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Abstract 

Membrane potential, conductance, and intracellular potassium concentration were measured in 
oligodendrocytes in 3- to lo-week-old cultures of embryonic mouse spinal cord. After intracellular 
recording the cells were first injected with Lucifer Yellow and then stained by immunofluorescence 
using rhodamine-labeled monoclonal antibody 01 specific for oligodendrocyte cell surfaces. The 
membrane potential of these identified oligodendrocytes was in mV -66 + 4.3 SD; it could be 
reversibly reduced almost to zero by the addition of ouabain. Changes in external K+ but not Na+, 
Ca++, or Cl- changed the membrane potential. A lo-fold increase in extracellular potassium 
concentration ([KQ depolarized the cell by about 52 mV. This is less than the 61 mV predicted by 
the Nernst equation for a K+ electrode assuming a constant intracellular potassium concentration 
([K+]i). However, when [K’]; was measured with an ion-selective electrode during the increase in 
[K’10 it was found to rise. The Nernst equation for K+ accurately predicts the oligodendrocyte 
membrane potential when the increase in [K’]i is taken into account. Oligodendrocytes may be 
described as accurate K+ electrodes with a variable reference solution. 

The membrane potential (V,) of glial cells depends on 
the extracellular potassium activity. In the optic nerve of 
Necturus the glial cell membrane behaves as an accurate 
electrode for [K+] from about 2 to 200 mmol/liter. This 
means that the membrane potential can be described by 
the Nernst equation ( V, = R. T/Z. F ln[K+]o/[K+]i) for 
extracellular potassium changes assuming a constant in- 
tracellular potassium concentration (Kuffler et al., 1966). 
In the mammalian central nervous system, some authors 
have found good agreement between the glial V, and the 
Nernst prediction (Lothman and Somjen, 1975), whereas 
others have found a considerable discrepancy from the 
predicted values (Ransom and Goldring, 1973; Futamachi 
and Pedley, 1976; for reviews see Orkand, 1977 and 
Somjen, 1975, 1979). Several hypotheses have been pro- 
posed to explain the discrepancy between the observed 
V,, and that predicted for a K’ electrode. These include 
possible diffusion barriers, a significant membrane con- 
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ductance to other ions, electrogenic pumps, leakage cur- 
rents, and changes in [K’]i (Picker et al., 1981). Most of 
the above cited recordings were presumably made from 
astrocytes. There is little known of the electrical prop- 
erties of oligodendrocytes or of their V,,, and its ionic 
basis. 

In a culture system, Moonen and Nelson (1978) studied 
the electrophysiological properties of avian astrocytes. 
Their cultures contained about 10% of nonglial cells, and 
positive identification of individual cells was, therefore, 
not possible. In the present study our culture system also 
contained more than one cell type. However, following 
recording of electrical properties or intracellular potas- 
sium, the cell was injected with Lucifer Yellow (Stewart, 
1981) and then the entire culture was incubated with the 
monoclonal antibody 01 which selectively stains the more 
mature oligodendrocytes (Sommer and Schachner, 1981; 
Schachner et al., 1981). This permitted positive identifi- 
cation of the cell which was studied. 

Materials and Methods 

Cell culture. Explant cultures of spinal cord were ob- 
tained from embryos of NMRI or C57BL/6J mice. The 
day a vaginal plug was found was designated as embry- 
onic day 1. On day 14, under sterile conditions, the spinal 
cord was dissected out, cut into transverse slices about 1 
mm thick, and placed on glass coverslips coated with dry 
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collagen (Sigma, Munich, FRG). The explants were 
maintained without antibiotics in Eagle’s Basal Medium 
with Earle’s salts supplemented with 10% calf serum 
(Seromed, Munich, FRG) at 355°C in a humidified 3.5% 
COz-air atmosphere. Cultures were fed weekly by replac- 
ing approximately half of the culture medium and were 
studied 3 to 10 weeks after dissection. 

Electrophysiological measurements. Single barreled 
electrodes pulled from glass capillaries with filaments 
(Clark Electromedical Instruments, Pangbourne, Eng- 
land) and filled with 3 mol/liter of potassium acetate 
were used for current injection. Double barreled 0 glass 
capillaries were used for dye injection and registration of 
membrane potential. One barrel was filled with 3 mol/ 
liter of potassium acetate and the other with 4% Lucifer 
Yellow in distilled water. Measurements of ion concen- 
trations and potential were performed with the same 
type of t’ electrodes with unbroken tips in which the 
barrel for potential recording was filled with 200 mmol/ 
liter of NaCl for K’ and Ca++ and with 200 mmol/liter of 
K+-acetate for Cl- measurements. The barrel for ion 
measurement, after silanization with trimethyl chlorosi- 
lane, was filled from behind with an exchange resin (for 
K+ and choline: Corning 477317; for Cat+: neutral carrier 
from Prof. Simon, Zurich; for Cl-: Orion exchange resin). 
As back-filling solutions, 200 mmol/liter of KC1 for K’ 
and Cll and 120 mmol/liter of CaC12 for Ca++-sensitive 
electrodes were used (for detailed description and discus- 
sion see Sonnhof and Biihrle, 1980). In some cases cells 
were stained with Lucifer Yellow by using 4% Lucifer 
Yellow in the potential registration barrel. Staining was 
accomplished by applying constant current of about 5 nA 
for 2 to 4 min. 

The culture dish was mounted on the stage of a Zeiss 
inverted microscope and maintained in a recording cham- 
ber at 355°C in a 3.5% CO2 atmosphere. For electro- 
physiological measurements, the culture medium was 
replaced by a solution of salts containing in mmol/liter 
116.4 NaCl, 5.4 KCl, 1 NaH2P04. HZO, 0.8 MgS04.7Hz0, 
1.7 CaC12, 5.6 n-glucose, 26.2 NaHC03. To increase 
[K+],,, the dish was perfused with a modified solution in 
which equimolar amounts of NaCl were replaced by KCl. 
For measurements of membrane potential at low extra- 
cellular Na+, NaCl was replaced by choline chloride; for 
low Cll, NaCl was replaced by Na+-methylsulfate. 

Cells were penetrated with the aid of a step-motor 
driven manipulator (Sonnhof et al., 1982) using a step 
size of 1.9 pm and a step velocity of 5 mm/set. Conven- 
tional amplifiers were used for recordings of potential 
and ion activities. Signals were registered on a pen writer, 
an FM tape, a storage oscilloscope, and an X-Y plotter. 
The reference electrode was an Ag-AgCl pellet connected 
to the bathing fluid via a strip of filter paper. 

Immunocytological procedures. After recording and 
dye injection, cultures were labeled with monoclonal 
antibody 01 to specifically mark the cell surfaces of the 
more differentiated oligodendrocytes (Sommer and 
Schachner, 1981, 1982; Schachner et al., 1981). Indirect 
immunofluorescence was carried out on live cells as de- 
scribed previously (Sommer and Schachner, 1981; 
Schnitzer and Schachner, 1981) using tetramethyhho- 
damine as the fluorochrome to distinguish it from Lucifer 
Yellow fluorescence. In brief, live unfixed cells on cover- 

slips were incubated for 15 min at room temperature with 
the antibody 01 diluted 1:20 or 1:50 in culture medium. 
Coverslips were washed twice in culture medium, incu- 
bated with a freshly prepared solution of 4% paraform- 
aldehyde in phosphate-buffered saline, pH 7.3, and 
washed again twice in culture medium, all at room tem- 
perature. Cells were then incubated with goat anti-mouse 
immunoglobulin antibodies coupled with tetramethyl- 
rhodamine (GAR-TRITC; from Dynatech, Plochingen, 
FRG) diluted 1:lOO in culture medium. After 15 min at 
room temperature, coverslips were washed again twice, 
mounted in glycerol-phosphate-buffered saline, pH 7.3, 
placed upside down on a slide, and inspected with a Zeiss 
fluorescence microscope with phase optics and the ap- 
propriate filters for detection of Lucifer Yellow (BP 
450-490, FT 510, and LP 520) and tetramethylrhodamine 
(BP 545, FT 580, and LP 590). 

Results 

Immunocytochemical identification of oligodendro- 
cytes after electrophysiological measurement and Luci- 
fer Yellow injection. To identify individual cells after 
intracellular recording, cells were injected with Lucifer 
Yellow and stained by indirect immunofluorescence with 
the monoclonal antibody 01. The intracellular greenish- 
yellow fluorescence of Lucifer Yellow and oligodendro- 
cyte-specific cell surface labeling with the red fluoro- 
chrome tetramethylrhodamine allow an unequivocal 
identification of the cell (Fig. 1). The spectra of the two 
fluorescent dyes could be separated completely by use of 
appropriate filters. Labeled structures were correlated 
with the appearance of cells in phase contrast optics. 

Resting membrane potential. The mean value of rest- 
ing membrane potential of oligodendrocytes was in mV 
-66 + 4.3 SD (N = 40). After penetration the membrane 
potential reached a stable value within 5 min and often 
fluctuated less than 5 mV for periods up to a few hours. 
Cells which did not give stable values of at least -60 mV 
within 10 min after penetration were not used. 

Effect of ouabain on the membrane potential. As 
shown in Figure 2, the addition of lop4 mol/liter of 
ouabain to the bath depolarized the cell near to zero in 
10 to 20 min. Ten cells were tested, which all showed a 
similar behavior. The effect could be reversed by replace- 
ment of ouabain with ouabain-free bathing solution. 

Intracellular potassium activity. Stable intracellular 
recordings with Kf-sensitive electrodes were less fre- 
quent than with electrolyte-filled electrodes. Figure 1 
shows a recording of potential and potassium concentra- 
tion [K’] during penetration. Average [K’]; was 74.3 
mol/liter f 16 SD (N = 14). The corresponding calcu- 
lated potassium equilibrium potential was -69.7 mV 
(+5.2 and -6.4 SD). 

Membrane potential and variations of extracellular 
Na+, Ca++, and Cl-. The ionic composition of the me- 
dium bathing an oligodendrocyte was changed while 
continuously recording the membrane potential. When 
Na+ ions were replaced by choline (Fig. 3B) or Cl- by 
methylsulfate (Fig. 30), no effect on the membrane 
potential of 10 investigated cells was observed. A de- 
crease of Ca++ from 1.7 to 0.01 mmol/liter also did not 
affect the membrane potential of seven tested cells (Fig. 
3C). Solutions were varied by exchange of the superfu- 
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Figure 1. Identification of oligodendrocytes. A, Phase contrast picture of an electrophysiologically recorded oligodendrocyte 
(arrow). B, Lucifer Yellow staining of the recorded cell. C, Cell surface staining with the oligodendrocyte-specific antibody 01. D, 
Event of penetration of the same cell as in A to C with a double barreled K’-sensitive microelectrode. V,, membrane potential; 
K+‘, potassium activity. Note that the rise of the K+-signal is slower than the appearance of the membrane potential due to the 
larger time constant of the ion-sensitive pipette. 

Vm potential recording w&e about 1 mV. Therefore, an in- 
fluence of varied ion concentrations on the membrane 
potential of 51 mV cannot be excluded. For a potential 
change of 51 mV, we can calculate, based on the Gold- 
mann equation, that the potassium conductance of the 
membrane is a least 50 times higher than the conduct- 
ance of sodium, chloride, or calcium ions. Since bath 
variations of Cl- and Na+ were accompanied by transient 
diffusion potentials which were detected by the potential 
registration barrel of the extracellular ion-sensitive elec- 
trode, microperfusion was preferred because it did not 
result in diffusion potentials. 
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Figure 2. Effect of ouabain on the membrane p&en&l. Ten 

minutes after the event of penetration, ouabain ( 10m4 mol/liter) 
was added to the bathing solution (arrow). Membrane potential 
(V,) was reduced to about zero within approximately 10 min. 

sion fluid or by pressure ejection of test solutions from a 
blunt-tipped microelectrode placed above the recorded 
cell. The exchange of ions was monitored with an appro- 
priate double barreled ion-sensitive electrode in the vi- 
cinity of the cell. Slow fluctuations superimposed on the 

Membrane potential and intracellular potassium ac- 
tivity during experimental elevation of extracellular 
potassium. Potassium in the culture was elevated by 
exchange of the bath. Measurements with a potassium- 
sensitive electrode close to the cell showed a 95% ex- 
change of potassium ions in the superfusing solution 
within 2 min. The final value of exchanged K+-concen- 
tration was reached in 8 to 10 min (Fig. 4). During the 
early phase of K+ increase, the membrane depolarization 
closely paralleled the increase of [K+],,. The slope of the 
depolarization versus [K’]o elevation during the initial 
rise of Kf was about 61 mV for a lo-fold potassium 
change. This slope was, however, not maintained con- 
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Figure 3. Influence of extracellular ion variations on the membrane potential of oligodendrocytes. A, The membrane potential 

( V,) is decreased by increased [K+lo. B, No influence on the membrane potential by a substitution of sodium against choline (100 
mmol/liter) could be detected. Increase in choline activity was monitored with an electrode filled with Corning ion exchange resin 
(no. 477137) calibrated with choline. C, Reduction of [Ca2+lo from 1.7 to 0.01 mmol/liter did not affect the membrane potential. 
D, A decrease of [Cl-]0 from 117 to 40 mmol/liter did not influence measurably the membrane potential. The extracellular ion- 
sensitive electrode was positioned within 5 pm close to the cell soma of the intracellularly recorded cell. V,, registration of the 
extracellular potential measured by the reference barrel of the ion-sensitive microelectrode. 

stant during the period of slow potassium increase. All 
cells (N = 30) monitored were found to exhibit a pro- 
gressive decrease in the expected amount of membrane 
depolarization as [K’]o approached the plateau level. 
During this period the membrane potential did not de- 
crease in response to an increase in [K+]o, but tended to 
repolarize. After replacement of elevated [K’&, by normal 
medium, a hyperpolarization above control level was 
regularly observed. Measurements of intracellular potas- 
sium activity revealed a considerable increase of K’ ions 
inside of oligodendrocytes during extracellular elevation 
of K+. Even small changes of only 1 mM in [K’]o were 
found to increase [K+]i, indicating that the membrane 
potentials obeyed the Nernst equation also under these 
conditions. 

The simultaneous measurement of extra- and intracel- 
lular potassium allowed the calculation of the actual 
potassium equilibrium potential (EK). EK was displayed 
by an analog summation of the potential change regis- 
trated by the extracellular electrode (xl - VI = R. T/Z. Fe 
ln[K+],,) and that measured by the intracellular electrode 
(~2 - Vz = R. T/Z. Fe ln[K+]o/[K+]i). The appropriate cor- 
recting factors x1, x2 accounted for the deviation of the 
electrode behavior from the Nernst equation. The equi- 
librium potential for potassium ions ( V2 - VI = R. T/Z. 
F ln[K+]s/[K+];) coincides with the membrane potential, 
indicating an exclusive determination of the membrane 
potential by the potassium gradient. 

Figure 4. Effect of potassium elevation on membrane poten- 
tial and internal potassium. Intracellular potassium activity 
([K+]i) and membrane potential (V,) were registrated during 
an increase of potassium ([K’],J in the bathing fluid. The 
calculated equilibrium potential (EK) based on the measure- 
ment of [K’10 and [K’]i coincides with V,. This indicates an 
exclusive dependence of V, on the potassium gradient. 
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Discussion 

In this paper we describe some basic electrophysiolog- 
ical properties of immunologically identified oligodendro- 
cytes in mouse spinal cord cultures. The use of an oligo- 
dendrocyte-specific marker allowed the unequivocal dis- 
tinction from other glial cell types present in the culture 
system. This distinction has so far not been attempted in 
situ by previous investigators. 

Ion-sensitive recordings of both intra- and extracellular 
K’ revealed that the membrane potential of mammalian 
oligodendrocytes is exclusively determined by the potas- 
sium gradient as described by the Nernst equation. It is, 
therefore, not necessary to explain deviations from the 
Nernst potential by other mechanisms described in the 
literature which are made under the assumption that 
intracellular K+-activities remain constant during eleva- 
tions of extracellular K+ concentration. Interfering effects 
of “spatial buffering” constitute one of those mechanisms 
and can be excluded because alterations in [K’10 were 
homogeneous over the entire oligodendrocyte cell surface 
during bath perfusion. Contributions of Na’ conductance 
to the membrane potential as assumed by Ransom and 
Goldring (1973) do not appear significant, inasmuch as a 
close correspondence of membrane potential and EK has 
been observed and because variations of extracellular 
Na+ concentrations did not influence the membrane po- 
tential. An increase in [K’]i during elevated extracellular 
potassium was also found by Coles and Tsacopoulos 
(1981) in glial cells of the drone retina. 

Determinations of intracellular KC activities with ion- 
selective microelectrodes have to be evaluated carefully 
because the ion exchange resin used in the present study 
has a cross-sensitivity to sodium ions of 1:200. If intra- 
cellular sodium activities are changed during the event 
of penetration by approximately one decade, as has been 
observed by Buhrle and Sonnhof (1981) in unidentified 
glial cells in the frog spinal cord, the contribution of Na+ 
to the determination of K’ is less than 1 mmol/liter, 
which is in the range of spontaneous recording fluctua- 
tions. We consider it unlikely that other ions, such as 
Ca++ and Cl-, interfere significantly with the potassium 
measurement. It is, however, known that polyatomic 
substances like choline react with the Corning exchange 
resin, and there are no data available on the content of 
these substances inside of cultured oligodendrocytes. An 
overestimation of the intracellular K’ activity caused by 
unknown substances in glial cells of the frog spinal cord, 
as shown by Biihrle and Sonnhof (1981), is also unlikely 
because membrane potential and K’ equilibrium poten- 
tial (EK) are in close correspondence. For sodium con- 
ductance an additional estimation can be derived from 
the values of membrane and K’ equilibrium potential 
which differed less than 5 mV. Calculations based on the 
Goldman equation (Goldman, 1943) result in a Na+ con- 
ductance which is 200 times smaller than that of K+ 
Therefore, we assume that K+ determination is not sig- 
nificantly influenced by Na+. 

It is possible that the K+ values determined by the 
electrode placed in the cell soma may differ during tran- 
sient changes of [K’]o from the potassium activity close 
to the membrane. Diffusion barriers, which could result 
in a K+ concentration gradient within the cells, would 

then affect the measurement of transient potassium 
changes. We do not know the depth of insertion of the 
electrode tip nor the intracellular diffusion constant for 
potassium ions. However, light and electron microscopic 
observations show a high surface to volume ratio of 
oligodendrocytes (Sommer and Schachner, 1981; Berg 
and Schachner, 1981, 1982), allowing for a fast equilibra- 
tion of intracellular potassium gradients. Additionally, 
the excellent agreement between V, and EK during tran- 
sient changes suggests that these factors are of little 
importance. 

At present, the mechanisms which lead to the intra- 
cellular potassium accumulation are not known. Spatial 
buffering is not involved in the observed intracellular K+ 
increase in these experiments because extracellular po- 
tassium is homogenously distributed in the culture dish 
during superfusion experiments. In cultured astrocytes, 
a ouabain-sensitive as well as ouabain-resistant net up- 
take of potassium was demonstrated by Walz and Hertz 
(1982). The accumulation of potassium in glial cells may 
be substantially greater than documented by our activity 
measurements assuming a swelling of the cells during 
potassium uptake as proposed by several investigators, 
e.g., Nicholson (1980). In situ the described potassium 
uptake mechanisms can effectively contribute to the 
regulation of [K‘],,, especially under the consideration 
that the glial volume in brain is larger than that of the 
extracellular space (Dietzel et al., 1980). At present, it is 
unclear whether this intracellular potassium accumula- 
tion results from passive ion fluxes or active transport. It 
is a matter for further investigations to analyze this 
effect, which represents most likely an important factor 
for the potassium homeostasis in the extracellular space. 
It will also be important to investigate whether astrocytes 
and Schwann cells display similar electrophysiological 
properties as oligodendrocytes in vitro and in situ. 
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