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CHAPTER 9

Glial influence on neuronal signaling
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Introduction

Glial cells, non-excitable cells in the central
nervous system (CNS), have been the focus of
interest for many investigators since the last
century, when they were first observed and
described morphologically. Systematic study of the
electrophysiological properties of glial cells, astro-
cytes and oligodendrocytes, began during the
1960s, when Kuffler et al. (1966) first observed that
glial cells are depolarized by neuronal activity and
thus formulated a possible role for glial cells in the
buffering of K*, which accumulates in the extrac-
ellular space of the CNS. Astrocytes,
oligodendrocytes and neurons develop from the
same type of progenitor cell, and extensive experi-
mental research done over more than 30 years has
revealed that glial cells do not play only a passive
supporting role in the CNS but have distinct
electrophysiological properties, which are deter-
mined by the presence of membrane proteins, i.e.
by different types of ionic channels and trans-
porters in the cell membrane. Activation of ion
channels on glial cells may also lead to the
activation of second messengers and intracellular
metabolic pathways, and to changes in their
volume, particularly swelling and rearrangement of
processes, accompanied by dynamic variations in
the ECS volume (Sykovd, 1997). Glial cells may
thus, by regulating their volume, influence extrac-
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ellular pathways for neuroactive substances and
affect extrasynaptic ‘volume’ transmission in the
CNS. There is increasing evidence that another
type of glial cell found in the CNS, microglial cells,
also plays an important role in the normal as well as
the pathological brain and can have both neuro-
trophic and neurotoxic properties (Eder, 1998). In
contrast to neurons, astrocytes and oligodendro-
cytes, microglial cells develop from bone
marrow-derived monocytes and invade the brain
during embryonic development. Since a number of
comprehensive reviews describing the membrane
properties of glial cells have already been published
(Walz, 1989; Chesler, 1990; Barres, 1991; Sonthei-
mer, 1994; Gallo and Russell, 1995; Steinhduser
and Gallo, 1996; Oh, 1997, Porter and McCarthy,
1997; Verkhratsky et al., 1998; Eder, 1998), the
present chapter focuses on the relation between the
electrophysiological properties of glial cells in the
brain in situ, the properties of the extracellular
space and synaptic and volume transmission in the
CNS.

Membrane properties of glial cells in situ

The first studies of the electrophysiological proper-
ties of glial cells were performed in tissue cultures
(Hild and Tasaki, 1962). Since it was soon apparent
that cultured glial cells, that develop in an environ-
ment lacking neurons, may express a wide variety
of voltage- and ligand-activated currents, the ques-
tion arose whether the properties of the glial
membrane in culture match the properties of glial
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membrane in vivo (for review see Porter and
McCarthy, 1997). The first attempt to avoid cell
culture artifacts was made by developing the
technique of freshly isolating glial cells from brain
tissue, when the membrane properties of glial cells
were studied from different regions of the nervous
tissue, e.g. optic nerve or hippocamus (Barres et al.,
1990; Tse et al., 1992). By applying the patch-
clamp technique to thin brain slices (Edwards et al.,
1989), it became possible to investigate glial cells
in their normal cellular environment and to re-
evaluate the results obtained in tissue culture and
by other techniques. Furthermore, brain slices
permit the study of glial cells during development,
since slices from animals of different postnatal ages
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can be compared. During the past decade of
extensive research on the electrophysiological
properties of glial cells in situ by means of patch-
clamp technique, the interest of investigators has
been predominantly focused on the following areas
of the mammalian CNS: corpus callosum, hippo-
campus, cerebellum and spinal cord. It was found
that glial cells studied in brain slices may express,
like neurons, a number of voltage- and ligand-
activated channels. In contrast to neurons, a large
variability in the current patterns among glial cell
types is observed in response to depolarizing and
hyperpolarizing voltage steps (Fig. 1). Such stim-
ulation may activate Na® channels, delayed-
rectifier K* channels (Kpg), A-type K* channels
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Fig. 1. Typical membrane current patterns of astrocytes (a, b, c), oligodendrocytes (d, e, f), glial precursor cells (g, h, i), microglial
cells (j) and neurons (k) evoked by depolarizing and hyperpolarizing voltage steps in different areas of the brain in situ. Membrane
currents were recorded while the membrane potential was clamped at values close to —70 mV. To activate voltage-gated currents, the
membrane was clamped for 50 ms to increasing de- and hyperpolarizing potentials (pattern of voltage commands in inset) ranging
from —160 mV to +20 mV with 10 mV increment. Current traces are not corrected for leakage and capacitance currents. Mature
astrocytes and oligodendrocytes express passive currents, while glial precursors, neurons and microglia cells express various types of
voltage-activated currents. Current traces in (b) adapted from Kirischuk et al., 1996; current traces in (e, h) adapted from Chvatal et
al., 1997; current traces in (i) adapted from Steinhzuser et al., 1992; current traces at (j) adapted from Brockhaus et al., 1993; current

traces in (a, ¢, d, f, g, k) are unpublished data.



(K,), inward rectifier K* channels (K;z) and Ca**
channels. A combined approach of patch-clamp
technique, Ca®* imaging and confocal microscopy
revealed that glial cells in situ respond to the
application of glycine, GABA, glutamate, ATP,
histamine, norepinephrine, serotonin, angiotensin
I, bradykinin, and substance P (Fig. 2) and that the
ionotropic effect of some ligands in glial cells is
different from that described in neurons (Fig. 3).

Astrocytes and oligodendrocytes in the spinal cord
gray matter

In the gray matter of rat spinal cord slices,
astrocytes, oligodendrocytes and their respective
precursors can be distinguished at postnatal days 1
to 19 (P1-19), based on their pattern of membrane
currents and their morphological and immunocy-
tochemical features (Chvatal et al., 1995).
Astrocytes are identified by positive staining for
glial fibrillary acidic protein (GFAP), while oligo-
dendrocytes are identified by a typical
oligodendrocyte-like morphology, a lack of GFAP
staining, and positive labeling with O1 or O4
antibodies — markers of the oligodendrocyte line-
age. Electrophysiologically, mature astrocytes are
characterized by symmetrical, non-decaying K*-
selective currents. The membrane of mature
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oligodendrocytes exhibits symmetrical passive, but
decaying K* currents with prominent tail currents
(1) after the offset of the voltage command (see
also Chvital et al.,, 1999a). Astrocyte precursor
cells express a complex pattern of voltage gated
channels, namely Na*, Ky, K, and K channels.
In comparison to those of neurons, the amplitude of
these Na® currents is at least one order of
magnitude less; none of these cells show the ability
to generate action potentials in the current clamp
mode. Oligodendrocyte precursors are distin-
guished by the presence of Ky, Kpr, and K,.
Studies performed on glial cells in spinal cord
slices from GFAP-positive and GFAP-negative
mice revealed a similar distribution of voltage-
activated currents in astrocytes, oligodendrocytes
and glial precursor cells as was described in the rat
spinal cord (Andé€rova et al., 1999). The same
pattern of voltage-activated membrane currents was
also observed in preliminary studies performed on
glial cells in frog spinal cord slices (Andé€rova,
Chvital, Sykov4, unpublished results).

Astrocytes, glial precursor cells, and a sub-
population of oligodendrocytes in the gray matter
of the rat spinal cord respond to glycine, GABA
and glutamate (Pastor et al., 1995). The involve-
ment of glycine receptors is inferred from the
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Fig. 2. Membrane currents evoked by GABA (107 M), glycine (10~ M) and glutamate (10~* M) shown for the four types of glial cells
in gray matter of the rat spinal cord slice. Gray bars indicate the time of application of the test substance. Note the difference in the
calibrations for the ligand-activated currents. Adapted from Pastor et al., 1995 and Ziak et al., 1998.
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observation that the response to glycine is blocked
by strychnine and that the induced current reverses
close to the Cl” equilibrium potential. Also, in
experiments in which patch-clamp technique was
combined with reverse transcription-mediated PCR
analysis, the expression of glycine receptor sub-
units was detected in glial cells in situ (Kirchhoff et
al., 1996). GABA-induced membrane currents are
mimicked by muscimol and blocked by bicuculline
and are large in astrocytes and precursor cells,
while oligodendrocytes show only small responses.
GABA, receptor activation also decreases the
resting K* conductance. All glial cells in the spinal
cord gray matter are sensitive to glutamate,
kainate, and NMDA (Ziak et al., 1998). Kainate
evokes larger currents in glial precursors than in
astrocytes and oligodendrocytes, while NMDA
induces larger currents in astrocytes and oligoden-

drocytes than in precursors. Kainate-evoked
currents are blocked by the AMPA/kainate receptor
antagonist CNQX and are, with the exception of
precursors, larger in the dorsal than in the ventral
horn, as are NMDA-evoked currents. Currents
evoked by NMDA are unaffected by CNQX, are
not sensitive to Mg** and are present when synaptic
transmission is blocked in a Ca®*-free solution.
NMDA-evoked currents are not abolished during
the block of K* inward currents in glial cells by
Ba®*; thus they are unlikely to be mediated by an
increase in extracellular K* during neuronal activ-

ity.
Oligodendrocytes and microglial cells in corpus
callosum

In the mouse corpus callosum, where the first tight-
seal patch-clamp recordings from glial cells in situ
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Fig. 3. Effects of the activation of AMPA/kainate, NMDA, GABA and glycine receptors in situ as described in different regions of
the CNS. Partially based on the data in Porter and McCarthy, 1997.



were performed by Berger et al. (1991), more than
99% of all perikarya belong to glial cells during the
early postnatal period (Sturrock, 1980). The mor-
phological investigation of these cells, as studied
by Lucifer yellow injection, revealed that at P5
numerous thin processes extend radially from the
perikaryon of these cells, while at P10-13 most
processes extend parallel to each other, thus
showing the typical oligodendrocyte-like morphol-
ogy. In slices from P6-8, oligodendrocyte
precursors were found that predominantly
expressed K, while K, or Na* currents, described
in oligodendrocyte precursors in culture, were
either absent or only rarely observed. On the other
hand, oligodendrocyte precursors observed in a rat
corpus callosum preparation (Chvital et al., 1997)
were characterized by the presence of K,, Kz and
K. Mature oligodendrocytes in both species are
characterized by large passive currents (with an
almost linear current-voltage relationship), which
decay during the voltage command, and by large
I.;; after the offset of the voltage pulse.

Oligodendrocyte precursor cells, as well as
mature oligodendrocytes, express GABA and gluta-
mate receptors (Berger et al., 1992). GABA-evoked
currents show similarities to those described for
GABA, receptors, i.e. they are mimicked by
muscimol, blocked by bicuculine and enhanced by
pentobarbital. Glutamate-evoked currents show
similarities to those of the kainate/quisqalate recep-
tor subtype; oligodendrocyte precursors in the rat
corpus callosum express weakly Ca’*-permeable
AMPA receptors (Berger, 1995). Kainate in these
cells induces two effects: the activation of a
cationic current and the block of K* conductance.
It has also been shown in studies, in which
fluorescent dyes were used concomitantly with
confocal microscopy to measure intracellular Ca**
transients, that glial cells from mouse corpus
callosum slices respond to a variety of neuroligands
(Bernstein et al., 1996). Subpopulations of glial
cells obtained at P3-7 responded with an intra-
cellular Ca’** signal to the application of ATP,
glutamate, histamine, GABA, norepinephrine, ser-
otonin, angiotensin II, bradykinin and substance P,
while glial cells obtained from animals at P11-18
responded only to glutamate, ATP and norepi-
nephrine.
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Microglial cells in corpus callosum slices from
P6-9 mice express very small currents during
hyperpolarizing voltage steps in situ, while hyper-
polarization induces large inward currents
(Brockhaus et al., 1993). Since the reversal poten-
tial of these currents depends on the
transmembrane K* gradient, inactivation time con-
stants decrease with hyperpolarization, and the
currents are blocked by tetraethylammonium, the
inward currents observed in microglial cells exhibit
properties of the inwardly rectifying K* channel.

Glial cells in hippocampus

The first patch-clamp recordings from glial cells in
the stratum radiatum of the hippocampus were
done by Steinhduser et al. (1992) in brain slices
from P10-12 mice. The authors did not distinguish
between astrocytes and oligodendrocytes; never-
theless, based on the current pattern, glial cells
were grouped into four types. The first is charac-
terized by passive and symmetrical K* currents
activated both in depolarizing and hyperpolarizing
directions. The second population of glial cells
expresses a similar current pattern, but with a
marked decay of the current during voltage jumps
and with a prominent I, after the offset of the
voltage jump. In the third population the decaying
passive currents are superimposed with a K and,
in some cases, with T-type and L-type Ca®*
channels, while the fourth population of glial cells
expresses Kpg, Kig and, in some cases, K, and Na*
currents (see also Kressin et al., 1995; Akopian et
al,, 1996). In another study performed on hippo-
campal slices of P5-24 rats, glial cells were
identified as astrocytes and oligodendrocytes by
staining for GFAP (Sontheimer and Waxman,
1993). Astrocytes express Kpg, K, K, and Na*
currents (see also Bordey and Sontheimer, 1997),
while oligodendrocytes express either time-inde-
pendent currents with linear current/voltage
properties or time- and voltage-dependent K*
currents characterized by inward rectification.

In mouse hippocampal slices, the application of
GABA evokes inward currents in all types of glial
cells (Steinhduser et al., 1994). There is no apparent
difference in the amplitude and time course of
GABA-activated currents between GFAP-positive
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and GFAP-negative cells. The specific GABA,
receptor agonist muscimol evokes inward currents
with similar kinetics and amplitudes as does
GABA. In addition, the GABA response in glial
cells is reversibly blocked by the GABA, receptor
antagonist bicuculline. The application of gluta-
mate and kainate induces inward currents in all
glial cell types in the CAl stratum pyramidale of
the mouse hippocampus, while the application of
NMDA induces inward currents only in cells with
passive K™ currents (Steinhduser et al.,, 1994).
Glutamate increases cation conductance and the
blockade of the resting K* conductance. It was
shown in a study performed in the CAl stratum
radiatum of the mouse hippocampal slice that
application of kainate or AMPA also leads to the
activation of cationic conductance and to a long-
lasting blockade of voltage-gated K* channels and,
in addition, to an elevation of cytosolic Ca** (Jabs
et al., 1994; Seifert and Steinhduser, 1995). Sim-
ilarly, in the hilus of the dentate gyrus of the rat
hippocampus, Backus and Berger (1995) showed
that glutamate, kainate and AMPA evoked inward
currents in astrocytes and presumed glial precursor
cells. AMPA receptors in this study were permeable
to Ca**. The electrophysiological data were con-
firmed by experiments in which confocal
microscopy and fluorescent dyes were used in rat
hippocampal slices to show that GFAP-positive
astrocytes located in the stratum oriens or stratum
radiatum from CAIl respond to the perfusion of
glutamate, kainate and NMDA (Porter and McCar-
thy, 1995) or to glutamate released from synaptic
terminals (Porter and McCarthy, 1996).

Bergmann glial cells in cerebellum

Bergmann glial cells, an astrocyte-type glial cell in
the cerebellum, are closely associated with neu-
rons. During development they provide guiding
structures for migrating granule cells; in the adult
cerebellum they display intimate interactions with
Purkinje cells (Berger et al., 1995; see also Grosche
et al., 1999). In Bergmann glial cells from P5-7
mice, Kpg and K, are present, while the same cells
in older animals are characterized by large, voltage
and time-independent K* currents (Miiller et al.,
1994).

The application of GABA induces a rapid
activation of Cl” conductance and a long-lasting
decrease in the resting K* conductance. Both
effects are mediated by benzodiazepine-insenstitive
GABA, receptors. GABA-evoked currents in cells
of P5-7 mice are large compared to the small or
even undetectable currents in P20-30 cells. Gluta-
mate, kainate and NMDA induce inward currents in
Bergmann glial cells (Miiller et al., 1992, 1993).
The AMPA/kainate receptor is characterized by a
high Ca** permeability and a sigmoidal current-
voltage relationship. The influx of Ca** blocks the
resting K* current and the junctional conductances
of the cells (Miiller et al., 1996). NMDA-induced
inward currents are not accompanied by a Ca**
influx and are not affected by the presence of Mg**
or potentiated by glycine.

It was also shown using a combined patch-clamp
and confocal microscopy approach, that Bergmann
glial cells in situ express metabotropic glutamate
receptors, purinergic receptors, o;-adrenoreceptors
and H, histamine receptors (Kirischuk et al., 1995,
1996).

Membrane properties of glial cells are
determined by their developmental stage

During the last decade of electrophysiological
investigations of glial currents in brain slices in situ
from different areas of the brain of different
species, it has become evident that the membrane
properties of glial cells are not uniform, but depend
on the developmental stage of the cell (for review
see also Berger et al., 1995). For example, astrocyte
precursors in spinal cord and in hippocampus are
characterized by the presence of Na* currents,
while in astrocyte-like Bergmann glia these cur-
rents have never been detected. Similarly, in
oligodendrocyte precursors in the rat spinal cord
and corpus callosum, Na* currents are not detected,
but they are present in mouse corpus callosum
slices. On the other hand, all immunohistochem-
ically identified mature  astrocytes  and
oligodendrocytes are characterized by large passive
K* currents.

In studies of the developmental regulation of
ligand-activated currents in glial cells during the
first 2-3 postnatal weeks, two approaches have



been used. The first compares precursor vs. mature
glial cells. In comparison to mature astrocytes and
oligodendrocytes, glial precursor cells are as a rule
characterized by significantly larger currents
evoked by GABA, kainate and glycine (astrocyte
lineage only in the spinal cord). Surprisingly,
NMDA-evoked currents are larger in mature astro-
cytes and oligodendrocytes in the spinal cord (Ziak
et al,, 1998), in astrocyte-like glial cells in the
hippocampus (Steinhéduser et al., 1994), and in
Bergmann glial cells in the cerebellum than in glial
precursor cells (Miiller et al., 1993). The second
approach, which so far has been applied only in
spinal cord slices, follows the developmental
regulation of the ligand-evoked currents within
distinct populations of glial cells, i.e. glial pre-
cursor cells, mature astrocytes and mature
oligodendrocytes (Pastor et al., 1995; Ziak et al.,
1998). GABA-evoked currents are down-regulated
only in astrocytes, while in the other cell popula-
tions they do not significantly change.
Glycine-evoked currents significantly decrease
only in glial precursor cells, while kainate-evoked
currents do not change during development in any
glial population and NMDA-evoked currents sig-
nificantly decrease in glial precursor cells as well as
mature astrocytes and oligodendrocytes.

It is possible to conclude that during the first 2—-3
weeks of postnatal development, the occurrence of
voltage-activated currents in glial cells decreases,
while the passive K* conductance rapidly
increases. Similarly, ligand-activated currents
either do not change or decrease during the
transition from glial precursor to mature glial cell
as well as during early postnatal development
within each glial cell population.

Glial membrane properties are affected by
regional differences in ECS volume

Glial cells as well as neurons in the CNS are
surrounded by the extracellular space (ECS), which
creates their natural microenvironment. The com-
position and properties of the ECS are established
during development, but the most dramatic changes
in the composition of the ECS are observed during
neuronal activity, when a number of neuroactive
substances are released from neurons into the ECS,
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e.g. ions, transmitters, peptides, neurohormones
and metabolites, which diffuse via the ECS to their
targets located on nerve as well as glial cells,
distant from the release sites (for reviews see
Sykov4, 1997; Nicholson and Sykov4, 1998; Zoli et
al., 1999). The ECS serves as a communication
channel between cellular elements in the CNS. In
addition to classical synaptic transmission, sub-
stances move by diffusion through the volume of
the ECS and this type of signal transmission is
called extrasynaptic or volume transmission
(Agnati et al., 1995; Sykovéa, 1997; Nicholson and
Sykovd, 1998; Zoli et al., 1999). Properties of the
ECS and their changes during neuronal activity,
development, aging and many pathological states,
affect the diffusion of substances in the ECS and
may thus affect neuronal signaling and neuron-glia
communication (see Chapter 6 by E. Sykova et al.).
Extrasynaptic transmission is altered by diffusion
barriers that may be formed by fine glial and
neuronal processes as well as by adhesion mole-
cules and molecules of the extracellular matrix. It
was also shown in recent studies that such diffusion
barriers exist around oligodendrocytes and that
these regional differences in the ECS affect oligo-
dendrocyte membrane currents (Chvétal et al.,
1997, 1999a).

Tail currents in oligodendrocytes arise from the
accumulation of K* in the ECS

Mature glial cells are almost exclusively permeable
for K*, thus depolarization of the glial membrane
causes a massive efflux of K* out of the cell.
Depolarization or hyperpolarization of oligoden-
drocytes in culture evokes currents that match the
shape of the de- or hyperopolarizing pulse (Son-
theimer and Kettenmann, 1988; Sontheimer et al.,
1989). On the other hand, oligodendrocytes in
corpus callosum or in spinal cord or oligoden-
drocyte-like cells in hippocampus are characterized
by passive but decaying K* currents with promi-
nent I, after the offset of the voltage jump (Fig. 4;
Berger et al., 1991; Steinhduser et al., 1992;
Chvétal et al., 1995). Further analysis of oligoden-
drocyte currents revealed that in contrast to
cultured cells where the ECS is almost infinite,
current decays during voltage jumps and 1

tail
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observed in oligodendrocytes in brain slice prepa-
rations are produced by the extensive accumulation
of K™ in the vicinity of the oligodendrocyte
membrane and by the shift of K* across the cell
membrane either to or from the ECS. This conclu-
sion is based on the following observations:

(1) Depolarizing or hyperpolarizing voltage jumps

produce a more positive or negative shift of
reversal potential (V) of I, respectively.
This behavior is compatible with an efflux of
K* during depolarization and an influx during
hyperpolarization (Berger et al., 1991; Stein-

2

3)

hduser et al.,, 1992; Chvatal et al.,
Chvital et al., 1999a).

The time decay during, as well as after, the
voltage jump is independent of voltage, but
varies markedly from cell to cell. For any given
cell the time constant of decay is voltage
independent (Berger et al., 1991; Chvatal et al.,
1999a).

The glial membrane potential is strongly
dependent on [K*].. The superfusion of rat
spinal cord slices with 55 mM K™ shifts the
reversal potential of all glial cell types, includ-
ing oligodendrocytes, to —16 mV, which is
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Fig. 4. Tail current analysis of the currents evoked in astrocytes and oligodendrocytes in the gray matter of spinal cord slices and the
reversal potential of the tail currents during postnatal development. A, B: The membranes of astrocytes and oligodendrocytes were
clamped from a holding potential of <70 mV to +20 mV for 20 ms. After this prepulse, the membrane was clamped for 20 ms to
increasing de- and hyperpolarizing potentials (pattern of voltage commands in inset) ranging from —130 mV to +20 mV, at 10 mV
increments. C, D: From traces as shown in A and B, currents (I) were measured five ms after the onset of the de- and hyperpolarizing
pulses (dashed lines) and plotted as a function of the membrane potential (V,,). Glial membrane potentials (V,,,) and the reversal
potentials (V,.,) after the depolarizing prepulse are indicated in the graphs by the arrows. In oligodendrocytes, in contrast to astrocytes,
the depolarizing prepulse shifted the reversal potential from —-70 mV to -31 mV. E, F: Reversal potential of the tail currents in
astrocytes and oligodendrocytes during postnatal development. The values of reversal potential (V,,,) as a function of animal age and
the corresponding linear regressions are shown for astrocytes and oligodendrocytes. Adapted from Chvital et al., 1999.



close to the estimated equilibrium potential
(-23 mV) as calculated from the Nernst
equation (Chvital et al., 1995).

(4) In mouse corpus callosum as well as in rat
spinal cord gray matter, the application of
Ba**, a K* channel blocker, inhibits I,,, after
de- and hyperpolarizing voltage steps (Berger
et al., 1991; Chvatal et al., 1995).

In summary, the I, observed in oligoden-
drocytes, in white as well as in gray matter, do not
arise from changes in the capacitance of the cell,
but represent a rapid shift of K* caused by a change
in the K* gradient across the cell membrane during
the voltage step. Such a rapid shift of K* is
mediated through K* channels or by K*/CI™ uptake
(Kettenmann, 1986) but not by Na*/K* ATPase
activity, since the time-course of the tail currents is
in the range of milliseconds, while the uptake of K*
mediated via the activity of Na*/K* ATPase may
last several minutes (Kettenmann et al., 1987) and,
in addition, requires an increased intracellular Na*
concentration (Tang et al., 1980).

Oligodendrocyte tail currents reveal the
inhomogeneity of the ECS

In experiments performed in the hippocampal slice
or in the gray matter of the spinal cord slice, i.e. in
tissue containing neurons as well as mature astro-
cytes and oligodendrocytes and their respective
precursors (Steinhéuser et al., 1992; Chvital et al.,
1995), the occurrence of large I,; was observed in
oligodendrocytes or oligodendrocyte-like cells but
not in other cell types (Fig. 4). Since the glial
membrane is exclusively permeable for K*, the
Nernst equation V., =(RT/F) In ([K*]./[K*]) can
be used to calculate the extracellular K* concentra-
tion ([K*],) from the values of V., of I in the
vicinity of the cell membrane. In oligodendrocyte-
like cells in hippocampal slices, a +20 mV
prepulse evokes a shift of V,, of I; to =19 mV
(Steinhéuser et al., 1992), which corresponds to 61
mM [K*].. In the rat corpus callosum slice
preparation, a +20 mV prepulse evokes in oligo-
dendrocyte precursors an increase of [K*], up to 12
mM, while in mature oligodendrocytes it is 37 mM
(Chvdtal et al., 1997). In the rat spinal cord slice a
+20 mV prepulse evokes in oligodendrocytes an
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increase of [K*]. up to 47 mM, while in astrocytes
it is 12 mM, in astrocyte precursors 15 mM and in
oligodendrocyte precursors 22 mM (Chvatal et al.,
1999a). These data indicate that the ECS is not
homogeneous, i.e. it is more ‘condensed’ or
‘compact’ around mature oligodendrocytes than
around precursor cells or mature astrocytes.

ECS inhomogeneities represented by the differ-
ences in K* accumulation around different cell
types are also revealed by inducing cell swelling or
shrinkage, i.e. changing the size of the ECS volume
in spinal cord slices (Chvatal et al., 1999a, b). Cell
swelling induced by the application of 50 mM K*
or by hypotonic solution produces in the vicinity of
astrocytes an increase in [K*], in the range of
200-240%, while in oligodendrocytes such an
increase is only 22-30%, apparently because the
ECS is already small around oligodendrocytes and
cannot shrink below a certain level. Cell shrinkage
evoked by hypertonic solutions has no effect on
[K*]. evoked by a depolarizing prepulse in astro-
cytes, while in oligodendrocytes a rapid decrease of
[K*]. is observed. These results also indicate that
the swelling is more pronounced in astrocytes than
in oligodendrocytes. It is possible to speculate that
astrocytes are responsible for the majority of the
cell volume changes in nervous tissue.

A model has been proposed that explains the
differences in the K* shift across astrocytic and
oligodendrocytic membranes on a cellular level
(Fig. 5A; Chvital et al., 1999a). The model is based
on the assumption that during the depolarizing
pulse, K* is extruded from the cell to the
extracellular space. In astrocytes, extruded K*
freely moves away from the membrane, and within
several milliseconds a new steady-state is estab-
lished, i.e. the same amount of K* that is leaving
the cell is freely redistributed in the ECS. After the
offset of the voltage command, only a small
amount of K* re-enters the cell, creating a very
small I;. In oligodendrocytes, presumed diffusion
barriers (Fig. 5A, dashed ellipse) prevents K* from
moving away freely and thus K* accumulates in the
vicinity of the cell membrane. During this accumu-
lation, a new K* equilibrium is established, which
is reflected by the decreasing current during the
voltage step. After the offset of the depolarizing
prepulse, K* moves back into the cell and produces
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Fig. 5. A model of K* movements across the astrocytic and oligodendrocytic membrane (A) and a hypotheses of the developmental
changes in the spinal cord gray matter (B) A: Hypothesis of the K* shift across astrocytic and oligodendrocytic membranes during
and after the depolarizing pulse. In astrocytes, a small amount of K* re-enters the cell after the offset of the voltage command, creating
a very small tail current. In oligodendrocytes, K* accumulates in the vicinity of the cell membrane due to presumed diffusion barriers
(dashed ellipse) and thus produces prominent tail currents after the offset of the voltage command. B: Drawing of the developmental
changes in the spinal cord gray matter. In the nervous tissue of young animals the majority of the cells are glial precursors and the
ECS volume remains relatively large. In adulthood there is a substantial increase in the number of mature astrocytes and
oligodendrocytes together with the elongation and branching of glial processes, axonal and dendritic outgrowth and a decrease of the
ECS volume. The gray shading between oligodendrocyte processes indicates clusters of the ‘compact’” ECS in the vicinity of the
oligodendrocyte membrane. Adapted from Chvital et al., 1999.
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prominent [,,. The time-course of the K* shifts is
in the range of milliseconds, and thus they are
likely not mediated by ATP-based uptake mecha-
nisms.

Tail currents and ECS volume during the
maturation of the CNS

The possible link between I, i.e. large and fast
transmembrane shifts of K*, and the ECS size was
also suggested in experiments in which the mem-
brane properties of cells of the oligodendrocyte
lineage were compared with the ECS diffusion
parameters of rat corpus callosum during develop-
ment, at the period of extensive myelination
(Chvatal et al., 1997). The real-time iontophoretic
method was used to determine the absolute values
of ECS diffusion parameters and their dynamic
changes in nervous tissue in situ (Sykova, 1997;
Nicholson and Sykova, 1998). At P10, when the
majority of cells in the rat brain white matter are
glial precursors, no I, were observed in these cells
and the ECS volume fraction was a=0.36, i.e. the
size of the ECS was 36%. In contrast, in white
matter after myelination at P20, characterized by
the presence of mature oligodendrocytes with
decaying currents and large I,; after the offset of a
voltage jump, the ECS volume fraction was
significantly smaller, a =0.25. These studies dem-
onstrate that the appearance of I, iIn
oligodendrocytes during early postnatal develop-
ment coincides with the decrease of the ECS
volume (Chvital et al., 1997).

The above studies raise the question whether the
appearance and increase of I,; in oligodendrocytes
develop concomitantly with the ‘maturation’ of the
nervous tissue, i.e. the outgrowth and prolongation
of cell processes and changes in the extracellular
matrix composition, or whether the presence of
large I, in individual cells is independent of the
overall decrease of the ECS volume during early
postnatal development. It was shown in the study of
Prokopovd et al. (1997) that the extracellular
volume fraction, measured over a volume on the
order of 10~ mm’, significantly decreases in spinal
cord gray matter during postnatal development
between P4-5 and P7-8. On the other hand, values
of V., of I, in patch-clamp experiments, which
represent the changes in [K*], not in the bulk of the
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tissue but in the immediate vicinity of the glial
membrane, do not significantly change among all
glial cell types studied between PS5 and P11 (Fig.
4). The appearance of I, in oligodendrocytes
seems not to be related to the average ECS volume
fraction of the brain tissue but rather to the
increasing number of mature oligodendrocytes
surrounded by the ‘compact’ ECS (Fig. 5B). Such
an increased number of mature oligodendrocytes
during postnatal development has been found in
spinal cord gray matter (Chvatal et al., 1995). An
increased number of oligodendrocytes surrounded
by a ‘compact’” ECS might be, together with the
elongation and branching of glial processes (Taka-
hashi et al., 1990) and axonal and dendritic
outgrowth (Bicknell and Beal, 1984), an additional
factor responsible for the decrease in the overall
ECS volume during postnatal development (Chva-
tal et al., 1999a).

The questions remain, do inhomogenities of the
ECS affect neuronal signaling, what are the obsta-
cles or diffusion barriers which are present around
oligodendrocytes and prevent K* from moving
away from the oligodendrocyte membrane, and
how might these barriers affect neuronal function?
The finding that tail currents in oligodendrocytes
are observed in brain slices but not in tissue culture
with an infinite ECS volume (Sontheimer and
Kettenmann, 1988; Sontheimer et al., 1989), indi-
cates that the diffusion barriers arise, at least
partially, from the compartments of the nervous
tissue. The larger accumulation of K* around
oligodendrocytes is most likely caused by a smaller
ECS around this type of cell, but regional differ-
ences in molecules of the extracellular matrix,
which have been shown to be produced by glial
cells, cannot be excluded (Maleski and Hockfield,
1997, for review see Celio et al., 1998). The unique
electrophysiological behavior of oligodendrocytes
could also be correlated with their specific mor-
phology, i.e. long and parallel processes, not seen
in other types of glial cells, which probably
corresponds to their tight contact with axons.

Patch-clamp studies of the electrophysiological
properties of glial cells in different regions of the
CNS and in different species have revealed that
mature oligodendrocytes are surrounded by clusters
of compact ECS. Since the number of oligoden-
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drocytes increases during early postnatal develop-
ment, such clusters in the CNS may contribute to
the overall decrease of the ECS volume fraction in
the brain.

Role of glial cells in ionic homeostasis and in
neuronal signaling

It is evident that during development of the ECS,
the membrane properties of glial cells change
concomitantly with the maturation of the nervous
tissue, i.e. axonal outgrowth, branching of the
neuronal processes and formation of the synapses.
During the first 2-3 weeks after birth the cellular
composition of the nervous tissue changes: the
number of glial precursor cells decreases and the
number of mature astrocytes and oligodendrocytes
increases (Chvatal et al., 1995). It was shown that
the ability of mature nervous tissue to efficiently
buffer K* and pH changes is closely related to
gliogenesis (Jendelova and Sykov4, 1991) and that
impairment of glial cell maturation by early
postnatal X-irradiation alters K* and pH homeo-
stasis (Sykovd et al., 1992; Sykovd and Chvatal,
1993) and blocks the normal pattern of volume
fraction decrease during postnatal development,
resulting in a significant increase in the ECS
volume (Sykova et al., 1996). Glial cells do not
form synapses, however they interact with neurons
and with other distant cells by the diffusion of ions
and other neuroactive substances through the
volume of ECS, ie. by ‘volume transmission’
(Agnati et al., 1995; Sykova, 1997; Nicholson and
Sykova, 1998; Zoli et al., 1999). The presence of
voltage- and ligand-activated channels on glial
precursor cells and on mature astrocytes and
oligodendrocytes are very important prerequisites
for the volume transmission and are involved in the
maintenance of ionic homeostasis and brain energy
metabolism, neuron-to-glia and glia-to-neuron sig-
naling, synaptic transmission and neuronal
function, and the changes of ECS volume.

Maintenance of ionic homeostasis

It was already shown in the study of Orkand et al.
(1966) that during neuronal activity, K* increases
in the relatively small ECS. It was therefore
proposed that to prevent extensive accumulation of
K*, which may impair neuronal signaling, glial

cells regulate extracellular K* concentration by
spatial K* buffering. Since the glial membrane is
permeable to K* and glial cells create a syncitium,
this buffering mechanism is maintained by the K*
influx into the glial cell in the region of increased
K™, which is then released in the distant regions of
the CNS. Some studies indicate that K are also
important for spatial buffer currents (Sontheimer,
1994). In addition to spatial K* buffering, K* is
removed from the ECS by Na*, K*-ATPase. It has
been suggested in a Na* recycling model that
astrocyte Na* channels are involved in extraceliular
K* homeostasis by providing a ‘return pathway*
for Na* that is required for Na*, K*-ATPase
operation during neuronal firing (Sontheimer et al.,
1993; Sontheimer, 1994). Glial cells may be also
involved in the maintenance of ClI~ homeostasis
during neuronal activity (Fig. 6B; Bormann and
Kettenmann, 1988). The release of GABA from
presynaptic nerve terminals results in an influx of
CI" from the ECS into the postsynaptic neuron and
[CI'], decreases. GABA receptors on glial cells that
are activated in the vicinity of the synaptic cleft
could cause an efflux of CI" and K* from glial cells
and could be operative in the rapid restoration of
[CI..

Glial cells also play an important role in
buffering activity-related alkaline changes in
extracellular pH (Chesler, 1990; Sykova, 1992;
Deitmer and Rose, 1996). Some of the membrane
transport processes regulating intra- and extrac-
ellular pH, such as Na*/H* exchange and
Na*/H*/CI'/HCO; cotransport, are present in both
neurons and glia, while others are specific either for
neurons (e.g. H* channels, H* or HCOj; permeabil-
ity of the ionic channels activated by GABA or
glutamate) or for glia (e.g. voltage-dependent Na*-
HCO; cotransport and lactate extrusion). The glial
cell membrane is also readily permeable to CO,,
which reacts with H,O to form carbonic acid,
which in turn quickly dissociates into water and
protons. This reaction is enhanced by the catalytic
action of the enzyme carbonic anhydrase, which is
almost exclusively present in glial cells.

Brain energy metabolism

Recent studies indicate that neurotransmitters such
as noradrenaline, vasoactive intestinal peptide,



adenosine or ATP may regulate the glucose fluxes
and glycogen metabolism in astrocytes (Pellerin et
al., 1997, for reviews see Magistretti and Pellerin,
1996; Tsacopoulos and Magistretti, 1996; Magis-
tretti et al., 1999; see also Chapter 11 by Magistretti
and Pellerin). Glutamate released from neurons is
taken up by astrocytes, where it is converted into
glutamine. Glutamine is released by astrocytes and
taken up by neuronal terminals, where it is
converted back to glutamate to re-establish its
physiological levels (for review see Westergaard et
al., 1995). Glutamine delivery to neurons is main-
tained by the volume transmission through the
ECS. In addition, glutamate released from neurons
stimulates aerobic glycolysis in astrocytes and thus
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provides lactate to neurons to fulfill their energy
needs. This process is activated in several steps:
glutamate uptake via Na*-dependent transporters,
activation of Na*, K*-ATPase, activation of glu-
cose uptake, lactate release and finally, utilization
of lactate by neurons. It was shown that neuro-
transmitters stimulate glucose utilization by the
enhanced formation of glycogen, the major energy
reserve in the brain.

Neuron-to-glia and glia-to-neuron signaling
During neuronal activity neurons release not only

neurotransmitters, which evoke responses in post-
synaptic cells and in glial cells located in the
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Fig. 6. Some of the proposed mechanisms of neuron-to-glia and glia-to-neuron interactions. A: Oligodendrocyte precursors may
detect neurotransmitters released from the growth cones of migrating neurites. Neurotransmitter release thus may initiate
oligodendrocyte maturation and start the ensheathment of the axons (adapted from Kettenmann et al., 1992). B: Maintenance of CI-
homeostasis by glial cells during neuronal activity. The release of GABA into the synaptic cleft results in an influx of CI” into the
postsynaptic neuron and [C1], decreases. Activation of GABA receptors on glial cells may in turn cause an efflux of CI~ from glial
cells and thus restore [Cl7], (adapted from Bormann and Kettenmann, 1988). C: A model of a non-specific feedback mechanism
suppressing neuronal activity. Firing neurons release K*, which accumulates in the extracellular space and thus depolarizes glial cells.
This results in an increase of glial intracellular pH, a decrease of extracellular pH and the suppression of neuronal activity. Ionic
transmembrane shifts also result in cell swelling, a decrease of the ECS volume and the larger accumulation of ions and neuroactive

substances in the ECS (adapted from Sykovd, 1997).
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vicinity of the synapse, but they also release a
variety of other neuroactive substances, e.g. ions,
transmitters, neurohormones, peptides and metabo-
lites, which diffuse via the ECS to adjacent neurons
and glial cells. The effect of such a release may be
either short-term, e.g. ion regulation, release of
substrates, transmitter clearance, or long-term, e.g.
mitosis, regeneration, neuronal guidance during
development or the onset of myelination, and is
often associated with an increase of intracellular
Ca’* (for review see Verkhratsky et al., 1998). It
has been proposed, for example, that the release of
K" or other neuroactive substances, e¢.g. GABA,
from neurons may regulate glial cell differentiation
and myelin formation in white matter (Fig. 6A;
Kettenmann et al., 1992). Oligodendrocyte pre-
cursors may detect the releasing transmitter from
the growth cones of the migrating neurites and start
the ensheathment of the axons. When the migration
ends, the release of transmitter stops and thus the
development and maturation of oligodendrocytes
may halt.

Glial cells, in response to excitatory amino acid
receptor activation, may also release growth fac-
tors, neuropeptides or neurotransmitters during
development as well as during adulthood (for
review see Gallo and Russell, 1995). For example,
in astrocyte-neurone co-cultures bradykinin sig-
nificantly increased calcium levels in neurons
co-cultured with astrocytes, but not in single
neurons (Parpura et al.,, 1994). The bradykinin-
induced neuronal calcium elevation was blocked by
the glutamate receptor antagonists D-2-amino-
5-phosphonopentaonic acid or D-glutamylglycine.
It was therefore suggested that astrocytes regulate
neuronal calcium levels through the Ca**-depend-
ent release of glutamate. If such a release of
neuroactive substances, which are known to affect
neuronal development, also occurs in vivo, glial
cells may participate in activity-dependent plastic-
ity in the adult brain (Gallo and Russell, 1995).

Synaptic transmission and neuronal function

It was shown in a number of studies that in the
mature CNS, glial cell processes encapsulate
synapses, thus several functions have been sug-
gested for glial cells at the synaptic site (for reviews

see Barres, 1991; Porter and Mccarthy, 1997). The
glial cells associated with synapses are thought to
take up transmitters, such as glutamate, to termi-
nate neurotransmitter action; they may provide
synaptic insulation to prevent neurotransmitter
spillover to nearby synapses; they may accumulate
Ca’ from the synaptic cleft and reduce Ca®*-
dependent transmitter release; and they may even
participate in long-term potentiation by synthesiz-
ing and releasing arachidonic acid, which induces a
long-term, activity-dependent enhancement of syn-
aptic transmission in the hippocampus.

Ritchie and colleagues have proposed in a Na
channel transfer model that neuroglial cells may
support neuronal function by donating Na* chan-
nels to nearby axons to reduce the biosynthetic load
of neurons, since the half-life of Na* channels has
been estimated to be about 2 days (Bevan et al.,
1985; Ritchie, 1988; for review see Oh, 1997).
There is no compelling evidence that this trans-
ference exists in the nervous tissue, but at least
three observations may support it: Na* channels are
localized at the node of Ranvier as well as in
astrocytes in the perinodal regions; the same Na*
channel genes are expressed in neurons and glial
cells; and the translocation of large protein mole-
cules from axons to the adjacent glial cells has been
observed.

+

Changes of ECS volume

Glial cell swelling is an accompanying phenome-
non of normal and many pathological states; a link
between ionic and volume changes in glial cells
and signal transmission has been proposed in a
model of a non-specific feedback mechanism
suppressing neuronal activity (Fig. 6C; Sykova,
1997). First, neuronal activity results in the accu-
mulation of [K*],, which in turn depolarizes glial
cells, and this depolarization induces an alkaline
shift in glial pH,. Second, the glial cells extrude
acid and the resulting acid shift causes a decrease in
neuronal excitability. The ionic transmembrane
shifts are accompanied by water movement, and
thus this feedback mechanism may be amplified by
activity-related glial swelling compensated for by
ECS volume shrinkage and by increased tortuosity,
presumably by the crowding of molecules of the



ECS matrix and/or by the swelling of fine glial
processes. This, in turn, results in a larger accumu-
lation of ions and other neuroactive substances in
the nervous tissue due to more hindered diffusion in
the ECS and thus affects volume transmission
(Sykova, 1997). In addition to [K*], increase, the
activation of different neurotransmitter receptors on
glial cells may also change astroglial morphology
and volume and affect the excitability of neurons
(for review see Porter and McCarthy, 1997).
Electrically induced seizures in the hippocampal
slice, for example, can be prevented by furosemide,
which is known to block astrocytic swelling
(Hochman et al., 1995; Sykova et al., 1999). Such
receptor-mediated communication between neu-
rons and astrocytes may provide a feedback of the
astrocytic regulation of neuronal excitability (Por-
ter and McCarthy, 1997). In addition, clusters of
compact ECS around oligodendrocytes revealed by
tail current analysis in the corpus callosum as well
as in the gray matter of the spinal cord (Chvital et
al., 1997, 1999a), may facilitate spatial K* buffer-
ing and selectively affect the diffusion of
neuroactive substances in the CNS, i.e. volume
transmission, in specific areas and/or directions.

Concluding remarks

Studies of glial cells during a period of more than
100 years have shown that they have distinct
electrophysiological and morphological properties
~and that they play an important role in different
brain functions, a role that was for many years
under-estimated. Astrocytes and oligodendrocytes
in the ECS express voltage- as well as ligand-
activated currents that are involved in the
maintainance of ionic and volume homeostasis as
well as neuronal functions, in the release of
neuroactive substances, in energy metabolism, in
synaptic transmission and in volume transmission
(see also Chapter 6 by Sykova et al.). However, to
fully understand how glial cells participate in
neuronal signaling, recent studies of glial cells have
focused on their role during pathological states
such as anoxia and ischemia, during neurodegener-
ative diseases, in brain tumors and during aging and
regeneration of the nervous tissue. Such research
should help to elucidate the complex relationship
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between neurons and glial cells in normal as well as
pathologically altered nervous tissue and to estab-
lish new transplantation and regeneration
procedures in the treatment of CNS diseases.
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List of abbreviations

AMPA a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid

ATP adenosinetriphosphate

CNS central nervous system

CNQX  6-cyano-7-nitroginoxaline-2,3-dione

ECS extracellular space

GABA  +y-aminobutyric acid

GFAP glial fibrillar acidic protein

Lt tail current

[K*]. extracellular concentration of
potassium ions

Kpr potassium delayed outwardly rectifying
currents

K. A-type potassium current

Kir potassium inwardly rectifying currents

NMDA  N-methyl-D-aspartate

P postnatal day

PCR polymerase chain reaction

Ve reversal potential

Vinem membrane potential
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