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inhibition mechanism to decrease NMDAR activity
(through reduction in bp-serine synthesis) and prevent
neurotoxicity at neighboring synapses. Notably, NMDAR-
mediated translocation to the membrane is irreversible,
even after blockade with NMDAR antagonists (Balan et al.
2009). The data indicate that NMDAR-mediated translo-
cation is a last resort mechanism used by cells that are
already committed to die. NMDAR-dependent inactiva-
tion of SR may protect neighboring cells by preventing
further p-serine production and limiting the spread of
excitotoxicity.

Another mechanism by which NMDAR activation
controls SR activity involves NOS activation and SR nit-
rosylation at Cys113 (Mustafa et al. 2007). This leads to a
decrease in SR activity via displacement of ATP binding
(Mustafa et al. 2007). Thus, in addition to promoting
SR translocation to the membrane (Balan et al. 2009),
NMDAR activation inhibits SR activity via reversible
S-nitrosylation. Diffusion of NO to non-neuronal cells will
inactivate glial SR. On the other hand, NMDA-mediated
SR translocation is NO independent, indicating that dif-
ferent cell types use different regulatory mechanisms
involving different mediators.

Phosphorylation of mouse SR at Thr71 stimulates the
rate of p-serine synthesis by increasing the turnover of the
enzyme (Foltyn et al. 2010). Metabolic labeling indicates
that this site comprises at least 80 % of the total SR
phosphoprotein. Phosphorylation of SR at Thr71 was
confirmed in vivo by phosphoproteome analysis of mouse
brain (Wisniewski et al. 2010; Huttlin et al. 2010). The
specific kinase has not been identified, though it likely
belongs to the class of proline-directed kinases. This
phosphorylation site, however, is not conserved in the
human SR, indicating that it may mediate rodent-specific
regulation/behavior.

SR inhibitors

In light of the role of SR in neurotoxicity, drugs that curb
p-serine synthesis may be useful to treat neurodegenerative
diseases. A number of SR inhibitors have been employed to
demonstrate a role of SR in synthesizing p-serine and
regulating NMDAR-dependent physiological processes.
Early papers used a general inhibitor of PLP-dependent
enzymes, like aminooxyacetic acid (Wolosker et al. 1999b)
or L-serine O-sulfate, an artificial substrate for «, f-elimi-
nation that blocks p-serine synthesis by replacing the nat-
ural substrate L-serine (Panizzutti et al. 2001). Subsequent
studies employed phenazine and phenazine derivatives to
block SR-mediated granule cell migration in the develop-
ing cerebellum (Kim et al. 2005). Furthermore, Konvalika
and co-workers found that some dicarboxylic substrate
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analogs are high-affinity competitive SR inhibitors (Stri-
sovsky et al. 2005). These include malonate and L-erythro-
3-hydroxyaspartate that work in the micromolar range. The
latter was recently employed to demonstrate the role of
astrocytic D-serine in regulating hippocampal LTP
(Henneberger et al. 2010). Nevertheless, there is no data on
the selectivity of any SR inhibitor, and their use to study
complex physiological processes, like neurotransmission,
should be avoided, unless SR knockout (KO) mice or
shRNA strategy can be used as controls to ensure the
inhibitor specificity toward SR. The recent description of
SR structure and the availability of in silico screening and
docking approaches will facilitate the development of more
selective inhibitors.

Serine racemase-knockout mouse strains

The development of SR-KO mice was crucial to clarify the
physiological and pathological roles of SR. To date, three
SR-KO mouse strains have been developed (Inoue et al.
2008; Basu et al. 2009; Labrie et al. 2009) (Table 1). The
first SR-KO mouse strain was generated by homologous
recombination in embryonic stem (ES) cells derived from
the C57BL/6 strain, and the resulting insertional mutation-
type SR-KO mice therefore have a pure C57BL/6 genetic
background suitable for the analysis of brain functions
(Miya et al. 2008). This strain is now referred to as SR-
KO™. The second, flox-type, SR-KO mouse strain was
generated by homologous recombination in 129Sv-derived
ES cells and backcrossed with the C57BL/6 strain (Basu
et al. 2009). This strain is referred to as SR-KO'TC. The
third SR-KO mouse strain was identified from the FI
progeny of ethylnitrosourea (ENU)-mutagenized C57BL/6
male mice and DBA/2 female mice (Labrie et al. 2009).
The ENU-induced mutation was identified as a nonsense
mutation resulting in the conversion of tyrosine 269 of the
SR protein to a stop codon (SrrY269* strain). The Fl
founder carrying the SrrY269* mutation was backcrossed
with the C57BL/6 strain. The main difference among these
mouse strains is their genetic background. Recently, cell-
type selective conditional SR-KO mice, namely, astrocyte-
selective SR conditional knockout (aSR-KO'™¢) and
forebrain glutamatergic neuron-selective SR knockout
(nSR-KO'™) mice have been reported (Benneyworth et al.
2012).

Production of p-serine catalyzed by SR in vivo
The three strains of SR-KO mice show no detectable SR

protein, and their brain p-serine levels are 10-20 % of the
wild-type (WT) controls. The levels of L-serine, glycine
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Table 1 Summary of phenotypes of three SR-KO mouse strains

Strains SR-KO'M SR-KO'™ SrrY269*
Genetic background C57BL/6 129 Sv ES derived x C57BL/6 ENU mutagenesis x DBA
CS7TBL/6 (N7) derived x C57BL/6 (N8)
Biochemical changes
SR protein No No No
p-Ser Reduced (10 % of WT) Reduced (10 %) Reduced (10-20 %)
L-Ser No change No change Increased (frontal cortex)
NMDAR activity Reduced (excitotoxicity Reduced (electrophysiology) Not tested
assay)
Behavioral tests
PPI No change No change Impaired
Locomotion No change Enhanced (male) No change

Impaired (contextual
learning)

Learning and Memory

Impaired (Morris water maze)

Impaired (Morris water maze)

and glutamate in the cerebral cortex of SR-KO"™ and
SR-KO'T® mice are equivalent to those of WT controls
(Inoue et al. 2008; Basu et al. 2009), though one study
reported higher L-serine levels in the frontal cortex of
SrY269* mice (Labrie et al. 2009). These findings indicate
that p-serine production in the mouse brain is predomi-
nantly catalyzed by SR (Table 1).

The origin of the residual 10-20 % of p-serine is not
known. Conceivably, residual p-serine may originate in
peripheral tissues. Specific expression of SR was detected
in the liver using SR-KO™ mice as negative controls
(Horio et al. 2011). SR-KO™ mice display reduced levels
of p-serine in some peripheral organs like the kidney,
muscle and testis. However, the levels of p-serine in the
liver, spleen, pancreas, epididymis, heart, lung and eye of
SR-KO™ mice are comparable to those in WT mice
(Horio et al. 2011). Possible alternative pathways for
p-serine synthesis include the glycine cleavage system
(Iwama et al. 1997), the hydrolysis of phosphoserine by
phosphoserine phosphatase (Wood et al. 1996) or exoge-
nous p-serine from intestinal bacterial flora.

Localization of SR in vivo

To fully clarify the role of p-serine in the brain, it is
important to precisely define the cellular localizations of
SR and p-serine. Early data on SR distribution indicated
that the enzyme was glial (Wolosker et al. 1999a). How-
ever, subsequent immunohistochemical and in situ
hybridization studies revealed the localization of the SR
protein (Kartvelishvily et al. 2006) and its mRNA (Yos-
hikawa et al. 2007) primarily in neurons. More definitive
data on SR distribution was obtained using SR-KO™ mice
as negative controls (Miya et al. 2008). This approach
ensured the specificity of the antibodies and revealed that

SR was predominantly localized in pyramidal neurons of
the cerebral cortex and hippocampal CAl region. Double-
immunofluorescence experiments revealed that SR colo-
calizes with neuron-specific nuclear protein (NeuN), but
not with astrocytic markers, namely, glial fibrillary acidic
protein (GFAP) and 3-phosphoglycerate dehydrogenase
(Phgdh). In the striatum, SR is expressed by y-aminobu-
tyric acid (GABA)ergic medium spiny neurons. Further-
more, in the adult cerebellum, weak but significant SR
signals are detected in GABAergic Purkinje cells. The data
indicate that SR is expressed by the main neuronal popu-
lations in most brain regions, irrespective of the excitatory
or inhibitory nature of the cells. Therefore, neurons are
likely to be the main source of p-serine (Miya et al. 2008).
These results, however, cannot exclude the possibility of
SR expression in glial cells in vivo at levels below the
sensitivity of the available antibodies. In primary cultured
cells, SR is expressed in both neurons and astrocytes at
similar levels, indicating that the pattern of SR expression
in astrocytes in vitro differs from that observed in vivo.
Recently, the notion that SR is predominantly neuronal
gathered additional support from the analysis of
nSR-KO'™ mice. These mice exhibit lower p-serine and
SR expression in the brain, especially in cortical gluta-
matergic neurons (Benneyworth et al. 2012). Astrocyte-
specific SR-KO mice (aSR-KO'™®) exhibit no change in
p-serine levels. Notably, the decrease in SR expression
observed in nSR-KO’™® mice (about 60 % in the cortex)
was more prominent than the decrease in p-serine by HPLC
(around 30 % decrease). While these results underscore the
importance of neurons in synthesizing p-serine (Benney-
worth et al. 2012), they raise additional questions regarding
possible alternative sources of D-serine. D-Serine crosses
the blood—brain barrier and it is possible that some of brain
p-serine comes from the periphery. SR expression in the
liver is upregulated in nSR-KO'™ mice, suggesting that
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there may be a “cross talk” between the brain and the liver
that maintains peripheral and brain p-serine levels (Ben-
neyworth et al. 2012).

Morphological features of brain of SR-KO mice

SR-KO’™ mice display reduced cortical volume (Balu
et al. 2012). Neurons in the medial prefrontal cortex (PFC)
of SR-KO'™ mice show reduced complexity, total length
and spine density of apical dendrites (DeVito et al. 2011).
Furthermore, pyramidal neurons in the primary somato-
sensory cortex (S1) of SR-KO’T® mice also show reduced
complexity, total length and spine density of apical and
basal dendrites (Balu et al. 2012). However, the gross
formation and patterning of barrels in the posteriomedial
barrel subfield in S1 are normal. Decreased expression of
brain-derived neurotrophic factor (BDNF) may be associ-
ated with these morphological changes (Balu et al. 2012).

Gene expression in SR-KO mice

The expression levels of various proteins were analyzed in
SR-KO mice, and the observed changes may reflect adap-
tations to NMDAR hypofunction. The expression of
NMDAR subunits, namely, GluN1, GluN2A and GIuN2B,
which are abundant in the forebrain, are the same in brain
homogenates of WT and SR-KO mice (Inoue et al. 2008;
Labrie et al. 2009). In contrast, SR-KO'™ mice displayed
higher levels of GluN1 and GluN2A subunit expression in
postsynaptic density (PSD) fractions obtained from hip-
pocampus, though the levels of these receptors in PFC of
SR-KO'™® mice were unaltered (Balu and Coyle 2011).
The expression levels of other GIuN2B and PSD-95 pro-
teins were unchanged in the PSD fraction from SR-KO'™®
mice. Furthermore, another study reported higher expres-
sion of GluN1 subunit in the striatum of SR-KO'™® mice
(Mustafa et al. 2010). These observed increases in
NMDAR subunits may reflect synaptic adaptations to
compensate for presumed lower NMDAR activation in SR-
KO, but an effect due to differences in genetic backgrounds
of the KO mouse strains cannot be ruled out. The differ-
ences described above in the expression of glutamate
receptors were not observed in all SR-KO strains. For
instance, SR-KO™ mice made in pure C57BL/6 back-
ground display no changes in striatal GluN1 subunit protein
(Inoue, R., Imai-Tabata, A. and H. M, unpublished results).

The expression levels of AMPARs GluAl and GluA2
subunits, D-amino acid oxidase and glycine transporter 1
(GlyT1) remained unchanged in the whole-brain SrrY269*
homogenates (Labrie et al. 2009). In contrast, SrrY269*
overexpress the PICKI1, which binds to the carboxy
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terminus of mouse SR (Labrie et al. 2009). A combination
of DNA microarray experiments, RT-PCR and Western
blot analysis revealed higher expression of transthyretin,
ectonucleotide pyrophosphatase/phosphodiesterase 2, klo-
tho, insulin-like growth factor 2, prolactin receptor and
claudin 2 proteins in SirY269* mice (Labrie et al. 2009).
The physiological significance of the increases in the
expression levels of these proteins remains unknown.
Some genes were expressed at lower levels in SR-KO,
and their reduction might contribute to the phenotype.
Notably, SR-KO'™ mice display reduced expression of
BDNF protein. Lower BDNF expression provides a pos-
sible explanation for the morphological changes in den-
dritic structure of neurons in the somatosensory cortex
observed in the SR-KO’TC mice (Balu et al. 2012).

Neurotransmission in SR-KO mice

Analyses of neurotransmission between Schaffer collateral
and hippocampal CA1 by whole-cell patch-clamp record-
ing from brain slices of juvenile (postnatal days 21-28)
SR-KO mice revealed slower decay kinetics of NMDAR-
mediated excitatory postsynaptic potentials (EPSPs), sug-
gesting a contribution of the GIuN2B subunit containing
NMDAR in SR-KO'TC mice (Basu et al. 2009). This
observation is supported by the higher GluN2B protein
expression detected in juvenile SR-KO'™ mice brains
(Balu and Coyle 2011). Expression of hippocampal syn-
aptic plasticity was also altered in SR-KO'™ mice. The
NMDAR-dependent long-term potentiation (LTP) of syn-
aptic transmission induced using a pairing stimulation
protocol is impaired in juvenile SR-KO'™ mice (Basu
et al. 2009). The impairment of LTP induction can be
rescued using bath-applied p-serine. In contrast to these
phenotypes of neurotransmission in juvenile SR-KO'™
mice, we have not detected impairment of neurotransmis-
sion in hippocampal CAl synapses of adult mice in a
recent study using SR-KO"™ (Watanabe, M., H. M. and
Manabe, T., unpublished results).

In the nSR-KO'™ mice, NMDAR-mediated EPSPs
were reduced and LTP induction by weak single train tet-
anus protocol was lower than in WT control mice. In
contrast, LTP induced with a strong three-train protocol
was comparable to that of WT mice (Benneyworth et al.
2012). These data support the notion that neuron-derived
p-Serine regulates synaptic plasticity.

p-Serine is present in the retina, though at levels 20-fold
lower than those of L-serine (Sullivan et al. 2011). Whole-
cell recordings from SR-KO'™€ retinal ganglion cells lack
light-evoked NMDAR currents. In contrast to the attenu-
ated NMDAR responses detected by electrophysiological
analysis, no obvious visual impairment was observed in
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behavioral tests (Sullivan et al. 2011). Though SR and
p-serine were initially reported to be exclusively localized
to glial Muller cells, subsequent studies showed robust SR
expression by ganglion cells, supporting a possible role of
neuron-derived p-serine in the retina as well (Dun et al.
2008).

Additional biochemical evidence supporting lower
NMDAR activation in SR-KO comes from nitrosylation
studies. SR-KO'™® display lower levels of nitrosylation of
known nitrosylation targets, a process known to be
dependent on NOS activity via NMDAR activation (Mus-
tafa et al. 2010).

Behaviors of SR-KO mice

NMDARs are involved in learning and memory, and these
processes have been studied using the Morris water maze
paradigm which assesses hippocampal NMDAR-dependent
spatial memory (Morris et al. 1986). SR-KO'™ and
SrrY269* male mice show an impaired spatial reference
memory, indicating a role of D-serine in spatial discrimi-
nation (Basu et al. 2009; Labrie et al. 2009). Likewise, SR-
KO™ also exhibited impaired contextual learning
(Inoue,R. and H.M., unpublished observation). SR-KO'T¢
mice exhibit disrupted representation of the odor associated
with events in distinct experiences monitored by object
recognition and the odor sequence test (DeVito et al. 2011).
On the other hand, SR-KO’T® mice showed intact rela-
tional memory in a test of transitive inference, and dis-
played normal behaviors in the detection of novel objects
and in spatial displacement tasks (DeVito et al. 2011).
These findings were correlated to altered dendritic mor-
phology and lower spine density in pyramidal neurons of
the prefrontal cortex. Altogether, these observations indi-
cate that p-serine is required for cognitive ability.

SR-KO'T® mice show normal motor coordination and no
evidence of anxiety or depression-like behaviors (Basu
et al. 2009; Labrie et al. 2009). Male SR-KO'™ mice show
increased locomotor activity (Basu et al. 2009). The effects
of SR-KO on other sexually dimorphic phenotypes in
behavioral assays reported by Basu et al. remain to be
determined.

Prepulse inhibition (PPI) of the acoustic startle response
(ASR) is one indication of the sensory—motor gating pro-
cess, and is inhibited by the pharmacological suppression
of NMDAR. Inhibition of PPI is also observed in patients
with schizophrenia (Cadenhead et al. 2000). Despite data
indicating reduced NMDAR function, no consistent inhi-
bition of PPI was observed in SR-KO mice, as the effects
were strain specific. One study found no difference in PPI
between WT and SR-KO™ mice (Mori and Inoue 2010).
Basu et al. (2009) also reported the absence of PPI deficit

in SR-KO'™® mice, although they observed elevated ASR
in female SR-KO mice. In contrast, SrrY269* mice showed
diminished PPI; however, under the same conditions,
control mice showed no enhancement of PPI with the
increase in the prepulse tones (Labrie et al. 2009).

The effects of psychotomimetic drugs, such as phen-
cyclidine (PCP) and amphetamine (AMPH) as well as
methamphetamine (METH), on locomotor activity and
sensory-motor gating were also examined in SR-KO mice
in the context of PPI. Acute PCP-enhanced startle reac-
tivity was increased in SR-KO'™ mice, but AMPH effects
were similar to those of WT mice (Benneyworth et al.
2011). Repeated administration of METH results in
behavioral sensitization in WT mice, but not in SR-KO'™
mice (Horio et al. 2012). This effect was accompanied by
lower METH-induced dopamine release in the nucleus
accumbens along with decreased METH-induced phos-
phorylation of ERK1/2 in the striatum of SR-KO™ mice
(Horio et al. 2012).

Altogether, the data indicate that SR-KO shows signs of
NMDAR hypofunction in many behavioral paradigms, but
the effects seem to vary depending on the genetic back-
ground of the strain of mice used (Table 1).

Neurodegeneration in SR-KO mice

SR-KO mice display less susceptibility to excitotoxic
insults in several models of neurodegeneration, indicating a
role of endogenous bp-serine in mediating NMDAR-
dependent neurotoxicity. Injection of NMDA in the cere-
bral cortex induces excitotoxic neuronal cell death, and this
effect was attenuated in SR-KO™ mice (Inoue et al.
2008). SR-KO"™ mice are also resistant to Af peptide-
mediated neurodegeneration in vivo, an experimental
model relevant to Alzheimer disease (Suh and Checler
2002). Injection of Af 1-42 peptide into the hippocampus
caused significantly less damage in SR-KO™ mice (Inoue
et al. 2008). Ap-induced neurotoxicity was mostly depen-
dent on the function of the NMDAR, because the damage
by Af was prevented by pretreatment with the NMDAR
antagonist MK-801. These results implicate D-serine in
neurodegeneration (Inoue et al. 2008). Furthermore, infarct
volume following middle cerebral artery occlusion is sig-
nificantly reduced in SR-KO'T" mice (Mustafa et al. 2010).
Together with previous data using brain slices in vitro
which showed that p-serine might be the dominant
co-agonist for NMDAR-mediated excitotoxicity (Katsuki
et al. 2004; Shleper et al. 2005), the results clearly dem-
onstrate that p-serine plays a role in neurodegeneration.
This has implications for neurodegenerative diseases in
which NMDARSs overstimulation leads to neuronal death,
such as Huntington and Alzheimer disease. The prominent
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role of D-serine in neurotoxicity is consistent with the
notion that p-serine availability is a fail-safe mechanism to
prevent excessive NMDAR activity during increases in
glutamatergic neurotransmission.

Is p-serine a gliotransmitter?

Several studies indicate that p-serine may be released from
glia and function as a “gliotransmitter” to regulate
NMDAR transmission and synaptic plasticity. This notion
is supported by the presence of p-serine in glia (Schell et al.
1995, 1997; Williams et al. 2006), especially in vesicular
structures (Bergersen et al. 2011; Mothet et al. 2005;
Williams et al. 2006) that undergo exocytosis upon gluta-
mate receptor stimulation (Mothet et al. 2005). Further-
more, Mothet and co-workers demonstrated that the Ca*t-
dependent Dp-serine pool corresponds to vesicles of the
secretory pathway in astrocytes (Martineau et al. 2008).
Based on these data, previous electrophysiological effects
of endogenous p-serine on NMDARs were mostly inter-
preted as evidence for gliotransmission (Mothet et al. 2000;
Henneberger et al. 2010; Panatier et al. 2006; Yang et al.
2003, 2005). The gliotransmitter hypothesis is still some-
what controversial, as there is no specific pharmacological
approach that interferes with glial metabolism or trans-
mitter release without having indirect effects on neuronal
metabolism or physiology (Agulhon et al. 2008, 2010).
Furthermore, non-vesicular release of p-serine and gluta-
mate from glia has been demonstrated (O’Brien and
Bowser 2006; Ribeiro et al. 2002; Rosenberg et al. 2010).
The recent data showing that neurons can be a source for
p-serine release, and that SR is predominantly localized in
neurons (Kartvelishvily et al. 2006; Rosenberg et al. 2010;
Benneyworth et al. 2011; Miya et al. 2008), raise further
questions regarding the relative roles of neurons versus glia
in releasing p-serine. Future studies employing more
selective pharmacologic or genetic approaches will be
required to differentiate between glia- and neuron-derived
p-serine. In any case, a substantial number of existing
pharmacologic and genetic models indicate that p-serine is
required for optimal NMDAR function and opens new
possibilities for developing drugs to modulate NMDAR
function.
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ABSTRACT Real-time momtonng of actin polymenzauen in hvmg B

cells is beneficial for characterizing cellular activities such as migra-
 tion, proliferation, and death. We developed new bioluminescence- {
" based probe proteins that enable the monitoring of actin polymer-

ization in living cells Unlxke other ordmary spkt: luciferase probes,
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B INTRODUCTION

Actin is a major cytoskeletal protein, the sequence of which is
highly conserved among all eukaryotes, and is of two dynamic
forms, globular (G) actin and its polymerized form, filamentous
(F) actin. The organization of F-actin has been considered
important for many cellular funcuons such as %ratlon, 12 cancer
cell invasion,” synaptic plasticity,** and cell death.>” Measurement
of the level of F-actin is important for analyzing cell activity.
However, the conventional methods for analyzing F-actm have
some limitations. Rhodamine-phalloidin (R-P) staining® cannot be
used for the long-term and real-time monitoring of F-actin in living
cells, since it requlres cell ﬁxatmn Fluorescent probe proteins such
as GFP-actin’ and lifeact'® are not suitable for the quantification of
F-actin since their monomers can emit fluorescence. Recently, the
fluorescence resonance energy transfer (FRET) technique has
been used to monitor F-actin, " although the FRET signal intensity
is not in proportion to the level of F-actin.'* Furthermore, all the
fluorescence-based methods have phototoxicity caused by excita-
tion light. Thus, we tried to develop novel probe proteins to
measure the F-actin level in living cells over a long period. The
firefly split luciferase technique, which has been developed by
several groups in the past decade,”>™"* was employed to develop
probe proteins, since bioluminescence-based methods have some

W ACS Publications 2011 American chemical Society

advantages in terms of the viability of cells and linearity of signal
intensity. In this report, we describe the development of novel
probe proteins for monitoring actin polymerization.

To validate the usefulness of our probe proteins, we focused on
the regulation of actin polymerization in cell death. The disruption
of F-actin induces apoptotic cell death in T cells and MCF10A
cells, and enhances apoptosis by cytokine withdrawal in CTLL-20
cells.'*™*® These reports suggest that actin polymerization has a
protective role against the cell death. However, few reports have
described the detailed time course and quantification of the actin
polymerization in cell death due to lack of appropriate method.
Using our probe proteins, we attempt to elucidate the precise time
course of actin polymerization after cell death stimulus and try to
predict the critical period that F-actin works protectively.

B EXPERIMENTAL PROCEDURES

Plasmid Construction. A MultiSite Gateway Three-Fragment
Vector Construction kit (Invitrogen) was used for plasmid
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construction in accordance with the manual. This method is
based on site-specific recombination of DNA fragments.'>*°
Briefly, PCR-fragments flanked by recombination sites were
inserted to donor vectors to generate 5, center, and 3’ entry
clones by recombination called BP reaction. These three entry
clones were reacted with destination vector to generate expres-
sion clones through site-specific recombination called LR reac-
tion. This reaction allows construction of respective PCR-
fragments in a definite order. However, after LR reaction,
DNA sequences coding KGGRADPAFLYKVE, which originates
from the sequence of recombination site, remain between center-
clone-derived sequence and 3'-clone-derived sequence. All the
expression clones are driven by an SV40 enhancer promoter
sequence of the S’ entry clone and have an SV40 poly A signal
sequence at the 3’ region derived from pGL4.13 (Promega). The
PCR-amplified amino (N)-terminal part, 1—1245 bases, of the
luciferase (lucN) sequence (1 corresponding to A at the transla-
tional initiation site methionine codon ATG) and the carboxyl
(C)-terminal part, 1246—1650 bases, of the luciferase (lucC)
sequence derived from pGL4.13, and a fB-actin protein coding
sequence (Genbank: X03672) amplified from mouse cDNA
were used for the construction of the split luciferase probe
expression clones. The protein coding sequences of the expres-
sion clones nos. 1, 2, 3, and 4 are actin-KGGRADPAFLYKVE-
lucN, actin-KGGRADPAFLYKVE-lucC, lucN-KGGRADPA-
FLYKVE-actin, and lucC-KGGRADPAFLYKVE-actin, respec-
tively (Figure 1B). The linker sequence was further modified by
the inverse PCR method”" using a KOD plus mutagenesis kit
(Toyobo). The protein coding sequences of the expression
cdones nos. 5, 6,7, 8,9, and 10 are lncN-GGGGSGGGGSKGGRAD-
PAFLYKVE-actin, lucC-GGGGSGGGGSKGGRADPAFLYKVE-
actin, lucN-actin, lucC-actin, lueN-GGGGSGGGGSGGGGS-
actin, and lucC-GGGGSGGGGSGGGGS-actin, respectively
(Figure 1B).

The MultiSite Gateway system was also used to generate a
Cofilin-myc expression clone. A Cofilin (Genbank: BC058726)
ORF and a Myc-Tag sequence (EQKLISEEDL) were amplified
by PCR and inserted into the center and 3’ entry clones,
respectively. Both clones were reacted with pDEST R4-R3, and
the 5’ entry clone to obtain a Cofilin-KGGRADPAFLYKVE-
Myc-expressing clone driven by an SV40 enhancer promoter.

For the GST fusion lucN-actin and lucC-actin protein expres-
sion in Escherichia coli, lucN-actin (No. 9) and lucC-actin (No. 10)
were amplified by PCR using primers with a BamHI site and a Notl
site at each end. Amplified fragments were digested with BamHI
and Not], then subcloned into the BamHI and Notl sites of pGEX-
6p-1 (GE Healthcare). All the constructs were confirmed by DNA
sequencing using ABI3100 (Applied Biosystems).

Cell Culture and DNA Transfection. HEK293T (1.5 x 10°
cells/dish or 0.5 x 10° cells/well) cells were cultured in DMEM
supplemented with 10% FCS at 37 °C in §% CO, on a 3-cm-
diameter dish (Falcon) for UV irradiation and 3-(4,5-dimethyl-2-
thizolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay, and
on a glass base dish (Iwaki) for R-P staining. HEK293T cells were
transiently transfected using Lipofectamine 2000 (Invitrogen) in
accordance with the manufacturer’s instructions. Two microgram
aliquots of each plasmid were used for cotransfection. When a
24-well culture plate was used for transfection, 4-fold smaller
amounts of the reagent and DNA were used. Photon intensity
emitted from cells was measured 48 h after transfection.

Cell Viability and Caspase-3 Assays. Cell viability was
determined by MTT assay in accordance with the manual

attached to the MTT cell viability assay kit (Biotium Inc.). After
incubation with the tetrazolium salt MTT (1 mg/mL) for 2 h at
room temperature, the harvested cells were solubilized with I mL
of dimethyl sulfoxide. We measured the absorbance at wave-
lengths of 570 and 630 nm using a spectrophotometer (Gene
Quant 1300, GE Healthcare). The sample signal intensity was
obtained by subtraction of OD at 630 nm from OD at 570 nm
and indicated as a percentage of the control value. To determine
caspase-3 activity, we employed the Caspase 3&7 FLICA
kit (ImmunoChemistry Technologies). The cellular substrate
FAM-DEVD-FMK was added to the culture medium of the UV-
irradiated cells. Fluorescence signals were detected by confocal
microscopy (TCS-SPS, Leica).

Western Blotting. Cells were harvested and lysed using
M-PER solution (Thermo Scientific). Proteins separated by
SDS-PAGE were electrically transferred onto a PVDF membrane
(GE Healthcare). The membrane was incubated with an anti-
actin primary antibody (1:1000, Santa Cruz) or a polyclonal
antiluciferase antibody (1:1000 Promega) in the Can Get Signal
solution (Toyobo) at 4 °C overnight. The membrane was
reacted with a secondary HRP-conjugated antibody (1:2000,
Bio Rad) and visualized using an ECL plus Western blotting
reagent (GE Healthcare). Chemiluminescence signals were
detected using the LAS-1000 plus system (Fujifilm).

In Vitro Actin Polymerization Assay. Fifty micrograms of
pyrene-conjugated actin®? (Cytoskeleton) with or without probe
proteins (1 ug each) was suspended in 2 mL of general actin
buffer (5 mM Tris-HCl (pH 8.0), 0.2 mM CaCl,, 0.2 mM ATP,
0.5 mM DTT) and centrifuged at 15000 g for 30 min to remove
residual F-actin. To polymerize actin, 1/10 vol of 10 polymeri-
zation buffer (500 mM KCl, 20 mM MgCl,, 10 mM ATP) was
added. Fluorescence signal intensity was measured every 5 min
using a F-4500 spectrophotometer (Hitachi) at an excitation
wavelength of 360 £+ 10 nm and an emission wavelength of
405 £ 10 nm.

F/G Actin Separation of Cell Lysate by Ultracentrifugation.
A G-actin/F-actin in vivo assay kit (Cytoskeleton) was used to
separate F- and G-actin from the HEK293T lysate. HEK293T cells
were lysed in the cell lysis and F-actin stabilization buffer that was
provided in the kit. The cell lysate was centrifuged at 100 000 g for
1 h at room temperature. The pellet and supernatant were collected
as the F-actin-and G-actin-containing fractions, respectively.

Expression of GST-Fusion Probe Proteins in E. coli. E. coli
BL21 (DE3) was transformed by pGEX-6p-1-derived plasmids that
encoded GST-lucN-actin and GST-lucC-actin. E. coli cells were
homogenized by ultrasonication in 1% NP-40 in PBS (pH 7.4).
Fusion proteins were purified by binding to glutathione-Sepharose
4B (GE Healthcare). Then, the bound fusion proteins were cleaved
with PreScission Protease {GE Healthcare) to obtain lucN-actin
and lucC-actin.

Immunoprecipitation Assay. Cofilin-myc and one of the
probe proteins (lucN-actin or lucC-actin) were expressed in
HEK293T cells. The cells were harvested in PBS, homogenized
using a polytron homogenizer (Kinematica), and centrifuged at
2000 g for 5 min to remove debris. The protein solution was
incubated with 1 g of an antimyc antibody (Santa Cruz) or 5 ug
of an antiluciferase antibody (Promega) bound to 25 uL of
protein-G Sepharose (GE Healthcare) for 3 hat 4 °C. Then, the
mixtures were washed $ times, and the precipitates were analyzed
by Western blotting using the antimyc (1:1000) and antilucifer-
ase (1:1000) antibodies.

1137 dx.doi.org/10.1021/bc100595z |Bioconjugate Chem. 2011, 22, 1136-1144
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Figure 1. Development of probe proteins to measure actin polymerization. (A) Schema of measurement of level of F-actin based on bioluminescence
intensity. LucN and lucC derived from firefly luciferase are fused with actin. Each probe protein is incorporated in the endogenous actin filament. When
the lucN and lucC locate close to each other, they recover their luciferase activity and emit light. Jasplakinolide and latrunculin A are the agents that
stabilize and inhibit actin polymerization, respectively. (B) Schematic structures of the actin probe proteins encoded by the expression clones nos. 1 to
10. LucN and lucC represent N-terminal and C-terminal split segments of the firefly luciferase, respectively. Amino acid sequences of the linker are
indicated as single letters. (C) Combinations of expression clones nos. 1 and 2 and nos. 3 and 4 were expressed in HEK293T and the emitted photons
were counted for 10 min using an image intensifier/CCD camera. (D) The numbers of photons emitted from all the combinations of odd and even
numbers of clone shown in B except clones nos. 1 and 2 were measured. The numbers on the horizontal axis represent the combinations of probe
proteins. All the data are presented as mean = SEM n = 4. (E) The amount of each expressed probe protein was analyzed by Western blotting.

Measuring Photon Intensity Emitted from Cultured Cells.
We used an Aequoria-2D/C8600 system (Hamamatsu Photonics)
for photon counting. Wasabi software (U9304—02) was used for
data acquisition and analysis. Cultured cells were taken out from a
CO, incubator. The culture medium was changed to L15 medium
containing 0.5 mM luciferin EF (Promega). The culture plate was
placed in a dark box for 30 min. Then, the number of photons
emitted from one culture dish well was measured using a charge

- 148 -

coupled device (CCD) camera with an image intensifier attached
to the top of the dark box. Photon intensity was measured every
5 min continuously for 12 h after UV irradiation or latrunculin A
treatments and shown in Figure 4D,E. The numbers of emitted
photon from wells were normalized to those from nontreated wells
(control) and were plotted as relative intensity.

Cytochemical Staining and Image Acquisition. HEK293T
cells were fixed with 4% paraformaldehyde in PBS. Cells were

1138 dx.doi.org/10.1021/bc1 005952 |Bioconjugate Chem. 2011, 22, 1136-1144
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incubated with 0.14 4M rhodamine-phalloidin (R-P)/PBS for
1 hat room temperature and washed with PBS. Hoechst staining
was carried out in accordance with the manual of Caspase 3&7
FLICA kit (ImmunoChemistry Technologies). Fluorescence and
bright field images were acquired using a laser confocal micro-
scopy system (TCS-SPS, Leica) with a 63% Plan-Apochromat
1.4 NA lens (Leica) with immersion oil (Type F, Leica) at
room temperature. Images were acquired using data acquisition/
analysis software of the microscopy system (Leica application
suite). No additional software adjustments were performed on
images after acquisition. For the R-P signal quantification, the
fluorescence intensity of eight randomly taken images using
a 20X Plan-Apochromat 0.7 NA lens (Leica) was quantified
using the Leica application suite. The intensity of the rhodamine
signal was divided by that of the Hoechst staining signal of the
same field. Calculated values are represented as a percentage of
the control.

UV Irradiation. UV irradiation (at 254 nm, 9.6 kJ/m?) was
performed using a UV cross-linker (Spectrolinker X1-1000,
Spectronics). HEK293T cells cultured in 3-cm-diameter dishes
were taken out from a CO; incubator. The medium was changed
to 2 mL of L15 medium (Invitrogen). The cells were irradiated
with UV without removing the medium. After the irradiation, the
cells were incubated at room temperature for 18 h.

Statistical Analysis. Data are presented as mean =+ standard
error of the mean (SEM). In the MTT assay, two-tailed Student’s
t test was used to determine statistical significance.

M RESULTS

Development of Bioluminescence Probes for Long-Term
Monitoring of Polymerization of Actin in Living Cells. We
developed a novel method to measure the actin polymerization
in living cells. The schema to measure the level of F-actin using
split luciferase in living cells is shown in Figure 1A. The lucN-
actin and lucC-actin fusion proteins are expressed in the cells and
are incorporated in the actin filament randomly. When some of
the lucN-actin and lucC-actin fusion proteins locate close to each
other, they recover their enzymatic activity to emit light. Con-
sequently, the intensity of photon emission is considered to
depend on the level of F-actin. We screened the brightest pair of
probe proteins. On the basis of the reported optimized cleavage
site of firefly luciferase,'*** we constructed various luc-actin
fusion probe proteins (Figure 1B). Combinations of expression
clones nos. 1 and 2 and nos. 3 and 4 were expressed in HEK293T,
and the emitted photons were counted for 10 min using the
image intensifier/CCD camera. We found that the number of
photons emitted from combination of nos. 3 and 4 was about 40
times larger than that of the combination of nos. 1 and 2
(Figure 1C). This result indicated that the N-terminal location
of the luc fragment and the C-terminal location of actin are
important for emission efficiency. Next, we tested all the
combinations of odd and even numbers of expression clones
nos. 3—10 (Figure 1B) to determine the brightest probe
proteins. We found that the combination of the probe proteins
nos. 9 and 10, which contained the flexible linker (GGGGS),,**
showed the largest average photon count (Figure 1D) and
decided to use this combination in the experiments reported
here. To examine whether there were differences in expression
level among probe proteins, lucN-actin (~87 kDa) and lucC-
actin (~57 kDa) were analyzed by Western blotting using
antiluciferase antibody. The difference in expression level of

each probe protein was much smaller than the difference in light
intensity seen in Figure 1C,D (Figure 1E). We used probes no. 9
(lucN-actin) and 10 (lucC-actin) in the following study.
Characterization of Developed Probe Proteins. To confirm
the expression of probe proteins in living cells, lysates from
HEK293T expressing probe proteins were analyzed by Western
blotting using antiactin antibody. By comparing the intensities of
the bands representing lucN-actin (87 kDa), lucC-actin
(57 kDa), and endogenous actin (42 kDa), we found that the
expression levels of probe ptoteins were less than 5% of
endogenous actin (Figure 2A). Next, we determined whether
incorporation of probe proteins in F-actin affected the kinetics of
actin polymerization in vitro. Pyrene-conjugated actin and E. coli
expressed probe proteins at a molar ratio of 25:1 were mixed in
general actin buffer. Then, the polymerization buffer was added
to start actin polymerization. The intensity of the fluorescence
was measured for 90 min. We observed that the increasing ratio
of fluorescence intensity was not changed by the existence of the
probe proteins (Figure 2B). Subsequently, the samples used in
the reaction were centrifuged to collect the F-actin fraction and
analyzed by Western blotting. We detected bands corresponding
to lucN-actin and lucC-actin for the sample that was treated with
polymerization buffer (probes + P buffer) but not for the
sample with general actin buffer alone (probes). This result
indicates that incorporation of the probe proteins in F-actin
did not affect the kinetics of actin polymerization in vitro
(Figure 2C). Next, we confirmed whether the probe proteins
were incorporated in F-actin in living cells. To separate F-actin
and G-actin, HEK293T cells ex?ressing probe proteins were
harvested and ultracentrifuged.” The F-actin fraction in the
pellet and the G-actin fraction in the supernatant were analyzed
by Western blotting using the antiactin and antiluciferase
antibodies, and we found that both lucN-actin and lucC-actin
probe proteins were contained in each fraction. The ratio of
probe proteins in the G-actin fraction to the F-actin fraction was
similar to that of endogenous actin (Figure 2D). Then, we
examined whether probe groteins could bind to one of the actin-
binding proteins. Cofilin, 6 a well-defined actin-binding protein,
was fused with the myc-tag sequence and expressed with probe
proteins in HEK293T cells. The lysates from HEK293T cells
were analyzed by co-immunoprecipitation using antimyc or
antiluciferase antibodies. We found that probe proteins and
cofilin-myc were contained in precipitated fractions with anti-
myc and antiluciferase antibodies, respectively (Figure 2E).
These results demonstrated that probe proteins associated with
cofilin in the living cells. Finally, we tested whether the probes
affect cell proliferation rate. HEK293T cells were transfected
with probe proteins or wild-type luciferase (Luc). We did not
find any difference in the intensity of MTT signals between the
probe proteins- or Luc-expressing cells and the cells treated with
lipofectamine alone (Figure 2F). Since light emission levels by
luciferase—luciferin reaction and actin polymerization are both
ATP-dependent, we tested whether luciferase activity affected
the normal actin polymerization. HEK293T cells expressing
probe proteins are treated with luciferin for 12 h, and then F- and
G-actin fractions were separated. The ratio of F- and G-actin was
similar to the control cells that were not treated with luciferin
(Figure 2G). Thus, it is considered that normal actin polymer-
ization is not affected by ATP consumption by probe proteins.
Developed Probe Proteins Can Measure the Level of
F-Actin in Living Cells. Using the developed probe proteins,
we examined whether the intensity of photons emitted by the
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Figure 2. Characterization of probe proteins in vitro and in vivo. (A) Western blotting analysis of endogenous actin and probe proteins. HEK293T cells
expressing probe proteins were analyzed by Western blotting using the antiactin antibody. The contrast of the image was adjusted to visualize the luc-
actin fusion proteins. (B) Change in fluorescence intensity of pyrene-conjugated actin with probe proteins. Pyrene-actin with (dotted line) or without
(solid line) probe proteins was treated with (red line) or without (black line) polymerization (P) buffer, then fluorescence intensity was measured every
S min for 90 min. (C) Coprecipitation of probe proteins and pyrene-conjugated actin. After the fluorescence observation shown in B, each sample was
centrifuged to precipitate F-actin. The pallet was analyzed by Western blotting using the antiluc antibody (upper panel). Then, antiluc antibody was
stripped and the membrane was reacted with the antiactin antibody (lower panel). (D) Incorporation of probe proteins in F-actin in cells. HEK293T
cells expressing probe proteins were harvested and ultracentrifuged to obtain F-actin in the pellet and G-actin in the supernatant fraction. The pellet was
resuspended to the same volume as the supernatant fraction and analyzed by Western blotting. (E) Binding of probe proteins to an actin binding protein
cofilin. Cofilin-myc and probe proteins were expressed in HEK293T cells and subjected to immunoprecipitation assay using the antimyc and antiluc
antibodies. Total proteins from HEK293T cells expressing both cofilin-myc and one of the probe proteins were incubated with the antiluc (left panel)
and antimyc (right panel) antibodies bound to protein-G Sepharose. The immunoprecipitates were analyzed by Western blotting (right two lanes of
each panel). The lysate (1%) of transfected cells was directly analyzed by Western blotting as controls (left two lanes of each panel). (F) HEK293T cells
were transfected with the plasmids that encoded wild-type luciferase (Luc) or probe proteins (Probes), the combination of nos. 9 and 10 (Figure 1B),
using lipofectoamine 2000 (Lipo) on day 1. In the control, no plasmid or lipofectamine 2000 was added (Control). Cell viability was measured by the
MTT method on days 1—3. Data are presented as mean &= SEM, 7 = 4. (G) F- and G-actin fractions from the cells expressing probe proteins in the
presence (left) or absence (right) of luciferin were analyzed by Western blotting. In each Western blot, the locations of molecular weight markers (kDa)
are shown on the left. Arrows indicate the locations of the bands corresponding to lucN-actin, lucC-actin, endogenous actin, and cofilin-myc.

probe proteins precisely reflected the level of F-actin in the cells.
We added various concentrations of latrunculin A, which disrupts
the actin filament by binding to G-actin,”’ to the culture medium
of HEK293T expressing the probe proteins. After 3 h incubation
with latrunculin A, luciferin was added and photon intensity was
measured using the image intensifier/CCD camera in a dark box.
We did not set any threshold to cut off the background noise.
Depending on the latrunculin A concentration, photon intensity
decreased (Figure 3A). At the highest concentration (50 #M) of
latrunculin A, the photon emission was diminished almost
completely. In the control experiment, Luc was expressed in
the HEK293T cells and treated in the same manner as in
Figure 3A. We observed no reduction in photon intensity

following the treatment (Figure 3B). These results demonstrated
that latrunculin A did not affect the activity of wild-type luciferase.
Next, we evaluated the measurement of F-actin level in the cells
using a conventional F-actin staining method. Cells were fixed after
latrunculin A treatment and stained with R-P. Fluorescence
microscopy analysis showed a dose-responsive decrease in fluor-
escence signal intensity, which represented the level of F-actin,
accompanied with rounding of the cell shape (Figure 3C). The
fluorescence signal intensity decreased with increasing concentra-
tion of latrunculin A (Figure 3D). However, at the highest
concentration of latrunculin A (50 #M), the fluorescence intensity
was about 30% of that of control cells and did not completely
disappear (Figure 3D). Furthermore, the effect of an F-actin-
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Figure 3. Effect of latrunculin A treatment on photon emission from F-actin probe proteins. (A) Concentration-dependent inhibition of photon
emission from F-actin probe proteins by latrunculin A. The combination of probe proteins nos. 9 and 10 (Figure 1B) was expressed in HEK293T cells.
Cells were treated with the indicated concentration of latrunculin A for 3 h. The intensity of photon emission in a period of 10 min from each culture well
was measured. (B) Effect of latrunculin A on wild-type luciferase. The intensity of photon emission from the culture well expressing wild-type luciferase
was measured as in (A). (C) Effects of latrunculin A on rhodamine-phalloidin (R-P) staining of HEK293T cells. Cells were treated with latrunculin A for
3 h and fixed. Red fluorescence represents F-actin. Fluorescence and bright field images were obtained by confocal microscopy. Bars indicate 10 ym.
(D) Effects of latrunculin A on R-P staining of F-actin. R-P fluorescence signal intensity was normalized with Hoechst signal intensity. The values are
expressed as a percentage of the control experiments without latrunculin A treatment. (E) Concentration-dependent increase in the intensity of photon
emission from F-actin probe proteins after treatment with jasplakinolide. (F) Effect of jasplakinolide on wild-type luciferase. Photon emission was
measured in the same manner as in (E). (G) Effects of latranculin A on photon emissions from the cells expressing lucN and lucC. (H) Effects of
jasplakinolide on photon emissions from the cells expressing lucN and lucC. (I) The amounts of F- and G- actin were analyzed by Western blotting after
latrunculin A and jasplakinolide treatment. All the data are presented as mean = SEM, n=4in (A, B, E, F, G, and H). n = 8 in (D).
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stabilizing reagent, jasplakinolide,”® on photon emission from the
probe proteins was tested. When jasplakinolide of more than
200 nM was added to the cells expressing the probe proteins, the
cells emitted a significantly stronger light than when lower
concentrations (<100 nM) were added (Figure 3E). We also
tested a higher concentration (>400 nM) of jasplakinolide on the
transfected cells and observed the tendency to emit a stronger
light, but in those cases, the cells were often detached from the
culture dishes (data not shown). We found that the photon
emission of wild-type luciferase was not affected by jasplakinolide
treatment (Figure 3F). The effects of jasplakinolide treatment on
photon emission also support the idea that the photon intensity
emitted from probe proteins quantitatively reflects the level of
F-actin. Analysis of the effects of jasplakinolide on R-P staining of
cells was not carried out because the binding sites of phalloidin and
jasplakinolide are the same.”® In order to confirm that lucN and
lucC without actin fusing them do not interact each other, we
measured the light intensity from the cells expressing lucN and
lucC. The light intensity was much lower than the cells expressing
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lucN-actin and lucC-actin and did not react to latrunculin A and
jasplakinolide (Figure 3G,H) as reported before.”® To test whether
latrunculin A and jasplakinolide change the amount of F-actin,
HEK293T cells treated with the compounds were harvested, and
E- and G- fractions were separated by centrifuge. The amount of
F-actin was markedly reduced by latrunculin A and increased by
jasplakinolide (Figure 3I). These changes of F-actin level are
similar to the changes of light intensities seen in Figure 3A and E,
supporting the functionality of the probe proteins.
Measurement of Actin Polymerization in HEK293T after
UV Irradiation. We next applied these probe proteins to analyze
the state of actin polymerization during apoptosis. First, we tried
to characterize the HEK293T cell death induced by UV irradia-
tion as a model. Fluorescence microscopy revealed that UV-
irradiated cells exhibited nuclear condensation and chromatin
localization at the nuclear membrane, as shown by Hoechst
staining (Figure 4A), compared with the control cells
(Figure 4C). In the cells that exhibited nuclear condensation,
caspase-3 activation was observed (Figure 4B). These cells were
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frequently detached from the culture dish (data not shown).
Since these features were reported in lower-intensity UV- and
cadmium-induced HEK293 apoptosis,®”*! we assumed that the
UV irradiation induced the apoptotic cell death. Then, we
monitored the change in F-actin level after UV irradiation in
real time and in living cells. Cells expressing the probe proteins
were irradiated with UV, in the same manner as shown in
Figure 4A, and photon emission intensity was measured con-
tinuously for 12 h after irradiation. We found that the relative
photon intensity transiently increased after irradiation and
gradually decreased after 2 h (Figure 4D). In the control
experiment, Luc-expressing cells showed a decrease rather than
an increase in photon emission intensity, which might be due to
the toxic effect of UV irradiation (Figure 4E). Using conventional
R-P staining, a transient increase of F-actin after UV irradiation
was also detected, but the increase in signal was lower than that of
our probes (Figure 4F). Considering the result of Figure 4D, we
predicted that transient upregulation of F-actin in early phase
(0—4h) of apoptosis progression would be a protective reaction
of the cell as reported in different cell lines." "8 To test this
prediction, we determined the effects of latrunculin A on UV-
induced HEK293T cell death. After the UV irradiation, 500 nM
latrunculin A was added to the cells. Cell death was measured
18 h after irradiation by the MTT method. We found that the
treatment with latrunculin A for 0—2 and 2—4 h after irradiation
significantly enhanced UV-induced cell death (Figure 4G). In
contrast, latrunculin A treatment 4 h after UV irradiation did not
change the MTT signal intensity. Since latrunculin A treatment
without UV did not induce significant cell death (Figure 4G),
these results indicate that latrunculin A treatment accelerates
UV-induced cell death only in the early period (0—4 h) after the
irradiation. The period during which F-actin upregulation peaked
(1—2 h after UV irradiation) (Figure 4D) overlapped with the
period during which latrunculin A (500 nM) effectively en-
hanced the UV-induced cell death (0—2 h after UV irradiation)
(Figure. 4G), suggesting a protective role of upregulated F-actin
against apoptosis.

B DISCUSSION

Characterization of the Probe Proteins We Developed. We
successfully developed and improved the photon emission
intensity of probe proteins to monitor actin polymerization
(Figure 1). Expression of the probe proteins did not have any
effect on HEK293T cell proliferation and actin polymerization
ratio in vitro (Figure 2B,F). The probe proteins were incorpo-
rated in F-actin in vitro and in vivo (Figure 2C,D), and photon
emission intensity decreased with increasing latrunculin A
concentration (Figure 3A). The changes in photon emission
of probe proteins induced by UV irradiation and latrunculin
A treatments were consistent with those of R-P staining
(Figure 3C,D). Above all, we conclude that our probe proteins
can be used to precisely monitor actin polymerization in living
cells. In previous studies, phalloidin has served as a useful tool
to stain F-actin;® however, this reagent cannot be used in living
cells because it requires cell fixation. The fluorescent GFP-
actin protein® and lifeact'® have been utilized to image the
subcellular distribution of F-actin in living cells. However,
these fusion proteins emit fluorescence even if they are
monomers, and so are not suitable for quantification of the
level of F-actin. Recently, the FRET technique has been
employed to monitor F-actin,* although the FRET signal

intensity is not in proportion to the level of F-actin.'> These
methods based on fluorescence observation have limits of
autofluorescence noise and phototoxicity.>> On the other
hand, our probe proteins have little noise and no phototoxicity
since no excitation light is required. These advantages enable
us to carry out long-term quantitative measurement of F-actin
in living cells (Figure 4). Since actin is a universal protein
among all eukaryotic cells, and many cellular events are related
to F-actin organization, our novel probe proteins can be
applied to the analysis of a wide variety of phenomena
involving actin polymerization in cells.

The increasing ratio of photon emission from probe proteins
(Figure 4D) was higher than that of R-P signals (Figure 4F) in
response to UV irradiation. Even if a high concentration of
latrunculin A (S0 4M) was added, we detected fluorescent signals
from cells (Figure 3D), whereas the photon intensity from our
probe proteins was diminished almost completely (Figure 3A).
Thus, the main reason for this difference might be considered to
be that the R-P signals contain about 40% of autofluorescence
noise. In addition, another possibility that some F-actin was
detected by R-P method and not by our method may explain the
remained R-P fluorescence in Figure 3D. This point should be
elucidated in the future.

The expression levels of our probe proteins are lower than that
of GFP-actin.®® Since GFP is known to have high stability,>* it is
possible that luc-actin fusion proteins are easier to be degraded
than GFP-actin protein. This is a disadvantage because the
degradation of probes reduces signal intensity. On the other
hand, lower stability of our probe proteins may be an advantage,
as they do not affect normal cell activities such as proliferation
(Figure 2F).

Transient Increase in F-Actin Level Is Likely a Defensive
Reaction of Cells. Some reports indicated F-actin disruption
induced the apoptosis, and other reports showed enhancement
of apoptosis by treatment with F-actin disruptive agent after
apoptosis-inducing stimulation.'¢™18 Thus, it is suggested F-actin
has a protective role for the cells. However, the precise time course
of actin polymerization during cell death has not been elucidated.
Using our probe proteins, we succeeded in real-time monitoring of
the actin polymerization in living cells after apoptosis induction
and found that F-actin level was upregulated transiently after UV
irradiation (Figure 4D). Furthermore, F-actin disruption with
latrunculin A in the early period (0—2, 2—4 h after UV irradiation)
enhanced the cell death, whereas later treatment (4—6, 6—18 h
after UV irradiation) did not (Figure 4G). These results indicate
that actin polymerization occurs in the early phase of apoptosis and
support the hypothesis of protective role of actin polymerization
against the cell death. In UV-induced apoptosis, several pathways
are reported;”® further study combined with pharmacological
methods will reveal the mechanism of protective effect of actin
polymerization on cell death.
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CORRESPONDENCE

Is D-Cycloserine a Prodrug for D-Serine in the Brain?

To the Editor:

-cycloserine (DCS), (4R)-4-amino-1,2-oxazolidin-3-one, is a
D partial agonist at the strychnine-insensitive glycine modu-

latory site associated with the N-methyl-D-aspartate
(NMDA) receptor complex. DCS is also a less efficient ligand of
NMDA receptor function than endogenous full agonists, such as
glycine and D-serine. At high doses, DCS acts as an antagonist by
displacing more efficacious endogenous agonists, but at moder-
ate doses, DCS facilitates glutamatergic neurotransmission via
the NMDA receptor. Recent meta-analysis shows that glycine,
D-serine, and sarcosine (N-methylglycine), an endogenous gly-
cine transporter-1 inhibitor, are more effective than DCS in im-
proving the overall psychopathology in patients with schizo-
phrenia receiving antipsychotic drugs (1). This suggests a
relatively narrow therapeutic window for DCS, most likely due to
its partial agonist properties.

Ameta-analysis of both animals and humans demonstrated that
DCS enhances prolonged exposure therapy, a cognitive-behavioral
therapy, used in patients with anxiety disorders, such as posttrau-
matic stress disorder (PTSD), social phobia, panic disorder, and ob-
sessive-compulsive disorder (2), although a recent meta-analysis
conducted in humans showed no significant effects of dose
timing or dose number on the treatment efficacy of DCS (3).
Animal studies have suggested that fear of extinction has been
linked to NMDA receptor function in the basolateral amygdala
and that DCS can enhance extinction effects (4). When fear ex-
tinction takes place during DCS treatment, the usual forms of
neuroplasticity are enhanced, along with the recruitment of ad-
ditional forms of neuroplasticity, to enhance extinction and pro-
tect against reinstatement (5). These findings imply that DCS
could be an effective therapeutic agent for enhancing exposure-

based therapy in anxiety disorders (2,3,5), although further de-
tailed studies are needed.

Here we report that treatment with DCS can increase extracellu-
lar levels of D-serine in the brain. An in vivo microdialysis study
using free-moving mice showed that extracellular levels of D-serine
in the mouse hippocampus were significantly increased after oral
(100 markg) or intracerebroventricular (ICV) infusion of DCS (10
mmol/L, 1 pL/min for 30 min; Figure 1). Previously, we reported that
extracellular levels of D-serine in the hippocampus of serine race-
mase (Srr) knockout (KO) mice were markedly decreased to approx-
imately 20% of levels in wild-type mice, indicating that serine race-
mase (SRR) is the major enzyme responsible for D-serine production
in the mouse forebrain (6) (Figure 1). Interestingly, oral dosing or
ICV infusion of DCS induced a marked increase in extracellular D-
serine levels within the hippocampus of Srr-KO mice (Figure 1). In

- contrast, DCS administration did not alter extracellular levels of

glycine in this region (data not shown). These findings suggest that
SRR does not play a role in the mechanisms that induce increases of
D-serine in mouse brains after DCS treatment.

It is well known that DCS is unstable in aqueous solutions,
where itis converted into the biologically inactive dimer, 2,5-bis-
(aminooxymethyl)-3,6-diketopiperazine (7). Furthermore, DCS
can be synthesized from the precursor D-serine. Given that SRR is
notrequired for the production of D-serine in the brain after DCS
treatment, D-serine may indeed become available on degrada-
tion of DCS because of the inherent instability of DCS in brain
extracellular fluids. Interestingly, a pilot study showed that D-
serine (30 mg/kg/day) was effective in treating PTSD (8). It is
therefore likely that the D-serine produced in the brain after DCS
treatment plays at least a partial role in the therapeutic effects of
DCS seen in patients with anxiety disorders. Nonetheless, addi-
tional study using DCS labeled with isotopes will be needed to
confirm this hypothesis.
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Figure 1. Extracellular D-serine levels in the hippocampus after D-cycloserine (DCS) treatment. Extracellular levels of D-serine in the hippocampus of wild-type (WT) mice and
Srr-knockout (KO) mice were significantly increased after oral (P.O,; 100 mg/kg) or intracerebroventricular (ICV; 10 mmol/L, 1 pl/min for 30 min) administration of DCS. The
average values of baseline in the hippocampus of WT mice and Sr-KO mice were 358 % .015 pmol/L (n = 12) and .075 = .002 pmol/L (n = 12), respectively. Data show the
mean =+ SEM. Data were analyzed using one-way analysis of variance, post hoc Fisher's protected least significant difference to compare individual postinjection time points
to collapsed average baselines values (100%). *p < .05, **p < .01, **p <001 compared with baseline values.
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Taking all of this information together, it is reasonable to pro-
pose that DCS may act as a prodrug for D-serine in the brain. This
idea is based on the greater permeability of DCS into the brain
compared with D-serine and the unstable nature of DCS in brain
extracellular fluids. This degradation of DCS will result in increased
D-serine bioavailability within the brain. However, there is also the
possibility that the action of D-serine produced from DCS may in
turn be antagonized by DCS, resulting in no significant effects in
its treatment efficacy for anxiety disorders (3). The low availabil-
ity of D-serine due to degradation by D-amino acid oxidase in
peripheral organs hampers its use in disease treatment because
high levels would be needed to achieve therapeutic doses. Ther-
apeutic levels could be achieved if D-serine were administered
with D-amino acid oxidase inhibitors. This combination may well
provide a more effective and an alternative therapeutic ap-
proach to that of DCS (9,10).
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Summary The N-methyl-p-aspartate (NMDA)-type glutamate receptor plays a key role in
excitatory synaptic transmission. The overactivation of the NMDA receptor has been impli-
cated in the development of epileptic seizures. p-Serine is a coagonist of the NMDA receptor
and its biosynthesis is catalyzed by serine racemase (SR). Here, we examined the effect of

KEYWORDS *
Serine racemase;
p-Serine; -

g@g&iﬁ;ﬁg&;&izma S p-serine deficiency on the seizures induced by a single injectign of pentylene_tetrazole (PTZ)
- €~FGS;V i T using SR knockout (KO) mice. We found that, compared with wild-type (WT) mice, SR-KO mice
‘Glutamate showed the attenuation of seizure expression in terms of a significantly shortened duration of
generalized seizures and resistance to generalized clonic—tonic seizures. Consistently, immuno-
histochemical analysis of c-Fos demonstrated that the numbers of cells expressing c-Fos induced
by high-dose PTZ in the cerebral cortex, hippocampal CA1, hippocampal CA3, and the basolat-
eral nucleus of the amygdala in WT mice were significantly higher than those in SR-KO mice.
Moreover, PTZ induced an increase in extracellular glutamate level in the dentate gyrus of WT
mice at two different time phases. However, such a PTZ-induced increase in glutamate level
was completely inhibited in SR-KO mice. The present findings suggest that SR may be a target

for the development of new therapeutic strategies for epileptic seizures.

© 2012 Elsevier B.V. All rights reserved.
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different brain regions, which is basically caused by an
imbalance between excitatory and inhibitory neurotrans-
missions (Cloix and Hevor, 2009; McCormick and Contreras,
2001). Glutamate is an amino acid neurotransmitter medi-
ating excitatory synaptic transmission in the central nervous
system (Sahai, 1990) and its excessive release has been
implicated in the generation and maintenance of epileptic
seizures (During and Spencer, 1993; Meldrum, 1994).

The N-methyl-p-aspartate (NMDA)-type glutamate recep-
tor plays key roles in excitatory synaptic transmission,
plasticity, and learning and memory (Bliss and Collingridge,
1993). The overactivation of the NMDA receptor has been
demonstrated to be the mechanistic basis of numerous
neurological disorders characterized by hyperexcitability or
sensitization of neurons, including seizure disorders (Herron
et al., 1986). Many in vitro and in vivo studies have focused
on the pharmacological inhibition of the NMDA receptor as
a therapeutic strategy for epilepsy, and a number of antag-
onists of the NMDA receptor were proven to have a potent
anticonvulsant effect in a wide range of animal epileptic
models (Brandt et al., 2003; Clifford et al., 1990; Croucher
et al., 1982). However, their severe adverse effects have
limited their clinical applications (Kohl and Dannhardt,
2001).

p-Serine, a p-amino acid abundant in the mammalian
brain, is an endogenous ligand of the glycine site of the NMDA
receptor (Hashimoto et al., 1992). The activation of the
NMDA receptor requires, besides the binding of glutamate to
the GLuN2 (NR2) subunit, the binding of glycine or p-serine
to the glycine site on the GluN1 (NR1) subunit (Dingledine
etal., 1999). p-Serine is efficacious in potentiating the activ-
ity of the NMDA receptor (Fadda et al., 1988; Matsui et al.,
1995) and its deletion was demonstrated to greatly decrease
NMDA receptor activity (Mothet et al., 2000).

p-Serine is synthesized by serine racemase (SR), an
enzyme that directly converts L-serine into b-serine
(Wolosker et al., 1999). To investigate the role of p-serine
in brain function, we have generated SR gene knockout (KO)
mice with a 90% decrease in p-serine level and demonstrated
that NMDA-receptor-mediated neurodegeneration can be
attenuated in SR-KO mice (Miya et al., 2008; Inoue et al.,
2008).

In the present study, we hypothesized that the p-serine
deficiency in SR-KO mice has an anticonvulsant effect; thus,
we compared the severity of seizures induced by a single
injection of pentylenetetrazole (PTZ), a well-known antag-
onist of the gamma-aminobutyric acid (GABA,) receptor
(Fisher, 1989), between wild-type (WT) and SR-KO mice.
Furthermore, as responses to PTZ-induced seizures, the
changes in the level of c-Fos expression, an indicator of
neuronal activation (Dragunow and Robertson, 1988; Sagar
et al., 1988), and in extracellular glutamate level in the den-
tate gyrus (DG) of the hippocampus were also examined in
these two genotypes.

Methods

Animals

Animal care and experimental protocols were carried out
basically in accordance with the '‘Guidelines for the Care

and Use of Laboratory Animals, DHEW, publication no. (NIH)
80-23, revised 1996’ and approved by the Experimental
Animal Committee of the University of Toyama (Authoriza-
tion No. 2010-MED-61). The SR-KO mice with 100% C57BL/6
genetic background were generated as previously reported
(Miya et al., 2008). The loss of SR mRNA and its protein
in SR-KO mice has been confirmed by Northern blot, West-
ern blot, and immunohistochemical analyses as previously
reported (Miya et al., 2008; Inoue et al., 2008). The WT and
SR-KO mice at the age of 9—13 weeks were used for analyses
in a genotype-blind manner.

Seizure observation procedures

PTZ (Sigma—Aldrich Corp., St. Louis, MO, USA) was dissolved
in sterile saline and administered intraperitoneally (i.p.) at
doses of 35, 50, and 65mg/kg body weight. Immediately
after the single injection of PTZ, the mice were placed
in clear polyvinyl chloride boxes and their behaviors were
recorded on videotapes for 30 min.

On the basis of a previous report (Ferraro et al., 1999),
PTZ-induced seizures were classified into four stages. Stage
1 was defined as hypoactivity, characterized by the animal
being in the resting position with the abdomen fully touch-
ing the bottom of the cage. Stage 2 was defined as partial
clonus, including that of the face, head, or forelimbs. Stage
3 was defined as generalized clonus, consisting of rearing,
falling, and clonus of all four limbs and the tail. Stage 4 was
defined as clonic—tonic (maximal) seizure, involving tonic
hindlimb extension or death. Both stages 3 and 4 were con-
sidered as generalized seizures. In addition, the latency to
the onset of the first seizure and the duration of generalized
seizures were recorded.

Immunohistochemical analysis

Two hours after PTZ injection, the mice were sacri-
ficed by cervical dislocation and decapitation. The brains
were removed immediately and fixed overnight at 4°C in
0.1M phosphate buffer (PB, pH 7.4) containing 4% (w/v)
paraformaldehyde. After cryoprotection with 30% (w/v)
sucrose in PB, the brains were cut into 25-pum-thick serial
coronal sections using a freezing microtome. For each
animal, every eighth section (bregma from —1.58 mm to
—2.46 mm, 5sections/animal) was selected on the basis of
the mouse brain in stereotaxic coordinates (Paxinos and
Franklin, 2001) and was prepared for immunohistochemical
analysis as follows.

Free-floating brain sections were rinsed with phosphate-
buffered saline (PBS, pH 7.4) and were blocked with Protein
Block Serum-Free (DakoCytomation, Carpinteria, CA) for
10min ‘at room temperature. The brain sections were
then incubated with a rabbit anti-c-Fos polyclonal antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, 1:500) diluted
in PBS containing 1% bovine serum albumin (BSA) overnight
at 4°C. After washing in PBS, the sections were incubated
with donkey anti-rabbit 1gG conjugated with Alexa Fluor
488 (Invitrogen, Carlsbad, CA, 1:500) diluted in PBS contain-
ing 1% BSA for 1h at room temperature. The sections were
washed in PBS, mounted on slides, counterstained with 4',6-
diamidino-2-phenylindole (DAPI, Vector, Burlingame, CA),
and coverslipped.
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