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REVIEW

Synantocytes: the fifth element
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Abstract

Classic studies have recognized neurons and three glial elements in the central nervous system (CNS) — astrocytes,
oligodendrocytes and microglia. The identification of novel glia that specifically express the NG2 chondroitin
sulphate proteoglycan (CSPG) raises the possibility of a fifth element. Until recently, all NG2-expressing glia were
considered to be oligodendrocyte precursor cells (OPCs) that persist in the adult CNS to generate oligodendrocytes
throughout life. However, this narrow view of the function of ‘NG2-glia’ is being challenged. The majority of NG2-
expressing glia in the adult CNS are a distinct class of cells that we have called ‘synantocytes’ (from the Greek
synanto for contact). Synantocytes are stellate cells, with large process arborizations, and are exquisitely related
to neurons. Individual cells traverse white and grey matter and form multiple contacts with neurons, astrocytes,
oligodendrocytes and myelin. Synantocytes are an integral component of the ‘tetrapartite’ synapse, and provide
a potential integrative neuron-glial communications pathway. Neuronal activity, glutamate and adenosine tri-
phosphate (ATP) act on synantocyte receptors and evoke raised intracellular calcium. It remains to be seen whether
this serves a physiological function, but synantocytes may be specialized to monitor signals from neurons and glia,
and to respond to changes in the integrity of the CNS via their specific contacts and ion channel and receptor pro-
files. The general consequences of synantocyte activation are proliferation and phenotypic changes, resulting in
glial scar formation, or regeneration of oligodendrocytes, and possibly neurons.
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Introduction

Historically, NG2 was one of a panel of molecules
derived by Stallcup and colleagues from mixed cultures
of neurons (N) and glia (G) that was subsequently
shown to be a novel chondroitin sulphate proteoglycan
(CSPG) (reviewed by Stallcup, 2003). Antibodies raised
against NG2 labelled cells in vitro with the antigenic
phenotype of bipotential oligodendrocyte-type-2-
astrocyte (O-2A) progenitor cells (Levine & Stallcup,
1987; Stallcup & Beasley, 1987). O-2A cells were first
shown by Raff and colleagues to develop into oligo-
dendrocytes or astrocytes depending on the culture
medium (Raff et al. 1983). In the absence of evidence
for type-2 astrocytes in vivo, O-2A cells have been
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referred to as oligodendrocyte precursor or progenitor
cells (OPCs). Notably, when tested in sections of adult
brain, NG2 antibodies labelled a substantial population
of cells that had the morphological features associated
with protoplasmic astrocytes (Levine & Card, 1987).
However, these cells did not express glial fibrillary
acidic protein (GFAP), or other recognized markers of
mature glia (Levine et al. 1993; Reynolds & Hardy, 1997;
Butt et al. 1999). NG2-expressing cells were shown to
be immunopositive for platelet-derived growth factor
o receptors (PDGFoR) and O4, considered diagnostic
for OPCs (Nishiyama et al. 1996; Reynolds & Hardy,
1997). In addition, NG2-expressing cells have been
shown to differentiate into oligodendrocytes in vitro
and in vivo, and accordingly all NG2-expressing cells
have been considered to be OPCs (Dawson et al. 2000).
There is also evidence that resident adult NG2-expressing
cells can regenerate oligodendrocytes following demye-
linating insults, and that they do the same in multiple
sclerosis (Reynolds et al. 2002). However, NG2-expressing
cells exhibit properties apart from their assumed function
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as OPCs and we have proposed that they comprise a
separate class of glia, termed synantocytes (Butt
et al. 2003). This fourth type of glial cell is distinct
from fibrous and protoplasmic astrocytes, and has
features of glial cells that were previously described
as beta astrocytes (Berry et al. 2002; Peters & Sethares,
2004; Peters, 2004). The issue is compounded by
recent evidence that not all NG2-expressing cells in
the developing central nervous system (CNS) are of
the oligodendrocyte lineage (Mallon et al. 2002), and
may be a subclass of astrocyte (Matthias et al. 2003),
or neural stem cells (Belachew et al. 2003; Aguirre &
Gallo, 2004; Aguirre et al. 2004). A number of reviews
have discussed the lineage of NG2-expressing glia and
their relations to OPCs, astrocytes and neural stem cells
(Berry et al. 2002; Nishiyama et al. 2002; Belachew &

Gallo, 2004; Kimelberg, 2004; Peters, 2004), and these
questions are also addressed elsewhere in this issue
(Nishiyama et al. 2005; Polito & Reynolds, 2005). The
aim of the present review is to examine the distinguish-
ing features of what we call ‘synantocytes’, which we
argue make up the bulk of resident NG2-expressing
glia in the adult CNS and are phenotypically and func-
tionally distinct from other glia and neurons.

Distribution and morphology of synantocytes

Immunolabelling for NG2 clearly defines the major
structures of the brain (Fig. 1A), and at higher magnifica-
tion distinguishes a mosaic of synantocytes (Fig. 1B).
Synantocytes have a characteristic stellate morphology,
with a centrally placed cell body from which extend

Fig. 1 Distribution of NG2-expressing glia — synantocytes — in the adult rat brain. (A) Mid-saggital section of whole brain ABC
immunolabelled for NG2 defines functionally significant areas of the brain. (B) Synantocytes form a mosaic of stellate cells that
clearly delineate the structure of the hippocampal formation, with dense labelling in the CA1, CA2 and CA3 areas, some of which
appears extracellular. (C) Synantocytes are directly related to the neuronal layers of the cerebellum. Synantocytes are interspersed
amongst the Purkinje cells (PCL, arrowheads) and extend processes radially to traverse the molecular layer (ML) and granular
cell layer (GCL). Synantocytes in the white matter (WM) are more polarized and processes extend along the trajectory of axons
(asterisk). Individual synantocytes extend processes through white and grey matter. Scale bars =1 mm in A, 100 um in B and

50 um in C.

© 2005 The Authors

Journal compilation © 2005 Anatomical Society of Great Britain and Ireland



numerous primary processes that pass radially and
bifurcate three or more times to form a process field
of approximately 100 um diameter (Fig. 1B,C). The
process arborizations of grey matter synantocytes tend
to be symmetrical (Fig. 1C, ML), whereas those in white
matter are often polarized, due to preferential exten-
sion of processes along the axonal axis (Fig. 1C, asterisk).
The process fields of adjacent synantocytes overlap
slightly (Fig. 1C), but cells are not dye-coupled via gap
junctions (Bergles et al. 2000; Lin & Bergles, 2002, 2004;
Chittajallu et al. 2004; Lin et al. 2005), unlike astrocytes
and oligodendrocytes, which exhibit extensive
dye-coupling (Butt & Ransom, 1993). NG2 is a trans-
membrane CSPG (Stallcup, 2002) and the bulk of NG2
immunolabelling in the CNS is cellular (Fig. 1C). However,
diffuse and apparently extracellular NG2 immunolabelling
was also observed in some grey matter areas (e.g. the
CA2 and CA3 areas of the hippocampus), consistent
with the possibility that synantocytes may also secrete
NG2 (Stallcup, 2003). Notably, synantocytes are numer-
ous in both grey and white matter (Fig. 1C), and it has
been shown that there is no correlation between their
population density and that of oligodendrocytes or
myelin (Dawson et al. 2003). In the cerebellum, for
example, synantocytes appear less abundant in the
myelinated white matter than in the molecular layer,
where there is little myelination and oligodendrocytes
are rare (Fig. 10).

Grey matter synantocytes and their processes inter-
twine amongst and form multiple connections with
neurons (Fig. 2). Synantocytes are often interspersed
with and closely apposed to neuronal cell bodies, as
illustrated in Purkinje cells in the cerebellum (Fig. 1C,
arrowheads), pyramidal cells of the CA1 area of the
hippocampus (Fig. 2A,B), and layer V of the cortical grey
matter (Fig. 2C). Confocal imaging of double immuno-
fluorescence labelled tissue shows that neurons are
contacted by more than one synantocyte, and that
individual synantocytes form multiple associations with
individual neurons on their somata, dendritic trees
and axons (Fig. 3A-C). Moreover, individual cells extend
interlaminar processes that traverse neuronal layers,
for example, in the cerebellum synantocytes traverse
the Purkinje cell (PCL), molecular (ML) and granular cell
(GCL) layers (Fig. 1C), and in the hippocampus contact
neurons in the pyramidal, polymorphic and molecular
layers (Fig. 2A). Electron microscopy (EM) immunocyto-
chemistry has shown that these synantocyte processes
contact and even form synapses (Bergles et al. 2000; Lin
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Fig. 2 Synantocytes are closely associated with neurons. NG2-
immunolabelled sections of adult rat brain counterstained
with toluidine blue. (A) Synantocytes in the CA1 area of the
hippocampus, some of which are directly apposed to pyramidal
cell bodies, and extending processes through multiple layers.
(B) Synantocyte processes forming a perineuronal network
and enwrapping hippocampal neurons (asterisk). (C) Synantocyte
apposed to and forming multiple contacts with a cortical
pyramidal neuron. Scale bar = 25 um.

et al. 2005). Thus, a single synantocyte will contact
multiple synapses with numerous neurons. Furthermore,
electrophysiological studies have shown that synanto-
cytes respond to neurotransmitters released from
climbing fibres in the molecular layer of the cerebellum
(Lin et al. 2005) and from hippocampal neurons (Bergles
et al. 2000; Lin & Bergles, 2004), indicating functional
neuron-syantocyte signalling (see below). In addition,
the processes of synantocytes often encapsulate neuronal
cell bodies (Figs 2B and 3A), suggesting that synantocytes
are a component of the perineuronal nets that surround
pyramidal cells and interneurons (Butt et al. 2002).

In white matter, synantocytes are interspersed with
astrocytes within, or slightly offset from, rows of oligo-
dendrocytes (Butt et al. 1999). Synantocyte processes
intermingle with those of astrocytes and oligoden-
drocytes and form multiple contacts with the cell bodies
of oligodendrocytes, astrocytes and their processes
(Fig. 3D, E). Synantocyte processes extend along mye-
linated axons (Fig. 4), and EM immunocytochemistry
indicates they pass to nodes of Ranvier (Butt et al. 1999).
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Fig. 3 Synantocytes form multiple
contacts with neurons and astrocytes.
Confocal micrographs of cortex

(A-C) and optic nerve (D,E) double
immunofluorescence labelled for NG2
(green) and calbindin for neurons (red,
A-C) or GFAP for astrocytes (red, D,E).
Individual synantocytes form multiple
contacts with neuronal somata (A),
axons (B) and dendrites (C), and neurons
are contacted by multiple synantocytes.
In white matter, synantocytes are
interspersed with astrocytes, which
they contact (D), and their processes
are interwined (E). Scale bar = 50 um in
Aand D, and 12.5um in B, Cand E.

Fig. 4 Synantocytes contact nodes of
Ranvier. Confocal micrographs of whole-
mounted anterior medullary velum
triple immunofluoresecnce labelling for
NG2 (green), myelin basic protein (blue)
and ankyrin-3G (red). (A) Individual
synantocytes contact multiple nodes of
Ranvier (curved arrows) and their processes
closely follow the path of myelinated
axons (inset). All synantocytes observed
in the velum formed similar associations
with nodes of Ranvier. (B) Deconvolution
shows the synantocyte process extending
along the myelin sheath to form exquisite
contacts with the paranodes and node
of Ranvier. Scale bar = 10 um in A,

30 um in inset and 50 um in B.
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The relationships between synantocytes and axons is
best illustrated in whole mounted anterior medullary
velum (AMV), in which axons and glia are widely
dispersed (Fig. 4). Triple immunofluorescence labelling
for NG2, myelin basic protein (MBP) and ankyrin-3G,
an axoskeletal protein that anchors sodium channels
(NaCh) at nodes of Ranvier (Poliak & Peles, 2003), shows
synantocytes extend processes along myelin sheaths to
contact the paranodes and nodes of Ranvier (Fig. 4A,B).
Notably, synantocyte processes are seen to track along
myelinated axons as they cross in the AMV (Fig. 4A,
inset), and to extend branches along the myelin sheaths
which then terminate at nodes of Ranvier (Fig. 4B).
Observations in cerebellar white matter, optic nerve
and AMV indicate the close relationships between
synantocytes and myelinated axons may be a feature
common to most white matter. Morevover, individual
synantocytes traverse grey and white matter throughout
the brain (Fig. 5), suggesting a single cell may contact
synapses, nodes, astrocytes, oligodendrocytes and myelin.

The morphology and distribution of synantocytes are
not consistent with the argument that all NG2-expressing
cells are OPCs (Dawson et al. 2000). The counter-argument
is supported by a study in mice in which expression of
enhanced green fluorescent protein (EGFP) is driven
by the promoter for proteolipid protein (PLP), a myelin-
related gene, which found that some (EGFP)PLP*/NG2*
cells were committed to the oligodendrocyte lineage,
whereas a second population of synantocytes was
(EFGP)PLP~ (Mallon et al. 2002). Further confusion on the
oligodendroglial lineage of synantocytes has arisen from
studies in which EGFP is driven by the promoters for GFAP
or 2'-3’-cyclic nucleotide 3’-phosphodiesterase (CNP),
which, respectively, identified a subclass of NG2* astro-
cyte (Matthias et al. 2003) and NG2* neural stem cells
(Belachew et al. 2003). These findings have raised the
possibility that NG2 is expressed by heterogeneous cell
populations, at least in the developing brain. However,

Fig. 5 Synantocytes are interlaminar. NG2 immunolabelled
sections of cerebellum (A, C) and cortex (B). (A) Individual
cerebellar synantocytes with cell bodies in the white matter
(WM, arrowhead) or at the interface between white and grey
matter (GM, asterisk) extend processes into both. (B) Synantocytes
in the cortical grey matter and subcortical white matter
(asterisks) extend processes that traverse both layers and
intermingle at the interface. (C) Interlaminar synantocytes
extend processes into all layers of the cerebellum (arrows).
Synantocytes are not specialized for either white or grey
mater, and the same cells subserve both. Scale bar = 30 um
in A, Cand 50 um in B.
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it may be premature to make this conclusion until the
behaviour of the inserted constructs is better under-
stood (Kimelberg, 2004; Nishiyama et al. 2005). On the
basis of morphology, NG2-expressing cells in the adult
brain neuropil have the appearance of a single class of
mature glial cell that forms multifarious contacts with
neurons and glia, and which we call synantocytes.

Synantocytes express voltage-gated ion
channels

The functions of synantocytes in relation to their
neuronal and glial contacts will be determined in part
by the ion channels and receptors they express. There
are a growing number of reports on the physiological
properties of NG2-expressing cells in situ (Bergles et al.
2000; Matthias et al. 2003; Schools et al. 2003; Chitta-
jallu et al. 2004; Grass et al. 2004; Lin & Bergles, 2004;
Lin et al. 2005). In addition, there were numerous earlier
studies on OPCs or O-2A cells in vitro and in situ, which
are likely to correspond to synantocytes (reviewed by
Verkhratsky & Steinhauser, 2000; Belachew & Gallo,
2004). Studies on NG2-expressing glia and OPCs concur
that two major features is that they express significant
voltage-gated K* currents (Kv) and ionotropic recep-
tors, in particular AMPA-type glutamate receptors.
Electrophysiological studies on NG2-expressing cells
in situ generally show that they have a high membrane
resistance and negative membrane potentials of =70 to
—90 mV (Bergles et al. 2000; Lin & Bergles, 2003, 2004;
Chittajallu et al. 2004; Lin et al. 2005). In situ, NG2* cells
in the postnatal hippocampus with the morphological
features of synantocytes, as defined above, express
dominant outward rectifying (Kpg) and transient (K,) K*
currents, but not appreciable inward rectifying K* cur-
rents (Kg) (Schools et al. 2003). However, another study
found they exhibit inward K* currents to a variable
degree, most likely resulting from the activity of both
ATP-sensitive K* channels (K,rp) and K (Lin & Bergles,
2003). These differences could reflect developmental
changes in K* channels (KCh) expression or functional
heterogeneity in NG2-expressing cells. A develop-
mental down-regulation of outward K* currents and an
increase in inward K* currents has been demonstrated
in OPCs (Sontheimer et al. 1989; Kettenmann et al. 1991;
Berger et al. 1995). A study on postnatal day (P)10-26
hippocampal NG2* cells has provided further evidence
of a developmental decrease in Ky, but that K, remained
dominant and Ky was negligible at all ages (Schools

et al. 2003). Heterogeneity between postnatal NG2*
cells has been demonstrated in situ, whereby those in
subcortical white matter possess significant Ky and K,,
with no appreciable K, whereas NG2* cells in cortical
grey matter also expressed Ky to variable degrees
(Chittajallu et al. 2004). There is also heterogeneity in
the expression of TTX-sensitive sodium currents (l,) in
synantocytes. In the hippocampus and subcortical white
matter, synantocytes exhibited a small depolarization-
induced |, and did not fire action potentials (Bergles
et al. 2000; Chittajallu et al. 2004). By contrast, cortical
synantocytes expressed larger |y, and a proportion were
capable of generating action potentials (Chittajallu
et al. 2004).

The functional significance of the apparent hetero-
geneity and possible developmental changes in K* and
Na* currents in synantocytes is unclear. K are important
in setting the membrane potential of glia and are
important in extracellular K* regulation by glia (Kofugi
& Newman, 2004). The differential expression of Ky in
white and grey matter NG2-expressing cells is consistent
with those in subcortical white matter being signific-
antly depolarized at =70 mV, compared with at =90 mV
in cortical grey matter, and suggests the latter may play
arole in K* uptake during neuronal activity (Chittajallu
et al. 2004). In addition, there is a clear correlation
between K* currents and the proliferative and maturation
state of glia, whereby proliferative cells express Kyz and
K, which are then down-regulated, and K up-regulated
in postmitotic cells (Sontheimer et al. 1989; Kettenmann
et al. 1991; Knutson et al. 1997). Differences in K* channel
expression in synantocytes may therefore reflect dif-
ferences in their proliferative states. The role of I, in
synantocytes is more obscure, but they may provide a
path for sodium entry and maintaining activity of Na*-
K* pumps (Sontheimer et al. 1994). This could be impor-
tant in K* uptake during neuronal activity, although it
has been questioned whether there is significant Na*
entry by this route (Verkhratsky & Steinhauser, 2000).
Perhaps more importantly, raised [Na*]; and depolari-
zation inhibits the proliferative activity of OPCs (Knut-
son et al. 1997), and so activation of NaCh in response
to neuronal activity may help maintain syantocytesin a
quiescent state (see below). In cultured OPCs, I, are at
sufficient density to fire action potentials (Barres et al.
1990), but these are lost as they mature, concomitantly
with a switch from outward to inward K* currents
(Sontheimer et al. 1989). Thus, the expression of signifi-
cant inward K* currents and Na* currents in some NG2-
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expressing cells in situ raises the possibility that they
may represent more mature synantocytes (Chittajallu
et al. 2004). However, in the absence of electrophysio-
logical studies on adult synantocytes, the balance of
evidence is that in the quiescent state they generally
have predominantly outward K* currents and negligible
inward K* currents, with small Na* currents.

Neuron-synantocyte and astrocyte-
synantocyte signalling

A major physiological feature of OPCs in vitro and NG2-
expressing cells in situ is their expression of AMPA-type
GluR (Barres et al. 1990; Fulton et al. 1992; Steinhauser
& Gallo, 1996; Verkhratsky & Steinhauser, 2000). There
is evidence that activation of AMPA receptors in OPCs
and in NG2-expressing cells in situ are linked to Ca*
entry (Holzwarth et al. 1994; Steinhauser et al. 1994;
Borges et al. 1995; Holtzclaw et al. 1995; Bergles et al.
2000; Lin & Bergles, 2003). In addition, OPCs have been
shown to express the Ca®*-permeable AMPA receptor
subunit GluR4 (Gallo et al. 1994; Ong et al. 1996), and
synantocytes in situ had AMPA receptors with proper-
ties of those lacking the GIuR2 subunit, which allow
Ca* influx (Bergles et al. 2000). In astrocytes, calcium
waves are propagated by the release of the ‘gliotrans-
mitter’ ATP, which acts on P2Y purinoceptors to evoke
raised [Ca*]; in neighbouring cells (Newman, 2004;
Zhang & Haydon, 2005). It was not known whether
synantocytes express functional purinoceptors (James
& Butt, 2002), and so we have examined the actions of
glutamate and ATP on [Ca®']; in optic nerve synanto-
cytes, both in vitro (Fig. 6) and in situ (Fig. 7). Applica-
tion of glutamate or ATP for 30 s evoked a rapid and
transient rise in [Ca?*]; in immunohistochemically iden-
tified synantocytes in explants of optic nerve glia
(n = 3; Fig. 6) and in situ (n = 6; Fig. 7A). Synantocytes
responded to ATP with a rapid and large increase in
[Ca**], which was transient and decayed during the
application, whereas glutamate had a markedly
smaller effect, evoking a delayed increase in [Ca®*]; that
was sustained for minutes after wash-out of the ago-
nist (Fig. 7A). All cells analysed responded similarly, and
so we have examined these responses further in uni-
dentified optic nerve glia. The glutamate-mediated
increase in glial [Ca*]; was dramatically increased by
cyclothiazide (CTZ), which acts on AMPA-type GIuR to
maintain them in an open state (Fig. 7B), and was
blocked by the AMP receptor antagonist NBQX
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(Fig. 7B). Suramin, a general antagonist for P2X and
P2Y purinoceptors, decreased responses to both ATP
(Fig. 7C) and glutamate (Fig. 7D). There is circumstan-
tial evidence that axonal electrical activity in the optic
nerve also triggers glutamate- and ATP-mediated glial
Ca* signalling (Kreigler & Chiu, 1993; Butt et al. 2004).
To examine this, we stimulated optic nerves using suc-
tion electrodes and showed that stimulation at 20 Hz
for 20 s resulted in a rapid rise in glial [Ca*], of the
same amplitude as that observed for 1 mm ATP
(Fig. 7E). Notably, the activity-evoked increase in glial
[Ca?*], was decreased by suramin, but was unaffected by
NBQX (Fig. 7E). We have not yet confirmed that identi-
fied synantocytes respond to axonal activity, but this
seems likely, because the vast majority of cells analysed
in the optic nerve responded similarly. The results pro-
vide evidence that the effects of glutamate and axonal
activity on glial [Ca®'], are mediated by ATP, presuma-
bly released from astrocytes and acting as a ‘gliotrans-
mitter’ (Zhang & Haydon, 2005), to propagate calcium
signals in synantocytes, as well as astrocytes and
oligodendrocytes.

Functions of neuron- and glial-synantocyte
interactions

Synantocytes traverse grey and white matter through-
out the brain and form a potential communications
pathway between neurons, astrocytes and oligo-
dendrocytes. It is not clear how this relates to the
physiological distinctions between cortical grey and
white matter synantocytes described above (Chittajallu
et al. 2004), but these interlaminar synantocytes may
exhibit intermediate properties. Moreover, synanto-
cytes cross several neuronal layers and will therefore
receive input from numerous neurons and express mul-
tiple neurotransmitter receptors. Synantocytes contact
glutamatergic and GABAergic synapses in the hippoc-
ampus, and activation of their AMPA and GABA, recep-
tors occurs under physiological conditions in response
to activity of excitatory CA3 pyramidal neurons and
inhibitory interneurons in the stratum radiatum of area
CA1, respectively (Bergles et al. 2000; Lin & Bergles,
2004). As well as responding to glutamate, GABA and
ATP, it is likely that synantocytes will express other
receptors, like OPCs in culture which have been shown
to express receptors for glycine, acetyl choline,
monoamines and substance P (Verkhratsky & Stein-
hauser, 2000; Belachew & Gallo, 2004). Expression will
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Fig. 6 Synantocytes in vitro respond to glutamate and ATP with raised intracellular calcium. Explants of optic nerve glia were
loaded with the calcium-sensitive dye fura-2 and imaged during bath application of ATP (A) or glutamate (B), and cells were
identified at the end of the experiment by immunolabelling for NG2 (C). ATP and glutamate evoked a rapid increase in cytosolic
[Ca?]; in immunohistochemically identified synantocytes. (D) The response to ATP was transient and began to decay during
exposure to the agonist, whereas the response to glutamate was slower to peak and was sustained after washout of the agonist.

be related to the neurons that synantocytes contact,
and so it is likely that there will be functional hetero-
geneity in synantocytes from different brain regions.
The physiological function of synantocytes at synapses
is unresolved, but it is clear that they respond dynami-
cally to neuronal activity and they may also release
neurotransmitters (Bergles etal. 2000). Signalling

between synantocytes, neurons and astrocytes could
therefore be important in integrative neuronal func-
tion. The phrase ‘the tripartite synapse’ was coined in
acknowledgement that astrocytes are an important
component of the synapse (Araque et al. 1999). Evi-
dently, synantocytes are also an integral element of the
‘tetrapartite’ synapse.
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Fig. 7 Calcium signalling in synantocytes in situ. Optic nerves were isolated intact and loaded with fura-2 for calcium imaging,
and at the end of the experiment cells were identified by immunolabelling for NG2 (A). Both ATP and glutamate (Glu) evoked
arise in cytosolic [Ca?*]; in immunohistochemically identified synantocytes, although the response to ATP was rapid and transient,
whereas that to glutamate was slow and sustained (A). These responses were analysed in greater detail in unidentified glia, but
all cells in the optic nerve responded similarly (n > 100), and it reasonable to conclude that the findings reflect synantocytes as
well as astrocytes and oligodendrocytes. (B) The response to glutamate was markedly increased by incubation with cyclothiazide
(CTZ), which acts on AMPA glutamate receptors to maintain them in an open state, and was blocked by the AMPA receptor
antagonists NBQX. (C) The ATP response was blocked by suramin, a general antagonist for P2X and P2Y purinoceptors. (D) Suramin
also inhibited the response to Glu plus CTZ, indicating the increase in [Ca*"]; was partly mediated by ATP released in response to
activation of AMPA receptors. (E) Electrical stimulation of the optic nerve at 20 Hz for 20 s induced an increase in glial [Ca?*]; that
was inhibited by suramin but not by NBQX. The results indicate that glial calcium signals are evoked by ATP, presumably released
from astrocytes in response to axonal electrical activity and activation of AMPA glutamate receptors, and support a primary role
for ATP as a ‘gliotransmitter’ in the optic nerve.

Neuron- and astrocyte-synantocyte signalling also
provide mechanisms for regulating synantocyte func-
tions. Activation of both AMPA and GABA, receptors
depolarizes synantocytes, resulting from sodium influx
in the former and chloride efflux in the latter (Bergles
et al. 2000; Lin & Bergles, 2004). There is a direct link
between activation of AMPA and GABA, receptors and
the inhibition of OPC proliferation and lineage progres-
sion (Yuan et al. 1998), and so glutamate or GABA released
from neurons could function to maintain synantocytes

© 2005 The Authors

in a quiescent state, and this may involve activation
of NaCh during neuronal activity (Knutson et al. 1997).
Calcium also plays a central role in glial cell physiology,
proliferation, growth, differentiation and death
(Finkbeiner, 1993; Verkhratsky et al. 1998), and ATP
released from astrocytes may therefore stimulate synanto-
cytes by evoking raised [Ca®'],. We have provided
evidence that synantocytes exhibit a similar injury
response to axon transection and to blocking axonal
electrical activity (Butt et al. 2002, 2004), supporting
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the possibility that axonal action potential propagation
maintains synantocytes in a quiescent state. By contrast,
synantocytes may be activated by sustained increases in
[Ca*]; evoked by enhanced activation of AMPA receptors
or purinoceptors in response to high levels of glutamate
or ATP, such as occur following injury and ischaemia.
The functions of synantocytes are likely to involve
interactions with extracellular matrix (ECM) and cellu-
lar molecules expressed at synapses, nodes of Ranvier
and on myelin. Synantocytes produce a number of ECM
molecules that comprise the perineuronal nets (Sandvig
et al. 2004), such as hyaluronan, versican, phosphacan,
neurocan and tenascins (Celio et al. 1998; Bruckner
et al. 2000). These function to stabilize synapses and
form a link with an intracellular net formed by the
neuronal intracellular cytoskeleton, composed of spectrin
and ankyrin, which anchor ion channels and neurotrans-
mitter receptors at synapses. In addition, synantocytes
may have a repulsion-guidance effect on axon growth
(P. Hubbard, B. I. Berry and A. M. Butt, unpublished
observations), and their presence at synapses would
influence synaptogenesis and synaptic refinement. ECM
and intracellular cytoskeletal molecules are also localized
to nodes of Ranvier and are important in nodal specializa-
tion and the clustering of ion channels (Poliak & Peles,
2003). For example, syantocytes produce and interact
with tenascins and phosphacan, which bind to the 32 sub-
units of NaCh and are important in their clustering at
nodes. Oligodendrocytes also produce ECM and trans-
membrane proteins that interact with NG2 and other
molecules expressed by synantocytes, such as tenascin,
which would provide a mechanism by which synanto-
cytes monitor myelin integrity and mediate their response
to demyelination and degeneration. The response of
synantocytes to CNS injury is significant because NG2,
together with other CNS CSPGs, is deposited at the glial
scar and is considered a potent axon growth inhibitor
(Sandvig et al. 2004). In vivo evidence is largely indirect,
in that NG2 has been shown to be present at the right
place at the right time to inhibit regeneration (Jones
et al. 2002; Tang et al. 2002). Direct evidence comes
from in vitro studies using stripe assays and NG2-
expressing cells which have shown that NG2 reduces
neurite outgrowth and causes growth cone collapse
(Chen et al. 2002; Levine et al. 2005). However, we
have found that regenerating axons grow directionally
along the processes of NG2-glia following optic nerve
crush and disinhibition of retinal ganglion cells
(P. Hubbard, B. I. Berry and A. M. Butt, unpublished

observations). Following optic nerve crush, axons do
not normally grow through the glial scar. By contrast,
following disinhibition by grafting peripheral nerve
tissue into the vitreous of the eye, regenerating axons
grow through the glial scar and down the nerve in a
directional manner. Remarkably, the paths of regener-
ating axons extend along the processes of NG2-glia,
which are aligned longitudinally along the nerve axis.
The growing extremities of regenerating axons do
not avoid NG2-glia, which might be expected if they
have an exclusively inhibitory role, but instead NG2-
glia form exquisite associations with the growth cones
of regenerating axons, giving the appearance that
those axons are drawn along NG2-glia. These results
indicate that synantocytes may act in a repulsion-
guidance manner and provide guidance cues for
growing axons. The mechanisms by which synantocytes
regulate axon growth are unresolved, but may involve
the same molecular interactions that are important at
synapses and nodes.

Conclusions

It is difficult to reconcile the morphology, distribution,
physiology and pathological responses of synantocytes
with their being OPCs with the sole function of re-
generating oligodendrocytes. The exquisite relationships
between synantocytes and neurons indicates a signi-
ficant degree of specialization. Glia and neurons are
functionally interdependent and their physiology
and pathology are integrated by extracellular signals,
including glutamate and ATP. Synantocytes are an
integral component of the ‘tetrapartite’ synapse, and
appear to be specialized to monitor and respond
rapidly to changes in CNS integrity, via their multiple
contacts with neurons, astrocytes, oligodendrocytes and
myelin sheaths. There are several consequences to
synantocyte activation. Synantocytes respond to the
loss of neuronal activity and to physical injury with a
rapid gliosis, helping to form the protective glial scar
and possibly providing guidance cues for regenerating
axons. Conceivably, activated synantocytes may regener-
ate functional neurons. Synantocytes can also regenerate
oligodendrocytes, and this may be triggered by syn-
anocytes sensing changes in axon conduction or the
loss of myelin at nodes and paranodes, via receptors,
ion channels and interactions with ECM molecules.
Notably, electroconvulsive seizures have been shown to
induce proliferation of synantocytes and the generation
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of neurons and oligodendrocytes in the adult rat hippo-
campus and amygdala (Hellsten et al. 2002; Wennstréom
et al. 2005). It is clear from these studies that synanto-
cytes are not simple passive OPCs, but interact with
neurons and other glia in a dynamic fashion, which
may have particular importance in pathology.
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