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In rat brain and spinal cord slices, the local extracellular
accumulation of K1, as indicated by K1 tail currents (Itail)
after a depolarization step, is greater in the vicinity of oligo-
dendrocytes than that of astrocytes. It has been suggested
that this may reflect a smaller extracellular space (ECS)
around oligodendrocytes compared to astrocytes [Chvátal
et al. [1997] J. Neurosci. Res. 49:98–106; [1999] J. Neuro-
sci. Res. 56:493–505). We therefore compared the effect of
osmotic stress in spinal cord slices from 5–11-day-old rats
on the changes in reversal potentials (Vrev) of Itail measured
by the whole-cell patch-clamp technique and the changes
in ECS volume measured by the real-time iontophoretic
method. Cell swelling induced by a 20 min perfusion of
hypoosmotic solution (200 mmol/kg) decreased the ECS
volume fraction from 0.21 6 0.01 to 0.15 6 0.02, i.e., by
29%. As calculated from Vrev of Itail using the Nernst equa-
tion, a depolarizing prepulse increased [K1]e around astro-
cytes from 11.0 to 44.7 mM, i.e., by 306%, and around
oligodendrocytes from 26.1 to 54.9 mM, i.e., by 110%. The
ECS volume fraction decrease had the same time course as
the changes in Vrev of Itail. Cell shrinkage in hyperosmotic
solution (400 mmol/kg) increased ECS volume fraction from
0.24 6 0.02 to 0.32 6 0.02, i.e., by 33%. It had no effect on
[K1]e evoked by a depolarizing prepulse in astrocytes,
whereas in oligodendrocytes [K1]e rapidly decreased from
52 to 26 mM, i.e., by 50%. The increase in ECS volume was
slower than the changes in [K1]e. These data demonstrate
that hypoosmotic solution has a larger effect on the ECS
volume around astrocytes than around oligodendrocytes
and that hyperosmotic solution affects the ECS volume
around oligodendrocytes only. This indicates that increased
K1 accumulation in the vicinity of oligodendrocytes could
be due to a restricted ECS. Oligodendrocytes in the CNS
are therefore most likely surrounded by clusters of “com-
pacted” ECS, which may selectively affect the diffusion of
neuroactive substances in specific areas and directions
and facilitate spatial K1 buffering. J. Neurosci. Res. 65:
129–138, 2001. © 2001 Wiley-Liss, Inc.
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INTRODUCTION
The electrophysiological and morphological proper-

ties of rat spinal cord glial cells in the gray matter in situ
have been examined in a number of studies (Chvátal et al.,
1995, 1999; Pastor et al., 1995, 1998; Žiak et al., 1998).
These studies revealed that mature astrocytes and oligo-
dendrocytes express passive K1 conductance during de-
polarization and hyperpolarization of the glial membrane.
In contrast to the case in astrocytes, K1 passive currents
evoked in oligodendrocytes by a depolarizing or hyper-
polarizing pulse decay, and large tail currents appear after
the offset of the voltage jump. An analysis of the properties
of oligodendrocyte tail currents in white as well as in gray
matter revealed that they represent a rapid shift in K1

caused by a change in the K1 gradient across the cell
membrane during the voltage step (Berger et al., 1991;
Chvátal et al., 1999), so it was suggested that the large tail
currents result from a more “compact” extracellular space
(ECS) around oligodendrocytes than around astrocytes.

Extrasynaptic communication (“volume” transmission)
between neurons and between neurons and glia is affected by
the properties of the ECS: its structure and volume (for
reviews see Fuxe and Agnati, 1991; Nicholson and Syková,
1998; Zoli et al., 1999; Syková and Chvátal, 2000). Changes
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in the ECS diffusion parameters alter the diffusion of ions,
transmitters, and other neuroactive substances in the CNS
and may thus affect extrasynaptic transmission in the nervous
tissue. The importance of the changes in ECS diffusion
parameters increases during pathological states, when the
concentration of toxic metabolites rapidly increases because
of cell swelling and may cause serious injury to the neural
cells (Syková, 1997; Syková et al., 2000).

Diffusion in the brain ECS is hindered by the size of
the extracellular clefts; by the presence of membranes, fine
neuronal and glial processes, macromolecules of the ex-
tracellular matrix (ECM), and charged molecules; and by
cellular uptake. A mathematical description of diffusion in
nervous tissue is possible only when Fick’s original diffu-
sion equations, describing diffusion in a free medium, are
extended with the addition of three parameters (Nicholson
and Phillips, 1981; Nicholson and Syková, 1998). First,
diffusion in the CNS is constrained by the restricted
volume of the tissue available for the diffusing molecules,
i.e., by the ECS volume fraction (a) defined as the ratio
between the volume of the ECS and the total volume of
the tissue. Second, the free diffusion coefficient (D) of any
substance in the brain is reduced by the tortuosity factor
(l) defined as l 5 (D/ADC)0.5, where D is the free
diffusion coefficient of the substance and ADC is the
apparent diffusion coefficient in the brain. The movement
of any substance diffusing in the ECS is affected by mem-
brane obstructions, macromolecules of the ECM, and cell
processes. Third, substances released into the ECS are
transported across membranes by specific, i.e., ATP-based,
and nonspecific uptake. In experiments in which the real-
time TMA1 iontophoretic method using TMA1-sensitive
microelectrodes is used to measure the absolute values of
volume fraction and tortuosity and to determine the time
course of their changes in nervous tissue (Nicholson and
Philips, 1981; Nicholson and Syková, 1998), nonspecific
uptake of TMA1 is characterized by a kinetic constant, k9
(sec–1). Using the real-time iontophoretic method, ECS
diffusion parameters are, however, averaged over a vol-
ume on the order of 10–3 mm3; therefore, this method
provides no information about changes in the diffusion
parameters in the closer vicinity of individual nerve cells.

In the present study, we analyzed the effect of hyper-
and hypoosmotic solutions on astrocyte and oligodendro-
cyte tail currents in the dorsal horn of the rat spinal cord
slice. Tail current analysis was used in the present study for
the estimation of [K1]e changes in the ECS in the vicinity
of the cell membranes evoked by the osmotic stress. The
time course of the observed changes in tail currents was
correlated with the changes in the extracellular space dif-
fusion parameters (ECS volume fraction and tortuosity), as
measured by the real-time iontophoretic TMA1 method.

MATERIALS AND METHODS

Preparation of Spinal Cord Slices and
Electrophysiological Setup

Spinal cord slices were prepared as described previously
(Chvátal et al., 1995). In brief, rats were sacrificed while under

ether anesthesia at postnatal days 8–10 (P8–10) by decapitation.
The spinal cords were quickly dissected out and washed in
artificial cerebrospinal fluid (ACF) at 8–10°C. A 4–5-mm-long
segment of the lumbar cord was embedded in 1.7% agar at 37°C
(Purified Agar; Oxoid Ltd.). Transverse 200- or 400-mm-thick
slices were made using a vibroslice (752M; Campden Instru-
ments). Slices were individually transferred to a recording cham-
ber mounted on the stage of a Zeiss fluorescence microscope
(Axioskop FX) and fixed using a U-shaped platinum wire with
a grid of nylon threads (Edwards et al., 1989). The chamber was
continuously perfused with oxygenated ACF. All experiments
were carried out at room temperature (;22°C).

Solutions

The ACF contained (in mM): NaCl 117.0, KCl 3.0,
CaCl2 1.5, MgCl2 1.3, Na2HPO4 1.25, NaHCO3 35.0, and
D-glucose 10.0 (osmolality 300 mmol/kg). The solution was
continuously gassed with a mixture of 95% O2 and 5% CO2 to
maintain a final pH of 7.4. Hypoosmotic solution (200 mmol/
kg) contained 69.0 mM NaCl instead of 117 mM; hyperosmotic
solution (400 mmol/kg), in addition to isotonic ACF, contained
87.6 mM sucrose. Osmolality was measured using a vapor
pressure osmometer (Vapro 5520; Wescor Inc., Logan, UT).
The perfusion rate of the ACF in the recording chamber (;2 ml
volume) was 5 ml/min.

Patch-Clamp Recordings

Cell somata in the spinal cord slice were approached by
the patch electrode (Fig. 1A) using an Infrapatch system (Luigs
and Neumann, Ratingen, Germany). The cells in the slice and
the recording electrode were imaged with an infrared-sensitive
video camera (C2400-03; Hamamatsu Photonics, Hamamatsu
City, Japan) and displayed on a standard TV/video monitor.
Selected cells with a membrane potential more negative than
–50 mV had a clear, dark membrane surface and were located
5–10 mm below the slice surface. Membrane currents were
measured with the patch-clamp technique in the whole-cell
recording configuration (Hamill et al., 1981). Current signals
were amplified with an EPC-9 amplifier (HEKA Elektronik,
Lambrecht/Pfalz, Germany), filtered at 3 kHz and sampled at
5 kHz by an interface connected to an AT-compatible computer
system, which also served as a stimulus generator.

Recording pipettes for patch-clamp recordings were
pulled from borosilicate capillaries (Kavalier, Otvovice, Czech
Republic) using a Brown-Flaming micropipette puller (P-97;
Sutter Instruments Company) with a tip resistance of 4–6 MV.
The internal pipette solution had the following composition (in
mM): KCl 130.0, CaCl2 0.5, MgCl2 2.0, EGTA 5.0, HEPES
10.0. The pH was adjusted with KOH to 7.2.

Diffusion Measurements

Changes in ECS diffusion parameters were studied by
means of the real-time iontophoretic TMA1 method (Syková et
al., 1999; Fig. 1E–G). In brief, a substance to which cell mem-
branes are relatively impermeable, i.e., tetramethylammonium
(TMA1), was administered into the ECS of the spinal cord slice
using an iontophoretic microelectrode, made from theta glass
tubing (Clark Electromedical Instruments) and filled with
100 mM TMA1. The concentration of TMA1 was measured at
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a given distance of 160–200 mm (Fig. 1F) using a double-
barreled TMA1-ion sensitive microelectrode (TMA1-ISM).
ISMs for TMA1 were prepared as previously described (for
details see Syková et al., 1994). The ion exchanger was Corning
477317 and the TMA1-sensitive barrel was back-filled with
100 mM TMA1 chloride. The reference barrel contained
150 mM NaCl. Electrodes were calibrated using the fixed-
interference method before and after each experiment in a
sequence of flowing solutions containing 0.01, 0.03, 0.1, 0.3,
1.0, 3.0, and 10.0 mM TMA1 in a background of 150 mM
NaCl. Calibration data were fitted with the Nikolsky equation
to determine electrode slope and interference (Nicholson and
Philips, 1981). The shank of the iontophoretic electrode was
bent so that it could be aligned parallel to that of the ISM (Fig.
1E). Both TMA1-ISM and iontophoretic electrodes were glued
together with dental cement, and the intertip distance was
adjusted to 160–200 mm. To calibrate the microelectrode array,
TMA1 diffusion curves were first recorded in 0.3% agar (Special
Noble Agar; Difco, Detroit, MI) made up in 150 mM NaCl,
3 mM KCl, and 1 mM TMACl (Fig. 1G). Typical parameters
for the iontophoretic application of TMA1 were: bias current
120 nA (to keep a constant transport number of the ionto-
phoretic electrode) and current step 180 nA for 60 sec. The
microelectrode array was then lowered into the 400-mm-thick
spinal cord slice to a depth of about 200 mm. The diffusion
curves obtained from the spinal cord slices were transferred to a
PC-based computer and analyzed by fitting the data to a solution
of the modified diffusion equation using Voltoro software (Ni-
cholson, unpublished) to yield the diffusion parameters of the
spinal cord nervous tissue, namely, volume fraction a and tor-
tuosity l (Fig. 1G).

Intracellular Staining of Cells

During electrophysiological recording, selected cells were
filled with Lucifer yellow (LY) by dialyzing the cytoplasm with
a patch pipette solution containing 1 mg/ml LY dilithium salt
(Sigma, St. Louis, MO). To avoid destruction of the cell by
removing the pipette after the recording, we destroyed the seal
by injection of a large hyperpolarizing current. The morphology
of LY-filled cells was examined in unfixed slices in situ after
electrophysiological recordings using a fluorescence microscope
equipped with a fluorescein isothiocyanate filter combination
(band pass 450–490 nm, mirror 510 nm, long pass 520 nm).

RESULTS

Electrophysiological and Morphological
Identification of Astrocytes and Oligodendrocytes

Patch-clamp recordings were performed on glial cells
in the dorsal horn gray matter of rat spinal cord slices from
animals 8–10 days old (P8–10). This postnatal period is
characterized by gliogenesis; it was shown in our previous
study, in which glial precursor cells and mature glial cells
were identified electrophysiologically and immunohisto-
chemically (Chvátal et al., 1995), that the number of glial
precursors decreases during the period from P4 to P18,
while the number of mature astrocytes and oligodendro-
cytes increases. Mature astrocytes and oligodendrocytes in
the present study were identified on the basis of our

Fig. 1. Experimental setup for the tail current analysis (A–D) and the
TMA1 real-time iontophoretic method (E–G). Membrane currents of
astrocytes and oligodendrocytes were recorded in the dorsal horn area
of the gray matter of the spinal cord slice during and after a depolarizing
pulse (A). Because the membrane of glial cells is almost perfectly
permeable to K1, such a depolarization causes an efflux of K1 from the
cell (B). For the tail current analysis, the membranes of astrocytes (open
circles) and oligodendrocytes (solid circles) were clamped from a hold-
ing potential of –70 mV to 120 mV for 20 msec (C). After this
prepulse, the membrane was clamped for 20 msec to increasing de- and
hyperpolarizing potentials (pattern of voltage commands in inset) rang-
ing from –130 mV to 120 mV, at 10 mV increments. From traces as
shown in C, which represents recordings from a typical astrocyte and a
typical oligodendrocyte, currents (I) were measured 5 msec after the
onset of the de- and hyperpolarizing pulses (dashed lines) and plotted as
a function of the membrane potential (Vm; D). The reversal potentials
(Vrev) determined for the astrocyte and oligodendrocyte shown in C are
indicated in the graphs by the arrows. Tetramethylammonium (TMA1)
was administered into the nervous tissue using an iontophoretic elec-
trode (E). The concentration of TMA1 was then measured in the ECS
by means of a double-barreled TMA1-sensitive microelectrode (ISM).
TMA1-ISM and iontophoretic electrodes were glued together and
lowered into the gray matter of the spinal cord slice with an intertip
distance of 160–200 mm (F). The diffusion curves obtained from the
spinal cord slices were analyzed by fitting the data to a solution of the
modified diffusion equation to yield the diffusion parameters of the
spinal cord nervous tissue, namely, volume fraction a and tortuosity l
(G). The microelectrode array was first calibrated in agar, where a 5
1 5 l, and then the values of a and l were obtained in the spinal cord
slice.
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Fig. 2. Membrane currents and respective photomicrographs of three
typical astrocytes (A) and oligodendrocytes (B). Membrane currents
were recorded in response to voltage steps from a holding potential of
–70 mV. To activate the currents, the membrane was clamped for 50
msec to increasing de- and hyperpolarizing potentials ranging from

2160 to 120 mV, at 10 mV increments. The corresponding current
traces are superimposed. During recording, cells were filled with Lu-
cifer yellow by dialyzing the cytoplasm with the patch pipette solution.
After recording, the morphology of Lucifer yellow-filled cells was
examined with a fluorescence microscope.



previous electrophysiological, morphological, and immu-
nohistochemical analysis of glial cells in rat spinal cord
slices (Chvátal et al., 1995; Pastor et al., 1995).

The current patterns observed after clamping the
glial cell membrane from the holding potential of –70 mV
to values ranging from –160 mV to 120 mV clearly
distinguished between astrocytes and oligodendrocytes.
Astrocytes were characterized by large, symmetrical, non-
decaying K1-selective currents during the voltage jump
(Fig. 2A), whereas oligodendrocytes were characterized by
symmetrical, passive but decaying K1 currents (Fig. 2B).
After the offset of the depolarizing or hyperpolarizing
voltage step, large symmetrical inward and outward tail
currents (Itail) appeared in oligodendrocytes. Such tail cur-
rents were not observed in astrocytes. Electrophysiologi-
cally identified astrocytes and oligodendrocytes were filled
with LY, and their morphology was examined (Fig.
2A,B). Most astrocytes, which were characterized by
round cell bodies 8–10 mm in diameter, were surrounded
by very fine processes that formed a diffuse network (Fig.
2A). The values for the somatic diameter were measured
using infrared optics, because the LY fluorescence image,
shown in Figure 2, gives the impression of a larger somatic
diameter as a result of the high fluorescence of the soma in
comparison to the processes, which leads to film overex-
posure (see also Chvátal et al., 1995). Oligodendrocytes
had a round cell body about 10–15 mm in diameter, and,
in contrast to astrocytes, the majority of cells displayed
long and often parallel processes (Fig. 2B).

Effect of Hyper- and Hypoosmotic Stress on K1

Accumulation After a Depolarizing Prepulse
K1 tail currents were analyzed from measurements

performed during a series of 20 msec test pulses from –130
mV to 120 mV following a depolarizing voltage step of
90 mV, i.e., by changing the holding potential from
–70 mV to 120 mV for 20 msec (Fig. 1B,C; Chvátal et al.,
1999). The reversal potential (Vrev) of the glial membrane
after the depolarizing prepulse was determined from the
current/voltage (I/V) relationship measured 5 msec after
the onset of the de- and hyperpolarizing pulses (Fig. 1D).
The values of glial cell membrane potential (Vm) were
determined by switching the EPC-9 amplifier to the
current-clamp mode. Vrev and Vm were measured every
3 min before, during, and after the application of hyper- or
hypoosmotic solution (Figs. 3, 4). Under resting condi-
tions, Vrev shifted to more positive values in oligodendro-
cytes than in astrocytes, even when comparable outward
currents were evoked at the beginning of the pulse. Vrev
was –27.6 6 4.0 mV (mean 6 SEM, n 5 10) in oligo-
dendrocytes and –53.9 6 2.2 mV (n 5 10) in astrocytes.

Cell swelling evoked by the application of hypoosmotic
solution for 20 min, i.e., by changing the osmolality of the
ACF from 300 to 200 mmol/kg, had a greater effect on Vrev
in astrocytes than in oligodendrocytes (Fig. 3). In astrocytes,
Vrev increased from –50.4 6 2.4 to –26.1 6 6.0 mV (n 5 5);
in oligodendrocytes, it increased from –35.4 6 3.2 to
–20.7 6 6.0 mV (n 5 5). During the application of hypoos-
motic solution, Vm shifted to more negative values by 2–3

mV in both astrocytes and oligodendrocytes. Because the
glial membrane is exclusively permeable to K1, the Nernst
equation was used to calculate the extracellular K1 concen-
tration ([K1]e) in the vicinity of the cell membrane from the
values of Vm and Vrev (Chvátal et al., 1997, 1999). [K1]e
calculated from the values of Vm did not significantly change
during the application of hypoosmotic solution in either
astrocytes or oligodendrocytes, whereas [K1]e calculated
from the values of Vrev increased in astrocytes from 17.9 6
1.6 to 50.9 6 14.3 mM and in oligodendrocytes from 32.8 6
4.0 to 61.4 6 11.1 mM.

Cell shrinkage evoked by the application of hyper-
osmotic solution (400 mmol/kg) had different effects on
Vrev in oligodendrocytes and in astrocytes (Fig. 4). There
was no significant effect of hyperosmotic solution on
astrocytes, whereas in oligodendrocytes Vrev decreased
from –20.3 6 5.0 mV (n 5 5) in normal to –32.0 6
2.2 mV in hyperosmotic solution. In contrast to the case in
hypoosmotic solution, Vm did not significantly change
during the application of hyperosmotic solution in either
astrocytes or oligodendrocytes. [K1]e calculated from the
mean values of Vrev decreased in oligodendrocytes from
61.9 6 12.5 to 37.0 6 3.2 mM.

Cell Volume Changes and ECS Diffusion
Parameters

Osmotic stress results in swelling or shrinkage of
cells, particularly glia. Diffusion measurements revealed
that the same osmotic stress as was used in patch-clamp
recordings leads to dramatic changes in ECS volume frac-
tion (Figs. 5, 6). A 20 min superfusion of the spinal cord
slice with hypoosmotic solution (200 mmol/kg) evoked a

Fig. 3. Effect of hypoosmotic solution on membrane potential (Vm)
and reversal potential (Vrev) of tail currents in astrocytes and oligoden-
drocytes. Application of hypoosmotic solution (200 mmol/kg) evoked
in both astrocytes and oligodendrocytes a shift of Vm to more negative
values and a shift of Vrev of the tail currents to more positive values. The
Nernst equation was used to calculate the corresponding extracellular
K1 concentration ([K1]e) from the values of Vm and Vrev of the tail
currents.
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reversible decrease in a from 0.21 6 0.01 to 0.15 6 0.02
(n 5 5). The decrease in a was accompanied by an
increase in l from 1.54 6 0.04 to 1.62 6 0.06. A 20 min
application of hyperosmotic solution (400 mmol/kg) led
to an increase in a from 0.24 6 0.01 to 0.30 6 0.02 (n 5
5). No significant changes in l were observed during
superfusion of the spinal cord slice with hyperosmotic
solution (see also Syková et al., 1999). The changes in a
evoked by hypoosmotic solution occurred significantly
more quickly than those evoked by hyperosmotic solu-
tion; the maximal changes were observed at about 10–15

min and at 15–20 min, respectively. The recoveries to
control values took 20 and 60 min, respectively (Fig. 6).

The time courses of changes in ECS diffusion param-
eters evoked by osmotic stress were compared to the changes
in the net increase in [K1]e (D[K1]e) evoked by depolarizing
pulses in astrocytes and oligodendrocytes. D[K1]e represents
the difference between the values of [K1]e calculated from
Vm and from Vrev as shown in Figures 3 and 4. Around
astrocytes, D[K1]e increased from 11.0 mM in normal to
44.7 mM in hypoosmotic solution, i.e., by 306% (Fig. 6). In
oligodendrocytes, the net increase in [K1]e was much small-
er: It rose from 26.1 mM in normal to 54.9 mM in hypoos-
motic solution, i.e., by 110%. Hyperosmotic solution had no
effect on D[K1]e evoked by depolarizing pulses in astrocytes,
whereas, in oligodendrocytes, D[K1]e decreased from 52.4 to
26 mM, i.e., by 50% (Fig. 6).

DISCUSSION
Oligodendrocyte Tail Currents In Situ Are
Determined by the Properties of the
Nervous Tissue

The first electrophysiological studies performed on
glial cells from the Necturus optic nerve revealed that the

Fig. 4. Effect of hyperosmotic solution on membrane potential and
reversal potential of tail currents in astrocytes and oligodendrocytes.
Application of hyperosmotic solution (400 mmol/kg) had no effect on
membrane potentials (Vm) or on reversal potentials (Vrev) of the tail
currents in astrocytes. In oligodendrocytes, Vrev of the tail currents
shifted to more negative values. The extracellular K1 concentration
([K1]e) evoked by depolarizing pulses decreased around oligodendro-
cytes in hyperosmotic solution.

Fig. 5. Tetramethylammonium diffusion curves during the application
of hypoosmotic and hyperosmotic solutions. Typical tetramethylam-
monium (TMA1) diffusion curves recorded in isotonic solution (Con-
trol) and during the application of hypoosmotic (A) and hyperosmotic
(B) solutions. The corresponding values of a and l calculated from the
diffusion curves are indicated with each diffusion curve.

Fig. 6. Time course of the changes in diffusion parameters and in
extracellular potassium during the application of hypoosmotic and
hyperosmotic solutions. From the values obtained from the diffusion
curves shown in Figure 5, graphs were constructed showing the time
course of the changes in a and l before, during, and after the appli-
cation of hypo- and hyperosmotic solutions. The changes in the net
increase of K1 (D[K1]e, calculated from the values of [K1]e derived
from Vm and Vrev of Itail) are represented as percentage of control values
of D[K1]e. In both astrocytes and oligodendrocytes, the application of
hypoosmotic solution evoked an increase in D[K1]e. A similar time
course was observed in the changes of the extracellular volume fraction
a. The application of hyperosmotic solution, however, evoked a de-
crease in D[K1]e in oligodendrocytes only, and this decrease had a faster
time course than the changes in the volume fraction a.
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glial membrane is almost exclusively permeable to K1

(Kuffler et al., 1966). In addition, our previous experi-
ments performed on glial cells in situ have shown that
superfusion of rat spinal cord slices with 55 mM K1 shifts
the reversal potential of astrocytes, oligodendrocytes, and
glial precursor cells to –16 mV, which is close to the
estimated equilibrium potential (–23 mV) as calculated
from the Nernst equation (Chvátal et al., 1995). The glial
membrane potential is thus strictly dependent on the dis-
tribution of K1 inside and outside the cell. An increase in
[K1]e depolarizes the cell and shifts the Vrev of the mem-
brane to positive values. Depolarization of the glial cell
produces an efflux of K1 across the cell membrane and its
accumulation in the vicinity of the cell. Potassium accu-
mulation is dependent on the pore size around cells and is
accompanied by a decrease in current during the voltage
step as well as by the presence of tail currents (Chvátal et
al., 1999; Chvátal and Syková, 2000). Studies performed
on astrocytes and oligodendrocytes in culture, where the
extracellular space is infinite, did not reveal either a cur-
rent decay during the depolarizing step or the presence of
tail currents or shifts of Vrev (Sontheimer et al., 1989;
Glassmeier et al., 1992). However, measurements per-
formed in brain slices, i.e., in tissue with a preserved
extracellular microenvironment, revealed a current decay
during the depolarizing pulse and the presence of large tail
currents in oligodendrocytes or oligodendrocyte-like cells,
but not in astrocytes or glial precursor cells (Berger et al.,
1991; Steinhäuser et al., 1992; Chvátal et al., 1997, 1999;
Hinterkeuser et al., 2000). Such distinct membrane prop-
erties of oligodendrocytes are therefore determined by the
properties of the intact nervous tissue, i.e., by the presence
of different types of cellular elements, cell processes, mol-
ecules of the extracellular matrix, and a small ECS volume.

K1 Accumulation Around Oligodendrocytes
Results From a Compact ECS Volume

It was suggested that the large shift of Vrev in oligo-
dendrocytes after the voltage step is produced by a larger
K1 accumulation in the more “compact” ECS around
oligodendrocyte membranes (Chvátal et al., 1999). Be-
cause the membrane of astrocytes and oligodendrocytes is
nearly perfectly permeable for K1, the Nernst equation
was used in our previous studies (Chvátal et. al., 1997,
1999) as well as in the current study to calculate [K1] in
the vicinity of the glial membrane. There are certain
limitations in the accuracy of the calculated [K1], because
we did not consider the permeability of the membrane to
other ions, potassium gradients inside the cells, or changes
in intracellular [K1], which may take place even when the
intracellular composition is controlled by the patch pipette
(see also Chvátal et al., 1999). However, all the above-
mentioned factors would similarly affect the accuracy of
measurements in all types of glial cells and thus cannot be
responsible for the observed [K1] differences in the vicin-
ity of astrocytes and oligodendrocytes.

The findings that the Vrev of the oligodendrocyte
membrane in situ is dependent on the duration and am-
plitude of the preceding voltage step (Berger et al., 1991;

Steinhäuser et al., 1992; Chvátal et al., 1997, 1999) and
that tail currents are abolished by the application of Ba21,
a K1 channel blocker (Chvátal et al., 1995), support a
potassium origin of the oligodendrocyte tail current (for
review see Chvátal and Syková, 2000). Our previous study
found a correlation between an increasing number of
oligodendrocytes in the white matter during early postna-
tal development and both a shift in Vrev to more positive
values and a decrease in the ECS volume fraction (Chvátal
et al., 1997). However, morphological investigation of
astrocytes and oligodendrocytes, using LY staining, did
not reveal any link between a particular cell’s displaying
either current decay or tail currents and that cell’s mor-
phology. Even though the majority of oligodendrocytes
display long, parallel processes (see Fig. 1), such a mor-
phological difference cannot be responsible for the nearly
tenfold difference in K1 accumulation in the vicinity of
the oligodendrocyte membrane evoked by the depolariz-
ing pulse. It is, therefore, possible to assume that the
greater K1 accumulation in the vicinity of oligodendro-
cytes occurs in the narrow intercellular clefts between
oligodendrocyte processes and enwrapped axons; how-
ever, further ultrastructural investigation is needed to an-
swer this question.

Changes in Oligodendrocyte Tail Currents
Coincide With Changes in ECS Volume

The application of hypoosmotic or hyperosmotic
solutions evokes complex effects in neural cells: It affects
cell size as well as the metabolic and membrane properties
of glial cells. The majority of osmotic studies to date have
been performed on cell cultures, and little information is
available about the effect of osmotic stress on glial cells in
acute brain slices or in vivo. Studies using morphological
analysis, light scattering, flow cytometry, or fluorescence
techniques performed on glial cells in culture have shown
that a hypoosmotic solution produces swelling of the cells,
whereas the application of a hyperosmotic solution results
in cell shrinkage (Del Bigio et al., 1992; Eriksson et al.,
1992; McManus and Strange, 1993; Tomita et al., 1994;
Flögel et al., 1995). Diffusion-weighted 1H-nuclear mag-
netic resonance (NMR) spectroscopy has shown that such
cell volume changes are accompanied by pronounced
changes in the content of a number of organic osmolytes.
For example, Flögel et al. (1995) observed that adaptation
of intra- to extracellular osmolarity is mediated by a de-
crease in the cytosolic taurine level under hypoosmotic
stress and by an intracellular accumulation of amino acids
under hyperosmotic stress.

In patch-clamp studies of cultured astrocytes and
oligodendrocytes, an increase in membrane K1 and Cl2

conductance evoked by hypoosmotic solution was ob-
served (Kimelberg et al., 1990; Olson and Li, 1997).
Changes in conductance were, however, similar in astro-
cytes and oligodendrocytes. In our experiments, hypoos-
motic solution evoked a larger effect in astrocytes than in
oligodendrocytes, suggesting that differences in Vrev of Itail
in astrocytes and in oligodendrocytes are not caused by
changes in membrane conductance, local intracellular pH
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changes, or modulation of voltage-activated K1 channels
but rather by differences in the ECS volume in the vicinity
of individual glial cells. Our conclusion is also supported
by the effect of hyperosmotic solution, which affected Vrev
of Itail in oligodendrocytes only. In studies performed in
cultured glial cells, the application of hyper- or hypoos-
motic solutions evoked changes in the glial membrane
potential on the order of 5–10 mV (Kimelberg and
O’Connor, 1988; Kimelberg and Kettenmann, 1990). In
our experiments, the application of hypoosmotic solution
evoked a hyperpolarization of astrocytes and oligodendro-
cytes by 2–3 mV, whereas the application of hyperosmotic
solution had no effect on glial membrane potential. Insofar
as cell volume regulation involves a number of distinct
ionic channels, transporters, and carriers, the observed
differences may arise from the different membrane prop-
erties of glial cells in culture and in acute brain slices.

Changes of Vrev in glial cells after a depolarizing
pulse most likely result from K1 accumulation in the
restricted ECS volume; we found, during osmotic stress,
concomitant changes in Vrev and in two ECS diffusion
parameters, volume fraction and tortuosity. Hypoosmotic
solution evoked a decrease in volume fraction, whereas
hyperosmotic solution evoked an increase in volume frac-
tion. Similar decreases in ECS volume fraction evoked by
the application of hypoosmotic solution were observed in
isolated turtle cerebellum (Krizaj et al., 1996), in isolated
rat spinal cord (Syková et al., 1999), and in isolated frog
spinal cord and filum terminale (Prokopová-Kubinová and
Syková, 2000) and correspond to cell swelling. In contrast
to others’ experiments performed in cell cultures (Eriksson
et al., 1992; Del Bigio et al., 1992; McManus and Strange,
1993; Flögel et al., 1995) or in the isolated spinal cord
(Syková et al., 1999), our experiments showed neither an
initial swelling in hypoosmotic solution followed by a
regulatory volume decrease (RVD) nor an initial period of
shrinkage in hyperosmotic solution followed by a regula-
tory volume increase (RVI). There might be two expla-
nations for this phenomenon. First, as suggested by Krizaj
et al. (1996), there is a gradual exposure to the osmotic
stress in the spinal cord slice in contrast to cultured cells,
and, second, as shown in a study performed on isolated
spinal cord (Syková et al., 1999), owing to incomplete
gliogenesis, RVD is less effective in immature animals as
were used in the present study.

Osmotic stress in our experiments did not evoke
significant changes in ECS tortuosity. This is in agree-
ment with previous studies performed in other brain
slice preparations (Pérez-Pinzon et al., 1995; Krizaj et
al., 1996). Syková et al. (1999) suggested that the tor-
tuosity changes observed in mammalian brain slices may
be artificially low, possibly because of the washing out
of macromolecules from the ECS or reduced swelling of
cut cellular processes. In contrast to the case in brain
slices, long-term changes in tortuosity were revealed in
the isolated rat spinal cord, most likely related to astro-
gliosis (Syková et al., 1999).

Oligodendrocyte Tail Currents Reveal
Heterogeneity of the Gray Matter

Our results demonstrate that the time course of
K1 accumulation around glial membranes evoked by a
depolarizing pulse is related to changes in the ECS
volume fraction during osmotic stress (Fig. 6). We
therefore propose a model of [K1]e changes in the
vicinity of astrocytes and oligodendrocytes evoked by a
depolarizing pulse during the application of hypoos-
motic and hyperosmotic solutions (Fig. 7). In isotonic
ACF, where the ECS in the vicinity of the oligoden-
drocytes is more compact than that around astrocytes, a
depolarizing pulse produces greater K1 accumulation
around oligodendrocytes. Hypoosmotic solution
evokes swelling of astrocytes as well as oligodendro-
cytes. The decrease in ECS volume fraction in the
vicinity of these cells represented by the increase in K1

accumulation is, however, more pronounced around
oligodendrocytes than around astrocytes because of the
smaller initial ECS around oligodendrocytes. Con-
versely, the application of hyperosmotic solution evokes
a shrinkage of glial cells as well as an increase in the ECS
volume fraction in the vicinity of astrocytes and oligo-
dendrocytes. Because there is a relatively large ECS
around astrocytes in isotonic ACF, astrocyte shrinkage
does not affect K1 accumulation in response to a de-
polarizing pulse. In contrast, ECS volume in the vicin-
ity of an oligodendrocyte substantially increases during
oligodendrocyte shrinkage, producing a decrease in K1

accumulation.

Fig. 7. A model of potassium flow across the membrane of oligoden-
drocytes and astrocytes as evoked by a depolarizing pulse in hypoos-
motic and hyperosmotic solutions. Hypoosmotic solution produces
swelling of astrocytes and oligodendrocytes, enhanced tail currents
resulting from increased [K1]e, and a decrease in the size of the ECS.
Hyperosmotic solution produces cell shrinkage, resulting in an increase
of ECS volume fraction and in a decrease of tail currents in oligoden-
drocytes as a result of decreased K1 accumulation. For further expla-
nation, see text.
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We conclude that differences in K1 accumulation
around glial cells evoked by membrane depolarization are
affected by the heterogeneous ECS in the vicinity of cells.
There is still no direct ultrastructural evidence for a
“compacted” ECS around oligodendrocytes; however,
preliminary data obtained using a mathematical model
that describes K1 accumulation in the vicinity of pas-
sive glial cells (Chvátal et al., 2000) support our hy-
pothesis. The presence of perineuronal nets and the
different compositions of the extracellular matrix
around astrocytes, oligodendrocytes, and neurons (Mar-
golis and Margolis, 1974; Brückner et al., 1996) may
also contribute to the spatial heterogeneity of the ECS.
Insofar as neuronal activity is accompanied by an in-
crease in [K1]e and by changes in [Ca21], pH, and other
ions in the ECS (Chvátal et al., 1988; Syková, 1992),
we may speculate that heterogeneities in the nervous
tissue, represented by “clusters” of compact ECS
around oligodendrocytes, can facilitate K1 spatial buff-
ering in gray matter, as was suggested for oligodendro-
cytes in corpus callosum (Chvátal et al., 1997), and
selectively affect the diffusion of ions and other neuro-
active substances in specific areas and directions.
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