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Next, we investigated the effect of PI3K inhibitors on
ATP-induced microglial membrane ruffling. As shown
in Fig. 2A, phalloidin staining clearly demonstrated
that ATP stimulation caused membrane ruffling within
5 min. Pretreatment of microglia with AR-C69931MX
inhibited the ATP-induced membrane ruffling, as re-
ported previously (Honda et al., 2001). However, expo-
sure to 100 nM wortmannin or 50 pM LY294002 ap-
peared to have no effect on the membrane ruffling. To
confirm the effect of PI3K inhibitors on membrane ruf-
fling quantitatively, the increase in F-actin in cells with
membrane ruffles was analyzed with a laser scanning
cytometer (LSC), which is a microscope-based cytome-
ter. ATP-stimulated and unstimulated cells were stained
with an anti-Ibal antibody and Alexa Fluor 647-conju-
gatde phalloidin, and F-actin content was quantified by
calculating the mean Alexa Fluor 647 fluorescent inten-
sity of individual cells positive for a microglial marker
protein Ibal (Ito et al., 1998). As shown in Fig. 2B, the
mean fluorescent intensity of control microglia was
increased approximately 2-fold by ATP stimulation.
The fluorescent intensity of ATP-stimulated cells pre-
treated with AR-C69931MX did not change signifi-
cantly; however, the fluorescent intensity of cells pre-
treated with wortmannin or LY294002 was increased
by ATP stimulation the same as in the control and the
DMSO-treated cells. These results indicate that PI3K
activation is not required for the membrane ruffling,
but is necessary for induction of microglial chemotaxis.

ATP-Induced Akt Phosphorylation and Effect
of Extracellular Calcium Deprivation

To determine whether the PI3K pathway in microglia
is activated by ATP stimulation, we investigated Akt
phosphorylation, a downstream signaling for PI3K (Bel-
lacosa et al., 1991; Scheid and Woodgett, 2003), by Wes-
tern blot analysis with a phospho-specific Akt antibody.
ATP stimulation rapidly increased the level of Akt phos-
phorylation in a time-dependent manner (Fig. 3A), and
pretreatment with 1 pM AR-C69931MX or 100 nM wort-
mannin inhibited the increase in Akt phosphorylation
(Figs. 3B,C). These results indicated that ATP induces
activation of the PISBK/Akt cascade in microglia and that
the activation is mediated by P2Y,;R.

Previous studies (Inoue et al., 1998; Tsuda et al,
2003) have shown that stimulation of microglia with
50 uM ATP induces a transient increase in [Ca2+], that
depends on the presence of extracellular Ca®*, suggest-
ing that ionotropic P2X receptors are responsxble for the
Ca’* response. Use of the Ca®*-sensitive fluorescent dye
fura-2 revealed that the chelation of extracellular Ca®*
suppressed the ATP (50 uM)-evoked increase in [Ca®™];
in our cultured microglia (data not shown). To determine
whether the increase in [Ca®']; had any effect on the
PI3K/Akt activation, we investigated Akt phosphoryla-
tion in microglia stlmulated with 50 uM ATP in the ab-
sence of extracellular Ca®*, and as shown in Fig. 4, che-
lation of extracellular Ca2+ by EGTA significantly
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Fig. 3. ATP-induced Akt phosphorylation in microglia is dependent
on PI3K activation through P2Y;2R. (A) Microglia were stimulated
with 50 pM ATP for the period of time indicated and then lysed in SDS
sample buffer. Phosphorylated (pAkt) and total Akt in the lysates were
detected by Western blot analysis. (B, C) Microglia were pretreated
with 1 WM AR-C69931MX for 10 min (B) or with 100 nM wortmannin
for 20 min (C) and then stimulated with 50 yM ATP for 5 min. Akt
phosphorylation was detected by Western blot analysis. Similar results
were obtained from three independent experiments.

decreased ATP-induced Akt phosphorylation. Previous
studies have shown that M-CSF stimulates the Fms ty-
rosine kinase receptor to activate Akt in macrophages
in a PI3K-dependent manner (Comalada et al., 2004;
Weiss-Haljiti et al., 2004). M-CSF also stimulated Akt
phosphorylation in microglia, but chelation of extracellu-
lar Ca®* had no effect on it (Fig. 4). These results led us
to speculate that the ATP-induced PI3K/Akt activation,
which is an essential component for induction of micro-
glial chemotaxis, was 11nked to an increase in [Ca%'];
through the extracellular Ca®*-influx via ionotropic P2X
receptors.

Effect of P2XR Antagonists on ATP-Induced
Microglial Chemotaxis and Akt Phosphorylation

Since primary-cultured microglia have been shown to
express P2X,R (Tsuda et al.,, 2003; Xiang and Burnstock,
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Fig. 4. Inhibitory effect of chelation of extracellular calcium on ATP-
stimulated Akt phosphorylation. (AZ) Microglia were incubated for 30
min in BSS containing 1.2 mM Ca®* (Ca**) or 1 mM EGTA (E) and
then stimulated with 50 pM ATP or 100 ng/mL M-CSF for 5 min. Akt

phosphorylation was detected by Western blot analysis. (B) The Akt

phosphorylation level was quantified by densitometry. The results are

expressed as percentage of agonist-induced phosphorylation in the pre-

sence of Ca’* and are means * SD of three independent experiments.
P < 0.01; Student’s ¢-test.

2005) and P2X;R (Ferrari et al., 1996; Norenberg et al.,
1994; Verkhratsky and Kettenmann, 1996; Walz et al.,
1993), we first investigated the involvement of P2XRs in
microglial chemotaxis with a P2X; 4R, antagonist TNP-
ATP, with a P2X; 5 3 5 7R antagonist PPADS, and with a
selective P2X;R antagonist BBG. After pretreatment with
an antagonist for 5 min the microglia were observed for
chemotactic movement toward ATP in a Dunn chemotaxis
chamber containing the antagonist. Treatment with 100
uM TNP-ATP appeared to suppress the ATP-induced
microglial chemotaxis, but 300 pM PPADS or 1 pM BBG
had no effect (Fig. 5A). The chemotactic movement of the
microglia was quantified by calculating the mean value of
the total (x, y) distances of individual cells migrated to-
ward ATP. As shown in Fig. 5B, the mean distance
migrated by the cells pretreated with TNP-ATP was sig-
nificantly shorter than the distance migrated by the con-
trol cells, but the values of the cells pretreated with
PPADS or BBG were not significantly different from those
of the controls. Treatment with 1 yM AR-C69931MX also
completely inhibited the chemotaxis. These results sug-
gested that P2X R as well as P2Y;5R is involved in ATP-
induced microglial chemotaxis.

We next examined the effect of the three P2XR
antagonists, TNP-ATP, PPADS, and BBG, on ATP-stimu-
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lated Akt phosphorylation. TNP-ATP significantly sup-
pressed the ATP-stimulated Akt phosphorylation, but
PPADS or BBG appeared to have no effect (Fig. 6). AR-
C69931MX also completely inhibited Akt phosphoryla-
tion. These results suggested that ATP-induced PI3K/
Akt activation is mediated by P2X,R as well as P2Y,R.

Downregulation of P2X,R in Microglia
by Short Hairpin P2X,;R RNAi

To determine whether P2X,R is in fact involved in
ATP-induced microglial chemotaxis, we suppressed P2X,R
expression in microglia with RNAi. We constructed a
lentivirus vector that expresses both short hairpin (sh)-
RNAIi and EGFP under the control of the U6 RNA poly-
merase III promoter and the CMV promoter, respec-
tively (Fig. 7A), and thus cells expressing the shRNAi
should also express the EGFP reporter. Microglia were
transduced with a lentivirus vector expressing a short
hairpin P2X,R RNAi (shP2X,R) or a control vector that
expressed short hairpin luciferase RNAi (shControl).
Lentiviral particles were added to mixed glial cell cul-
tures, and floating cells were collected as microglia. To
confirm the suppression of P2X,R expression by shP2X,R,
EGFP-positive cells were sorted with a flow cytometer,
and expression of P2X R protein in the cell lysate was
investigated by Western blot analysis with an anti-
P2X,R antibody. P2X R protein expression was mark-
edly suppressed in the EGFP-positive cells transduced
with shP2X,R (Fig. 7B), whereas there was no difference
in P2X,R protein level between the EGFP-positive and
EGFP-negative cells after transduction with shControl.
P2X;R protein expression was unaffected by transduc-
tion with shP2X,R (Fig. 7B). Microglial RNA was iso-
lated from the sorted cells, and P2Y;;R mRNA levels
were analyzed by RT-PCR and normalized against actin
mRNA levels. P2Y;2,R mRNA levels increased linearly
with PCR reactions for 25—35 cycles. When PCR reac-
tions were performed for 27 cycles, there was no differ-
ence in relative level of P2Y;2R mRNA in EGFP-positive
cells between transduction with shP2X,R and transduc-
tion with shControl (ratio of P2Y;3,R mRNA level in the
shP2X,R-transduced cells to the shControl-transduced
cells = 1.1, Fig. 7C). We checked the P2Y;;R mRNA
level amplified by PCR for 25 and 30 cycles and con-
firmed that the relative level of P2Y;2R mRNA in the
shP2X R-transduced cells was the same as in the shCon-
trol-transduced cells. These results indicated that P2X,R
expression was specifically suppressed in the EGFP-
positive microglia after transduction with shP2X,R.

The increase in [Ca%*); induced by ATP (50 pM) in
microglia has been shown to be mediated by P2X,R
(Tsuda et al., 2003). To determine whether shP2X,R inter-
fered with P2X,R function in the EGFP-positive micro-
glia, the level of [Ca%*]; in individual cells was monitored
by imaging analysis with fura-2 after transduction with
the lentivirus vectors. A 30-s application of 50 pM ATP
produced an increase in the 340/380 emission ratio of
fura-2 in the EGFP-positive cells transduced with the con-
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Fig. 5. Effect of P2X antagonists on ATP- ©
induced microglial chemotaxis. (A) Microglia 3 *
were pretreated with 100 yM TNP-ATP, 300 uM = 301
PPADS, or 1 yM BBG for 5 min or with 1 pM =
AR-C69931MX for 10 min. Microglial migration S
towards 50 uM ATP was observed in the Dunn = 204
chemotaxis chamber. The distance and direction o %
of migration by individual cells are shown as x 10
and y coordinates on scatter diagrams. (B) Che-
motaxis was quantified by measuring the (x, y)
distance migrated from the starting position of 0

cells. Data are means * SD of three independent
experiments. P < 0.05, ~ P < 0.01, Student’s ¢-
test.

trol vector (Fig. 8A left), whereas the increase in 340/380
emission ratio was significantly attenuated in the EGFP-
positive cells transduced with shP2X,R (Figs. 8A,B).
These results confirmed that transduction with shP2X R
downregulates expression of P2X R protein.

Effect of shP2X,R on ATP-Induced Membrane
Ruffling and Chemotaxis by Microglia

The effect of P2X,R downregulation on ATP-induced
membrane ruffling was examined in microglia trans-
duced with the lentivirus vectors. EGFP-positive cells
transduced with shP2X4R or shControl developed mem-
brane ruffles in response to ATP stimulation, the same
as EGFP-negative cells (Fig. 9). These results indicated
that shP2X,R did not inhibit the activation of P2Y,oR

Control TNP-

PPADS BBG AR-C69

ATP 931MX

and suggested that P2X,R downregulation had no effect
on ATP-induced membrane ruffling.

The cells transduced with the vectors were also exam-
ined for chemotactic movement in a Dunn chemotaxis
chamber. As shown in the scatter diagrams, the migra-
tion of EGFP-positive cells transduced with shP2X,R
(Fig. 10A, bottom left) was clearly inhibited in compari-
son with the EGFP-negative cells (bottom right). EGFP-
positive cells transduced with shControl (top left) migrated
toward ATP as same as the EGFP-negative cells (top
right). To quantify the effect of the shRNAi on the che-
motactic movement of microglia, we calculated the mean
value of the (x, y) distances EGFP-positive and -negative
cells migrated toward ATP (Fig. 10B). The mean dis-
tance migrated by the EGFP-positive cells transduced
with shP2X,R was significantly shorter than both the
mean distance migrated by the EGFP-negative cells and
the mean distance migrated by the EGFP-positive cells

GLIA DOI 10.1002/glia
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Fig. 6. Effect of P2X antagonists on ATP-stimulated Akt phosphoryl-
ation. (A) Microglia were pretreated with 100 pM TNP-ATP, 30 uM
PPADS, or 100 nM BBG for 5 min or with 1 uM AR-C69931MX for 10
min, and then stimulated with 50 pM ATP for 5 min. Akt phosphoryla-
tion was detected by Western blot analysis. (B) The Akt phosphoryla-
tion level was quantified by densitometry and expressed as percentage
of ATP-induced phosphorylation in control cells. The data shown are
means * SD of three independent experiments. "P < 0.01, ~ P <
0.001; Student’s ¢-test.

transduced with shControl. There was no difference in
distance migrated by the EGFP-positive cells and the
EGFP-negative cells after transduction with shControl.
These results clearly indicated that P2X,R is involved in
ATP-induced microglial chemotaxis.

DISCUSSION

As expected from our previous findings (Honda et al.,
2001), both the ATP-induced microglial membrane ruf-
fling and chemotaxis were completely inhibited by a spe-
cific P2Y,5R antagonist, AR-C69931MX, (Figs. 1 and 2).
In this study we further investigated the signaling path-
way downstream for P2Y;5,R and the effect of P2XR
antagonists and shRNAi against P2X,R on microglial
migration, and we found that P2X,R is also involved in
ATP-induced microglial chemotaxis.

P2Y,5R was known to be coupled to activation of PISK
and inhibition of adenylate cyclase (Czajkowski et al.,
2004; Soulet et al., 2004; Van Kolen and Slegers, 2004),
and Nasu-Tada et al. (2005) recently reported that a
P2Y,;R-mediated decrease in cyclic AMP is an important
step in membrane ruffling and chemotaxis by microglia
on fibronectin-coated dishes. PI3K is well known to be a
key player in remodeling of the actin cytoskeleton and
in regulating cell migration, including chemotaxis
(Procko and McColl, 2005; Van Haastert and Devreotes,
2004). In this study we showed that PI3K inhibitors
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Fig. 7. shRNAi-targeted downregulation of P2X R in microglia by
lentivirus vectors. (A) Schematic drawing of lentivirus vectors expres-
sing EGFP and shRNAi against P2X R (shP2X,R). A shRNA sequence
targeted for firefly luciferase (shControl) was used as a control. (B) Pro-
tein expression of P2X,R and P2X;R in the microglia transduced with
the shRNAi lentivirus vectors. EGFP-positive (+) and -negative ()
cells were sorted with a flow cytometer and lysed in SDS sample buffer.
Protein expression of P2X4R, P2X;R, EGFP, and actin in the cell lysates
was detected by Western blot analysis. Actin served as an internal con-
trol. (C) Gene transcript analysis of microglia transduced with the
shControl or shP2X R vector. RNA was isolated from the sorted cells.
Gene transcripts for P2Y;5R and B-actin, which served as an internal
control, were analyzed by RT-PCR. The relative intensity of the bands
for P2Y,;,R was quantified by densitometry and normalized to the B-
actin products. Similar results were obtained from at least three inde-
pendent experiments.

blocked microglial chemotaxis towards ATP (Fig. 1).
However, the PI3K inhibitors had no effect on mem-
brane ruffling (Fig. 2), suggesting that the initial actin
reorganization induced by ATP is not dependent on
PISK activation, whereas the ATP gradient-dependent
cell migration requires PI3K activation. PI3Ks phospho-
rylate phosphoinositides at the 3-hydroxyl of the inositol
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Fig. 8. Effect of P2X4R downregulation on the ATP-evoked increase
in [Ca”"], in microglia. (A) Microglia transduced with the shControl
(left panel) or shP2X4R (right panel) vector were loaded with fura-2/
AM. [Ca®"]; was expressed as the ratio of the fluorescence intensity at
340 nm to the fluorescence intensity at 380 nm (F340/380). The pseudo-
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microglia stimulated with 50 yM ATP for 30 s. Arrowheads point to
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Fig. 9. Effect of P2X4R downregulation on ATP-induced membrane
ruffling of microglia. Microglia transduced with the lentivirus vectors
were stimulated with 50 pM ATP for 5 min. After fixation, the cells
were stained with Texas Red-conjugated phalloidin. Arrowheads indi-
cate EGFP-positive cells. ATP-stimulated membrane ruffling of EGFP-
positive cells were observed in three independent experiments. Scale
bar, 20 pm

ring (Vanhaesebroeck et al., 2001). When cells are
placed in a chemoattractant gradient, the phosphoryl-
ated phospholipids selectively accumulate at the leading
edge and act as a membrane anchor for many PI3K
downstream effector proteins with pleckstrin homology

EGFP-positive cells. The traces show the mean increase in F340/380
emission ratio of 14 EGFP-positive cells from each culture. (B) The
graphs show the relative increase in ratio (AF340/380; mean = SD, n =
14 cells) from the basal level of the EGFP-positive cells shown in Fig.
8A. "'P < 0.001; Student’s t-test. Similar results were obtained from
three independent experiments.

(PH) regions, which may regulate directional sensing
during chemotaxis (Procko and McColl, 2005; Van Haas-
tert and Devreotes, 2004). PI3K will play a crucial role
in both sensing the ATP gradient and determining the
cell polarity of the microglia.

Akt is activated through binding of its PH domains to
lipid products of PI3K on the plasma membrane (Scheid
and Woodgett, 2003). In this study ATP-induced increase
in Akt phosphorylation was suppressed by pretreatment
with a P2Y ;R antagonist or PI3K inhibitors (Fig. 3).
These findings indicated that Akt is phosphorylated fol-
lowing PI3K activation downstream of P2Y 3R in micro-
glia. Interestingly, the increase in the Akt phosphory-
lation was suppressed by chelation of extracellular
calcium with EGTA (Fig. 4), and depletion of intracellu-
lar calcium by BAPTA-AM also blocked the Akt phos-
phorylation (data not shown). These results indicate
that activation of the PI3K-Akt signal pathway is regu-
lated by an increase in [Ca®'],. Previous studies have
shown that in some cells an increase in [Ca®"]; can acti-
vate Akt through PI3K-dependent or independent path-
ways. An increase in [Ca®"]; can also activate Src or pro-
line-rich/Ca®? ' -activated tyrosine kinase Pyk2, thereby
directly or indirectly regulating the PI3K activation
(Chen et al., 2001; Gendron et al., 2003; Okuda et al.,
1999). Protein kinase C (PKC) or Ca®'/calmodulin-de-
pendent protein kinase which is activated by calcium,
lies upstream of Akt or directly phosphorylates Akt
(Bauer et al., 2003; Gliki et al.,, 2002; Tanaka et al.,
2003; Yano et al., 1998). Further investigation is needed
to determine how the calcium signaling regulates the
PI3K/Akt activation in microglia.

GLIA DOI 10.1002/glia
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Fig. 10. Inhibitory effect of P2X,R downregulation on ATP-induced

microglial chemotaxis. (A) Microglia were transduced with the lenti-
virus vectors and microglial migration towards 50 pM ATP was
observed in the Dunn chemotaxis chamber. The distance and direction
of movement by individual cells are shown as x and y coordinates on
scatter diagrams. (B) Each chemotaxis was quantified by measuring
the (x, y) distance migrated from the starting position of cells. Data are
means * SD of three independent experiments. =P < 0.001, Student’s
t-test, compared with shControl EGFP-positive cells; **P < 0.001, com-
pared with shP2X R EGFP-negative cells.

The ATP-induced increase in [Ca®*]; in microglia has
been shown to be suppressed by chelation of extracellu-
lar calcium or pretreatment with TNP-ATP, but not by
PPADS or BBG (Tsuda et al., 2003). The present study
showed that shRNA-mediated downregulation of P2X,R
in microglia suppressed the ATP-induced increase in
[Ca%*), (Fig. 8). These observations suggest that the
increase in [Ca®*); is mainly caused by the influx of
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extracellular calcium through P2X R. ATP-induced
PI3K/Akt activation was inhibited by pretreatment with
TNP-ATP, but not with PPADS or BBG (Fig. 6). Interfer-
ence with P2X,R expression markedly inhibited the ATP-
induced microglial chemotaxis (Fig. 10) without affecting
membrane ruffling (Fig. 9), the same as the effects of
PI3K inhibitors (Figs. 1 and 2). We therefore suspect that
the P2X,R-mediated calcium signaling may be involved in
PI3K/Akt activation and regulate microglial chemotaxis.
Local Ca®* mobilization through P2X,R at membrane ruf-
fles may be necessary for maintenance or enhancement of
the local P2Y,,R-activated PI3K signals.

Membrane ruffling is generated by dynamic remodel-
ing of the actin cytoskeleton at the plasma membrane
and is thought to be a crucial process for cell migration
(Small et al., 2002). P2Y,,R activation is essential for
ATP-induced membrane ruffling and triggers intracellu-
lar signaling events that lead to microglial chemotaxis
toward ATP. Ca®* imaging showed that shP2x4R did
not completely suppress the ATP-evoked increase in
[Ca®*); (Fig. 9), suggesting that other subtypes of ATP
receptor are involved in the Ca®* response. P2Y recep-
tors are generally linked to activation of phospholipase
C (PLC) that catalyzes the hydrolysis of phosphatidyl-
inositol 4,5-bisphosphate to the intracellular messenger
inositol 1,4,5, triphosphate (IP3) and diacylglycerol (Com-
muni et al.,, 2000). ATP-stimulated P2Y,;,R will induce
PLC activation, leading to IPg-mediated Ca?* release
from intracellular calcium stores in microglia. P2Y re-
ceptors modulate G-protein coupled or voltage-depend-
ent ion channels that affect the Ca?* current (Van Kolen
and Slegers, 2006). Vial et al. (2002) reported that coac-
tivation of P2X R and P2Y;R in platelets synergistically
enhances the Ca®" response and suggested that P2X,
may have a priming role in the activation of P2Y;R dur-
ing platelet activation. Further study is needed to ana-
lyze cross-talk between P2X R and other signal path-
ways downstream of P2Y 2R, such as the adenylate cy-
clase pathway or PLC pathway.

P2Y.R is constitutively expressed in microglia in the
normal brain (Sasaki et al.,, 2003). A recent report by
Haynes et al. (2006) shows that P2Y,,R is essential for
early microglial responses towards either a local ATP
injection or a focal laser injury in brain slices. P2Y;5R
play crucial roles in regulating the morphological changes
in ramified microglia and cell migration by activated
microglia in response to ATP released by surrounding
cells and its hydrolysis product ADP. By contrast, P2X,R
expression in microglia is lower in the normal brain and
spinal cord, and it is significantly upregulated in acti-
vated microglia within 24 h after ischemia or nerve
injury (Cavaliere et al., 2003; Schwab et al., 2005; Zhang
et al., 2006). Tsuda et al. (2003) recently reported that
the P2X,R expression is induced in spinal microglia dur-
ing the tactile allodynia observed after nerve injury.
These observations together with our own findings sug-
gest that P2X, R activation may modulate or enhance
the microglial cell migration in pathological conditions.
Although further study is needed to clarify the molecu-
lar mechanisms underlying the microglial cell migration
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mediated by P2Y;2R and P2X R, the findings in the
present study may contribute to understanding the
ATP-induced changes in microglial dynamics in the
brain in normal and pathological states.
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UDP acting at P2Y, receptors is a mediator of

microglial phagocytosis

Schuichi Koizumi*?*, Yukari Shigemoto-Mogami'*, Kaoru Nasu-Tada', Yoichi Shinozaki'”®, Keiko Ohsawa®?,

Makoto Tsuda’, Bhalchandra V. Joshi®,

Microglia, brain immune cells, engage in the clearance of dead
cells or dangerous debris, which is crucial to the maintenance of
brain functions. When a neighbouring cell is injured, microglia
move rapidly towards it or extend a process to engulf the injured
cell. Because cells release or leak ATP when they are stimulated'-
or injured**, extracellular nucleotides are thought to be involved
in these events. In fact, ATP triggers a dynamic change in the
motility of microglia in vitro®® and in vivo™, a previously un-
recognized mechanism underlying microglial chemotaxis®%; in con-
trast, microglial phagocytosis has received only limited attention.
Here we show that microglia express the metabotropic P2Y, recep-
tor whose activation by endogenous agonist UDP triggers micro-
glial phagocytosis. UDP facilitated the uptake of microspheres in
a P2Y-receptor-dependent manner, which was mimicked by the
leakage of endogenous UDP when hippocampal neurons were
damaged by kainic acid in vivo and in vitro. In addition, systemic
administration of kainic acid in rats resulted in neuronal cell death
in the hippocampal CAl and CA3 regions, where increases in
messenger RNA encoding P2Y, receptors that colocalized with
activated microglia were observed. Thus, the P2Y4 receptor is
upregulated when neurons are damaged, and could function as
a sensor for phagocytosis by sensing diffusible UDP signals,
which is a previously unknown pathophysiological function of
P2 receptors in microglia.

Microglia express several functional P2 receptors, and their P2X,,
P2X; and P2Y,, receptors have already been described in relation to
their physiological and pathophysiological consequences®™. To
investigate the expression of mRNAs for P2 receptors that are at a
higher concentration in cultured rat microglia, we conducted reverse-
transcriptase-mediated polymerase chain reaction (RT-PCR) analysis
with complementary DNA coding for P2Y and P2X receptors (Fig. 1a).
In accordance with previous reports®”, microglia expressed mRNAs
encoding P2X,, P2X; and P2Y,, receptors. However, we found un-
expectedly that cultured rat microglia expressed a large amount of
mRNA coding for P2Y receptors, which was also confirmed by west-
ern blotting for the expression of P2Y receptor protein (Fig. 1b). The
P2Y; receptor is coupled to the activation of phospholipase C (PLC),
leading to the productlon of inositol 1,4,5-trisphosphate (InsP;) and
the release of Ca>* from InsPs-receptor-sensitive stores‘° . We there-
fore exammed changes in the intracellular Ca** concentration
([Ca®*];) in microglia and found that the P2Y4 receptor agonist
UDP evoked increases in [Ca’']; in a concentration- dependent
manner, and it also increased the fraction of the UDP-responsive cells
(Supplementary Fig. 1a). The elevations in {Ca*]; induced by 100 uM

Kenneth A. Jacobson®, Shinichi Kohsaka* & Kazuhide Inoue®

UDP were significantly inhibited by the PLC inhibitor U73122, the
Ca’-ATPase inhibitor in sarcoplasmic/endoplasmic reticulum
thapsigargin, and the membrane-permeable InsP;, receptor inhibitor
xestospongin C, but were little affected by Pertusms toxin
(Supplementary Fig. 1b). The UDP-evoked [Ca’"]; increases in
microglia were significantly inhibited by reactive blue 2 (RB2), known
as a potent P2Y¢ antagonist'', suramin, which inhibits P2Y, receptor
at higher concentrations, the diisothiocyanate derivative MRS2578,
which is a selective antagonist of the P2Y receptor'?, and an antisense
oligonucleotide (AS) for P2Y4 receptors, but not by a random-
sequence oligonucleotide (R-oligo) (Fig. 1¢). All these data show that
rat micr&glia express functional P2Y, receptors by which UDP mobi-
lizes Ca
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Figure 1| Expression of P2Y, receptorand UDP-evoked increase in [Ca%*),
in cultured microglia. a, RT-PCR analysis of the expression of mRNAs for
P2Y, P2Y),, P2X, and P2X, receptors in microglial cells. b, Expression of
P2Y, receptor protein confirmed by western blotting analysis. ¢, Effects of
various chemicals on the increase in [Ca®* ]; (measured as the change in ratio
of fluorescence at 340 nm to that at 380 nm) evoked by 100 uM UDP in .
microglia. The maximum increase in Fura-2 fluorescence evoked by 100 uM
UDP was considered as the control response, and values are expressed as a
percentage of control. Data show means and s.e.m. for 24-36 cells obtained
from at least three independent experiments. Significant differences from
the response to UDP alone: asterisk, P < 0.05; two asterisks, P < 0.01
(Student’s t-test).
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Morphogenesis, cell movement and phagocytosis are driven by
dynamic reorganization of the actin cytoskeleton'*". We showed
previously that activation of P2Y,,,; receptors, another microglial
G-protein-coupled receptor, resulted in membrane ruffling and chemo-
taxis in microglia®®, and therefore we sought first to determine whether
the P2Y,-receptor-mediated signals affect the cell movement of
microglia. Membrane ruffles are structures that are found primarily
at the front edges of migrating cells'”. To determine whether P2Y,
activation stimulates microglial chemotaxis, cells were stimulated
with either UDP or ATP. Neither lamellipodia-like membrane ruffles
(Fig. 2a left) nor chemotaxis (Fig. 2b left) were observed when sti-
mulated with UDP, whereas ATP produced both responses (Fig. 2a
right and Fig. 2b right). However, UDP caused actin reorganization
and formed aggregates of F-actin in the interior of the cells (Fig. 2a
left, arrows). On stimulation with UDP (100 pM), microglia rapidly
changed their morphology (Supplementary Fig. 2a); namely, to
microglial processes with filopodia-like protrusions (arrows) and
phagosome-like vacuoles (arrowheads). A crown-like circular struc-
ture rich in F-actins, termed the ‘phagocytotic cup’®, was also
observed around the zymosan particles (Supplementary Fig. 2b,
red). We speculated that UDP somehow regulates the morphogenesis
of microglia, which may be involved in microglial endocytotic activ-
ities such as pinocytosis, macropinocytosis and phagocytosis.
Phagocytosis is one of the most important physiological functions
of microglia'” and is the process activating the uptake of larger part-
icles (more than 0.5um) by actin-based mechanisms. We investi-

gated the UDP-evoked phagocytosis process by time-lapse
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Figure 2 | Changes in cell motilities of microglia. a, UDP- and ATP-evoked
membrane ruffles. Cultured microglia were stimulated for 5 min with

100 uM UDP (left) and 10 puM ATP (right), fixed, permeabilized, and then
stained with anti-phalloidin. Scale bar, 10 pm. b, Typical chemotactic
responses of microglia towards 100 uM UDP (left) and 100 pM ATP (right)
assessed by the Dunn chemotaxis chamber (see Methods). ¢, Time-lapse
images showing the effect of UDP on the microglial morphogenic changes
and the uptake of fluorescent zymosan particles (green). The time after
addition of UDP is shown in seconds in each picture. d, The UDP-evoked
uptake of microspheres was assessed quantitatively as a phagocytosis index
by using FACS. Data are mean and s.e.m. for three experiments (asterisk,
P < 0.05; two asterisks, P < 0.01 compared with basal). e, Effects of the P2
receptor antagonists reactive blue 2 and suramin, the P2Y, receptor
antagonist MRS2578, and P2Y, AS or MM on the UDP-evoked
phagocvtosis. Data are means and s.e.m. for three or four experiments
(asterisk, P < 0.05; two asterisks, P < 0.01 compared with UDP alone).
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videomicroscopy and flow cytometry (fluorescence-activated cell
sorting; FACS)-based assay. When stimulated with 100uM UDP,
microglia rapidly phagocytosed fluorescent zymosan particles
(green) (Fig. 2¢, see also Supplementary Video). A quantitative phago-
cytosis assay by FACS shows that UDP induced the phagocytosis of
latex beads in a concentration-dependent fashion (51,000 uM) in a
20-min incubation period (Fig. 2d). GDP (100-1,000 uM), a weak
agonist of the P2Y,, receptor, caused a slight uptake of microspheres
(at 100 uM this was 49.7 + 8.6% of UDP alone; n = 4) but ADP, also
known as a weak partial agonist of the mouse P2Y, receptor, failed to
stimulate the uptake (at 100 uM it was 0.3 * 2.3% of UDP alone;
n=4). This is in good agreement with the previous finding that
ADP does not activate rat P2Y,, receptors'®. The phagocytosis induced
by 100uM UDP was significantly inhibited by 30-100 M RB2, a
higher concentration of suramin (300 puM) and MRS2578 (0.01-
3uM), and was nearly abolished by P2Y, AS (Fig. 2e; see also
Supplementary Fig. 2c, d). Recent reports indicate the existence of
functional cross-talk between the nucleotides and cysteinyl leuko-
trienes (CysLTs, for example LTD4) in orchestrating inflammatory
responses”, indicating that some nucleotides may reveal their func-
tions by means of a CysLT receptor (CysLTR). Microglia express a
functional CysLTIR, whose activation by LTD4 resulted in an increase
in [Ca®"]; in microglia (Supplementary Fig. 3a). Thus, UDP acting on
CysLTIR may reveal various microglial responses. However,
MRS2578, a selective P2Y, receptor antagonist, did not block the
LTD4-evoked Ca*" responses in CysLT1R-transfected Chinese ham-
ster ovary cells (Supplementary Fig. 3b) at a dose that inhibited the
UDP-evoked increase in |Ca®* ]; and phagocytosis in microglia (Figs lc
and 2e). In addition, 1 pM LTD4 did not induce phagocytosis in
microglia (Supplementary Fig. 3¢, 4.8 = 4.2% of that with 100 uM
UDP alone; n=3). All these findings suggest that the contribution
of the CysLTIR to the UDP-evoked phagocytosis in microglia is neg-
ligible. Taken together, these data strongly suggest that rat microglial
P2Y, receptors are coupled with phagocytic functions. The UDP-
evoked phagocytosis was inhibited by 1 pM thapsigargin, the protein
kinase C inhibitor staurosporin at 5pM, and 10puM U73122 (see
Supplementary Fig. 4), indicating that activation of the P2Y, receptor
seems to trigger phagocytosis through the pathway(s) mediated by
PLC-linked Ca*" and protein kinase C.

Because phagocytes remove dead or damaged cells, debris and
invading pathogens, recognition is the first step in phagocytosis. It
is initiated by activation of the phagocytosis-promoting receptors
such as Fc receptors and complement receptors™. In the central nerv-
ous system, microglia possess these receptors and remove amyloid-f3,
a key molecule in Alzheimer’s disease, and attenuate Alzheimer’s
disease-like pathology®’. With regard to apoptotic cells, microglia
may also remove such cells by recognizing so-called ‘eat-me’ sig-
nals®. However, in the present study we used non-opsonized zymo-
san (Fig. 2c) and latex beads (Fig. 2d, e), which were not recognized
by opsonin-dependent receptors such as Fc receptors, complement
receptors or vitronectin receptors. Phagocytosis-promoting recep-
tors also include opsonin-independent ones such as B,-integrins,
mannose receptors, scavenger receptors and phosphatidylserine
receptors’’; in fact, microglia expressed all these receptors
(Supplementary Fig. 5a—e, cell lysates). Among these receptors, [3,-
integrin was detected as a bead-associated protein that was slightly
increased on stimulation with UDP (Supplementary Fig. 5a, bead-
associated) and localized at membrane ruffle-like or phagocytic
cup-like structures (see also Supplementary Fig. 2b), to which fluor-
escent microspheres were attached (Supplementary Fig. 5f).
However, we do not know whether B, -integrin itself binds or recog-
nizes the microspheres. 3,-Integrin might be involved in some way
in the machinery of phagocytosis or in the uptake processes of the
microspheres in response to UDP, but the precise target molecule
or molecules that bind or recognize microspheres to be phago-
cytosed remains to be identified. The microglial phagocytosis seen
in the present study is a new type that is promoted by the diffusible

©2007 NaturePublishing Group
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extracellular molecule UDP. However, we cannot deny the possibility
that the UDP may simply facilitate the machinery of phagocytosis
and that UDP-evoked phagocytosis observed in this study may even
include macropinocytosis.

To determine the expression and function of microglial P2Y,
receptors in vivo, the excitotoxicity of brain injury was induced by
kainic acid (KA) (Fig. 3). KA is an excitatory amino acid that is often
used to cause limbic motor epilepsy or excitatory neuronal cell death
in vivo and in vitro. KA acts on non-NMDA glutamate receptors to
facilitate excess excitability, thereby leading to necrosis and even
apoptosis of neurons. The hippocampal CAl and CA3 regions are
susceptible to neuronal death in response to KA™. When KA was
injected intraperitoneally into rats (10 mgkg "), it produced typical
limbic seizure within 60 min. At 72h after the administration of
KA, the brains were removed and were used for western blotting,
immunohistochemical assays and in situ hybridization (ISH).
Western blotting analysis showed that KA increased the expression
of P2Y,, receptors in comparison with the saline-injected control
groups (Fig. 3A, B). Double staining of microglia and neurons by
anti-Ibal (green) and anti-neuronal nuclei (NeuN, red) antibodies,
respectively, showed that KA induced severe neuronal loss in the
hippocampal CA1 and CA3 regions, where intense 1bal-positive sig-
nals—indicative of microglia—were observed. KA increased the
number of microglia appearing in the activated form with poorly
ramified, short and thick processes ( Fig. 3C, f-h). Small NeuN signals
seemed to be incorporated in some microglia (see g and h in Fig. 3C),
suggesting that microglia phagocytose damaged or dead neurons.
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Figure 3 | Increase in P2Y, receptors in the hippocampus after kainic acid
(KA)-treatment. A, Western blot analysis, showing increase in P2Y,
receptor protein in rats treated intraperitoneally with 10 mg kg ' KA, 72h
after treatment. B, Summary of quantitative data; KA was applied at
10mgkg . Results are means and s.e.m. for 8 (control) and 7 (KA)
experiments (asterisk, P < 0.05 compared with control). C, Immunohisto-
chemical analysis in naive control (a-d) and KA -treated (e—h) rats; red, anti-
NeuN antibody; green, anti-Ibal antibody. Rectangles in a and e are
expanded in b and f, respectively. Rectangles in b and f also correspond to
¢, d and g, h, respectively. D, Anti-P2Y,, antibody signals (green) were
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These findings suggest that microglia might migrate or proliferate,
probably as a result of KA-induced neuronal damage.

We further examined the cell types that produced increases in P2Y,,
receptor protein in response to the administration of KA, and found
that P2Y, immunoreactivities (green in Fig. 3D) were associated with
the microglia (OX-42, red in Fig. 3D, c) but not with astrocytes (glial
fibrillary acidic protein (GFAP), red in Fig. 3D, d) or neurons (NeuN,
red in Fig. 3D, ¢). Furthermore, we performed ISH to characterize the
expression of mRNA coding for P2Y, receptors with the use of digoxi-
genin-labelled antisense RNA probe. Signals for P2Y, receptor mRNA
were very low in the naive animals but were upregulated three days
after treatment with KA (Fig. 3E, b; blue dots indicated by arrow-
heads). At this time, the number of microglia increased markedly,
especially at the hippocampal CA3 and CAl regions (Fig. 3C). After
ISH, the sections were stained with anti-Ibal antibody to characterize
P2Y, receptor mRNA signals. In the hippocampal CA3 regions of
naive rats, there were very few anti-Ibal-positive microglia that did
not show P2Y, receptor mRNA. In contrast, in the hippocampal
CA3 of KA-injected rats, there was an increased number of anti-
Ibal-positive microglia, in which P2Y, receptor signals were coloca-
lized with microglia (Fig. 3E, ¢; KA, black arrows, see also inset at
higher magnification).

There is a growing literature about ‘eat-me’ signals that are
expressed on the cell surface of apoptotic or dying cells. However,
diffusible signals that trigger phagocytosis have received only limited
attention. When neurons or cells are exposed to traumatic injury
such as ischaemia, they swell and subsequently shrink as a result of

-
10 um

increased by KA (a, control; b, KA), which was colocalized with microglia
{red in €, anti-0X42) but not with astrocytes (red in d, anti-GFAP) or
neurons (red in e, anti-NeuN). E, ISH analysis. a, b, mRNA coding for P2Y,
receptor in naive rats was very low but was increased at the hippocampal
CA3 region by KA (3 days later) (blue dots and arrowheads, KA). €, Double
staining with P2Y,, antisense RNA probe (blue dots) and anti-Iba- 1 antibody
(brown signals, white (naive) or black (KA) arrows). In KA-treated rats there
was an increased number of microglia, which was associated with P2Y,,
receptor mRNA (blue signals, inset at higher magnification in KA).
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increased permeability. This is followed by leakage of cytoplasmic
molecules, leading to necrotic cell death. Thus, cytoplasmic nucleo-
tides could be diffusible messengers that signal the crisis state to
adjacent cells including microglia. In fact, the diffusible messenger
ATP promotes microglial chemotaxis and/or migration**. Diffusible
molecules might be insufficiently precise to cause phagocytes to
recognize and eat cells. However, released or leaked nucleotides are
immediately degraded by the extracellular nucleotide-degrading
enzymes. In this respect, UDP might be a localized and transient
marker of traumatized or necrotic cells.

Cell injury results in a leakage of ATP that affects the motility of
adjacent cells, including microglia®*. In addition, cells release or leak
uridine nucleotides® and nucleotide sugars™ in response to various
stimuli or ischaemic injury™. We therefore next investigated whether
KA increases the release of extracellular UDP from neurons to induce
microglial phagocytosis. Cultured hippocampal neurons were stimu-
lated with and without 100 pM KA for | h; the supernatant was then
collected for nucleotide assay by high-performance liquid chromato-
graphy (HPLC) or for phagocytosis assay by FACS (Fig. 4). Because
released or leaked UTP is rapidly degraded into UDP, UMP and
uridine by ARL67156-sensitive ectonucleotidases, we monitored
the amount of UTP rather than UDP, and collected the supernatant
and the microdialysates in the presence of 20 uM ARL67156 through-
out experiments. There was a close relationship between the HPLC
peak corresponding to UTP and the concentration of the standard
UTP (R’ = 0.9947). The amount of UTP in the KA-treated supernat-
ant was significantly larger than that in the KA-untreated control
supernatant (Fig. 4b; control, 2.3 * 1.1 uM; KA treated, 10.5 *
3.9uM, P<0.05). We also tested whether the KA-treated super-
natant obtained from cultured hippocampal neurons facilitated micro-
glial phagocytosis. Hippocampal neurons were treated with and
without 100puM KA for 1h; each supernatant was collected and
added to microglia; this was followed by a phagocytosis assay. As
shown in Fig. 4¢, when microglia were incubated with the KA-treated
supernatant for 20 min, there was a significant increase in phagocytosis,
which was blocked by the P2Y, receptor antagonist MRS2578 (1 uM).
KA alone did not stimulate phagocytosis.

Finally, we tested whether KA induces the release of UDP and
P2Y-receptor-mediated phagocytosis in vivo. An increase in extra-
cellular UTP concentration ([UTP|,) was observed soon after injec-
tion of KA (from | to 4h after injection), which reached 2-3-fold
higher than the KA-untreated control (data not shown). At | day
after KA injection, |UTP|, was about 1.5-2.0-fold higher than the
KA-untreated control (Fig. 4e). Then, at day 3, [UTP], reached
almost 10-fold higher levels (9.4 * 1.2-fold; Fig. 4e and inset), which
decreased slightly at day 5. A higher (5-10-fold) [UTP],, was observed
2-3 days after the injection of KA, which lasted at least another couple
of days. It should be noted that loss of neurons (removal of neurons)
also became obvious 2-3 days after the KA injection. We further
injected fluorescent microspheres into the hippocampal CA3 regions
of KA-treated rats, and then counted the numbers of the micro-
spheres phagocytosed or attached by microglia. The P2Y, receptor
antagonist MRS2578 was injected into the hippocampal CA3 region,
and P2Y, AS or MM (mismatch oligonucleotide) was injected into
the third ventricle. The number of microspheres taken or attached by
microglia was markedly increased by KA treatment, which is signifi-
cantly inhibited by MRS2578 or P2Y,, AS but not by MM (Fig. 4g; see
also Supplementary Fig. 6). These findings all suggest that UDP/
P2Y,-receptor-mediated signals are important for microglial phago-
cytosis even in vivo.

A recent review described that dying cells use both ‘find-me’ and
‘eat-me’ signals for phagocyte attraction and recognition®™.
Nucleotides could be both ‘find-me’ and ‘eat-me’ signals. The intra-
cellular ATP concentration is estimated to be high (more than 5 mM)
and the UTP concentration is reported to be one-third that of ATP*".
Cells release ATP, and here we showed that KA caused an increase in
extracellular UTP or UDP. Microglia might therefore be attracted by
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ATP or ADP** and subsequently recognize UDP, leading to the
removal of the dying cells or their debris. It is interesting that ATP/
ADP is not able to efficiently activate P2Y,, receptors; neither can
UDP act on P2Y,,,,, receptors. Thus, even if these nucleotides were
leaked or released simultaneously, adenine and uridine nucleotides
would regulate microglial motilities, namely chemotaxis and phago-
cytosis, in a mutually exclusive but coordinated fashion.

So far we have not shown quantitative data indicating that indi-
vidual microglia upregulate the expression of P2Y,, receptors. A sig-
nificant, but not drastic, increase in P2Y, receptor protein in the
hippocampus was observed after injection of KA (Fig. 3A, B). ISH
data show that expression of mRNA coding for P2Y, receptors in
microglia was very low in naive animals but became obvious in an
increased number of microglia after KA injection (Fig. 3E), suggest-
ing that the increase in P2Y,, receptor protein is not due simply to an
increased number of microglia but is upregulated in individual

a #%
+KA +MRS2578 g 300
=3
Neurons | rpruDP F
b 2 byHPLC ’
3 8 assay by FACS
=
-
0 KA KA M
{control)
d f

gz
0 " PrekA
Pe 1 2 3 4 5
Time after KA injection (days)

Figure 4 | KA-evoked increases in extracellular uridine nucleotides and
P2Y .-receptor-mediated microglial phagocytosis in vitre and in

vive. a, Schematic diagram of the experiments in vitro. Sup., supernatant.
b, Summary of the UTP concentration in the KA-treated and control
supernatants. Data show means and s.e.m. for at least five independent
experiments (asterisk, P < 0.05 compared with control). ¢, Effects of the KA-
treated and control supernatant on microglial uptake of fluorescent latex
beads. Data show means and s.e.m. for at least four independent
experiments (asterisk, P < 0.05 compared with control; hash sign, P < 0.05
compared with KA-treated supernatant). d, Schematic diagram of the
experiments in vivo. KA was applied intraperitoneally at 10mgkg '.e, Time
course of changes in [UTP|, in baseline dialysates (before treatment with KA
(Pre), and 1, 2, 3 and 5 days afterwards). Inset, fold increase at day 3
(compared with before treatment). f, Typical pictures of fluorescent
microspheres (green) attached or taken up by microglia (red, anti-Ibal) in
the KA-treated (left) and KA + MRS2578-treated (right) hippocampal CA3
regions. Scale bar, 20 pm. g, Quantitative analysis of phagocytosis in vive
(details are provided in Supplementary Methods). Changes in P2Y, receptor
protein by P2Y, AS or MM are shown at the top of corresponding columns.
Values are means and s.e.m. (asterisk, P < 0.01 compared with control

(-~ KA); hash sign, P < 0.05; two hash signs, P < 0.01 compared with KA-
treated group). Statistical analyses were performed by ANOVA with
Scheffe’s multiple comparison. At least three sections containing the
injection sites were analysed per animal, and at least three animals were used
in each group for analysis.
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microglia. We also emphasize that even if the extent of P2Y, receptor
upregulation is not drastic, an increase in extracellular UDP, aligand
for P2Y receptor, is markedly increased after treatment with KA
(detected as UTP, almost 10-fold; Fig. 4¢) and therefore that the
UDP/P2Y, receptor system would be sufficiently activated to cause
microglial phagocytosis after treatment with KA. In comparison with
the extensive knowledge of the molecular events involved in the
regulation of apoptosis or necrosis, relatively little is known about
the processes responsible for the clearance of dead cells and the
degradation of waste materials. Considering the present findings that
injured neurons leak diffusible UTP/UDP and cause the upregulation
of P2Y,, receptors in microglia, the UDP/P2Y, receptor system might
function as a critical device covering the phagocytosis of both apop-
totic and necrotic cells if they release or leak UDP by sensing diffus-
ible UDP signals.

Thus we have shown that microglia express P2Y, receptors that
function as a sensor of phagocytosis. The P2Y, receptor agonist UDP
is released (as UTP) when neurons are damaged by KA. Thus, the
activation of P2Y receptors by UDP would be a key event in initiat-
ing the clearance of dying cells or debris in the central nervous system.

METHODS

Detailed methods are provided in Supplementary Information.

Microglia culture. The protocol was reviewed and approved by the Committee
for Institutional Laboratory Animal Care of the National Institute of Health
Sciences. Rat primary cultured microglia were prepared in accordance with
the method described previously”.

Phagocytosis assay in vitro and in vivo. In vitro microglial phagocytosis was
assessed by either FACScan analysis or imaging analysis with fluorescently
labelled microspheres. For the in vivo phagocytosis assay, fluorescently labelled
microspheres were injected into the hippocampal CA3 region after injection of
KA, and then the number of fluorescent microspheres associated with microglia
was analysed by confocal microscopy (LSM 5 Pascal; Carl Zeiss).
Microdialysis. A microdialysis probe (A-1 type probe; Eicom) was inserted into
the hippocampal CA3 region by means of a guide cannula, and was perfused
continuously at a flow rate of 3.0 ul min~" (collected for 60 min) supplemented
with the ectonuclease inhibitor ARL67156 (20 pM) (Sigma).

Quantification of UTP by HPLC. The concentration of nucleotides in the
supernatant of the hippocampal cultures was analysed with an HPLC system
(Jasco) combined with a Cy4 column (4.6 X 250 mm, Shodex) as described®,
with minor modifications.

Data analysis and statistics. All results are expressed as means * s.e.m. A stat-
istical analysis was performed with Student’s t-test or analysis of variance, fol-
lowed by Scheffe’s multiple comparison test. Differences were considered to be
significant at P <0.05.
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Abstract

Parkinson’s disease (PD) and Alzheimer’s disease (AD), the most common neurodegenerative diseases, are caused by both genetic and
environmental factors. Ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) is a deubiquitinating enzyme that is involved in the pathogenesis of
both of these neurodegenerative diseases. Several functions of UCH-L1, other than as an ubiquitin hydrolase, have been proposed; these include
acting as an ubiquitin ligase and stabilizing mono-ubiquitin. This review focuses on recent findings on the functions and the regulation of UCH-L1,

in particular those that relate to PD and AD.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ubiquitin carboxy-terminal hydrolase L1 (UCH-L1), also
known as PGP9.5, is a protein of 223 amino acids (Wilkinson
et al., 1989). Although it was originally characterized as a
deubiquitinating enzyme (Wilkinson et al., 1989), recent
studies indicate that it also functions as a ubiquitin (Ub) ligase
(Liu et al., 2002) and a mono-Ub stabilizer (Osaka et al., 2003).
It is one of the most abundant proteins in the brain (1-2% of the
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E-mail address: wada@ncnp.go.jp (K. Wada).

0197-0186/3 — see front matter © 2007 Elsevier Ltd. All rights reserved.
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total soluble protein) and immunohistochemical experiments
demonstrate that it is exclusively localized in neurons (Wilson
etal., 1988). Thus, its role in neuronal cell function/dysfunction
was predicted. Indeed, the lack of UCH-L1 expression in mice
results in gracile axonal dystrophy (gad) phenotype (Saigoh
et al., 1999). Down-regulation and extensive oxidative
modification of UCH-L1 have been observed in the brains of
Alzheimer’s disease (AD) patients as well as Parkinson’s
disease (PD) patients (Castegna et al., 2002; Choi et al., 2004
Butterfield et al., 2006). Moreover, administration of UCH-L1
was shown to alleviate the B-amyloid-induced synaptic
dysfunction and memory loss associated with a mouse model
of AD (Gong et al., 2006). In addition, an isoleucine 93 to
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methionine amino acid mutation (193M) of UCH-L1 was
identified as a cause of autosomal dominant PD (Leroy et al.,
1998). Our recent analysis of transgenic (Tg) mice expressing
UCH-L1"*M, showed an age-dependent loss of dopaminergic
neurons, which is one of the pathological hallmarks of PD
(Setsuie et al., 2007). On the contrary, a polymorphism that
results in the amino acid substitution of serine 18 to tyrosine in
UCH-LI1 (UCH-L13'®Y) was linked to decreased susceptibility
to PD in some populations (Maraganore et al., 1999;
Wintermeyer et al., 2000; Wang et al., 2002; Elbaz et al.,
2003; Toda et al., 2003; Maraganore et al., 2004; Facheris et al.,
2005; Tan et al., 2006; Carmine Belin et al., 2007). Together, all
of these aspects indicate that the precise regulation of UCH-L1
is essential for neurons to survive and to maintain their proper
function. In this review, we would like to summarize recent
findings on UCH-L1, mostly those that relate to PD and AD.

2. The molecular functions of UCH-L1

UCH-L1 was first discovered as a member of the ubiquitin
carboxy-terminal hydrolase family of deubiquitinating enzymes
(Wilkinson et al., 1989; Nijman et al., 2005). /n vitro analysis
indicated that UCH-L1 can hydrolyze bonds between Ub and
small adducts or unfolded polypeptides (Fig. 1). [tcan alsocleave
Ub gene products, either tandemly conjugated Ub monomers
(UbB, UbC) or Ub fused to small ribosomal protein (S27a), very
slowly, to yield free Ub, in vitro (Fig. 1) (Larsen et al., 1998).
However, all of the activities detected in vitro are significantly

lower than those of any other known Ub hydrolases, and its in
vivo substrate has not yet been identified. Indeed, X-ray
crystallography analysis of UCH-LI indicates that it might
exist in an inactive form on its own, and binding partners that
regulate its activity may be warranted (Das et al., 2006).

In 2002, a group identified another enzymatic activity in
UCH-LI, Ub ligase activity, in vitro (Liu et al., 2002). UCH-LI
was shown to exhibit dimerization-dependent Ub ligase activity
(Fig. 1). Thus, from their observations, it is assumed that UCH-
L1 might function as a hydrolase in 2 monomeric form and as a
ligase in a dimeric form. Neither dimerization nor ligase
activity were observed in the isozyme UCH-L3. In contrast to
the well-recognized ubiquitination pathway (using E1, E2 and
E3 ligases), which requires ATP to activate free Ub in order to
conjugate Ub to the substrate, UCH-L1 does not require ATP, a
notable characteristic of this ligase.

In addition, our group reported another function of UCH-L1, a
mono-Ub stabilizing effect in vive, which is independent of
enzymatic activity (Osaka et al., 2003). We found that a large
amount of mono-Ub is tightly associated with UCH-LI,
inhibiting the degradation of mono-Ub in the brain. When
UCH-L1 was over-expressed in SH-SYSY cells, the half-life of
mono-Ub was extended. Moreover, the expression level of UCH-
L1 affected the level of mono-Ub in the mouse brain; gad mice
showed a decreased level and UCH-L1™" Tg mice showed an
increased level of mono-Ub compared with wild-type mice.
Thus, these results indicated that UCH-L1 functions as an Ub-
stabilizing factor, regulating the pool size of mono-Ub in vivo
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Fig. 1. Proposed functions and regulations of UCH-L1. (1) Under monomeric form, UCH-LI can hydrolyze bond between Ub and small adduct or unfolded

pulypeptide in virre. It can also cleave Ub gene products in vitro. (2) Under dimeric form, UCH-L1 ligase activity can produce K63 linked Ub chains to its substrate in
vitre. One of its presumed substrate is di-ubiquitinated a-synuclein. (3) UCH-L1 is bound to mono-Ub in vive. This interaction inhibits the degradation of mono-Ub.
{4) UCH-L1 is shown to interact with Jun activation domain binding protein (JAB1). (5) Mono-ubiguitination and inactivation ui UCH-L1 can oceur reversibly. (6) O-
GleNAc-modified UCH-L1 is found in the synaptosome fraction. (7) N-terminally truncated forms of UCH-L1 are also found. “The truncated forms of UCH-L1 might
occur as a result of either N-terminal processing of full length UCH-L1 or the translation from the different methionine. (8) The oxidatively modified UCH-L Lis also
found in the diseased brains but is not shown in this figure. Please see the text for details.
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(Fig. 1). Importantly, this mono-Ub stabilizing effect of UCH-L1
was independent of its enzymatic activity, as the C90S mutant,
which lacks enzymatic activity but retains its Ub-interacting
ability, still showed a mono-Ub stabilizing effect in cells.

As mentioned earlier, UCH-L1 is a highly expressed protein.
Thus, the elucidation of the mechanisms involved in the
regulation of UCH-L1 should be an important issue. Recently, a
post-translational modification of UCH-L1 that controls the
function of UCH-L1 was identified (Meray and Lansbury, 2007).
The type of modification is mono-ubiquitination, which may
occur reversibly to a lysine residue near the active site (probably
K157) of UCH-L1 (Fig. 1). Mono-ubiquitinated UCH-L1, as
mimicked by an Ub-UCH-L1 fusion protein, failed to bind
mono-Ub and to increase mono-Ub levels in the cell. The
enzymatic activity of UCH-L1 may also be inhibited by this
modification because it prevents binding to the ubiquitinated
targets. In addition, mono-ubiquitinated UCH-L1 was hydro-
lyzed in intra-molecular manner (Fig. 1). Thus, UCH-L1 might
regulate its functional capability by auto-deubiquitination.

In addition to ubiquitination, the existence of a beta-N-
acetylglucosamine (O-GlcNAc)-modified UCH-L1 in the
synaptosome fraction of rat brain was reported (Fig. 1) (Cole
and Hart, 2001). Moreover, amino-terminally truncated forms of
UCH-L1 were found in human brains (Fig. 1), and the levels of
this truncated form were shown to be decreased in AD brains but
not in PD brains (Choi et al., 2004). Further effort to elucidate the
physiological significance of these modifications and their
relationship to the pathogenesis of AD and PD should be made.

3. Gad mice and the physiological function of UCH-L1
in the brain

Gad mice exhibit an autosomal recessively inherited
disorder caused by an in-frame deletion that includes exons
7 and 8 of Uchll, leading to a lack of UCH-L1 expression
(Saigoh et al., 1999). These mice show sensory ataxia at an
early stage, followed by motor ataxia at a later stage.
Pathologically, the mutant is characterized by ‘dying-back’-
type axonal degeneration and formation of spheroid bodies in
nerve terminals. In addition, gad mice show abnormal
accumulation of APP, B-amyloid (Ichihara et al., 1995), Ub,
and proteasome subunit-positive deposits (Saigoh et al., 1999)
in the degenerating neuronal axons. These results clearly
indicate that UCH-L1 is essential for the functional main-
tenance of some subsets of neuronal axons.

On the contrary, most neurons show no signs of degeneration
in the brains of gad mice. By analyzing these neurons in gad
mice, we found that a lack of UCH-L1 protects cells from acute
stress-induced apoptosis (Harada et al., 2004). In wild-type
mouse retina, light stimuli and ischemic retinal injury induced
strong Ub expression in the inner retina with an expression
pattern similar to that of UCH-L.1. On the other hand, gad mice
showed reduced Ub induction after light stimuli and ischemia,
whereas the expression levels of anti-apoptotic and pro-survival
proteins were significantly higher. Consistently, ischemia-
induced caspase activity and neural cell apoptosis were
suppressed to ~70% in gad mice. The heat-induced apoptosis

of testicular cells was also suppressed in gad mice (Kwon et al.,
2004). These reports demonstrate that UCH-L1 is involved in
the regulation of stress-induced apoptosis, presumably through
Ub induction.

4. Oxidative modification of UCH-L1 and
neurodegeneration

Recently, an increased amount of oxidatively modified
UCH-LI in the brains of AD and PD patients, compared to
normal brains, was reported (Castegna et al., 2002; Choi et al.,
2004; Butterfield et al., 2006). The oxidative stress may cause
such modifications to the protein. At present, several
methionine residues and one cysteine residue of UCH-L1
have been reported as possible targets of oxidation; these form
methionine sulfoxide and cysteinic acid (Cys—-SO;H), respec-
tively, in PD and AD brains. Furthermore, the level of carbonyl-
modified UCH-L1, which is also induced by oxidative stress,
was found to be increased in PD and AD brains (Choi et al.,
2004).

Consistent with the above data, addition of 4-hydroxy-2-
nonenal (HNE; one of the carbonyls) induced the HNE
modification of recombinant UCH-L1 in vitro (Nishikawa et al.,
2003). HNE is an endogenous neurotoxin and a candidate
mediator of oxidative stress caused by lipid hyperoxidation,
known to trigger the cell death of neurons. In addition, proteins
modified by HNE at lysine, histidine and/or cysteine residues
are accumulated in the nigral neurons and the Lewy bodies of
PD patients (Yoritaka et al., 1996; Castellani et al., 2002) and in
the neurofibrillary tangles of AD patients (Montine et al.,
1997). Cysteine (C90) and histidine (H161) form the active
center of UCH-L1 along with asparagine (N176). Thus, the
alteration of UCH-L1 activity was presumed to occur as a result
of HNE modification. In agreement with this hypothesis, the
hydrolase activities of HNE-modified UCH-L1 were reduced to
about 40-80% of non-modified UCH-L1, and were inversely
correlated with the degree of modification (Nishikawa et al.,
2003). Oxidative stress is now recognized as an important-
factor, which is implicated in the pathogenesis of a number of
age-related neurodegenerative diseases including PD and AD
(Halliwell, 2006; Lin and Beal, 2006). Thus, the oxidative
modification and subsequent decrease in the enzymatic activity
of UCH-L1 may affect the function and survival of neurons,
leading to the pathogenesis of AD and PD.

5. Decreased level of UCH-L1 and AD

As mentioned above, UCH-L1 is often present in the Ub-
positive inclusions known as neurofibrillary tangles found in
AD (Lowe et al., 1990). A recent report indicated that brains
from patients with sporadic AD contain decreased levels of
soluble UCH-L1, which is inversely proportional to tangle
number (Choi et al., 2004). In addition, gad mice show an
accumulation of amyloid precursor protein (APP) and B-
amyloid, typical proteins accumulated in the inclusions of AD
brains (Ichihara et al., 1995). Thus, a reduction in the levels of
functional UCH-L1 was speculated to contribute to the
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pathogenesis of AD. Recently, a group showed that the
introduction of UCH-L1 rescued the synaptic and cognitive
function of AD model mice (Gong et al., 2006). They used
double Tg mice, over-expressing APP together with presenilin
1 (PS1), as an AD mouse model. At a young age following B-
amyloid elevation, these mice showed cognitive defects such
as inhibition of long-term potentiation (LTP), a type of
synaptic plasticity related to memory. The protein level of
UCH-L1 was significantly decreased in the hippocampi of
these APP/PS1 Tg mice. Remarkably, synaptic function was
restored to normal level when UCH-L1 protein fused to the
transduction domain of HIV-transactivator protein (TAT) was
transduced to hippocampal slices from APP/PS1 Tg mice. In
fact, introduction of TAT-UCH-L1 to APP/PS1 mice, over
time, improved their contextual learning. This therapeutic
effect may be dependent on the enzymatic activity of UCH-L1
because the C90S mutant did not show any significant effect.
These findings clearly demonstrate a link between decreased
UCH-L1 function and the pathogenesis of AD. Further
analysis may prove UCH-L1 to be a useful therapeutic target
for treating AD.

6. 193M mutation with gain of toxic function of
UCH-L1 and PD

In 1998, a cytosine to guanine (C277G) mutation in the
UCHLI gene was reported in a German family affected with PD
(Leroy et al., 1998). This missense mutation leads to an 193M
amino acid substitution in the UCH-L1 protein. In this German
family, four out of seven family members were affected with
the autosomal dominant form of PD. All of the patients
clinically resembled those with sporadic PD. However, there
was an unaffected presumed carrier of this mutation in the
family. Moreover, gene linkage analysis of UCHLI in other PD
families failed to discover new families carrying this mutation.
Therefore, the link between the 193M mutation in UCH-L1 and
the development of PD has been questioned, with the
assumption that the C277G alteration in the UCHLI gene is
a rare polymorphism. To clarify the link between UCHLI
mutation and PD, a series of experiments, including the in vitro
biochemical analysis of mutant UCH-L1 and an analysis of Tg
mice expressing UCH-L1"*M, were performed.

The analysis of recombinant UCH-L1'"*M showed a decrease

in its deubiquitinating activity to about 55% of the UCH-L1VT
activity level, using the model substrate Ub-amino methyl
cumarine (AMC) (Table 1) (Leroy et al., 1998; Nishikawa et al.,
2003). However, gad mice, which bear no activity of UCH-L1,
show no signs of dopaminergic cell loss, the typical pathological
hallmarks of PD. In addition, heterozygous mice, which are
presumed to show half of the activity level seen in wild-type
mice, are asymptomatic (Saigoh et al., 1999). Despite the species
difference between mice and humans, these results indicate that
the molecular mechanism involved in PD cannot simply be
explained by decreased enzymatic activity (Saigoh et al., 1999).

We next compared the secondary structures of UCH-L1VT
and UCH-L1'*™ using recombinant proteins. Circular dichro-
ism analysis showed that the UCH-L1"*M contains a decreased
level of «-helix compared with UCH-L1VT (Table 1)
(Nishikawa et al., 2003). It is reported that the SH-SY5Y
cells expressing UCH-L1"*™ form an increased number of
UCH-L1-positive aggregates compared with cells expressing
UCH-L1%™T or UCH-L1®® an enzymatic activity-defective
mutant (Ardley et al., 2004). Thus, the I193M mutation may
change the conformation of UCH-LI1, leading to altered
biochemical properties.

To ascertain if the I93M mutation gives rise to a gain of toxic
function in vivo, we made a transgenic (Tg) mouse expressing
UCH-L1™*M (193M Tg mouse) and analyzed this mouse to
determine if UCH-L1"*M could induce dopaminergic neuron
loss. The 193M Tg mice showed several pathological changes
related to PD (Setsuie et al.,, 2007). They showed an age-
dependent decline in the number of tyrosine hydroxylase (TH)-
positive dopaminergic neurons in the substantia nigra. The
striatal dopamine content also decreased in parallel with the
decrease in the number of dopaminergic neurons. Although we
did not find any signs of Lewy body formation, we found silver
staining-positive argyrophilic grains and abnormal electron
dense core vesicles, which are also found in the autopsied
brains of PD patients. In addition, we found aggregates
containing both UCH-L1 and Ub in the perinuclei of
dopaminergic neurons in the substantia nigra of I193M Tg
mice. Therefore, the gain of toxic function caused by the I93M
mutation in UCH-L1 might be the main factor contributing to
the pathogenesis of PD. :

Table 1
Association between UCH-L1 mutants and PD
WT 193M S18Y References
Incidence of PD T ! :
Functional comparison
Hydrolase activity (100%) i T Leroy et al. (1998), Nishikawa et al. (2003)
Ligase activity (100%) 1 1l Liu et al. (2002)
Mono-Ub binding affinity + ND ND Osaka et al. (2003)
Structural comparison
a-Helix content (Normal) 1 + Nishikawa et al. (2003), Naito et al. (2006)
Globularity” + ++ + Naito et al. (2006)

* For references please see the text.

® The spherical shape is indicated as =+ and the ellipsoidal degree is indicated by +.
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7. S18Y polymorphism in UCH-L1 and PD

A polymorphism in UCH-L1 resulting in the amino acid
substitution of serine 18 to tyrosine was first reported in 1999
with the possible protective effect against PD (Maraganore
et al,, 1999). This polymorphism is relatively common in
Japanese (allele frequency is 39-54%) and Chinese (~50%)
populations, but is rare in European (14-20%) populations (Liu
et al, 2002). Further analysis indicated that this inverse
association between this polymorphism and PD exists in some
populations, such as in Japanese and Chinese but not in others
(Maraganore et al., 1999; Mellick and Silbumn, 2000;
Wintermeyer et al,, 2000; Levecque et al, 2001; Wang
et al., 2002; Elbaz et al., 2003; Toda et al., 2003; Maraganore
et al., 2004; Facheris et al., 2005; Healy et al., 2006; Tan et al.,
2006; Carmine Belin et al., 2007). This association was most
apparent for younger cases of PD compared with younger
controls. In addition, the protection was dependent on the S18Y
allele dosage.

A group showed that the Ub ligase activity of UCH-L1, as
mentioned above, is responsible for this reduced risk for PD
associated with the S18Y polymorphism (Liu et al., 2002). Ub
ligase activity of UCH-L1 was shown towards a-synuclein
(probably di-ubiquitinated a-synuclein) as a substrate, leading
to Ub chain formation (elongation) through lysine 63 of the Ub
molecules (Fig. 1). When substrates are poly-ubiquitinated via
lysine 63 of Ub, they escape from Ub-proteasomal system
(UPS)-dependent protein degradation leading to the stabiliza-
tion of the substrate. UCH-L1VT tended to form dimers in
contrast to UCH-L15'®¥ leading to increased ligase activity in
UCH-L1%" (Table 1). Thus, the stability of a-synuclein may be
enhanced in the presence of UCH-L1V" compared to UCH-
L15'8Y This difference may reduce the protein level of «-
synuclein and reduce the risk of PD in subjects with the S18Y
polymorphism. From these experiments, the authors proposed a
mechanism in which the ligase activity of UCH-L1 might affect
the morbidity of PD in the brain.

Using small angle neutron scattering (SANS), we compared
the structural differences that exist between UCH-L1 variants,
wild type, 193M and S18Y in aqueous solution (Naito et al.,
2006). SANS is an effective method to analyze detailed protein
configuration in solution. Using this method, all of the
recombinant UCH-L1 variants formed dimers in water. 193M

was more ellipsoidal compared with wild-type protein, and

S18Y promoted globularity compared with wild-type protein
(Table 1). Thus, the shape of the mutant UCH-L1 in water
correlated with the risk of PD. Although further analysis should
be performed to determine the significance of UCH-L1
dimerization and the S18Y polymorphism for neurodegenera-
tion, the experiments performed in these two laboratories have
provided some clues.

8. Concluding remarks and future prospects
UCH-L1 is indicated as a multi-functional protein (Fig. 1)

with abundant expression in neurons. In addition, it has become
apparent that UCH-L1 may contribute to the pathogenesis of PD

and AD. Thus, it is a probable diagnostic and medicinal target of
these diseases. However, the mechanism of neurodegeneration
induced by I193M mutation and the mechanisms underlying the
decreased expression, amino-terminal truncation and increased
oxidative modification of UCH-L1 in neurodegenerative
diseases have yet to be revealed. In addition, there are several
unresolved issues regarding the molecular functions and
regulation of UCH-L1. The in vivo substrates need to be defined.
The ways in which the function and localization of UCH-L1 are
regulated are largely unknown. The identification and the
analysis of the interacting partners might give us some clues, one
of which is Jun activation domain binding protein (JAB1) in
H1299 cell, a lung cancer cell line (Fig. 1) (Caballero et al.,
2002), though their interaction in the brain is unknown. Recently,
aphysiological function of an isozyme UCH-L3 was identified in
the oxidative stress-induced apoptosis of photoreceptor cells,
neurons that reside in the retina (Semenova et al., 2003; Sano
et al., 2006). In addition, a reciprocal function of UCH-L1 and
UCH-L3 has been proposed in the heat stress-induced apoptosis
of testis in mice (Kwon et al., 2004). Thus, the functional
diversity between UCH-L1 and UCH-L3 should also be defined.
In addition to neurodegeneration, UCH-L1 is thought to be
involved in the regulation of ATP receptors in neurons (Manago
et al., 2005), in the morphology of neuronal precursors (Sakurai
et al., 2006), in the normal function of the testis and the ovary
(Kwon et al., 2005; Sekiguchi et al., 2006) and in various human
diseases such as cancer (Hibi et al., 1999). Thus, UCH-L1 might
contribute to more diverse phenomena than were previously
thought.

Acknowledgements

The authors thank Dr. Tomohiro Kabuta and Dr. Satoshi
Nagamine for their helpful comments. This work was supported
in part by Grants-in-Aid for Scientific Research from the
Ministry of Health, Labour and Welfare of Japan, Grants-in-
Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Téchnology of Japan, the Program
for Promotion of Fundamental Studies in Health Sciences of the
National Institute of Biomedical Innovation, and a grant from
Japan Science and Technology Agency.

References .

Ardley, H.C., Scott, G.B., Rose, S.A_, Tan, N.G., Robinson, P.A., 2004. UCH-L1
aggresome formation in response to proteasome impairment indicates a role
in inclusion formation in Parkinson’s disease. J. Neurochem. 90, 379-391.

Butterfield, D.A., Gnjec, A., Poon, H.F., Castegna, A., Pierce, W.M., Klein, J.B.,
Martins, R.N., 2006. Redox proteomics identification of oxidatively mod-
ified brain proteins in inherited Alzheimer’s disease: an initial assessment. J.
Alzheimers Dis. 10, 391-397.

Caballero, O.L., Resto, V., Patturajan, M., Meerzaman, D., Guo, M.Z., Engles,
J., Yochem, R., Ratovitski, E., Sidransky, D., Jen, J., 2002. Interaction and
colocalization of PGP9.5 with JAB1 and p27(Kip1). Oncogene 21, 3003-
3010.

Carmine Belin, A., Westerlund, M., Bergman, O., Nissbrandt, H., Lind, C.,
Sydow, O., Galter, D., 2007. S18Y in ubiquitin carboxy-terminal hydrolase
L1 (UCH-L1) associated with decreased risk of Parkinson’s disease in
Sweden. Parkinsonism Relat. Disord. 13, 295-298.



110 R. Setsuie, K. Wada/Neurochemistry International 51 (2007) 105-111

Castegna, A., Aksenov, M., Thongboonkerd, V., Klein, J.B., Pierce, WM.,
Booze, R., Markesbery, W.R., Butterfield, D.A., 2002. Proteomic identifi-
cation of oxidatively modified proteins in Alzheimer’s disease brain. Part II:
Dihydropyrimidinase-related protein 2, alpha-enolase and heat shock cog-
nate 71. J. Neurochem. 82, 1524-1532.

Castellani, R.J., Perry, G., Siedlak, S.L., Nunomura, A., Shimohama, S., Zhang,
1., Montine, T., Sayre, L.M., Smith, M.A_, 2002. Hydroxynonenal adducts
indicate a role for lipid peroxidation in neocortical and brainstem Lewy
bodies in humans. Neurosci. Letwt. 319, 25-28.

Choi, J., Levey, A L, Weintraub, S.T., Rees, H.D., Gearing, M., Chin, L.S,, Li,
L., 2004. Oxidative modifications and down-regulation of ubiquitin car-
boxyl-terminal hydrolase L1 associated with idiopathic Parkinson’s and
Alzheimer’s diseases. J. Biol. Chem. 279, 13256-13264.

Cole, R.N., Hart, G.W., 2001. Cytosolic O-glycosylation is abundant in nerve
terminals. J. Neurochem. 79, 1080-1089.

Das, C., Hoang, Q.Q., Kreinbring, C.A., Luchansky, S.J., Meray, RK., Ray,
S.S., Lansbury, PT., Ringe, D., Petsko, G.A., 2006. Structural basis for
conformational plasticity of the Parkinson’s disease-associated ubiquitin
hydrolase UCH-L1. Proc. Natl. Acad. Sci. U.S.A. 103, 4675-4680.

Elbaz, A., Levecque, C., Clavel, J., Vidal, J.S., Richard, F., Correze, JR.,
Delemotte, B., Amouyel, P., Alperovitch, A., Chartier-Harlin, M.C., Tzourio,
C.,2003. S18Y polymorphism in the UCH-L1 gene and Parkinson’s disease:
evidence for an age-dependent relationship. Mov. Disord. 18, 130-137.

Facheris, M., Strain, K.J., Lesnick, T.G., de Andrade, M., Bower, J.H., Ahlskog,
J.E., Cunningham, J.M,, Lincoln, S., Farrer, MJ., Rocca, W.A., Maraganore,
D.M., 2005. UCHL.1 is associated with Parkinson’s disease: a case-unaffected
sibling and case-unrelated control study. Neurosci. Lett. 381, 131-134.

Gong, B., Cao, Z., Zheng, P, Vitolo, 0.V, Liu, S., Staniszewski, A., Moolman,
D., Zhang, H., Shelanski, M., Arancio, O., 2006. Ubiquitin hydrolase Uch-
L1 rescues beta-amyloid-induced decreases in synaptic function and con-
textual memory. Cell 126, 775-788.

Halliwell, B., 2006. Oxidative stress and neurodegeneration: where are we now?
J. Neurochem. 97, 1634-1658.

Harada, T., Harada, C., Wang, Y.L., Osaka, H., Amanai, K., Tanaka, K., Takizawa,
S., Setsuie, R., Sakurai, M., Sato, Y., Noda, M., Wada, K., 2004. Role of
ubiquitin carboxy terminal hydrolase-L1 in neural cell apoptosis induced by
ischemic retinal injury in vivo. Am. J. Pathol. 164, 59-64.

Healy, D.G., Abou-Sleiman, PM., Casas, J.P, Ahmadi, K.R., Lynch, T., Gandhi,
S., Mugit, M.M,, Foltynie, T., Barker, R., Bhatia, K.P, Quinn, N.P., Lees,
A.J., Gibson, J.M., Holton, J.L., Revesz, T., Goldstein, D.B., Wood, N.W.,,
2006. UCHL-1 is not a Parkinson’s disease susceptibility gene. Ann.
Neurol. 59, 627-633.

Hibi, K., Westra, W.H., Borges, M., Goodman, S., Sidransky, D., Jen, J., 1999.
PGP9.5 as a candidate tumor marker for non-small-cell lung cancer. Am. J.
Pathol. 155, 711-715.

Ichihara, N., Wu, J., Chui, D.H., Yamazaki, K., Wakabayashi, T., Kikuchi, T.,
1995. Axonal degeneration promotes abnormal accumulation of amyloid
beta-protein in ascending gracile tract of gracile axonal dystrophy (GAD)
mouse. Brain Res. 695, 173-178.

Kwon, J., Mochida, K., Wang, Y.L., Sekiguchi, S., Sankai, T., Aoki, S., Ogura,
A., Yoshikawa, Y., Wada, K., 2005. Ubiquitin C-terminal hydrolase L-1 is
essential for the early apoptotic wave of germinal cells and for sperm quality
control during spermatogenesis. Biol. Reprod. 73, 29-35.

Kwon, J., Wang, Y.L., Setsuie, R., Sekiguchi, S., Sato, Y., Sakurai, M., Noda,
M., Aoki, S., Yoshikawa, Y., Wada, K., 2004. Two closely related ubiquitin
C-terminal hydrolase isozymes function as reciprocal modulators of germ
cell apoptosis in cryptorchid testis. Am. J. Pathol. 165, 1367-1374.

Larsen, C.N., Krantz, B.A., Wilkinson, K.D., 1998. Substrate specificity of
deubiquitinating enzymes: ubiquitin C-terminal hydrolases. Biochemistry
37, 3358-3368.

Leroy, E., Boyer, R., Auburger, G., Leube, B., Ulm, G., Mezey, E,, Harta, G.,
Brownstein, M.J., Jonnalagada, S., Chernova, T., Dehejia, A., Lavedan, C.,
Gasser, T., Steinbach, P.J., Wilkinson, K.D., Polymeropoulos, M.H., 1998.
The ubiquitin pathway in Parkinson’s disease. Nature 395, 451-452.

Levecque, C., Destee, A., Mouroux, V., Becquet, E., Defebvre, L., Amouyel, P,
Chartier-Harlin, M.C., 2001. No genetic association of the ubiquitin car-
boxy-terminal hydrolase-L1 gene S18Y polymorphism with familial Par-
kinson’s disease. J. Neural. Transm. 108, 979-984.

Lin, M.T., Beal, M.E,, 2006. Mitochondrial dysfunction and oxidative stress in
neurodegenerative diseases. Nature 443, 787-795.

Liv, Y., Fallon, L., Lashuel, H.A., Liu, Z., Lansbury Jr., PT., 2002. The UCH-L1
gene encodes two opposing enzymatic activities that affect alpha-synuclein
degradation and Parkinson’s disease susceptibility. Cell 111, 209-218.

Lowe, J., McDermott, H., Landon, M., Mayer, R.J., Wilkinson, K.D., 1990.
Ubiquitin carboxyl-terminal hydrolase (PGP9.5) is sclectively present in
ubiquitinated inclusion bodies characteristic of human neurodegenerative
diseases. J. Pathol. 161, 153-160.

Manago, Y., Kanahori, Y., Shimada, A., Sato, A., Amano, T., Sato-Sano, Y.,
Setsuie, R., Sakurai, M., Aoki, S., Wang, Y.L., Osaka, H., Wada, K., Noda,
M., 2005. Potentiation of ATP-induced currents due to the activation of P2X
receptors by ubiquitin carboxy-terminal hydrolase L1. J. Neurochem. 92,
1061-1072.

Maraganore, D.M., Farrer, M.J., Hardy, J.A., Lincoln, S.J., McDonnell, SK.,
Rocca, W.A., 1999. Case-control study of the ubiquitin carboxy-terminal
hydrolase L1 gene in Parkinson’s disease. Neurology 53, 1858—1860.

Maraganore, D.M., Lesnick, T.G., Elbaz, A., Chartier-Harlin, M.C., Gasser, T.,
Kruger, R., Hattori, N., Mellick, G.D., Quattrone, A., Satoh, J., Toda, T.,
Wang, J., loannidis, J.P,, de Andrade, M., Rocca, W.A,, 2004. UCHLI1 is a
Parkinson’s disease susceptibility gene. Ann. Neurol. 55, 512-521.

Mellick, G.D., Silburn, P.A., 2000. The ubiquitin carboxy-terminal hydrolase-
L1 gene S18Y polymorphism does not confer protection against idiopathic
Parkinson’s disease. Neurosci. Lett. 293, 127-130.

Meray, R.K., Lansbury Jr., P.T., 2007. Reversible monoubiquitination regulates
the Parkinson’s disease-associated ubiquitin hydrolase UCH-L1. J. Biol.
Chem. 282, 10567-10575.

Montine, K.S., Olson, S.J., Amarnath, V., Whetsell Jr., W.0O., Graham, D.G.,
Montine, T.J., 1997. Immunohistochemical detection of 4-hydroxy-2-none-
nal adducts in Alzheimer’s disease is associated with inheritance of APOE4.
Am. J. Pathol. 150, 437-443.

Naito, S., Mochizuki, H., Yasuda, T., Mizuno, Y., Furusaka, M., Ikeda, S.,
Adachi, T., Shimizu, H.M., Suzuki, J., Fujiwara, S., Okada, T., Nishikawa,
K., Aoki, S., Wada, K., 2006. Characterization of multimetric variants of
ubiquitin carboxyl-terminal hydrolase L1 in water by small-angle neutron
scattering. Biochem. Biophys. Res. Commun. 339, 717-725.

Nijman, $.M., Luna-Vargas, M.P,, Velds, A., Brummelkamp, T.R., Dirac, AM.,
Sixma, T.K., Bernards, R., 2005. A genomic and functional inventory of
deubiquitinating enzymes. Cell 123, 773-786.

Nishikawa, K., Li, H., Kawamura, R., Osaka, H., Wang, Y.L., Hara, Y,
Hirokawa, T., Manago, Y., Amano, T., Noda, M., Aoki, S., Wada, K,
2003. Alterations of structure and hydrolase activity of parkinsonism-
associated human ubiquitin carboxyl-terminal hydrolase L1 variants. Bio-
chem. Biophys. Res. Commun. 304, 176-183.

Osaka, H., Wang, Y.L., Takada, K., Takizawa, S., Setsuie, R., Li, H,, Sato, Y.,
Nishikawa, K., Sun, Y.J., Sakurai, M., Harada, T., Hara, Y., Kimura, L,
Chiba, S., Namikawa, K., Kiyama, H., Noda, M., Aoki, S., Wada, K., 2003.
Ubiquitin carboxy-terminal hydrolase L1 binds to and stabilizes mono-
ubiquitin in neuron. Hum. Mol. Genet. 12, 1945-1958.

Saigoh, K., Wang, Y.L., Suh, J.G., Yamanishi, T., Sakai, Y., Kiyosawa, H.,
Harada, T, Ichihara, N., Wakana, S., Kikuchi, T., Wada, K., 1999. Intragenic
deletion in the gene encoding ubiquitin carboxy-terminal hydrolase in gad
mice. Nat. Genet. 23, 47-51.

Sakurai, M., Ayukawa, K., Setsuie, R., Nishikawa, K., Hara, Y., Ohashi, H.,
Nishimoto, M., Abe, T., Kudo, Y., Sekiguchi, M., Sato, Y., Aoki, S., Noda,
M., Wada, K., 2006. Ubiquitin C-terminal hydrolase L1 regulates the
morphology of neural progenitor cells and modulates their differentiation.
J. Cell Sci. 119, 162-171.

Sano, Y., Furuta, A., Setsuie, R., Kikuchi, H., Wang, Y.L., Sakurai, M., Kwon,
1., Noda, M., Wada, K., 2006. Photoreceptor cell apoptosis in the retinal
degeneration of Uchl3-deficient mice. Am. J. Pathol. 169, 132-141.

Sekiguchi, S., Kwon, J., Yoshida, E., Hamasaki, H., Ichinose, S., Hideshima,
M., Kuraoka, M., Takahashi, A., Ishii, Y., Kyuwa, S., Wada, K., Yoshikawa,
Y., 2006. Localization of ubiquitin C-terminal hydrolase L1 in mouse ova
and its function in the plasma membrane to block polyspermy. Am. J.
Pathol. 169, 1722-1729.

Semenova, E., Wang, X., Jablonski, M.M., Levorse, J., Tilghman, S.M., 2003.
An engineered 800 kilobase deletion of Uchl3 and Lmo7 on mouse



R. Setsuie, K. Wada/Neurochemistry International 51 (2007) 105-111 111

chromosome 14 causes defects in viability, postnatal growth and degenera-
tion of muscle and retina. Hum. Mol. Genet. 12, 1301-1312.

Setsuie, R., Wang, Y.L., Mochizuki, H., Osaka, H., Hayakawa, H., Ichihara, N.,
Li, H., Furuta, A., Sano, Y., Sun, Y.J., Kwon, J., Kabuta, T., Yoshimi, K.,
Aoki, S., Mizuno, Y., Noda, M., Wada, K., 2007. Dopaminergic neuronal
loss in transgenic mice expressing the Parkinson’s disease-associated UCH-
L1 I193M mutant. Neurochem. Int. 50, 119-129.

Tan, E.K., Puong, K.Y,, Fook-Chong, S., Chua, E., Shen, H., Yuen, Y., Pavanni,
R., Wong, M.C., Puvan, K., Zhao, Y., 2006. Case-control study of UCHL1
S18Y variant in Parkinson’s disease. Mov. Disord. 21, 1765-1768.

Toda, T., Momose, Y., Murata, M., Tamiya, G., Yamamoto, M., Hattori, N.,
Inoko, H., 2003. Toward identification of susceptibility genes for sporadic
Parkinson’s disease. J. Neurol. 250 (Suppl. 3), ITI40-11143.

Wang, J., Zhao, C.Y,, Si, YM,, Liu, Z.L., Chen, B., Yu, L., 2002. ACT and UCH-
L1 polymorphisms in Parkinson’s disease and age of onset. Mov. Disord. 17,
767-771.

Wilkinson, K.D., Lee, K.M., Deshpande, S., Duerksen-Hughes, P, Boss, J.M.,
Pohl, J., 1989. The neuron-specific protein PGP9.5 is a ubiquitin carboxyl-
terminal hydrolase. Science 246, 670-673.

- Wilson, P.O., Barber, P.C., Hamid, Q.A., Power, B.F,, Dhillon, A.P, Rode, J.,

Day, LN., Thompson, R.J., Polak, .M., 1988. The immunolocalization of
protein gene product 9.5 using rabbit polyclonal and mouse monoclonal
antibodies. Br. J. Exp. Pathol. 69, 91-104.

Wintermeyer, P., Kruger, R., Kuhn, W., Muller, T., Woitalla, D, Berg, D,
Becker, G., Leroy, E., Polymeropoulos, M., Berger, K., Przuntek, H.,
Schols, L., Epplen, J.T., Riess, O., 2000. Mutation analysis and association
studies of the UCHLI gene in German Parkinson’s disease patients.
Neuroreport 11, 2079-2082.

Yoritaka, A., Hattori, N., Uchida, K., Tanaka, M., Stadtman, E.R., Mizuno, Y.,
1996. Immunohistochemical detection of 4-hydroxynonenal protein
adducts in Parkinson disease. Proc. Natl. Acad. Sci. U.S.A. 93, 2696—
2701.



