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Feature Article 

New Roles for Glia 

Barbara A. Barres 
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Recent findings suggest that glial cells, though lacking the ex- 
citability usually associated with most neurons, may be more 
actively involved in brain function than has been previously 
thought. Collectively, these findings indicate that glial cells can 
sense, and potentially respond to, a large array of neuronal sig- 
nals. Because glial cells are intimately associated with most 
neurons, neurobiologists should reconsider the possible signif- 
icance of active neuronal-glial signaling. 

Ion channels of glial cells 
New studies, made possible with patch-clamp recording, have 
shown that glial cells in vitro and in situ possess most of the 
same kinds of voltage-dependent ion channels that are found 
in neurons (reviewed in Barres et al., 1990a; Bevan, 1990). These 
findings were unexpected because earlier microelectrode re- 
cordings indicated that voltage-dependent conductances were 
not present in glial cells. These differences in findings are prob- 
ably attributable to the different techniques used: the patch- 
clamp studies generally have been performed on isolated single 
cells, whereas the microelectrode recordings tended to be per- 
formed on cells in vitro and in situ that were highly coupled in 
a glial syncytium, which tends to obscure the presence of the 
voltage-dependent channels (for further discussion, see Ban-es 
et al., 1990a). The horizontal neurons in the retina, which are 
also extensively coupled in situ, were similarly long thought to 
be lacking voltage-dependent conductances. 

Although a variety of glial preparations have been studied, 
the basic findings are common and are exemplified by studies 
of rat optic nerve glia (Barres et al., 1988a, 1990b,c). Cultures 
of cells isolated from postnatal optic nerves contain four types 
of macroglial cells that can be distinguished by their distinct 
antigenic phenotypes and morphologies: type 1 astrocytes, type 
2 astrocytes, oligodendrocytes, and a progenitor cell, termed the 
02A progenitor (Raff et al., 1983a; Miller and Raff, 1984; re- 
viewed in Miller et al., 1989a). The 02A progenitors are de- 
velopmentally bipotential, giving rise to both oligodendrocytes 
and type 2 astrocytes in vitro (Raff et al., 1983b, 1984). 02A 
progenitors persist in adult animals (ffrench-Constant and Raff, 
1986; Wolswijk and Noble, 1989) in large numbers (B. Fulton, 
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J. Burne, and M. Raff, unpublished observations). These cell 
types are not thought to comprise all kinds of CNS glia; rather, 
they may be restricted to the kinds of glia present in white 
matter. As shown in Table 1, each optic nerve glial cell type 
also expresses a characteristic set of voltage-dependent ion chan- 
nel types in vitro. 

In vivo, glial cells also possess characteristic ion channel phe- 
notypes. For instance, if cells are studied immediately after 
preparation using a “tissue print” dissociation procedure, volt- 
age-dependent channels are observed in all rat optic nerve glia 
(Barres et al., 1990~). Tissue prints are prepared by gently blot- 
ting a small piece of enzymatically treated tissue against a sticky 
nontoxic surface such as nitrocellulose-coated glass. This yields 
a thin layer of viable optic nerve cells still bearing processes. 
Because the enzymes used to isolate the cells in this procedure 
do not digest any of the basic ion channel types and leave the 
cells with much of their surface area in the form of processes 
intact, the observed types of ion channels probably reflect the 
in situ properties. As is true in vitro, each optic nerve glial cell 
type studied in such tissue prints displays a distinct ion channel 
phenotype (Table 1). 

Voltage-dependent Na+ and Ca*+ channels, which are tradi- 
tionally associated with excitability and neurotransmitter re- 
lease, are frequently observed in acute glial preparations. For 
instance, Na+ channels are ubiquitously present in astrocytes in 
situ. An estimate of how densely packed these ion channels are 
in the membrane can be calculated by dividing the peak con- 
ductance by the cell surface area (surface area is generally de- 
termined by measuring the cell’s capacitance in picofarads). In 
general, the densities of K+ channels in glial cells are similar to 
those of neurons, while the densities of Na+ channels and Ca2+ 
channels in glia are considerably lower than those of neurons. 
An exception is the 02A progenitor cell, which has a density 
of Na+ channels that approaches that found in neurons (Barres 
et al., 1990b). 

The properties of glial ion channels can differ from those of 
neurons. Na+ channels in type 1 astrocytes, for example, open 
at more negative potentials and open more slowly than Na+ 
channels in neurons in response to depolarization (Table 2; 
Barres et al., 1989). Their more negative voltage dependence 
suggests that the glial Na+ channels are specialized to detect the 
more negative membrane potential that is found in glia. Sur- 
prisingly, only the neuronal form of the Na+ channel is found 
in 02A progenitor cells (Table 2). An unresolved question is 
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Table 1. Types of voltage-dependent ion channels found in rat optic nerve glia 

Retinal 
Type 2 ganglion 

Type 1 astrocytes astrocytes 02A progenitors Oligodendrocytes cells 
Culture Print Culture Culture Print Culture Print Suspension 

KR - + + - - + + - 
KD + + + + + + + + 
KA - - + + + + + + 
Na, - + + - - - - - 
Na, - - + + + - - + 
Ca, - + + - - - - + 
Ca, - + + - - - - + 
This table shows the presence (+) or absence (-) of various types of voltage-dependent ionic channels in rat optic nerve glial cells in culture and in tissue prints (tissue 
prints are prepared from blots of optic nerve and consist of acutely-isolated cells bearing processes, see text). Data are summarized from Barres et al. (1988a, 1989, 
1990b, c). The ion channels observed in acutely isolated retinal ganglion cells are shown for comparison (Barres et al., 1988b, 1989). Only conductances observed in 
whole-cell recordings are shown. Abbreviations: K,,, inwardly rectifying potassium channel; KD, delayed-rectifying potassium channel; K,,, rapidly inactivating potassium 
channel; Na,, glial form of the sodium channel; Na, neuronal form of the sodium channel; Car, transient, rapidly inactivating calcium channel; Ca,, long-lasting, slowly 
inactivating calcium channel. Very minor current components, or current components found in only a small subset of cells, are not shown. 

whether the glial and neuronal forms of the Na+ channel are 
different proteins. 

Despite the presence of Na+ channels, the high resting con- 
ductance of most glial cell types in vitro and in situ appears to 
exclude any robust excitability, although single regenerative po- 
tentials can sometimes be elicited under experimental condi- 
tions where the resting potassium conductance is diminished. 
[It is possible, however, that the 02A progenitors are excitable 
in vivo, as they have a low resting conductance in addition to 
their high density of Na+ channels (Barres et al., 1989; 1990b).] 
The lack of astrocyte and Schwann cell excitability has led Rit- 
chic and his colleagues to hypothesize that glial cells might 
synthesize Na+ channel proteins for transfer to neurons (Bevan 
et al., 1985). That Na+ channels are thought to turn over rapidly 
(reviewed in Ritchie, 1988) and that glial cells expressing Na+ 
channels come into close contact with nodes of Ranvier in both 
the CNS and PNS (Black et al., 1989; Suarez and Raff, 1989) 
favor this hypothesis. That glial Na+ channels have properties 
different from those of neuronal channels (Barres et al., 1989; 
Howe and Ritchie, 1990) argues against this hypothesis. Since 
02A progenitor cells persist in adult animals and have the neu- 
ronal form of the Na+ channel, they are a potential source of 
neuronal Na+ channel proteins (Table 2; ffrench-Constant and 
Raff, 1986); it is not known, however, whether the processes of 
02A progenitors do contact nodes of Ranvier. 

Although once thought to be ubiquitously present in glial cells 
and to underlie their resting potential, voltage-independent 
“leakage” K+ channels have not, in fact, been found in them 
thus far. A leakage K+ conductance has not been observed in 
optic nerve astrocytes or oligodendrocytes, nor in Mtiller cells 
or Schwann cells (Newman, 1989; Barres et al., 1990b,c; Wilson 
and Chiu, 1990). In optic nerve glia, for instance, blockade of 
voltage-dependent conductances with specific ion channel 
blockers obliterates virtually all membrane currents, indicating 
that the resting K+ conductance of glia cannot be accounted for 
by voltage-independent leakage channels (Barres et al., 1990b,c). 
Thus, it seems likely that voltage-dependent K+ channels un- 
derlie the resting conductance of glial cells. In particular, in- 
wardly rectifying K+ channels, channels that are specialized to 
favor inward rather than outward movement of K+ ions, have 
now been described in all of the main types of glial cells and 
seem to be responsible for the resting conductance in many, and 

perhaps all, glial cells. In addition, it has been suggested that 
ligand-gated channels might contribute to the resting conduc- 
tance of some glial cell types (Clark and Mobbs, 1992). 

Neurotransmitter receptors of glial cells 
Glial cells in culture respond to a variety of neurotransmitters 
with changes in membrane potential (reviewed by Bevan, 1990). 
Until recently, it was not clear whether any of these changes are 
mediated by opening of ligand-gated ion channels, or only by 
the activation of electrogenic neurotransmitter uptake processes 
and by modulation of voltage-dependent channels known to be 
present in glia. New studies have demonstrated that most, if 
not all, glial cells in vitro and in vivo express one or more types 
of ligand-gated channels. 

Glutamate- and GABA-gated ion channels are present in as- 
trocytes in vitro (Bormann and Kettenmann, 1988; Sontheimer 
et al., 1988; Usowicz et al., 1989; Cull-Candy and Wyllie, 199 1). 
Detailed single-channel characterizations of GABA-gated Cl- 
channels in cortical type l-like astrocytes (Bormann and Ket- 
tenmann, 1988), and of glutamate-gated cation channels in 02A 
progenitors and type 2 astrocytes (Usowicz et al., 1989), show 
that these channels are similar to their neuronal counterparts. 

Wyllie et al. (199 1) have carefully dissected the components 
of glutamate-gated currents in both type 1 and type 2 astrocytes 
in short-term culture. While glutamate depolarizes both type 1 
and type 2 astrocytes, it does so by different mechanisms. They 
found that glutamate induces large whole-cell currents in type 
1 astrocytes that are mediated entirely by electrogenic uptake 
of glutamate; do not reverse; are associated with an increase in 
current noise; are elicited also by aspartate but not by quis- 
qualate, kainate or NMDA, and are inhibited by replacement 
of extracellular Na+ by Li+ (which can pass through the gluta- 
mate-gated channels of type 2 astrocytes). In contrast, type 2 
astrocytes have glutamate-gated currents that reverse direction 
at 0 mV, are associated with a noise increase, and are blocked 
by non-NMDA antagonists. Iontophoretic mapping showed that 
quisqualate and kainate sensitivity is distributed over the so- 
mata, as well as along the entire length of their processes. A 
similar glutamate-activated response develops in type 1 astro- 
cytes after 1 week of culture (also see Jensen and Chiu, 1991), 
but it is unclear whether this change is mediated by an intrinsic 
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Table 2. Properties of glial and neuronal sodium channels 

Glial Neuronal 

Whole-cell currents 
Activation (mv) -40 -30 

Half inactivation (mV) -80 -55 
Decay time constant (T*, msec) 

-30 mV 4.4 1.8 

OmV 1.3 0.5 
TTX IC,, (nM) 2.8 2.6 

Single-channel currents 
Conductance (pS) 20 20 

Activation (first latency time) Slow Fast 
Voltage dependent? Yes Yes 

Inactivation (open time) Slow Fast 
Voltage dependent? No No 

Cell type distribution Type 1 astrocytes Retinal ganglion cells 
Cortical astrocytes Cortical motor neurons 
Ependymal cells 02A progenitor cells 
Type 2 astrocytes Type 2 astrocytes 

Data are summarized from Barres et al. (1989). The glial and neuronal forms of the sodium channel both have a strongly 
voltage-dependent activation but a voltage-insensitive inactivation, identical TTX sensitivity and single-channel con- 
ductance, but the ghal channel has a more negative voltage dependence and slower kinetics. The activation voltage is 
the test potential at which 5% of the peak inward sodium current is elicited. The half-inactivation voltage is the prepulse 
notential that inactivates half of the peak inward sodium current. The TTX IC,, is the concentration that reduces the 
&ah inward current by half. 

maturation program or is induced by extrinsic changes occurring 
over time. 

Glutamate- and GABA-gated channels are also present in glial 
cells in vivo. GABA-gated Cl- currents are found in most Miiller 
cells in retinal slices (Malchow et al., 1989) and in astrocytes in 
hippocampal slices (MacVicar et al., 1989). Non-NMDA glu- 
tamate-gated cation channels are found in all acutely isolated 
02A progenitors prior to culture (Barres et al., 1990b). Gluta- 
mate-gated channels do not appear to be present in acutely 
isolated optic nerve astrocytes in vivo: optic nerve type 1 astro- 
cytes lack glutamate-gated channels, and the small numbers of 
type 2 astrocytes in vivo have so far precluded a similar elec- 
trophysiological analysis (Barres et al., 1990~). 

Glutamate- and GABA-gated channels have, however, been 
observed in other mammalian astrocytes in acute preparations. 
Clark and Mobbs (199 1) used whole-mount preparations of the 
rabbit retina to study astrocytes on the vitreal surface of the 
retina visual streak. The cells were identified as astrocytes by 
Lucifer yellow dye filling during the patch-clamp recording. All 
of the cells studied contained glial fibrillary acidic protein, an 
intermediate filament protein found in many astrocytes, and 
had end feet that contacted blood vessels. Eighty-nine percent 
of the cells had non-NMDA glutamate-activated currents and 
100% had GABA-activated currents. Both currents are medi- 
ated by ligand-gated channels with properties similar to those 
previously reported for neurons. In contrast to many astrocyte 
types previously studied in vitro, the retinal astrocytes in situ 
appear to lack both electrogenic glutamate and GABA uptake 
mechanisms. 

In addition to neurotransmitter-gated channels, astrocytes in 
culture also express many neurotransmitter receptors that ac- 
tivate intracellular signaling systems. For example, they mediate 
increases of intracellular concentrations of diacylglycerol, ino- 
sitol triphosphate, Ca2+, CAMP, and cGMP (Murphy and Pearce, 

1987; Bevan, 1990) which can, in turn, modulate the activity 
of ion channels and enzymes. The presence of these receptors 
seems to depend on the specific brain region from which the 
glial cells were isolated (Cholewinski and Wilkin, 1988; Cho- 
lewinski et al., 1988). 

Influence of the presence of neurons on glial properties 
Because glial cells are difficult to identify and study in situ, most 
of our knowledge of their properties comes from in vitro studies. 
Cortical astrocytes have been especially widely used, largely 
because they are easily prepared in relatively pure form (Mc- 
Carthy and devellis, 1980). The astrocytes in these cultures are 
generally referred to as cortical type l-like astrocytes because 
they morphologically resemble type 1 astrocytes in cultures de- 
rived from optic nerve and other central white matter. Much 
of our knowledge of glial ion transport, pH regulation, neuro- 
transmitter uptake, energy metabolism, and responses to neu- 
rotransmitters derives from studies of cortical astrocytes in such 
neuron-free cultures. 

There are two reservations, however, about conclusions drawn 
from studies of astrocytes in culture. First, it is unclear whether 
the astrocytes that survive in cultures derived from brain include 
protoplasmic astrocytes, which are the main type of astrocyte 
found in gray matter. It is likely that fibrous astrocytes, the main 
type of white matter astrocyte, survive, since optic nerve astro- 
cytes survive in culture and have a similar morphology. It is 
still uncertain whether the protoplasmic and fibrous phenotypes 
reflect intrinsic or environmental differences of astrocytes. 

Second, glial cells might behave differently in culture from 
glial cells in situ. In culture, type 1 astrocytes lack processes; in 
situ they bear many processes. This difference appears to be 
accounted for by an influence in situ of neurons on the astrocytes: 
addition of neurons to astrocyte cultures induces the formation 
of processes by the astrocytes (Hatten, 1985; Miller et al., 1989b). 
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Several recent studies indicate that membrane properties of glia 
differ in culture and in situ as well. Optic nerve type 1 astrocytes 
in culture express fewer types of ion channels than type 1 as- 
trocytes in situ (Table 1; Barres et al., 1990~). This difference is 
also accounted for by the absence of neurons in culture: nerve 
transection causes the astrocytes in situ to revert to the simpler 
channel phenotype, and addition of neurons to the cultures in- 
duces the more complex phenotype (see also Minturn et al., 
1990a,b). The neurons specifically affect type 1 astrocytes; the 
channel phenotypes of the other optic nerve glial cell types are 
not affected. 

The influence of neurons on membrane properties of glial 
cells has also been demonstrated in several other glial cell types. 
Myelinating Schwann cells lack Na+ channels in situ but have 
them in culture or after nerve transection (Chiu, 1987, 1988; 
but see Howe and Ritchie, 1990); nonmyelinating Schwann cells, 
in contrast, have Na+ channels in situ but lose them after nerve 
transection (Chiu, 1988). Cortical type l-like astrocytes lack 
Ca*+ channels in neuron-free cultures but have them upon ad- 
dition of neurons (Corvalan et al., 1990). Co-culture with 
neurons can also influence the presence of neurotransmitter re- 
ceptors (Maderspach and Fajszi, 1983) and neurotransmitter- 

that elevations of extracellular K+ enhance carrier-mediated glu- 
tamate release (Szatkowski et al., 1990; see below). 

It is possible that neuron to glial signaling processes, analo- 
gous to those occurring in the squid giant axon, occur in the 
mammalian CNS. Impulse-mediated release of preloaded ‘H- 
glutamate from nonsynaptic regions of the optic nerve has been 
reported (Wheeler et al., 1966; see also Weinreich and Ham- 
merschlag, 1975). Glutamate is likely to be present in optic nerve 
axons, since it is thought to be used as a transmitter by most 
retinal ganglion cells. Several types of glutamate receptors are 
found on optic nerve glial cells: metabotropic glutamate recep- 
tors (Sugiyama et al., 1987) are found on type 1 astrocytes 
(Pearce et al., 1986; Cornell-Bell et al., 1990a; Jensen and Chiu, 
1990, 199 l), and non-NMDA ionotropic glutamate receptors 
are found on 02A progenitors and type 2 astrocytes (Usowicz 
et al., 1989). Thus, although direct evidence is lacking, it is 
plausible that neuron-to-glia signaling occurs in white matter. 

A second example of neuron to glial signaling mediated by 
neurotransmitters occurs in mammalian brain slices (Dani et 
al., 1990a,b). Cornell-Bell et al. (1990a) described an oscillatory 
increase in cytosolic free Ca2+ in hippocampal astrocytes in cul- 
ture in response to glutamate and non-NMDA glutamate ana- 

degradative enzymes (Westergaard et al., 199 1) in glial cells. 
The influence of neurons on glial ion channel expression sug- 

gests that the expression or function of other membrane pro- 
teins, such as neurotransmitter carriers and ion transporters, 
could also be regulated by neurons. For example, Cl- is actively 
taken up by astrocytes in culture (Kettenmann et al., 1987), but 
is passively distributed across the cell membrane in situ (Bal- 
lanyi et al., 1987), suggesting that the expression of Cl- transport 
proteins in astrocytes differs in vitro and in vivo. Thus, in the 
absence of data supporting their physiological relevance, the 
results of studies of astrocyte properties in culture should be 
cautiously interpreted. 

logs. These glutamate-induced increases in Ca*+ concentration 
are propagated as waves, both within the cytoplasm of individ- 
ual astrocytes and between adjacent astrocytes in confluent cul- 
tures. These observations raised the question ofwhether neurons 
could elicit such Ca*+ waves in astrocytes. Two lines of exper- 
imentation suggest that the answer is “yes.” First, in co-cultures 
of hippocampal neurons and astrocytes, NMDA triggers Ca2+ 
waves in the astrocytes. Since the astrocytes are believed to 
express only non-NMDA receptors, the Ca2+ waves are most 
likely induced by an NMDA-evoked glutamate release from the 
neurons. Moreover, the astrocyte waves can be elicited in an 
organotypic hippocampal slice preparation, either by the ap- 
plication of NMDA or by the stimulation of the afferent mossy 

Novel neuronal-glial signaling mechanisms 
fiber pathway (Dani et al., 1990a,b). A laser confocal microscope 
and the Ca*+ indicator dye fluo-3 were used to follow the waves 

The presence of neurotransmitter receptors on glia suggests that along astrocytes in the stratum lucidum, and the slices were 
signaling via neurotransmitters between neurons and glia might stained with anti-GFAP antibodies to verify the astrocytic lo- 
occur. Two examples of such signaling from neuron to glia have calization. The Ca*+ concentration in the astrocytes oscillated 
been reported. at a frequency of about 1-20/see and the Ca2+ waves propagated 

Squid giant axons have been found to signal their Schwann at a velocity ofabout 20 pm/set. As would be expected ifneurons 
cells (Lieberman et al., 1989; Lieberman, 1991). During stim- were involved in the signaling pathway, TTX blocked the glial 
ulation of the squid giant axon, their enveloping Schwann cells Ca2+ oscillations. The Ca*+ waves could be elicited by weak 
first depolarize and then rapidly hyperpolarize. When glutamate, stimuli, which did not exceed those occurring normally in vivo. 
a likely neurotransmitter at the neuromuscular junction of squid, These observations suggest that astrocyte networks might be 
is applied to Schwann cells, it triggers the same sequence of involved in long-distance signaling within the brain. The pos- 
depolarization and hyperpolarization; the glutamate is thought sible functional significance of such signaling is not known, but 
to act indirectly, by stimulating the Schwann cells to release is discussed further below. 
ACh, which mediates an autocrine hyperpolarization. As glu- Another possible pathway of neuron to glial signaling, me- 
tamate is found in high concentration (25 mM) in the axoplasm diated by nitric oxide (NO), has recently been suggested (Garth- 
of the squid giant axon and both the nerve-impulse-induced and Waite et al., 1988). Also known as endothelial-derived relaxing 
glutamate-induced changes of Schwann cell potential are blocked factor, NO is synthesized by a variety of cell types, in addition 
by 2-amino-4-phosphonobutyric acid, it seems likely that, dur- 
ing stimulation, glutamate is released from the axon onto the 
Schwann cells. This nonsynaptic transmitter release could be 
mediated by the reversed operation of glutamate carriers pre- 
viously demonstrated to be present in the squid giant axon 
(Baker and Potashner, 197 1, 1973; Szatkowski et al., 1990; see 
below). It has been suggested that this signaling mechanism in 
squid giant axons may be part of a K+ regulatory mechanism 
(Lieberman et al., 1989), and this is supported by the finding 

to endothelial cells (for a recent review, see Snyder and Bredt, 
1991). It stimulates an increase in cytoplasmic cGMP by acti- 
vating a soluble guanylate cyclase. Recently, it has been found 
that glutamate induces the formation of NO by some neurons 
(Bredt and Snyder, 1989; Garthwaite et al., 1989a,b). NO is 
synthesized from L-arginine by NO synthase, which has been 
immunocytochemically localized in the brain to certain neurons 
and their axons (Knowles et al., 1989; Bredt et al., 1990). The 
NO synthase is activated by a glutamate-induced increase in 
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cytoplasmic Ca2+; the Ca2+ binds to calmodulin, which then 
activates the NO synthase (Bredt et al., 1990). Since nitric oxide 
is membrane soluble, it is thought to diffuse out of the neuron 
and activate guanylate cyclase in neighboring neurons and glia 
(Garthwaite et al., 1988). Astrocytes contain soluble guanylate 
cyclase and respond to NO with an increase in cGMP (Chan- 
Palay and Palay, 1979; Nakane et al., 1983; deVente et al., 1989; 
Ishizaki et al., 199 1). But how does an increase in intracellular 
cGMP affect the function of astrocytes? One possibility is that 
cGMP decreases their coupling by gap junctions, as occurs in 
retinal horizontal cells (DeVries and Schwartz, 1989). Another 
is that cGMP modulates their resting conductance, as it does in 
heart cells, where it decreases an inwardly rectifying K+ con- 
ductance (Wahler and Sperelakis, 1988; see also Krnjevic and 
vanMeter, 1976). 

Synthesis and release of neurotransmitters by glial cells 
Can glial cells signal neurons? Glial cells synthesize and, in some 
cases, release neurotransmitters. Schwann cells of the squid giant 
axon normally synthesize and release ACh (Heumann et al., 
198 1). Frog Schwann cells covering denervated muscle end plates 
release ACh (Birks et al., 1960), and when co-cultured with 
myotubes, rat Schwann cells express ChAT and synthesize ACh 
(Brockes, 1984). 

Suggestive evidence for the release of other neurotransmitters 
by glial cells comes from a large number of experiments in which 
glial cells in vitro or in situ release preloaded neurotransmitters, 
such as 3H-GABA, in response to depolarizing stimuli (e.g., 
Minchen and Iverson, 1974; Gallo et al., 1986). In most cases, 
however, there is little evidence that these cells normally syn- 
thesize or secrete these transmitters. A variety of neurotrans- 
mitters can be detected using immunohistochemistry: homo- 
cysteic acid, a glutamate analog, has been localized to glial cells 
in sections of brain (Cuenod et al., 1990); glutamate-like im- 
munoreactivity has been demonstrated in glial cells ensheathing 
sensory ganglion cell neurons, and aspartate-like immunoreac- 
tivity of glia has been demonstrated in some brainstem glia 
(Zhang et al., 1990; Kai-kai and Howe, 199 1). While these find- 
ings are intriguing, it is not clear whether the glial cells synthesize 
these transmitters for release or, instead, take them up from the 
extracellular fluid. 

Thus, although there is not yet convincing evidence that glial 
cells in the mammalian CNS or PNS normally synthesize and 
release neurotransmitters, suggestive observations are accu- 
mulating, particularly in the case of the 02A glial progenitor 
cell. 02A progenitor cells, both in culture and after acute iso- 
lation, have GABA-like immunoreactivity. Moreover, GABA 
can be detected using HPLC in 02A cells cultured in medium 
lacking any source of GABA (Barres et al., 1990b). Although 
glutamic acid decarboxylase is not detectable in them, 02A cells 
appear to synthesize GABA via an alternative synthetic path- 
way, which uses putrescine rather than glutamate as a precursor. 
When putrescine is omitted from the culture medium, GABA 
can no longer be detected in 02A cells by immunocytochemistry 
or by HPLC. It is not known whether 02A cells can normally 
secrete the GABA they synthesize, although they can release 
preloaded 3H-GABA, taken up by an Na+-dependent GABA 
carrier, in response to stimulation of their non-NMDA gluta- 
mate receptors (Gallo et al., 199 1). As the Na+-dependent GABA 
carrier appears to be able to mediate GABA release (Schwartz, 
1987; see also below), it is plausible that 02A cells might release 

Glial cells do not contain synaptic vesicles, but it has been 
suggested that they might release neurotransmitters by Ca*+- 
independent carrier mechanisms. A recurrent suggestion is that 
the release might be mediated by the reverse operation of elec- 
trogenic neurotransmitter carrier proteins, which normally func- 
tion to take up neurotransmitters. Although these carrier pro- 
teins can be induced to release transmitter by “reversed uptake” 
in special experimental conditions (e.g., Schwartz, 1987), it has 
not been clear whether such reversed operation of an electro- 
genie carrier could mediate neurotransmitter release under phys- 
iological conditions. 

Evidence that glutamate release by reversed uptake might 
occur under physiological conditions comes from studies of sal- 
amander Mtiller cells, in which uptake of glutamate by these 
cells is activated by raising intracellular K+, probably because 
K+ is transported out of the cell while Na+ and glutamate are 
transported in (Barbour et al., 1988). Upon raising intracellular 
Na+ and glutamate, elevation of extracellular K+ activated an 
outward current, reflecting glutamate release (Szatkowski et al., 
1990). The stoichiometry of this process appears to amount to 
the release of one glutamate anion and three Na+ ions for every 
K+ ion taken up. Reverse uptake of glutamate could occur in 
physiological concentrations of intracellular Na+ and glutamate. 
For instance, reversed glutamate uptake could be elicited at a 
membrane potential of 0 mV, with a pipette containing 90 mM 
K+, 10 mM Na+, and 10 mM glutamate, at 10 mM K+ in the 
extracellular fluid. Because ofthe large depolarizations necessary 
to drive the reversed uptake, however, this mechanism is un- 
likely to mediate transmitter release from most glial cells, al- 
though it could mediate Ca2+-independent release in neurons, 
axons, and perhaps particular kinds of glia, such as the 02A 
progenitor cell. 

Possible glial functions 
Thus, glial cells, although not excitable and not capable of ve- 
sicular neurotransmitter release, have the machinery necessary 
to respond to and potentially release humoral signals. There is 
no direct evidence, however, that glial cells in adult mammalian 
brains are involved in signaling; this lack of evidence might 
mostly be due to both the experimental difficulty of studying 
signaling mechanisms other than impulses, and the lack of spe- 
cific hypotheses to test. Three possible glial functions, requiring 
neuronal to glial signaling, will be considered: regulation of K+, 
regulation of the microcirculation, and regulation of synaptic 
function. 

Potassium buffering. During neuronal activity, K+ concentra- 
tions increase in the relatively small extracellular space (Orkand 
et al., 1966). A sufficient increase in K+ could cause neuronal 
depolarization and be detrimental to continued neuronal sig- 
naling. Thus, a need for a K+ buffering mechanism has been 
inferred, although it is still unclear where, and to what extent, 
such a mechanism is required. It was proposed that glial cells 
regulate K+, since their K+-selective membranes act as K+ elec- 
trodes, responding with depolarization to small increases in ex- 
tracellular K+ (Orkand et al., 1966). It now seems likely that 
glial cells play this role, since an increase in glial intracellular 
K+ during neuronal activity is observed in a variety of prepa- 
rations (e.g., Coles and Tsacopoulos, 1979; Coles and Orkand, 
1983; Ballanyi et al., 1987). 

How do glial cells regulate extracellular K+? They could shunt 
it distally (spatial buffering), or they could store it locally (K+ 

GABA in situ in response to glutamate-mediated depolarization. accumulation), or they could do both. How they might shunt it 
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distally, using only passive fluxes of ions, was suggested by Also, if present, a Cl- conductance may become greater than 
Orkand et al. (1966): the glial depolarization resulting from a the K+ conductance during repolarization. In this case (because 
local increase in extracellular K+ would produce a spatial gra- of the inward rectification), glial potential would reflect the chlo- 
dient of membrane potential along a glial syncytium that would ride equilibrium potential (I’,,) and not the potassium equilib- 
drive a “spatial buffer” current, which would move K+ through rium potential (I’,), and could not be used to determine the 
the glial cell syncytium to a distal region. Spatial buffering would extracellular K+ concentration. 
not require any special neuronal to glial signals other than the Although the inwardly rectifying nature of the K+ resting con- 
released K+, since the resting K+ conductance of glia is normally ductance of glia has only recently been found, it was predicted 
large. Such spatial buffer currents through Mtiller cells have been more than 25 years ago by the work of Ranck (1963, 1964). 
observed (Karwoski et al., 1989). Depending entirely on specific impedance measurements of the 

Although there is no longer any doubt that spatial buffering rabbit cerebral cortex, he found that his data could be explained 
does occur, it is not clear whether it is quantitatively sufficient. by postulating only two populations ofcells: one with a relatively 
Indeed, Kuffler and Nicholls (1966) emphasized that further 
work would be required to determine whether this mechanism 
could move sufficient amounts of K+ to provide effective control 
of extracellular K+. There are several reasons to suspect that it 
might not. First, diffuse neuronal activity will tend to abolish 
the gradient of membrane potential necessary to drive a spatial 
current. This is particularly problematic in axon tracts (for fur- 
ther discussion, see Barres et al., 1988a, 1990a,c). Second, even 
if an effective gradient of membrane potential could be gener- 
ated, the high K+ conductance of glial processes implies a short 
electrical space constant. Thus, the shunted K+ will leak out 
into the extracellular space, dissipating the gradient necessary 
to drive the spatial buffer current. Adult optic nerve astrocytes 
have a length constant of less than 100 pm, substantially less 
than the. length of a typical astrocyte process (Barres et al., 
199Oc). 

high membrane resistance, which he assumed to be neurons, 
and another with a low membrane resistance, which he assumed 
to be glia. On the basis of this simple model, he deduced from 
his data that neurons form 40-50% of the volume of the cortex, 
neuroglia cells about 35-56%, and the total interstitial space 
about 2-l 5%. The electrical length constant of the cortical glial 
cells was no more than 15 pm, and possibly less than 1 pm. By 
studying the specific impedance of rabbit cerebral cortex during 

Do glial cells control extracellular K+ by storing it locally? 
The discovery that the glial resting conductance is inwardly 
rectifying for K+ strongly supports the possibility oflocal storage, 
since K+ should enter glia more readily than it leaves (Barres et 
al., 1988a, 1990~). A K+ accumulation mechanism mediated by 
passive fluxes of K+, Cl-, and water (Boyle and Conway, 1941) 
has recently been suggested for glia (Ranck, 1964; Gray and 
Ritchie, 1986; Ballanyi et al., 1987; Barres et al., 1988a, 1990~; 
Coles et al., 1989). Glial cells have been thought to lack Cl- 
channels that open near the resting potential. However, a Cl- 
conductance has now been described in most glial cell types, 
including astrocytes, oligodendrocytes, and Schwann cells (Gray 
et al., 1984; Gray and Ritchie, 1986; Barres et al., 1988a, 1990~). 
In most cases, these conductances are inactive in the resting cell 
but become active on excision of a patch of membrane, sug- 

spreading depression, a pathological condition accompanied by 
large elevations of extracellular K+, he observed that the per- 
meability of astrocytes decreased. Thus, he deduced that the 
neuroglia had an inwardly rectifying K+ conductance, which 
might help the cells to buffer the interstitial space against rises 
in K+. 

The evidence that glia buffer K+ in the interstitial space by 
accumulation has become increasingly convincing. The spatial 
buffering and K+ accumulation hypotheses entail different pre- 
dictions, and in most cases where these have been tested, results 
indicate that glial cells accumulate K+ during neuronal activity 
(Table 3; for further discussion, see Barres et al., 199Oa). Wheth- 
er this glial K+ accumulation is in fact triggered by an impulse- 
mediated neuronal signal other than elevated K+ remains to be 
determined. The central prediction of such an impulse-triggered 
K+ accumulation mechanism is that an extracellular K+ eleva- 
tion will not be rapidly cleared in the absence of impulse activity. 

In summary, a possible function of neuron to glia signaling 
might be to activate an impulse-triggered K+ accumulation 
mechanism in astrocytes, oligodendrocytes, and Schwann cells. 

Bloodflow. Astrocyte end feet contact capillaries and arteri- 
oles. The end feet are separated from the endothelial cells by a 
basal lamina (Peters et al., 1976). The astrocytes are thought to 

gesting that excision reverses a normal inhibitory mechanism. induce endothelial cells to form a blood-brain barrier (Janzer 
This finding has led to a specific hypothesis of glial K+ accu- and Raff, 1987), and it has been suggested that they might reg- 
mulation triggered by neuronal impulses that would require ulate blood flow through the microcirculation (e.g., Newman et 
neuronal to glial signaling: according to this hypothesis, a hu- al., 1984; Clark and Mobbs, 1992), by mediating the local in- 
moral signal released from neurons activates glial Cl- channels, creases in blood flow observed after regional increases in neu- 
thus activating K+ accumulation by a Boyle and Conway passive ronal activity. As the same astrocyte can contact both axons 
flux mechanism (Barres et al., 1988a). and blood vessels (Peters et al., 1976; Suarez and Raff, 1989), 

Any K+ accumulated by glial cells whose resting conductance a neuron to astrocyte to blood vessel signaling mechanism could 
is inwardly rectifying for K+ can only be slowly released, because, operate to regulate blood flow. 
as described for skeletal muscle by Hodgkin and Horowitz (1959), A candidate molecule for such a glial-to-endothelial cell signal 
the outward movement of K+ is resisted. Thus, this mechanism is NO. Astrocytes have been reported to synthesize and release 
could account for the previously unexplained slow glial repo- an NO-like substance (Murphy et al., 1990), although NO syn- 
larizations observed by Orkand et al. (1966) and Baylor and thase has not yet been detected in glia (Bredt et al., 1990). 
Nicholls (1969), which lasted many seconds after neuronal im- L-Arginine, the precursor of NO, is predominantly stored in 
pulse activity had ended. The slow repolarization would rep- astrocytes in the CNS, particularly astrocytes contacting blood 
resent the slow release by glial cells of their accumulated K+, vessels (Aoki et al., 1991). Since NO synthase is activated by 
Cl-, and water. In this case, the time course of the glial depo- CaZ+, an interesting possibility is that the neuronally triggered 
larization and repolarization represents, not the time course of waves of Ca2+ passing through astrocyte syncytia studied by 
K+ uptake, but the time of uptake and return to the neuron. Dani et al. (1990a,b) might function to regulate blood flow. 
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Table 3. Predictions of two hypotheses of I(+ buffering 

Potas- 
Spatial sium 
buffer- accumu- Obser- 

Prediction ing lation vation References 

Elevation of glial: 
K’, Yes Yes Yes Coles and Tsacopoulos (1979) 

Ballanyi et al. (1987) 
Coles et al. (1989) 

Cl-, No Yes Yes Ballanyi et al. (1987) 
Coles et al. (1989) 

Decrease of extracellular space No Yes Yes Dietzel et al. (1982) 
Ransom et al. (1985) 

Swelling of glia No Yes Yes Wurtz and Ellisman (1986) 
Wuttke (1990) 

Cl-,-free solutions impair buffering No Yes Yes Coles et al. (1989) 

Tabulation of the effects of neuronal impulse activity on glial intracellular potassium concentration (K+,), glial intracellular 
chloride concentration (Cl-,), volume of the extracellular space, volume of glial cells, and of whether extracellular chloride 
depletion impairs potassium buffering. The spatial buffering and glial potassium accumulation hypotheses lead to pre- 
dictions. Some of these predictions have recently been tested; these observations are summarized on the right side of 
the table. In addition to the differing predicted shifts of ion distributions, volume shifts are also predicted by a glial 
potassium accumulation, since water must accompany the accumulated K+ and Cl- ions. The observations suggest that 
potassium accumulation by glial cells occurs during neuronal activity. These observations, however, are also consistent 
with the simultaneous occurrence of both spatial buffering and potassium accumulation. 

Synaptic function. Might neuronal-glial signaling be involved 
in information processing? Because glial cells lack excitability 
and do not receive or form synapses, it is clear they cannot 
participate in local neural circuits in the way that neurons do. 
CNS synapses are, however, generally encapsulated by glial cell 
processes (Spacek, 197 1; Peters et al., 1976). The close spatial 
and dynamic relationship of glia and synapses is highlighted by 
videomicroscopic observations of parasympathetic ganglion 
synapses formed over several months (Pomeroy and Purves, 
1988). Preganglionic nerve terminals normally synapse on sal- 
ivary duct ganglion neuronal fingers that are intertwined with 
glial processes. These terminals gradually change their config- 
uration over weeks (Purves et al., 1987), as do the position and 
number of glial nuclei associated with identified neurons. Co- 
ordination of the synaptic and glial changes apparently occurs 
because, despite the continuing changes in synaptic configura- 
tion, the presynaptic terminals remain near the glial nuclei 
(Pomeroy and Purves, 1988). Neuronal+lial signaling processes 
might mediate the formation of such contacts between glial 
processes and synapses: glutamate, for example, induces a rapid 
extension of filopodia from the surface of hippocampal astro- 
cytes, and similar filopodia develop when astrocytes are con- 
tacted by pyrimadal neuron growth cones (Cornell-Bell et al., 
1990b). 

The glial cells associated with synapses are thought to take 
up transmitters, thereby helping to terminate neurotransmitter 
action; they are also thought to provide synaptic insulation by 
preventing neurotransmitter spillover to nearby synapses (Ra- 
mon y Cajal, 1909; Peters et al., 1976). Glial cells at synapses 
might also have additional functions. Although little is known 
about the properties of the protoplasmic astrocytes in gray mat- 
ter that encapsulate synapses, glia might modify glutamatergic 
transmission at excitatory synapses, in several possible ways. 

First, glial cells can help to regulate ion concentrations in small 
synaptic spaces and thereby regulate synaptic transmission. For 
example, Ca2+ accumulation by glia would lower Ca2+ in the 
synaptic cleft, thus reducing Ca*+-dependent transmitter release. 

Release of K+ from glia might depolarize nerve terminals, al- 
tering both spontaneous and impulse-mediate presynaptic re- 
lease (see discussion in Kuffler, 1967). Release of K+ would also 
inhibit presynaptic reuptake of glutamate (Szatkowski et al., 
1990). Glial cells might regulate extracellular bicarbonate, which 
can interact with certain glutamate agonists to enhance receptor 
activation (Weiss and Choi, 1988; Weiss et al., 1989). 

Second, alterations in glial glutamate uptake would alter glu- 
tamate concentrations in the synaptic cleft. Since glutamate up- 
take into glial cells is electrogenic, large alterations of uptake 
can be caused by small alterations of glia membrane potential 
(Schwartz and Tachibana, 1990), which would be caused by 
activation of glial neurotransmitter receptors by substances re- 
leased from neurons. For instance, neuronal release of arachi- 
donic acid (Dumuis et al., 1990) should decrease glial glutamate 
uptake, since micromolar concentrations of arachidonic acid 
produce a sustained suppression of the electrogenic glutamate 
carrier (Barbour et al., 1989). Decreases in glial glutamate uptake 
could increase baseline glutamate concentrations in the synaptic 
cleft, causing glutamate receptor desensitization, which could 
decrease synaptic efficacy under normal circumstances (Trussel 
and Fischbach, 1989) or, in contrast, might prolong glutamate 
transmission (Barbour et al., 1989). 

Lastly, release of small molecules synthesized by glia might 
also influence the postsynaptic response to neurotransmitters. 
These molecules might include the glutamate potentiator glycine 
(Johnson and Ascher, 1987), the glutamate agonists quinolinic 
acid (Kohler et al., 1990; Poston et al., 1990) and homocysteic 
acid (Cuenod et al., 1991), and the glutamate antagonist kyn- 
urenic acid (Schwartz et al., 1990). 

Glial cells might even participate in long-term potentiation. 
They can synthesize and release arachidonic acid (DeGeorge et 
al., 1986; Murphy et al., 1988; Dumuis et al., 1989; Ishizaki et 
al., 1989; Moore et al., 199 l), which has been shown to induce 
a long-term, activity-dependent enhancement of synaptic trans- 
mission in the hippocampus (Williams et al., 1989). Because 
glial cells exhibit a high degree of plasticity in response to neu- 



3692 Barres l New Roles for Glia 

ronal signals, long-term changes in glial cell membrane prop- 
erties might mediate long-term changes in synaptic function. 

Conclusions 

Boyle PJ, Conway EJ (194 1) Potassium accumulation in muscle and 
associated changes. J Physiol (Lond) lOO:l-63. 

Bredt DS, Snyder SH (1989) Nitric oxide mediates glutamate-linked 
enhancement of cGMP levels in the cerebellum. Proc Nat1 Acad Sci 
USA 86:9030-9034. 

Although glial cells lack excitability, there is increasing evidence 
that they are actively involved in neuronal-glial signaling pro- 
cesses. It is not clear what functic cesses. It is not clear what functions these signaling processes 
serve, but they deserve further study. Neurc serve, but they deserve further study. Neurobiologists have won- 
dered for 150 years what glial cells do; to dered for 150 years what glial cells do; to figure it out we need 

. . . . . 1 . . r 1. 1 *1 1 . . .I 
to disturb the behavior ofglial cells while they remain intimately 
associated with their neuronal partners. For the first time, this 
goal has become realizable at last because, using transgenic knock- 
out methodology, the production of mutant animals that lack 
particular glial neurotransmitter receptors or other signaling 
molecules is possible. 
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