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Fig. 3 - Response of m2MACchR to facial nerve transection.
Sets of contralateral (L) and ipsilateral (R) facial nuclei
recovered at 1, 3, 5, 7 and 14 days after transection were
immunoblotted for m2 muscarinic acetylcholine receptor
{(m2MACchR) (A). The intensity of the m2MAchR bands in A
was determined by a densitometer, and the value of
transected facial nucleus (R) was expressed as a value
relative to that of control nucleus (L). Data shown are
means +SDs from three independent experiments

(P <0.05, **P<0.01) (B). Brainstem sections obtained at 5
days after transection were immunohistochemically
stained with anti-m2MAchR antibody according to the
fluorescence method (C). The receptor proteins were
visualized by Alexa Fluor 568 (red). Control (Ct) and injured
(Op) sides are shown at left and right, respectively. Scale
bar=100 pmm.

most “of the anti-ChAT antibody-positive motoneurons
expressed m2MAchR (Fig. 4B, ChAT vs. m2MAchR), demonstrat-
ing that the m2MACchR protein is expressed in motoneurons in
the facial nucleus, as has been suggested by Hoover et al. (1996).

Accordingly, the decrease of m2MAchR levels in ipsilateral
facial motoneurons was found to lag behind the reduction of
ChAT, suggesting that ChAT and m2MAchR are distinctly
regulated in injured motoneurons.

2.4.  Survivability of injured motoneurons

It is generally accepted that peripheral motoneurons in adult
rats do not die when they are transected. However, the
reductions of ChAT (Fig. 1), VAchT (Fig. 2) and m2MAchR
(Fig. 3) in the injured facial nucleus suggested the possibility
that motoneurons in the ipsilateral nucleus may have died.
The question of whether motoneuron cell death occurs was
ascertained histochemically. The brainstem sections pre-
pared at 5 days and 14 days after injury were stained by
Niss] staining (Fig. 5A). The motoneurons in the control
and transected facial nuclei appeared to be almost equally
stained (Fig. 5A).
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The number of motoneurons stained by Nissl staining was
compared between the control and injured facial nucleus
(Fig. 5B). In the facial nucleus 5 days post-injury, the average
number on the control side was 114+ 6/section, while that of
the injured side was 110+7/section, with no significant
difference between them (Fig. 5B, left). Similarly, there was
no statistical difference between the control (115 +4/section)
and injured (1114 5/section) nucleus of rats at 14 days post-
injury (Fig. 5B, right hand). Thus, as has been generally
believed, our results indicate that transected facial moto-
neurons of adult rats are almost all alive at the time when
ChAT, VAchT and m2MAchR levels are down-regulated.

2.5.  Changes of ChAT, VAchT and m2MACchR levels at
later stage

In addition to the early response of motoneurons to nerve injury,
we analyzed it at a later stage such as 3, 4 and 5 weeks after
injury (Fig. 6). Western blotting indicated that the levels of ChAT
in the transected nucleus are lower than those in the control
nucleus for up to 3 weeks. However, at 4-5 weeks after transec-
tion the levels had recovered to control levels (Fig. 6A, left).
Quantification of the results in Western blotting clarified that the
levels in the injured nucleus almost completely returned to the
control levels (984+10% at 5 week) (Fig. 6A, right). The levels of
VAchT in the injured nucleus also returned to the control levels
at 4-5 weeks post-insult, with a value of 96+5% (Fig. 6B).

In the case of m2MAchR, however, the reduced levels on
the transected side did not return to the original levels during
5 weeks (Fig. 6C).

3. Discussion

In the rat facial nerve injury system, it is possible to compare
the expression levels of a specific protein in the ipsilateral
nucleus and the contralateral nucleus. We have previously
measured changes of urokinase activity (Nakajima et al,
1996, 2005), macrophage-colony stimulating factor (M-CSF)/
receptor for M-CSF (cFms)/proliferating cell nuclear antigen
(Yamamoto et al.,, 2010) and cyclin/Cdks levels (Yamamoto
et al.,, 2012) in rat facial nerve injury. In the present study, we
quantitatively traced the time-course alterations in injured
facial motoneurons to obtain precise information regarding
functional changes in motoneurons after insult.

So far, ChAT is well known to be expressed in human
facial motoneurons (Yew et al., 1996) and rat facial moto-
neurons (Ichikawa et al., 1997). VAchT has also been reported
to be expressed in motoneurons of the rat facial nucleus
(Gilmor et al., 1996). Thus, these molecules could be used as
functional markers of motoneurons.

In addition, the acetylcholine receptor was examined as a
marker of the cholinergic system in the facial nucleus.
Although acetylcholine receptors are divided into two groups,
nicotinic and muscarinic, based on pharmacological proper-
ties, m2MAchR (Caulfield and Birdsall, 1998) was selected,
because m2MAchR mRNA has been found to be located in the
facial motoneurons (Hoover et al., 1996). Thus, this m2MAchR
was also used as a functional marker for motoneurons.
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Fig. 4 - Immunohistochemical staining for ChAT and m2MAchR. The brainstem sections at 3 days after transection were
stained with anti-ChAT (upper panels) antibody and anti-m2MAchR antibody (lower panels) (A). ChAT and m2MAchR were
visualized by Alexa Fluor 488 (green) and Alexa Fluor 568 (red), respectively. Control (Ct) and transected (Op) sides are shown
at left and right, respectively. Scale bar=50 pmm. A control facial nucleus was dually stained with anti-ChAT antibody and
anti-m2MACchR antibody, and it was shown in B. ChAT and m2MAchR were visualized by Alexa Fluor 488 (green) and Alexa
Fluor 568 (red), respectively. The merged image is shown on the right. Scale bar=50 pmm.

In the previous facial motoneuron injury model, biochemical
and immunohistochemical analyses were carried out at 2
weeks after injury, and indicated that ChAT activity and
[*H]quinuclidiny] benzilate-binding activity (muscarinic acetyl-
choline receptor levels) were reduced in the injured motoneur-
ons (Hoover and Hancock, 1985). In addition, the olivocochlear
neurons, with the same origin as the facial motoneurons (Bruce
et al.,, 1997), have shown a reduction in acetylcholine receptor
levels when lesioned (fin and Godfrey, 2006). These studies
suggested that ChAT and muscarinic acetylcholine receptor
levels are down-regulated in injured facial motoneurons. How-
ever, information regarding changes in the levels of ChAT and
m2MAchR proteins in injured motoneurons is limited, and
changes of VAchT protein levels are not known. Thus, in this
study, to elucidate accurately the state of injured motoneurons,
we determined the levels of ChAT, VAchT and m2MAchR
proteins in transected facial nuclei at early (1-14 days) and
later stages (3-5 weeks) post-injury.

At the early stage, ChAT protein levels in the ipsilateral
nucleus were found to drop significantly (Fig. 1), as has been
previously shown by RNase protection assay (Wang et al.,
1997) and immunohistochemistry (Chang et al, 2004) in
transected hypoglossal motoneurons. VAchT protein levels
in injured facial nuclei were also recognized to drop remark-
ably in the same time course (Fig. 2), similar to the result by
in situ hybridization in transected hypoglossal nucleus
(Matsuura et al., 1997). In the axotomized facial nucleus,
these ChAT and VAchT levels were down-regulated starting 1 day
after transection and the depressed levels lasted for 14 days. On
the other hand, m2MACchR levels in the transected nucleus
were for the most part sustained (82%) up to 3 days after
insult, but dropped markedly at 5 days and remained low
thereafter (Fig. 4A). The delayed response of m2MAchR
compared to that of ChAT was demonstrated in both the
time-course experiment (Fig. 4A and B) and the immunohis-
tochemical analyses (Fig. 5).
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Fig. 5 - Nissl stainings of facial nuclei. Brainstem sections recovered at 5 days (upper panels) and 14 days (lower panels) after
transection were subjected to Nissl staining. Control (Ct) and transected (Op) sides are shown on the left and right,
respectively (A). Scale bar=200 pmm. Five cryosections around the center of the facial nucleus prepared at 5 days and 14 days
post-insult were stained by Nissl-staining. The number of Nissl-staining-positive neurons was statistically compared
between the control (Ct) and injured facial nucleus (Op) (B). Data shown are means +SDs from three independent

experiments (*P<0.05, **P<0.01).

There are cases in which axotomized motoneurons die.
When the facial nerves of newborn rats were transected, most
of the motoneurons died (Yan et al.,, 1995; Graeber et al., 1998).
The proportion of motoneuronal cell death occurring in axoto-
mized motoneurons tends to decrease depending on the time
after birth. Although neuronal cell death may not occur in adult
age, the possibility was checked by histochemical methods.
Nissl staining (Konigsmark, 1970) showed that there is no
significant difference in the number of motoneurons between
the contralateral and ipsilateral nucleus at 5 and 14 days after
insult (Fig. 5), similar to the results by Kou et al. (1995). Being
alive is very important for neurons even if they are suffering
from functional depression, because only surviving neurons
can regenerate later. The functionally depressed motoneurons
may be in a state in which they focus on mere survival for the
sake of future regeneration. The increases in the injured facial
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motoneurons of stearoyl-CoA desaturase involved in energy
storage (Schmitt et al., 2003), and neuron-specific enolase
involved in glycolysis (Angelov et al., 1994), may contribute to
the reactivation/restoration of injured motoneurons.

It was actually anticipated that the injured motoneurons
have restored functionality in the later stage after insult.
Thus, the levels of ChAT, VAchT and m2MAchR were inves-
tigated at 3, 4 and 5 weeks after insult. ChAT levels in the
ipsilateral nucleus were observed to recover to those of the
control side (Fig. 6A). Similarly, restoration of ChAT levels in
injured motoneurons has been reported in hypoglossal axot-
omy systems. Using immunohistochemical methods, Lams
et al. (1988), Armstrong et al. (1991) and Rende et al. (1995)
indicated the recovery of ChAT levels at 4-5 weeks post-
axotomy. Matsuura et al. (1997) also reported later restoration
of ChAT according to an in situ hybridization method.
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Fig. 6 — Levels of ChAT, VAchT and m2MACchR at later stage. Sets of contralateral (Left side; L) and ipsilateral (Right side; R)
facial nuclei recovered at 3, 4 and 5 weeks after axotomy were immunoblotted for ChAT (A), VAchT (B) and m2MAchR (GC).
The facial nuclei removed at 2 weeks after injury were simultaneously analyzed. The intensity of the bands in A, B and C was
determined by a densitometer, and the value of the transected facial nucleus (R) was expressed as the value relative to that of
the control nucleus (L). The data on the right are means+SDs from three independent experiments (*P <0.05, **P<0.01).

Likewise, VAchT levels in the transected facial nucleus
returned to control levels during at 4-5 weeks after injury
(Fig. 6B). However, distinct from ChAT and VAchT, m2MAchR
levels in ipsilateral nucleus had not returned to the control
levels even at 5 weeks after insult (Fig. 6C). It is most likely
that the expression/degradation of ChAT/VAchT and
m2MAchR is individually regulated in injured motoneurons.

Collectively, the levels of ChAT and VAchT were found to be
down-regulated in transected motoneurons almost immedi-
ately (Days 1-3) after injury, while m2MAchR levels were
recognized to decrease starting Day 5 after insult. Although
the m2MAchR sustained the low levels for 5 weeks after injury,
ChAT and VAchT were recovered in the later stage (Weeks 4-5).

4, Experimental procedures

4.1.  Antibodies and reagents
The antibodies against choline acetyltransferase (ChAT) and
vesicular acetylcholine transporter (VAchT) were obtained
from Millipore Corporation (Temecula, CA). The antibodies
against the m2 muscarinic acetylcholine receptor (m2MAchR)
and NMDA receptor 3B subunit (NR3B) were obtained from
Abcam (Cambridge, UK). The antibody against ionized Ca**
binding adapter molecule 1 (Ibal; Imai et al, 1996) was
obtained from Wako Pure Chemical Industries (Osaka, Japan).
Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG,
HRP-conjugated anti-mouse 1gG, HRP-conjugated anti-goat IgG

and HRP-conjugated anti-guinea pig IgG were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Alexa Fluor 488-
conjugated anti-mouse IgG, Alexa 568-conjugated anti-goat IgG
and Alexa 568-conjugated anti-rabbit IgG were purchased from
Invitrogen Corporation (Carlsbad, CA). For light microscopic
immunohistochemical staining, we used a Vectastain ABC kit
(Vector Laboratories, Inc., Burlingame, CA).

Cresyl violet for Nissl staining was obtained from Sigma-

Aldrich (Tokyo, Japan).

4.2.  Animals and transection of facial nerve

Male rat littermates (8 weeks) were prepared for the time-
course experiment and kept on a 12-h daylight cycle with
food and water. They were cared for in accordance with the
guidelines of the ethics committee of Soka University.

For immunoblotting and immunohistochemical studies,
the right facial nerve of rats was transected at the stylomas-
toid foramen under diethyl ether anesthesia, as described
previously (Nakajima et al., 1996; Graeber et al, 1998).
The rats were decapitated at early time points (1, 3, 5, 7,
and 14 days) or later time points (3, 4, and 5 weeks) under
anesthesia, and their whole brains were removed, frozen on
dry ice, and stored at —80 °C until use.

4.3.  Immunoblotting
The brainstem was chipped from the hind portion to the
depth of the facial nucleus. The contralateral and ipsilateral
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facial nuclei were carefully cut out from the frozen brain-
stem. The cut facial nuclei were solubilized by sonication
with nonreducing Laemmli’s sample solution [62.5 mM Tris
HCl (pH 6.8), 2% sodium dodecyl sulfate (SDS), and 5%
glycerol] and centrifuged at 100,000 g for 30 min. An aliquot
of the supernatant was taken for protein determination. The
protein contents were determined according to the method of
Lowry et al. (1951) with bovine serum albumin as a standard.
The remaining supernatant was adjusted to contain 2.5% 2-
mercaptethanol and was heated at 90 °C for 3 min.

The resultant samples were subjected to SDS-polyacrylamide
gel electrophoresis (PAGE) with 4-20% polyacrylamide gel, and
immunoblotting following PAGE was carried out as reported
previously (Yamamoto et al, 2010). The blotted Immobilon
(Millipore Corporation, Bedford, MA) was blocked with TNw
buffer [10 mM Tris-HC] (pH 7.5), 150 mM NaCl, and 0.01% Tween
20] containing 3% skim milk (3SM/TNw) for 1 h, and incubated
with primary antibody (1:1000 for ChAT, VAchT, and m2MAchR,;
1:500 for NR3B) in 3SM/TNw at 4 °C overnight. After the mem-
brane was rinsed five times with TNw buffer, it was incubated
with HRP-conjugated anti-rabbit IgG antibody, HRP-conjugated
anti-mouse IgG antibody, HRP-conjugated anti-goat IgG antibody
or HRP-conjugated anti-guinea pig IgG antibody (1:1000) for 3h at
room temperature. After sufficient rinsing, the antigen-antibody
complex on the membrane was detected with an enhanced
chemiluminescence system. If necessary, the membranes were
re-proved.

4.4. Immunohistochemistry

The brainstem was cut into 20-um-thick sections with a
cryostat at the level of the facial nuclei (Graeber et al., 1998).
These sections were air-dried for 20min and fixed in 3.7%
paraformaldehyde and 0.9% NaCl/0.1M phosphate buffered
solution (PBS; pH 7.4) for 5 min. Subsequently, they were treated
sequentially with 50% acetone for 2min, 100% acetone for
3min and 50% acetone for 2min, and further with 0.05%
TritonX-100/10 mM PBS containing 0.9% NacCl (10 mM PBS-NaCl)
for 5min. These sections were blocked with blocking solution
(2% skim milk/10 mM PBS-NaCl) for 1 h at room temperature.

For the avidin-biotin-peroxidase complex (ABC) method,
the cryosections were incubated with anti-ChAT antibody
(1:100) at 4 °C overnight, and then with biotinylated second-
ary antibody (1:200) for 1 h. The antigens on the sections were
finally detected by adding 0.001% H,0, and 0.08 mM diami-
nobenzidine as reported previously (Yamamoto et al., 2010).

For dual fluorescent staining, the cryosections were sepa-
rately incubated with two primary antibodies at 4 °C overnight,
and subsequently with two fluorescence-conjugated secondary
antibodies for 3 h at room temperature. Anti-ChAT (1:200), anti-
NR3B (1:500) and anti-m2MAchR (1:100) antibodies were used as
the primary antibodies. Alexa Fluor 488-conjugated anti-mouse
IgG (1:100), Alexa Fluor 568-conjugated anti-goat IgG (1:100) and
Alexa Fluor 568-conjugated anti-rabbit IgG (1:200) were used as
secondary antibodies. In the case of single fluorescence stain-
ing, the cryosections were incubated with a primary antibody at
4 °C overnight and then with a suitable secondary antibody for
3 h at room temperature.

The stained sections were dehydrated and mounted, and
observed by biological microscope or fluorescent microscope.
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4.5. Histochemistry

After dehydration and rehydration, the brainstem sections
were stained with 0.5% cresyl violet/1 M acetate buffer (pH
3.9) according to Nissl staining methods (Konigsmark, 1970).
These specimens were mounted after dehydration.

4.6.  Statistical analysis

The densities of the bands of ChAT, VAchT and m2MAchR in
the immunoblotting were measured by densitometer and
expressed as means+SDs of three to four independent
experiments. Differences between the contralateral and ipsi-
lateral nucleus were assessed via Student’s t-test. In all cases,
P values less than 0.05 were considered to be significant
(*P<0.05, **P<0.01).
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ABSTRACT

Microglia are sensitive to environmental changes and are
immediately transformed into several phenotypes. For
such dynamic “modal shifts”, purinergic receptors have
central roles. When microglia sense ATP/ADP leaked
from injured cells by P2Y,;; receptors, they are trans-
formed into a moving phenotype, showing process exten-
sion and migration toward the injured sites. Microglia up-
regulate adenosine Aya receptors, by which they retract
the processes showing an amoeboid-shaped, activated
phenotype. Microglia also upregulate P2Y¢ receptors, and
if they meet UDP leaked from dead cells, microglia start
to engulf and eat the dead cells as a phagocytic pheno-
type. The P2Y;y receptor-mediated responses are modu-
lated by other P2 or P1 receptors. In contrast, the P2Yg
receptor-mediated responses were not influenced by
P2Y,, receptors and vice versa. Microglia appear to use
purinergic signals either cooperatively or distinctively to
cause their modal shifts. ©2012 Wiley Periodicals, Inc.

INTRODUCTION

In the normal healthy adult brain, microglia are pres-
ent in a so-called “resting form” with highly branched
processes and thus are called “ramified microglia”.
Although resting microglia were thought to be quiescent,
recent studies have shown that they are highly motile
(Davalos et al., 2005; Nimmerjahn et al., 2005) and
actively survey their environment using the branched
processes, and thus they are also called “surveying”
microglia (Tremblay et al., 2011; Wake et al., 2009). Sur-
veying microglia show constantly and rapidly moving
processes but largely invariant soma positions in the
healthy brain. They look as if they are patrolling or
monitoring their own territories by the processes. Micro-
glia are very sensitive to environmental changes in the
brain, and when they sense unusual signs in several
neurodegenerative diseases or traumatic injuries with
the motile processes, they immediately transform their

©2012 Wiley Periodicals, Inc.

phenotypes from surveying into activated forms. The
term “activated microglia” includes several different
phenotypes, each of which is generally associated with
very active motilities with highly complex spatiotempo-
ral patterns.

In this review, we focus on research within the past
several years regarding the purinoceptor-mediated
dynamic functional changes or “functional modal shift”
of microglia. We especially emphasize that microglia dis-
tinguish among multiple purinoceptors and transform
themselves into appropriate phenotypes. Microglia in
pathological brains show several functional phenotypes,
such as process extension, migration, proliferation, and
phagocytosis (Hanisch and Kettenmann, 2007; Kreutz-
berg, 1996; Nakajima et al., 1996). For such phenotypes,
the release of leakage of extracellular nucleotides/
nucleosides from injured or dead cells and activation of
the corresponding purinoceptors (P2 or P1 receptors)
have central roles. When cells are injured or dead, they
release or leak a large amount of nucleotides, some of
which are immediately degraded into nucleosides by
ecto-nucleotidases (ENTPDases), such as CD39 and
CD73/5'-nucleotidase enzymes (Robson et al., 2006).
Thus, microglia could be exposed to both nucleotides
and nucleosides, and receive both signals because they
possess multiple P2 and P1 receptors. Importantly, the
expression levels of these receptors show complex spatio-
temporal patterns according to changes in their microen-
vironment. Microglia seem to use these signals coopera-
tively or distinctively, and control complex and dynamic
changes of microglial phenotypes. For example, micro-
glia protrude their processes and migrate toward injured
sites, when triggered by extracellular ATP/ADP and the
activation of P2Y,, receptors. The P2Y ;5 receptor-medi-
ated responses are modulated by the activation of some
other P2 and P1 receptors, suggesting an intimate cross-
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talk among purinergic receptors. Microglia phagocytose
the dead cells or debris when they sense UDP by P2Y,
receptors. Interestingly, the P2Yg receptor-mediated
responses are not affected by the activation of P2Yqo
receptors and vice versa, suggesting that eating and
migrating behaviors are distinctively controlled by dif-
ferent purinergic receptors. Such cooperative or distinct
purinergic signals appear to have indispensable roles in
triggering the dynamic and complex modal shift of
microglia.

MICROGLIAL PURINERGIC RECEPTORS

The purinergic system has ancient evolutionary roots
and is operative in almost all tissues (Burnstock, 2006;
Burnstock et al., 2011; Burnstock and Verkhratsky,
2009). In the CNS, this system is especially important
because both purines and pyrimidines act as extracellu-
lar molecules that mediate interglial and neuron-to-glia
interactions. ATP, the primary nucleotide in the CNS,
regulates various physiological functions of microglia
(Inoue, 2002; Kettenmann et al., 2011; Sperlagh and
Illes, 2007). Microglia express multiple functional puri-
nergic receptors. With regard to P2 receptors, they
express both ionotropic P2X and metabotropic P2Y
receptors, including P2X,, P2X,;, P2Y,, P2Y,, P2Y,,
P2Y,5, and P2Y 4 receptors (Boucsein et al., 2003; James
and Butt, 2002; Kobayashi et al., 2006; Koizumi et al.,
2007; Sasaki et al., 2003; Tsuda et al., 2003). With
regard to P1 receptors, microglia express all subclasses
of adenosine receptors, i.e., adenosine Ay, Aoa, Aop, and
Aj receptors (Fredholm et al., 2001). Although microglia
express multiple P2 and P1 receptors, some of which
could be activated simultaneously, the expression levels
of these receptors are largely dependent on their envi-
ronment and, thus, the set of purinergic receptors varies
according to microglial phenotypes. In addition, some
sets of receptors might be activated simultaneously
causing cooperative effects, whereas others might func-
tion independently. Thus, microglia alter the purinergic
system according to circumstances, and transform them-
selves into various phenotypes.

SURVEYING AND PROCESS-EXTENDING
MICROGLIA

Recent accumulating evidence has shown that astro-
cytes can regulate synaptic transmissions by responding
to neurotransmitters and releasing gliotransmitters
(Halassa and Haydon, 2010; Haydon, 2001; Koizumi et
al., 2003; Perea and Araque, 2010). However, whether
microglia influence synaptic transmission in similar
ways is unclear. As already mentioned, the processes of
ramified microglia in adult healthy brains show rapid
and continuous motions, by which they survey their
microenvironment (Davalos et al., 2005; Nimmerjahn et
al., 2005), including synapses (Wake et al., 2009). Inter-
estingly, microglia make direct contact with synapses at
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a frequency of about once per hour, which is dependent
on the neuronal excitability (Wake et al., 2009), suggest-
ing that there could be an intimate communication
between neurons and microglia at synapses, by which
surveying behaviors are controlled. Microglia express sev-
eral transmitter receptors, including P2 receptors, and
the base motility of microglia is at least partly dependent
on the extracellular ATP/ADP (Davalos et al., 2005).
Thus, similar to astrocytes, microglia can sense neuronal
activity (Pocock and Kettenmann, 2007) and possibly
send diffusible molecules to the synapses or astrocytes
(Pascual et al., 2011) as synaptic partners. Purinergic
systems would be important for understanding the molec-
ular mechanisms of synapse-to-microglia interaction as
well as the surveying behaviors of microglia, but further
intensive studies are required to clarify these issue.
When acute brain injuries occur, microglia dramati-
cally increase their motilities and are transformed into a
process-extending phenotype. They immediately extrude
processes to the injured site, by which they prevent the
spread of the lesion in the brain (Hines et al., 2009).
The process extension of microglia did not occur in the
brain of P2Y;, receptor-deficient mice, indicating that
rapid process extension is dependent on ATP sensed
through microglial P2Y;s receptors (Haynes et al.,
2006). The involvement of P2Y, receptors in triggering
microglial motility, i.e., chemotaxis, was originally found
by Honda et al. (2001), in cultured microglia, which has
recently been confirmed in vivo in P2Y;s receptor-defi-
cient animals (Haynes et al., 2006). Neuronal injury
results in the release or leakage of ATP, which appears
to function as a chemoattractant or “find-me” signal
from damaged neurons to microglia (Fig. 1A). Recently,
we have found that adenosine, a metabolite of ATP, act-
ing on adenosine Ag receptors, is also involved in the
ATP-induced process extension (Ohsawa et al., 2012).
Adenosine is released from cells or generated from
extracellular ATP via breakdown by ENTPDases and
CD73/5'-nucleotidase enzymes (Robson et al., 2006; Fig.
1A). Adenosine activates metabotropic adenosine A;,
Ao, Asp, and Aj receptors, among which microglia from
adult healthy brains express higher levels of A; and Aj
receptors (Fig. 1B). The released ATP seems to stimulate
both P2Y,, receptors as ATP/ADP and Aj receptors as
metabolized adenosine. Interestingly, simultaneous stim-
ulation of both receptors is required for the process
extensions, suggesting that there should be an intimate
crosstalk between P2Y;, and Aj receptors in controlling
the process extension (Fig. 1C). There are other mole-
cules that could control the process extensions of micro-
glia, such as glutamate, y-aminobutyric acid (Fontai-
nhas et al., 2011), and fractalkine (Liang et al., 2009).
However, purinergic signals would be the primary sys-
tem that triggers the process extension, because P2Y,
receptors are highly expressed in both surveying and
extending microglia (Fig. 1B), and the release or leakage
of ATP is an initial event in cellular injury or death.
The activation of P2 receptors often induces several che-
mokines, cytokines, and neurotransmitters, which may
induce secondary effects on the microglial movement.
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Fig. 1. P2Y,, receptor-mediated process extension and migration in
microglia, showing the effects of other P2 and P1 receptors. (A) Release/
leakage of nucleotides/nucleosides from injured neurons. When neurons
or cells are injured or dead, high concentrations of ATP (~ mM) are
leaked. The released ATP is diffused and also metabolized into ADP,
AMP and adenosine. (B) Changes in P2 and P1 receptors involved in the
motility of microglia. Resting microglia in the adult healthy brains
express multiple P2 and P1 receptors. Within these receptors, P2Y1,,
P2X,, A;, and Ag receptors are thought to be important for the dynamic
motility of microglia. When microglia are activated, they upregulate
P2X, and A, receptors, whereas P2Y;, receptors are decreased (in some
cases, for example spinal microglia in a neuropathic pain model, these
are increased). (C) Process extension, retraction and migration induced

>

Microglial activation

by P2 or P1 receptors. When resting/surveying microglia sense ATP/ADP
by P2Y;, receptors, they extend their processes to the injured sites. This
event is cooperatively controlled by simultaneous activation of adenosine
Aj receptors by adenosine. Microglia upregulate adenosine Agy receptors,
by which they retract their processes and form round-shaped activated
microglia. Activated microglia upregulate P2X, receptors, whereas
decrease P2Y;, receptors. Activation of P2Y, receptors by ATP/ADP in
activated microglia resulted in migration toward the injured sites. Acti-
vation of P2X, receptors by ATP enhanced the microglial migration, sug-
gesting positive crosstalk between P2Y5 and P2X, receptors. The P2Y;,
receptor-mediated migration requires co activation of adenosine A; and
P2Y s receptors, suggesting cooperative and essential crosstalk between
these receptors for the migration.
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With regard to the intracellular molecules that are re-
sponsible for the microglial process extension, we found
that the ATP/ADP-induced process extension requires
activations of the phosphatidylinositol 3'-kinase (PI3K)
and phospholipase C (PLC) pathways, inhibition of the
adenylate cyclase pathway downstream of P2Y;; recep-
tors, integrin-B1 activation and its accumulation in the
tip of the extending processes (Ohsawa et al., 2010;
Ohsawa and Kohsaka, 2011).

PROCESS-RETRACTING MICROGLIA

Activated microglia retract their processes during neu-
rodegeneration and neuroinflammation, which is
thought to be strongly correlated with the functional
transformation of microglia into an activated or proin-
flammatory phenotype (Kreutzberg, 1996). Adenosine
has been shown to induce process retraction and the
repulsion of lipopolysaccharide (LPS)-activated microglia
(Orr et al., 2009). The application of ATP to LPS-acti-
vated microglia causes chemorepulsive migration away
from ATP and induces rapid process retraction. Micro-
glia activated by LPS have been shown to retract their
processes and to wundergo repulsive migration in
response to ATP, which is metabolized into adenosine
and sensed through the Gs-protein-coupled adenosine
A, receptor. Although the expression level of the adeno-
sine Aga receptor in surveying/resting microglia is quite
low, LPS dramatically increases its expression, whereas,
interestingly, it rather decreases P2Y,, receptor expres-
sion in microglia (Haynes et al., 2006; Orr et al., 2009;
Fig. 1B). This finding may explain, in part, the modal
shift from the ramified to the amoeboid microglial mor-
phology that is observed in some inflammatory states
(Fig. 1C). The upregulation of Az expression is observed
in pathological brains, such as those afflicted by Parkin-
son disease or ischemia (Pedata et al., 2001; Schwarzs-
child et al., 2006). The change in the balance of Ayp and
P2Y 5 receptor expressions following nerve injury may
be important for the regulation of microglial motility,
including process extension and retraction, as well as
migration.

MIGRATING MICROGLIA

Microglia are transformed into the “activated form”
with the enlarged soma, retracted and shortened proc-
esses in traumatic or neurodegenerative diseases in the
CNS. They also show an “ameboid” shape, appearing as
rounded cells with spare processes. These activated
microglia have high motility and can move through
brain tissue. Various kinds of factors reportedly stimu-
late microglial cell migration, including chemokines,
such as MCP-1 and fractalkine (Hayashi et al., 1995;
Lauro et al., 2006), neurotrophic factors, such as NGF
and EGF (Gilad and Gilad, 1995; Nolte et al., 1997),
amyloid-8 (Du Yan et al.,, 1997; Tiffany et al., 2001),
complemental C5a (Yao et al., 1990), neuropeptide bra-
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dykinin (Ifuku et al., 2007), and neureglin-1 (Calvo et
al., 2010). These molecules have important roles in regu-
lating the neurotoxic or neuroprotective functions of
microglia. Extracellular ATP and the activation of Gi/o-
coupled P2Y 5 receptors, however, are also important for
microglial chemotaxis and membrane ruffling (Honda et
al., 2001). A study using P2Y,s receptor-deficient mice
has shown that primary-cultured microglia from P2Y,,
receptor-deficient mice did not exhibit ATP-induced
membrane ruffling and chemotaxis, indicating that the
P2Y,, receptor is essential for the migration of microglia
stimulated by ATP (Haynes et al., 2006). Similar to pro-
cess extension, the activations of the PI3K and PLC
pathways, PI3K/Akt activation (Irino et al., 2008;
Ohsawa et al., 2007) and inhibition of adenylate cyclase
pathways together with a decrease in the cyclic AMP
level and protein kinase A (Nasu-Tada et al., 2005) are
involved in the P2Y;» receptor-mediated migration.
Extracellular nucleotides function as “find-me” signal in
peripheral tissues. Thymocytes at early stage of apopto-
sis release ATP/UTP to recruit monocytes/macrophages.
However, the responsible receptor for the recruitment of
monocytes is P2Yy receptor, and thus, their migration
was dramatically decreased in monocytes obtained from
P2Y, receptor-deficient mice (Elliott et al., 2009).

The P2Y,, receptor-mediated microglial migration,
however, is facilitated or modulated strongly by other P2
or P1 receptor-mediated signals. In animal models of
neuropathic pain, the activation of spinal microglia is
concomitant with the upregulation of P2X, receptors
(Tsuda et al., 2003; Fig. 1B). The pharmacological block-
ade of P2X, receptors and RNA interference-based
knockdown of the P2X, receptor in microglia suppressed
microglial chemotaxis (Ohsawa et al., 2007). ATP causes
an increase in the intracellular calcium concentration
mainly by inducing extracellular Ca2* influx through
the P2X, receptor, which modulates the activation of the
PI3K/Akt pathway in microglia, through which chemo-
tactic responses could be facilitated. The P2Y, receptor
is constitutively expressed in microglia in the normal
brain (Sasaki et al., 2003), and its expression is upregu-
lated in activated microglia following facial nerve axot-
omy or nerve injury in the spinal cord (Gamo et al.,
2008; Tozaki-Saitoh et al., 2008), whereas it is rather
decreased by kainic acid (KA) (Koizumi et al., 2007) in
the hippocampus or by LPS in the cortex (Orr et al,,
2009). In contrast, P2X, receptor expression in microglia
is lower in the normal brain and spinal cord and is sig-
nificantly upregulated in activated microglia within 24 h
after ischemia or nerve injury and during the tactile
allodynia observed after nerve injury (Cavaliere et al.,
2003; Schwab et al., 2005; Tsuda et al., 2003, 2005; Fig.
1B). These observations suggest that P2X, receptor acti-
vation may modulate or enhance microglial cell migra-
tion under pathological conditions. In addition, adeno-
sine has an essential role in the ATP-induced microglial
migration. Although adenosine alone had no effect, the
ATP failed to stimulate P2Y;, receptor-mediated micro-
glial migration in CD39%/ENTPDasel- or A; receptor-defi-
cient microglia (Farber et al., 2008). Interestingly, the
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failure to migrate was restored by the addition of adeno-
sine, an adenosine agonist or soluble ENTPDase. A simi-
lar observation was already made for neutrophils, where
an ATP-induced chemotaxis in neutrophils requires co-
stimulation with P2Y, and adenosine As receptors
(Chen et al., 2006). Thus, the ATP-induced microglial
migration appears to be under the control of co-stimula-
tion with P2Y;, and adenosine A; receptors by ATP/ADP
and adenosine respectively, though the precise molecular
mechanisms remain unknown. All these findings suggest
that there should be an intimate crosstalk among puri-
nergic receptors for microglial migration when exposed
to ATP. The released ATP itself and its metabolites by
CD39 or CD73 differentially act on P2 and P1 receptors
to cause migration. Microglia may change the expression
levels of these receptors, ENTPDases, CD73/5'-nucleotid-
ase enzymes, and thus regulate the purinergic signals
and migratory responses.

PHAGOCYTIC MICROGLIA

Finally, we describe P2Yg receptor-mediated phago-
cytic microglia. When microglia migrate to and arrive at
the injured sites, they would determine whether they
should rescue the damaged cells or rather kill and phag-
ocytose them. For this determination, UDP and activa-
tion of P2Yg receptors have indispensable roles. UDP is
an endogenous agonist to the P2Yg receptor that is
leaked when neurons are dead or injured. Activation of
the P2Yg receptor results in a drastic increase in the
motility of microglia, leading to engulfment and phago-
cytosis of the target molecules. Thus, UDP and the P2Yg
receptor in microglia function as an “eat-me” signal and
a phagocytosis receptor, respectively (Inoue et al., 2009;
Kataoka et al., 2011; Kettenmann, 2007; Koizumi et al.,
2007). Phagocytosis, a specialized form of endocytosis, is
the uptake by a cell of relatively large particles (>1.0
um) into phagosomes and is a central mechanism in tis-
sue remodeling, inflammation, and the defense against
infectious agents (Tjelle et al., 2000). Recognition is the
first and most important step, and thus extensive stud-
ies on cell-surface phagocytosis receptors as well as the
corresponding ligands (eat-me signals) have been
reported, including Fc receptors, complement receptors,
integrins, endotoxin receptors (CD18, CD14), mannose
receptors, scavenger receptors (Lauber et al., 2003), and
phosphatidylserine (PS) receptors, such as BAI-1 (Park
et al., 2007) and Tim4 (Miyanishi et al., 2007). It seems
to be difficult for phagocytes to recognize diffusible sig-
nals, such as nucleotides or UDP, simply because they
quickly diffuse. However, UDP could be a potential “eat-
me” signal because (1) release or leakage of UDP
(released as UTP) induced by KA is estimated to be less
than 10% that of ATP (Koizumi et al., 2007), and thus
its diffusion would be localized (Fig. 2A); (ii) UDP is im-
mediately degraded by ENTPDases, suggesting that
extracellular UDP should be present transiently. This
characteristic feature of UDP is suitable as an eat-me
signal that could restrict the targets to be phagocytosed.

In addition, the findings that UDP stimulated neither
other P2 and P1 receptors (Fig. 2B, insert) nor chemo-
taxis, but instead caused only phagocytosis of microglia
would be a useful character for the eat-me signal (Koi-
zumi et al., 2007).

Resting microglia in the adult healthy brain show
almost no expression of P2Yg receptors. In addition, as
mentioned above, extracellular UDP is a spatiotempor-
ally restricted signal. Thus, resting microglia in the
healthy brains would have no chance to meet or sense
UDP. When activated, however, microglia dramatically
increased P2Yg receptors to become phagocytes, whereas
they decreased P2Y,; receptors (Inoue et al., 2009; Koi-
zumi et al., 2007), i.e., there is a functional modal shift
of the microglia from migrating to phagocytic. The
mechanisms underlying the specific upregulation of
P2Yg receptors on the microglia remain to be clarified.
However, stimulation with various nucleotides nor
nucleosides did not upregulate microglial P2Yg receptors
(unpublished data), suggesting that molecules other
than nucleotides/nucleosides would be important for the
modal shift. It is interesting that UDP is not able to effi-
ciently activate P2Y,, receptors, nor is ATP/ADP able to
act on P2Yg receptors. As mentioned above, although
UDP is a spatiotemporally restricted signal, ATP/ADP
are not. However, even if these nucleotides are leaked or
released simultaneously, adenine and uridine nucleo-
tides would regulate the microglial motilities, i.e., che-
motaxis and phagocytosis, in a mutually exclusive but
coordinated fashion (Fig. 2B,C).

The release or leakage of UDP (released as UTP)
induced by KA is estimated to be less than 10% that of
ATP, and its diffusion would show a restricted spatio-
temporal pattern (Fig. 2A). Importantly, UDP had no
effect on the P2Y;s receptor-mediated migration, and
ATP/ADP had no effect on the P2Yg4 receptor-mediated
phagocytosis. Thus, migration and phagocytosis are dif-
ferentially controlled by two distinct P2 receptors, i.e.,
the P2Y,5 and P2Y¢ receptors, respectively.

CONCLUSIONS

This article describes that extracellular nucleotides/
nucleosides and purinergic receptors are the predomi-
nant molecules and sensors employed by microglia to
transform themselves into different phenotypes in path-
ological conditions. It should be noted that microglia dif-
ferentially sense extracellular molecules by their differ-
ent P2 and P1 receptors. Each P2 or P1 receptor could
sense extracellular nucleotides/nucleosides differentially
by its own sensitivity to nucleotides/nucleosides or by
distinguishing their chemical properties. In addition,
microglia change the expression level of P2 and P1
receptors according to their activation stages, and there-
fore could change their sensitivities to the nucleotides/
nucleosides.

With regard to microglial process extension and
migration, the activation of P2Y;s receptors by ATP (or
ADP) has a predominant role. ATP released or leaked
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Fig. 2. Independence of P2Y;5 receptor-mediated migration and P2Yg
receptor-mediated phagocytosis in microglia. (A) Release/leakage of ade-
nine nucleotides/nucleosides, and uridine nucleotides from injured neu-
rons. When neurons or cells are injured or dead, high concentrations of
ATP (~ mM) and UTP at a concentration of less than 10% are leaked.
Compared with ATP/ADP/adenosine, UTP/UDP should be transient and
localized signals. (B) Changes in P2Y;s and P2Yg receptors in microglia
according to their activation stages. Insert shows pharmacological char-
acterization of P2Yg receptor. UDP is a selective agonist to the P2Y; re-
ceptor, and thus it does not stimulate P2Y;5, P2X,, A;, or Aga receptors.
Similarly, the P2Ys receptor is a very selective receptor for UDP, and
therefore is not activated by ATP, ADP or adenosine (Ado). Resting

from injured cells functions as a chemoattractant and
induces microglial process extension, which is followed
by microglial migration toward the injured sites. Multi-
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microglia express no or only faint P2Ys receptors whereas they express
P2Y;, receptors adequately. When microglia are activated, they increase
P2Y receptors, whereas they decrease P2Y s receptors. Only when acti-
vated microglia meet UDP at the injured sites, do they sense UDP as an
eat-me signal. (C) Microglial migration and phagocytosis are controlled
by distinct P2 receptors. When microglia sense ATP/ADP by P2Y;5 recep-
tors, they extrude their processes, followed by migration toward the
injured sites. These microglial motilities are not affected by UDP/P2Y4
receptors. When activated, microglia upregulate P2Yg receptors and if
they sense the eat-me signal UDP, they start to phagocytose the dead
cells or debris. The phagocytic responses are not affected by the activa-
tion of P2Y,, receptors nor by other P2 or P1 receptors.

ple P2 and P1 receptors are involved in the ATP-induced
responses and there should be an intimate crosstalk
among these receptors for control or transformation of
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this phenotype. Activation of P2X, receptors enhances
the P2Y;, receptor-mediated migration, whereas simul-
taneous activation of adenosine Az and A; receptors is
essential for the P2Y,, receptor-mediated microglial pro-
cess extension and migration, respectively. Microglia up-
regulate adenosine Aja receptors, the activation of
which by adenocsine rather causes retraction of the proc-
esses, forming round-shaped activated microglia.

Activated microglia upregulate P2Yg receptors, by
which they phagocytose dead cells or debris if they meet
UDP. UDP functions as an “eat-me” signal for P2Yg
receptors. Interestingly, the P2Ys receptor-mediated
responses are not affected by the activation of P2Y;s
receptors and vice versa, suggesting that eating and
migrating behaviors are distinctively controlled by dif-
ferent purinergic receptors.

Other neurotransmitters also affect microglial motil-
ities. For example, noradrenaline suppresses amyloid
B(ABR)-induced expression of proinflammatory factors,
and increases cell migration and uptake of fibrillar AR
(Heneka et al., 2010a). Thus, degeneration of locus ceru-
leus and subsequent noradrenaline deficiency increased
inflammatory mediators, but reduced recruitment of
microglial to AR plaque sites and microglial AR phagocy-
tosis (Heneka et al., 2010b). However, ATP and other
nucleotides/nucleosides are the first signals that enable
microglia to sense brain injury or changes in the micro-
environment of the brain. These signals initially affect
microglial function and cause transformation of the
microglial phenotypes, i.e., functional modal shifts. Co-
operative or distinct purinergic signals appear to have
indispensable roles in triggering the dynamic and com-
plex modal shift of microglia.
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Abstract We have analyzed the structures of glycosphingo- '

lipids and intraccliular free glycans in human cancets. In our
previous study, trace amounts of free N-acetylneuraminic acid
(NeuSAc)-containing complex-type N-glycans with a single
GleNAc at each reducing terminus (Gnl type) was found to
accumulate intracellularly in colorectal cancers, but were un-

detectable in most normal colorectal epithelial cells. Here, we

used cancer glycomic analyses to reveal that substantial

~ amounts of fice NeuSAc-containing complex-type N-glycans,

almost all of which were «2,6-NeuSAc-linked, accumulated
in the pancreatic cancer cells from three out of five patients,
but were undetectable in normal pancreatic cells from all five
cases. These molccular species were mostly composed of five
kinds of glycans having a sequence NeuSAc-Gal-GlcNAc-
Man-Man-GlcNAc and one with the following sequence
NeuSAc-Gal-GleNAc-Man-(Man-)Man-GlcNAc. The most
abundant glycan was NeuSAca2-6Galp1-4GIcNAcB1-
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2Manal-3Manf1-4GlcNAc, followed. by NeuSAca2-
6GalPp1-4GIcNAcP 1-2Manx1-6Manf 1-4GleNAc. This is

" the first study to show .unequivocal evidence for the occur-

rence of frce NeuSAc-linked N-glycans in human cancer

tissues. Our findings suggest that free NcuSAc—hnkcd glycans

may serve as a uscful tumor marker.

‘ Keywords Free oligosaccharide - N—glycans - Pancreatic

cancer - N-acclylncuraminic acid

_ Abbreviations :
NeusSAc N-acetylneuraminic acid
SGPp Sialylglycopeptide
Cer . Ceramide ,
GM3 NeuSAco3GalB4GleCer  «
LST-c NeuSAca6GalB4GIcNAcp
. 3Galp4GlcCer.
GM1 Gal(33(1alNAc(54(‘\IeBSAco¢3)
' Gal34GlcCer
LST-a Neu5Aca3GalB3GIcNACp
. 3GalP4GleCer.
Disialyl Ley Neu5Acx3Galp3(NeuSAcob)
- " GleNAcB3GalB4GleCer
SSEA-4

NeuSAca3Gal33GalNAcP3Galo
4GalP4GleCer :

~ Disialyl SSEA-3  Neu5Aca3GalB3(NeuSAcab)

GalNAcf3GalodGalB4GlcCer

Introdﬁcﬁon

Extensive studies on the oligosaccharide structures of cancers’

~ have revealed that aberrant glycosylation occurs in essentially
 all types of human cancers [1-4]. Altered carbohydrate deter-

minants, including tumor associated carbohydrate antigens
such as SLe? and SLe® have been ulilized as useful tumor

@ Springer

612



Author's personal copy

248

Glycoconj J (2013) 30:247-256

markers for the diagnosis of cancer [5-7]. Thus, the application
of glycomic analyses to cancer research can highlight changes
in the profiling of glycan structures during tumor develop-
" ment, leading to the identification of novel carbohydrate tu-
mor markers. Hence, we comprehensively and precisely
analyzed the structures of glycosphingolipids (GSLs) using
highly. purified colorectal cancer cells and normal colorectal
epithelial cells from more than 60 patients and identified two

kinds of novel tumor-associated carbohydrate antigens,

NeuSAca2-6(Fucal-2)GalB1-4GIcNAcB 1-3Gal B 1-4Gle
(c2-6-sialylated type 2H) and NeuSAco2-6(Fucee1-2)Galp 1-

3GIeNAcf 1-3GalB1-4Gle (o2-6-sialylated type 1H), both of

which are isomers of SLe® and SLe* [8~11]. The x2-6-sialy-
lated type 2H was found in colorectal cancer cells from halfof

the cases, whilst o2-6-sialylated type 1H was specifically -
found in colorectal cancer cells from Lewis-negative patients.

The smtablhty of these two carbohydrate antigens as tumor
markers is cutrently being evaluated in our group. :

In the present study, extensive structural analyses of oligo-
saccharides derived from pancreatic cancers have been under-
taken. These analyses revealed the occurrence of substantial
amounts of intracellular frec Neu5Ac (N-acetylneuraminic ac-
id)-containing complex-type N-glycans with a single GlcNAc
- at each reducing terminus in human paricreatic cancers. We
observed both free glycans and GSLs in our assay. These
molecules are extractable in chloroform-methanol solution,
which was used to homogenize the cancer cells and tissues [12].

The occurrence of free high-mannose type N-glycans is
well demonstrated in mammalian cells [13-15]. However,
with the exception of mouse liver and two kinds of human
stomach cancer derived cell lines (MKN7 and MKN45) [12,
16], free complex-type N-glycans, especially sialylated
species, arc not normally observed.

In our previous study, free NeuSAc-containing complex-
type N-glycans were found in colorectal cancers, but only at
trace amounts [11]. However, a large amount of frce
NeuSAc-containing complex-type N-glycans were found to
accumulate in some pancrcatic cancers. In this paper, the
detailed structures of these free sialylated complcx—typc N-
glycans that accumulate in human cancers are presented.

Materials and méthods

The majority of the experimental proceciures inchuding purifi--

" cation of cancer cells and normal cpithelial cells, isolation of
GSLs-and fice oligosaccharides, preparation and separation of
‘pyridylaminated (PA)-oligosaccharides, and mass spectrometry
analyses have been reported previously [11]. In bricf, pancreatic

- cancer cells and normal pancreatic epithelial cells were highly

purified from primary lesions of pancrealic cancers and their
surrounding nornial pancreatic 1esiops,'respeétiveiy, using the
epithelial cell marker, CD326, and magnetic beads. CD326

;Q_} Springer -

positive cells were extracted with 1,200 ul of chloroform/

methanol (2:1, v/v), followed by 800 ! of chloroformy/metha-
nol/water (1:2:0.8, v/v/v). This methodology cxtracts both
GSLs and free oligosaccharides. The exfracts were loaded onto
a DEAE-Sephadex A25 column and flow-through fractions
were collected as neutral oligosaccharides. Acidic oligosacchar-
ides were subsequently-eluted with 200 mM ammonium acetate
in methanol. The neutral and acidic fractions were digested with
endoglycoceramidase II from Rhodococcus Sp. (Takara Bio) to
release the oligosaccharide portion fmm GSLs. Liberated oli-
gosaccharides from GSLs and free oligosaccharides were then
labeled with 2-aminopyridine (2-AP) [17].
PA-oligosaccharides were separated on a Shimadzu LC-20A
HPLC system equipped with fluorescence detector. Normal
phase HPLC was performed on a TSK gel Amide-80 column
(0.2x25 cm, Tosoh). The molecular size of each PA-
oligosaccharide is given in glicose units (Glc) based on the
elution times of PA-isomaltooligosaccharides. Reversed phase
HPLC was performed on a TSK gel ODS-80Ts column (0.2x

15 cm, Tosoh). The retention time of each PA-oligosaccharide | )

is given in glucose units based on the elution times of PA-

V isomaltooligosaccharides. Thus, a given compound on these

two columns provides a unique set of Glc (amide) and Gu

(ODS) values, which correspond to coordinates of the 2-D

map. PA-oligosaccharides were analyzed by LC/ESI MS/MS
according to our previously established procedures [9].

" Glycosidase digestions

Linkage position of NeuSAc to the terminal galactose was
determined as described previously [9]. Bricfly, Neu5SAc-

linked PA-oligosaccharides were digested with 2 U/ml of -

o2,3-sialidase from Salmonella typhimurium (Takara Bio)
in 100 mM sodium acetate buffer, pH 5.5, for 2 h at 37 °C.
Under these conditions, «2,3-sialidase specifically digests
«2-3-NeuSAc linked to the terminal residue, but not
NeuSAc with-an «2-6-linkage. However, under conditions.
using 10 U/ml for 16 h, even so-called «2,3-sialidase can
hydroiyze/ 2-6-NeuSAc linked to the terminal residue, but
not NeuSAc linked to a non-terminal residuc. ‘

Preparation of frec NcuSAc-contammg comple*{—type
N-glycans :

Authentic PA-oligosaccharides required for the analysis of -

GSLs have been already obtained in our laboratory and are
listed in Table 1. However, we had no authentic PA-

oligosaccharides of free oligosaccharides, and they were not.
-commercially available. Hence, authentic PA-oligosaccharides

of frce oligosaccharides required for this study were prepared

enzymatically. The procedure is outlined in Fig. 1. PA-

oligosaccharides were prepared from sialylglycopeptide

(SGP) (Tokyo Chemical Industry) (Fig. 1) and the results are
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Table 1 Structurcs and clution positions in HPLC of standard PA-oligosaccharides. Peak numbers shown in Fig. 2 arc given in parentheses
. ’ Elufion pesition in HPLC
Abbreviation Structure ’ Size (Gu) RP (Gu)
GM3 (G1) Neu5Ac2-3GalB1-4Gle-PA 246 - 3.00
LST;c (G2} Neu5Aca2-6GalBl-4GleNAcB1-3Gal1-4Gle-PA 4.40 3.76
o Galp1-3GalNAcP1-4Galp1-4Gle-PA
GM1 (G3) ‘ 3 3.85 2.92
’ ' NeuSAca2 . -
LST-a (G4) NeuSAcu2-3GalB1-3GleNAcf1-3Galf1-4Gle-PA ‘ : T 401 4.69
‘ ) NeuSAca2—3Ga]i31-3GlcNAcBI-ZGaISl-tiGlc-i’A
Disialyl Leg(G5) o 6 452 554
; C o NeuSAcaZ
SSEA-4 (G6) NeuSAca2-3GalB1-3GalNAcf1-3Galal-4GalB1-4Gle-PA 498 - 4.81
N ' NeuSAco2-3Galp1-3GalNAcP1-3Galol-4Galp1-4Gle-PA
Disialyl SSEA-3 (G7) 6 526 747
NeuSAcoi2
NeuSAco2-6Galp1-4GIeNACPl-2Manal \
S1-4G-Hex ,ManBl-4GleNAc-PA 6.11 6.55
Manal /
Manol
6 : .
-82-4G-Hex (F6) . ‘ SManﬁl*‘*GlCNAC*PA 6.01 515
NeuSAco2-6Galp14GIcNAcB1-2Manat 7
. NcuSAcaZ«GGéEﬁI-4GlcNAcBI‘-2Mana1 N
6 -
S$1-4G-Hex-Man (F4) ManB1-4GleNAc-PA 521 5.93
' : ManB1-4GleNAc-PA ,
$2-4G-Hex-Man (F3-2) 3 : 5.00 6.84

NeuSAco2-6GalB1-4GleNAcB1-2Manal 7

summarized in Table 1. Two hundred mikcrogranizs of SGP was -

digested with 0.5 U/ml of recombinant endoglycosidase F2
from Elizabethkingia meningosepticum (Merck) in 100 mM
sodium acetate buffer, pH 4.5, for 16 h at 37 °C. The released
Gnl-type oligosaccharide (designated as SGP-F2, Fig. 1) was
labeled with 2-aminopyridine (PA-SGP-F2). To cleave either

side of the mannosc arm, PA-SGP-F2 was partially digested

with 1 U/ml of «2,3-sialidase from S. typhimurium in 100 mM
sodium acetate buffer pH 5.5, for 16 h at 37 °C. Under these
conditions, even so-called «2,3-sialidase can partially hydi'o-
. lyze o2-6-NeuSAc linked to the terminal residue. Two kinds of
single digested oligosaccharides (S1 and S2) were separated
- and collected by reversed phase HPLC. S1 and S2 werc
sequentially digested with 0.4 U/l 31,4-galactosidase from
Streptococcus pneumonia (Prozyme) in 100 mM sodium

citratc buffer, pH 6.0, for 2 h at 37 °C, followed by 10 U/ml
of (3-N-acetylhexosaminidase from jack bean (Seikagaku
Kogyo) in 100 mM sodium citrate buffer pH 5.0, for 16 h at
37 °C (S1-4G-Hex, and $2-4G-Hex). Linkage position of the
non-reducing terminal mannose of the two oligosaccharides
(S1-4G-Hex and S2-4G-Hex) was determined by utilizing the
specificity of jack bean o-mannosidase. S1-4G-Hex and
S2-4G-Hex were digested with jack bean o«-mannosidase
(Seikagaku Kogyo) at either 10 U/ml or 25 U/ml in 100 mM
sodium acetate buffer pH 5.0 containing 2 mM ZnCl,, for 16 h
at 37 °C. At the lower concentration, R-Mane1-6(Mancxl1-

. 3)Manf31-4GlecNAcB 1-4GleNAc but not R-Manocl-3(Ma-
 nal-6)Manf1-4GlcNAcB 1-4GIcNA is susceptible, where R
is not H or Man. The substrate specificity of this enzyme was
described previously [18]. Digestion with a low concentration _

- @ Springer
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Neu5Acw2-6GalBl-4GIeNAcf 1-2Manal P .
) 3 Manpl-4GlcNAcpBL-4GIcNAcBl-Asn  (SGP)
Neu5Aco2-6Galf1-4GIcNAcB 1 -2Manal 7 '

‘ glycosidase F2

NeuSAca2-6CalBl-4GIeNACBI-2Manal
. 3 ManBl-4GlcNAc  (SGP-F2)
NeuSAco2-6GalB1-4GIcNAcB1-2Mang1

* pyridylamination

NeuSAcu2-6Galf1-4GleNAcBI-2Manal |
T Ve
4 ManB1-4GINAC-PA
NeuSAco2-6GalBi-4GleNAcB1-2Manarl 7

/ ~wiai digestion with Safmonella typhimurium ¢2,3-sialidase -

NeuSAce2-6Galf 1-4GleNAcf 1-2Manail
- MunBi-4GleNAc-PA

GalB1-4GlcNAcB-2Manol .
Manf31-4GleNAc-PA

, .
GalB1-4GleNAcp 1 -2Mang1 . s NeuSAco2-6Galf1-4GIeNACB1-2Mano1 . (82)
‘ Streptococens pneanonia Bl ,4-galactosidase
jack bean B-N-ucetylhexusaminidase ’ ‘

Neu5Aco2-6Gaif1-4GleNAcBl-2Mangl |
6
3 Manf}1-4GleNAc-PA

Mangt 7 (S1-4G-Hex)

Manai\

Manf1-4GleNAc-PA

NeuSAco2-6GalBl-4GIcNAcI-2Manad ~ (§2-4G-Hex)

‘ o : Tack bean g-mannosidase #

NeuSAco2-6Galf1-4GleNAcf{-2Manal
MuanBl-4GlcNAc-PA
(S1-4G-Hex-Man)

3 Manf1-4GlcNAc-PA

NeuSAco2-6GalBl-4GleNAcBl-2Mang1 7
) (82-4G-Hex-Man)

Fig. 1 The strategy used to synthesize authentic PA-free complex-type N-glycans

of c-mannosidase completely liberated the mannose residue

from S1-4G-Hex (S1-4G-Hex-Man), indicating that the

cleaved mannose was on the ¢1-3 side and the digested product
(S1-4G-Hex-Man) was Neu5Aca2-6GalB1-4GIcNAcB1-
2Manai-6Manp 1-4GlcNAc-PA. S2-4G-Hex was partially
cleaved by a high concentration of ce-mannosidase, i‘nd‘i,cating
that the cleaved mannose was on the o1-6 side and the digested
product (S2-4G-Hex-Man) was NeuSAcx2-6Galp1-
4GlcNAcB 1-2Mancc]-3Manf 1-4GIcNAc-PA.

Results

Preparation of PA-oligosaccharides from colon
. and pancreatic adenocarcinoma

Colon and pancreatic cancer cells and their normal

epithelial cells were isolated with high purity from the

@ Springer

cancer tissues and surrounding normal epithelial tissues
using magnetic beads labeled with antibody against the
epithelial cell marker, CD326. We analyzed the struc-
tures of GSLs and free oligosaccharides of pancreatic
cancer cells and normal pancreatic cells derived from
tive patients, The clinicopathological features of the five
pancreatic cancer patients are described in Supplementary
Table I. . ' o
It is well known that both free oligosaccharides and

GSLs, but not glycoproteins, arc recovered in lipid fractions

from biological samples [12]. In this study, both free oligo-
saccharides and GSLs were extracted from the isolated cells
using organic solvent, chloroform-methanol. The oligosac-
charide portions of GSLs were released by endoglycocera-

~midase II, and the reducing.ends of the released
oligosaccharides of GSLs and free oligosaccharides weie’

tagged with the fluorophore, 2-aminopyridine (sce Materials
and Methods).
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Major acidic free oligosaccharides accumulated in human
cancer cells '

The acidic PA-oligosaccharides from cancer cells and normal
epithelial cells were analyzed by size-fractionation HPLC

(Fig. 2a—h). Each of the peaks separated by the size- _'

fractionation HPLC was further separated by reversed phase
HPLC. Additionally, the scparated PA-oligosaccharides were
subjected to LC/ESI MS? analysis. Some of the PA-
oligosaccharides were also analyzed after digestion with gly-
cosidase to help ascertain their structures. By means of these

. combinational analyses, the structures of all the maj or GSLs.
could be estimated and the occurrence of a large amount of

" free sialylated complex-type N-glycans in cancer cells was.

unequivocally demonstrated. In total, 7 distinct Neu5Ac-

containing frec oligosaccharides (F1, F2, F3-1, F3-2, F4, F5,

and F6) were detected as major components in human pan-
creatic cancers (Fig. 2, Tables 2, 3). All these glycans were
easily predicted to be NeuSAc-containing free complex-type
N-glycans having a single HexNAc (probably GlcNAc) at
their reducing termini (Gn1- glycans) by mass analyses. Elu-

tion positions, mass data and estimated composition of the’

Fig. 2 Size fractionation HPLC

" of acidic PA-oligosaccharide Gi G2 F3-2
mixtures obtained from human ) N\ _ A L : a
cancer and nommal cpithelial G1 4
cells. a and b colon cancer cells b
(a) and normal colon epithelial F31,2

cells (b) from the representative
case (1x10° cells cach), e

h pancreatic cancer cells (¢, e
and g) and normal pancreatic
epithelial cells (d, f and h) (1 G1
106 cells cach), cand d, eand f, )
and g and h arc from the same
case (case [, case 2 and casc 3,

respectively, Supplementary
Table 1). Six major peaks de-

rived from free N-glycans found 61
- in pancreatic cancer (¢) are
represented as F1-F6 with . .
fraction numbers as per o
Tables [, 2 and 3. Free N-glycan , aa G5 a6
peaks found in other cclls are 8 ' 1 ' v g
numbered as per the peak 5 ) . d
numbers of C. G1-G7 are the o
peaks derived from GSLs. The 3 Coe
structures of G1-G7 arc listed in (=) Fai2
Table 1. The positions of minor E G2 £ ¥ 5
peaks that were barely detectable @ ) F4 F,S Y e
are highlighted-by an arrowhead 5
Kt i G1 :
@
o . ’\
: f
F3-1,2
F2 ¥ F6
v N\F T M
- g
G'S a7
/\.ﬁ_/'- h
'|(!llll|l‘lI'lull%lyt“lllt{illll"'llIlI!tllllIllli
15 20 30 T35 . - 40 45 50 55
- Elution Time (min)
4\ Springer
Zl Spring
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Table 2 Elution positions in HPLC and mass analysis of sialylated PA- free oligosaccharides obtained from human pancreatic cancer cells.

Mass (observed)

Group Fraction ‘Blution position in HPLC Mass (calculated) Estima{ed comﬁosition
Size (Gu) " RP (Gu)
T F3-1 5.03 5.55 1280.5 1280.5 [M+H]* - NeuAc;HexsHexNAc,-PA
F3-2 5.02 6.92. 1280.4 1280.5 [M-+H]" NeuAc, Hex;Hex NAcy-PA
F4 526 6.00 - 1280.5 1280.5 [M+H]* NeuAc, HexsHexNAcy-PA
F5 5.38 6.03 1280.5 1280.5 [M+H]* NeuAc;HexzHexNAc,-PA
! ' 4,76 7.91 1280.5 1280.5 [M+H]* NeuAc;HexsHexNAcy-PA
F6 6.07 5.20 1442.4 1442.5 [M+H]" NeuAc,Hex HexNAc,-PA
3 F2 4.84 7.80 13215 1321.5 [M+H]"

NeuAcHex;HexNAcs-PA

. oligosaccharides arc presented in Table 2. Based on the com-

position of monosaccharide, we were able to classify the 7 free
N-glycans into three groups as follows; group I (FI, F3-1,F3-
2, F4 and F5), group 2 (F6), and group 3 (F2) (Tables 2, 3). In

the following results sections, the structures of these PA-

oligosaccharides are explained in detail.

Stmdumi analyses of free NeuSAc-containing complex-type
N-glycans

Group 1

The MS'? spectra of the five group | glycans (F1,F3-1, F3-2, '

F4 and F5) were essentially the same. A representative MS'?

Table 3 NeuSAc-containing free complex-type N-glycans a¢cumulat-
ed in human cancers. Estimated structures and the amount of glycans in.
colon cancer cells (case of Fig. 2a), pancreatic cancer cells {cases of

spectrum of F3-2 is shown in Fig. 3a, b. The structures of
group [N-glycans were judged to be Neu5SAc-FHex-HexNAc-
Hex-Hex-HexNAc-PA or branched NeuSAc-HexNAc-Hex-
(Hex-)Hex-HexNAc-PA by MS? analysis (Fig. 3a, b, Table 3),
and they were anticipated to be NeuSAc-Gal-GleNAc-Man-
Man-GlcNAc-PA or NeuSAc-GleNAc-Man-(Man-)Man-

- GlcNAc-PA, respectively. However, the latter candidate could

be excluded because these oligosaccharides were resistant to
jack bean x-mannosidase (data not shown). NeuSAc is linked
vig o2-6 to the non-reducing terminal residue of F3-1, F3-2,
F4 and F5, and o2-3 to that of F1 as determined by the
specificity of «2-3-siallidase digestion as described in Mate-
rial and Methods (Fig. 4, Table 3). These data suggested that
two of the four oligosaccharides (F3-1, F3-2, F4 and F5) are

Fig. 2c, 2e, and 2g) arc presented. The amount of glycan is expressed
as pmol/1 x10° cells. () indicates that this glycan was not detected in
the cells

Amount of glycan
(pmol/l X 10° cells)

Group  Fraction Structure colon  pancreas  pancreas  pancreas
" (A) _© (E) (G)
F3-1 Neu5Aca2-6Galf1-4GleNAcB-Mana-ManB1-4GleNAc-PA ) 10.3 1.7 0.7
C . Manp1-4GlcNAc-PA
: F3-2 ; . 3 0.1 1211 223  17.6
v . NeuSAco2-6Galf1-4GleNAcfl-2Manal :
NeuSAca2-6Galf1-4GleNAcB1-2Manal < : . :
1 F4 ‘ , 6 ) 166 29 1.9
» ManB1-4GlcNAc-PA
F5 NcuSActxZ-6Gal{5154G]cNAcB~Mana-ManBl—4GlcNAc~PA C ¢ 0.9 0.9 0.3
ManfB1-4GleNAc-PA .
F1 3 G 69 Q] ©
NeuSAca2-3Galf1-4GleNAcB 1-2Manal .
Mﬁnal \ .
6 .
2 F6 JMaufl-4GleNAc-PA () 2.8 - 1.0 0.5
NeuSAca2-6Galf1-4GleNAcB1-2Manatl 7
3 » 2 NcuSAcaZ-ﬁHexNAc-GlcNAcﬁ-Mand~ManBl—4chNA’c-PA ) 8.9 8.4 0.5
@Spr’inger
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