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2002) and degradation (Hashimoto er al. 1993b; Urai et al.
2002) of endogenous D-serine in the brain. The putative
serine racemase that synthesizes p-serine from the r-enanti-
omer has been reported in rodent and human tissues
(Wolosker et al. 1999). Moreover, a sodium-independent
neutral amino acid transporter encoded by asc-I displays a
high affinity for p-setine as well as L-serine (Fukasawa et al.
2000), although p-serine is also taken up into brain tissues in
a sodium-dependent manner (Yamamoto et al. 2001; Javiit
et al. 2002; Ribeiro ef al. 2002). _

However, little is known about the exact molecules
involved in the metabolic or functional processes involving
endogenous brain p-serine. One approach to clarifying these
molecules is to identify transcripts that respond to p-serine
because neuroactive substances commonly influence the
expression of the molecules specifically associated with their
metabolism and function. To this end, we have successfully
applied a differential cloning technique, RNA arbitrarily
primed PCR (RAP-PCR) (Welsh ef al. 1992), and recently
cloned a novel p-serine-, but not L-serine-, responsive
transcript, dsr-I, from rat neocortex (Tsuchida ef al. 2001).
The predicted dsr-I products include a proton-ATPase-like
amino acid sequence and are suggested to regulate the uptake
or release of p-serine (Tsuchida et al. 2001). We have
therefore extended the exploration strategy to include other
possible key genes in the brain D-serine system.

Materials and methods

Animals and reagents
All animal experiments were performed in strict accordance with the
guidance of the Tokyo Medical and Dental University Graduate
School, and were approved by the Animal Investigation Committee
of the Institute, Male Wistar rats (Clea Japan, Inc., Tokyo, Japan) at
postnatal day (PD) 8 (13-20 g) and 50 (200-230 g) were used. The
animals were housed at 22.0 % 0.5°C in a humidity-controlled room
under a 12-h light—dark cycle and had fiee access to food and water.
[0-**PJdCTP and [0->*PJUTP were purchased from Amersham
Biosciences Corp. (Piscataway, NJ, USA). p- and 1-Serine were
purchased from Nacalai Tesque, Inc. (Kyoto, Japan) and dissolved
in saline for intraperitoneal (ip.) injection. For these injection
experiments, the rats at PD8 were mainly used because the
permeability and accumulation of neutral amino acids in the brain
after systemic administration was much less efficient in adult rats
compared with that m infant rats, as demonsirated previously
(Lefauconnier and Trouve 1983; Takahashi et al. 1997; Tsuchida
et al. 2001). The other chemicals were of ultrapure grade and
commercially available.

RNA fingerprinting by RAP-PCR

The rats were received i.p. p- or L-serine (9 mmol/kg bodyweight)
dissolved in saline, or saline alome (vehicle) in a volume of
80-120 L [bodyweight (g) x 6 pl] and killed by cervical disloca~
tion 3 or 15 h later. Because our previous study (Takahashi ef al.
1997) indicated that systemic administration of a single large dose of

p-serine (9 mmol/kg) caused a rapid and linear increase in the
neocortical D-serine "confent uniit 6 h after injection (steep rise
phase) and a constant and prolonged increase in p-serine level from
6 to 15 h after injection (plateau phase), we chose these 3-and 15-h
time points as being representative of the two different phases of the
increase in D-serine. Afier i.p. injection, the L-serine content in the
neocortex rapidly and dramatically increased, peaked at 3 h, and
returned to control level at around 15 h after injection (Takahashi
et al. 1997). )

Following removal of the brain, the cerebral neocortex (dorsal
pait of the cerebral cortex divided along the thinal fissure) was
rapidly dissected out on ice, immediately frozen in liquid nitrogen
and stored at ~80°C until use. Total RNA was extracfed using the
acid guanidinium thiocyanate-phenol-chloroform method (Chom-
czynski and Sacchi 1987) and converted to single-stranded cDNA
by reverse transcriptase with random hexamer primers (SuperScript
Fitst-Strand  Synthesis System for RT-PCR; Invitrogen Corp.,
Carlsbad, CA, USA). In preparation of the pooled sample for
RNA fingerprinting, eight of an equal amount (40 pl; 1 ng/pt) of the
resulting ¢cDNA solution obtained from each rat were combined
together in each experimental group (animals treated with p-serine,
L-serine or saline for 3 or 15 h). The pooled samples were serially
diluted in TE buffer containing 10 mm Tris-Hel (pH 8.0) 1 mm
EDTA and used as a template for PCR using a set of thodamine-
labeled 12-mer arbitraty primers (A63: 5-CAGGTGTGGGTT-3;
for both the 5'- and 3’-primer). Rhodamine reagent (TAMRA-NHS/
DMSO; Applied Biosystems, Foster City, CA, USA) was used to
labél the 5’-amino-modified oligonucleotide. The reaction was
terminated by 0.1 M triethylammonium acetate, and the labeled
nucleotide was purified by gel filtration.

‘The PCR protcol comprised 94°C for 2 min, 40°C for 5 min and
72°C for 5 min for the first cycle; 94°C for 30 s, 40°C for 2 min and
72°C for 1 min for 34 cycles; and then 72°C for 5min for
extension. The PCR. products were separated in a 5% denaturing
polyacrylamide gel including 7 M urea and 1 X TBE (90 mm Tris-
borate and 2 mm EDTA). The cDNA bands separated in the gel were
visualized and analyzed using a fluorescence image analyzer
(FMBIO 1I Multi-View; Hitachi Software Engineering Co., Ltd,
Tokyo, Japan). The cDNA bands that showed a higher intensity in
the p-serine-treated group than in any other group were cut out of
the gel. The DNA fragments were re-amplified by a second PCR
with the same primer set,

The amplified DNA fragments were cloned using a Thymine and
Adenine (TA) cloning vector (pGEM-T Easy vector system
Promega, Madison, WI, USA) and sequenced by ABI Prism 3100
(Applied Biosystems). To determine the full-length structure from
the isolated DNA fragments, we performed a rapid amplification of
¢DNA ends (RACE)}-PCR with an aliquot of the oligo-dT selected
RNA (1 pg) prepared from the neocortex (SMART RACE cDNA
amplification kit; Clontech, La Jolla, CA, USA).

Semiquantitative co-amplification RT-PCR

In experiments with the p- or vL-serine, or saline injections, the
amount of single-stranded cDNA prepared from the neocottical total
RNAs of each rat was individually quantified by co-amplification
RT-PCR with an endogenous template as internal standard to
firther control for variations in sarpling and processing between
samples (Foley et al. 1993; Lombardo and Brown 1996). 288 rRNA
was employed as internal control, because neither p- nor L-serine
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affects the expression levels of 285 tRNA (Foley etal. 1993;
Tsuchida et al. 2001). In brief, RT was performed using 0.2 pg
neocortical total RNA from each animal, and the resulting cDNA
was suspended in 10 volumes of TE buffer (pH 8.0) for the PCR
template. An appropriate portion (71 or.91% for co-amplification
with dsr-2) of the added primers specific for the 28S rRNA sequence
was phosphorylated at their 3’-ends so that the target and the control
exponential phases would overlap. The following primers were
used: dsr-2, 5-TGAGCCAGGAATTTAGGAAGGTT-3" (at 6187-
6209) (5"-primer) and 5-AGCAAATCTGGCCAAGTCTAATG-3’
(nt 6694-6716) (3"-primer), size of PCR product 530 bp (ut 6187-
6716); 1283, 5'-CTCGCTGGCCCTTGAAAATCC-3" [nucleotides
(nt) 2570~2590] (5'-primer) and 5-CCCAGCCCTTAGAGCCAA
TCCTTA-3" (nt 2719-2742) (3"-primer), size of PCR 173 bp (nt
2570-2742: accession V01270). The PCR parameters used were
94°C for 2 min, 61°C for 3 min and 72°C for 5 min for the first
cycle; 94°C for 45 s, 61°C for 2 min and 72°C for 3 min for two
cycles; 94°C for 30 s, 61°C for 45 s and 72°C for 1 min for 32
cyoles; and then 72°C for 5 min for extension, The PCR products
were separated by electrophoresis on 3% NuSieve agarose 3 : 1 gel
(FMC Bioproducts, Rockland, ME, USA) in 1 X TAE (40 mm Tris-
acetate and 1 mm EDTA). The gel was stained with 0.5 pg/mL
ethidium bromide for 30 min. The resulting cDNA bands were
visualized by UV imadiation and analyzed quentitatively by
measuring the optical density with an image analyzer (Lumi-
Imager; Roche Diagnostics, Basel, Switzerland). The relative
amount of the dsr-2 transcript was evaluated as the ratio of the
optical density of the dsr-2 band to that of the 28S tRNA band.

Southern and northern blot analyses
For the Southern blot analysis (Toda et al. 2000), genomic DNA
purified from the rat cerebral neocortex was digested with restriction

enzymes BamHI, EcoRI and HindIIL The resulting DNA fragments

(5 ng) were separated in a 1% agarose gel with 1 x TAE and blotted
on to a nylon membrane (Hybond-XL; Amersham Biosciences
Corp.) by capillary transfer and fixed by UV cross-linking
(Hashimoto et al. 1998; Toda et al. 2000). The membrane was
prehybridized at 42°C for 1 h, and subsequently hybridized with the
32p.jabeled cDNA probe for dsr-2 (Megaprime DNA labeling
system; Amersham Corp.) in hybridization buffer (Ultrahyb;
Ambion, Inc., Austin, TX, USA) at 42°C for 12 h. The hybridized
filter was washed in 0.1 x SSC (20 x SSC: 3 M NaCl and 0.3 M
sodium citrate) and 0.1% sodium dodecy! sulfate at 60°C for
60 min. For northern blot analysis, poly(A)" and poly(Ay™ RNA

from rat cerebral neocortex were purified using a FastTrack 2.0 kit -

(Invitrogen Corp.), and separated by electrophoresis in a 1% agarose
gel containing 6.3% formaldehyde, then blotted on to a nylon
membrane by capiilary transfer and fixed by UV cross-linking. After
prehybridization at 68°C for 1 h, the blotted filter was hybridized
with ?P-labeled antisense RNA probes (Riboprobe systems;
Promega) comresponding to 1667 bases (ut 4999-6165) of rat dsr-
2 cDNA and 815 bases (nt 1818-2632) of rat neurexin-3a (nrxn3o)
¢DNA at 68°C for 12 h. The filters were washed in 0.1 x SSC and
0.1% sodium dodecyl sulfate at 68°C for 60 min. In these blotting
analyses, the washed filters were exposed to an imaging plate and
the signals were visualized using a BAS-2500 image analyzer (Fuji
Photo Film Co., Ltd, Tokyo, Japan). The probes for the northern
blotting procedures were prepared from the pGEM-T Easy vector.

Cloning of ds2 from the neocoriex 1543

Analysis of genomic structure sarrounding dsr-2 gene,

The hybridization screening of the rat genomic RPCI-31 P1-derived
Artificial Chromosome (PAC) library was performed with the dsr-2
¢DNA probe used for the Southern blotting (Woon ef al. 1998,
Osoegawa ef al. 2000). The isolated PAC genomic DNA clone was
purified using a large-size plasmid purification kit (NucleoBond
BAC100 kit; Macherey-Nagel GmbH and Co. KG, Diien,
Germany), sheared nto small DNA. pieces, and subcloned into the
pUC118 vector as a shotgun library. The genomic structure of dsr-2
was finally obtained as the contigs constructed by the assembly of
the random shotgun sequences.

Determination of tissue distribution by RT-PCR

To examine the tissue distribution of the dsr-2 and neurexin-3a
transcripts, we used the cDNA template prepared from various rat
tissues (Rat MTC panel I; Clontech Laboratories, Inc:, Palo Alto, CA,
USA) for RT-PCR (Toda et al. 2000). To determine the subregional
distribution in the brain and ontogenic changes, total RNA was
extracted from each brain region, and reverse transcribed with random
hexamerprimers as described above. For dsr-2, primers were the same
as those used for co-amplification PCR. Those for nrxn3e were
5'-ATTTGGATGATGGTGGTGTCTGTG-3’ (nt 959-982) (5'-pri-
mer) and 5-TCCTCTCGAGCTTTACTTCTACCT-Y (nt 1518-
1541) (3’-primer), size of PCR product 583 bp (nt 959-1541:
accession NM_053817); B-actin, 5-CTGGGACGATATGGAGAA-
GATTTG-3’ (ut 315-338) (5"-primer) and 5'-GGCATCG-
GAACCGCTCATTGCCGA-3" (nt 830-853) (3’-primer), size of
PCR product 539 bp (nt315-853: accession NM_031144); GAPDH,
5 TGGTGAGTATGTCGTGGAGTCT-3" (nt 343-364) (5-pri-
mer) and 5-AATGGGAGTTGCTGTTGAAGTC-3" (nt 923-944)
(3’-primer), size of PCR product 602 bp '(nt 343-944: accession

BC059110); NMDA receptor NR2B subunit, 5-ATCGGCCTGCC-
CTCCTCCAAACATAGC-3" (nt 3130-3156) (5'-primer) and

" 5-GGGCCCACCTCCACTGACCGAATCTC-3" (nt 3548-3573)

(3'-primer), size of PCR product 444 bp (ut 3130-3573: accession
M91562); DAQ, 5'-GCTGGGGAACTGGAGCGAGCTAAACAG-
3’ (822-848) (5'-primer) and 5'-CTGGGGCTGGGGGAGGGAAT-
CATCA-3’ (nt 1204-1229) (3"-primer), size of PCR product 408 bp
(nt 822-1229: accession AB003400).

The PCR parameters were as follows: dsr-2 and newrexin-3ou
94°C for 3 min, 55°C for 2 min and 72°C for 3 min for the first
cycle; 94°C for 30 s, 55°C for 1 min and 72°C for 2 min for two
cycles; 94°C for 30 s, 55°C for 45 s and 72°C for 90 s for 34 (for
dsr-2) ox 29 (for nrxn3a) cycles; and 72°C for 5 min for extension.
B-Actin: 94°C for 2 min, 55°C for 3 min and 72°C for Smin for the
first cycle; 94°C for 45 s, 55°C for 2 min and 72°C for 3 min for
two cycles; 94°C for 30 s, 55°C for 45 s and 72°C for 1 min for 21
cycles; and then 72°C for 5 min for extension. GAPDH: 94°C for
3 min, 55°C for 2 min and 72°C for 3 min for the first cycle; 94°C
for 30 s, 55°C for 45 s and 72°C for 3 min for 26 cycles; and then
72°C for 5 min for extension. NR2B: 94°C for 3 min, 60°C for
2 min and 72°C for 3 min for the first cycle; 94°C for 30 s, 60°C
for 1 min and 72°C for 90 s for two cycles; 94°C for 30 s, 60°C for
45 s and 72°C for 90 s for 30 cycles; and then 72°C for 5 min
for extension. DAQ: 94°C for 3 min, 55°C for 2 min and 72°C for
3 min for the first cycle; 94°C for 30 s, 55°C for T min and 72°C for
90 s for two cycles; 94°C for 30 s, 55°C for 45 s and 72°C for 90 s
for 31 cycles; and then 72°C for 5 min for extension.
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Statistical analysis

The results were usually expressed as the mean + SEM of data
obtained from eight determinations. Statistical analyses were
performed using one-way aNova followed by Scheffé’s multiple
comparison test.

Resulis

Isolation of the p-serine transcript dsr-2

"To identify the transcript that exhibits a response to D-serine,
we performed RAP-PCR using neocortical samples prepared
from 8-day-old rais, 3 and 15 h afier i.p. injection of p- and
L-serine (9 mmol/kg) and saline. In previous experiments, we
confirmed that these amino acids had efficiently accumulated
in the cerebral neocortex at these times after systemic
administration (Takahashi et al. 1997). Under these condi-
tions, we screened the responsive genes using several atbitrary
primers. As shown in Fig. 1(a), using a rhodamine-labelled
primer (A63), we detected an amplified DNA band that was
enhanced by the injection of p-serine, but not L-serine, at 3 h.
The DNA was isolated from the gel, and designated as dsr-2

(p-setine responsive transcript-2). Using a semiquantitative -
co-amplification PCR method with 285 tfRINA (Tsuchida e al.
2001; Kajii ef al. 2003), we confirmed that levels of dsr-2
mRNA in the cerebral neocortex had significantly increased by
3 hafter administration of D-serine in a stereoselective manner
(Fig. 1b).

Structural analysis of dsr-Z gene

Based on the structural analysis of cDNA by RACE-PCR
and genomic walking, we determined the 7199 bases of
the nucleotide sequence of the dsr-2 cDNA, which
consisted of a single exon (Fig.2). The deduced 111
amino acids of the peptide sequence were predicted by a
computer-based open reading frame (ORF) search analysis
using the GENETYX program (GENETYX version 7.0;
Genetyx Corp., Tokyo, Japan). However, the translational
initiation sequence did not satisfy the Kozak consensus
sequence. Further investigation is required to confirm the
N-terminus of the predicted protein. The above obtained

.nucleotide sequence has been deposited at the DNA Daia

Bank of Japan (DDBJ) (Accession No. AB200323).
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Fig. 1 Isolation of p-serine-regulated transcript dsr-2 from rat brain.
(a) Detection of dsr-2 in the neocortex of the infant rat 3 h after L.p.
injection of p-serine, L-serine or saline by RNA fingerprinting using
RAP-PCR. The serially diluted neocortical ¢cDNA templates (con-
centrations at x 4, x 2 and x1 from left to right in each group) were
amplified with a set of rhodamine-labeled ptimers of the same
sequence (A63: 5-CAGGTGTGGGTT-3). The arrow indicates the
signal corresponding to the dsr-2 DNA fragment that was enhanced
by p-serine. (b) Effects of systemic administration of o- and L-serine
on the expression of dsr-2 transcript in the neocortex of infant rat.
The neocortex was dissected out 3 or 15 h after systemic injection

Saline D-Serine L-Serine

of p- or L-serine, or saline. The level of dsr-2 was determined
quantitatively by the co-amplification RT-PCR method with 288
fRNA as an endogenous control. Representative gel images of the
resulting dsr-2 and r28S bands are shown in the left panel (phos-
phorylation rate of the 1285 primers was 71%). Results are
mean +SEM of eight individual values per experimental group (3-h
or 15-h p-serine, L-serine or saline treatment) expressed as a
percentage of the respective saline-treated control value [control
values: 3 h, 0.87 = 0.06; 15 h, 1.05 = 0.06 (phosphorylation rate of
the 288 primers was 91%)]. *p < 0.05 (ANOVA followed by Scheffe’s
multiple comparison test).
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Cloning of dsr-2 from the neocortex

TTARAARATACT ]CRCT TATAAGAGRAAGARCATYT CAREA ! GGTTE "Gf‘ﬂWNCTAAA’ICTGGTI‘CCTCA’IGGTIGCCC‘I‘CAMC}LAGCJ‘.GA’I‘CA‘I‘CACAC
ACTCARAGTGATGCCATETAR KCATICTICC AL AT A AACTGGCC A ATAAAATECTAGAACCTRIGL, e TACTAR YTRCRGGTE AGRRGAC,
BAARAAGCTICTGTGGACTAGRACCACATGGCCREGARARATAGCAAGTARCAAAGACCTATAGCTAGGACATAAGTT "ll'I‘C’I‘ACC’I‘A_I.TCTAAGCTI‘ATGGCTMTAATAAA.ETACC'.[‘GGATI‘G'TGC ECETTTTATAT
QGac ARTCCATARTATG T ATAC, TRTACAAGCTAGAAGACARCCTAAGATACTC
TECEGCTEATSTTATCAGTCEGPICTGGARACCARACTIGEETCCTCTETGAGACTAGTAC ATGCTCATAACTACTAAGRCTTCTCTACAGCITC ATTTGYGCCARITICTGAGTCTAGGI TIICT TG T ATCCAAGCTAGCTCACAGA
BAGCTRECTCTAGECARARGETGTTARTITAACCACATGTACCCAGCTICTGARTGICTCARTTARACACRTGACTTC GECTCAGAACANTAC AFTARTGATIGCAAC, GEITGTACAGCAGEGTCETACTICYTCARAGTGTAT
TICTISCTICGCGATCTCCATGETARCACTTGTETCAACCCCCACTCTCTAG GTCTAATACTIICCITITC CTAGAA ARGGGAARTARGGAAC. TCRAGARRCGTCAARAR
BRATTGITGCAGGCGEATGRTECATGGECTICCATGAGCAGATECTEETCTRCTGECTICTAARACARGTCCCAGTITITTCAGATC AGCTETACTG ANTGTTAGCCTAGT BAGTCTCARTCACAGTEACTY AC IT.
TAGCARAGAAATTTAATC AATCTAACCAATTTAGATGTCCTTGRAATGTYTAACTGATTICTATICTAR ATC TG CAGAE ATEATTCATRTARATTACATAGAARCCACGH: CTATCATAA. CCRGARC
TCARBARTACATCCACCT: CTTAATY TTCRARTAAAGCTCEC CTGAATA IOARAGTTTGR ATGGTA T RCTACATTCACATATCTGCTGACTTAG
ATGATGCANTCATTATTCAAAATACTCTETATTGCCCTATGARTCARTAAARGGCC AAGEGACTETIGTARAGTC ATAGCAARCCAR ACTGCCAATGTAGTTTGGATECH ARACRATCCR AGCTGEGCCTCAGRGGCCTCGET
GGC‘I‘I\:ACAGATI'IG‘TC’I‘CAAAGGBTCATIAMACAGKAG’ICAAG&AAACCGAG‘K}CTAC'I‘CACCATICCCCCNCCG’I‘A’I‘ACA’IC’I‘GAAGACTATAAAGCAAAGWAETMCMRCGMACACTCWAATITICMCBTCT
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GCTCTECEGATCTATCTTI'ITCAA EGECCIY

CRCAGATCAGGAAGCAGTARCAGCCTCAGCAGARTGTGAATTICATICAGCATATAARACACTICCCTGTGAKCCCTICAAGICACAGGECT * 6150

CAGGA;

ARCTAAARACAR l!r:l‘-l‘1\{‘lf‘n’“‘("I‘AGTI‘C'I‘GGGGCCGTTI‘GAACACACAGGJI'I‘CCATGTGCACCTICNGGMTCITAGGGWMTTAG‘NCACANCTC‘IG 6300
AAGC,

AGAGCATGTA

TGCTGANTTGARCAGTCACGARAGRAAGACTATRGC AARAGGGCACTCATACACARICTGATTCCRAATTCTGTCACATTAC
GACRARGCAGGCTATRACAAACAGCAGATICATGTTTATCICTTAAGCTTAGAGRAGARRATTGAGCCTCTAATCATEAGACTIGGCCAGATTIGCTITCTAL

FCAGTCTACTCC. BACCTACCTPAARKTATTCATCCTTCARLC( ACACTGCATTS

CCCRACTAGACTETCACCTITCCCTATGECA

TARATACCE, IGGCATCTGGTARGCTGICAATGIT 6250

TCTGACC! ATGCACTTTGACAARALRABAGTCARAAGGAGCACTCCGCAAR 6600
TICCCTICTC TACCCTCACCATCACCAGATRTGCTIC 6750

AAPARCETTAC AAGATC: T 6900

CATAT(

TEAGICTCACTCAGGGRAGATICACARATTACARCATACTARTCTAGARCCAGAGATAGCACTFIGGATTAGRTCTAATC ACAATGTC ATGGATTTGATCCCTACTGIC ATACTATC ATAGA AR CA R GATATCG TTEGETGC ATACCTARR 1050

CTCTCAGCAC ARKATGEACH AGA ARTCCTCACCTACACH

ECCATCCCARARATICAGCCCTCCCACAPICCTCARTGAGAR 7100

Fig. 2 Nucleotide sequence of dsr-2 cDNA. The 7199-bp sequence of
dsr-2 cDNA is shown with the deduced amino acid sequence, pre-
dicted by the computer-based ORF search analysis using the GEN-
ETYX program (GENETYX version 7.0; Genetyx Corp., Tokyo,
Japan). The nucleotides contained in the ORF are marked with fine

In Southern blotting using. 1667 bases. of the cDNA
probe for dsr-2, we detected a single band at 4.4, 12.7 and
2.3 in the BamHI-, EcoRI- and HindlI-digested genomic
DNA of the rat respectively (Fig. 3a). With the same probe,
a single band at 9.5 kb was detected in EcoRI-digested
mouse getiomic DNA (data mot shown). These results
indicate that the dsr-2 gene exists as a single copy in both
the rat and mouse genomes. Using the same cDNA probe,
we screened a rat genomic library to clarify the genomic
structure surrounding the dsr-2 gene locus. We isolated a
positive clone with an insert size of 176 kb from the rat
PAC genomic library (Woon ef al. 1998) and determined
the entire primary structure by shotgun sequencing. These
analyses, together with the Basic Local Alignment Search
Tool (BLAST) database search of rat genomic DNA,
revealed that the dsr-2 gene maps to the opposite strand of
the large intron (354 kb) between exon 5 and exon 6 of the
nrxndo. gene in rat chromosome 6. The rat nrxn3u gene

underlines. The nucleotide sequences initially primed by the arbitrary
ptimer A63 are underlined in bold. An atypical poly(A) signal before
the poly(A) stretch is indicated as an open box. The nucleotide
sequence obtained has been deposited at the DDBJ (Accession no.
AB200323).

consists of 7009 nucleotides of mRNA, extends to the large
range of chromosome 6q24-31 (1.63 Mbp) and has multiple
alternative splicing sites, The BLAST search further
revealed that the mouse or human homologous nucleotide
sequence of the rat dsr-2 gene also mapped to the opposite
strand of the similar large intron of the mouse nrxn3 gene
(NM_172544) on chromosome 12 (NT_039552) or that of
the human nryn3 gene (NM_004796) on chromosome 14
(NT_086807).

Detection of dsr-2 mRNA in the CNS

Because the polyadenylation signal of the dsr-2 transcript
was found to be atypical, we examined the mRNA signals
by the northern blot analysis, not only in the poly(A)*
RNA fraction but also in the poly(A)” RNA fiaction
prepared from the neocortex. With a specific antisense
RNA probe for the dsr-2 transcript constructed from the
genomic dsr-2 sequence, we detected a single band at
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Fig. 3 Genomic organization of dsr-2. (a) Souithern: blot .analysis of
dsr-2. Rat genomic DNA was Isolated from adult rat neocortéx arid
digested by one of three restriction enzymes. A single hand at
4:4'kb, 12.7 kb and 2.3 kb was detected with the. DNA digested by
BamHi, EcoRl and Hindlil respectively. (b) Genomic structure of
dsr-2 in the rat. The genomic organization of dsr-2 and nrxn3x is

7.1 kb in the northern blot analysis of the poly(A)’, but
not of the poly(A), RNA fraction (Fig. 4a). The size of
dsr-2 transcripts coincided with that of the obtained dsr-2
¢DNA, confirming that the cloned ¢cDNA is full-length.
The corresponding sense probe for the dsr-2 transcript
failed to produce any hybridization signals. With the
antisense probe for the mrxn3a transcript, which is
constructed from the opposite strand of the genomic dsr-2
sequence, a doublet of bands around 9.5 kb was observed
(Fig. 4a) as reported previously (Ushkaryov and Siidhof
1993). The mrxn-3 sense probe did not detect any messages
from the dsr-2 strand (Fig. 4a).

Distribution of dsr-2 transcript in forebrain areas

of adult rat

The tissue disiribution of dsr-2 and nrxn3e mRNAs was
examined in the adult rat (PD50) by RT-PCR (Fig. 4b).
Basal expression of the dsr-2 transcript was exclusively
detected in the brain. Basal levels of the arxn3o transcript
were detected in the brain and testis. The reliability of the
present RT-PCR method was confirmed by the ubiquitous
distribution of high levels of B-actin mRNA.

The regional distribution of dsr-2 mRNA in the brain was
examined by RT-PCR assay in the adult rat (Fig. 5a).
Expression of the dsr-2 transcript was predominant in the
forebrain (cottex, limbic forebrain, striatum and hippocam-
pus), less in the midbrain (thalamus, hypothalamus and
midbrain), and even lower in the hindbrain (pons-meduila
and cerebellum). This characteristic distribution closely
resembled that of free D-serine in the rat brain as determined

Hlustrated based on the- data obtained- by  DNA sequencing of
the corrésponding PAC * genomic -clone and BLAST database
analyses: The dsr-2 gene is located on-the reverse strand within a
large intron of the nmn3x gene mapped to rat chromosome 624-
31, The short arrows indicate. the positions of primers used for
RT-PCR.

'(a) -

dsr-2 antisense dsr-2 sense nrxndo antisense nrmn3o sense

kb1234 1'2}3'4;1234 12 3 4
W B o=
\0
(b) &
o\@q
&
Qq,\e'&e’bow
Qf’«z@ 4_\9
12345678

dsr-2

nrxn3do;,

p-actin

Fig. 4 Expression of dsr-2 mRNA in brain. (a) Notthern blot énalysis
of dsr-2 and nixn3«. The mRNA was extracted from adult rat cerebral
neocortex and hybridized with dsr-2 (antisense and sense) and nxn3o
(antisense and sense) riboprobes. Lane 1, 10 pg total RNA; lane 2,
2 pg poly(A)* RNA; lane 3, 20 pg poly(A)* RNA; fane 4, 10 pg poly(A)~
RNA. The arrows indicate the specific bands detected in the poly(A)*
fraction. (b) Tissue distribution of dsr-2 and nxn8: transcripts. The
basal expression of dsr-2, nmxn3x and B-actin mRNAs in brain and
peripheral tissues was determined by RT-PCR.
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Fig. 5 Ontogenic change in distribution of dsr-2 transcript in the rat
CNS. (a) Subregional distribution of dsr-2 mRNA in the adult rat brain.
The basal expression of dsr-2, NR2B, DAO and nmxn3x mRNAs was
determined semiquantitatively by RT-PCR. (b) Oniogenic changes in
the distribution pattern of dsr-2 mRNA. The basal expression of dsr-2,
NR2B, DAO and nmxn3x mRNAs was determined semiquantitatively
by RT-PCR in the infant (PD8) and adult (PD50) rat cerebral neo-
cortex (Cx) and cerebellum (Ce).

by HPLC (Hashimoto ef al. 1993¢) and by immunohisto-
chemistry (Schell e al. 1995). Based on previous studies that
involved in sifu hybridization and immunohistochemical
analyses (Monyer ef al. 1992; Nakanishi 1992; Horiike et al.
1994), it was speculated that p-serine and the NR2B subunit
would display a similar distribution pattern and that DAO
would be distributed in a complementary manner to the two
molecules. Results of analysis of the distribution of the
NR2B and DAO transcripts in various brain areas using
RT-PCR supported this presumption (Fig. 5a), suggesting
that the dsr-2 gene product may be involved in synaptic
functions regulated by the p-serine/NMDA receptor NR2B-
mediated signaling. The basal expression level of the rrxn3o
transcript was also predominant in the forebrain, However,
we detected a relatively large amount of nrxn3« mRNA in rat
cerebellum. The reliability of the RT-PCR method was
verified by the ubiquitous distribution of -actin mRNA.

Ontogenetic changes in the distribution pattern of dsr-2
transcript in the rat brain

During development of the rat, endogenous p-serine and the
NR2B subunit were both detected transiently (from first to
third week after birth) at high levels in the cerebellum

Cloning of ds-2 from the neocortex 1547

(Watanabe et al. 1992; Hashimoto et al. 1995b; Schell et al.
1997). In this study, therefore, the expression of dsr-2 mRNA
was examined in the cerebral neocortex and cerebellum of
both infant (PD8) and adult (PD50) rats by RT-PCR. In the
infant rat, the cerebellum showed much higher expression of
dsr-2 mRINA than the cerebral neocortex, whereas the adult
neocortex and cercbellum showed intense and no detectable
expression of the franscript respectively (Fig. 5b). This
ontogenic change in the distribution pattern was again
similar to that of NR2B mRNA and complementary to that of
DAO mRNA. In contrast, there was no change in the
distribution pattern of nrxn3e mRNA during postnatal
development. The fact that no regional and developmental
differences were seen in GAPDH mRNA expression attested
to the reliability of the RT-PCR method.

Discussion

Using an RNA fingerprinting technique, we isolated a novel
and D-serine up-regulated transcript designated as dsr-2 from
the rat neocortex. Systemic administration of p-serine, but not
L-serine, enhances the neocortical expression of dsr-2 mRNA.
The dsr-2 gene is located on the reverse strand within an
intron of the nrxn3o gene mapped to rat chromosome 6q24-31
and is exclusively transcribed in the brain. The regional
distribution of the basal expression of dsr-2 and its ontogenic
changes are closely correlated with those of the fiee p-serine
content and of the NMDA receptor R2B subunit.

Detection of a single band of 7.1 kb by northern blot
hybridization with a specific riboprobe for dsr-2 (Fig. 3a), the
RT-PCR resulis and database search (data not shown) support
the view that there are no apparent splicing variants of the
dsr-2 transcript. Sequence analysis of the cloned dsr-2 cDNA.
indicates that dsr-2 mRNA has an ORF that is predicted to
encode 111 amino acids. Because the deduced amino acid
sequence contains no consensus motifs, the exact physiolo-
gical significance of the predicted protein remains unclear.

Modification of dsr-2 expression is likely to be related to
NMDA receptor-mediated glutamate transmission because
glycine site-mediated facilitation of the NMDA receptor is
caused by p-serine. The possible functional link of dsr-2 with
p-serine and NMDA receptors is further supported by the
brain-selective and p-serine- and NR2B subunit-like distri-
bution of the basal expression of dsr-2 in infant and adult rat
brains. The pharmacological, neuroanatomical and develop-
mental correlates also indicate that ds»-2 and its protein
product may play a physiological role in confrol of the
metabolism and function of p-serine and NMDA receptors.

Genomic walking, genome library screening and a database
search revealed that the entire length of the dsr-2 gene lies
within the opposite DNA sirand of the 354-kb intron of the
nrxn3o gene that encodes highly polymorphic neuron-specific
cell-surface proteins involved in the regulation of synaptic
neurotransmission (Missler e a/. 2003). This unique structural
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relationghip between the two genes, which is conserved in the
mouse and human could reflect their functional association.

The dsr-2 transcript might act as a natural antisense
regulator of mrxn3u expression. It has recently been appre-
ciated that changes in mRNA half-life and translation can be
mediated not only by RNA-binding proteins but also by
sense—antisense RNA interactions (Lehner ef al. 2002;
Carmichael 2003). For instance, translation of the neural
nitric oxide synthase protein from its mRNA las been shown
to be inhibited by the corresponding antisense region of the
pseudogene (Korneev ef al. 1999; Komeev and O’Shera
2002). The resulting RNA duplex would prevent the sense
RNA from interacting with diverse cellular components
required for a normal sense expression. Alternatively, the
duplex may represent substrates for double-stranded RNA-
specific enzymes (Vanhée-Brossollet and Vaquero 1998).
Because the DNA sequence of the dsr-2 gene is comple-
mentary to that of a part of the mxn3a intron between its 5
and 6 exons, the dsr-2 transcript might influence the editing
and maturation of premature nrxn3o mRNAs by hybridizing
to the complementary sequence. However, it is unlikely that
the dsr-2 transcript would solely be a specific. antisense
regulator of the nram3o gene, as expression patterns of dsr-2
and rren3e mRNAs are not always parallel in the brain and
periphery; in adult rats, substantial expression of nrxn3a, but
not dsr-2, mRNA is detected in the cerebellum and testis,
whereas the cerebellum exhibits intense expression of these
genes during development.

Tt is also possible that the dsr-2 RNA might be required for
trans-splicing variants of nrxn3o. Tranms-splicing is an
intermolecular reaction between a splice donor and a splice
acceptor in two separate mRNAs (Pirrotta 2002) and has
recently been observed in editing mammalian gene tran-
scripts including rat carnitine octanoyltransferase, rat volt-
age-gated sodium channel and rat Spl mRNAs (Caudevilla
et al. 1998; Akopian et al. 1999; Takahara et al. 2002). The
above possibility is raised by the hypothesis that, in the
particular variation upon splicing, the RNAs on opposite
strands are independently transcribed but the transcribed
regions overlap, therefore resulting in the presence of
complementary sequences in the primary . transcripts to be
trans-spliced. A lack of reports of nrxn3o variants containing
the nucleotide sequence of dsm-2 and the differential
expression of the two genes in the testis and cerebellum,
however, argue against the occurrence of frans-splicing.

Because the distribution of the mRNA signals of dsr-2,
NR2B and nrxn3o are roughly similar in the brain areas
examined, with the exception of the cerebellum, and because
o-neurexin (including neurexin-3o)-deficient mice exhibited
a decreased NMDA receptor-dependent postsynaptic current
(Kattenstroth et al. 2004), the sense-antisense transcription
in the dsr-2-nrxn3o, locus is implicated in the regulation of
dsr-2 expression and NMDA receptor-directed D-serine
signaling in the brain. Further investigation is needed to

clarify these possibilities as well as the physiological 1ole of
dsr-2; dsr-2 gene-targeted mice are currently being prepared.

In conclusion, we have demonstrated that rat brain
expresses a novel and apparently coding antisense transcript,
dsr-2, that is induced by D-serine. The D-serine-responsive
nature, and brain-selective, D-serine- and NR2B subunit-
related distribution, of dsr-2 mRNA are consistent with the
idea that dsr-2 may participate in the control of D-serine
metabolism and function and of NMDA receptor-mediated
signaling in the mammalian brain. Genomic analysis indi-
cates that the dsr-2 mRNA is derived from the opposite
sttand of an intron of the mrxn3o gene, suggesting a
regulatory role. of = sense—antisense - transcription. in the
interactions between dsr-2, nrn3e, p-serine arid the NMDA
receptor. '
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1t has now been well established that p-serine, a coagonist for the N-methyl-p-aspartate (NMDA) glutamate
receptors (NR1/NR2 type), is maintained at a high concentration in mammalian brains for life and shows a
brain-selective and NMDA receptor R2B subunit-related distribution, everturning the hitherte generally ac-
cepted theory that p-amino acid is not always present in mammalian tissues. p-Serine in the brain has been
shown to be contained in both the glia and neurons and to have specific processes of biosynthesis, extracellular
release, uptake, and degradation. Moreover, the selective elimination of p-serine reduces the NMDA receptor-me-
diated intracellular signaling and leng-term potentiation of synaptic connections. Together with the anti-psy-
chotic and anti-ataxic property of p-serine and the pivotal roles of the NMDA receptor in divergent higher brain
functions, these observations support the view that the p-amino acid may be invelved as an endogenous modula-
tor for the NMDA receptor in various neuropsychiatric functions and their pathological conditions.

Key words brain; neuropsychiatric disorder; N-methyl-p-aspartate (NMDA) glutamate receptor; p-serine

The discovery of endogenous p-serine in the mammalian
brain between 1990 and 1991 by the present author with my
collaborators at the National Institute of Neuroscience,
NCNE, in Tokyo and other institutes, was a consequence of

my research project on the pathophysiology and novel phar-
macotherapy of schizophrenia using p-serine and p-alanine,
which facilitate the N-methyl-p-aspartate (NMDA) glutamate
receptor function via its glycine site (Fig. 1), by noting the
induction of schizophrenia-like psychosis by the glutamate
receptor antagonists such as phencyclidine (PCP). =9 Ac-

- cording to this author’s idea to overcome the low ability of
these polar p-amino acids to cross through the blood brain
barrier (BBB) that their apolar compounds could easily per-
meate the BBB and improve the schizophrenic symptoms by
their systemic administration, Dr. Hibino at Nippon Oil and
Fats, Co., Ltd., designed and synthesized for our experi-

Na*
Ca++

Gly
Poly

K+

Fig. 1. Schematic Representation of the NMDA Receptor lon Channel
(NRI/NR2 Type)

The NMDA receptor complex has the mulnple 1egulatory binding sites for glutamate
(Glu), glycine and p-serine (Gly), magnesitum ions (Mg™ ™), phencyclidine (PCF), and
polyamine (Poly). This heteromeric receptor consists of an NR1 subunit (there are vari-
ous variants) and at least ane of 4 types of the NR2 subunits, A-D. Gly is considered to
be present on NR1 and Gi on NR2. The more recently identified NR3 subunit could
have regulatory sites that differ from those shown in this scheme.

e-mail: tnig. psyc@imd.ac,jp

ments, N-myristoyl-D-serine and N-myristoyl-p-alanine, which
were shown to ameliorate an animal model of schizophrenia,
PCP-induced abnormal behavior, following their intraperi-
toneal injection.>® During the process of the verification of
the expected presence of free D-serine or D-alanine in the
brain of animals treated with their fatty acid compoinds by
collaboration with the late Dr. Hayashi at the National Insti-
tute of Neuroscience and Dr. Fujii at Tsukuba University, we
provided the first evidence that free p-serine is constanily
maintained at a high concentration in the mammalian
brain™® although p-amino acids were believed to be uncom-
mon in mammalian tissues based on previous studies.”
Through immediate confirmations'®'? of our findings, subse-
quent studies on endogenous D-serine have been gradually
extended in a variety of aspects. In this article, the present
status and future problems are discussed.

1. DISTRIBUTION AND METABOLISM OF ENDOGE-
NOUS p-SERINE IN THE MAMMALIAN BRAIN

1) Distribution In mature rats, p-serine is predomi-
nanily concentrated in the brain,® and its contents in the
spinal cord, each peripheral tissue, or the blood are very low®
(but high in the urine'). The p-serine distribution in the
brain is also uneven, showing high concentrations in the fore-
brain areas including the cerebral cortex, hippocampus, stria-
fum, and limbic forebrain, moderate to low concentrations in
the diencephalon and midbrain, and trace levels in the pons-
medulla and cerebellum.® The forebrain-preferred distribu-
tion of D-serine is positively correlated with those of the giu-
tamate, PCE, and glycine sites of the NMDA receptor and
particularly with that of the NMDA receptor R2B subunit
mRNA.* These characteristics of the endogenous p-serine
distribution have been ascertained by subsequent biochemi-
cal' ™1 and immunohistochemical studies using the anti-p-
serine antibody,"*™'® and proved to be common to humans

© 2005 Pharmaceutical Society of Japan
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and other mammalians.!M41%2 At the cell level, '8 5 p-
serine-like immunoreactivity has been described in astro-
cytes, oligodendrocytes and the cell bodies, dendrites, and
axons of neurons.

The p-serine distribution in the brain significantly changes
with postnatal development,®'*!>2) and is almost homoge-
nous immediately after birth but approaches the pattern of
the mature stage during the 3-week period after birth in the
rat. 2% These developmental changes are also similar to
those for the distribution of the R2B subunit mRNA in the
brain & 131421 )

2) Extracellular Release p-Serine is detected in extra-
cellular fluid by an in vive dialysis technique in the media}
frontal cortex, striatum and cerebellum.*? The extracellular
contents of p-serine are closely correlated with its concentra-
tion in tissue (about 5X107%Mm in the cortex of the medial
frontal cortex) and the NMDA receptor distribution.”? Un-
like classical neurotransmitters, such as glutamate, glycine

and dopamine, the amount of p-serine in the frontal extracel-

tular fluid was not increased, but rather decreased, by depo-
larization following a veratrine or high concentration of
potassium ion application.”” Furthermore, the interruption of
the nerve impulse flow or removal of extracellular calcium
ions failed to reduce the extracellular p-serine levels.”?

In vitro studies using cultured astrocytes from the rat cere-
bral cortex or C6 glioma cells!®* indicate that kainite- and
AMPA  ((S)-o-amino3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid) induce the p-serine release. In contrast to the spon-
taneous liberation, this evoked release is shown to be depen-
dent upon the calcium jon and SNARE (soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor) pro-
tein as other transmitters released from the astroglial cells in-
cluding glutamate and ATP>® The relationship between the
evoked and the basal (spontaneous) release of D-serine awaits
further elucidation.

3) Uptake Rat brain homogenates® 2% and C6 cells??
have been demonstrated to have a sodium-dependent or
-independent, saturable and temperature-sensitive uptake ac-
tivity for p-serine. The pharmacological characteristics of the
D-serine uptake by rat brain homogenates differ from those of
the uptake of known transporters. Although a specific and
physiological transporter for b-serine has not yet been identi-
fied, it is of interest to note that the sodium-independent neu-
tral amino acid transporter Ascl shows a high affinity not
only to L-serine, L-cysteine, and L-alanine, but also to p-ser-
ine.?®

4) Symthesis In the rat brain, the angmented concentra-
tion of L-serine by its systemic administration results in an
increase in the p-serine content, and vise versa.?® Moreover,
[*H]v-serine has been shown to be converted into [*H]p-ser-
ine.’® These phenomena suggest the presence of a serine
racemase that catalyzes the synthesis of p-serine from r-ser-
ine. Indeed, a pyridoxal 5'-phosphate-dependent serine race-
mase with p- and L-serine ¢, f-elimination activities has been
reported in rat and human tissues.*"* However, it cannot be
excluded that p-serine biosynthesis might be regulated by
other enzymes, such as a phosphoserine phosphatase, glycine
cleavage system and serine hydroxymethyl transferase, be-
cause of 1) the formation of p-serine from L-phosphoserine
in brain synaptosomes,* 2) a reduction in the p-serine con-
tents in the cerebral cortex of patients with non-ketotic hy-

Vol. 28, No.9

perglycinemia lacking the glycine cleavage system and of the
rat treated with an inhibitor of this enzyme system,>® and 3)
an increase in the brain p-serine concentrations by applica-
tion of glycine.””

5) Degradation A long-known mammalian enzyme, D-
amino acid oxidase (DAO), has a p-serine degradation activ-
ity.*8) In the rat brain, the distribution and its posinatal de-
velopment of DAO are inversely correlated with those of
p-serine; the DAO activity rapidly increases in the cerebel-
lum, pons, and medulla oblongata about 10 d afier birth,36%)
when the D-serine conceniration begins to decrease.'*?! In
mutant mice lacking this enzyme activity, there is a marked
and very slight increase in D-serine contents in the cerebel-
lum and cerebral cortex, respectively.’” These findings indi-
cate the involvement of DAO in the formation of a p-serine
concentration gradient in the brain, and, at least, in the p-ser-
ine degradation in the metencephalon. A very slight activ-
ity mRNA expression®” and immunoreactivity'®*" of
DAQO in the forebrain tissues or astrocytes cultured from the
rat cerebral cortex do not deny the possible presence of other
enzymes that catalyze the physiological p-serine degradation
in the forebrain areas. ' '

6) bp-Serine Responsive Novel Genes We have recently
isolated two novel transcripts, dsr-1 (D-serine-responsive
transcript-1)*” and dsr-2,"" of which the expressions are se-
lectively induced by p-serine but not by L-serine. A part of

“dsr-1 is homologous with the M9.2 gene that encodes the

proton ATPase subunit, suggesting its possible involvement
in the p-serine uptake and release.*® Also, dsr-2 seems to be
involved in the metabolism or functions of p-serine, because
the mRNAs of dsr-2 are exclusively expressed in the brain
and show a p-serine- and NMDA receptor R2B subunit-like
distribution in the brain.*?

2. PHYSIOLOGICAL FUNCTIONS OF p-SERINE IN
THE BRAIN

1) Regulation of the NMIDA Receptor i) NMDA Re-
ceptors Consisting of NR1 and NR2 Subunits (Fig. 1): Be-
fore p-serine was found to be an endogenous substance, this
p-amino acid was initially known as a selective agonist for
the glycine-binding site of the NMDA receptor.’? Like
glycine and p-alanine, p-serine stithulates the glycine site of
the NMDA type receptor consisting of NR1 and NR2 sub-
units and enhances the action of glutamate on the receptor as
follows™: (a) depolarization, (b) inward electric: current, (c)
Ca™™" inflow, (d) cGMP production, (¢) release of various
neurotransmitters, and (f) neuron death. Stimulation of the
glycine modulatory site alone does not induce excitatory
postsynaptic potentials, but is indispensable for adequate
neurotransmission by glutamate.* Consequently, glycine,
p-serine, and Dp-alanine are called “co-agonists” for the
NMDA receptor.*? The actions of the two p-amino acids are
stereoselective and much more potent than the respective
L-amino acids.*?

Together with these characteristic actions, the NMDA re-
ceptor-like distribution of p-serine in the mammalian brains
(see 1.-1)) suggests that p-serine in the brain is a physiologi-
cal co-agonist for the NMDA receptor.”) Glycine is another
intrinsic co-agonist of the NMDA recepior with a different
disiribution pattern and metabolic pathway in the brain from
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Table 1. Comparison between p-Serine and Glycine as the Endogenous Ligands for the Glycine Modulatory Site of the NMDA Receptor (NR) in Mam-

malian Brains

p-Serine Glycine
Binding selectivity
NR-associated glycine site High affinity High affinity
Inhibitory glycine receptor Low affinity High affinity
Effects on NR1/NR2 receptor Facilitatory Facilitatory
Effects on NR1/NR3 receptor Inhibitory Excitatory®

Brain-selective
Forebrain-dominant

Distribution: Adult period

Ubiquitous in CNS & periphery
Hindbrain-preferential

NR2B-related NR-unrelated?

Postnatal development NR2B-related NR-unrelated?
Immunoreactivity Neuron<Glia Newon>Glia
Precursor L-Serine and/or glycine? L-Serine
Synthesis Serine racemase? Serine hydroxymethyl transferase
Extracellular release Depolarization-induced increase (—) Depolarization-induced increase (+)
Uptake (+): Na-dependent & -independent (+): Na-dependent
Transporter ? {ascl?) GLYT1 & GLYT2
Degradation p-Amino acid oxidase? Glycine cleavage system

. Effects of depletion on NR NR hypofunction ?

Roles in neurotrangmission Inhibitory transmitter*y/Neuromodulator

Neuromeodulator

CNS, central nervous system; NR, NMDA receptor; NR-associated glycine site, strychnine-insensitive glycine receptor (cf. inhibitory glycine receptor, strychnine-sensitive
glycine receptor). @) Note that glycine alone has been reported to induce the excitatory responses in the NRI/NRS3 type heteromeric NR receptor.

p-serine and/or the NMDA receptor® (Table 1). The neurobi-
ological differences indicate the distinct physiological roles
between p-serine and glycine in the control of the NMDA
receptor, which are still unclear (Table 1).

The pivotal role of p-serine in the NMDA receptor activa-
tion is supported by the fact that in the hippocampal slice
preparation, selective depletion of the endogenous p-serine in
the hippocampal slice preparation by DAO results in a
marked inhibition of the NMDA receptor-mediated sponta-
neous and evoked synaptic currents,* nitric oxide synthase
activation,’® cGMP production and long-time potentiation
(LTP) induction*¥ without significant changes in the glycine
contents. The 4 types of heteromeric NMDA receptors in any
combination with NRZA-NR2D and NR1 that are expressed
on the Xenopus oocytes displayed no differences in re-
sponses to p-serine and glycine.*” The enhancing effect of p-
serine on the glutamate-induced inward current was several
times as potent as that of glycine in each type of receptor.*”

ii) NMDA Receptors Composed of NR1 and NR3 Sub-
units: Heteromeric NMDA receptors composed of NR1 and
NR3A or NR3B respond to neither glutamate nor NMDA,
but glycine induces excitatory responses (inward current).*®
Interestingly, p-serine shows an action opposite to that of
giycine in the NR1/NR3 NMDA receptors, having negligible
effects when used alone, but markedly blocking the glycine-
induced inward currents.*® Therefore, p-serine is also a can-
didate as an endogenous modulator for NRI/NR3 type
NMDA receptors, but not a co-agonist.

2) Glia/Neuron Interaction The lack of increass in
the levels of the extracellular p-serine following depolariza-
tion stinuli?® and a substantial p-serine-like immunoreactiv-
ity in the glia cells including astrocytes'®'™ suggest that
p-serine may be released as a neuromodulator from these glia
cells. Several studies indeed reported the presence of a serine
racemase-like immunoreactivity, > uptake'® and release's™
activity of p-serine and DAO mRNA®) in the astrocyte. The
p-serine synthesis in the astrocytes is also indicated to de-
pend on the co-existence of neurons in the culture systern,*?

These observations are consistent with the idea that p-serine
may be implicated in the glia-neuron interaction that is re-
quired for the control of the NMDA receptor in the brain, al-
though its exact cellular setups remain to be clarified.

3) Neural Circuit Formation In the cerebellar slices,
p-serine is shown to enhance granule cell migration while the
selective degradation of p-serine by DAO and pharmacologic
attennation of the serine racemase activity hamper the
process.*” These phenomena suggest the involvement of
brain D-serine in neural circuit formation possibly via the
NMDA receptors in a certain growth stage or during repair
of the nerve wiring.

3. Dp-SERINE AND NEUROPSYCHIATRIC DISORDERS

1) Implications for the Pathophysiology D-Serine, a
putative endogenous co-agonist for the NRI/NR2 type
NMDA receptor, is supposed to play a critical role in the
development and control of various higher brain finctions
in which NMDA receptors are involved. Therefore, distur-
bances in the brain p-serine and the molecular system for
its metabolism and function may induce a variety of
neuropsychiatric symptoms. Indeed, substances including
p-serine that act on the glycine site of the NMDA receptor
influence schizophrenic symptoms* and their animal mod-
els, > cerebral ataxia,”™" the action of alcohol,* learn-
ing ability in dementia model animals,* anxiety behavior,"?
convulsion threshold®® ischemic neuron death,>? and
long-term behavioral abnormalities due to drug depen-
dence.*”? A drastic reduction in the brain p-serine contents
was found in patients with non-ketotic hyperglycinemia®
lacking the glycine cleavage system who presented various
central nervous symptoms such as mental retardation, con-
vulsive attacks, apnea, and drowsiness. Particularly, attention
has recenily been directed to the possible association of en-
dogenous D-serine with the pathophysiology of schizophrenia.

NMDA receptor antagonists acting at the PCP and gluta-
mate site induce schizophrenia-like psychosis exhibiting both
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positive (e.g., hallucination and delusion) and negative (e.g.,
affective flattening, alogia and avolition) symptoms in pro-
portion to the potency of the blocking action.'*® In contrast,
various symptoms in patients with schizophrenia have been
demonstrated to be improved by the oral administration of
glycine, Dp-cycloserine, or bp-serine which facilitate the
NMDA receptor function by stimulating the glycine modula-
tory site of the glutamate receptor.”® Based on these observa-
tioms, it is widely accepted that glutamate nevrotransmission
via the NMDA receptor may be decreased in schizophre-
nia.*®

One possible cause of this decrease is the reduced activa-
tion of this receptor due to a deficit in the p-serine signals
conveyed to the glycine site resulting from abnormalities in
molecules crucial for the metabolism or function of the brain
p-serine, although no direct evidence for this hypothesis has
been so far provided. There are no reports describing signifi-
cant changes in the D-serine concentrations in the post-
mortem brain tissues from the patients with schizophrenia as
compared to those without neuropsychiatric disorders.!>??
However, in the postmortem schizophrenic brains, an in-
crease in the NMDA glycine binding sites was observed in
some cerebral cortical areas,* which might be compensatory
responses to the decreased extracellular p-serine release in
the specific neural circuit. In addition, the association of sin-
gle-nucleotide polymorphism markers from both the DAO
gene and a new gene G72 from chromosome 13q34 with
schizophrenia, together with an in vitro augmentation of
DAO activity by a G72 protein product,® suggest an altered
p-serine metabolism in this disorder. .

2) Implications for the Development of Novel Phar-
macotherapy Clinical studies have been performed to
apply the anti-psychotomimetic’ %9 and anti-ataxic®*"
actions of D-serine or other agonists for the NMDA glycine
site, which are proven in animal experiments, to the treat-
ment of schizophrenia and cerebellar ataxia. As expected by
the ability of NMDA antagonists to induce schizophrenia-
like antipsychotic-insensitive symptoms, the glycine agonists
including glycine, D-cycloserine, D-serine and a glycine
transporter inhibitor, N-methylglycine, have been found to
ameliorate the schizophrenic symptoms that are resistant to
conventional pharmacotherapy.*® We reported that a NMDA
glycine site agonist, p-cycloserine, improved some ataxic
movements in patients with spinocerebellar degeneration®®
for which there are few effective treatment drugs. The above
clinically applicable NMDA receptor potentiators, however,
have problems in the effective administration doses*® and
side effects.®® Advances in the research on molecular mecha-
nisms of the p-serine metabolism in the brain may allow a
search for p-serine signal regulatory drugs targeting p-serine-
associated molecules, such as p-gerine-specific transporter
inhibitors, and also overcome these problems.

4. - CONCLUSION

Compelling evidence has been accumulated indicating that
brain p-serine is a neuromodulator for, at least, the NMDA
type glutamate receptor (Table 1) and is involved in a neu-
ron-glia interaction, wiring and rearrangement of neuron cir-
cuits and behavioral expression in mammals. The NMDA co-
agonist nature of D-gerine suggests that the endogenous

Vol. 28, No. ©

p-amino acid should be maintained above a certain concen-
tration in synaptic clefts for the physiological glutamate
transmission via the NMDA receptor and requires a distinct
molecular and cellular system from those for classical neuro-
transmitters that should be rapidly removed after their quan-
tal release in the synaptic clefts. This hypothesis appears to
be consistent with the data showing the unique profiles of
release, uptake and disappearance of p-serine in the brain tis-
sues which are not seen in the other known neuroactive sub-
stances. Therefore, clarifying the molecular mechanisms of
the metabolism and physiological function of the brain p-ser-
ine is expected to lead to not only new physiochemical find-
ings, but also clues to unknown information processing sys-
tems controlling the brain functions, which may markedly
promote the understanding of the cause/pathology of neu-
ropsychiatric disorders and the development of new treat-
ment methods.
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Summary

Neuronal dendriies, together with dendritic spines,
exhibit enormously diverse structure [1]. Selective
targeting and local translation of mRNAs in dendritic
spines have been lmplicated in synapse remodeling
or synaptic plasticity [2, 3]. The mechanism of mRNA
transport to the posisynaptic site is a fundamental
question in local dendritic franslation [4, 5. TLS
(translocated in liposarcoma}, previously identified as
a component of hnHNP complexes, unexpectedly
showed somatodendritic localization in mature hippo-
camypal pyramidal neurons. in the present study, TLS
was translocated to dendrites and was recruited fo
dendrites not only via microtubules but also via actin
filaments. In mature hippocampal pyramidal neurons,
TLS accumulated in the spines at exciiatory postsyn-~
apseas upon mGluR5 activation, which was accompa-
nied by an increased RNA content in dendrites. Con-
sistent with the in vitro studies, TLS-null hippocampal
pyramidal neurons exhibited abnormal spine mor-
phology and lower spine density. Our results indicate
that TLS participates in mRNA sorting to the dendritic
spines induced by mGiuR5 activation and regulates
spine morphology to stabilize the synaptic structure.
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Recent structural study of TLS has identified 2-folded
domains: a C4 zinc finger domain and RNA recognition
motif (RRM) domain [7]. Consistent with its RNA hind-
ing. properties, TLS is involved in rapid nuclear-cyto-
plasmic shuttling by binding mRNAs in the nucleus and
exporting spliced mRNA as a ribonucleoprotein com-
plex to the cytoplasm [8] and further in the initiation of
cell spreading [9]. However, no neuronal function of TLS
has been reporied. Our initial observation that TLS is
expressed in the mouse neocoriex and hippocampus
led us to investigate the neuronal functions of TLS.

TLS Localization in Mouse Neuronal Dendrites

TLS is expressed in the brain, and recent proteomic
analysis revealed that TLS is included in an NMDA re-
ceptor complex [10] and an RNA-transporting granule
as a binding partner of conventional kinesin (KIF5) [11].
We examined the subcellular distribution of TLS in hip-
pocampal neurons in culiure. Immunostaining with anti-
TLS polyclonal antibody (TLS-C) exhibited a punctate
distribution of TLS within dendrites and a clustering in
the nucleus (Figure 1A, upper middle panel), whereas
no specific signals were observed in the preadsorbed
specimen (Figure 1A, upper right panel). Consistent
with this endogenous expression of TLS, when ex-
pressed in the hippocampal neurons, TLS-fused to
green fluorescent protein (TL.S-GFP) exhibited a similar
granular ‘distribution” within dendrites in addition to
staining in the nucleus (Figure 1A, upper left panel).
Furthermore, double-label immunocytochemistry with
anti-TLS and anti-PSD95 antibodies revealed colocali-
zation of TLS immunoreactivity with PSD85-positive
spines (Figure 1A, arrows in lower panels) (the ratioc of
colocalization is 65%~73%, n = 50, dendritic segments
from spiny neurons). This result suggests that TLS is
localized in postsynapses and is consistent with further
analysis described below (see Figure 81 in the Supple-
mental Data available with this article onling). The hip-
pocampal neurons expressing TLS-GFP were immu-
nostained with anti-MAP2 antibody, a somatodendritic
marker, to confirm that TLS was localized in the neuronal
dendrites (Figure 1B, upper panels). The result clearly
showed that TLS-GFP was colocalized with MAP2-immu-
nopositive dendlrites. In contrast, TLS-GFP was absent
from fong thin axonal projections of hippocampal pyrami-
dal neurons marked by antibody against phosphorylated
neurofilament protein (SMI31). The SMI31-positive pro-
jections were MAP2 nsgative, confirming thelr identity
as axons (Figure 1B, lower panels). These results indi-
cate that TLS is exclusively localized in the neuronal
dendrites of polarized neurons.

TLS-GFP Moves toward Dendrites

TLS lpcalization within dendrites was examined by
uging an adenovirus-mediated expression system to ef-
ficlently express TLS-GFP in cultured hippocampal
neurons. Movement of TLS-GFP was assayed by time-~
lapse confocal microscopy 48 hy after infection with ad-
enovirus expressing TLS-GFP (Fiaine 2 and Movies i
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Figure 1. TLS Is Localized in Neuronal Dendrites
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(A) Immunocytochemistry of mouse hippocampal-cultured neurons shows a punctate distribution of TLS within dendrites and its clustering
in the nucleus (top middle). No staining with the antibody preadsarbed by excess amounts of GST-TLS fusion protein {top right, inset;
costaining with anti-MAP2 antibody). Exogenously expressed TLS-GFP protein recapitulates the endogenous punctate localization of TLS
within dendrites (top left). Double labeling with anti-PSD95 antibody shows that some of the TLS clusters are localized in spines (bottom
arrows), Scale bars, 10 pm in upper panels and 5 pm in lower panels.

(B} TLS-GFP is localized in MAP2-positive neuronal dendrites, whereas TLS-GFP is absent in the MAP2-negative process {arrowheads). TLS-
GFP is exciuded from this SMi31-positive thin-axonal process (arrowheads) of a mouse hippocampal pyramidal neuron. Scale bars, 10 un.

(C) TLS translocation to dendrites requires intact cytoskeletal polymers and is actin dependent. In control cells, TLS-GFP is distributed both
in the cell bodies and dendrites (n = 27) as well as staufen-GFP. Treatment with either cytochalasin B (0.2 pM) {n = 48, over 50 pm distant
from the soma, p < 0.01) or nocodazole (2 pM) (n = 51, over 70 pm distant from the soma, p < 0.01) for 12 hr reduces the amount of TLS-
GFP within dendrites, although the neuronal extensions are not retracted. Nocodazole treatment blocks dendritic localization of staufen-GFP,
however, cytochalasin B has no effect on its somatodendritic localization. Scale bar, 50 pm. Graphs showing quantitative data for pharamaco-
logical experiments with inhibitors described above are presented. Error bars indicate SEM (standard error of mean) for each experiment,

and 2). When TLS-GFP was expressed in immature
dendrites with few spines (cufture day 13, Figure 2A),
rapid fusion (Figure 2A, 0-5 min, left arrows) and disso-
ciation {Figure 2A, 0~5 min, right arrows) of a fraction
of the TLS-GFP particles took place. Active movement
of TLS-GFP particles over a short distance within den-
drites was also observed (Figure 2A, 15~25 min, arrow-
head). To measure the exchange rate of TLS-GFP mole-
cules in the particles, we performed fluorescence
recovery after photobleaching (FRAP) of TLS-GFP clus-
ters present in dendrites. After photobleaching, fluores-
cent signals of TLS-GFP were recovered rapidly, and
half recovery of fluorescence was observed within 20 s
(data not shown). This rapid time course of FRAP re-
covery indicates a dynamic exchange of TLS molecules
between particulate and soluble fractions. The move-
ment of TLS-GFP was also revealed to be bidirectional,
and some populations of TLS-GFP particles formed
stationary clusters within the dendritic shaft (Figures

S1Ba-S1Bc). These clusters also repeatedly gathered
and dispersed within the dendrites. By double labeling
with anti-cortactin binding protein (CortBP), as an inde-
pendent marker that identifies the morphology of the
spines, and TLS-GFP, we further analyzed whether
TLS-GFP clusters are localized in spines (Figure S2).
The distribution of spines/filopodia labeled with anti-
CortBP was different from that of TLS-GFP clusters, in-
dicating that TLS is not selectively translocated into
spines/filopodia at the early developmental stage. In
mature dendrites at culture day 23, there was a signifi-
cant shift of the localization of TLS-GFP particles from
the dendritic shafts to spines (Figure 2B, arrow; see
also Figure S1A and $1Ca-~-S1Cc), and these particles
within the spines did not show the rapid movement that
was evident in the immature dendrites. TLS-GFP clus-
ters within spines were of a stationary nature. These
data suggest that TLS may move dynamically within
dendrites before spine maturation. However, once im-
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Figure 2. TLS-GFP Clusters Show Distinct Dynamics at Different Stages of Dendritic Maturation

TLS-GFP was expressed in mouse hippocampal neurons by use of the adenoviral expression system. TLS-GFP was assayed by time-lapse
confocal imaging of TLS-GFP-expressing adenovirus 24-48 hr after the infection. (A} When TLS-GFP was expressed in immature dendrites
with few spines (13 div: 13 days of in vitro culture), some TLS-GFP clusters fused together or dissociated during the short observation period
of the time-lapse sequences (arrows in [A], 0-5 min). A fraction of TLS-GFP clusters actively moved a short distance in dendrites (arrowheads
in [A], 15-25 min). (B) in mature dendrites (23 div: 23 days of in vitro culture), TLS-GFP clusters were stationary within spines and did not
move as fast as they did in the immature dendrites. However, TLS-GFP clusters changed their shape actively, possibly because of the overall
change of spine shape affected by actin-dependent motility (B, arrows). Scale bar, 5 pm.

mature spines are committed to form stable synapses,
TLS may become preferentially recruited to and accu-
mulated within spines.

Requirement of Intact Actin Polymers

for TL.S Translocation

To examine how the cytoskeletal organization of the
dendrites is involved in the movement or transport of
TLS, we treated primary cultured hippocampal neurons
either with cytochalasin B or nocodazole, potent inhibi-
tors of the assembly of actin filaments or microtubules,
respectively. Both reagents affected the distribution of
TLS within dendrites, and the TLS-GFP disappeared
from the dendrites (Figure 1C). Quantitative analysis re-
vealed a significant decrease in the TLS-GFP signal in-
tensity in dendrites after treatment with either cytocha-
lasin B or nocodazole {Figure 1C). On the other hand,
the distribution of Staufen, whose dendritic localization
is known to be microtubule dependent [12, 13], was
affected by the nocodazole treatment, but not by cy-
tochalasin B (Figure 1C). These data indicate that the
dendritic localization of TLS-GFP required both actin
filaments and microtubules.

Synaptic Activity-Dependent TLS Translocation

to the Dendritic Spines

Mature dendrites expressing TLS-GFP were immuno-
stained with anti-synapsin | antibody, anti-vesicular
glutamate transporter-1 (VGLUT1) antibody, and anti-
CortBP antibody to reveal the precise localization of
TLS in dendrites. CortBP completely overlapped TLS-
GFP at the synaptic sites (Figure S1F), whereas punc-
tate structures immunopositive for either synapsin |, a

marker of presynaptic vesicles, or VGLUT1, a marker of
excitatory presynaptic structures, were closely ap-
posed to the fluorescent clusters of TLS-GFP (Figure
81D and S1E, respectively), suggesting that TLS was
specifically localized in the spines of excitatory post-
synaptic sites, as'described above.

Local protein synthesis subsequent to translocation
of mRNA to dendrites is known to be stimulated by
DHPG, a group 1 mGluR agonist [3], as well as neuro-
trophin, BDNF [14, 15]. Using DHPG to transiently acti-
vate mGluRs in dendrites, we tested to see if TLS-GFP
accumulation in dendrites and dendritic spines de-
pends on the state of synapse activation. When cul-
tured hippocampal neurons expressing TLS-GFP were
stimulated with DHPG (100 .M) over a 60-min period,
the amount of TLS-GFP clusters in dendrites increased
{Figures 3A-3D) and the movement of the particles ac-
celerated (data not shown). Furthermore, the TLS-GFP
clusters gradually accumulated in the dendritic spines
(Figures 3A-3D, inset) where retrospective immunocy-
tochemistry with synapsin | antibody revealed the pres-
ence of a presynaptic component at the sites of TLS
accumulation (Figures 3D-3F). To the contrary, other
synaptic proteins such as PSD95, Homer-ic (PSD-
Zip4b), Shank, and GKAP were not translocated into
spines by DHPG treatment (see Figure S$3). These re-
sults indicate that TLS is likely to be involved in the
translocation of mRNA to the dendritic spines for local
translation in dendrites. In DHPG-treated mature hippo-
campal neurons, the relative fluorescence intensity in
spines was increased significantly (n = 26, cluster index
35% in average) by 5-fold compared with that of control
neurons (n = 17, cluster index 7% in average) (Figure
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Figure 3. TLS Localization to the Postsynaptic Spines Is Dependent on mGIuR Signals

(A~F) Time-lapse recording of TLS-GFP clusters after DHPG treatment (100 pM, 60 min) reveals that TLS-GFP accumulates within spines.
{Aa-Fa) High-magnification view of the same area shown as a white rectangle in (A). Accumulation of TLS-GFP clusters takes place at the
sites where retrospective immunocytochemistry by anti-synapsin | reveals the presence of presynaptic structures {E and F). Photos (F) and

(Fa) are merged images of (D)-(E) and (Da)~(Ea), respectively.

(G and H) The average cluster index (the increase % of relative fluorescence intensity after the stimulation divided by the relative fluorescence
intensity before the stimulation) is increased in cells treated with DHPG (n = 26). This DHPG-dependent effect does not change even in the
combined presence of APV and CNQX {n = 7). The DHPG-dependent spine accumulation is abolished in hippocampal neurons from mGIuR5~"
{n = 10). Control, n = 17 (H)} DHPG {100 pM) induces accumulation of TLS-GFP in spines. However, upon the removal of DHPG 30 min after
the start of treatment, the amount of TLS-GFP in spines returns to the control level. Error bars in (G) and (H) indicate SEM (n = 20).

3G). DHPG treatment did not change the number of the
spines protruding from the shaft under the experimen-
tal conditions used nor caused significant elongation of
the spines. Moreover, upon the removal of DHPG 30
min after the treatment, the number of spines contain-
ing TLS-GFP clusters moved back to the control level
after another 30-min period of incubation {Figure 3H).
This result clearly indicates that the spine localization
induced by DHPG is a reversible event and that the
spine localization was dependent on the state of mGIuR
activation. Hippocampal neurons expressing TLS-GFP
were exposed to DHPG in the presence of both CNQX
and APV, which are antagonists for the AMPA/kainate-
type glutamate receptor (GIuR) and NMDA receptor
(NMDAR), respectively, to identify the signals responsi-
bie for the spine localization. The combination of CNQX
and APV did not affect the DHPG-induced spine local-
ization of TLS (Figure 3G), indicating that the spine lo-
calization was solely mediated by the mGIuR activation
and was independent of GluR or NMDAR activation.
Because we demonstrated that TLS accumulated ex-
clusively in the spines of postsynaptic neurons (Figure
S$1D-S1F), mGluRS5, the major group 1 mGIuR, was sus-
pected to be the most plausible receptor candidate in-

volved in TLS localization to the spines of pyramidal
neurons in the CA1 area. To test this possibility, we ex-
amined the DHPG-induced TLS redistribution in hippo-
campal neurons derived from mGIuR5 knockout mice
[16]. In neurons of the mGIuR5 homozygous mutants in
which basal TLS distribution was not changed com-
pared with wild-type (Figure $4), DHPG could not in-
duce spine localization of TLS (Figure 3G). These re-
sults confirm that TLS accumulation in spines is
induced upon postsynaptic activation of signaling cas-
cades initiated by mGIuR5.

Abnormal Spine Morphology in TLS-Deficient Mice

To investigate the context of TLS localization and its
role in neuronal development, we prepared primary hip-
pocampal neurons from embryos of TLS mutant mice
(TLS™-) [17] and stained them with the lipophilic dye Dil
(Figure 4). In the hippocampal neurons from the TLS-
deficient mice, the dendrites were irregularly branched,
and numerous long and thin processes like immature
axons extended from the cell body (Figure 4A, arrows
in upper panel of -/-}, which is not observed in wild-
type neurons extended with a single axon from the cell
body (Figure 4A, arrows in upper panel of +/+}. How-
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Figure 4. TLS-Deficient Mice Show Reduced Spine Number and
Abnormal Spine Morphology

(A) Morphology of hippocampal neurons from TLS wild-type (TLS*/)
and TLS null mutant (TLS~-) mice visualized by application of lipo-
philic dye Dil at 21 days in vitro. In neurons obtained from TLS™/-
mice, there were multiple axon-like processes that have elongated
from the soma {arrows in -/~ of the upper panel). With higher mag-
nification, the spines were reduced in their number (arrows in /-
of the middle panel) or transformed into thin cytoplasmic protrusion
similar to filopodia (arrowheads in -/~ of the lower panel). In con-
trast, majority of dendritic protrusions in wild-type neurons showed
the morphology of mushroom-shaped spines, containing large
heads connected to the shaft via thin neck (amwows in +/+ of the
lower panels). Scale bars, 50 pm in upper panels and 5 pm in
lower panels.

(B} Quantitative analysis of spine density in hippacampal neurons
taken from wild-type {(+/+) and TLS null mutant (-/-} mice. There
was a significant decrease of spine density in the TLS null mice.
On the other hand, the number of filopodia-like protrusions was
significantly increased in TLS null neurons (50 representative den-
drites from 10 neurons with each genotype were measured; double
asterisk, p < 0.01). Eror bars, SEM.

(C) Sholi profiles revealed a slight change in branching pattern of
TLS null cultured pyramidal neurons. Number of dendritic crossings
within 50 wm and over 200 pum from the soma significantly in-
creased in TLS null neurons (h = 30 independent neurons). Asterisk,
p < 0.05; double asterisk, p < 0.01.

ever, immunostaining for MAP2 or SMI31 revealed that
TLS-null neurons possessed multiple dendrites and a
single axon, indicating that the neuronal polarity was
not affected by the TLS deficiency (data not shown).
The spines in TLS-deficient neurons were reduced in
number (Figure 4A, arrows in lower panel of -/-) or

transformed into thin and long cytoplasmic protrusions
similar to filopodia (Figure 4A, arrowheads in lower
panel of -/-). Their structure was distinct from that of
the wild-type hippocampal neuron spines, which dis-
played thin necks and relatively large heads and, thus,
had a mushroom-like shape (Figure 4A, arrows in lower
panel of +/+) [1]. Quantitative analysis revealed that the
density of spines in TLS-deficient neurons was signifi-
cantly reduced compared with that in the wild-type
ones (Figure 4B). On one hand, the number of filopodia-
like spines was increased in TLS-deficient neurons. To
clarify further the difference in spine morphology be-
tween the TLS-deficient and wild-type neurons, we
measured dendritic complexity by a standard Sholl
analysis [18], which counis the number of dendritic
crossings at 50 wm concentric circles. There were more
branches in the proximal and distal region in TLS-defi-
cient neurons compared with those in wild-type (Figure
4C). In the proximal region, more dendrites were elon-
gated directly from the soma in the TLS nuil neurons. It
appeared that there were more tertiary dendritic
branches in the distal region of the TLS nuil neurons.
These data imply a key role for TLS in neuronal matura-
tion including dendritic branching and also mainte-
nance of spine stability.

Discussion

Metabotropic glutamate receptors have diverse func-
tions in signal transduction of neurons. Group 1
mGluRs, including mGluR1 and mGIuRS5, are localized
at the periphery of the postsynaptic junctional mem-
brane of principal neurons in the hippocampus and the
cerebellum {19, 20]. Our time-lapse recording of TLS-
GFP revealed that treatment with DHPG, a selective
group 1 mGluR agonist, increased the amount of TLS-
GFP clusters in the spines of mature dendrites within
30 min of stimulation (Figure 3). By using hippocampal
neurons from mGIuR5 knockout mice, we showed that
postsynaptic mGluR5-mediated signaling system was
responsible for the translocation of TLS. The reversal
of TLS ftranslocation after DHPG washout, shown in
Figure 3H, clearly indicates that accumulation of TLS
in spines was maintained by mGIuR activity and not
stabilized by other molecular interactions. Activated
postsynaptic mGIuRS can induce increases in both in-
tracellular calcium concentration [Ca®*}i and PKC acti-
vation through the G protein-linked inositol phospholip-
ids pathway [21]. On the other hand, PKC activation
has been shown to control the redistribution of a wide
variety of proteins localized in the postsynaptic density
(PSD) [22, 23]. Because PKC is responsible for the reor-
ganization of the actin cytoskeleton in a variety of cell
types [24], activation of PKC by mGIluR5 may subse-
quently release TLS-containing RNA granules from their
actin bound state and initiate their translocation into
spines. This hypothesis can be tested by experiments
with multiple fluorescent reporters to simuitaneously
monitor translocation of TLS and reorganization of the
actin cytoskeleton.

Atthough DHPG treatment induces accumulation of
TLS, signaling via mGIuR5 cannot be the sole mecha-
nism of TLS accumulation in spines. The presence of
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anotiher signaling system is evident from phenotypic
examination of culfured neurons from mGIURS null
mice, where transition of TLS from dendritic shafts to
spines took place with a time course similar to that for
wild-type mice (unpublished data). On the other hand,
absence of TLS in hippocampal neurons affected the
morphology of the dendrites and reduced the number
of the spines (Figure 4). it is likely that accumulation of
TLS into spines is essential for their structural matura-
tion but is dependent on multiple signaling systems in-
cluding mGluRS activation. Abnormal spine morphol-
ogy has also been reported in FMRP null mice [25, 26].
In the FMRP knockout mice, neuronal dendrites exhib-
ited long and thin dendritic spines with increased den-
sity. This increased spine density may be attributed to
the absence of an activity-dependent translational sup-
pression by FMRP [27]. The contrasting phenotypes of
these null mutants illustrate the functional diversity of
BNA binding proteins in dendrites.

Considering the dual functions of TLS as the RNA-
splicing factor and an RNA transporter, we may specu-
late that TLS may coordinately regulate the rate of RNA
splicing in the nucleus and the amount of mRNA trans-
ported to local translational machinery in spines in re-
sponse to synaptic activaiion. Understanding how
posisynaplic metabotropic signals regulate TLS dy-
namics will be essential in order to decipher the com-
plex cellular system that integrates synaptic activity,
RNA splicing and transport, and local dendritic transla-
tion. Our present and future findings on the neuronal
functions of TLS do and will provide important keys for
further understanding the molecular basis of synaplic
plasticity and a general insight into local translation in
polarized cells.

Supplemental Data

Supplemental Data include four figures, two movies, and Supple-
mental Experimental Procedures and are available with this arti-
cle online at htfp/fvanw.curent-hiclogy.com/agi/content/full/1 5/6/
587/DCH/.
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