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D-Serine is a physiological co-agonist that activates N-methyl
D-aspartate receptors (NMDARs) and is essential for neu-
rotransmission, synaptic plasticity, and behavior. D-Serine may
also trigger NMDAR-mediated neurotoxicity, and its dysregula-
tion may play a role in neurodegeneration. D-Serine is synthe-
sized by the enzyme serine racemase (SR), which directly con-
verts L-serine to D-serine. However, many aspects concerning
the regulation of D-serine production under physiological and
pathological conditions remain to be elucidated. Here, we inves-
tigate possible mechanisms regulating the synthesis of D-serine
by SR in paradigms relevant to neurotoxicity. We report that SR
undergoes nucleocytoplasmic shuttling and that this process is
dysregulated by several insults leading to neuronal death, typi-
cally by apoptotic stimuli. Cell death induction promotes
nuclear accumulation of SR, in parallel with the nuclear trans-
location of GAPDH and Siah proteins at an early stage of the cell
death process. Mutations in putative SR nuclear export signals
(NESs) elicit SR nuclear accumulation and its depletion from the
cytosol. Following apoptotic insult, SR associates with nuclear
GAPDH along with other nuclear components, and this is
accompanied by complete inactivation of the enzyme. As a
result, extracellular D-serine concentration is reduced, even
though extracellular glutamate concentration increases several-
fold. Our observations imply that nuclear translocation of SR
provides a fail-safe mechanism to prevent or limit secondary
NMDAR-mediated toxicity in nearby synapses.

D-Serine is an endogenous ligand for NMDA receptors medi-
ating several physiological and pathological processes, includ-
ing neurotransmission, memory formation, and neurotoxicity
(1–3). D-Serine is synthesized from L-serine by the enzyme ser-

ine racemase (SR)3 (4 – 6). Most previous studies on SR and
D-serine have focused on astrocytes (7–9). Astrocytic SR inter-
acts with, and is activated by, Grip-1 and Pick-1 (10 –12). Glial
SR is also inhibited by phosphatidylinositol lipids, a process
influenced by metabotropic glutamate receptor activation in
astrocytes (13). Disc-1, a protein implicated in schizophrenia,
binds and stabilizes SR in astrocytes but not in neurons (12).
Recent studies, however, have indicated that SR is predomi-
nantly expressed by neurons (14 –20) and that neurons account
for the vast majority of cells containing D-serine in the cerebral
cortex and hippocampus (15, 17). Neuronal SR activity is
reduced by interaction with the synaptic protein Stargazin (21).
In neurons, D-serine synthesis is enhanced by FBXO22, which
prevents the association of SR to intracellular membranes (22),
and by Golga3, which reduces the degradation of SR by the
ubiquitin system (23).

SR knock-out (KO) mice display phenotypic abnormalities
compatible with NMDAR hypofunction (24 –26). Further-
more, they are resistant to NMDAR-mediated neurotoxicity
and �-amyloid-induced cell death in vivo (27), and are less sus-
ceptible to stroke damage upon middle cerebral artery occlu-
sion (20, 28).

In addition to promoting neuronal death, NMDAR overacti-
vation elicits translocation of SR from the cytosol to the den-
dritic membrane leading to inhibition of D-serine synthesis
(29). However, possible SR regulation within the wider context
of cell death has not been previously investigated. We now raise
the possibility that SR localization and activity may be regulated
by broader mechanisms of cell death, such as apoptotic stimuli,
in a manner that does not depend on direct NMDA receptor
activation.

We report that a variety of apoptotic cell death insults induce
SR translocation to the nucleus and that this process is associ-
ated with its inactivation, which may constitute a fail-safe
mechanism for preventing neurotoxicity in vicinal cells. In
addition to its role as a marker of neuronal death, SR transloca-
tion links cellular injury with D-serine production, with poten-
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tial implications for the pathology of neurodegenerative
diseases.

Experimental Procedures

Materials—L- and D-serine were purchased from Bachem.
L-[3H]Serine and D-[3H]serine were purchased from American
Radiolabeled Chemicals. Acetonitrile, NMDA, staurosporine,
etoposide, thapsigargin, tetrahydrofuran, o-phthaldialdehyde,
leptomycin B, �-mercaptoethanol (BME), and DAPI were pur-
chased from Sigma. MK-801 was obtained from Tocris. Micro-
coccal nuclease, restriction enzymes, and protein A magnetic
beads were purchased from New England Biolabs. A subcellular
protein fractionation kit was purchased from Thermo Scien-
tific. Basal medium Eagle’s, minimum essential medium, fetal
bovine serum, penicillin/streptomycin, penicillin/strepto-
mycin/amphotericin, trypsin, and soybean trypsin inhibitor
were obtained from Biological Industries (Kibbutz Beit
Haemek, Israel). Normal goat serum was purchased from
Jackson ImmunoResearch. B27 supplement was prepared in-
house as described previously (30). Neuro-2A cells were
obtained from ATCC (Manassas, VA).

Cell Cultures—Animals were killed by decapitation after iso-
flurane anesthesia with the approval of the committee for the
supervision of animal experiments (Technion-Israel Institute
of Technology). Serum-free neuronal cultures from the cere-
bral cortex were prepared from day E16 to E18 Sprague-Dawley
rat embryos or C57Bl/6 mouse embryos, as described previ-
ously (18). These cultures were previously shown to contain less
than 2% glial fibrillary acidic protein-positive glial cells (18, 31).
The cells were plated in poly-D-lysine-coated (0.1 mg/ml)
6-well plates (Nunc) at a density of 2.0 –2.2 � 106 cells/well. For
immunocytochemistry, neurons were seeded on glass cover-
slips coated with poly-D-lysine (0.5 mg/ml) in 12-well plates at a
concentration of 0.75–1.2 � 106 cells/well. The culture con-
sisted of neurobasal (NB) medium supplemented with B27, 0.2
mM glutamine, and penicillin � streptomycin (NB/B27). On
DIV1, media were changed to fresh NB/B27. Afterward, half of
the culture media was replaced every 3 days with fresh NB/B27.
Biochemical experiments were carried out on DIV10 –12.
Immunocytochemistry experiments were carried out on
DIV8 –10. Neuro-2A was cultured in DMEM supplemented
with 10% FBS and 4 mM glutamine. Primary astroglial cultures
were prepared from postnatal day 0 Sprague-Dawley rat pups as
described previously (18). Astrocytes were maintained in BME
supplemented with 10% FBS and 1 mM glutamine.

Western Blots—Mouse anti-�-actin (clone C4 1:1,000),
mouse anti-GAPDH (clones 6C5 and 0411, 1:200), and rabbit
anti-histone 2B (FL-126, 1:1000) were obtained from Santa
Cruz Biotechnology. Rabbit anti-GAPDH (G9545, 1:10,000),
mouse anti-�-tubulin (clone SAP 4G5, 1:10,000), and rabbit
anti-GADD153/CHOP10 (G6916, 1:1000) were obtained from
Sigma. Mouse anti-neuronal nucleus protein (NeuN)(clone
A60, 1:500) was obtained from Chemicon. Mouse anti-lamin
A/C (1:1000), rabbit anti-lamin A/C (1:1000), rabbit monoclo-
nal anti-cleaved caspase 3 (clone 5A1E, 1:1000), and rabbit
monoclonal anti-cleaved PARP1 (clone D64E10, 1:1000) were
obtained from Cell Signaling. When compared with a global
anti-caspase 3 antibody, anti-cleaved caspase 3 specifically rec-

ognizes the cleaved fragment and not the uncleaved protein
(32–34). Likewise, when compared with a global anti-PARP-1
antibody, anti-cleaved PARP-1 specifically recognizes the
cleaved fragment and not the uncleaved protein (35–37).
Mouse anti-histone3 (1:1000) was obtained from Abcam. Rab-
bit anti-seven in absentia homologue (Siah) (1:500) was a gift
from Dr. Simone Engelender (Technion-Israel Institute of
Technology) and has been described in earlier studies (38, 39).
Rabbit affinity-purified anti-SR antibody (0.2– 0.3 �g/ml) (18)
or guinea pig anti-SR have also been described elsewhere (40).
Anti-rabbit, anti-mouse, and anti-guinea pig peroxide-conju-
gated IgG (1:20,000) was purchased from Jackson Immuno-
Research. EasyBlot peroxidase-conjugated anti-rabbit IgG
(GTX221666-01, 1:1000) was obtained from GeneTex.

Immunocytochemistry—Cultured cells were fixed for 20 min
with fresh 4% paraformaldehyde followed by three washes with
PBS. Cells were blocked and permeabilized at room tempera-
ture for 90 min with PBS supplemented with 8% normal goat
serum, 80 mM NaCl, 2 mg/ml IgG-free bovine serum albumin
(BSA), and 0.1% Triton X-100. Nuclear localization was
revealed by the use of serum anti-SR at 1:400 as described pre-
viously (18) and a monoclonal antibody against lamin A/C
(1:200, Cell Signaling). Following primary antibody incubation
for 16 –20 h at 4 °C, co-localization was revealed with anti-rab-
bit Cy3 and anti-mouse Cy2 or anti-rabbit Cy2 and anti-mouse
Cy3 secondary antibodies (Jackson ImmunoResearch) in PBS
supplemented with 4% normal goat serum and 0.1% Triton
X-100. After washing, 0.1 �g/ml DAPI was added for nuclear
labeling, followed by additional washes. Controls were carried
out by pre-absorption of the antibody with 10 �g of purified
His-SR protein. Laser scanning confocal microscopy was car-
ried out using an LSM 510 Meta laser scanning confocal system
(Zeiss). Optical sections of 2–3 �m were performed at 1024 �
1024-pixel resolution using 1� zoom or 3� zoom. Acquisition
was performed using 510 LSM software.

Time-lapse Microscopy—Neuronal cultures were prepared as
described above except that they were seeded on an FD35-100
fluoro dish. On DIV5, the cells were transduced with lentivirus
harboring GFP-SR as described below under “Lentivirus Pro-
duction and Infection.” Neurons were imaged in a time-lapse
system composed of a Zeiss Axio Observer inverted motorized
fluorescent microscope, with an X-cite metal-halide light
source and a high resolution black and white fluorescent cam-
era (Zeiss Hrm). Cells were placed in the environmental cham-
ber (at 37 °C humidity and 5% CO2) and imaged via an Axio
Observer Z1, camera image 14-bit depth acquisition, and 16-bit
grayscale pixel type, using a 20� objective (Cell Observer, Zeiss
Inverted for Live Imaging). Acquisition was analyzed using
Zeiss Axio Vision 4.8 software. Images were recorded from 10
different fields every 10 min. One micromolar staurosporine
(STS) was added after 30 min (frame 3), and SR localization was
monitored via imaging at a constant 10-min interval. After 141
frames (�24 h), 10 �g/ml Hoechst 33342 (Thermo Scientific)
was added to confirm nuclear localization.

Purified Nuclei Preparation—Experiments were carried out
on DIV12, and test compounds drugs were added to the culture
medium unless otherwise specified. Cells were scraped in ice-
cold buffer containing 20 mM Tris-HCl (pH 7.4) and 100 mM
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NaCl supplemented with protease inhibitor mixture (Mini-
complete, Roche Applied Science) and then lysed by three
freeze and thaw cycles consisting of immersion in liquid nitro-
gen followed by a 37 °C bath. An aliquot of the homogenate was
put aside, and the remaining lysate was centrifuged at 1500 � g
for 10 min (4 °C) to give a supernatant (S1) and a crude nuclear
pellet (P1). S1 was put aside and P1 was further purified as
described previously (41, 42)with the following modifications.
Washed P1 fraction was suspended in nuclear lysis sucrose
buffer consisting of 0.25% Triton X-100, 1 mM potassium phos-
phate (KPi) (pH 6.5), 1 mM MgCl2, and 1.32 M sucrose supple-
mented with protease inhibitors, followed by homogenization
with 6 –7 strokes in a 2-ml glass homogenizer. To obtain puri-
fied nuclei (PN), the suspension was layered over a 1.7 M sucrose
cushion and centrifuged at 53,000 � g for 75 min at 4 °C. The
PN were washed by resuspension in nuclear lysis sucrose buffer
and centrifugation. To obtain cytosolic and membrane frac-
tions, S1 was centrifuged at 200,000 � g for 30 min at 4 °C.

Purified nuclei from SR-WT and SR-KO mouse brains were
isolated as described previously (42). Briefly, freshly dissected
cortical tissue was homogenized in 0.32 M sucrose, 1 mM MgCl2,
1 mM KPi (pH 6.5), and 0.25% Triton X-100. The crude nuclear
fraction was pelleted by centrifugation at 1250 � g for 10 min at
4 °C and washed twice in the same buffer. Subsequently, the
crude nuclear fraction was suspended in 2 M sucrose buffer and
layered over a 2.4 M sucrose cushion followed by centrifugation
at 53,000 � g for 75 min at 4 °C. The purified nuclei were
washed twice by resuspension in homogenization buffer and
centrifuged.

Subnuclear Fractionation—Nuclear subfractionation was
carried out as described previously (43) with the following
modifications. Cells were lysed by five passages through a
27-gauge needle in hypotonic buffer consisting of 10 mM Tris-
HCl (pH 7.4), 10 mM KCl, and 1 mM MgCl2 supplemented with
protease inhibitor mixture. The lysate was centrifuged at 800 �
g for 10 min to obtain crude nuclei (P1) and post-nuclear super-
natant (S1). Subsequently, PN were isolated from P1 as
described above. The PN fraction was lysed with buffer con-
taining 50 mM Tris-HCl (pH 7.4), 1% Nonidet P-40, 1% glycerol,
300 mM NaCl, and protease inhibitor mixture for 30 min on ice
with occasional mixing. The nuclear lysate was centrifuged at
800 � g for 10 min at 4 °C to obtain a chromatin-enriched pellet
(P3). To release the chromatin-bound proteins, the P3 fraction
was treated for 30 min at 37 °C with 1 unit of micrococcal
nuclease in buffer containing 50 mM Tris-HCl (pH 7.4), 50 mM

NaCl, and 5 mM CaCl2. The reaction was terminated by the
addition of 1 mM EGTA. Soluble (S3) and insoluble (P4) com-
ponents, representing chromatin and insoluble fraction con-
sisting of nuclear lamina and matrix-associated proteins,
respectively, were then separated by centrifugation at 800 � g
for 10 min at 4 °C.

Lentiviral and DNA Constructs—For neuronal preferential
expression, we replaced the EF1� promoter of the lentiviral
pWPXLd vector (obtained from Dr. Didier Trono, École Poly-
technique Fédérale de Lausanne (EPF)) with the human synap-
sin promoter generating the pWPXLd-hSyn vector. Briefly, we
inserted an SbfI restriction site at the 3� end of the EF1� pro-
moter of the pWPXLd vector (at position 3282) by using com-

plementary primers and a QuikChange II XL site-directed
mutagenesis kit (Stratagene). Subsequently, the EF1� promoter
was removed by cleavage at the SalI/SbfI sites and replaced by
human synapsin promoter amplified from AAV-6P-SEWB vec-
tor (obtained from Dr. Sebastian Kugler, University of Goettin-
gen). To express SR, we amplified GFP-SR by PCR from mouse
SR-cloned into pEGFP-C1 vector (obtained from Dr. Michael
Schell, Uniformed Services University). GFP-SR was subcloned
into the pWPXLd-hSyn vector at BamHI and SpeI sites, replac-
ing the GFP of the vector. SR mutants lacking NES consensus
sequences were produced by PCR using a QuikChange II XL
site-directed mutagenesis kit. All DNA constructs were verified
by double-strand sequencing.

Lentivirus Production and Infection—GFP-SR and GFP-SR-
6mut harboring mutations in putative nuclear export signals
(L280Q, I282Q, V288Q, L290Q, L294Q, and V301Q) were sub-
cloned into a pWPXLd-hSyn lentiviral vector. The virus was
produced by PEI-mediated transfection of the lentiviral vector
(13 �g), packaging system plasmid pCMV-dR8.74 (8.7 �g), and
VSV-G envelope plasmid pMDG (4.6 �g) in HEK293T cells
grown in 10-cm culture dishes. Virus was purified as described
previously (44) with some modifications. Briefly, virus-contain-
ing medium was collected 48 and 72 h post-transfection,
pooled, centrifuged at 1500 � g for 5 min to remove cell debris,
and filtered through a 0.22-�m filter. Then viral stocks were
concentrated by centrifugation at 50,000 � g for 2 h at 4 °C. The
pellet was resuspended in 80 –100 �l of NB/B27 medium. Virus
stocks were stored at �70 °C until use. Virus multiplicity of
infection was determined by infecting HEK293 cells and mon-
itoring immunofluorescence for GFP.

Primary neuronal cultures were infected at DIV4 at a 20 – 40
multiplicity of infection. Expression of GFP-SR was monitored
by immunocytochemistry and Western blot analysis with
anti-SR antibody. We used cultures that exhibited about 40%
infection efficiency on DIV12 to DIV14. Primary astroglial cul-
tures were infected at DIV14 with 10 multiplicities of infection.

NMDAR-elicited Neurotoxicity—Neuronal primary cultures
(DIV11–15) were cultured in 96-well plates using house-made
neurobasal medium (31) prepared without the addition of gly-
cine and L-serine. The medium was supplemented with 2% B27
and with 0.1 mM L-serine that was previously rendered free of
contaminant D-serine by incubation with D-serine dehydratase
(45). For the experiments, cells were transitioned to HCSS
medium lacking magnesium and containing 20 mM HEPES-
NaOH (pH 7.4), 1.8 mM CaCl2, 15 mM glucose, 5.4 mM KCl, and
120 mM NaCl, with or without 30 �M NMDA for 20 min. Then
the medium was returned, and lactate dehydrogenase (LDH)
release was monitored in sextuplicate using a TOX7 assay kit
(Sigma) and an Infinite F200 plate reader (Tecan). The value of
each well was normalized by the total LDH calculated after
determining the activity remaining in the cell lysates.

Co-immunoprecipitation Experiments—A crude nuclear
fraction of neuronal culture cells was obtained, and nuclei were
disrupted by sonication in 10 mM Tris-HCl (pH 7.4), 10 mM

KCl, 1.5 mM MgCl2, 2 mM DTT, and a Mini-complete protease
inhibitor mixture. Next, the suspension was diluted in 40 mM

Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% Triton X-100, and 2 mM

DTT (final concentrations). Two micrograms of purified rabbit

Regulation of Serine Racemase by Nucleocytoplasmic Shuttling

DECEMBER 25, 2015 • VOLUME 290 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 31039



anti-SR antibody were added by overnight rotation at 4 °C, and
SR was immunoprecipitated with protein A magnetic beads.
The beads were washed six times with the immunoprecipita-
tion buffer, and SR was probed with guinea pig anti-SR, as
described previously (40). Co-immunoprecipitation with lamin
was revealed with mouse anti-lamin A/C. GAPDH co-immu-
noprecipitation was revealed with rabbit anti-GAPDH (Sigma)
followed by Easy Blot anti-rabbit IgG (GeneTex). For GAPDH
immunoprecipitation, the nuclear fraction was processed as
above, except that 10 �g of purified anti-GAPDH (Sigma) or a
rabbit IgG control was covalently coupled to protein A mag-
netic beads, as described previously (46).

Determination of D-Serine and SR Activity—To induce SR
nuclear translocation and/or accumulation, neuronal cultures
were treated with 1 �M STS or 20 nM LMB for 8 h in Neuro-
basal/B27 medium. Then the medium was replaced with a new
one containing 5 mM L-serine lacking contaminant D-serine.
After 12 h, the medium was collected, and extracellular D-serine
and glutamate were monitored by HPLC analysis, as described
previously (47).

Isolated cytosolic and nuclear fractions were assayed in vitro
for D-serine synthesis in reaction medium containing 40 mM

Tris-HCl (pH 8.0), 10 mM L-serine, 10 �M pyridoxal 5�-phos-
phate, 2 mM MgCl2, 0.5 mM ATP�S, 0.5% Triton X-100, 1 mM

DTT, and 2 mM D-alanine (to prevent the degradation of D-ser-
ine by contaminant D-amino acid oxidase). The reaction was
carried out under continuous agitation at 37 °C and stopped
after 2– 4 h by boiling for 5 min. 5% TCA was added to precip-
itate proteins, and D-serine synthesis was analyzed by HPLC as
described previously (47). To determine the effect of soluble
nucleoplasmic proteins on SR activity, HEK293 cells were
transfected with mouse SR in pRK5-KS plasmid, and after 48 h,
the cells were lysed by three cycles of freezing and thawing in
lysis buffer containing 10 mM Tris-HCl (pH 7.4), 10 mM KCl, 1.5
mM MgCl2, 2 mM DTT, and a protease inhibitor mixture (mini
complete EDTA-free, Roche Applied Science). Cytosolic frac-
tion was isolated by 30 min of centrifugation at 200,000 � g.
Nucleoplasm-enriched proteins were obtained by sonicating
purified nuclei preparations of primary neuronal cultures in
lysis buffer. Then Triton X-100 was added to 0.5% final concen-
tration, followed by removal of insoluble nuclear envelope pro-
teins by 20 min of centrifugation at 100,000 � g. The cytosolic
fraction diluted at 0.01 mg of protein/ml was incubated for 2– 6
h with nucleoplasmic protein extracts at 0.2– 0.4 mg/ml. D-Ser-
ine production was monitored as described above.

Serine Uptake and Release—D-Serine and L-serine uptake
were carried out as described previously (45, 48). Primary neu-
ronal cultures were cultured in neurobasal, 2% B27 medium
onto poly-D-lysine-coated 96-well plates (0.5 mg/ml). After
12–14 days in culture, the cells were incubated for 7 h with
culture medium containing either vehicle (1% DMSO) or 1 �M

STS. Then the culture medium was removed, and the cells were
washed four times with HEPES-buffered saline solution
(HBSS), containing 137 mM NaCl, 5.4 mM KCl, 0.34 mM

K2HPO4, 0.44 mM KH2PO4, 0.41 mM MgSO4, 0.49 mM MgCl2,
1.07 mM CaCl2, 5.6 mM D-glucose, and 10 mM HEPES-NaOH
(pH 7.4) at 23–25 °C. The uptake was started by addition of 80
�l of HBSS containing either 5 �M D-[3H]serine or L-[3H]serine

(2 � 106 dpm/nmol). The cells were incubated both at 4 and 8
min at 23–25 °C, and the uptake was terminated by quickly
washing the cells four times with ice-cold HBSS. The radioac-
tivity was monitored after lysing the cells with 120 �l of water
per well for 10 min. Blanks were carried out by incubating
the cells with ice-cold uptake medium, and they typically
accounted for less than 10% of the total radioactivity. The val-
ues were within the linear range of [3H]serine transport and
were corrected for protein content in each well.

D-[3H]Serine release was carried out as described previously
(45, 48). Primary neuronal cultures were incubated for 7 h in the
presence or absence of STS as described above. Then the cul-
ture medium was removed by four washes with HBSS as
described above, and the cells were preloaded for 30 min with 5
�M D-[3H]serine (4 � 106 DPM/nmol) in HBSS at 23–25 °C.
Subsequently, the cultures were washed four times with ice-
cold HBSS, and the release of D-[3H]serine was started by the
addition of 200 �l of HBSS at 23–25 °C, containing either none
or 1 mM L-serine. After 2 min, the release medium was trans-
ferred to another plate, and the radioactivity was counted on a
scintillation counter. The linearity of D-[3H]serine release was
assessed by comparing aliquots drawn at 1 and 2 min. Released
D-[3H]serine (D-serineout) was monitored in the release
medium, and the remaining intracellular D-[3H]serine (D-
serinein) was determined after lysing the cells with 120 �l of
water per well. In each experiment, the fractional D-serine
release was calculated from at least sextuplicates by using the
formula: (D-serineout/(D-serineout � D-serinein).

Statistical Analysis—Statistics were performed by means of
repeated-measures analysis of variance and the Tukey multiple
comparison test or by the two-tailed, paired Student’s t test
using GraphPad Prism software version 6.03 (GraphPad Inc.).

Results

SR Targeting Is Altered by Pathological Stimuli—We evalu-
ated the effects of cell death-inducing agents that include endo-
plasmic reticulum (ER) stressors and apoptotic drugs on SR
localization and D-serine synthesis. We found that a major part
of SR accumulates in the nuclear fraction of primary cultured
neurons (Fig. 1A, upper panel) in response to the ER stressor
BME (49). The elevation in levels of nuclear SR is an early event
that initiates after 1 h and progresses simultaneously with a
reduction in cytosolic levels. After a 12-h treatment, the cyto-
solic levels of SR were barely visible (Fig. 1A, middle panel), and
this was associated with a 3– 4-fold increase in nuclear SR (Fig.
1A, graphs). No changes in total SR levels were observed in the
cell homogenate (Fig. 1A, lower panel). Furthermore, loading
controls such as neuronal nucleus protein (NeuN), �-actin, and
�-tubulin were apparently unchanged in the different fractions
(Fig. 1A).

ER stress such as that promoted by BME also leads to cell
death via an apoptotic mechanism (50). To evaluate the cell
death process, we monitored the cleavage of caspase 3, a pro-
cess required for the activation and execution of apoptosis-
associated proteolysis, DNA fragmentation, and changes in cell
morphology (51–54). We also quantified the cleavage of poly-
(ADP-ribose) polymerase (PARP-1), which is a target of
caspases during apoptosis (52, 54) and is involved in cell death
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mechanisms (55). Accordingly, we detected a time-dependent
increase in caspase 3 cleavage in total cell homogenate along
with SR accumulation in the nucleus (Fig. 1A, lower panel and

graph), indicating that BME treatment also induced cell death.
Likewise, PARP-1 cleavage was equally evident following BME
treatment (Fig. 1A, lower panel and graph). To verify concom-

FIGURE 1. Translocation of SR to the nucleus upon cell death insults. A, primary cortical neuronal cultures (DIV10) treated with 4 mM BME display increased
levels of SR in the purified nuclear fraction, associated with a pronounced reduction in cytosolic SR (Cyt) monitored by Western blot analysis. BME did not
change SR levels in total homogenate (Hom). SR translocation was associated with induction of GADD153 expression, and a concomitant increase in Siah at the
PN. Cell death induction was determined by cleavage of caspase 3 (cCasp3) and PARP1 (cPARP1) monitored in the homogenate fraction. Loading controls NeuN
(PN), �-actin (Cyt), and �-tubulin (Hom) were unchanged. Graphs depict the densitometric quantification of SR normalized for loading controls in the cytosol
and purified nucleus or the levels of cCasp3 and cleaved poly(ADP-ribose) polymerase 1 in homogenates, monitored after 12 h in the absence or presence of
BME. The data represent the average � S.E. of five independent experiments with different culture preparations. B, primary neuronal cultures express SR (red)
in the cytosol and neuronal processes as shown by confocal laser microscopy (upper panels). A 10-h treatment with BME elicited translocation of SR to the
nucleus where it co-localized with DAPI (blue), which labels cell nuclei (lower panels). Scale bar, 20 �m. The panels represent three experiments with different
culture preparations. C, treatment of neurons with staurosporine (STS) or etoposide (ETO) for 8 h elicited similar effects as BME, without inducing the ER stress
marker GADD153. Conversely, a 10-h treatment with thapsigargin (thaps) induced GADD153 expression but without eliciting SR translocation or cleavage of
caspase 3 or PARP1. Graphs depict the densitometric quantification of SR normalized for loading controls in purified nucleus with and without the different
treatments. The data represent the average � S.E. of 11 (1 �M STS), 5 (1.2 �M thapsigargin), and 4 (100 �M etoposide) independent experiments with different
culture preparations. D, neurons treated with H2O2 for 2 h, after which the medium was replaced, and cellular fractions were analyzed after 8 h. Graph depicts
the densitometric quantification of SR normalized for loading controls in purified nucleus with and without H2O2. The data represent the average � S.E. of three
independent experiments with different culture preparations. E, NMDAR activation induced SR accumulation in the nucleus; neurons were treated with 100 �M

NMDA for 30 min, and the medium was replaced and cellular fractions analyzed after 8 h. Graphs depict the densitometric quantification of SR normalized for
loading controls in cytosol and purified nucleus, in the absence or presence of NMDA. The data represent the average � S.E. of five independent experiments
with different culture preparations. CTL, control. ***, **, *, different from control at p � 0.001, 0.01, and 0.05, respectively. n.s., not significantly significant.
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itant ER stress, we monitored the levels of growth arrest- and
DNA damage-inducible gene 153 (GADD153), also known as
C/EBP homologous protein (CHOP), a transcription factor that
is normally expressed at very low levels but is robustly induced
under ER stress (56, 57). GADD153/CHOP is required for ER
stress-mediated apoptosis, regulating the levels of several genes
related to cell survival, and it is therefore a useful marker of ER
stress (57–59). As expected, GADD153/CHOP levels increased
upon BME treatment; this was observed after 6 h (Fig. 1A, upper
panel).

Translocation of Siah together with GAPDH to the nucleus
plays a prominent role in neuronal apoptosis (60). We detected
a time-dependent increase in nuclear Siah levels upon BME
treatment (Fig. 1A, upper panel), thus serving as a cell death
indicator along with cleaved caspase 3 and PARP-1.

We confirmed nuclear SR accumulation by immunochemis-
try experiments. BME treatment indeed elicited robust trans-
location of SR to the nucleus of primary cortical neurons, as
revealed by substantial co-localization with DAPI (Fig. 1B,
lower panels). In untreated neurons, SR was distributed mainly
in the cytosol and dendritic processes (Fig. 1B, upper panels).
Thus, nuclear accumulation of SR is not an artifact of subcellu-
lar fractionation experiments in vitro and constitutes the major
intracellular targeting of SR upon toxic stimuli.

Cell Death Stimuli Promote SR Accumulation in the
Nucleus—We next set out to determine the type of stimuli
capable of driving SR into the nucleus. Similar to that observed
with BME, incubation of primary neuronal cultures with STS, a
classical apoptotic drug (61, 62), triggered pronounced nuclear
accumulation of SR (Fig. 1C, upper panel, lanes 2 and 3, and
graph) without affecting the total levels of SR in the cells (Fig.
1C, lower panel). Similar nuclear translocation was observed for
GAPDH, known to translocate to the nucleus along with Siah
during apoptosis (60), and this was associated with prominent
cleavage of caspase 3 and PARP-1, whereas loading controls
were apparently unaltered (Fig. 1C). In contrast to BME, how-
ever, addition of STS does not induce ER stress, as revealed by
lack of GADD153 induction (Fig. 1C, upper panels). Treatment
with etoposide, a topoisomerase II inhibitor and apoptotic drug
(63, 64), induced SR and GAPDH nuclear accumulation associ-
ated with caspase 3 and PARP-1 cleavage, without inducing ER
stress (Fig. 1C, lanes 6 and 7, and graph). In contrast, the ER
stress inducer thapsigargin (56, 65) did not cause caspase 3 or
PARP-1 cleavage while increasing the levels of the ER stress
marker GADD153 (Fig. 1C, lanes 4 and 5). However, thapsi-
gargin treatment did not increase nuclear SR (Fig. 1C, graph).
Thus, it is likely that the nuclear SR accumulation caused by the
ER stressor BME (Fig. 1A) is due to cell death induction, rather
than to the ER stress itself.

Oxidative stress induced by H2O2 also leads to cell death and
nuclear accumulation of SR (Fig. 1D and graph). In addition, we
found that NMDAR activation induces nuclear accumulation
of SR, followed by a reduction in cytosolic stores (Fig. 1E). Alto-
gether, these data indicate that SR accumulates in the nucleus
under a wide variety of cell death stimuli.

SR Undergoes Nucleocytoplasmic Shuttling—Does SR un-
dergo nucleocytoplasmic shuttling under basal conditions? In
silico analyses failed to indicate possible nuclear localization

signals within SR (66, 67). To evaluate nucleocytoplasmic shut-
tling of SR, we treated primary neuronal cultures with LMB, an
established inhibitor of the chromosome region maintenance 1
(CRM1)-dependent nuclear export system (68, 69), which is the
major pathway for the export of proteins out of the nucleus (68).
We found that 20 nM LMB augmented the steady-state levels of
nuclear SR severalfold, without changing the loading control
(Fig. 2A). Immunocytochemical experiments in primary neuro-
nal cultures treated with LMB confirmed the increase in
nuclear SR observed in the biochemical experiments (Fig. 2B).
These data support the notion that SR undergoes functional
export from the nucleus under physiological circumstances.
Furthermore, using SR-KO mice as negative controls, we puri-
fied brain cell nuclei and found the presence of nuclear SR in the
purified nuclear fraction (Fig. 2C).

Classic nuclear export requires NES sequences that are
enriched in hydrophobic residues that interact directly with the
CRM1/exportin1 system, the main pathway for the export of
proteins out of the nucleus (68). We found that SR harbors at
least nine putative NESs in its C terminus, belonging to five
classes of NES consensus sequences (70). To disrupt the poten-
tial NESs, we mutated two to six conserved hydrophobic resi-
dues to glutamine (Fig. 2D, underlined residues). Transfection
of mouse neuroblastoma Neuro-2A cells with SR variants led to
an increase in the steady-state levels of nuclear SR and a con-
comitant depletion of cytosolic stores, without the addition of
any cell death stimuli (Fig. 2E, compare lane 1 with lanes 2– 4).
SR nuclear accumulation increases in proportion to the num-
ber of hydrophobic putative residues that were mutated to glu-
tamine, with no changes in total cell expression (Fig. 2E). The
data indicate that the mutations disrupted functional NESs,
which are critical for SR nucleocytoplasmic shuttling.

We sought to monitor SR translocation in live cells using
primary neuronal cultures infected with recombinant lentivirus
harboring GFP-SR. Neurons expressing GFP-SR behaved in the
same fashion as endogenous SR (Fig. 3A, upper panels). Upon
STS addition, nuclear accumulation of GFP-SR was apparent,
accompanied by major cytosolic depletion. Endogenous SR
(Fig. 3A, SRend.) also accumulated in the nucleus following
stimuli. Time-lapse microscopy indicated robust accumulation
of GFP-SR in the nucleus �1 h after the addition of STS,
whereas nearly all the enzyme accumulated in the nucleus after
12 h (Fig. 3B and supplemental Movie). To confirm the data
obtained with Neuro-2A, we infected neurons with lentiviruses
harboring GFP-SR and GFP-SR-NES 6mut. We found that
GFP-SR is mostly cytosolic (Fig. 3C, upper panels), whereas the
GFP-SR 6mut builds up in the neuronal nuclei (Fig. 3C).

Because cultured astroglia also express SR (18), we investi-
gated whether astrocytes also exhibit nuclear SR accumulation.
Lentiviral infection of the nuclear export-deficient SR mutant
(SR-6mut) demonstrated nuclear accumulation of SR in the
astrocytes as well, indicating nucleocytoplasmic shuttling of SR
(Fig. 3C). Upon apoptotic stimuli, we detected robust accumu-
lation of endogenous SR in the purified nuclear fraction of the
primary astrocyte cultures, without apparent changes in load-
ing control (Fig. 3D). Therefore, both neuronal SR and glial SR
undergo nucleocytoplasmic shuttling that is dysregulated upon
apoptotic stimulus.
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Nuclear SR Targets—To further characterize the SR nuclear
translocation, primary neuronal cultures were first treated with
stimuli shown to elicit nuclear accumulation of SR, and the
purified nuclear fraction was isolated. The nuclear pellet was
subsequently extracted with increasing salt and detergent con-
centrations (Fig. 4A). We found that SR is not extracted from
the purified nuclear fraction even under high stringency condi-
tions, indicating a strong association with nuclear components.
Like SR, GAPDH is not extracted from the nuclear fraction
under these conditions (Fig. 4A). As expected, lamin A/C
remained in the nuclear fraction as well (Fig. 4A, bottom panel).

To ascertain the subnuclear compartmentalization of SR,
purified nuclei were separated into a chromatin-associated and
insoluble nuclear protein fraction (Fig. 4B). Chromatin-associ-
ated proteins were investigated following treatment with
micrococcal nuclease to release the chromatin-bound proteins.
We found that virtually all SR and GAPDH are present in the

insoluble fraction, which is devoid of histone 3 but contains
lamin A and C (Fig. 4B). Accordingly, we also observed overlap
between nuclear SR and lamin A and C in STS neurons treated
by immunocytochemistry and confocal laser microscopy
(Fig. 4C).

To evaluate whether SR binds to a complex containing lamin
A and C, we carried out co-immunoprecipitation studies from a
nuclear fraction disrupted by sonication and detergent treat-
ment. We found that SR co-immunoprecipitates with lamin A
and C (Fig. 4D), indicating an association of SR with nuclear
components.

Cytosolic GAPDH has been recently shown to bind to SR and
modulate its activity (71). Because we found that GAPDH
translocates to the nucleus in the same time frame as SR (Fig. 1),
we also investigated whether GAPDH associates with SR in the
nuclear fraction. Immunoprecipitation of endogenous SR from
the nuclear fraction of primary neuronal cultures brought

FIGURE 2. SR nuclear export inhibition and identification of nuclear export signals at SR. A, primary neuronal cultures at DIV10 –12 were treated with LMB
(20 nM) for 1 or 4 h or with STS for 8 h. Nuclear SR and loading control were monitored by Western blot analysis in purified nuclear fraction (PN). B, primary
neuronal cultures were treated with LMB (20 nM) for 4 h and analyzed by immunocytochemistry and confocal laser microscopy. Untreated cells (control (CTL),
upper panels) and LMB-treated cells (lower panels) are shown. Scale bar 	 50 �m. C, purified nuclei from cortical brain tissue of wild type (WT) mice contain SR.
Nuclei purified from SR-KO mice did not exhibit immunoreactivity to SR. NeuN served as loading control. D, five classes of putative nuclear export signals (NESs)
were identified in the C terminus of SR. The hydrophobic amino acids that are critical for the NESs are highlighted in red. The underlined amino acids were
mutated to Gln (glutamine) and corresponded to Leu-280 and Ile-282 (2mut), Leu-280, Ile-282, Val-288, and Leu-290 (4mut) or Leu-280, Ile-282, Val-288,
Leu-290, Leu-294, and Val-301 (6mut), which disrupted 3, 5, and 9 of the putative NESs, respectively. E, mutations in putative NESs promoted nuclear
accumulation of the protein. SR mutants harboring the mutations described in D were transfected into Neuro-2a cells, and levels of SR in the nuclear fraction
and cytosol were monitored by Western blot analysis 48 h after transfection. Mutations in SR NESs promoted nuclear SR accumulation (upper panel), associated
with a reduction in cytosolic SR (middle panel). No significant changes in total SR levels in the homogenate were observed (lower panel). PN, purified nucleus;
Cyt, cytosol; H2B, histone 2B; Hom, total cell homogenate. The panels represent at least three experiments with different preparations.
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down GAPDH as well (Fig. 4D). Conversely, immunoprecipita-
tion of GAPDH from the nuclear fraction also brought down
SR, as well as lamin A/C (Fig. 4E). The data are compatible with
the notion that SR may exist as a complex with GAPDH along
with additional nuclear components.

Effect of Nuclear SR in Cell Death Mechanisms—To investi-
gate whether nuclear SR plays a direct role in cell death pro-
cesses, we cultured primary cortical neurons from SR-KO mice
and infected them with recombinant lentiviruses containing
GFP, GFP-SR, or GFP-SR-6mut. In these experiments, we sup-
plemented the culture media with an excess of glycine (50 �M)
to saturate the NMDAR co-agonist site. This allowed us to
investigate whether SR translocation per se is toxic, eliminating
the effect of its known role in producing D-serine, which is
required for NMDAR-mediated neurotoxicity (72). We found
no evidence that expression of GFP-SR or nuclear export-defi-
cient SR mutant in SR-KO mice cultures changes the basal cell
death as determined by cleavage of caspase 3, PARP-1, and
lamin A (Fig. 5, A and B). Furthermore, there was no change in
STS-mediated neuronal cell death, as judged by the lack of
effect on cell death markers.

We also monitored the release of LDH, a known marker of
loss of membrane integrity as a result of neuronal cell death
(73). When NMDARs were completely blocked by the selective
NMDAR antagonist MK-801, lentivirus-mediated expression
of GFP-SR 6mut, which exhibits robust nuclear accumulation,
did not increase the extent of LDH release promoted by STS
treatment in primary neuronal cultures (Fig. 5C). Therefore, SR
translocation (cytosolic or nuclear) does not per se have a direct
effect on the induced cell death processes under conditions
where the NMDARs are either completely saturated (Fig. 5, A
and B) or blocked by MK-801 (Fig. 5C).

However, when NMDARs were exposed to endogenous lev-
els of co-agonists, SR activity was clearly associated with neu-
rotoxicity following NMDAR activation (Fig. 5D). We found
that SR-KO displayed a much lower rate of cell death when
compared with WT (Fig. 5D). The effects were blocked by the
selective NMDAR antagonist MK-801 (Fig. 5D). NMDAR neu-
rotoxicity in SR-KO cultures was restored to WT levels by sup-
plementing the culture medium with 10 �M D-serine (Fig. 5E),
whereas WT cultures were little or not affected by additional
D-serine (Fig. 5E). Therefore, although SR does not directly par-
ticipate in cell death mechanisms, its inactivation prevents the
neuronal demise via NMDAR stimulation.

Nucleus-associated SR Is Inactive Toward D-Serine Syn-
thesis—Because SR is required for NMDAR activation (Fig. 5, D
and E), we explored the possibility that SR nuclear translocation
affects SR activity. Conceivably, the strong association of SR to
GAPDH and nuclear lamina components may affect the cata-
lytic activity of the enzyme and alter D-serine dynamics under
cell death execution.

We found that primary neuronal cultures treated with LMB
or STS exhibit much lower extracellular D-serine levels when
compared with untreated cells (Fig. 6A). Along with a drastic
reduction in D-serine, STS treatment also induced a 10-fold
increase in extracellular glutamate, presumably because of cell
death induction, whereas LMB treatment appeared to display
only minimal effects on glutamate levels (Fig. 6B). Because

FIGURE 3. Lentivirus-infected primary neuronal cultures exhibited SR
nuclear accumulation. A, primary neuronal cultures, DIV5, were infected
with lentivirus harboring GFP-SR. On DIV10, neurons were treated with STS (1
�M) for 8 h. Nuclear (PN) and cytosolic (Cyt) fractions were monitored by West-
ern blot analysis and probed with SR and loading controls. Translocation of
GFP-SR to the nucleus took place simultaneously with a reduction in cytosolic
levels. Endogenous SR (SRend.) also exhibited nuclear accumulation. B, live
neurons (DIV10) were imaged every 10 min. After 30 min, STS (1 �M) was
added to the medium, and the cells were further imaged for up to 24 h.
GFP-SR was evenly distributed within the neuron (left panel), and complete
translocation of GFP-SR to the nucleus was imaged 12 h after addition of STS
(right panel). Scale bar, 50 �m. C, primary cortical neuronal cultures (DIV5) or
primary astrocytes (DIV14) were incubated for 6 days with lentiviruses har-
boring GFP-SR WT (upper panels) or GFP-SR 6mut (lower panels). Both neurons
and astrocytes expressing SR containing six NES mutations (SR-6mut) exhib-
ited nuclear accumulation, as revealed by co-localization with DAPI and con-
focal laser microscopy. Scale bar, 35 �m. The panels represent at least three
experiments with different preparations. D, BME treatment (12 h) promoted
nuclear accumulation of SR and GAPDH in primary astrocyte cultures. Data
represent average � S.E. of four experiments with different astrocyte cul-
tures. **, different from control at p � 0.001. Cyt, cytosolic fraction; H2B, his-
tone H2B; Hom., homogenate; PN, purified nucleus.
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extracellular glutamate on its own triggers the release of neu-
ronal D-serine (18), the reduction in extracellular D-serine by
STS and LMB suggests that nuclear translocation may inacti-
vate D-serine production.

Neurons express plasma membrane antiporters that use
both D-serine and L-serine as substrates, including the Asc-1
(Slc7a10) and members of the alanine, serine, cysteine, and
threonine family (74 –76). Asc-1 is the sole high affinity trans-
porter for D-serine in the brain, and its knock-out disrupts both
the transport of D-serine and L-serine in purified synaptic ter-
minals (75, 77, 78). As control, we found that prolonged STS
treatment did not affect the uptake kinetics of either L-[3H]ser-
ine or D-[3H]serine into primary neuronal cultures by plasma
membrane transporters (Fig. 6C).

A major feature of Asc-1 and other putative plasma mem-
brane D-serine transporters is their ability to release D-serine
from cells in exchange for extracellular L-serine, as demon-

strated in primary cultures, slices, and in vivo microdialysis (45,
48, 79 – 81). We found that STS treatment did not affect the
basal or L-serine-induced release of preloaded D-[3H]serine
from primary neuronal cultures (Fig. 6D). The data indicate
that STS treatment did not impair plasma membrane anti-
porter systems of L- and D-serine.

Conceivably, nuclear localization directly inactivates SR. To
directly test the activity of nuclear SR, we purified nuclei and
cytosol from primary neuronal cultures pretreated with STS to
elicit nuclear translocation of SR. We found that SR was com-
pletely inactive in the purified nuclear fraction, although its
activity was preserved in the cytosol of STS-treated cells (Fig.
6E). Addition of soluble nucleoplasmic proteins to cytosolic SR
did not inhibit the enzyme (Fig. 6F), indicating that the inhibi-
tion is only achieved when SR associates with the nuclear enve-
lope components during the apoptotic signal in intact cells. The
data indicate that nuclear accumulation abolishes the catalytic

FIGURE 4. Distribution of nuclear SR and complex with nuclear GAPDH and lamin A/C. A, SR is strongly bound to the nucleus. Primary neural cultures at
DIV12 were treated with 1 �M STS. Cells were lysed after 8 h, and the nuclear fraction was purified as described under “Experimental Procedures.” Proteins
bound to purified nuclei (PN) were extracted in buffers containing 20 mM Tris-HCl (pH 7.4) and increasing concentrations of NaCl (up to 0.5 M) and Triton X-100
(up to 1%) for 10 min and centrifuged to recover the extracted nuclear pellets (P1 to P4) and supernatants (S1 to S4). Samples were probed for SR, GAPDH, and
lamin A/C. B, SR is bound to the nuclear insoluble protein fraction consisting of nuclear lamina and matrix-associated proteins. PN were lysed and fractionated
into chromatin-associated proteins and insoluble protein fraction as described under “Experimental Procedures.” Both SR and GAPDH were found in the
insoluble fraction with virtually no signal in the chromatin fraction as revealed by Western blot analysis. Histone3 and lamin A/C served as loading controls. C,
SR overlaps with lamin A/C in primary neuronal cultures. On DIV10, the cultures were treated with STS as revealed by confocal laser microscopy. Scale bar 	 30
�m. D, immunoprecipitation (IP) of SR from the disrupted nuclear fraction suspension of primary neuronal cultures also brought down lamin A/C and GAPDH.
Lamin A/C and GAPDH were not detectable when IgG was used as an immunoprecipitation control. E, immunoprecipitation of GAPDH from the disrupted
nuclear fraction suspension of primary neuronal cultures also brought down lamin A/C and SR. Lamin A/C and SR were not detectable when IgG was used as
an immunoprecipitation control. The results represent at least three experiments with different preparations.
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activity of SR and that this inhibition is not a side product of the
cell death insult but of SR cellular localization.

Discussion

We described a novel mechanism of SR regulation in neurons,
linking a variety of insults leading to neuronal death with D-serine
production. Our study revealed the existence of a nucleocytoplas-
mic shuttling of SR, and it demonstrated how nuclear SR levels
build up via pathologically relevant stimuli, providing a new
marker of cell death. SR present in both neurons and astrocytes
undergoes nuclear accumulation during apoptosis, indicating that
this process may globally affect the production of D-serine.

We found that apoptotic stimuli that are not primarily initi-
ated by NMDAR activation increase glutamate release from
neurons but drastically reduce extracellular levels of D-serine.

Thus, inactivation of SR during neurotoxic insult may serve as a
fail-safe mechanism to prevent secondary NMDAR overactiva-
tion at vicinal neurons or synapses.

D-Serine is critical for NMDA receptor-mediated neurotox-
icity both in vitro and in vivo (18, 27, 72, 82). To date, there are
few signals connecting NMDAR activation to SR activity or
D-serine dynamics. NMDAR activation promotes SR S-nitrosy-
lation and inhibition, a process that is completely reversed by
treatment with reducing agents such as DTT (83). Under our
experimental conditions, DTT was included in our assays and
did not prevent SR inactivation at the nuclear fraction. Thus,
the inhibition of SR observed in this study could not be attrib-
uted to S-nitrosylation.

We observed SR translocation by classical apoptotic para-
digms, such as staurosporine and etoposide, suggesting that

FIGURE 5. Effect of SR translocation in cell death mechanisms. A, primary neuronal cultures obtained from SR-KO mice were infected at DIV5 with lentivirus
harboring GFP, GFP-SR, or GFP-SR 6mut. On DIV10, neurons were treated with STS (1 �M) for 8 h in the presence of saturating levels of the NMDAR co-agonist
glycine (50 �M). Total cell homogenates were probed for cleaved caspase 3, PARP-1, and lamin A cleavage by Western blot analysis. Lower panel depicts GFP-SR
expression in total cell homogenate by anti-SR antibody. B, ratio of cleaved caspase3, PARP-1, and lamin A between STS-treated and -untreated cells normal-
ized by �-tubulin levels. C, primary neuronal cultures obtained from SR-KO mice were infected at DIV5 with lentivirus harboring GFP or GFP-SR 6mut. On DIV10,
neurons were treated with STS (1 �M) for 8 h in the presence of 30 �M MK-801 to evaluate cell death that was not mediated via NMDARs. The results are
expressed as the ratio of LDH release by STS and untreated cultures. D, SR-KO cultures are less susceptible to NMDAR-mediated cell death. LDH release was
monitored from cultures treated with no NMDA, 30 �M NMDA, or NMDA plus 20 �M MK-801. E, cell death was restored to WT levels when SR-KO primary
neuronal cultures were supplemented with 10 �M D-serine. The results are mean � S.E. of four (A–C and E) or nine (D) experiments with different culture
preparations. *, ***, different from control at p � 0.05 and 0.001, respectively.
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apoptosis initiation likely promotes SR translocation. Cleavage
of caspase 3, PARP1, and lamin A, along with the nuclear trans-
location of GAPDH and Siah processes, typically occurring
during apoptosis (60), were also detected. However, our data do
not conflict with the occurrence of apoptosis with other modes
of cell death, because other insults that induced SR transloca-
tion (e.g. oxidative stress by H2O2) also promote necrotic cell
death.

Inhibition of active nuclear export or mutations in SR NESs
promotes the accumulation of nuclear SR, demonstrating that
SR normally shuttles between the nucleus and the cytosol. It is
well known that oxidative stress takes place during neuronal
cell death and inhibits protein nuclear export by multiple
mechanisms targeting CRM1 and nucleoporins, which are key
in nuclear export (84). Thus, it is likely that cell death stimuli
cause a more general dysregulation of the nuclear export sys-
tem, which in turn will compartmentalize SR in the nucleus,
where it strongly binds to lamin A- and C-containing protein
complex, the major components of the nuclear lamina.

Moreover, SR may also accumulate in the nucleus as a con-
sequence of increased nuclear import. It is noteworthy that we
found that SR accumulates in the nucleus along with GAPDH
and Siah. Cytosolic GAPDH was recently shown to interact
with cytosolic SR and inhibit its activity by about 20 –30% (71).
Because GAPDH is transported into the nucleus during apo-
ptosis (60), it is possible that SR shuttles to the nucleus bound to
GAPDH. In agreement with this proposed mechanism, we
found that nuclear SR co-immunoprecipitates with nuclear
GAPDH along with lamin A/C.

Nuclear SR was shown to be completely inactive, as we could
not recover any SR activity from purified nuclei of neurons.
Nuclear SR is also resistant to detergent and salt extraction,
indicating that the strong association with the nuclear envelope
components, including GAPDH, may underlie SR inactivation.

D-Serine released to the media of neurons treated with apo-
ptotic drugs or nuclear export inhibitor was markedly reduced
because of inactivation of the nucleus-associated SR. Interest-
ingly, we found that extracellular D-serine was paradoxically
reduced, although extracellular glutamate levels increased
10-fold (Fig. 6, A and B), even though glutamate is known to
promote D-serine release (8, 18). In agreement with the role of
D-serine in neurotoxicity, we found that cultures from SR-KO
mice are much less sensitive to NMDAR-mediated cell death.
In this framework, nuclear compartmentalization and inhibi-
tion of SR may prevent the amplification of cell death by avert-
ing secondary NMDAR neurotoxicity in nearby neurons. The
data also indicate that the rate of D-serine synthesis is the major
determinant of extracellular D-serine and that D-serine release
in itself is not a limiting step.

In addition to nuclear translocation, other mechanisms may
contribute to feedback inhibition of NMDARs. Although we
found no changes in total SR expression upon cell death insults,
SR expression in cerebellar granule cells decreased during apo-
ptosis (85). NMDAR activation was also shown to promote SR
translocation from the cytosol to membranes, which also inhib-
its SR (29). Activation of multiple mechanisms to prevent D-ser-
ine synthesis during cell death insults highlights the importance
of the D-serine pathway in neurotoxicity. Manipulation of SR

FIGURE 6. Nuclear SR is inactive toward D-serine synthesis. A, primary neuronal cultures incubated with LMB (20 nM) or STS (1 �M) exhibited a reduction in
the extracellular levels of D-serine. B, levels of glutamate in the culture media of treated cells. C, STS treatment did not affect D- or L-serine transport. Primary
neuronal cultures were incubated for 7 h with either vehicle or 1 �M STS, and D- or L-serine uptake was monitored in HBSS containing 5 �M either D-[3H]serine
or L-[3H]serine. D, STS did not affect basal or hetero-exchange-mediated D-serine release. Primary neuronal cultures were incubated for 7 h with either vehicle
or 1 �M STS and preloaded with D-[3H]serine as described under “Experimental Procedures.” Subsequently, the fractional D-[3H]serine release was monitored
by adding either no L-serine (Basal) or 1 mM L-serine (�D-Ser) to induce transport-mediated D-[3H]serine release for 2 min. E, nuclear SR is inactive toward
D-serine synthesis. Primary neuronal cultures were treated with either no STS or 1 �M STS for 8 h followed by isolation of cytosolic and nuclear fractions, which
were then assayed in vitro for D-serine synthesis. D-Serine production was normalized by the SR content in each fraction monitored by Western blot analysis and
densitometry. F, cytosolic SR was not affected by soluble nucleoplasmic (NP) proteins. Cytosolic extracts of HEK293 cells transfected with mouse SR were
incubated either with or without soluble nucleoplasma proteins extracted from purified nuclei from primary neuronal cultures. **, ***, different from control
at p � 0.01 and 0.001, respectively. The results are mean � S.E. of six (A and B) or four (C–F) different experiments with different preparations.
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intracellular targeting within the neuron may be of further use
to aid drug development for prevalent diseases of the CNS that
involve neurodegeneration, providing a means for the cells to
down-regulate the production of D-serine and thus protect vic-
inal neurons from NMDAR-mediated neurotoxicity.
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