingly, the observed decrease was specific to schizophrenia because there were no differences between controls and patients
with bipolar mood disorder or major depression (Fig. 2 A). In
addition, after release of the sample identifier codes by the Stanley
Brain Bank, we repeated the experiments two more times using
frontal cortex from patients diagnosed with schizophrenia and
control subjects and observed a consistent decrease in S897/total
NR1 [79% decrease in the first experiment, p ⫽ 0.01 (Fig. 2 B);
80% decrease in the second experiment, p ⫽ 0.01 (data not
shown), Mann–Whitney test]. In all four experiments on tissues
obtained from the Stanley Consortium, a nonsignificant increase
was observed in total NR1 levels (corrected to actin or tubulin as
loading control) in schizophrenics.
To rule out the effect of confounding factors such as age,
gender, postmortem intervals, average antipsychotic uptake, etc.,
we analyzed separately the correlation of S897/total NR1 with
each of these factors using the Pearson correlation analysis on
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mechanism for the regulation of NMDA
receptor function (Bading and Greenberg,
1991). The present results show a highly
significant decrease in the phosphorylation levels of the NR1 subunit of the
NMDA receptor at S897 in the frontal cortex and hippocampus of patients affected
with schizophrenia. Future experiments
will address the phosphorylation status at
additional NR1 regulatory phosphoresidues, such as the PKC-phosphorylated
S896. Unfortunately, currently available
S896 phospho-specific antibodies produce, in our hands, nonspecific signal
when used in immunoblots from human
brain tissues (data not shown).
It is not clear how phosphorylation at
S897 modulates the NMDA receptor activity, although preliminary experiments argued against an effect on receptor clustering (Tingley et al., 1997). It is possible that
under-phosphorylation of S897 alters
NMDA receptor activity by decreasing its
sensitivity to glutamate or increasing its
sensitivity to antagonists (Maldve et al.,
2002) or by inactivating downstream signal transduction pathways. These may inFigure 2. Decreased phosphorylation of NR1 at S897 in postmortem brain tissue obtained from the Stanley Brain Bank. A, B, clude downstream transcriptional casPhosphorylation of NR1 on S897 in frontal cortex of patients with schizophrenia (n ⫽ 14), bipolar mood disorder (n ⫽ 15), major cades, because S897 is critically involved
depression (n ⫽ 14), and controls (n ⫽ 15) obtained from the Stanley Consortium Brain Bank. The decrease in phosphorylation in the expression of NMDA receptor effects
of NR1 on S897 is specific to patients with schizophrenia. Fifty micrograms of total protein extract were loaded in each lane, and on D1 (dopamine receptor 1)-mediated
samples were examined blind to the affected status ( A) as well as after the ID codes were released ( B). Representative immuno- cAMP response element-binding protein
blots are shown, probed with S897 NR1 antibody (1:1000), anti-NR1 antibody (1:1000), S831 GluR1 antibody (1:1000), S845 phosphorylation (Rajadhyaksha et al., 1999).
GluR1 antibody (1:1000), S380 PTEN antibody (1:2000), and anti-tubulin (1:1000). In all cases, graphs represent the means and This hypofunction of NMDA-mediated sigSEs of optical densities reflecting the corrected S897 to total NR1 levels.
naling–synaptic plasticity may be contributing to the development of the clinical syndrome. In the absence of any common
results obtained from the Stanley Consortium and MRC tissues.
coding sequence variants that could affect S897 phosphorylation
In summary, there were no significant correlations between the
levels, the nature of the upstream signals that lead to S897 underS897/total NR1 and any of the variables tested (see supplemental
phosphorylation remains to be elucidated and may include, for exTables 1 and 2, available at www.jneurosci.org). To further conample, mutations in other receptors or signaling molecules modutrol for global nonspecific effects on phosphorylation, we also
lating relevant kinase–phosphatase pathways including the
ascertained the stability of the phosphorylated forms of two adDARPP-32 (dopamine- and cAMP-regulated phospho-protein of
ditional proteins that are involved in cellular signaling. First, we
32 kDa) pathway (Snyder et al., 1998) and the recently implicated
ascertained the phosphorylation status of a cell surface receptor,
calcineurin pathway (Gerber et al., 2003; Miyakawa et al., 2003).
the AMPA glutamate receptor GluR1, which is regulated by
Although NMDA S897 under-phosphorylation appears to be
CaMKII (calcium– calmodulin-dependent kinase II)- or protein
consistent in two independent samples of patients with schizokinase C (PKC)-mediated phosphorylation at S831, as well as by
phrenia, it is generally difficult to draw inferences about receptor
PKA-mediated phosphorylation at S845 (Roche et al., 1996). Secactivity by studying receptor modification in affected brains. A
ond, we ascertained the phosphorylation status of an intracellular
decrease in receptor phosphorylation may be interpreted as a
protein, the tumor suppressor phosphatase PTEN, which modumolecular response to increased receptor activity or, conversely,
lates phosphatidylinositol 3-kinase signaling and is regulated
as a cause of decreased receptor function. Nevertheless, taken
through phosphorylation at S380 (Birle et al., 2002). In contrast
together with previous findings (Leveque et al., 2000), our results
to the dramatic decrease in phosphorylation levels of NR1 at
are consistent with the latter interpretation, as well as with a
S897, immunoblot experiments using phospho-specific antibodmodel in which antipsychotic drugs decrease disease symptoms
ies against these three control sites did not reveal any significant
and improve cognition, at least partly, by facilitating phosphordifferences in the levels of phosphorylation in either frontal corylation of the NR1 subunit at the under-phosphorylated S897.
tex or hippocampus of controls and patients with schizophrenia
Whether abnormal phosphorylation of NMDA receptors is the
(Figs. 1 B, C, 2 B).
cumulative end result of several genetic and epigenetic events that
Discussion
contribute to the development of schizophrenia remains to be
NMDA receptor function is mediated by specific activation and
determined, and generation of animal models of the undermodulation of the receptor subunits by several ligands in addiphosphorylated state of NMDA receptors will be invaluable totion to glutamate itself. Protein phosphorylation is an important
ward this end.
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