Journal of Neuroscience Research 78:668—-682 (2004)

Analysis of K¥ Accumulation Reveals
Privileged Extracellular Region in the
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Astrocytes and oligodendrocytes in rat and mouse spinal
cord slices, characterized by passive membrane currents
during de- and hyperpolarizing stimulation pulses, ex-
press a high resting K* conductance. In contrast to the
case for astrocytes, a depolarizing prepulse in oligoden-
drocytes produces a significant shift of reversal potential
(V,ey) to positive values, arising from the larger accumu-
lation of K* in the vicinity of the oligodendrocyte mem-
brane. As a result, oligodendrocytes express large tail
currents (l,,;) after a depolarizing prepulse due to the shift
of K" into the cell. In the present study, we used a
mathematical model to calculate the volume of the ex-
tracellular space (ECS) in the vicinity of astrocytes and
oligodendrocytes (ESV,), defined as the volume available
for K* accumulation during membrane depolarization. A
mathematical analysis of membrane currents revealed no
differences between glial cells from mouse (n = 59) or rat
(n = 60) spinal cord slices. We found that the V,,, of a cell
after a depolarizing pulse increases with increasing .,
expressed as the ratio of the integral inward current (Q;)
after the depolarizing pulse to the total integral outward
current (Q,,,) during the pulse. In astrocytes with small
i @nd V,, ranging from =50 to =70 mV, the Q;,, was only
3-19% of Q.., Whereas, in oligodendrocytes with large
loi and V.., between -20 and 0 mV, Q;,/Q,,+ Was 30—
75%. On the other hand, ESV, decreased with increasing
values of V,.,- In astrocytes, ESV, ranged from 2 to
50 me and, in oligodendrocytes, |t ranged from 0.1 to
2.0 um?®. Cell swelling evoked by the application of hy-
potonic solution shifted V., to more positive values by
17.2 = 1.8 mV and was accompanied by a decrease in
ESV, of 3.6 + 1.3 um®. Our mathematical analysis re-
veals a 10-100 times smaller region of the extracellular
space available for K* accumulation during cell depolar-
ization in the vicinity of oligodendrocytes than in the
vicinity of astrocytes. The presence of such privileged
regions around cells in the CNS may affect the accumu-
lation and diffusion of other neuroactive substances and
alter communication between cells in the CNS.
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The extracellular space (ECS) in the central nervous
system (CNS) is the microenvironment of neurons and
glial cells. Dramatic changes in the composition of the
ECS occur during neuronal activity, when ions, neuro-
transmitters, peptides, neurohormones, and metabolites
are released into the ECS and diffuse to their targets
located on neurons as well as on glial cells. Because the
neuroactive substances move by diffusion through the
volume of the ECS, this type of signal transmission was
called extrasynaptic or volume transmission (for reviews see
Agnati et al., 1995; Sykova, 1997; Nicholson and Sykova,
1998; Zoli et al., 1999). Extrasynaptic transmission is
aftected by ECS volume and by diffusion barriers that are
formed by fine glial and neuronal processes and molecules
of the extracellular matrix (Sykova et al., 2000; Sykova,
2001). It was shown in a number of studies that the
diffusion properties of the ECS dramatically change during
development; aging; pathological states such as ischemia,
injury, X-irradiation, gliosis, and demyelination; and often
in grafted tissue (for review see Sykova et al., 2000). There
is increasing evidence that diffusion barriers in the extra-
cellular space may aftect the membrane properties of glial
cells (for review see Chvatal and Sykova, 2000).

The first electrophysiological measurements of glial
cells revealed that their membranes are highly permeable
for K* (Kuffler et al., 1966; Orkand et al., 1966) and that
the relatlonshlp between changes in extracellular K™ con-
centration ([K"].) and glial cell depolarization is close to
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that predicted by the Nernst equation (Futamachi and
Pedley, 1976). Further investigations, including the use of
the single-channel patch-clamp technique, have shown
that astrocytes and oligodendrocytes display exclusive po-
tassium dependence of their membrane potential; there-
fore, these cells may be described as accurate K™ electrodes
(Walz and Hertz, 1983; Walz et al., 1984; Kettenmann et
al., 1982, 1983). However, electrophysiological experi-
ments also indicate that glial membranes might be perme-
able for CI” and that there are differences in resting CI™
conductance between astrocytes and oligodendrocytes. A
number of studies performed on cultured astrocytes re-
vealed negligible resting Cl” conductance (Walz and
Hertz, 1983; Sonnhof, 1987; Barres et al., 1990), whereas,
in cultured oligodendrocytes, a significant resting Cl™ con-
ductance has been shown (Hoppe and Kettenmann,
1989). In addition, in experiments performed with guinea
pig olfactory bulb slices, unidentified glial cells, presum-
ably of astrocytic origin, demonstrated a passive distribu-
tion of Cl across their membrane and a rapid redistribu-
tion of CI™ after a change in the driving force (Ballanyi et
al., 1987). There are, however, still no convincing exper-
imental data obtained from identified glial cells in situ on
their relative permeability for K and CI (for review see
Walz, 2002).

The first studies performed on brain slices revealed
that oligodendrocytes in the corpus callosum and
oligodendrocyte-like cells in the hippocampus, in contrast
to oligodendrocytes in cell culture, are characterized by
passive but decaying currents with prominent tail currents
(I.;) after the offset of a voltage jump (Berger et al., 1991;
Steinhiuser et al., 1992). The application of Ba®" almost
completely blocked the decaying component of the in-
ward and outward currents, as well as tail currents after
depolarizing and hyperpolarizing voltage steps, indicating
that these currents are carried predominantly by K
(Berger et al., 1991; Chvatal et al., 1995). Further analysis
of oligodendrocyte currents in brain slice preparations
(Chvatal et al., 1997, 1999; Vargova et al., 2001) revealed
that I, observed after the offset of a depolarizing pulse are
caused by the reversed shift of K™ across the cell mem-
brane from the ECS into the cell. Because the glial mem-
brane is highly permeable for K, the membrane potential
(V) is close to the reversal potential (V.. ) determined by
the gradient of K™ outside and inside the cell according to
the Nernst equation. This equation has been used to
determine the approximate V.., immediately after mem-
brane depolarization by using tail current analysis. In ad-
dition, the extracellular K concentration ([K*].) has
been calculated from the values of V. of I, in the
vicinity of the cell membrane. Based on such calculations,
previous studies have indicated that membrane depolar-
ization leads to a large K increase only in the vicinity of
oligodendrocytes and not around astrocytes, glial precur-
sor cells, or neurons. In oligodendrocyte-like cells in hip-
pocampal slices, a membrane depolarization up to +20
mV evoked a shift of V__, of I, to =19 mV (Steinhiduser
et al., 1992), which corresponds to 61 mM [K"]_. In a rat
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corpus callosum slice preparation, a depolarizing prepulse
evoked an increase in [K "], up to 12 mM in oligoden-
drocyte precursors, whereas, in mature oligodendrocytes,
[K "], reached 37 mM (Chvatal et al., 1997). In rat spinal
cord slices, depolarization evoked an increase in [K], up
to 47 mM in oligodendrocytes, whereas, in astrocytes
[K"]. reached 12 mM, in astrocyte precursors 15 mM,
and in oligodendrocyte precursors 22 mM (Chvatal et al.,
1999).

In the present study, we analyzed K accumulation
in the vicinity of astrocytes and oligodendrocytes during
and after cell depolarization, by using a modified mathe-
matical model originally proposed for the mathematical
analysis of K changes in the vicinity of ventricular cells
(Yasui et al.,, 1993). The mathematical analysis of mem-
brane currents allowed us to calculate the volume of the
extracellular space available for K accumulation around
glial cells and the K" flux from the vicinity of the glial
membrane to the more distant extracellular space.

MATERIALS AND METHODS
Preparation of Rat and Mouse Spinal Cord Slices

Spinal cord slices from 22 rats and 24 mice were prepared
as described previously (Chvatal et al., 1995). In brief, animals
were sacrificed by decapitation under isofluran anesthesia at
postnatal days 8—10 (P8—10). 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-pum-thick slices were made by using a vibroslice
(OTS-4000; Electron Microscopy Sciences, Warrington, PA).
Slices were individually transferred to a recording chamber
mounted on the stage of a fluorescence microscope (Axioskop
FX; Carl Zeiss, Jena, Germany) and fixed with a U-shaped
platinum wire with a grid of nylon threads (Edwards et al.,
1989). The chamber was continuously perfused with oxygen-
ated ACF. All experiments were carried out at room tempera-
ture (~22°C).

Solutions

The ACF contained (in mM): NaCl 117.0, KCl 3.0,
CaCl, 1.5, MgCl, 1.3, Na,HPO, 1.25, NaHCO; 35.0,
D-glucose 10.0, osmolality 300 mmol/kg. The solution was
continuously gassed with a mixture of 95% O, and 5% CO, to
maintain a final pH of 7.4. Hypoosmotic ACF (200 mmol/kg)
contained 69.0 mM NaCl. Osmolarity was measured by 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 with an Infrapatch system (Luigs & Neu-
mann, 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 video monitor. Selected
cells with a membrane potential more negative than —60 mV
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had a clear, dark membrane surface and were located 5-10 pm
below the slice surface. Membrane currents were measured with
the patch-clamp technique in the whole-cell recording config-
uration (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 (Riickl Glass, Otvovice,
Czech Republic) with a Brown-Flaming micropipette puller
(P-97; Sutter Instruments Company, Novato, CA) with a tip
resistance of 4—6 M(). The internal pipette solution had the
following composition (in mM): KCI 130.0, CaCl, 0.5, MgCl,
2.0, EGTA 5.0, HEPES 10.0. The pH was adjusted with KOH
to 7.2.

Immunohistochemical Identification

To visualize recorded cells in the slices, the cells were
filled with either Lucifer yellow (LY) or Alexa Fluor
488 hydrazid by dialyzing the cytoplasm with the patch pipette
solution. The slices were fixed with 4% paraformaldehyde in
0.1 M phosphate buffer (PB; pH 7.5) overnight at 4°C, then
washed and kept in 0.1 M PB at 4°C. To distinguish between
astrocytes and oligodendrocytes among the recorded cells, two
markers were used: glial fibrillar acidic protein (GFAP) and
S100B. Slices were incubated overnight at 4°C with a mouse
monoclonal antibody directed against the subunit STO0B protein
(Sigma, St. Louis, MO; Donato, 1986), diluted 1:200 in PBS
containing 1% bovine serum albumin (BSA) and 0.5% Triton
X-100, followed by incubation with the secondary antibody,
goat anti-mouse IgG conjugated with Alexa 594 (Molecular
Probes, Eugene, OR) or with monoclonal antibody against
GFAP conjugated with Cy3 (Sigma). After immunostaining, the
slices were mounted using Vectashield mounting medium (Vec-
tor Laboratories, Burlingame, CA).

RESULTS

Experiments were performed on 59 and 82 glial cells
in the gray matter of spinal cord slices of 7- and 14-day-old
mice and rats, respectively. To avoid patching from mo-
toneurons, only cells with a small soma diameter (8-
15 wm) and with a membrane potential more negative
than —65 mV were selected. The current patterns during
de- and hyperpolarizing pulses and the morphology of
cells filled with the fluorescent dyes LY or Alexa Fluor
488 hydrazid distinguished among glial cells, neurons, and
glial precursor cells. Glial cells were classified on the basis
of our previous electrophysiological, morphological, and
immunohistochemical analyses of glial cells in rat spinal
cord slices (Chvatal et al., 1995; Pastor et al., 1995). We
used the following electrophysiological criteria to distin-
guish these cells from neurons. 1) Glial cells were identi-
fied as cells in which current pulses of up to 480 pA
depolarized the cells from the holding potential of =70 mV
up to +70 mV and did not activate action potentials in the
current clamp mode. 2) No spontaneous electrical activity
and no ability to generate action potentials were observed
in glial cells.

Identification of Astrocytes and Oligodendrocytes
in Spinal Cord Slices

By using the patch-clamp technique, two popula-
tions of glial cells were identified according to their mem-
brane current patterns. The first population showed pas-
sive membrane conductance during depolarizing and
hyperpolarizing voltage steps (Fig. 1), whereas the second
populatlon expressed Voltage dependent currents, namely,
A-type K" currents, K" delayed rectifying and K* in-
wardly rectifying currents, and Na™ currents (not shown)
Because the mathematical model used to analyze K*
cumulation in the vicinity of the glial membrane is affected
by the presence of voltage-activated currents, these cells
were excluded from the rest of the study.

For electrophysiological, morphological, and immu-
nohistochemical identification of passive glial cells, two
distinct cell types were selected: cells charactenzed by

large, symmetrical, nondecaying selective K* currents
during the voltage jump (Fig. 1A) and cells with symmet-
rical passive but decaying K currents (Fig. 1B). An anal-

ysis of 58 mouse glial cells and 82 rat glial cells revealed no
significant differences in glial cells expressing voltage-
independent (passive) currents between the two species
(Table I). Most glial cells with nondecaying currents were
characterized by round cell bodies 8—10 pwm in diameter
and were surrounded by very fine processes that formed a
diffuse network. All S100B- or GFAP-positive cells ex-
pressed such a current pattern and morphology, so these
cells were identified as astrocytes. The majority of glial
cells with prominent decaying currents during voltage
steps had a round cell body of about 10-15 pwm diameter,
and, in contrast to astrocytes, these cells displayed long and
parallel processes (Fig. 1B). All of these cells showing
typical oligodendrocyte morphology and were negative
for S100B and GFAP, a marker of astrocytes, and so were
identified as oligodendrocytes (see also Gipson and Bor-
dey, 2002). In contrast to the case for astrocytes, promi-
nent symmetrical inward and outward tail currents (I,;)
could be observed after the offset of the depolarizing or
hyperpolarizing voltage steps.

Further electrophysiological examination of distinct
astrocytes and oligodendrocytes in both mouse and rat
spinal cord slices revealed significant difterences between
astrocytes and oligodendrocytes (Table I). V,, was more
negative in astrocytes, V., after a depolarizing prepulse
was significantly shifted to positive values in oligodendro-
cytes, input resistance (IR) was significantly higher in
oligodendrocytes, and membrane capacitance (C,) was
significantly higher in astrocytes. Because the glial cells i in
our experiments were characterized by hlgh resting K"
conductance and the intracellular K" concentration
([K™],) was controlled by the pipette solution, the Nernst
equation V.= (RT/F)In([K ]C/[K+] ) was used to calcu-
late the approximate [K'| in the vicinity of the glial
membrane before (K, ) and after (K,.,) the degolanzlng
pulse and the difference as the net increase in [K™ | evoked
by membrane depolarization (AK). Our data show that a
depolarizing pulse evokes a significantly larger K™ accu-



A

astrocyte

x

1 nA

10 ms

S 100 B Overlay

oligodendrocyte

g Alexa Fluor 488




672 Chvatal et al.

TABLE I. Membrane Properties of Astrocytes and Oligodendrocytes in Mouse and

Rat Spinal Cord Slices*

Mice Rats

Astrocytes Oligodendrocytes Astrocytes Oligodendrocytes
V,, (mV) —77.36 £ 0.64 —70.63 = 1.40 —81.60 = 0.88 —68.83 = 1.45
Voo (mV) —64.00 £ 1.30 —19.95 £ 2.47 —69.36 = 1.11 —28.94 = 2.04
IR (m{}) 51.59 * 4.74 294.73 = 25.93 59.83 £ 5.35 320.57 = 48.10
C,, P 139.09 * 15.60 33.32 = 4.00 173.31 + 44.13 53.75 £ 6.11
K,, (mM) 6.15 = 0.15 8.16 = 0.45 5.33 £0.21 8.85 = 0.55
K,., (mM) 10.86 = 0.58 63.43 £ 5.84 8.92 + 0.42 44.40 £ 3.61
AK (mM) 4.71 £ 0.52 55.34 £ 5.67 3.59 + 0.34 35.54 * 3.54
n 39 19 59 23
*V,,, membrane potential; V ., reversal potential of the membrane after the depolarizing prepulse; IR, input

resistance; C |, membrane capacitance; K, and K

values of V, and V,
between K, and K,

rev?

rev’

rev?

respectively, using the Nernst equation V. =
indicating the net increase in [K™| evoked by the depolarizing prepulse; n, number of cells.

[K™] in the vicinity of the glial membrane calculated from the

(RT/B)n([K"]/[K"]); AK, difference

An evaluation of statistical significance revealed extremely significant differences between astrocytes and oligoden-
drocytes in all parameters (P < 0.001, unpaired, two-tailed r-test).

mulation in the vicinity of oligodendrocytes than in the
vicinity of astrocytes (Table I). Overall, the analysis shows
that glial cells with passive currents represent two distinct
glial cell types with distinct membrane current patterns:
astrocytes, characterized by nondecaying membrane cur-
rents during de- and hyperpolarizing voltage steps, and
oligodendrocytes, characterized by a prominent current
decay and by large tail currents after a voltage step.

Mathematical Model

For analyzing the K" accumulation evoked by a
depolarizing pulse in the vicinity of ghal cells, we adapted
a mathematical model used to analyze K accumulation in
T-tubules after a depolarizing pulse in ventricular cells
(Yasui et al., 1993). Our model was simplified, because, in
contrast to ventricular cells or neurons, the glial membrane
is characterlzed by high resting K™ conductance, so only
passive K™ currents have been considered for the ion flux
during membrane depolarization. The reversal potential of
the glial membrane (V) after membrane depolarization
was determined from current recordings performed during
a series of 20-msec test pulses ranging from —130 to
+20 mV, which were preceded by a depolarizing voltage
step of 90 mV, i.e., by changing the holding potential
from =70 to +20 mV for 20 msec (Fig. 2A). The reversal
potential of the glial membrane after the depolarizing
prepulse was estimated from the current/voltage (I/V)
relationship measured 5 msec after the onset of the de- and
hyperpolarizing pulses (Fig. 2B). In addition to the tail
current analysis, the total charge transferred across the

membrane during a depolarizing pulse lasting for 40 msec
(Q,u)s and during the period of 40 msec after the offset of
the depolarizing pulse (Q,), was calculated from the in-
tegral of the membrane current recorded by the patch-
clamp technique (Fig. 2C)

In our analysis of K accumulation in the vicinity of
glial cells, three compartments were considered: the intra-
cellular space (ICS), the extracellular space in the V1c1n1ty
of the cell (ESV) constrained by diffusion barriers for K™
and the extracellular space (ECS; Fig. 2D). For s1mphc1ty
we assumed in our model that, during a depolarizing pulse,
only K moves out of the ghal cell and accumulates in the
vicinity of the membrane as a result of the high K*
conductance. The accumulation of K in the ESV is
restricted by its volume (ESV.) and by the flux of K™ from
the ESV to the areas of the ECS more distant from the cell;
therefore, it was defined as:

Je = 1= KT, (1)

Where Joo is the K flux between the ESV and the ECS,
. Is the tlme constant of the K™ flux from the ESV to the
ECS [K ], is the concentratlon of K* in the ESV, and
[K+] is the concentration of K in the ECS (see Appen-
dix for details).
[K"], at a given time (t) during the depolarizing
pulse was calculated as follows:

Fig. 1. Membrane currents and morphology of typical astrocytes (A)
and oligodendrocytes (B). Membrane currents were recorded in re-
sponse 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 —160 to +20 mV, at
10 mV increments. The corresponding current traces are superimposed.

During recording, cells were filled with Alexa Fluor 488 by dialyzing
the cytoplasm with the patch pipette solution (A, top right; B, right).
After recording, the morphology of Alexa Fluor-filled cells was exam-
ined with a fluorescence microscope. In addition, the astrocyte was
stained for the presence of S100B (A, bottom left); images of the Alexa
Fluor-filled and S100B-stained cell are superimposed (A, bottom right).
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Fig. 2. Tail current analysis in astrocytes and oligodendrocytes and
scheme of the mathematical model. For the tail current analysis, the
membrane of an astrocyte or oligodendrocyte was clamped from a
holding potential of =70 to +20 mV for 20 msec (A). 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 to +20 mV, at 10 mV increments. From traces as shown
in A, which represent recordings from a typical oligodendrocyte, cur-
rents (I) were measured five msec after the onset of the de- and
hyperpolarizing pulses (dashed line) and plotted as a function of the
membrane potential (V,; B). The reversal potentials (V..,) determined

rev)

[K*], = [K"], = = ([K7].»

- [K+]V,o)exp(

t

)

- (2)
where [K* Jo.oo 1s the steady-state [K+] in the ESV at time
t = o, and [K" Jv.0 1s the [K "] in the ESV during the
holdmg potential at time t = 0, i.e., before the depolar-
izing pulse.

[K+]V’m was defined as:

(K], = +[K7].. (3)

F- ESV

where I is the current recorded at the glial membrane
during the depolarizing pulse and F is Faraday’s constant.
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extracellular space (ECS)_‘_:':

diffusion
. barriers

for a typical astrocyte (“non-decaying”cells) and oligodendrocyte (“de-
caying”’cells) are indicated in the graphs by arrows. The total charge
during (Q,,,.) and after a depolarizing pulse (Q;,,) was determined as the
integral of the decaying current during the 40 msec pulse from a
holding potential of =70 mV to +20 mV (pattern of voltage commands
in inset) and during 40 msec after the offset of the depolarizing pulse
(C). Scheme of the mathematical model used to calculate the volume of
the ECS available for K accumulation in the vicinity of the glial
membrane (D). ICS, intracellular space; ESV, space in the vicinity of
the cell; J, ., ionic flux between the ESV and ECS. For further expla-
nation, see text.

The calculation of [K™*] in the ESV at the end of the
depolarizing pulse was based on the Nernst equation,
where the membrane potential of the cell was equal to the
reversal potential (V,.,) defined as:

n(
is

where R is the gas constant, T is temperature, [K " Iy rev
the [K* ] in the ESV at the end of the depolarizing pulse,
and [K ™), is the intracellular [K"]. V,., of glial cells after
a depolarizing pulse was calculated by using tail current
analysis (Berger et al, 1991; Chvatal et al., 1999;
Fig. 2A,B); [K"], was determined by the composmon of
the solution in the patch pipette, and [K was calcu-
lated using Equation 4 as:

TCV)

RT
F

[K"];

rev

(4)

]v,rev
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RT (5)

VTCVF
[K+]V,rev = [K+]i CXP( )
Our previous studies indicated that the current de-
crease durmg a voltage step in oligodendrocytes is pro-
duced by K" accumulation in the vicinity of the cell
membrane; therefore, before fitting procedures, a section
of the current trace between the second and twentieth
m1lhseconds of depolarization was converted to the equiv-
alent of [K "], (Fig. 3A,B). The membrane current during
a depolarizing pulse can be defined using Ohm’s law as:

(6)

where U is the membrane potential and W is the resistance
of the glial membrane. The membrane current at any
given time can therefore be defined using the modified
Equations 4 and 6 as follows:

RT ([K*]i>

F \[KT]

W 7)
Equation 7 indicates the relationship between the K™ gradi-
ent across the glial membrane and the membrane current
during a depolarizing pulse. With increasing values of [K*],,
membrane current decreases (Fig. 3, top inset). When, the-
oretically, [K*], [K"], then I = 0. The membrane
current [ rneasured by the patch electrode was converted to
values of [K™], v.c by using Equation 7 as follows:

[K"];

(IWF)’
exp ERT
where [K"], _is the [K"], converted from the values of I,
and the value of parameter & was adjusted to equahze
[K™], . at the end of the depolarizing pulse, with [K
calculated from the values of V
pulse (Fig. 3C).

A fitting procedure was used to find the best
solution to the combination of Equatlons 2 and 3 by
varying the values of T ., ESV_, and [K ™" l,.0 (Fig. 3D—
G). At the beginning, the initial values of ESV, T, and
[KJF]v o were introduced into these equatlons The
value of [K "] at the end of the depolarizing pulse was
found by varying the 7. (Fig. 3D). The time course of
K* accumulation in the ESV indicated in Figure 3E by
the shape of the curves, is determined by the volume of
the ESV; therefore, as the second step, the value of
ESV, was found that best matched the original curve.
For every new value of ESV_, it was necessary to

recalculate a new, corresponding value of T .. Surpris-
ingly, under normal conditions, the values of [K "],

(K] .= (8)

]v,rev

after the depolarizing

rev
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Fig. 3. Conversion of membrane current to [K™], in the vicinity of the
glial membrane (A—C) and fitting procedure (D—G). A portion of the
membrane current between 2 and 20 msec (dotted lines) recorded
during cell depolarization from a holding potential of =70 to +20 mV
for 20 msec (A,B) was converted to the corresponding values of [K™],
using Equation 8 (C). The dashed line in C indicates the extracellular
concentration of K calculated from the membrane reversal potential
after the depolarizing pulse using the Nernst equation. Inset: Relation
between membrane current and extracellular K" concentration accord-
ing to Equation 7. Fitting procedure (D): The concentration of K* in
the vicinity of the cell at the end of the depolarizing pulse is defined by
T, The initial values of ESV, = 707'®* m” and [K™], , = 3 mM were
introduced into Equations 2 and 3, and the corresponding value of T,
was determined by increasing the value of T, in 2-msec steps. The
speed of K™ accumulation (the shape of the fitting curve) is determined
by the ESV; therefore, the value of ESV, was calculated after matching
the best fit to the original curve (E). For every new value of ESV, it
was necessary to recalculate the corresponding value of 7. The value
of ESV, was decreased in 107"® m? steps. The best fit was found when
the value of [K"], , i.e., the initial value of [K"] in the vicinity of the
membrane at the beginning of the depolarizing pulse, was adjusted to
higher values than the concentration in the ACF, 3 mM (F). For every
new value of [K"], ,, the corresponding values of 7, and ESV, were
recalculated. The value of [K'], , was increased in 2 mM steps. The
significance of the fit was checked after converting the values of [K™]
to the current equivalents using Equation 7 and superpositioning them
on the original current traces (G). Increased magnification of the
original current recording and the theoretical curve are shown in the
inset.
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Fig. 4. Experimental data obtained from membrane currents recorded
in astrocytes and oligodendrocytes in rat and mouse spinal cord slices.
The relation between the reversal potential (V,.,) after a depolarizing
pulse and the Q;,/Q,,, ratio, expressed as a percentage (A); the ESV
volume (ESV; B); the K™ flux from the ESV to the ECS (J,.; C); and

usually did not match the values of the resting [K ],
(3-4 mM) found experimentally in the spinal cord by
using ion-selective microelectrodes (for review see
Sykovi, 1992); instead, in most cases, the best fit was
found when the value of [K"], 0 Was adJusted to higher
values (Fig. 3F). For every new value of [K'],, the
corresponding values of 7, and ESV had to be recal-
culated. The 51gn1ﬁcance of the fit was determined after
conversion of the [K'] values to the equivalent of
current I using Equation 7 and after superimposition
onto the original current traces (Fig. 3Q). From the
values of T, ESV_, and [K "], the value of the K" flux
between the ESV and the ECS (J,.) was calculated using
Equation 1.

K* Accumulation in the Vicinity of Glial Cells

For the mathematical analysis of K™ accumulation in
the vicinity of the glial membrane, all glial cell types with
passive currents, including cells with a current pattern
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the initial value of [K™] in the vicinity of the membrane at the
beginning of the depolarizing pulse ([K'],; D). Note that, with
increasing values of V., the Q,./Q,,. ratio increased and the values of
ESV, and ], decreased. Higher values of [K '], , were obtained only in
cells with more positive V.,

intermediate between astrocytes and oligodendrocytes,
were analyzed in the gray matter of 7—14-day-old rat (n =
59) and mouse (n = 60) spinal cord slices. The following
parameters were determined: reversal potential after a de-
polanzmg pulse (V..,), the volume of the ESV (ESV ), the
K™ flux between the ESV and the ECS (],.), and the [K"]
in the ESV before the depolarizing prepulse ([K ]v()) In
addition, the values of V., were also correlated with the
total charge during the inward current after the depolar-
izing pulse (Fig. 4).

There were no significant differences in the results
obtained from rats vs. mice. More positive values of V
evoked by membrane depolarization are accompanied by
a greater charge transferred across the membrane during
the inward current (Q;,,) after the offset of the depolarizing
pulse (Fig. 4A). The charge during the inward current was
normalized for all cells as a percentage of the total charge

evoked by the outward current (Q,,,) during the depo-
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K* flux from the ESV to the ECS (J,.; C). An example of superimposed experimental and
theoretical curves obtained before (1), during (2) and after (3) exposure to hypotonic solution is

shown in D.

larizing pulse and was expressed as (Q,,,/ Q.0 X 100%. In
cells with V__, from =70 to =50 mV, Q,,/Q,,, Was not
greater than 20%, whereas, in cells with V, from —20 to
0 mV, it was 30-70%.

The analysis of membrane currents with our math-
ematical model showed that more positive values of the
reversal potential are accompanied by a smaller ESV vol-
ume in the vicinity of the glial membrane (Fig. 4B). For
cells with a reversal potential ranging from —70 to =50 mV,
presumably astrocytes, the typical values of ESV  were in
the range of 2-50 pwm’, whereas, for cells with a V__,
ranging from —20 to 0 mV, presumably oligodendrocytes,
the values of ESV, were 0.1-2 um”.

Our analysis “also shows that the K™ flux from the
ESV to the ECS is dependent on the V., (Fig. 4C). With
increasing values of V., from =70 to 0 mV, the values of
Jye decreased from 2% 107 0 3 x 107 mol/sec,
respectively. K* flux between the ESV and ECS is there-

fore lower around those glial cells surrounded by a more
compact extracellular space available for K™ accumulation.

The mathematical analysis of current recordings re-
vealed that, in cells with a reversal potential more negative
than =30 mV, the restlng level of [K"] in the V1c1n1ty of
the glial membrane ([K lv.o) did not exceed 10 mM [K ],
(Fig. 4D). However, in a number of cells with a V., more
positive than =30 mV, [K '], , was significantly greater and
rose up to 47 mM.

To study the changes in K" flux and accumulation
in the vicinity of the glial membrane during cell swell-
ing, spinal cord slices were exposed to hypotonic stress
(see also Vargova et al., 2001). In astrocyte-like cells
during the application of 200 mmol/kg for 20 min, the
reversal potential evoked by a depolarization pulse rose
by 17.2 = 1.8 mV (n = 5; Fig. 5). The values of ESV,
and J,. were calculated from the membrane current
recordings before (Fig. 5, 1), during (Fig. 5, 2), and after



(Fig. 5, 3) the exposure of the cell to hypotonic solu-
tion. A shift of the reversal potential to positive Values
was accompanied not only by the accumulation of K™
as calculated from the Nernst equatlon but also by a
decrease i in ESV, of 3.6 = 1.3 wm® and by an increase
in the K" ﬂui( from the ESV to the ECS of 4-8 X
107" mol * s

DISCUSSION

Passive Glial Cells Are Astrocytes and
Oligodendrocytes With High Resting K"
Conductance

Our mathematical analysis shows differences in K"
accumulation in the vicinity of the membranes of glial cells
expressing passive currents in the gray matter of mouse and
rat spinal cord slices. In the present study, the identifica-
tion of these cells was in accordance with our previous
studies (Chvatal et al., 1995), and the cells were identified
immunohistochemically and electrophysiologically as as-
trocytes or oligodendrocytes. However, some studies in-
dicate that, as a result of cell treatment during measure-
ments, at least passive astrocytes might not represent a
distinct populatlon 1nsofar as a spillage of pipette solution
containing low Ca”"/EGTA during cell approach in slice
recordings and/or poor cell access can lead to a transient
masking of voltage-activated currents, even in cells that
express prominent voltage-activated currents (Bordey and
Sontheimer, 1998). On the other hand, many studies
performed in different regions of the brain in situ have
revealed the presence of passive as well as complex glial
cells (Steinhauser et al., 1994; Chvital et al., 1995; Jabs et
al., 1997; D’Ambrosio et al., 1998; Zawar et al., 1999).
Therefore, it seems most likely that passive and complex
cells represent two extremes of one highly plastic astrocyte
type (for review see Walz, 2000).

Pioneering studies of the electrophysiological prop-
erties of glial cells in leech ganglia (Kuffler et al., 1966;
Orkand et al., 1966) and the subsequent analysis of cul-
tured astrocytes (Bevan et al., 1985; Sonnhof, 1987; Barres
et al., 1990; Jalonen, 1993 Lascola and Kraig, 1996)
revealed a hlgh resting K" conductance and no evidence
for significant Cl™ activity at resting potentials (for review
see Walz, 2002). There are, however, some indications
that, in some populations of oligodendrocytes in culture
(Hoppe and Kettenman, 1989) and in a population of
unidentified glial cells, presumably astrocytes, in guinea
pig olfactory bulb slices (Ballanyi et al., 1987), a change in
membrane potential may elicit an equilibration of CI”
evoked by changes in the driving force. Convmcmg data
on the relative membrane permeability for K* and CI™ in
glial cells in situ is still lacking and will require further
experiments on identified glial cells in brain slices. It was
generally accepted that astrocytes have a negligible resting
CI” conductance, whereas oligodendrocytes may display a
small accumulation of CI™ with a relatively larger resting
CI” conductance than seen in astrocytes; the CI” conduc-
tance in astrocytes can, however, be up-regulated during
changes in activity states, such as injury or neoplasia (Walz,
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2002). In addition, previous experiments performed in
mouse brain and rat spinal cord in situ revealed that the
decaying current component during a de- or hyperpolar-
izing pulse, as well as tail currents after the pulse, are in
ohgodendrocytes almost completely blocked by the appli-
cation of Ba®" (Berger et al., 1991; Chvatal et al., 1995).
We can therefore conclude that the major membrane
current component in our experiments is mediated by K™
and that the changes in tail currents reflect an accumula-
tion of K™ in the vicinity of the glial membrane, although
a relatively small contribution of other conductances can-
not be excluded.

Mechanisms of K* Shift Across the Glial
Membrane Evoked by Changes in Membrane
Potential

The proposed model of K* accumulation in the
vicinity of astrocytes and oligodendrocytes used in the
current study supports the hypothesis that oligodendro-
cytes are surrounded by a smaller extracellular space avail-
able for K accumulation than are astrocytes (Berger et al.,
1991; Steinhiuser et al., 1992; Chvatal et al., 1997, 1999
2001; Andérova et al., 2001; Vargova et al., 2001). De—
polarization of the oligodendrocyte membrane produces a
significant shift in membrane reversal potential to positive
values, and because the glial membrane is highly perme-
able to K™, this shift is caused by the large accumulation of
potassium in the vicinity of the oligodendrocyte mem-
brane. An i mcreasmg [K™]. is accompanied by a decrease
in the [K™]./[K "], gradient, so a current decrease is ob-
served during membrane depolarization. Tail currents af-
ter the offset of the depolarrzmg pulse are produced by the
reversed flux of K™ back into the cell. Such a feature of
oligodendrocytes has been observed in different areas of
the CNS in different animal species, but not in cultured
cells (Sontheimer and Kettenmann, 1988; Sontheimer et
al., 1989), so it is evident that K* accumulation and its
concomitant movement into cells are determined by the
properties of the nervous tissue, especially by the proper-
ties of the extracellular space, not present in cell cultures
Our analysis of the fraction of the ECS where K accu-
mulates during a depolarizing pulse, the flux of K" from
the vicinity of the cell to the ECS, and the resting level of
K" near the cell membrane revealed the presence of a
large ECS available for K accumulation in the vicinity of
astrocytes but a 10—100 times smaller ECS available for
K" accumulatlon in the vicinity of oligodendrocytes. In
addition, K™ flux from the space close to the cell mem-
brane to the more distant areas of the ECS is facilitated
around astrocytes.

Is Accumulation of K* in the Vicinity of the Glial
Membrane Related to the Size of the ECS?

The question remains of how the accumulation of
K" is related to changes in glial cell volume and the size of
intercellular clefts. The morphology of nerve cells is very
complex and includes shaped cell bodies and processes
surrounded by a variable ECS. However, several simpli-
fications allow us to obtain rough estimates of the spatial
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characteristics of the space in the vicinity of the glial
membrane. First, we can consider only glial cell bodies,
insofar as, because of insufticient space-clamp of cells and
the higher electrical resistance of astrocyte and oligoden-
drocyte processes, the membrane current recorded by the
patch-clamp technique may arise mainly from the cell
bodies. There are no experimental data for the space-
clamp conditions in spinal cord glial cells; however, studies
performed on hippocampal slices indicate that, as a result
of poor space-clamp associated with recording from cells
with a highly intricate morphology, voltage steps applied
to the glial cell soma do not influence the membrane
potential of fine distal processes (ID’Ambrosio et al., 1999).
The diameters of astrocyte and oligodendrocyte cell bodies
in the spinal cord gray matter are 8—10 pm and 10—
14 wm, respectively (Chvatal et al., 1995; Vargova et al.,
2001). Assuming for simplicity a circular cell body with an
average diameter of 10 pm, cell volume is 524 pm”. The

calculated volumes of the ECS available for K accumu-
lation in the vicinity of glial cells, therefore, ranged from
0.2 pm” in oligodendrocytes to 50 wm® in astrocytes; i.e.,
the width of such a space around oligodendrocytes is
0.3-10 nm and that around astrocytes 4-154 nm
(Fig. 6A,B).

One of the first attempts to link tail currents with K"
accumulation and intercellular cleft size was made in a
study by Frankenhaeuser and Hodgkin (1956) of the af-
tereffects of impulses in the giant nerve fibers of Loligo.
Calculations made from the potassium increase indicated
that it should accumulate in a space 27 nm wide between
an axon and a Schwann cell. Similar values were also used
later in the Adelman-Palti (1972) model of ion accumu-
lation in the periaxonal space. The role of glial cells in
potassium accumulation in the extracellular space was ex-
amined by using a mathematical model by Lebovitz
(1970), who also considered the intermembrane separa-



tions between neurons and glial cells to range between 5
and 50 nm, because electron microscopy studies indicated
that the separation between adjacent membranes in the
CNS is less than 50 nm (Lebovitz, 1970). These models
used to describe K accumulation were based on electron
microscopy and fixation techniques that did not preserve
the ECS, so the intercellular cleft size in these studies was
artificially small. However, reevaluated calculations using
new data and a modified mathematical model (Astion et
al., 1988) showed that, in contrast to the original results
obtained by Frankenhaeuser and Hodgkin, i.e., a cleft size
of 25-30 nm, the same intercellular clefts are much wider
and can even approach 200 nm. These clefts are not
uniform and may vary over a range of 0.2-200 nm.

For the CNS, recent data from electron microscopy
techniques that preserve the ECS (Tian et al., 1991),
radiotracer methods (Levin et al., 1970), and particularly in
vivo measurements with the real-time iontophoretic
method (Nicholson and Philips, 1981) indicate that the
average ECS volume is about 20—24% of the brain vol-
ume; i.e., the ECS volume fraction, defined as the ratio of
the ECS volume to the total volume of the brain, is
0.20—-0.24 (for reviews see Nicholson and Sykova, 1998;
Nicholson, 2001). During pathological situations, such as
ischemia or anoxia, however, the ECS volume fraction
can decrease dramatlcally to 0.03—0.05 (for reviews see
Sykova et al., 2000; Sykova, 2001). For a rough estimate
of the relationship between the intercellular clefts in a
tissue with a large number of cell bodies, i.e., gray matter,
and different values of the ECS volume, a modified equa-
tion introduced originally by Reichenbach (1991) for the
outer nuclear layer of the retina can by used:

(9)

where w is the intercellular cleft width, d is the diameter
of the cell, and a is the ECS volume fraction. In compar-
ison with nervous tissue, the model is simplified; i.e., the
intercellular clefts and cell bodies are circular, they have
the same size, and the space between cells is filled with cell
processes (Fig. 6C). However, the model shows that, in
tissue with an extracellular volume fraction of 0.24, the
intercellular cleft size between cells with a diameter of
8—14 pm is 500—-1,000 nm, i.e., much larger than the size
estimated from the electron microscopy studies in which
the ECS is not preserved (Fig. 6D).

Validity of the Proposed Mathematical Model

Our results indicate that there is a dlscrepancy be-
tween the size of the ECS available for K" accumulation
around the two types of glial cells and the size of the
intercellular clefts calculated using Reichebach’s model for
cells with a diameter in the range of 8—14 pm. The size of
the ECS available for K™ accumulation in the vicinity of
round cells with a diameter of 10 pm is only 0.4% of the
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size of intercellular cleft around oligodendrocytes,
whereas, around astrocytes, it is 4.3%. There are several
explanations for these differences: 1) There could be in-
accurate calculations resulting from simplifications of the
mathematical model; 2) the ECS volume fraction deter-
mined by the real-time iontophoretic method represents
an average of the ECS volume in nervous tissue over a
region of 10~ mm®, and it could differ in the V1cm1ty of
individual cells; and 3) the privileged ECS for K" accu-
mulation in the vicinity of the cell membrane occupies
only a fraction of the ECS. In addition, inaccurate calcu-
lations may also arise from an overestimation of the cell
body diameter of glial cells, because the estimates are based
on images of cells filled with the fluorescent dye LY or
Alexa Fluor 488 hydrazid. Strong fluorescence of the soma
in comparison with the processes could lead to overexpo-
sure and to overestimation of somatic diameters (see also
Chvatal et al., 1995). Use of smaller cell body diameters in
the calculations results in a greater size of the privileged
region of the ECS (see Fig. 6A). Another possibility could
be different cleft sizes around oligodendrocytes and astro-
cytes where the boundaries of the ECS are formed by the
membranes of adjacent cells. Heterogeneities in the ECS
volume have been found in different areas of the brain and
spinal cord with the real-time iontophoretic method
(Sykova, 1997; Nicholson and Sykova, 1998). Heteroge-
neities could also be present in the vicinity of different glial
cell types. As was described by Penfield (1924), nonmy-
elinating oligodendrocytes in the gray matter, in contrast
to astrocytes, are usually located in the convexity of the
neuronal cell body, and a narrow intercellular cleft can be
observed between oligodendrocytes and neurons. In ad-
dition, ohgodendrocyte processes often pass over the sur-
face of a neuron. K flux in the ECS can be restricted by
diffusion barriers that are part of the extracellular space,
1.e., by charged particles, adhesion molecules, and mole-
cules of the extracellular matrix (ECM). Since ECM mol-
ecules in the brain form perineuronal nets and are synthe-
sized by glial cells (Briickner et al., 1993, 1996; Viggiano
et al., 2000), their presence close to the cell membrane can
affect the diffusion and/or accumulation of K in the
vicinity of glial cells. It was shown that perineuronal
proteoglycans may form a perineuronal gel layer that pro-
tects the synapses as a “perisynaptic barrier” (Murakami
and Ohtsuka, 2003). ECM molecules can therefore also be
involved in boundary formation between the privileged
ECS region in the vicinity of glial cells and other regions
of the ECS.

We conclude that an analysis of K™ shifts following
the depolarization of the glial membrane reveals a privi-
leged region of the ECS in the vicinity of glial cells
available for K" accumulation. This region of the ECS is
more than 10 times smaller around oligodendrocytes than
around astrocytes and such a difference may be due to
either morphological differences between astrocytes and
oligodendrocytes or to the presence of diffusion barriers
formed by the constituents of the ECS, e.g., charged
molecules, adhesion molecules, or molecules of the ECM.
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The concept of a privileged ECS around cells is not new,
Virchow (1858) having suggested the presence of cell
territories (Zellenterritorien) in the “intercellular sub-
stance which is dependent in a certain definite manner
upon the cells . . . and it is necessary to draw boundaries in
it also, so that certain districts belong to one cell, and
certain others to another.” The presence of such diffusion
barriers in the CNS may also affect, in addition to K", the
accumulation and diffusion of other neuroactive sub-
stances and alter extrasynaptic communication between
cells.
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APPENDIX

K™ accumulation in the V1c1n1ty of the glial mem-
brane is affected by the flux of K™ across diffusion barriers
between the ESV and the ECS. As indicated i in Figure 3A,
the permeability of diffusion barriers for K™ is different
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around astrocytes and oligodendrocytes. Less permeable

barriers around oligodendrocytes, in contrast to astrocytes,
+ .

produce greater K™ accumulation, so the total charge

carried by K" into the cell during tail currents is also

greater. Changes in [K "] in the volume of the ESV ([K].)

can, therefore, be defined as:

ES A7), _ Al
Vv dt — Jiv Jvc’ ( )
where ESV, 1s the volume of the ESV, d[ /dt is the

change of’ [K | during time dt, J,, is the K flux across the
cell membrane from the cell into the ESV, and J,. is the
K" flux between the ESV and the ECS (Fig. 7A). J,,
defined as:

I
=z A2
JIV F 2 ( )
where I is the membrane K™ current and F is the Faraday’s
constant. J . may be expressed in terms of Fick’s diffusion

equation. According to Fick’s law:

[K]. = [K7],

J w b

(A3)
where D is the diffusion coefficient of K diffusin
through a boundary with a width, w. Because j is the K
flux from the ESV volume per unit time and unit surface,
the total K flux through surface S per unit volume is

defined as:

. D-S . N
Je=j-S=-_— (K] = [K"]). (A4)
Equation A1 may now be expressed as:
diK’l, b K* K" A5
dt “ESV, (K] =1 ])_F-ESVV (A5)
or
d[K]V+ D-S K K [-w-ESV,
de w*ESV, (K], = [K]. F-ESV,:D-s
=0. (A06)

The solution to Equation A6 can be found through the
following steps:

1. separation of variables:

d[X],

I-w-ESV,
([K]v‘ [K]e‘F-v-D-s)
D-S

= Twemsy,de (A9



682 Chvatal et al.

[K*]y

time

Fig. 7. Theoretical considerations for the mathematical modeling of
the K™ flux from a glial cell during depolarization (A) and the theo-
retical time course of changes in [K™] in the vicinity of a cell (B). ICS,
intracelluar space; ESV, space in the vicinity of the cell membrane;
ECS, extracellular space; J;,, ion flux from ICS to ESV; J, ., ion flux
from ESV to ECS; S, boundary surface; w, boundary width. For further
explanation, see Appendix.

2. integration:
il K [-w-ESV,
o (KL =KL = e gy D s

t
= —+In c,

- (A8)

ve

where 7,, = w * ESV_ /D * S and c is the integration

constant.

3. taking the exponential:

[-w-ESV,
[K], — [K]. F-ESV.-D-S
= ‘ A9
= c-exp ) (A9)
and, therefore,
- A . LweESY
(K], =crexpl = ]+ KL+ e ey D s

(A10)

For t = %, i.e., during steady state, when J,, = J,., no
changes in [K"], occur (Fig. 7B), and, therefore,

TVC

[K],. = m + [K]. (A11)
at time t = 0:
— e+ K] = A12
[Klo=c+ o ggy KL =[KL (A12)
and, therefore,
I : TVC
= TE.BSV. [Klio — [Kliw.  (A13)

Thus the solution of Equation A5 can be written as:

(K], = [K]... = (KD, ~ K], esp |
(Al4)



