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Glutamate-induced excitotoxicity has been implicated in the etiology of stroke, epilepsy, and neurodegenerative diseases. NMDA recep-
tors (NMDARs) play a pivotal role in excitotoxic injury; however, clinical trials testing NMDAR antagonists as neuroprotectants have
been discouraging. The development of novel neuroprotectant molecules is being vigorously pursued. Here, we report that downstream
regulatory element antagonist modulator (DREAM) significantly inhibits surface expression of NMDARs and NMDAR-mediated current.
Overexpression of DREAM showed neuroprotection against excitotoxic neuronal injury, whereas knockdown of DREAM enhanced
NMDA-induced toxicity. DREAM could directly bind to the C0 domain of the NR1 subunit. Although DREAM contains multiple binding
sites for the NR1 subunit, residues 21-40 of the N terminus are the main binding site for the NR1 subunit. Thus, 21-40 residues might
relieve the autoinhibition conferred by residues 1-50 and derepress the DREAM core domain by a competitive mechanism. Intriguingly,
the cell-permeable TAT-21-40 peptide, constructed according to the critical binding site of DREAM to the NR1 subunit, inhibits NMDAR-
mediated currents in primary cultured hippocampal neurons and has a neuroprotective effect on in vitro neuronal excitotoxic injury and
in vivo ischemic brain damage. Moreover, both pretreatment and posttreatment of TAT-21-40 is effective against excitotoxicity. In
summary, this work reveals a novel, negative regulator of NMDARs and provides an attractive candidate for the treatment of
excitotoxicity-related disease.

Introduction
Intracellular Ca 2� levels are spatially and temporally highly reg-
ulated, and Ca 2�-binding proteins serve as effectors to transduce
these cellular Ca 2� signals. Downstream regulatory element an-
tagonist modulator (DREAM), which was first identified as a
Ca 2�-regulated transcriptional repressor, contains four Ca 2�-
binding EF hand domains and belongs to the neuronal calcium
sensor (NCS) family (Carrión et al., 1999; Burgoyne, 2007).
DREAM was named for its ability to block gene expression in
its Ca 2�-free form via direct binding with the downstream
regulatory element sequence in target genes such as prepro-
dynorphin, c-fos, Hrk, and Na � and Ca 2� exchanger NCX3
(Carrión et al., 1999; Sanz et al., 2001; Gomez-Villafuertes et
al., 2005). DREAM was also named calsenilin or potassium
channel-interacting protein 3 (KChIP3) (Buxbaum et al.,
1998; An et al., 2000), suggesting that it has multifunctional
properties.

DREAM is preferentially expressed in the CNS, as well as in
non-neuronal tissues (Link et al., 2004; D’Andrea et al., 2005;
Savignac et al., 2005). Its physiological roles have been gradually
revealed. DREAM knock-out mice display a hypoalgesic pheno-
type, suggesting a critical role for DREAM in pain modulation
(Cheng et al., 2002). In addition, emerging evidence supports the
role of DREAM in long-term potentiation (Lilliehook et al.,
2003), learning, and memory (Alexander et al., 2009; Fontán-
Lozano et al., 2009).

NMDA receptors (NMDARs) constitute a major class of iono-
tropic glutamate receptors and play a key role in synaptic plastic-
ity. Functional NMDARs are heteromultimers formed by the
assembly of the NR1 and NR2 subunits. Excessive activation of
NMDARs by glutamate mediates neuronal damage in many neu-
rological disorders including ischemia, epilepsy, neurodegenera-
tive disease, and mental disorders (Choi et al., 1988; Sattler and
Tymianski, 2001). Thus, NMDARs have long been considered
the main target for treatment of excitotoxicity-related neuronal
damage, and a variety of antagonists or blockers of NMDARs
have been developed. However, the results of clinical trials have
been disappointing because of the obvious side effects associated
with blocking the physiological roles of NMDARs. Targeting reg-
ulatory proteins of NMDARs, therefore, represents an alternative
approach to treating NMDAR-mediated excitotoxic injury. Ad-
ditional elucidation of the regulatory mechanisms of NMDARs is
a prerequisite for this strategy.
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Here, we demonstrate that DREAM is a novel negative mod-
ulator of NMDARs, which inhibits NMDAR-mediated current
and excitotoxic injury. Moreover, the cell-permeable peptide
TAT-21-40, constructed according to the critical binding site of
DREAM for the NR1 subunit, confers protection against NMDA-
induced cell injury in cultured hippocampal neurons and focal
ischemic damage in mice by either pretreatment or posttreat-
ment. In summary, our work reveals a novel regulator of
NMDARs and provides important evidence for the emerging role
of DREAM in learning and memory (Alexander et al., 2009;
Fontán-Lozano et al., 2009). The therapeutic potential of the
TAT-21-40 peptide may also extend to other pathologies with an
excitotoxic component, including hypoxic, ischemic, and trau-
matic brain damage and neuronal death arising from epileptic
seizures and neurodegenerative diseases.

Materials and Methods
Plasmids and chemicals. Plasmids for pCDNA3.1(�)-NR1-1a and PRK5-
NR2B were kindly provided by David R. Lynch (Department of Neurol-
ogy, University of Pennsylvania, Philadelphia, PA). GFP-DREAM
plasmids were constructed by PCR from rat brain cDNA and subcloned
into the XhoI–HindIII site of the pEGFP-N1 vector (Clontech) or the
XhoI–EcoRI site of the pEGFP-C2 vector (Clontech). Prokaryotic ex-
pression constructs encoding different fragments of the NR1-1a C termi-
nus were generated by PCR from pCNDA3.1(�)-NR1-1a and subcloned
into the EcoRI–XhoI site of the PGEX-5x-1 vector (Clontech) or the
EcoRI–HindIII site of the pet28a(�) vector (Novagen). The different
DREAM prokaryotic expression vectors were generated by PCR from rat
brain cDNA and subcloned into the EcoRI–XhoI site of the PGEX-5x-1
vector or the EcoRI–HindIII site of the pet28a(�) vector. For oocyte
expression, cDNA constructs of NR1-1a, NR2B, and DREAM were sub-
cloned into the pBluescript KSM vector (Stratagene). The EF hand II, III,
IV mutant DREAM vector was constructed by the following mutations:
D137A, D139A, D175A, N177A, D223A, and D225A, using the Quick-
Change site-directed mutagenesis kit (Stratagene). The sequence of the
plasmids and mutations was confirmed by DNA sequencing (Shanghai
Shenggong Bio).

Monoclonal glutathione S-transferase (GST) and His6 primary antibodies
were obtained from Applygen Beijing. Monoclonal green fluorescent pro-
tein (GFP) antibody and polyclonal NR1, NR2B, glutamate receptor 1
(GluR1), and DREAM antibodies were purchased from Santa Cruz Biotech-
nology. Monoclonal DREAM antibody was from Millipore. Monoclonal
�-actin and N-cadherin antibodies were from Sigma-Aldrich. HRP-labeled
secondary antibodies were from Jackson ImmunoResearch. Trypsin, glu-
tamine, cytosine-D-arabinofuranoside (Ara-C), poly-D-lysine, Hoechst
33342, propidium iodide (PI), NMDA, glutamate, glycine, ketamine, and
dizocilpine (MK801) were from Sigma-Aldrich. All restriction enzymes were
purchased from New England Biolabs, and all cell culture media were from
Invitrogen. TAT-fusion peptides were synthesized by GL Biochem Shanghai.

Cell culture and transfection. HEK 293 and CHO cells were maintained in
DMEM and F12 medium, respectively, plus 10% fetal bovine serum
(HyClone) at 37°C in 5% CO2. After passaging for 16–24 h, plasmid trans-
fection was performed with jetPEI Transfection reagent (Qbiogene). In brief,
plasmids and transfection reagent (2 �l of jetPEI per microgram of DNA)
were diluted with 150 mM NaCl. They were then mixed together followed by
incubation for 15 min at room temperature. Finally, the mixture was added
to the medium in the presence of 500 �M ketamine to prevent NMDAR
activation. Cells were used 24 h after transfection.

Primary culture of hippocampal neurons. Primary hippocampal neu-
rons were derived from embryonic day 18 Sprague Dawley rats. Briefly,
hippocampi were mechanically separated in ice-cold Ca 2�- and Mg 2�-
free HBSS (5.36 mM KCl, 0.44 mM KH2PO4, 137 mM NaCl, 4.16 mM

NaHCO3, 0.34 mM Na2HPO4�2H2O, 5 mM glucose, 1 mM sodium pyru-
vate, 10 mM HEPES, and 0.001% phenol red, pH 7.2–7.4). Hippocampal
cells were dissociated by trypsinization (0.25% trypsin and 0.05% EDTA
in Ca 2�- and Mg 2�-free HBSS) at 37°C for 30 min, followed by gentle
trituration in plating medium (DMEM supplemented with 10% fetal

bovine serum). Cells were seeded onto poly-D-lysine-coated wells at a
density of 1 � 10 5 cells/cm 2 and incubated at 37°C in 5% CO2 atmo-
sphere. After 6 h, cultures were replaced with Neurobasal medium sup-
plemented with B27 and 0.5 mM glutamine, and then one-half was
replaced twice every week. To inhibit the growth of glial cells, 10 �M

Ara-C was added to the culture at day 3 and maintained until the end of
the experiments. Cultures were used after 12 d in vitro.

Short interfering RNA. The sequence of DREAM short interfering RNA
(siRNA) was as follows: 5�-CCGAGGCUUCAAGAACGAA-3�. Control
siRNA was 5�-UUCUCCGAACGUGUCACGU-3�, which should not
knockdown any known proteins. The above siRNA molecules were
chemically synthesized by Shanghai Genechem Company.

Generation of adenoviral vectors and neuronal infection. Recombinant
adenovirus coexpressing GFP and DREAM was constructed using the
AdEasy adenoviral vector system (Invitrogen). Rat DREAM cDNA was
cloned into the shuttle vector, which was linearized with PmeI and co-
transformed into BJ5183 together with pAdEasy-1. Transformants were
selected on kanamycin-positive media, and recombinants were subse-
quently identified by restriction digest. Purified recombinant adenoviral
plasmid DNA was then linearized by PacI to expose its inverted terminal
repeats and transfected into HEK 293 cells. The recombinant viruses
were purified by CsCl step gradients and stored at �80°C. Primary neu-
rons on days 10 –12 in vitro were exposed to virus for 6 h at a multiplicity
of infection of 100. Experiments were performed 48 –72 h after infection.

In vitro excitotoxicity model. For studies involving NMDAR-induced
cell injury, delayed toxicity was measured in hippocampal neurons. The
culture media were removed, and the cells were challenged with 100 �M

NMDA (plus 10 �M glycine) in Mg 2�-free Krebs’–Ringer’s buffer for 1 h.
The NMDA solution was then replaced with Neurobasal medium (with-
out phenol red), and the cultures were returned to the incubator until the
assay of cell injury.

Oxygen and glucose deprivation model. Neurons were washed three
times and incubated with deoxygenated glucose-free bicarbonate solu-
tion in an anaerobic chamber (model 1025; Thermo Fisher Scientific)
with an atmosphere of 85% N2, 10% H2, and 5% CO2 at 37°C. In the
control group, neurons were washed with normal glucose-containing
bicarbonate solution and incubated in the standard culture environ-
ment. After 30 min, oxygen– glucose deprivation (OGD) was terminated
to avoid serious injury to the neurons by washing three times with oxy-
genated glucose-containing (20 mM) bicarbonate solution. The cultures
were then replaced with normal medium and returned to the normal
incubator until the assay of cell injury.

Western blot analysis. Cell cultures were washed twice with ice-cold
PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4) and
lysed in ice-cold lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1.5
mM MgCl2, 10% glycerol, 1% Triton X-100, 5 mM EGTA, 1 �g/ml leu-
peptin, 1 mM PMSF, 1 mM Na3VO4, 10 mM NaF, and proteinase inhibitor
mixture). The lysates were centrifuged at 12,000 � g for 5 min to yield the
total protein extract in the supernatant. The concentration of protein was
measured with a BCA assay kit (Pierce). Equal amounts of samples (50
�g) were denatured and subjected to 10% SDS-PAGE. After separation,
proteins were transferred to nitrocellulose membranes (Bio-Rad Labo-
ratories). The membranes were blocked with 5% nonfat milk in TBST
(25 mM Tris-HCl, pH 7.4, 137 mM NaCl, 2.7 mM KCl, and 0.05% Tween
20) for 1 h at room temperature and incubated with primary antibody
overnight at 4°C. After washing three times with TBST, the membranes
were incubated with secondary antibody for 1 h at room temperature,
and then washed again and finally developed with ECL solutions (Santa
Cruz Biotechnology). For multiple detections with different antibodies,
blots were first stripped with stripping buffer (62.5 mM Tris-HCl, pH 6.8,
20 mM dithiothreitol, and 1% SDS) for 20 –30 min at 55°C and washed
twice with TBST, followed by blocking and incubation with a new pri-
mary antibody. The immunoreactive bands were scanned and analyzed
quantitatively by densitometry with TotalLab software (GE Healthcare).

Coimmunoprecipitation experiment. Rat hippocampi were immedi-
ately homogenized in ice-cold lysis buffer as described above. After being
rotated at 4°C for 1 h, the homogenates were centrifuged at 12,000 �
g for 5 min to yield the total protein extract in the supernatant.
Protein extract from tissue or cell cultures was incubated with either
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DREAM or NR1 antibody (1:100) at 4°C for 3 h. Protein A-Sepharose
CL-4B resin (GE Healthcare) was added to the samples, and the in-
cubation continued for another 12 h. Subsequently, the samples were
washed six times with TBS containing 0.1% Triton X-100 and sub-
jected to SDS-PAGE.

GST pull-down assay. GST- or His6-fusion proteins were expressed in
the BL21 Escherichia coli strain and purified according to the manufac-
turer’s instructions. For binding assays, GST or GST-fusion protein was
immobilized on glutathione-Sepharose resin (GE Healthcare). His6-
fusion protein was purified using Ni-nitrilotriacetic acid magnetic beads
(QIAGEN). The protein extracts from tissue or purified His6-fusion pro-
tein was then incubated with the immobilized GST or GST-fusion pro-
tein for 1 h at 4°C, washed, and subjected to SDS-PAGE.

Surface biotinylation assay. Cell cultures were washed twice with ice-
cold PBS and incubated for 30 min at 4°C with EZ-Link Sulfo-NHS-SS-
biotin (1 mg/ml; Pierce) to biotinylate surface proteins. Excess biotin
reagent was quenched and removed by washing the cells with PBS
containing 100 mM glycine. Cells were lysed with lysis buffer (137 mM

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 1% Triton
X-100, 0.1% SDS, and proteinase inhibitor mixture, pH 7.4). The
lysates were centrifuged at 12,000 � g for 5 min to yield the protein
extract in the supernatant. Then protein extracts were incubated with
UltraLink Plus immobilized streptavidin beads (Pierce) for 2 h at 4°C
to capture biotinylated surface protein. After being washed with lysis

buffer five times, bound proteins were eluted
by boiling for 5 min with loading buffer and
subjected to SDS-PAGE.

Hoechst 33342 and PI staining. Cultures were
rinsed with PBS twice and incubated with 1
�g/ml PI or double labeling of Hoechst 33342
(2 �g/ml) and PI for 10 min, and then rinsed
three times with PBS. Images were immediately
collected by a fluorescent microscope (Leica)
equipped with a cooled CCD digital camera.
For quantitative analysis, at least six fields were
imaged for each sample.

Lactate dehydrogenase assay. Lactate dehy-
drogenase (LDH) release in the culture me-
dium was measured using the LDH assay kit
(Promega). Medium (50 �l) was transferred
from culture wells to 96-well plates, mixed with
50 �l of reaction solution, and incubated for 30
min at room temperature. Stop solution was then
added, and the optical density was measured at
490 nm using a microplate reader (Bio-Rad).

Two-electrode voltage-clamp recordings in
Xenopus oocytes. Stage V or VI Xenopus oo-
cytes were selected and injected with NR1-1a,
NR2B, and DREAM cRNAs using a microin-
jector (Drummond Scientific). cRNAs were in
vitro transcribed using the T3 mMESSAGE
Machine kit (Ambion) after linearization of
the pBluescript KSM construct with NotI en-
zyme. The total amount of cRNA injected was
7.5–15 ng, and NR1-1a, NR2B, and DREAM
cRNAs were injected at a ratio of 1:2:2. One to
2 d after injection, oocytes were impaled with
two microelectrodes (0.5–1.0 M�) filled with 3
M KCl in a 40 �l recording chamber. Oocytes
were perfused with a constant stream of Ba 2�

Ringer’s solution (115 mM NaCl, 2.5 mM KCl,
1.8 mM BaCl2, 10 mM HEPES, pH 7.2) at 23–
25°C. The oocyte membrane was voltage-
clamped at �70 mV, and currents were
recorded using a GeneClamp 500 amplifier
(Molecular Devices). The data were acquired
using Pulse software (HEKA), digitized at 1.0
kHz using an ITC-16 (InstruTECH Corpora-
tion), and analyzed using PulseFit or Origin-
Lab Origin 6.1.

Recordings of NMDA-induced currents in hippocampal neurons. Whole-
cell recordings were made on primary cultured hippocampal neurons on
days 10 –12 in vitro. Patch electrodes were �3–5 M�. The intracellular
electrode solution contained the following: 140 mM CsCl, 2.5 mM EGTA,
2 mM MgCl2, 10 mM HEPES, 2 mM tetraethylammonium, and 4 mM

Na2ATP, with pH adjusted to 7.3. The extracellular solution was 140 mM

NaCl, 1.3 mM CaCl2, 5 mM KCl, 25 mM HEPES, 33 mM glucose, and
0.0005 mM TTX, with pH adjusted to 7.4. A perfusion system (RCP-2B;
INBIO) with a fast exchange time (�100 ms) for electronic switching
between seven channels was used to change external medium. All exper-
iments were performed at room temperature (22–25°C). Currents were
recorded using an EPC10/2 amplifier and Pulse software (HEKA Elek-
tronik). The data were analyzed using Igor software (Wavemetrics).

Permanent focal cerebral ischemia and TAT-fusion peptide administration.
BALB/c mice (male; 8 –10 weeks of age; 18 –22 g) were allowed ad
libitum access to water but deprived of food for 12 h before surgery. Mice
were anesthetized with pentobarbital sodium (0.06 g/kg) by intraperito-
neal injection. Focal ischemia was induced with minor modifications of
Tamura’s middle cerebral artery occlusion (MCAO) model (Mayanagi et
al., 2008). Briefly, the left common and external carotid arteries were
exposed through a ventral midline neck incision and were ligated, respec-
tively. A monofilament with blunt tip was inserted into the internal ca-
rotid artery to a point �12 mm distal to the carotid bifurcation until

Figure 1. Association of DREAM with the NR1 subunit and effect of Ca 2� on the DREAM–NR1 interaction. A, B, Coimmuno-
precipitation (IP) studies of DREAM and the NR1 subunit in rat hippocampus extracts (A) and in HEK 293 cells transfected with
pEGFP-C2 or pEGFP-C2-DREAM and pCDNA3-NR1-1a plasmids (B). C, GST-DREAM precipitated His6-NR1a Ct (His6-NR1-1a C termi-
nus) in vitro. D, GST-NR1a Ct (GST-NR1-1a C terminus) precipitated His6-DREAM in vitro. E, Effect of Ca 2� on the binding of
GST-NR1a Ct to His6-DREAM. Addition of 100 �M Ca 2� in the reaction buffer enhanced the binding, whereas addition of 10 mM

EDTA attenuated that. F, Effect of Ca 2� on the binding of GST-DREAM to His6-NR1a Ct. NT, No treatment.
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a mild resistance was felt, thereby occluding
the origins of the anterior and middle cere-
bral arteries. During the surgery, body tem-
perature was maintained by using a heating
lamp. Mice were placed in a postoperative
cage and kept warm until neurological test-
ing and killing after MCAO for 6 h.

The Tat-21-40 (2 �g/�l) or scramble-Tat
(control) peptide in 2.5 �l of saline was admin-
istrated to the mice 20 min before MCAO or 20
min after MCAO through left lateral ventrical
infusion (anteroposterior, 0.5 mm; lateral, 1
mm; and depth, 3.5 mm from the bregma).

Neurological deficit measurement. Mice
neurological deficits were assessed 6 h after
MCAO in a blinded manner, according to the
methods described by Rodriguez et al. (2005). It
involves an initial phase of undisturbed observa-
tion (hypomobility, lateralized posture, flattened
posture, hunched back, piloerection, ataxic gait,
circling, tremors, twitches, convulsions, and re-
spiratory distress) and a later manipulative phase
(passivity, hyperreactivity, irritability, ptosis, uri-
nation, decreased body tone, forelimb flexion,
decreased muscle strength, body rotation, and
motor incoordination). Based on the results of
the above observation, neurological behavior was
scored on a 10-point scale. In all cases, where cri-
teria for the precise grade were not met, the near-
est appropriate number was used: 1, 3, 5, 7, and 9.

Evaluation of ischemic infarct and edema.
Mice were killed after neurological testing and
the brain was quickly removed and cut into
2-mm-thick coronal sections. Brain sections
were incubated for 20 min in a solution of 0.5%
2,3,5-triphenyltetrazolium chloride (TTC) in
0.01 M PBS at 37°C, and then the slices were
photographed by a scanner. These images were
analyzed using Image Pro Plus 6.0 (Media Cy-
bernetics) according to Eric’s ischemic area
evaluation procedure (Wexler et al., 2002).
Edema was calculated using the equation: E �
(�VL � �VR)/(�VL � �VR)*100%, where
�VL and �VR are the volume of left and right
hemisphere volume, respectively. Background
is also involved in evaluation and was calcu-
lated using the following equation: B � �VS/
�VT*100%, where �VS is the volume of the
unstained white matter in sham group and
�VT is the total brain volume. To account for
the effect of edema and background, infarct
size was expressed as a percentage of the total
brain by using the following equation: I �
[�VI*(1 � E)/�VT*(1 � B)]*100%, where
�VI is the volume of TTC unstained tissue.

Statistical analysis. Values are expressed as the means � SEM and were
obtained from at least three independent experiments. Statistical analysis
of the results was performed using Prism 4.0 software. A value of p 	 0.05
was considered significant.

Results
Association between DREAM and the NR1 subunit
First, we performed coimmunoprecipitation (co-IP) studies to
test whether there was an interaction between DREAM and the
NR1 subunit, the obligatory subunit of NMDARs. DREAM anti-
body, but not normal rabbit IgG, immunoprecipitated endoge-
nous NR1 and DREAM protein present in rat hippocampal tissue
(Fig. 1A). As a control, no precipitation of GluR1 by DREAM

antibody was detected in hippocampal preparations (supple-
mental Fig. S1A, available at www.jneurosci.org as supplemental
material). In the reciprocal co-IP studies in HEK 293 cells trans-
fected with GFP or GFP-DREAM and NR1-1a (NR1a) plasmids,
NR1 antibody immunoprecipitated DREAM along with the NR1
subunit (Fig. 1B). This finding indicated that the association be-
tween DREAM and NR1 occurred in the absence of the assembly
of the NR1 with NR2 subunits. Together, the above results
showed that DREAM and the NR1 subunit could form a complex
in vivo. The possibility of an indirect interaction involving an acces-
sory binding protein, however, cannot be excluded.

To investigate whether there was a direct interaction between
DREAM and the NR1 subunit, we performed GST pull-down

Figure 2. Identification of the binding sites between DREAM and NR1. A, Schematic representation of the plasmid construction
of GST- and His6-fusion protein containing different domains of the NR1-1a C terminus. B, GST-C0, C0C1, and C0C1C2 precipitated
both His6-DREAM (top) and endogenous DREAM present in hippocampal tissue (bottom), whereas GST, GST-C1, C2, and C1C2 did
not. The bands detected by the GST antibody represent the loading amount. C, Schematic representation of the plasmid construc-
tion of GST- and His6-fusion proteins containing different domains of DREAM. D, GST-DREAM-1-50, 101–256, 
1-50, and full-
length precipitated both His6-NR1a Ct (top) and endogenous NR1 present in hippocampal tissue (bottom), whereas GST and GST-51–100
did not. E, Sensitivity of the binding between DREAM-1-50 or 
1-50 and NR1a C terminus to Ca 2�. F, EF hand mutation abolishes the
Ca 2� sensitivity of the binding between
1-50 DREAM and NR1a C terminus, although it could not cancel their binding. NT, No treatment;
EFmu DREAM, EF hand mutant of DREAM.
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assays. The NR1 subunit arises from one gene, with eight func-
tional splicing variants, and NR1a is the major isoform. Accord-
ing to the topological structure of NR1, only its C terminus is
intracellular. Combined with previous studies, we speculated that
the possible binding site of DREAM to NR1 was located in the C
terminus of NR1. As expected, GST-DREAM precipitated His6-
NR1a Ct (NR1-1a C terminus) (Fig. 1C). Conversely, GST-NR1a
Ct precipitated His6-DREAM (Fig. 1D). As a negative control,
GST did not bind to the corresponding His6-fusion proteins.
These data showed a direct interaction between DREAM and the
NR1a C terminus.

Given the Ca 2� binding properties of DREAM, the regulation
of the DREAM–NR1 interaction by Ca 2� was determined. The
addition of 100 �M Ca 2� to the reaction medium enhanced bind-
ing, whereas chelation of Ca 2� by 10 mM EDTA reduced binding
in either the GST-NR1a Ct pull-down His6-DREAM assay (Fig.
1E) or the GST-DREAM pull-down His6-NR1a Ct assay (Fig.
1F). These findings showed that the DREAM–NR1 interaction
was sensitive to Ca 2�.

Like many other NR1-interacting proteins, Ca2�/calmodulin-
dependent protein kinase II (CaMKII) (Leonard et al., 1999),
�-actinin (Wyszynski et al., 1997), tubulin (van Rossum et al.,
1999), and spectrin (Wechsler and Teichberg, 1998) also interact
with NR2 subunits. Thus, we could not rule out the possibility of
the interaction between DREAM and NR2 subunits. Co-IP stud-
ies in hippocampal extracts demonstrated the association of
DREAM and NR2B subunits (supplemental Fig. S1B, available at
www.jneurosci.org as supplemental material). Direct binding of
NR2A or NR2B C terminus with DREAM was also detected by
the GST-pull-down assays (supplemental Fig. S1C, available at

www.jneurosci.org as supplemental material). As different NR2 sub-
units confer distinct electrophysiological and pharmacological
properties on the NMDARs and couple with different signaling
pathways, we focused on the interaction of DREAM and NR1 sub-
unit in this study.

Identification of the binding site between DREAM and the
NR1 subunit
Figure 1 shows a direct interaction between DREAM and the
NR1a C terminus; now we further identified the binding sites.
The NR1a C terminus is composed of C0, C1, and C2 cassettes.
To identify the binding site present in the NR1a C terminus,
prokaryotic expression vectors encoding different domains of the
NR1a C terminus were constructed (Fig. 2A). Purified GST-C0,
C0C1, and C0C1C2 fusion proteins bound not only to His6-
DREAM (Fig. 2B, top) but also to endogenous DREAM in hip-
pocampal tissue (Fig. 2B, bottom), whereas GST, GST-C1, C2,
and C1C2 did not. All blots were probed in parallel with a GST
antibody to confirm equivalent protein loading. Altogether, both
the in vitro and one-half in vitro GST pull-down assays revealed
that C0 domain was not only necessary but also sufficient for
binding between DREAM and the NR1a C terminus.

Similarly, to determine the binding site of DREAM, various
GST-fusion proteins encoding DREAM-1-50, 51-100, 101-256,

1-50, and full-length DREAM were prepared (Fig. 2C). Both in
vitro and one-half in vitro GST pull-down assays demonstrated
that almost all of these GST-fusion proteins, except the DREAM-
51-100 fragment, have the ability to bind the NR1a C terminus
(Fig. 2D, top) and the endogenous NR1 subunit in hippocampus
extracts (Fig. 2D, bottom). Therefore, it appeared that DREAM

Figure 3. Inhibition of NMDAR-mediated current and NMDAR surface expression by coexpression of DREAM. A, Inhibition of the NMDAR-mediated current by coexpression of DREAM. Glutamate-
evoked whole-cell currents were recorded from Xenopus oocytes expressing NR2B-containing NMDARs alone (gray traces) or together with DREAM (black traces). The bars indicate the duration of
the application of agonists with different concentrations (10, 30, 100, and 300 �M L-glutamate, respectively, plus 100 �M glycine). B, Quantitative analysis of the peak current responses in A. ***p	
0.001, two-way ANOVA followed by Bonferroni’s posttests. Error bars indicate SEM. C, Coexpression of DREAM suppressed the surface expression of NR1 and NR2B subunits in oocytes. Protein surface
expression was detected by surface biotinylation assay. D, Coexpression of DREAM inhibited the surface expression of NR1 and NR2B subunits in CHO cells transfected pEGFP-N1-DREAM along with
pCDNA3-NR1-1a and PRK5-NR2B plasmids compared with control group.
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contains multiple binding sites for the
NR1 subunit. The strongest binding site,
however, should be located in the
DREAM-1-50 residues of the N terminus.

Furthermore, the region of the DREAM
protein responsible for the Ca2� sensitivity
was determined. Both DREAM-1-50 and

1-50 fragments were able to bind to the
NR1a C terminus. However, the binding
of the latter was sensitive to Ca 2�,
whereas the former lacked this sensitivity
(Fig. 2E). And the role of the EF hand do-
mains in Ca 2� sensitivity was investi-
gated. Mutation of critical sites in EF
hands II, III, and IV completely abolished
the Ca 2� binding capacity of DREAM,
producing a Ca 2�-insensitive mutant of
DREAM
1-50 (EFmu DREAM
1-50).
EFmu DREAM
1-50 still bound to NR1,
but this binding was no longer regulated
by Ca 2� (Fig. 2F). Together, these data
showed that the Ca2� sensitivity of DREAM–
NR1 interaction depends on the EF hand
domains of DREAM.

Effect of DREAM coexpression on
NMDAR-mediated current
To investigate the direct effect of DREAM
on NMDA channels, we recorded NMDAR-
mediated currents in Xenopus oocytes
expressing NR2B-containing NMDARs
alone or together with DREAM using two-
electrode voltage clamp. In the absence of
DREAM, the peak currents of NMDA chan-
nels activated by glutamate ranging from 10
to 300 �M (plus 100 �M glycine) showed the
dose-dependent increasing from one to
approximately fourfold. In contrast, coex-
pression of DREAM attenuated glutamate-
induced current to a constant low level (Fig.
3A,B). As this current could be abolished
completely by APV, an NMDA receptor-
specific antagonist, in both groups (supple-
mental Fig. S2A,B,D, available at www.
jneurosci.org as supplemental material) and
no endogenous NMDA current (supple-
mental Fig. S2C, available at www.jneurosci.
org as supplemental material) or NR1 and NR2B protein
(supplemental Fig. S3, available at www.jneurosci.org as supplemen-
tal material) were detected in uninjected oocytes, we speculated that
the remaining NMDARs in the presence of DREAM were func-
tional. Together, these results indicated that coexpression of
DREAM inhibited the current response of NR2B-containing
NMDARs.

To further investigate the mechanisms of the inhibitory effect
of DREAM on NMDAR-mediated current, surface expression
levels of NMDARs in Xenopus oocytes were examined using a
biotinylation assay. Coexpression of DREAM greatly decreased
the surface expression of NR1 and NR2B with no change in total
receptor amounts (Fig. 3C). It is worth noting that surface ex-
pression of DREAM in Xenopus oocytes was detected. Following
studies in hippocampal neurons also revealed the presence of
DREAM on the plasma membrane (see Fig. 5F). Parallel experi-

ments in CHO cells expressing NMDARs alone or coexpressing
DREAM and NMDARs further confirmed the inhibitory effect of
DREAM on the surface expression of NMDARs (Fig. 3D). The
amount of surface NR1 subunit was reduced in the presence of
DREAM (42.4 � 4.0% of control; p � 0.0048; n � 3). The purity
of the surface protein was verified by the absence of �-actin,
which is abundant in the cytoplasm. Thus, when coexpressed
with DREAM, a reduction in the density of NMDARs at the cell
surface led to a reduction in NMDAR-mediated current.

Neuroprotective effect of DREAM overexpression on
neuronal excitotoxic injury
It is known that excitotoxicity is caused by the overactivation
of glutamate receptors, mainly NMDARs, and inhibition of
NMDARs can alleviate the neuronal toxicity. We then investi-
gated the effect of DREAM on NMDAR-mediated excitotoxicity

Figure 4. Neuroprotective effect of DREAM overexpression in primary cultured hippocampal neurons. A, Coexpression of full-
length DREAM and the
1-50 fragment inhibited NMDA-induced cell injury. HEK 293 cells were transfected with NMDARs together
with GFP, full-length, 
1-50 DREAM, or EF hand mutant DREAM (EFmu DREAM) and treated with 100 �M NMDA (plus 10 �M

glycine) or 100 �M MK801 in Mg 2�-free balanced salt solutions for 2 h. Then LDH release in the medium was assayed. *p 	 0.05,
***p 	 0.001; n � 3– 4; one-way ANOVA followed by Newman–Keuls posttests. B, Adenovirus-mediated overexpression of
DREAM in hippocampal neurons detected by Western blot analysis. C, Overexpression of DREAM decreased NMDA-induced LDH
release in hippocampal neurons. *p 	 0.05, **p 	 0.01, ***p 	 0.001; n � 4; unpaired t test. D, Overexpression of DREAM
reduced OGD-induced LDH release in hippocampal neurons. *p 	 0.05, ***p 	 0.001; n � 4; unpaired t test. Error bars indicate
SEM. E, Representative images of PI staining in hippocampal neurons after OGD or control treatment for 30 min and reperfusion for
24 h. Overexpression of DREAM reduced the number of PI-positive cells. F, Overexpression of DREAM specifically inhibited the
surface expression of the NR1 subunit without effect on N-cadherin in hippocampal neurons.
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in both cell lines transfected with NMDARs and hippocampal
neurons.

Administration of 100 �M NMDA (plus 10 �M glycine) for 2 h
markedly increased the number of PI-positive cells in NMDAR-
transfected CHO cells, whereas coexpression of DREAM greatly
reduced that (supplemental Fig. S4A, available at www.jneurosci.
org as supplemental material). In the control group, 19.2 � 1.4%
cells were PI-positive, whereas the percentage of PI-positive cells
decreased to 11.9 � 2.0% ( p 	 0.001) in the presence of DREAM
(supplemental Fig. S4B, available at www.jneurosci.org as sup-
plemental material), suggesting that DREAM conferred protec-
tive effect against NMDA-induced cell death. To further address
the functional role of different domains of DREAM on NMDARs,
LDH measurement was performed in CHO cells cotransfected
with NMDARs and GFP or full-length, 
1-50, and EF hand mu-

tant DREAM, respectively. NMDA treat-
ment for 2 h induced a 3.7 � 0.1-fold
increase in LDH release in the control
group (Fig. 4A). Coexpression of DREAM
partially inhibited LDH leakage by
�21.0% ( p 	 0.05, GFP vs DREAM).

1-50 DREAM exerted �38.7% suppres-
sion of LDH release ( p 	 0.001, GFP vs

1-50 DREAM), indicating that DREAM

1-50 produced better protection than
full-length DREAM ( p 	 0.05, DREAM
vs 
1-50 DREAM). It seemed like that the
N-terminal 1-50 fragment of DREAM
might antagonize the protective role of its
core domain containing four EF hand do-
mains. The EF hand mutation of DREAM,
however, abolished this effect ( p � 0.05,
GFP vs EFmu-DREAM), suggesting that
the EF hand domains were required for
the inhibitory effect of DREAM on
NMDARs.

Next, the cytoprotective effect of
DREAM was examined in primary cultured
neurons. After adenovirus infection for
48 h, the hippocampal neurons with robust
overexpression of DREAM (Fig. 4B; supple-
mental Fig. S4C, available at www.jneurosci.
org as supplemental material) were then
subjected to 100 �M NMDA (plus 10 �M

glycine) for 1 h, followed by reperfusion
with normal medium. Overexpression of
DREAM suppressed the NMDA-induced
LDH release by �29.1% ( p � 0.0008),
22.3% ( p � 0.0071), 23.3% ( p � 0.0186),
and 14.7% after reperfusion for 30 min, 2, 6,
and 12 h, respectively (Fig. 4C). These re-
sults show that overexpression of DREAM
attenuates NMDAR-mediated excitotoxic-
ity, although it did not reverse NMDA-
induced neuronal death.

OGD is commonly used in vitro to
mimic ischemia–reperfusion insult of the
brain. To avoid severe injury to neurons,
we set the OGD treatment time for 30
min. In the control group, OGD treat-
ment induced significant increase of LDH
release to 1.9 � 0.1-, 2.1 � 0.1-, and 1.9 �
0.1-fold after reperfusion for 2, 6, and

12 h, respectively (Fig. 4D). With overexpression of DREAM,
however, the same treatment induced a smaller increase in LDH
release to 1.4 � 0.1 ( p � 0.0008), 1.5 � 0.1 ( p � 0.0103), and
1.4 � 0.1 ( p � 0.0357), respectively. In addition, PI staining
further confirmed that overexpression of DREAM significantly
reduced neuronal death (60.8 � 2.9% of control; p 	 0.001; n � 29)
(Fig. 4E). Together, these results showed the neuroprotective effect
of DREAM against ischemia–reperfusion injury in hippocampal
neurons.

Consistent with the results in Figure 3, C and D, overexpres-
sion of DREAM by infection with recombinant DREAM adeno-
virus reduced the amount of surface NMDARs (Fig. 4F). The
ratio of surface to total NR1 significantly decreased compared
with the control group (66.0 � 6.4% of control; p � 0.0338; n �
3). In contrast, overexpression of DREAM did not significantly

Figure 5. Enhancement of NMDAR-mediated current and excitotoxic injury by DREAM knockdown. A, Knockdown of DREAM
expression by DREAM siRNA in HEK 293 cells transfected with DREAM plasmids. B, Quantitative analysis of PI-positive cells in
hippocampal neurons challenged with NMDA for 1 h, followed by reperfusion for 12 h after transfection with DREAM siRNA or
control siRNA for 24 – 48 h. DREAM siRNA further exaggerated NMDA-induced neuronal injury. *p 	 0.05; n � 25–35; two-way
ANOVA followed by Bonferroni’s posttests. C, Representative traces of NMDA-induced current recorded in cultured hippocampal
neurons by whole-cell patch clamp. D, Quantitative analysis of the peak current amplitude. DREAM siRNA significantly potentiated
NMDA-induced current in hippocampal neurons. *p 	 0.05; n � 5; one-way ANOVA followed by Newman–Keuls posttests. Error
bars indicate SEM. E, Knockdown of DREAM in hippocampal neurons significantly increased the surface expression of the NR1
subunit without affecting the total amount. F, Efficient knockdown of DREAM expression by DREAM siRNA in hippocampal neurons.
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alter the surface expression of N-cadherin
that served as control. Thus, DREAM over-
expression conferred protection against
neuronal excitotoxicity injury by reducing
the functional NMDARs on the plasma
membrane.

Enhancement of NMDAR-mediated
current and neuronal excitotoxic injury
by DREAM knockdown
To further confirm the neuroprotective
effect of DREAM, we then used the siRNA
assay. DREAM siRNA could efficiently
knockdown the expression of DREAM in
transfected HEK 293 cells (Fig. 5A). Then
the effect of DREAM siRNA in NMDA-
induced current and excitotoxic injury was
detected in hippocampal neurons. Whole-
cell patch-clamp recording showed that, in
the control siRNA group, NMDA treatment
(100 �M NMDA plus 10 �M glycine in the
absence of external Mg2�) induced an in-
ward current of 734.2 � 88.9 pA, compara-
ble with that recorded in normal neurons
(754.4 � 37.5 pA) (Fig. 5C,D). Knockdown
of endogenous DREAM with siRNA re-
sulted in potentiation of NMDA current,
leading to an increased amplitude at
1010.2 � 96.3 pA ( p � 0.029). DREAM
siRNA also significantly exacerbated
NMDA-induced cell death in hippocampal
neurons. After NMDA exposure, PI-posi-
tive cells in DREAM siRNA group increased
�18.5% ( p 	 0.05) (Fig. 5B) compared
with control siRNA. The above data further
demonstrated the inhibitory effect of
DREAM on NMDAR-mediated current
and excitotoxic injury.

Based on the results in Figure 4F, we
speculated that knockdown of DREAM
might upregulate surface expression of
the NR1 subunit. As expected, the bioti-
nylation assay in hippocampal neurons showed that transfec-
tion of DREAM siRNA significantly increased the surface
expression of the NR1 subunit (133.7 � 4.3% of control; p �
0.0044; n � 4) (Fig. 5E), without effect on its total amount. Effi-
cient knockdown of DREAM protein either in the total cellular
lysates or on the plasma membrane by DREAM siRNA was con-
firmed (Fig. 5F). It is worth noting that DREAM protein only
showed a single band on the plasma membrane, whereas multiple
forms exist in the total lysates. The significance of this finding
remains to be determined. Together, knockdown of DREAM
enhanced NMDAR-mediated current and neuronal excitotoxic
injury by increasing the surface NMDARs.

Generation of the TAT-21-40 fusion peptide and its effect on
NMDAR-mediated current
To further identify the critical binding site in the 1-50 fragment,
GST-fusion proteins encoding DREAM-1-20, 11-30, 21-40, and
31-50 were prepared to carry out pull-down studies (Fig. 6A).
The results revealed that DREAM-21-40 is the main binding site
for the NR1 subunit (Fig. 6B). DREAM-21-40 was rendered cell
permeable by fusing it to the protein transduction domain (PTD)

of the HIV-1 transactivator of transcription (TAT) protein. A
control peptide was constructed by scrambling the amino acid
sequence in DREAM-21-40 (Fig. 6C). Because DREAM-1-50
contains the strongest binding site between DREAM and the NR1
C terminus, the effect of TAT-21-40 on this binding was examined
using GST pull-down studies. The addition of 3 �M TAT-21-40
to the reaction buffer significantly reduced the bound His6-NR1a
Ct (54.3 � 5.7% of control; p � 0.0152; n � 3) (Fig. 6D). More-
over, biotinylation assays in hippocampal neurons showed that
treatment with 3 �M TAT-21-40 for 2 h greatly inhibited surface
expression of NR1 (44.3 � 9.4% of control; p � 0.0274; n � 3),
without affecting its total amount (Fig. 6E).

The effect of the TAT-fusion peptide on NMDAR-mediated
current was then directly observed by recording NMDAR-
mediated current both pretreatment and posttreatment with the
TAT-fusion peptide in hippocampal neurons. Application of 3
�M scramble-TAT did not change the NMDAR-mediated cur-
rent (Fig. 6F). In contrast, application of 3 �M TAT-21-40 greatly
inhibited the NMDAR-mediated current; the peak current am-
plitude was reduced to 44.0% of the pretreatment level ( p 	 0.001)
(Fig. 6G). Together, application of TAT-21-40 inhibited NMDAR-

Figure 6. Construction of TAT-21-40 fusion peptide and its effect on NMDAR-mediated current. A, Schematic representation of
GST fusion proteins containing different fragments of DREAM-1-50. B, DREAM 21-40 amino acid residues are the critical binding
sites with NR1a C terminus. C, Sequence of TAT-fusion peptides, TAT-21-40 and scramble TAT. D, Effect of TAT-fusion peptides on
the binding of GST-1-50 and His6-NR1a Ct. TAT-21-40 significantly suppressed the binding of DREAM-1-50 and NR1a C terminus. E,
Effect of TAT-fusion peptides on the surface expression of NR1 in hippocampal neurons. Treatment with 3 �M TAT-fusion peptides
for 2 h significantly inhibited the surface expression of NR1. F, Representative traces of NMDA-induced current recorded in cultured
hippocampal neurons using whole-cell patch clamp by TAT-fusion peptide pretreatment and posttreatment, respectively. Top,
Perfusion of the neuron with scramble-TAT (3 �M) for 1 min did not affect NMDA-induced current. Bottom, Perfusion of the neuron
with TAT-21-40 (3 �M) for 1 min greatly inhibited NMDA-induced current. G, Quantitative analysis of the peak current response in
F. The values for the posttreatment response were normalized to the corresponding pretreatment values. ***p	0.001; n�6 –7;
two-way ANOVA followed by Bonferroni’s posttests. Error bars indicate SEM.
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mediated current in hippocampal neurons. The significance of this
finding was evaluated in the following studies.

Neuroprotective effect of TAT-21-40 on NMDA-induced
neuronal injury
It has been demonstrated that TAT-fusion peptides are efficiently
transduced into cells within 30 min (Aarts et al., 2002). To evaluate
the effect of TAT-21-40 on neuronal survival, peptides were applied
before or after NMDA challenge for 1 h in hippocampal neurons.
Attenuation of NMDA toxicity in cultures treated with TAT-21-40

was prominent compared with cultures
treated with control peptides. With pre-
treatment application (supplemental Fig.
S5A, available at www.jneurosci.org as sup-
plemental material), TAT-21-40 (3 �M)
suppressed NMDA-induced LDH release
by �40.1% ( p 	 0.05) (supplemental Fig.
S5B, available at www.jneurosci.org as sup-
plemental material). The percentage of PI-
positive cells was also reduced by �33.8%
( p 	 0.001) after pretreatment of the cul-
tures with TAT-21-40 (supplemental Fig.
S5C, available at www.jneurosci.org as sup-
plemental material).

Treatment after the onset of injury
would be more valuable and practical in the
clinic. After NMDA challenge, 3 �M TAT
peptide was added to the medium and per-
sisted until the assay for cell damage (sup-
plemental Fig. S5D, available at www.
jneurosci.org as supplemental material).
The LDH assay showed that TAT-21-40 not
only enhanced neuronal viability under
normal conditions but also enhanced resis-
tance to NMDA toxicity. After application
of TAT-21-40, the basal amount of LDH re-
lease was reduced �66.0% ( p 	 0.01),
whereas NMDA-induced LDH release de-
creased 10.6% ( p 	 0.05) (supplemental
Fig. S5E, available at www.jneurosci.org as
supplemental material). The percentage of
PI-positive cells was also reduced �17.8%
( p 	 0.001) with application of TAT-21-40
after the insult (supplemental Fig. S5F,
available at www.jneurosci.org as supple-
mental material). Together, the above data
revealed the neuroprotective effects of the
cell-permeable peptide TAT-21-40.

Neuroprotective effect of TAT-21-40
against focal cerebral ischemia
As neuronal death in cerebral ischemia
is primarily attributable to excitotoxic
mechanisms, we further tested the effect
of TAT-fusion peptide in permanent
MCAO model in mice. Occlusion of the
left middle cerebral artery resulted in a
major infarction predominantly in the
cortex and striatum, and produced severe
behavioral deficits in mice. Since the brain
volumes of mice were somewhat variable,
we expressed the lesions as a percentage of
the volume of the cerebral hemisphere.

TAT-21-40 pretreatment (2 �g/ml; 2.5 �l) 20 min before MCAO
through ipsilateral intracerebroventrical injection (Fig. 7A) sig-
nificantly decreased the infarct volume by 22.9% ( p � 0.0002)
(Fig. 7B, I) and reduced the edema by 41.4% ( p � 0.0205) (Fig.
7C). Neurological outcome measurements were also performed.
TAT-21-40-pretreated animals showed improved neurological
scores compared with control ( p � 0.0005) (Fig. 7D).

An ischemia treatment would be more therapeutically valu-
able if effective when given after the onset of ischemia. As the

Figure 7. Protection of TAT-21-40 against focal ischemia injury. A, Schematic representation of the TAT fusion peptide pre-
treatment program in vivo. TAT-fusion peptide was administered 20 min before MCAO through lateral ventricle injection. B–D,
Pretreatment with TAT-21-40 but not scramble-TAT significantly reduced infarction volume (B) and edema (C), and improved
neurological scores (D) 6 h after MCAO. *p 	 0.05, ***p 	 0.001, unpaired t test. E, Schematic representation of the TAT fusion
peptide posttreatment program in vivo. TAT-fusion peptide was administered 20 min after the onset of ischemia through lateral
ventricle injection. F–H, Posttreatment with TAT-21-40 but not scramble-TAT significantly reduced infarction volume (F ) and
edema (G), and improved neurological scores (H ) 6 h after MCAO. **p 	 0.01, ***p 	 0.001, unpaired t test. Error bars indicate
SEM. I, J, Representative photographs of TTC-stained coronal sections of mouse brains by TAT-fusion peptide pretreatment (I ) and
posttreatment (J ). The lines illustrate the infarct border for each section.
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glutamate receptor activation and Ca 2�

entry occur very early, we applied the
TAT-fusion peptide on the early phase of
ischemia. The results showed that admin-
istration of TAT-21-40 20 min after the
insult (Fig. 7E) was still protective, de-
creasing the infarct volume by 18.8%
( p � 0.0032) (Fig. 7F, J) and reducing
edema by 40.7% ( p � 0.0007) (Fig. 7G).
Behavioral deficits in mice was also atten-
uated by TAT-21-40 administered 20 min
after the onset of the ischemia ( p �
0.0039) (Fig. 7H). Together, TAT-21-40
either pretreatment or posttreatment ex-
hibited the neuroprotective effect against
focal cerebral ischemia, significantly de-
creasing infarct volume, reducing edema
and improving behavioral outcome.

Discussion
Given the essential roles of NMDARs in
synaptic plasticity and excitotoxicity,
studying their regulatory mechanisms is
of great significance. The current studies
provide the first evidence that the multi-
functional protein DREAM behaves as a
negative modulator of NMDARs through
direct interaction with the NR1 subunit. So
far, a number of NR1 or NR2 subunit bind-
ing partners have been identified in the
postsynaptic density. The NR1 binding pro-
teins include calmodulin (CaM) (Ehlers et al., 1996; Akyol et al.,
2004), CaMKII (Leonard et al., 2002), �-actinin (Wyszynski et al.,
1997; Merrill et al., 2007), tubulin (van Rossum et al., 1999),
spectrin (Wechsler and Teichberg, 1998), and neurofilament (Ehlers
et al., 1998) and Yotiao (Lin et al., 1998). Here, we identify a new
binding partner of the NR1 subunit, DREAM.

A prominent role of the binding partners of NMDARs is cou-
pling the receptors to intracellular proteins and signaling enzymes.
For example, the interactions of CaM and �-actinin with the NR1
subunit have been documented to modulate Ca2�-dependent inac-
tivation (CDI) of NMDARs (Ehlers et al., 1996; Krupp et al., 1999),
which serves as a negative-feedback control system to regulate chan-
nel gating. Other scaffold proteins play critical roles in the anchoring
or clustering of NMDARs. Here, we show that DREAM also associ-
ates with the NR1 subunit in a Ca 2�-dependent manner. The
DREAM–NR1 interaction was enhanced in the presence of Ca2�

(Fig. 1E,F). Taking into account the inhibitory effects of DREAM
on NMDARs, we hypothesize that DREAM might be another
Ca 2�-sensitive regulator for negative-feedback control of
NMDARs. The hypothesis is as follows (Fig. 8). In the resting state, a
few DREAM molecules bind to the C0 domain of the NR1 subunit.
On activation of NMDARs, Ca2� influx enhances the DREAM–
NR1 interaction, causing reduced surface expression of NMDARs.
Because it has been generally acknowledged that excessive activation
of NMDARs leads to excitotoxicity by inducing Ca2� overload, sup-
pression of available functional NMDARs on the cell surface may
alleviate excitotoxic injury. Thus, DREAM may confer protection
against excitotoxic injury by the inhibition of NMDARs. Because
NCS proteins exhibit higher affinity for Ca 2� than CaM
(Burgoyne, 2004), DREAM could perform a regulatory role for
NMDARs at lower intracellular Ca2� concentration and cooperate

with CaM to fulfill function of the negative-feedback control of
NMDARs.

In investigating possible mechanisms underlying the inhibi-
tory effects of DREAM on NMDARs, we found that coexpression
or overexpression of DREAM significantly reduced the number
of NMDARs on the cell surface. Because the balance between
trafficking and endocytosis determines the final number of
NMDARs on the cell surface, DREAM might regulate the surface
expression of NMDARs by either promoting their endocytosis or
preventing their surface delivery. DREAM is a member of NCS
family, which is divided into five subfamilies: recoverins, guany-
late cyclase activating proteins (GCAPs), frequenin (NCS-1),
visinin-like protein (VSNL), and KChIP (Burgoyne, 2007). A
general role for NCS proteins in membrane transport and recep-
tor trafficking is supported by a variety of studies (Weiss et al.,
2000; Lin et al., 2002; Brackmann et al., 2005; Haynes et al., 2005;
Palmer et al., 2005), and direct interactions have been revealed
between NCS proteins and molecules involved in membrane
trafficking (Ivings et al., 2002; Palmer et al., 2005). It has been
reported that visinin-like protein 1 (VILIP-1) and VILIP-3 form
a complex with the GluR6 subunit of kainite receptors (Coussen
et al., 2005), although the functional effect of this complex is
unknown. Moreover, binding of VILIP proteins to GluR6 was
dramatically reduced in the absence of Ca 2�, similar to the
DREAM–NR1 interaction. Another NCS protein, hippocalcin, acts
as a Ca2� sensor for AMPA receptor endocytic trafficking during
long-term depression (Palmer et al., 2005). Additional studies are
needed to elucidate the regulatory mechanisms of DREAM on
NMDARs in detail.

The binding site between DREAM and NR1a was determined
by in vitro studies. The binding site in the NR1 subunit is located in
the C0 domain, which is common to the eight splice variants of the

Figure 8. Schematic representation showing the inhibitory effect of DREAM on NMDARs in a Ca 2�-dependent manner. DREAM
binds to the intracellular C0 domain of the NR1 subunit via the high-affinity site in its N terminus and the low-affinity site in its
middle and C terminus. DREAM also interacts with NR2 subunits, although the functional effects remain to be determined. Left, In
the resting state, small amounts of DREAM associate with the NR1 subunit and CaM exists in an unactivated form (Ca 2�-free).
Right, On activation of NMDARs by presynaptically released glutamate and postsynaptic neuronal depolarization, intracellular
Ca 2� level is increased by Ca 2� influx through NMDARs. Then Ca 2�-activated CaM induces Ca 2�-dependent inactivation of
NMDARs by binding to C0 and C1 domains of the NR1 subunit. At the same time, the association between DREAM and the NR1
subunit is enhanced by the increased Ca 2� level, which results in reduced surface expression of NMDARs and inhibition of
subsequent NMDAR-mediated current and excitotoxic injury. This study identifies DREAM as a new Ca 2�-sensitive modulator for
negative-feedback control of NMDARs.
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NR1 subunit, suggesting the possibility that DREAM might associate
with the other NR1 splicing variants. The C0 domain contains two
endocytic signals, tyrosine-based YKRH and lysine-based VWRK,
which contribute to the endocytosis of NMDARs independent of
NR2 subunits (Scott et al., 2004). The C0 domain also serves as a
docking site for activated CaMKII (Leonard et al., 2002). In addition,
the C0 domain plays a critical role in coordinating Ca2� signaling
and cytoskeletal association and is required for CDI and the down-
stream signaling pathways of NMDARs such as activation of the
ERK-CREB (extracellular signal-regulated kinase–cAMP response el-
ement-binding protein) pathway (Bradley et al., 2006). In brief, the
C0 domain may act as an “integrator” of diverse cellular signals, the
readout of which is both NMDAR channel function and number.
The DREAM–NR1 interaction might be involved in the regulation
of these processes.

With regard to DREAM, two regions can bind NR1: the high-
affinity N-terminal 1-50 residues and the low-affinity middle and
C terminus. The N terminus of KChIPs shows very high diversity,
whereas the C terminus is conserved, containing four EF hand do-
mains or core domains. Whether there are interactions between
KChIP1, 2, or 4 and the NR1 subunit needs to be studied further. It
is noteworthy that DREAM is a substrate for caspase-3 cleavage,
which would result in the production of a small (�60 aa) N-terminal
fragment and a larger C-terminal fragment (Choi et al., 2003).
Recently, it was reported that the N-terminal region of DREAM
containing the first 90 aa is required for DREAM–TSHR (thy-
roid-stimulating hormone receptor) interaction (Rivas et al.,
2009). Thus, the N terminus of DREAM plays a critical role in the
association of DREAM and its binding partners.

The role of EF hand domains in the DREAM–NR1 interaction
is dual. EF hand mutation abolished the inhibitory effect of
DREAM on NMDA receptor-mediated excitotoxicity with no
effect on the association between DREAM and NR1. It appears
that the EF hand domains are dispensable for DREAM–NR1 as-
sociation but essential for the Ca 2� sensitivity of this association
and its functional consequences. Indeed, in the case of KChIP1–
Kv4 interaction, binding tolerates EF hand mutation, whereas
modulation of Kv4.2 kinetics and traffic by KChIP1 is dependent
on the EF hand domains (Flowerdew and Burgoyne, 2009).

This study showed that DREAM N-terminal 1-50 residues
might antagonize the function of the DREAM core domain (Fig.
4A). Similarly, the N-terminal KIS (K� channel inactivation sup-
pressor) domain of KChIP4a prevents core domain-mediated
regulation of Kv4 channel properties (Jerng and Pfaffinger,
2008). Furthermore, we identified that the amino acids 21-40 of
DREAM in the N terminus is the main binding site for the NR1
subunit; thus, application of amino acids 21-40 of DREAM might
relieve the autoinhibition conferred by DREAM 1-50 and dere-
press the DREAM core domain by a competitive mechanism.

Recently, the use of TAT-fusion peptides as an approach for in
vivo application has attracted much attention. The PTD sequence of
TAT allows the conjugated peptide effectively to penetrate across the
plasma membrane of various cells, as well as across the blood–brain
barrier and efficiently into neurons in vivo. It has been shown that a
TAT-fusion peptide comprising the nine C-terminal residues of the
NR2B subunit can alleviate rat ischemic injury by perturbing the
interactions between NMDARs and PSD95 (Aarts et al., 2002). Our
results showed that cell-permeable TAT-21-40 peptides have a neu-
roprotective effect on in vitro excitotoxicity and in vivo ischemic
brain damage. Moreover, both pretreatment and posttreatment of
TAT-21-40 confer protection against excitotoxic injury. Thus, TAT-
21-40 could be a promising therapeutic approach for the clinical
treatment of excitotoxicity-related disease.

In this study, we focused on the DREAM–NR1 interaction and
selectively studied NR1 and NR2B recombinant NMDARs in a
heterologous expression system, given that it has been generally
accepted that NMDA-mediated excitotoxicity is caused mainly
by the activation of NR2B- but not NR2A-containing NMDARs
(Zhou and Baudry, 2006; Liu et al., 2007). However, the interac-
tions between DREAM and NR2 subunits (supplemental Fig.
S1B,C, available at www.jneurosci.org as supplemental material)
and the subsequent functional effect should be considered. We
cannot rule out the contribution of DREAM–NR2 interaction to
the inhibitory effect of DREAM to NMDARs. Additional studies
are needed to address this issue.

The functions of NCS proteins have begun to emerge in recent
years. Despite their sequence and structural similarities, the func-
tional diversity of NCS proteins is clear, including the regulation
of phototransduction, neurotransmission, Ca 2� and Kv4 chan-
nel function, dopamine receptor internalization, and trafficking
of nicotinic receptors. The identification of the novel function of
DREAM, a modulator of NMDARs, undoubtedly provides new
insights into the multifunctional properties of DREAM and NCS
family members. Similar to the prototypical Ca 2� sensor CaM,
DREAM appears to be a modulator of multiple intracellular tar-
gets, showing pleiotropic actions. Most important, because clin-
ical trials with NMDAR antagonists have been discouraging, a
better understanding of the regulatory mechanisms of NMDARs
will facilitate a breakthrough in this field. The DREAM–NR1
interaction offers a potential target for the prevention and control
of NMDAR-mediated excitotoxic injury.
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