Regulation of Serine Racemase by FBX022

X-100, 100 pg/ml bovine serum albumin, 200 mm NaCl, and
protease inhibitor mixture. After 2 h under rotation at 4 °C, the
samples were washed five times with PBS supplemented with
0.2% Triton X-100. Bound SR was analyzed by SDS-Page and
Western blot analysis with a rabbit anti-SR serum (1:1000)
characterized previously (8).

Preparation of FBX022 Deletion Mutants—To delete .the
F-box region (AFBXO22 construct), we carried out PCR with
PfuUltra high fidelity (HF) polymerase (Agilent) using primer
pairs flanking the F-box region (between amino acids 20 and
68). The primers were as follows: primer 1, 5 CGCGGCT-
CCTCCGTAGACCCGCGGAGCACCTGGATCTCCGCA-
GGC 3’, corresponding to amino acids 11-20 fused with amino
acids 68 ~74; primer 2, 5" ATAAGAATGCGGCCGCTTATT-
TAGATGACCCCAG 3', complementary to the C-terminal
region of FBXO22b with a restriction site for the NotI enzyme.
After gel purification, the Sall site and amino acids 1-10 were
inserted by PCR with primer 3 (5 ACGCGTCGACCATGG-
AGCCGGTAGGCTGCGGCGAGTGCCGCGGCTCCTCC-
GTA 3’) and primer 2. The sequence was verified by double-
stranded DNA sequence, and the desired product was inserted
into the appropriate pRK5 plasmids.

Cell Culture and Transfection—HEK293, SH-SY5Y, or A172
cells were cultured in DMEM containing 10% FBS, antibiotics
(penicillin, 100 units/ml; streptomycin, 0.1 mg/ml; and ampho-
tericin B, 0.25 ug/ml) and 4 mM glutamine. Cells were plated on
6-well tissue culture plates (Nunc) and transfected after 24 h at
70-90% confluence using Lipofectamine 2000 (Invitrogen)
with the indicated DNAs. Transfection of A172 cells was car-
ried out without FBS or antibiotics. Cells were harvested 48 —72
h post-transfection. Transfection of siRNA was carried out with
100 nM siRNA using Lipofectamine 2000 according to the spec-
ifications of the manufacturer, and cells were harvested 72 h
after transfection. FBXO22 siRNA (Sigma), referred to as
siRNA-988, consisted of 5' GCCAUAAGAGAGCAAGGAA 3'.

Coimmunoprecipitations and Western Blot Analysis—
HEK293A cells were cotransfected with Myc-FBX022a and
either HA-SR or HA-glucosamine 6-phosphate deaminase
(GNPDA). Thirty-six hours after transfection, cells were lysed
by gentle sonication in 20 mum Tris-HCI (pH 7.4), 1 mm EDTA,
30 uM MG132, 300 mm NaCl, and protease inhibitor mixture.
After sonication, Triton X-100 was added to 1% final concen-
tration, and the suspension was cleared by centrifugation at
16,000 X gfor 10 min. Myc-FBX022a was immunoprecipitated
by adding anti-Myc matrix (Sigma) for 2 h under rotation at
4.°C. After washing six times with high stringency buffer con-
sisting of 20 mm Tris-HCI (pH 7.4), 300 mm NaCl, and 1% Tri-
ton X-100, the immunoprecipitates were analyzed by SDS-
PAGE and Western blot using mouse anti-HA 1:1000 (Sigma)
and rabbit anti-Myc 1:500 (Sigma). Coimmunoprecipitation of
SR and FBXO22b was carried out essentially as described
above, except we employed overnight incubation with anti-HA
matrix and 400 mM NaCl instead of 300 mm in the washing
steps to prevent nonspecific binding.

To investigate the interaction of FBXO22 with the SCF com-
plex, HEK293 cells were transfected with Myc-FBX022b, Myc-
FBXO022b A20-67, or Myc-FBXO22a. Thirty-six hours after
transfection, MG132 (30 uMm) was added for 12 h, and cells were
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lysed by gentle sonication in buffer containing 50 mm Tris-HCl
(pH 7.4), 1 mm EDTA, 10% glycerol, 30 um MG132, 140 mMm
NaCl, and protease inhibitor mixture. Then Nonidet P-40 was
added to 1% final concentration, and the suspension was
cleared by centrifugation for 10 min at 16,000 X g at 4°C.
Immunoprecipitation was performed with anti-Myc matrix
(Sigma) for 3 h at 4 °C. The beads were washed six times with 50
mM Tris-HCI (pH 7.4), 10% glycerol, 140 mm NaCl, and 1%
Nonidet P-40. The Western blot was probed using mouse anti-
Cull 1:500 (BD Biosciences), mouse anti-Skp1 1:500 (BD Bio-
sciences), and mouse anti-Myc 1:2500 (Sigma).

For the endogenous interaction of SR with FBXO22, rat
brains were homogenized using a glass homogenizer with 5
volumes of 50 mm Tris-HCI (pH 7.4), 140 mMm NaCl, 1% CHAPS,
30 uM MG132, and protease inhibitor mixture. The homoge-
nate was cleared by centrifugation at 30,000 X g for 20 min at
4.°C. 10 pg of purified anti-SR and rabbit normal IgG was cou-
pled to protein G-agarose using dimethylpimelimidate (Sigma)
as described previously (32) and incubated for 12 h with rat
brain homogenate at 1.5 mg/ml. The immunoprecipitate was
washed six times with 50 mm Tris-HCl (pH 7.4), 140 mm NaCl,
and 0.5% CHAPS, and the coimmunoprecipitation was
revealed with mouse anti-FBX (22 (1:100, Santa Cruz Biotech-
nology) and rabbit anti-SR serum (1:1000).

To investigate whether SR associates with SCFhFBX022a
we employed conditions as described previously (33), with
slight modifications. HEK293 cells were cotransfected with
HA-hFBXO22a and Myc-KDM4A or Myc-SR. Forty-eight
hours post-transfection, cells were lysed for 30 min on ice in
buffer containing 50 mm Tris-HCI (pH 7.4), 150 mm NaCl, 1 mm
EDTA, 0.2% Nonidet P-40, and protease inhibitor mixture
(Mini Complete, Roche Diagnostics). The lysate was cleared by
centrifugation at 14,000 X g for 10 min, and the immunopre-
cipitation was carried out using anti-Myc matrix (Sigma). After
washing six times with lysis buffer, the samples were analyzed
by SDS-PAGE and Western blot. In some experiments, HA-SR
of HA-FBX022a was cotransfected with either mouse Cull or
mouse Skpla in the pPCMV-Sport6 vector (GE Healthcare), and
coimmunoprecipitations were carried out as described above.
To quantify the Western blots, the densitometry of the bands
were calculated at the linear phase and divided by B-tubulin in
each lane.

In Vivo Ubiquitination—HEK293 cells were transfected with
FLAG-ubiquitin, HA-SR, and either GFP or Myc-hFBX022ain
the pRK5 plasmid. Twenty-four hours after transfection, cells
were incubated with 30 uM MG132 for 12 h. Immunoprecipi-
tation was carried out as described previously (34), with some
modifications. Briefly, the cells were lysed by sonication in
medium containing 10 mm Tris-HCl (pH 7.4), 1 mm EDTA, 20
mM N-ethylmaleimide, and protease inhibitor mixture. Subse-
quently, SDS was added to 1% final concentration, and the sam-
ples were boiled for 5 min. This was followed by a 10-fold dilu-
tion in buffer containing 20 mMm Tris-HCl (pH 7.4), 2% Triton
X-100, 0.5% deoxycholate, 1 mm EDTA, 100 mm NaCl, and
protease inhibitor mixture. After centrifugation at 16,000 X g
for 10 min to remove any insoluble material, the immunopre-
cipitation was carried out with anti-HA affinity matrix, and the
immunoprecipitates were washed six times with 20 mm Tris-
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HCI (pH 7.4), 200 mm NacCl, 0.5% deoxycholate, 0.1% SDS, and
1% Triton X-100. Subsequently, FLAG-ubiquitin-SR conju-
gates were revealed with rabbit anti-FLAG (1:1000), and total
immunoprecipitated SR was monitored with mouse anti-HA
(1:1000).

Pulse-Chase Experiments—Half-life experiments were car-
ried out as described previously (35), with the following modi-
fications. HEK293 cells were transfected with HA-SR and
hFBX022a, hFBXO22b, or GFP at a SR/hFBX0O22 cDNA ratio
of 1:14. Forty-eight hours after transfection, the medium was
replaced by DMEM lacking methionine/cysteine (Sigma) for
1 h. Then the cells were pulsed with methionine/cysteine-free
medium containing 100 uCi of [**S]methionine/cysteine
(PerkinElmer Life Sciences) for 70 min and subsequently
chased in complete DMEM. At the specified times, the cells
were harvested and lysed in buffer containing 20 mum Tris-HCl
(pH 7.4), 0.3 M NaCl, 1% Triton X-100, 30 um MG132, and
protease inhibitors (Mini-complete, Roche Diagnostics).
Immunoprecipitation of HA-SR was carried out with anti-HA
affinity matrix (Covance), and the immunoprecipitates were
washed six times with radioimmune precipitation assay buffer.
The samples were resolved on SDS-PAGE gels, transferred to
nitrocellulose membranes, and quantified by PhosphorImager
analysis. The amount of immunoprecipitated HA-SR was
checked by Western blot analysis, followed by densitometry of
the chemiluminescent signal.

Brain Subcellular Fractionation—Brains of SR-KO mice (23)
and WT controls were homogenized using a glass homogenizer
with 5 volumes of 50 mM Tris-HCl (pH 7.4), 140 mm NaCl, 0.2%
Triton X-100, 0.32 M sucrose, 1 mm MgCl,, 1 mM potassium P,
and Mini Complete (Roche Diagnostics). The homogenate was
centrifuged at 1250 X gfor 10 min at 4 °C to yield crude nuclear
fraction (P1) and supernatant 1 (S1). After two washes by cen-
trifugation in homogenization buffer, P1 was suspended in 2 M
sucrose, layered over a 2.4 M sucrose cushion, and centrifuged at
53,000 X g for 75 min at 4 °C to yield a purified nuclear pellet
(36). For obtaining the cytosolic fraction, the S1 fraction was
centrifuged at 200,000 X g for 30 min to remove membranes.

For subcellular fractionation of A172 cultures, the cells were
lysed by three freeze and thaw cycles in buffer containing 20 mm
Tris-HCl (pH 7.4), 100 mm NaCl, and protease inhibitor mix-
ture. An aliquot of the homogenate was put aside, and the
remaining lysate was centrifuged at 1500 X g for 10 min (4 °C)
to give a supernatant and crude nuclear pellet. P1 was washed
twice by centrifugation and purified further to produce a puri-
fied nuclear fraction as described previously (36, 37), with the
following modifications. P1 was suspended in 10 mm Tris-HCl
(pH 7.4),0.25% Triton X-100, 1 mm potassium P, (pH 6.5), 1 mm
MgCl,, and 1.32 M sucrose supplemented with protease inhib-
itors and homogenized by six to seven strokes with a glass
homogenizer. Subsequently, P1 was layered overa 1.7 M sucrose
cushion and centrifuged at 53,000 X g for 75 min at 4°C to
obtain purified nuclei. Cytosolic and membrane fractions were
obtained by centrifugation of S1 at 200,000 X g for 30 min. The
membrane fraction was washed twice by centrifugation with
lysis buffer.

Primary Cultures—Pregnant Sprague-Dawley rats were
killed by quick decapitation following isoflurane anesthesia
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with the approval of the Committee for Supervision of Ani-
mal experiments (Technion-Israel Institute of Technology).
Serum-free neuronal cultures from the cerebral cortex were
prepared from E16 —18 as described previously (24, 38) with the
following modifications. The culture medium consisted of
Neurobasal supplemented with B-27, 0.4 mm glutamine, and
penicillin/streptomycin (Neurobasal + B-27). On DIV1, the
cultured medium was changed to fresh Neurobasal + B27.
Afterward, half of the culture media was replaced every 3 days
to fresh Neurobasal + B27. Biochemical experiments were car-
ried out on DIV10-12.

Primary astrocytic cultures were carried out with PO-P1
Sprague-Dawley rat pups as described previously (24). The cells
were maintained in basal medium Eagle supplemented with
10% FBS, 0.4 mum glutamine, and penicillin/streptomycin and
used at DIV14.

Lentivirus Production and shRNA-mediated Knockdown—A
lentivirus harboring shRNA was produced by cotransfection of
the pGIPZ vector (13 ug), pPCMV-dR8.74 packing (8.7 ug), and
VSVG envelope pMD2G (4.6 pg) in HEK293T cells (39).
Medium containing virus was collected after 24 and 48 h post-
transfection. The virus was concentrated by centrifugation at
116,000 X g for 2 h at 4°C and resuspended in Neurobasal
medium. Aliquots were stored at —70 °C until use. Primary
neuronal cultures were infected on DIV4 with a multiplicity of
infection of 30-50. Levels of FBXO22 were monitored by Western
blot analysis with mouse anti-FBXO22 antibody (Sigma). Only
cultures exhibiting at least 30—40% infection efficiency on
DIV12-13 monitored by GFP fluorescence were employed. The
pGIPZ construct containing FBXO22 shRNA (GE Healthcare)
encompassed a mature antisense consisting of TATTCCTTC-
AATTTGAGGG (catalog no. RHS44:30 —98894301, referred to as
9889). Controls were carried out with pGIPZ non-silencing
shRNA (catalog no. RHS4346, GE Healthcare).

Astrocytes were transduced at DIV10 with lentivirus harbor-
ing FBXO22-silencing or non-silencing shRNA (multiplicity of
infection 20). The astrocytes were selected for 7 days with 2
pg/ml puromycin before use.

Immunocytochemistry—A172 cells were seeded on glass cov-
erslips coated with poly-p-lysine (0.2-0.5 mg/ml) in 12-well
plates at a concentration of 0.75-0.9 X 10° cells/well. After
72 h, cells were fixed for 20 min with fresh 4% paraformalde-
hyde. After washing with PBS, the cells were blocked and per-
meabilized at room temperature for 90 min with PBS supple-
mented with 8% normal goat serum, 80 mm NaCl, 2 mg/ml
IgG-free BSA, and 0.1% Triton X-100. Colocalization was
revealed by the use of serum anti-SR at 1:400 (8) and antibodies
against FBX022 (1:100) and KDEL (1:100) (Santa Cruz Bio-
technology). Following primary antibody incubation for 16 -20
h at 4 °C, the cells were blocked at room temperature with 6%
normal goat serum (NGS) and 0.1% Triton X-100 in PBS. After
washing the slides, anti-rabbit Cy3 and anti-mouse Cy2 were
added to 4% NGS and 0.1% Triton X-100 in PBS. Afterward, the
cells were washed, and DAPI was added for 30 s at a final con-
centration of 0.1 pg/ml for nuclear labeling, followed by three
additional washes. Images were obtained using laser-scanning
confocal microscopy (LSM 510 Meta laser-scanning confocal
system (Zeiss)) with a X63 oil objective. Optical sections of 2-3
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wm were used at 1024 X 1024 pixel resolution. Final picture
editing was done with 510 LSM software.

D-Serine Synthesis—For endogenous D-serine production,
A172 cells were plated in 24-well plates at 0.1 X 10° cells/well
and transfected with siRNA to FBXO22 or control siRNA as
described in the previous section. Seventy-two hours after trans-
fection, the cells were washed with basal medium Eagle containing
10% FCS and 4 mu glutamine. Then the medium was supple-
mented with 10 mm L-serine that was rendered free of contami-
nant D-serine as described previously (40). Synthesis of D-serine
was monitored by HPLC of the culture media collected after 72 h
and normalized by the SR expression levels in each well monitored
by Western blot analysis and quantification using the Odissey sys-
tem (LI-COR Biosciences). The identity of D-serine was confirmed
by treating the media with recombinant b-serine deaminase from
E. coli prior to HPLC analysis (40). In some experiments, D-serine
was quantified by an enzymatic assay using recombinant yeast
p-serine deaminase and Amplex Red (Invitrogen) amplification as
described previously (41).

Serine Racemase Activity in Vitro—Recombinant His-SR (0.1
ug) was preincubated in PBS containing 3% glycerol and 5 ug of
soluble GST-FBX022a, GST-a-synuclein, or GST-CHIP (a 30-
to 40 fold-excess of GST fusion proteins to SR monomer) for 1 h
at 4 °C in silanized 1.5-ml polypropylene tubes. Subsequently,
the samples were diluted 20-fold into reaction medium con-
taining 20 mm Tris-HCl (pH 7.4), 1 mm MgCl,, 100 um ATP, 30
uM pyridoxal-5'-phosphate, 0.3 mm NADH, and 0.5 units/ml
lactate dehydrogenase. SR activity was started by addition of 10
mM L-serine O-sulfate, an efficient SR substrate generating
pyruvate, sulfate, and NH,. Pyruvate was quantified by moni-
toring NADH absorbance as described previously (42).

RESULTS

To identify new SR interactors that regulate D-serine synthe-
sis in cells, we carried out immunoprecipitation of HA-SR from
SH-SY5Y neuroblastoma cells, followed by LC-MS analysis.
The immunoprecipitate was washed extensively under high
stringency conditions that favored the detection of strong inter-
actors. Under these conditions, human FBX022 (hFBX022) was the
only additional protein identified in the 36 -42 kDa range of
HA-SR gel bands, indicating the possible presence of a SR-
FBXO22 complex (Fig. 14).

Human FBXO22 protein contains an N-terminal F-box
domain that mediates its interaction with the Skp1 component
of the Skpl-Cullin'F-box (SCF) ubiquitin-ligase complex (43,
44). Analysis of the expressed sequence tag database indicates
the existence of two FBXO22 isoforms, 22a and 22b (Fig. 1A).
FBXO22a controls the degradation of KDM4A, a histone de-
methylase (33), and seems to be involved in the inflammatory
response during Salmonella infection (45). In its C-terminal
region, FBX0O22a has an F-box intracellular transduction
C-terminal domain (FIST C), presumably involved in amino
acid sensing and signal transduction (46). The shorter and pre-
viously uncharacterized FBXO22b isoform lacks the FIST C
region and differs in its 11 C-terminal amino acids because of
alternative splicing (Fig. 1A). A search in the expressed
sequence tags database revealed only two expressed sequence
tags containing the shorter FBX0O22b isoform compared with
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more than 100 expressed sequence tags containing FBX022a,
indicating that the latter is the dominant isoform.

To verify whether SR interacts directly with hFBX022, we
monitored the in vitro binding of purified His-tagged SR pro-
tein with purified GST-hFBX022a and hFBXO22b fusion pro-
teins in the presence of excess bovine serum albumin to prevent

nonspecific binding (Fig. 1B). His-SR binds to hFBXO22 iso- -

forms but not to GST-a-synuclein control protein, even when
present at large excess, indicating that hRFBXO22 directly inter-
acts with SR (Fig. 1B).

To confirm that SR and hFBXO22 interact, we carried out
coimmunoprecipitation from transfected HEK-293 cells. Myc-
hFBX022a coimmunoprecipitated with HA-SR (Fig. 1C) but
not with unrelated control protein HA-GNPDA (Fig. 1C). A
construct that mimics the smaller FBX022 isoform, Myc-
hFBX022b (Fig. 1D), also coimmunoprecipitated with HA-SR
but not with HA-FKBP12 (Fig. 1.D). Immunoprecipitation of SR
with the smaller isoform (hFBXO22b) that lacks the FIST C
domain indicates that this region is not required for the inter-
action (Fig. 1D).

In contrast to hFBX022a, the smaller hFBXO22b isoform
displays only minimal binding to the Skpl and Cull compo-
nents of the SCF complex (Fig. 1E, compare lanes I and 3).
Deletion of the F-Box domain (Myc-hFBX022b A20-67
mutant) abrogates the association of hFBX022 with the SCF
complex, inferred from the lack of coimmunoprecipitation
with Skpl and Cull (Fig. 1E, lane 2). However, the Myc-
hFBX022b A20-67 mutant still coimmunoprecipitates with
HA-SR (Fig. 1D, lane 2), indicating that the SFC complex is not
required for SR/FBXO22 interaction. )

SR and rat FBXO22a coimmunoprecipitate from rat brain
homogenates, indicating that the proteins appear to interact in
vivo (Fig. 1F). We did not detect any band corresponding to the
smaller isoform FBXO22b in brain or cultured cells, likely
because of very low levels of expression. Therefore, most sub-
sequent experiments were carried out with the FBX022a iso-
form, a more likely candidate to regulate SR. Indeed, in situ
hybridization of mouse brain shows that FBX0O22a is nearly
ubiquitously expressed in all easily defined brain cell types and
all brain regions (47) (available from the Allen Brain Atlas).

Harper and co-workers (33) reported that the SCFhFBXO22a
complex ubiquitinates and regulates the steady-state levels of
KDM4A, which demethylates histone H3 lysine 9 and 36 . We
wondered whether hFBXO22a is also required for ubiquitina-
tion and degradation of SR by the ubiquitin-proteasomal sys-
tem. We found that cotransfection of hFBXO22a with SR does
not promote SR ubiquitination either with or without a protea-
somal inhibitor (Fig. 24). Levels of SR ubiquitination with
FBX022a were even somewhat lower than the control levels
(Fig. 24, compare lanes I and 3). Overexpression of RFBX0O22a
or hFBX022b does not affect the [S?°]SR half-life in pulse-
chase experiments (Fig. 2B), indicating the lack of a significant
effect on SR turnover. :

Conceivably, ectopically expressed FBXO22a may generate
artifacts because of its competition with the endogenous
FBXO22. To more definitely exclude a role of FBX(022a in SR
ubiquitination, we employed siRNA-mediated FBXO22a
knockdown strategy. We found no changes in SR ubiquitina-
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FIGURE 1. Association of SR with FBX022 in vitro and in vivo. A, schematic of the FBXO22a and b isoforms. FBX022b is a predicted smaller isoform that lacks
the FIST C domain and whose last 11 amino acids at the C terminus are different (gray box). B, purified His-SR binds to GST-FBX022 in vitro. His-SR (0.4 ug/ml)
was incubated with glutathione-agarose beads containing 0.8 ug/ml GST-FBX0O22a, 1.5 ug/ml GST-FBX022b, or 30 ug/m! GST-a-synuclein. SR bound to the
beads was monitored with anti-SR serum (1:1000) (top panel). Bottom panel, the GST-fusion proteins used in the binding experiments stained by PonceauS. C,
SR coimmunoprecipitates with FBX022a. HEK 293 cells were cotransfected with Myc-FBXO22a and either HA-SR or HA-GNPDA {control protein), and immu-
noprecipitation (IP) was carried out with anti-Myc matrix. HA-SR or HA-GNPDA in the immunoprecipitate were detected with mouse anti-HA (1:1000) (top
panel). Immunoprecipitated Myc-FBXO22a was detected with mouse anti-Myc (1:5000) (center panel). The bottom panel corresponds to the input (5%) probed
with anti-HA. D, SR/FBX022 interaction does not depend on the F-box domain. Myc-FBX022b or Myc-FBX022b A20-67 (lacking the F-box domain) coimmu-
noprecipitate with HA-SR but not with HA-FKBP12 control protein (top panel). The center panel corresponds to HA-SR and HA-FKBP12 immunoprecipitate
probed with anti-HA. Levels of Myc-FBXO22a and Myc-FBXO22b in the input were monitored with polyclonal anti-Myc (1:1000) (bottom panel). The blots are
representative of at least three experiments. E, coimmunoprecipitation of Myc-FBX022a, Myc-FBX022b, or Myc-FBXO22b A20-67 with endogenous Cul1 and
Skp1 from HEK293 cells. Myc-FBXO22a interacts with both Skp1 and Cul1, which are the core components of the SCF complex. A much weaker interaction was
observed with Myc-FBXO22b, whereas no binding was detectable with Myc-FBX022b lacking the F-box region (A20~67). Top panel, coimmunoprecipitation
with Skp1 monitored mouse anti-Skp1 (1:500). Center panel, coimmunoprecipitation with Cul1 monitored with mouse anti-Cul1 (1:500). F, SR and FBXO22A
interact in vivo. Immunoprecipitation from rat brain homogenate with anti-SR demonstrates coimmunoprecipitation of SR to FBX022 but not when rabbit IgG
was used (B). The coimmunoprecipitation was checked using anti-FBX022 (1:100, top panel). SR prasence was verified using anti-SR serum (1:1000, bottom
panel). The blots are representative of at least three experiments.

tion when levels of endogenous FBXO22 were decreased effi-  brain glioblastoma A172 cells (Fig. 2D). Endogenous SR expres-
ciently (Fig. 2C, compare lanes 1 and 2 with lanes 3 and 4). sion was unaffected by FBXO22 siRNA, which efficiently
To investigate whether endogenous hFBXO22a affects SR knocked down endogenous hFBXO22a expression (Fig. 2D).
targeting to the proteasome, we tested the effect of hAFBXO22a  These data are consistent with the notion that hFBX0O22a does
knockdown on steady-state levels of endogenous SR in human  not play a role in SR degradation by the ubiquitin system.
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Because hFBXO22a coimmunoprecipitates with compo-
nents of the SCF complex (Fig. 1E), we investigated whether the
pool of hFBX(022a interacting with SR is associated with the
SCF complex. We found that Cull is absent from the SR/hF-
BXO22 coimmunoprecipitate, indicating that SR interacts
preferentially with a free hFBX022a pool (Fig. 2E). As a control,
we confirmed that the SCE*B%922 complex substrate KDM4A
coimmunoprecipitates with both hFBXO22a and Cull under
the same experimental conditions (Fig. 2E) (33). Furthermore,
FBX022a, but not SR, coimmunoprecipitated with ectopically
expressed Cull (Fig. 2F) or Skpla (Fig. 2G). These data are
consistent with the notion that SR does not interact with the
SCERFBXO22 complex.

Does SR affect FBXO22a function? To address this question,
we monitored the levels of FBX022a and the SCFFEX9?2 gyb.-
strate KDM4A in brain homogenates from wild-type and
SR-KO mice (Fig. 2H). We found that levels of both FBX022a
and KDM4A were unchanged in SR-KO mice, indicating that
the function of SCEFBX9222 js not changed globally in SR-KO
mice. Likewise, methylated histone 3, which is demethylated by
KDM4A, was unaffected, excluding a significant effect of SR on
FBXO22a targets (Fig. 2H).

We next examined whether FBX022 regulates SR activity.
SR binds avidly to membrane lipids, especially of the phospho-
inositol type (29). This leads to inhibition of SR activity.
Accordingly, NMDAR-elicited translocation of SR from the
cytosol to the membrane completely inactivates D-serine syn-
thesis in neurons (30). However, despite the apparent high
affinity of SR to lipids, most of the protein .is soluble in the
cytosol under basal conditions. We found that FBXO22a seems
to be important in keeping SR in the cytosol (Fig. 3, A and B).
siRNA-mediated hFBX0O22a knockdown increased severalfold
the levels of endogenous SR associated to the membrane frac-
tion of glioblastoma cells (Fig. 34). Levels of endogenous SR in
homogenate (Fig. 34, Hom) were unchanged, indicating that
FBX022a does not affect SR expression. Knockdown of endog-
enous hFBX022a was monitored in the homogenate (Fig. 34,
Hom). As expected, the levels of the SCFFPX9?22 gybstrate
KDM4A increased in the purified nucleus and membrane frac-
tion, confirming the role of hFBXO22a in regulating KDM4A
levels (33).

Similar to that seen in glioblastoma cells, infection of primary
cortical neuronal cultures with shRNA to rat FBXO22a
increases the levels of membrane-bound SR without changing

Regulation of Serine Racemase by FBX022

B-tubulin levels (Fig. 3B). Total expression of SR was unaffected
by shRNA to FBXO22a but significantly decreased the levels of
endogenous FBXO22a (Fig. 3B, Hom).

Immunocytochemical experiments confirmed the biochem-
ical findings. hFBX0O22a knockdown appears to increase levels
of SR that colocalizes with intracellular membranes, as seen by
increased colocalization with KDEL, an endoplasmic reticulum
marker (Fig. 4, C—H).

Because SR is inactivated upon binding to membranes (29,
30), we next examined whether the effects of hFBX(022a on SR
subcellular localization may influence p-serine production. We
found that siRNA-mediated knockdown of endogenous
hFBXO022a in glioblastoma cells decreases endogenous p-ser-
ine production by about 40% (Fig. 4, A and B), indicating that
hFBX022a is required for optimal D-serine synthesis in the cel-
lular environment. Similarly, lentivirus-mediated shRNA
knockdown of FBXO22 in rat primary astrocytes (Fig. 4C)
decreased D-serine production by 40% (Fig. 4D). Experiments
employing recombinant proteins demonstrate that a 30- to
40-fold molar excess of hFBX0O22a or hFBX022b does not
directly affect the activity of the soluble recombinant SR mea-
sured under standard conditions in vitro (Fig. 4, E and F). The
data are consistent with the notion that changes in subcellular
localization of SR (Fig. 3), rather than a direct effect on SR
activity at the cytosol, mediate FBXO22 effect in D-serine syn-
thesis observed in cells (Fig. 4, A-D).

DISCUSSION

We described a new interaction of SR with FBX022a, which
is required for optimal D-serine synthesis. We confirmed the
interaction by biochemical methods and showed that knock-
down of FBX0O22a decreases D-serine synthesis in cells. This
was associated with higher levels of SR in the membrane frac-
tion of glioblastoma cells and primary neurons, suggesting that
hFBXO022a is important for proper targeting of SR. Further-
more, changes in SR subcellular localization by FBXO22 are
observed in both glia and neuronal cells, indicating that this
may be a general regulatory mechanism. Except for Golga3, a
protein that affects SR half-life (48), no other SR interacting
protein was demonstrated to affect its function in both glial and
neuronal cells.

F-Box proteins are generally thought to play a role in the
ubiquitin-proteasome system (43, 44, 49, 50). The SCFFBX022a
ubiquitin ligase complex regulates the degradation of KDM4A

FIGURE 2. hFBX022a does not affect SR turnover or targeting to the proteasome. A, SR ubiquitination (Ubig) is not increased when cotransfected with
FBX022a. HA-SR was cotransfected with Myc-hFBXO22a or GFP and incubated with or without MG132 (a proteasome inhibitor). HA immunoprecipitate (IP) was
probed with mouse anti-FLAG (1:500, Sigma) to reveal ubiquitin conjugates (top panel). Non-ubiquitinated SR was revealed with mouse anti-HA (1:1000,
bottom panel). B, SR turnover is unaffected by hFBXO22 overexpression. HA-SR was cotransfected with hFBXO22a, hFBXO22b, or GFP (n = 3). Cells were
incubated in a medium containing [**S]methionine/cysteine and chased for the indicated times (top panel). Bottom panel, Phosphorimager analysis of [35S]SR.
C, endogenous FBX022a knockdown does not affect SR ubiquitination. HEK293 cells were cotransfected with HA-SR, FLAG-ubiquitin, siRNA to hFBX022a, or
control (Ct)) siRNA, and ubiquitination was revealed as in Fig. 2A after 12 h incubation with 30 um MG132. Bottom panel (input), successful knockdown of
endogenous hFBXO22a expression revealed with mouse anti-FBX022 (1:1000). D, knockdown of endogenous hFBXO22a does not affect endogenous SR
steady-state levels in A172 glioblastoma cells {top panel). Transfection was performed with siRNA against hFBXO22a, which down-regulated hFBX022a
expression (center panel). Bottom panel, B-actin loading control. The graph shows the lack of change in the steady-state levels of endogenous SR from seven
independent experiments. a.u., arbitrary units; ns, not significant. E, SR preferentially interacts with free FBX022a species. Myc-SR or Myc-KDM4A was cotrans-
fected with HA-FBX022a and immunoprecipitated with anti-Myc. Cult was present in the Myc-KDM4A/HA-FBX022a coimmunoprecipitate but absent from
the Myc-SR-HA-FBX022a complex (top panel). HA-FBX022a was revealed with mouse anti-HA (1:1000, center panel), whereas immunoprecipitated Myc-KDM4A
or Myc-SR was revealed with mouse anti-Myc (1:1000, Sigma, bottom panel). F and G, HA-FBX022a, but not HA-SR, interacts with ectopically expressed Cul1 (F)
or Skp1a (G). H, FBXO22a, KDM4A, and H3K9Me3 levels are unchanged in brain homogenates of SR-KO mice. Cyt, brain cytosolic fraction; PN, brain purified
nuclear fraction. The blots are representative of at least three different experiments.
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FIGURE 3. FBX0O22a primarily affects SR subcellular localization. A, siRNA-mediated knockdown of endogenous hFBX022 expression in A172 glioblastoma cells
increases endogenous SR levels in the membrane fraction. Levels of endogenous SR in the membrane fraction (Mem) increased upon hFBX022a knockdown, whereas
B-tubulin (B-tub) levels were unchanged. Knockdown of endogenous hFBX022a monitored in the homogenate fraction (Hom) did not affect the total expression of
SRor GAPDH revealed with rabbit anti-SR (1:1000) or mouse anti-GAPDH (1: 200). siRNA to hFBXO22a increased in the levels of its substrate KDM4A both in the purified
nuclei fraction (KDM4 pn) and in the cytosolic fraction (KDM4 cyt), as revealed by rabbit anti-KDMA4A (1:500). The graph depicts the increase in membrane-bound SR in
three experiments. a.u,, arbitrary units; Ctl, control. B, knockdown of endogenous rat FBXO22 expression in primary cortical neuron cultures increases membrane-
bound SR levels. Primary cortical neuron cultures were infected with a lentivirus harboring shRNA to hFBXO22 or non-silencing (NS) shRNA and compared with
uninfected cultures (Ctl). Subcellular fractionation reveals an increase in the levels of endogenous membrane-bound SR with no change in the B-tubulin loading
control. Total levels of SR and B-actin in homogenate (Hom) were unaffected, whereas shRNA to rat FBX022 was associated with a decrease in its expression (Hom,
bottom panel). The graph depicts the increase in membrane-bound SR in three experiments. C-H, siRNA to hFBX022 increases the extent of colocalization of
endogenous SR (red) with the endoplasmic reticulum marker KDEL (green) in A172 glioblastoma cells, as analyzed by confocal laser microscopy. Control (C-£) and
siRNA to hFBX022 (F-H) were used. Scale bar = 50 um. The panels are representative of at least three different experiments. *, p < 0.05; **, p < 0.01.
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FIGURE 4, FBX022a is required for optimal SR activity in cells. A, HPLC
analysis of endogenous p-serine production in A172 glioblastoma cells
revealed a discrete p-serine peakin the culture media of cells transfected with
non-silencing siRNA (Ctf), which decreased in cells transfected with siRNA to
hFBX022. Treatment with p-serine deaminase enzyme (DsdA) prior to HPLC
analysis abolished the peak of o-serine, indicating that it corresponds to
authentic p-serine. arb. units, arbitrary units. B, quantification of p-serine
(o-Ser) in culture media of cells transfected with non-silencing siRNA (Ct/) or
siRNA to hFBX022. Values represent the mean = S.E. of four experiments with
different cell cultures. C, knockdown of endogenous rat FBX022 in primary
astrocyte cultures infected with lentivirus containing FBXO22 shRNA when
compared with non-silencing shRNA. D, FBXO22 knockdown decreases p-ser-
ine production in primary astrocyte cultures. £ and F, lack of effect of
hFBX022a (F and F) or hFBX022b (F) on SR activity in vitro. A 30-fold molar
excess of GST-hFBX022 isoforms did not affect His-SR activity when com-
pared with GST-a-synuclein or GST-CHIP controls. Values represent the
mean % S.E. of at least three experiments with different protein preparations.
* p < 0.05. '

and, ultimately, the levels of histone 3 methylation and tran-
scription of KDM4A target genes (33). The interaction of
FBXO022a with KDM4A is mediated via its FIST domain,
whereas the F-Box motif is required for binding to SKP1 at the
SCF complex (33). Conversely, we found that SR still interacts
with an FBXO22 mutant that lacks both FIST and the F-Box
motif (hFBXO22b A20-67), indicating that both of these
domains are not required for the SR-FBXO22 interaction.
Our data indicate that FBX022a has a non-canonical role in
regulating SR activity by primarily affecting its intracellular
localization. A lack of effect on SR ubiquitination with either
ectopic expression of FBX022a or siRNA knockdown indicates
that SR is not a substrate of SCFFBXC222  Fyurthermore,
- FXBO22a does not change the SR half-life or steady-state levels.
On the other hand, we found that FBXO22a is required for SR
activity in cells by preventing the accumulation of membrane-
bound SR species, which is inactive toward D-serine synthesis
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(30). This effect appears to be mediated by free FBXO22a spe-
cies without the participation of the SCFF3X©222 complex.

A number of F-box-containing proteins play additional roles
that are not related to their ubiquitination activity as compo-
nents of the SCF ubiquitin-ligase complex (51-53). Emil/Rcal
is an F-box protein that inhibits the anaphase-promoting com-
plex/cyclosome. The anaphase-promoting complex/cyclosome
is regulated by cyclin-B, whose destruction is blocked by Emil,
but does not require its F-box region (54, 55). Fbxo7 associates
with Cdké and functions as an assembly scaffold without affect-
ing the ubiquitination of the subunits (56). Another F-box-con-
taining protein, Fbsl, functions as a chaperone and prevents
aggregation of glycoproteins (57).

How does FBX0O22a modulate SR localization and D-serine
production? SR displays lipid binding motifs that mediate its
binding to inositol phospholipids (29). Conceivably, FBXO22a
may function as a SR chaperone and occlude its lipid-binding
region. This will prevent SR interaction with membranes,
known to be deleterious for SR activity (29, 30). We found that
knockdown of endogenous FBX022 led to an increase in the
colocalization of SR with KDEL, suggesting the presence of SR
in the endoplasmic reticulum network. Proteins departing from
the endoplasmic reticulum are known to undergo different
posttranslational modifications that may also contribute to SR
inhibition. ,

FBXO22a contains a C-terminal FIST-C domain (Fig. 14)
involved in signal transduction and may bind small ligand mol-
ecules, possibly amino acids or their derivatives (46). Even
though FBXO22-SR interaction was not mediated by the FIST
domain, it is conceivable that this region provides another layer
of regulation of D-serine dynamics.

In sum, our data disclose an atypical role of FBXO22 unre-
lated to the ubiquitin system. FBXO22 enhances SR activity
primarily by preventing its binding to membranes. Small mol-
ecules that disrupt SR-FBXO22 interaction provide a new
strategy to inhibit D-serine production and prevent the overac-
tivation of NMDARSs that occurs following stroke and neurode-
generative conditions.
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Abstract

D-Serine, an endogenous coagomst of the N-methyl-D-aspartate receptor (NMDAR), is W|dely dlstnbuted in the central
nervous system and is synthesized from L-serine by serine racemase (SR). NMDAR plays an important role in pain processing
including central ‘sensitization that eventually causes hyperalgesia. To elucidate the roles of D-serine and SR in pain

transmission, we evaluated the behavioral changes and spinal nociceptive processing induced by formalin using SR knock- -

out (KO) mice. We found that SR is mainly distributed in lamina Il of the dorsal horn of the spinal cord in wild-type (WT)
mice. Although the formalin injected subcutaneously induced the biphasic pain response of licking in SR-KO and WT mice,

the time spent on licking was significantly longer in the SR-KO mice during the second phase of the formalin test. The

number of neurons !mmunoposmve for c-Fos-and phosphorylated extracellular signal-regulated kinase (p-ERK), which are
molecular pain markers, in laminae ‘IHi-of the ipsilateral dorsal horn was significantly larger in the SR-KO mice.
immunohistochemical staining revealed that the distribution of SR changed from being broad to being concentrated in cell
bodies after the formalin injection. On the other hand, the expression level of the cytosolic SR in the ipsilateral dorsal homn
significantly decreased. Oral administration of 10 mM D-serine in drinking water for one week cancelled the difference in
pain behaviors between WT and SR-KO mice in phase 2 of the formalin test. These findings demonstrate that the SR-KO
mice showed increased sensitivity to inflammatory pain and the WT mice showed translocation of SR and decreased SR
expression levels after the formalin injection, which suggest a novel antinociceptive mechanism via SR indicating an
lmportant role of D-serine in pain transmission.
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Introduction

D-Serine, an endogenous coagonist of the N-methyl-D-aspar-
tate receptor (NMDAR), is widely distributed in the central
nervous system (CNS) and is synthesized by the biosynthetic
enzyme serine racemase (SR) [1,2,3]. By binding at the glycine
binding site of NMDAR with an agonist, glutamate, D-serine
efficiently activates NMDAR [4,5,6]. By modulating neurotrans-
mission through NMDAR, D-serine plays important roles under
physiological and pathophysiological conditions including synaptic
plasticity, learning and memory, and neuronal toxicity [7,8,9,10].

Involvement of NMDAR in pain transmission has been the
focus of much research in terms of central sensitization, the process
for the establishment of the hyperexcitable state in the spinal cord
that leads to enhanced responses to nociceptive stimuli [11].
Under repetitive noxious stimulation, excitatory postsynaptic

currents (EPSCs) generated by glutamatergic transmission from.

nociceptors summate in postsynaptic neurons and activate
NMDAR. NMDAR activation causes calcium influx, which
modulates synaptic strength that leads to the enhancement of
nociceptive transmission and development of hyperalgesia [12,13].
NMDAR antagonists, on the other hand, abolish or prevent the
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state of hyperexcitability induced by central sensitization [14]. The
NMDAR antagonist ketamine has been applied as an effective
analgesic adjunct for postoperative pain in humans [15].

NMDAR is basically composed of NR1 and NR2 (A - D)
subunits and forms a heterotetramer between two NR1 subunits
and at least one of other NR2 subunits [16]. The NR1 subunits are
distributed throughout the gray matter of the spinal cord, whereas
the NR2A subunit is concentrated in laminae III and IV and the
NR2B subunit in lamina II of the dorsal horn [17,18]. The NR2B
subunit in lamina II, where nociceptive fibers terminate, is
involved in neuronal plasticity and pain transmission [19,20,21].
The antagonists selective to the NR2B subunits administered
intrathecally attenuate the pain response in inflammatory and
neuropathic pain models [22,23]. Because the distribution of D-
serine in the brain closely matches that of NMDAR, particularly
that containing the NR2B subunit [1,24], it has been postulated
that D-serine is involved in pain transmission.

The lines of evidence of the contribution of D-serine in pain
transmission are, however, controversial. In the studies using
transgenic mice lacking D-amino acid oxidase (DAO), an enzyme
that catalyzes the oxidative deamination of D-amino acids, Wake
et al. reported that pain-related responses in the formalin test were
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augmented [25], whereas Zhao et al. reported that they were
attenuated [26]. DAO inhibitors administered intrathecally
attenuated and reversed formalin-induced pain-related responses
[27]. D-Serine directly applied to the rat dorsal horn increased
NMDAR-mediated EPSCs [28]. Intrathecal administration of D-
serine facilitated the tail flick reflex in response to thermal stimuli
[29], and antagonized the antinociceptive effect of gabapentin [30]
and lidocaine [31], or did not affect formalin-induced pain
behavior [32].

In this study, we evaluated the behavioral changes and the
spinal nociceptive processing in response to the inflammatory pain
induced by formalin using SR knock-out (KO) mice as the control
to elucidate the role of endogenous D-serine in pain transmission.

Materials and Methods

Ethics statement

The animal care and experimental protocol were approved by
the Animal Experiment Committee of the University of Toyama
(Approval number: A2011 MED-7) and were carried out in
accordance with the Guidelines for the Care and Use of
Laboratory Animals of the University of Toyama. Tissue sampling
was performed under overdosing with sodium pentobarbital or
halothane, and all efforts were made to minimize suffering.

Animals

Generation and genotyping of SR-KO and wild-type (WT)
control mice with the pure C57BL/6 genetic background have
been reported [33]. Adult (3-5 months) age-matched SR-KO and
WT male mice were used in this study. Because diurnal circadian
rhythm [34], ambient temperature [35], and acute stress [36,37]
affect the pain threshold, the entire experiment was performed
from 10:00 a.m. to 4:00 p.m. at room temperature (RT) between
21.5 and 24.5°C, after acclimatizing the mice to the experimental
environment. The experiment was also performed with chemical
restrain using the anesthetic halothane before formalin injection.

Antibodies and reagents

The primary antibodies and staining reagents used in immu-
nohistochemical analysis were as follows: 1) the mouse monoclonal
anti-SR antibody (BD Biosciences; 1:100), 2) the mouse monoclo-
nal anti-NeulN antibody [Chemicon (Millipore); 1:100], 3) the
rabbit anti-c-Fos antibody (Santa Cruz Biotechnology; 1:5,000), 4)
the rabbit anti-p-ERK antibody (Cell Signaling Technology;
1:500), and 5) the rabbit anti-microtubule-associated protein 2
(anti-MAP2) antibody (Millipore; 1:100). The secondary antibod-

_ies used were Alexa-488- and Alexa-594-labeled species-specific
antibodies (Invitrogen; 1:500). All the primary and secondary
antibodies were diluted with 1% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS). FITG-conjugated isolectin IB4
(Vector Laboratories; 1:50 in PBS) was used for staining lamina II
of the dorsal horn. For blocking nonspecific signals in the prepared
tissue sections, 10% donkey normal serum in PBS was used. For p-
ERK staining, 0.3% Triton-X 100 was added to the blocking and
antibody-diluting solutions.

The primary antibodies used in western blot analysis were 1) the
rabbit anti-SR antibody (1:500) [38], 2) the rabbit anti-actin
antibody (Santa Cruz Biotechnology; 1:5,000), and 3) the rabbit
anti-transferrin receptor (anti-TfR) antibody (Millipore; 1:1,000).
Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (Bio-
Rad; 1:10,000) was used as the secondary antibody.
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Immunohistochemical analysis

Mice were deeply anesthetized with sodium pentobarbital
(100 mg/kg body weight, IP) and transcardially perfused with
ice-cold PBS followed by 4% paraformaldehyde in PBS. The mice
used in the formalin injection study were euthanized with
halothane (4%) after the experiment. Their spinal cords were
harvested without perfusion fixation to avoid the possible loss of
immunohistochemical signals and postfixed in 4% paraformalde-
hyde in PBS at 4°C overnight. After cryoprotection with 30%
sucrose in 0.1 M phosphate buffer, the lumbar enlargements of the
spinal cords were cut and embedded in O.T.C. mounting medium
(Tissue-Tek, Sakura Finetek Japan Co., Ltd., Tokyo). The spinal
cords were transversally cut into 20-pm-thick sections with a
cryostat (LEICA CM1850, Leica Instruments GmbH, Germany)
and the sections from L4-L5 were morphologically identified
under a light microscope. .

Sections for staining with mouse monoclonal antibodies were
pretreated with a mouse Ig blocking reagent (Vector Burlingame,
CA). Sections for staining with an anti-p-ERK antibody were
pretreated by permeabilization with ice-cold methanol and
incubation at —20°C for 10 min. After 1 h incubation at RT
with the blocking solution, tissue sections were incubated with
primary antibodies described above at 4°C overnight. Sections
were incubated with secondary antibodies for 1 h at RT. To
identify lamina II of the dorsal horn, the sections were incubated
with FITC-conjugated IB4 at RT for 1 h. All the sections were
counterstained with 4', 6-diamidino-2-phenylindole (DAPI) for
cell nuclear visualization and coverslipped. Images were taken
using a confocal laser scanning microscope, Leica TCS-SP5 (Leica
Microsystems, Mannheim, Germany).

Formalin test

Nine WT and eleven SR-KO mice were used for the formalin
test. The animals were individually handled for a week before the
experiment to acclimatize them to the experimental environment.
The formalin test was performed in accordance with the method
described by Malmberg and Yaksh [39]. The mice were lightly
anesthetized with halothane and 20 pl of 5% formalin solution
(formaldehyde solution, Sigma-Aldrich; concentration was adjust-
ed using sterile saline) was injected subcutaneously into the dorsal
surface of the left hind paw using a 30-gauge needle. The mice
were individually placed in a mirror-backed Plexiglass chamber
(25x25%20 cm®) for ohservation. After a brief recovery period
(less than 2 min), the mice showed normal motor function, and
then pain and other spontaneous nonpain behaviors were
observed and video-recorded for 120 min. The durations of pain
and nonpain behaviors were analyzed over periods of 1-5 min
and 6~10 min, and at 10 min intervals after that until 120 min.
The mice were euthanized with halothane (4%) 30 min after the
formalin test, and their spinal cords were sampled for further
analysis.

For the formalin test after oral administration of D-serine, nine
WT and ten SR-KO mice were used. D-Serine (Wako, Japan) was
dissolved in water at 10 mM and was administered to the WT and
SR-KO mice with drinking water for one week. The formalin test
and pain behavioral analysis were performed as described above.

Behavioral analysis

Mouse behaviors observed during the formalin test were °
analyzed using the recorded video images. Licking of the
formalin-injected paw was considered as a pain behavior [40]
and the time spent on licking was visually determined in units of
seconds. Other spontaneous behaviors, such as walking (moving
forward or backward on four limbs), rearing (standing on hind legs
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with the stifle extended), grooming, and crouching, were
considered to be nonpain behaviors and the duration was
determined in units of seconds. Behaviors were analyzed by an
experimenter who was blind to the genotype of the mice used in
the study.

Counting of c-Fos- and p-ERK-immunopositive neurons
in dorsal horn of mice after formalin test

The spinal cords harvested 30 min after the formalin test were
processed for immunohistochemical analysis using the following
primary antibodies: mouse monoclonal anti-NeuN, rabbit poly-
clonal anti-cFos, and rabbit polyclonal anti-p-ERK antibodies.
Neurons were identified by staining with the anti-NeuN antibody.
All the sections were counterstained with DAPI for cell nuclear
visualization.

Five SR-KO and five WT mice were used in this study. Four
nonadjacent sections from the L4-L5 lumbar spinal cord from
each mouse were randomly selected before the examination of c-
Fos and p-ERK immunostaining, The images of c-Fos and p-ERK
staining in the dorsal horn ipsilateral to the formalin-injected hind
paw were evaluated. When c-Fos or p-ERK staining in a cell was
colocalized with nuclear staining (DAPI), the cell was counted as c-
Fos- or p-ERK-positive. The numbers of c-Fos-positive cells within
the IB4-stained area and p-ERK-positive cells in laminae I-II were
manually counted.

Western blot analysis of membrane and cytosolic fraction
samples from dorsal horn of lumbar spinal cord
ipsilateral to formalin-injected hind paw of WT mice

Nine WT mice were used in this study. The mice were lightly
anesthetized with halothane, and 20 pl of 5% formalin solution
was injected into the left hind paw as in the formalin test described
above. The mice were grouped into three, and their spinal cords
were sampled 0 min, 30 min, and 90 min after the injection. The
dorsal horn of the lumbar spinal cord ipsilateral to the injection
site was processed using the method described by Huttner et al.
[41] and Balan et al. [42] with slight modifications as follow. A
sample of the dorsal horn ipsilateral to the injection site from each
mouse was homogenized in HEPES-buffered sucrose [320 mM
sucrose, 4 mM HEPES/NaOH (pH 7.3)] supplemented with
protease inhibitors (Protease Inhibitor Cocktail, Nacalai Tesque,
Kyoto, Japan) using a homogenizer. The homogenate was
centrifuged at 1,200 x g for 15 min at 4°C to remove cell nuclei
and’ debris. The supernatant was centrifuged at 200,000 x g for
120 min at 4°C to obtain cytosolic and membrane fractions.
Protein extracts of 11-20 pg (the same weight for each electro-
phoresis run) were fractionated by SDS-PAGE and fractionated
proteins were transferred onto a polyvinylidine difluoride (PVDF)
membrane. After blocking with 5% skim milk in PBS containing
0.1% Tween-20, the PVDF membrane was incubated with rabbit
anti-SR, rabbit anti-actin, and rabbit anti-TfR antibodies at 4°C
overnight. Following the incubation with the appropriate second-
ary antibody for 40 min at RT, protein bands were detected using
an ELC chemiluminescence detection system (Image Quant LAS
400 mini, GE Healthcare, Sweden). The detected protein bands
were quantified using Image Quant TL software (GE Healthcare,
Sweden).

Measurement of SR fluorescence intensity in somata of
neurons in dorsal horn after formalin injection in WT
mice

Six WT mice were used in this study. The mice were lightly
anesthetized with halothane, and 20 ul of 5% formalin solution
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was injected into the left hind paw as in the formalin test described
above. The mice were grouped into three and their spinal cords
were sampled 0 min, 30 min, and 90 min after the injection. The
L4-L5 spinal cords were processed for double immunohistochem-
ical analysis using mouse monoclonal anti-SR and rabbit
polyclonal anti-MAP2 antibodies as the primary antibodies. All
the sections were counterstained with DAPI for cell nuclear
visualization. The immunopositivity for SR and MAP2 in the
dorsal horn ipsilateral to the injection site was evaluated. In the set
of images obtained from O min and 90 min after formalin
injection, ten cells that showed the colocalized signals of SR and
MAP?2 were selected for further analysis. The regions of interest
(ROIs) were set as an ellipse (the longest diameter; 7.94+0.3 pm)
around the selected cells and the fluorescence intensities of SR and
MAP?2 within the ROI were measured using the publicly available
Java image-processing program Image] (National Institute of
Health, Bethesda, MD).-

Statistical analyses

All numerical data are presented as means = S.E.M. The data
of the formalin test were examined by two-way repeated measures
analysis of variance (RM ANOVA followed by the Tukey-Kramer
post-hoc test as indicated. Differences in the numbers of ¢-Fos- and
p-ERK-positive cells in the dorsal horn between the SR-KO and
WT mice, and the fluorescence intensity of SR 0 min and 90 min
after formalin injection were compared by the unpaired Student’s
t-test. The SR protein expression levels in the cytosolic and
membrane fractions 0 min, 30 min, and 90 min after formalin
injection were compared by one-way ANOVA followed by the
Tukey-Kramer post-hoc test as indicated. In all comparisons,
values of #<<0.05 were considered significant.

Results

Serine racemase in the spinal cord was distributed mainly
in lamina It of the dorsal horn

In the central nervous system, SR is predominantly distributed
in neurons of the cerebral cortex, olfactory bulb, olfactory
tubercle, hippocampus, and striatum, and is weakly expressed in
the cerebellum and brain stem [33]. We first examined the
distribution pattern of SR in the spinal cord using SR-KO mice as
the negative control. Immunofluorescence staining of SR revealed
that SR was distributed mainly in the superficial part of the dorsal
horn and was weakly expressed in the cell bodies in the ventral
horn (Fig. 1-A). At a higher magnification, SR signals were also
found to colocalize with DAPI nuclear staining (Fig. S1). In
contrast, no SR signals were detected in the spinal cord of SR-KO
mice (Fig. 1-B), suggesting the specificity of SR immunostaining in
our study. To determine the localization of SR in the dorsal horn
in the Rexed laminae, we performed double fluorescence staining
of SR and IB4, which binds nonpeptidergic afferents and
terminates on the middle one-third of lamina II [43,44]. The
double fluorescence staining demonstrated that SR in large
amounts is distributed in laminae I - III and is concentrated in
lamina II of the dorsal horn (Fig. 1-C-E).

SR-KO mice showed increased pain sensitivity in the
second phase of the formalin test

As a potent coagonist of NMDAR, SR in lamina II indicates
that D-serine has a role in pain transmission, especially in relation
to inflammation. To elucidate the involvement of SR in
nociceptive transduction, we conducted the formalin test, a model
for inflammatory pain [40], using SR-KO and WT mice.
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Figure 1. Distribution of immunofluorescence staining of
serine racemase (SR) in lumbar spinal cord. (A) SR (green) is
mainly distributed in the superficial part of the dorsal horn of the WT
mice. (B) No SR signals (green) are detected in the spinal cord of the SR-
KO mice. The dorsal part is the upper side. The bar indicates 100 um in
A and B. (C-E) The double immunofluorescence staining of SR (green)
and IB4 (magenta), a marker of lamina |l of the dorsal horn, indicates
that SR is predominantly distributed in lamina {l. The bar indicates
75 um in C-E. The dotted lines in A and B are the outline of the gray
matter of the spinal cord.

doi:10.1371/journal.pone.0105282.g001

Formalin subcutaneously injected into the hind paw induces a
biphasic nociceptive response: immediate and intense responses
with a transient quiescent period (phase 1: 1-10 min) followed by a
prolonged tonic response (phase 2: 11120 min} [39,45]. Phase 1
of the pain behavior (i.e., paw licking) is caused by the direct effect
of formalin on nociceptors, which evokes intense but short-
duration pain behavior, and phase 2 of the behavior is induced by
inflammatory responses caused by formalin [39,46,47] and is
prevented by NMDA antagonists [14]. Following the formalin
injection, both WT and SR-KO mice demonstrated typical
biphasic responses. The duration of the pain behavior, that is,
licking on the formalin-injected paw, in phase 2 significantly
increased in SR-KO mice (two-way RM ANOVA), WT vs SR-
KO, F=8.907, p<<0.01). There were no significant differences in
the intensity of the pain behavior between the SR-KO and WT
mice in phase 1. The licking duration in the SR-KO mice was
significantly longer than that in the WT mice at 40, 100, and
110 min (Tukey-Kramer post-hoc test, $<<0.05), (Fig. 2-A).

In the formalin test, we investigated other behaviors that were
not signs of pain: walking, rearing, grooming, and crouching.
There were significant differences between the WT and SR-KO
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Figure 2. SR-KO mice show significantly enhanced pain
behavior during the formalin test. Data from the SR-KO (n=11,
closed square) and WT (n=9, opened square) mice are the durations of
licking (A) of the formalin-injected paw (a pain behavior), and walking
(B) and rearing (C) (nonpain behaviors) after formalin injection. Data are
collected at 5 min intervals until 10 min after the formalin injection
(0 min), then at 10 min intervals until the end of the observation period
(120 min). (A) Formalin injected subcutaneously into the hind paw
induced biphasic pain responses: an acute temporal but intense licking
followed by a short pause (1-10 min; phase 1), and prolonged
continuous tonic licking during the observation period (11-120 min;
phase 2). There is no significant difference in licking duration between
the SR-KO and WT mice in phase 1. However, the SR-KO mice showed
significantly enhanced pain behavior in the early (40 min) and late (100
and 110 min) stages of phase 2. (B) In the early stage (20, 30, and
40 min) of phase 2, the WT mice walked significantly longer than the
SR-KO mice. There is no significant difference in walking duration
between the SR-KO and WT mice in phase 1. (C) The WT mice showed a
significant increase in rearing duration in phase 2, especially in the early
(20 and 30 min) and late (80 and 110 min) stages. There is no significant
difference in rearing duration between the SR-KO and WT mice in phase
1. Values are the means *+ SEM. Data were analyzed by two-way RM
ANOVA followed by the Tukey-Kramer post-hoc test; * p<0.05.
doi:10.1371/journal.pone.0105282.9002
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mice in walking and rearing durations during phase 2 of the
formalin test [two-way RM ANOVA, WT vs SR-KO, F=8.045,
$<0.05 (walking), F=9.313, $<<0.01 (rearing)]. The WT mice
walked for a significantly longer time than the SR-KO mice at 20,
30, and 40 min of the observation period (Tukey-Kramer post-hoc
test, p<<0.05), (Fig. 2-B). The rearing durations of the WT mice
were significantly longer at 20, 30, 80, and 110 min (Tukey-
Kramer post-hoc test, $<0.05), (Fig. 2-C). There were no
significant differences between the SR-KO and WT mice in
grooming and crouching durations in the formalin test [two-way
RM ANOVA, WT vs SR-KO, F=0.61, $>0.05 (grooming),
F=0.33, p>0.05 (crouching); data not shown)].

The nociceptive cells in the dorsal horn of SR-KO mice
showed a markedly high activity during the formalin test

To verify the changes in neuronal activity in the dorsal horn of
the spinal cord, we conducted an immunohistochemical study
using the antibodies to c-Fos and phosphorylated ERK (p-ERK).
c-Fos is the protein encoded by the protooncogene ¢-fos and has
been extensively used as the marker of neuronal activity in pain
[48,49,50]. As an immediate early gene, the transcriptional
activation of c-fos occurs within minutes after stimulation and
the expression level of the protein peaks about 2 h after the
induction of gene transcription. The level of formalin-induced c-
Fos expression returns to the baseline 8-24 h after formalin
injection [50,51]. p-ERK has recently been commonly used as a
nociceptive specific marker in many pain studies [51,52,53,54].
The p-ERK expression in response to noxious stimuli is reported
to be transient: rapid onset and peaking at 2-10 min, and
returning to the baseline 1-2 h after formalin injection [51,55].
The high p-ERK expression levels continue along with the pain
behaviors [52]. In our formalin test, the pain behavior of WT and
SR-KO mice continued to 120 min. Thus, we examined the p-
ERK expression level 30 min after the behavioral test.

Figures 3-A and B show the immunofluorescence staining
pattern of c-Fos in the L4-L5 spinal cord harvested 30 min after
the behavioral test. After the formalin injection into the left hind
paw, c-Fos protein signals were observed in the ipsilateral dorsal
horn of the spinal cord in the SR-KO and WT mice. Double
immunofluorescence staining of NeulN, a neuronal marker;
showed the dense distribution of c-Fos-positive neurons in the
superficial layers in the dorsal horn of the SR-KO and WT mice.
The number of c-Fos-positive neurons in laminae I-II, identified
using IB4, was significantly larger in the SR-KO mice (n=5,
unpaired Student’s t-test, two-tailed, WT vs SR-KO, $<0.05),
(Fig. 3-C-E).

p-ERK-positive cells were also observed in the ipsilateral dorsal
horn of the spinal cord in SR-KO and WT mice (Fig. 4-A, B). p-
ERK was mainly distributed in lamina I-II of the dorsal horn, and

the number of the p-ERK-positive neurons identified on the basis

of NeuNN signals was significantly larger in the SR-KO mice (n =5,
unpaired Student’s t-test, two-tailed, WT vs SR-KO, $<0.01),
(Fig. 4-C).

Inflammatory stimuli decreased the cytosolic SR
expression level in the ipsilateral dorsal horn and
induced changes in SR localization in lamina Il

Although D-serine is a potent coagonist of NMDAR, the mice
lacking SR demonstrated increased sensitivity to inflammatory
pain in our study. To clarify the role of SR, we examined the
effects of noxious stimuli on SR localization and expression
patterns on the basis of the lines of evidence suggesting the
feedback inactivation of D-serine synthesis by NMDAR activity,
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Figure 3. The number of c-Fos-positive neurons in the SR-KO
mice significantly increased after the formalin test. (A, B)
Immunohistochemical analysis indicates that formalin injected into
the left hind paw induced c-Fos protein signals (yellow) in the ipsilateral
dorsal horn neurons detected together with NeuN signals (blue) in the
WT (A) and SR-KO (B) mice. The c-Fos-positive neurons are mainly
distributed in the superficial layers in the dorsal horn. Bars indicate
100 pm. (C, D) Double fluorescence staining with {B4 (magenta)
indicates that the c-Fos-positive (yellow) neurons are mainly distributed
in laminae Il of the dorsal horn. Bars indicate 100 um. Dotted lines in A
- D are the outline of the gray matter of the spinal cord. (E) The number
of c-Fos-positive cells in laminae |-l significantly increased in SR-KO
mice. Values are the means * SEM. Data are analyzed using the
unpaired t-test; * p<0.05 (n=5 for WT and SR-KO mice).
doi:10.1371/journal.pone.0105282.g003

namely, the membrane translocation of SR and the degradation of
SR itself [42,56,57].

We first evaluated the SR localization in the dorsal horn of L4
L5 of the lumbar spinal cord from WT mice before and after the
formalin test. Immunofluorescence signals of SR were relatively
uniformly distributed in lamina II in the control mice (Fig. 5-A). A
magnified image of lamina II shows densely distributed SR signals
(Fig. 5-C). In contrast, immunopositivity for SR was mainly
detected in the cell bodies in lamina II of the ipsilateral dorsal horn
30 min after the formalin test (Fig. 5-B). A magnified image of
lamina II reveals that SR signals were concentrated in the cell
bodies (Fig. 5-D). These findings suggest that the formalin
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Figure 4. The number of p-ERK-positive neurons in SR-KO mice
significantly increased after the formalin test. (A, B) Immunohis-
tochemical analysis indicates that formalin injected into the left hind
paw induced p-ERK signals (magenta) at the surface of the ipsilateral
dorsal horn of the WT and SR-KO mice. Dotted lines in A and B are the
outline of the gray matter of the spinal cord. The bar indicates 75 pm.
(C) The number of p-ERK-positive neurons in laminae |-l significantly
increased in the SR-KO mice. Values are the means * SEM. Data are
analyzed by the unpaired t-test; ** p<<0.01 (n=5 for WT and SR-KO
mice).

doi:10.1371/journal.pone.0105282.g004

injection induced the changes in SR localization and expression
level.

To examine the temporal changes in the level of SR expression
after the formalin injection, the ipsilateral dorsal horn of the
lumbar spinal cord in WT mice was harvested 0 min, 30 min, and
90 min after the formalin injection and the cytosolic and
membrane fraction samples were prepared and analyzed by
western blotting. After the formalin injection, the SR expression
level in the cytosolic fraction significantly decreased only 90 min
after the injection (one-way ANOVA, I = 14.847, p<<0.01, Tukey-
Kramer post-hoc test, $<<0.05, Fig. 6-A, B). The SR expression
level in the membrane fraction tended to increase after the
formalin injection, but there is no significant difference in
membrane SR level among the groups examined at 0, 30, and
90 min (one-way ANOVA, F=1.89, p>0.05, Fig. 6-C, D). The
expression level of the membrane SR relative to that of the total
SR (cytosolic and membrane) showed no significant difference
among the groups examined at 0 min, 30 min, and 90 min (one-
way ANOVA, F=1.4235, p>0.05, Fig. 6-E).

For the detailed analysis of SR localization after formalin
injection, immunohistochemical analysis was carried out using the
sections from the L4-L3 of the lumbar spinal cord harvested
0 min, 30 min, and 90 min after formalin injection. Immunoflu-
orescence staining of SR indicated that the observed SR signals at
lamina II of the dorsal horn at 0 min became weak 30 min after
the formalin injection (Fig. 7-Al-C1, DI1-F1). Double immunoflu-
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30 min after
formalin test

Control

Figure 5. The distribution of SR in the dorsal horn changed
after the formalin test. (A, C) Before the formalin injection, SR (green)
was uniformly distributed in lamina Il of the dorsal horn of the lumbar
spinal cord in the WT mice. An enlarged image of lamina I
demonstrates a relatively dense distribution of SR signals particularly
in cell bodies. Bars indicate 50 um. (B, D) Thirty minutes after the
formalin test, the density of immunofluorescence SR signals in the
ipsilateral dorsal horn decreased. A magnified image of lamina II
revealed that the signals of SR concentrated in cell bodies (D). Bars
indicate 50 um. Dotted lines in A and B are the outline of the gray
matter of the spinal cord.

doi:10.1371/journal.pone.0105282.g005

orescence staining with MAP2 (Fig. 7-A2-C2, D2-F2), the marker
of neuronal somata and dendrites, revealed the colocalization of
SR and MAP2 (Fig. 7-A3-C3). A magnified image of lamina II
revealed that SR signals uniformly colocalized with MAP2 signals
before the formalin injection, and the area of colocalization of SR
and MAP?2 signals decreased 30 min and 90 min after the
formalin injection. Most of the merged areas were observed in
the cell body after the formalin injection (Fig. 7-D3-F3). To
compare the fluorescence intensity of SR in the cell body before
and after the formalin injection, the fluorescence intensity of SR
was normalized with MAP? signal intensity. We found that the
signal of SR in the soma 90 min after formalin injection
significantly increased (n= 10, unpaired Student t-test, 0 min vs
90 min, $<0.01, Fig. 7-G).

Effect of exogenous D-serine on pain behavior in WT and
SR-KO mice

To evaluate whether the D-serine deficit in SR-KO mice is
responsible for the pain hypersensitivity, we conducted the
formalin test after the administration of exogenous D-serine.
Because the administration of 10 mM D-serine in drinking water
for one week significantly increased the spinal D-serine level in
SR-KO mice [58], we conducted the formalin test one week after
oral administration of 10 mM D-serine. Formalin subcutaneously
injected into the hind paw induced typical biphasic responses in
WT and SR-KO mice. There were statistically no significant
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Figure 6. Cytosolic and membrane SR in the ipsilateral dorsal horn changed after the formalin test. Western blot analysis of SR in
cytosolic and membrane fraction samples from ipsilateral dorsal homn of lumbar spinal cord in WT mice was performed 0 min, 30 min, and 90 min
after formalin injection. (A) Western blot analysis of the cytosolic fraction revealed the decrease in SR protein expression level after formalin injection.
(B) The relative SR expression level 90 min after the injection significantly decreased from the control level. The expression level of the SR protein was
normalized to that of actin. (C) SR expression levels in membrane fraction before and after formalin injection. (D) Relative SR expression level after
formalin injection. The expression level of the SR protein was normalized to that of the transferrin receptor protein (TfR). (E) Relative change in SR
expression level in membrane fraction to those in cytosolic and membrane fractions after formalin injection. The positions of protein size markers are
indicated on the right side (A, C). Values are the means + SEM. Data are analyzed by one-way ANOVA followed by Tukey-Kramer post-hoc test; * p<

0.05 {n=3 for WT and SR-KO mice).
doi:10.137 1/journal.pone.0105282.g006

differences in the intensity of the pain behavior between SR-KO
and WT mice during the formalin test (two-way RM ANOVA,
F=4.15, p=0.06), (Fig. 8).

Discussion

The aim of this study was to identify the role of SR in
nociceptive transmission in the dorsal horn of the spinal cord using
the mutant mice lacking SR. The main findings of this study were
as follows: 1) SR was mainly distributed in lamina II of the dorsal
horn of the spinal cord in the WT mice, 2) the SR-KO mice
showed increased sensitivity to inflammatory pain induced by
formalin injected subcutaneously, 3) the expression levels of the c-
Fos and p-ERK proteins, the molecular markers of pain,

PLOS ONE | www.plosone.org

significantly increased in laminae I-II of the ipsilateral dorsal
horn neurons in SR-KO mice after the formalin test, 4) the
immunopositivity level of SR decreased and the SR distribution
pattern changed from being broad to being concentrated in cell
bodies in lamina II after the formalin test, 5) the expression level of
the SR protein significantly decreased in the cytosolic fraction
90 min after the noxious stimulation with formalin, 6) SR
colocalized with MAP2, a marker of neuronal somata and
dendrites, and the area of colocalization changed from being
broad to being concentrated in cell bodies in lamina II after
formalin stimuli, 7) D-serine administration for one week cancelled
the difference in pain behaviors between WT and SR-KO mice.
These findings indicate that SR in lamina II of the dorsal horn has
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Figure 7. Immunofluorescence localization of SR in ipsilateral dorsal horn changes after formalin injection. (A-C) In WT mice, SR
(green) is predominantly distributed in lamina Il of the dorsal horn before formalin injection (0 min), and its signal density decreases over time after
the injection (A1-C1). Double immunofluorescence staining of SR (green) and microtubule-associated protein 2 (MAP2) (red, A2-C2) indicates that SR
and MAP2 colocalize in lamina 1l of the dorsal horn. The merged signals of SR and MAP2 are broadly distributed in the control (A3-C3). The bar
indicates 75 um in A - C. (D-F) Magnified image of areas of SR and MAP2 colocalization before and after formalin injection. Signals of SR and MAP2 are
merged and densely distributed before formalin injection (D3). After formalin injection, the density of merged signals of SR and MAP2 increased in
cell bodies and decreased around the cell bodies (E3, F3). The bar indicates 25 um in D-F. (G) The relative fluorescence intensity of SR in cell bodies
90 min after the formalin injection significantly increased from the control level. The fluorescence intensity of the SR protein was normalized to that
of MAP2. AU, arbitrary units. Values are the means = SEM. Data are analyzed by the unpaired t-test; ** p<0.01 (n=10 for 0 min and 90 min).
doi:10.1371/journal.pone.0105282.g007

the novel inhibitory role in pain transmission via modulation of SR SR expression pattern in spinal cord

localization and expression. D-Serine in the brain exists at high levels in areas where
NMDAR, particularly the NR2B-subunit-containing receptors,
are abundant [24] and regulates NMDAR as a potent and
dominant coagonist over another coagonist, glycine [5,59].
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Figure 8. Effect of exogenous D-serine on pain behavior in WT
and SR-KO mice. Data from the SR-KO (n=10, closed square) and WT
(n=9, opened square) mice are the durations of licking of formalin-
injected paw (a pain behavior) after formalin injection. Data are
collected at 5 min intervals until 10 min after the formalin injection
(0 min), then at 10 min intervals until the end of the observation period
(120 min). Formalin injected subcutaneously into the hind paw induced
biphasic pain responses. There is no significant difference in licking
duration between the SR-KO and WT mice during the formalin test.
Values are the means * SEM. Data were analyzed by two-way RM
ANOVA,

doi:10.1371/journal.pone.0105282.g008

Because the mutant mice without the SR protein show a marked
decrease in the expression level of D-serine (10-20% of WT mice)
in the brain [33,60,61] and because D-serine distribution closely
correlates with that of SR [2,62], SR is a predominant enzyme for
D-serine production [63]. Accordingly, SR has been considered an
important enzyme for effective neurotransmission and synaptic
plasticity via NMDAR activation. Although its expression level is
low, D-serine exists in the spinal cord and is most likely produced
from SR [1,58,64]. In our study, SR was found to distribute
mainly in sensory neurons in lamina II of the dorsal horn. Nagy et
al. immunohistochemically showed that among NMDAR sub-
units, the NR2B subunit is mainly distributed in lamina II of the
dorsal horn [18]. This coexpression of SR and the NR2B subunit
in lamina II suggests that D-serine has an important contribution
to sensory transmission, particularly pain sensation, through

NMDAR activation.

Formalin test

To demonstrate the involvement of SR in the pain pathway, we
examined the SR-KO and WT mice by the formalin test, which
induces inflammation and C-fiber-specific responses resulting in
the central sensitization that requires NMDAR activation
[14,39,65]. We hypothesized that if D-serine in the dorsal horn
is important for central sensitization, the SR-KO mice should
show attenuated pain behavior in the second phase of the formalin
test. Contrary to the hypothesis, the SR-KO mice showed
significantly enhanced pain behavior in the second phase. The
nonpain behaviors, such as walking and rearing, were reduced in
the SR-KO mice. Altogether, these findings confirm that SR-KO
mice have increased sensitivity to inflammatory pain.

Hypersensitivity to inflammatory pain seen in the SR-KO mice
is further supported by the increased expression levels of the c-Fos
and p-ERK proteins in laminae I-II of the ipsilateral dorsal horn.
Thirty minutes after the formalin test, the time when the
expression level of c-Fos normally peaks and that of p-ERK
continues, the numbers of c-Fos- and p-ERK-immunopositive cells
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were significantly larger in the SR-KO mice; therefore, the
neuronal activity for nociceptive transmission is considered higher
and the neuronal activation longer in the SR-KO mice.
Although it has been reported that licking behavior itself
increases the c-Fos expression level [66] and decreases the p-ERK
expression level [67], the effect of licking on c¢-Fos and p-ERK
expression levels was excluded in our study because not only the
expression level of c-Fos but also that of p-ERK increased in the
SR-KO mice. The intense and prolonged neuronal activation in
response to the formalin injection reflects the prolonged pain
behavior seen in the SR-KO mice, which reinforce the idea that
the SR-KO mice have increased sensitivity to inflammatory pain.

Inhibitory modulation by SR in pain pathway

Our results clearly show that SR-KO mice have increased
sensitivity to inflammatory pain, indicating that the presence of SR
and possibly D-serine is required for the proper inhibitory
modulation in the pain pathway. There are lines of evidence
showing that D-serine production is regulated by the activation
and inactivation of SR. Balan et al. reported that SR translocates
from the cytosol to the membrane and is inactivated by
palmitoylation to inhibit D-serine synthesis after NMDAR
activation [42]. Dumin et al. reported that the D-serine level is
modulated via ubiquitin-dependent degradation of SR [56]. In our
study, SR was found to colocalize with MAP2 and its distribution
pattern changed from being broad to being concentrated in cell
bodies after the formalin injection in the WT mice. On the other
hand, the expression level of the SR protein significantly decreased
in the cytosolic fraction. These findings indicate that the
expression level of SR decreased and SR translocated into cell
bodies after the formalin stimulation, suggesting that the feedback
inactivation of D-serine synthesis was induced by formalin. That
is, the inflammatory pain stimulation by formalin in peripheral
tissues is transmitted into lamina II of the dorsal horn via C-fibers
and activates NMDAR; consequently, the translocation and
degradation of SR, and the decrease in cytosolic SR expression
level will be induced for the inactivation of D-serine synthesis to
initiate the analgesic pathway. The results of our formalin test after
oral administration of D-serine for one week support this
hypothesis. Miyoshi et al. reported that oral administration of D-
serine significantly increases the spinal D-serine level in SR-KO
mice [58]. After oral administration of D-serine, the pain behavior
in phase 2 of the formalin test was enhanced in both WT and SR-
KO mice to the same degree. This suggests that excess amount of
D-serine in the spinal cord caused by D-serine administration
cancelled the SR feedback inactivation system, which attenuates
the excessive NMDAR activation.

In SR-KO mice, the SR-regulated inhibitory control is absent
and glycine is the only coagonist driving NMDAR. Because D-
serine activates NMIDAR more efficiently than glycine does [5], it
is presumable that the NMDAR barrage induced by formalin was
more intense in the WT mice, at least at the beginning of the
inflammatory pain transmission. Nevertheless, the SR-KO mice
showed hypersensitivity to inflammatory pain. It is possible that an
as yet compensatory mechanism by which the level of glycine
increases in the spinal cord exists in SR-KO mice. Furthermore,
Basu et al. examined the decay kinetics of NMDAR-mediated
excitatory postsynaptic current recording from hippocampal cells
of SR-KO mice and suggested an enhanced contribution of
NR2B-containing NMDAR in the juvenile stage of SR-KO mice
[60]. Hence, because the NR2B subunit is involved in pain
transmission  [19,20,21,22,23], an enhanced contribution of
NR2B-containing NMDAR could be another possible reason for
the enhanced pain transmission seen in SR-KO mice.
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Our results indicate the following novel hypothetical analgesic
mechanism regulated by SR. When noxious stimuli are transmit-
ted to the dorsal horn, SR residing broadly in lamina II of the
dorsal horn translocates to the cell body resulting in the
inactivation of D-serine production. At the same time, the
expression level of SR in the cytosol decreases, which leads to
decreased D-serine production, which in turn attenuates NMDAR
activation and consequently alleviates nociceptive sensation.

Conclusions

SR, which converts L-serine to the potent coagonist D-serine for
NMDAR, is distributed in areas where NMDAR, especially its
NR2B subunit, is abundant. Under physiological condition, D-
serine plays an important role in synaptic plasticity enhancing
neurotransmission. In this study, we illustrated the inhibitory
modulation regulated by SR in the spinal pain pathway. This is a
novel mechanism of the analgesic pathway for inflammatory pain.
With the effective agents blocking D-serine production, this

References

1. Hashimoto A, Nishikawa T, Oka T, Takahashi K (1993) Endogenous D-serine
in rat brain: N-methyl-D-aspartate receptor-related distribution and aging.
J Neurochem 60: 783-786.

2. Wolosker H, Blackshaw S, Snyder SH (1999) Serine racemase: a glial enzyme
synthesizing D-serine to regulate glutamate-N-methyl-D-aspartate neurotrans-
mission, Proc Natl Acad Sci U S A 96: 1340913414,

3. Mothet JP, Parent AT, Wolosker H, Brady RO Jr, Linden DJ, et al. (2000) D-
serine is an endogenous ligand for the glycine site of the N-methyl-D-aspartate
receptor. Proc Natl Acad Sci U § A 97: 4926-4931.

4. Kleckner NW, Dingledine R (1988) Requirement for glycine in activation ol

NMDA-receptors expressed in Xenopus oocytes. Science 241: 835-837.

. Matsui T, Sckiguchi M, Hashimoto A, Tomita U, Nishikawa T, et al. (1995)
Functional comparison of D-serine and glycine in rodents: the effect on cloned
NMDA receptors and the extracellular concentration. J Neurochem 63: 454
438.

6. Snyder SH, Kim PM (2000) D-amino acids as putative neurotransmitters: focus
on D-serine. Neurochem Res 25: 553-560.

7. Yang Y, Ge W, Chen Y, Zhang Z, Shen W, ct al. (2003) Contribution ol
astrocytes to hippocampal long-term potentiation through release of D-scrine.
Proc Natl Acad Sci US A 100: 15194-15199.

8. Mothet JP, Rouvaud E, Sinet PM, Potier B, Jouvenceau A, et al. (2006) A critical
role for the glial-derived neuromodulator D-serine in the age-related deficits of
cellular mechanisms of learning and memory. Aging cell 5: 267-274.

9. Turpin FR, Potier B, Dulong JR, Sinct PM, Alliot ], et al. (201 1) Reduced serine
racemase expression contributes to age-related deficits in hippocampal cognitive
function. Neurobiol Aging 32: 1495-1504.

10. Inoue R, Hashimoto K, Harai T, Mori H (2008) NMDA- and beta-amyloidI-
42-induced neurotoxicity is attenuated in serine racemase knock-out mice.
J Neurosci 28: 14-486~14491.

11. Woolf GJ (1983) Evidence for a central component of post-injury pain
hypersensitivity. Nature 306: 686-688.

12. Basbaum Al, Bautsta DM, Scherrer G, Julius D (2009) Cellular and molecular
mechanisms of pain. Cell 139: 267-284.

13. Latremoliere A, Wooll CJ (2009) Central sensitization: a generator of pain
hypersensitivity by central neural plasticity. J Pain 10: 895-926.

14. Woolf CJ, Thompson SW (1991) The induction and maintenance of central
sensitization is dependent on N-methyl-D-aspartic acid receptor activation;
implications for the treatment of post-injury pain hypersensitivity states, Pain 44:
293-299.

15. Laskowski K, Stirling A, McKay WP, Lim HJ (2011) A systematic review of
intravenous ketamine for postoperative analgesia. Can J Anaesth 58: 911-923,

16. Mori H, Mishina M (1995) Swructure and function of the NMDA receptor
channel. Neuropharmacology 34: 1219-1237.

17. Watanabe M, Mishina M, Inoue Y (1994) Distinct spatiotemporal distributions
of the N-methyl-D-aspartate receptor channel subunit mRNAs in the mouse
cervical cord. ] Comp Neurol 345: 314-319.

18. Nagy GG, Watanabe M, Fukaya M, Todd AJ (2004) Synaptic distribution of the
NRI, NR2A and NR2B subunits of the N-methyl-d-aspartate receptor in the rat
lumbar spinal cord revealed with an antigen-unmasking technique. Eur J Neur-
osci 20: 3301-3312.

19, Pedersen LM, Gjerstad J (2008) Spinal cord long-term potentiation is attenuated
by the NMDA-2B receptor antagonist Ro 25-6981. Acta Physiol (Ox{f) 192: 421~
427.

20. Boyce S, Wyau A, Webb JK, O'Donnell R, Mason G, et al. (1999) Selective
NMDA NR2B antagonists induce antinociception without motor dysfunction:

w

PLOS ONE | www.plosone.org

...62_.

Serine Racemase in Pain Transmission

inhibitory pathway may provide future analgesic strategies for
controlling inflammatory pain.

Supporting Information

Figure S1 Immunofluorescence localization of SR and
DAPI in single optical section in dorsal horn of lumbar
spinal cord. (A-C) In WT mice, SR (green) is predominantly
distributed in Jamina II of the dorsal horn without formalin
injection (A). Double fluorescence staining of SR (green) and DAPI
(blue, B) indicates that SR signals colocalize with DAPI nuclear
staining (C). The bar indicates 25 pm in A - C.
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