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Abstract. Previous studies have reported that mature
oligodendrocytes (OLGs) in vitro display various
voltage-dependent K currents while in situ OLGs
show only voltage-independent K™ currents. Given
this discrepancy and the lack of information on
myelinating OLG ion channel expression in situ, we
characterized mature OLG currents in myelinating
corpus callosum slices from 17 to 36-day old rats.
OLGs were recorded in cell-attached and whole-cell
patch-clamp configurations, displayed morphology
typical of mature OLGs, and stained positive for my-
elin basic protein. OLGs displayed large voltage-in-
dependent currents that decayed during the voltage
pulse and small voltage-activated outward currents.
The latter were blocked by TEA, activated between
—40 and —50 mV, and decayed slowly. The former
were composed of large voltage-independent, time-
dependent Ba®>" (1 mwm)-sensitive currents, and volt-
age-dependent Cs™ (5 mm) and Ba>" (100 pm)-sen-
sitive currents that reversed near the K™ equilibrium
potential and inactivated at hyperpolarized poten-
tials, identifying them as inwardly rectifying K™
currents. Inwardly rectifying single-channel K *cur-
rents could be recorded in the cell-attached configu-
ration. The estimated single-channel slope
conductance was 30 pS. The steady-state open prob-
ability was voltage-dependent and declined from 0.9
to 0.5 between —80 and —150 mV. Overall, mature
OLGs in situ possess time- and also voltage-depen-
dent K" currents, which may facilitate clearance of
K™ released during axonal firing.
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Introduction

Oligodendrocytes (OLGs) form the myelin around
CNS axons that allows proper saltatory conduction
of action potentials. Beyond their role as insulators,
mature OLGs have been suggested to participate in
K™ buffering along axons (Berger, Schnitzer & Ket-
tenmann, 1991; Chvatal et al., 1999). In astrocytes,
K" buffering is performed by K channels that are
open at rest, the inwardly rectifying K* channels
(Kir) (Newman, Frambach & Odette, 1984; New-
man, 1993), and by spatial buffering through the glial
syncitium (Orkand, Nicholls & Kuffler, 1966). Like
astrocytes, OLGs possess various ion channels, the
expression of which depends on the stage of OLG
differentiation (Soliven et al., 1988; Sontheimer et al.,
1989; Attali et al.,, 1997) and whether OLGs are
studied in vitro (Barres, Chun & Corey, 1988; Soliven
et al., 1989; Soliven & Wang, 1995; Williamson,
Compston & Randall, 1997; Hida, Takeda & Soliven,
1998) or in situ (Berger et al., 1991; Chvatal et al.,
1999). In vitro differentiated OLGs express Kir
channels and voltage-dependent outward K" chan-
nels. However, in situ differentiated OLGs in post-
natal day (P) 10-13 mice and P10-P20 rats are
thought to have only passive, decaying currents.
These voltage-independent channels have been sug-
gested to allow the flux of K* across the OLG
membrane and aid extracellular K" buffering. A re-
cent study in situ demonstrated the presence of
mRNA and membrane expression of one subunit of
Kir channels in presumed OLGs from adult rats
(Poopalasundaram et al., 2000). This result suggests
the presence of possibly functional Kig channels in
OLGs in situ as observed in vitro. In addition, K;g
channels have been shown to be necessary for myelin
maintenance (Soliven, Takeda & Szuchet, 1994).
Given the discrepancy between in vitro and in situ
studies of OLG current profiles and the importance
of K* channels in K" buffering and myelination
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(Soliven et al., 1989; Neusch et al., 2000; Sutor et al.,
2000), we set out to investigate the current identity of
mature, myelinating OLGs in situ. To date, no
comprehensive pharmacological characterization of
currents in myelinating OLGs in situ has been per-
formed. The corpus callosum slice preparation is
commonly used to study OLG properties and this
region displays demyelination plaques in experimen-
tal allergic encephalomyelitis animals (Petry et al.,
2000) and multiple sclerosis patients (Simon et al.,
1986). It is crucial to know the pattern of ion channel
expression since this feature is important for under-
standing OLG function in the normal CNS and fol-
lowing demyelination. In our experiments, patch-
clamp recordings were made from mature OLGs in
corpus callosum slices from P17 to 36 rats after the
beginning of myelination at P14—15 (Sturrock, 1980).
Mature OLGs were identified by their morphology
and by immunostaining for myelin basic protein
(MBP). Recorded OLGs displayed TEA-sensitive
voltage-activated outward K currents, voltage-de-
pendent Cs™ and Ba?" (100 pm)-sensitive K™ cur-
rents, and Ba® " (1 mm)-sensitive voltage-independent
currents.

Materials and Methods

SLICE PREPARATION

Slices including the corpus callosum were prepared as previously
described (Berger et al., 1991). Briefly, 17- to 36-day old Sprague
Dawley rats were anesthetized using pentobarbital (50 mg/kg) and
decapitated. The brain was hemisected, quickly removed and
chilled (0-4°C) in 95% O,/5% CO, saturated artificial cerebrospinal
fluid (ACSF) containing (in mMm): NaCl 125; KCI 3; CaCl, 2;
MgCl, 2; NaHCOs; 25; glucose 10. The tissue of interest was glued
(cyanoacrylate glue) to the stage of a Vibratome and slices (250 pm
thick) were cut in cold oxygenated ACSF. After a recovery period
of at least 1 hour in ACSF, slices were placed in a flow-through
chamber, held in position by a nylon mesh glued to a U-shaped
platinum wire and continuously superfused with oxygenated ACSF
at room temperature. The chamber was mounted on the stage of an
upright microscope (Olympus BX50WI) equipped with a 60x water
immersion objective and infra-red optics.

WHOLE-CELL AND SINGLE-CHANNEL RECORDINGS

Whole-cell patch-clamp recordings were obtained as previously
described for hippocampal and corpus callosum slices (Berger et al.,
1991; Bordey & Sontheimer, 1997). Patch pipettes were pulled from
thin-walled borosilicate glass (o.d., 1.55 mm; i.d., 1.2 mm, WPI,
TWI150F-40) on a PP-83 puller (Narishige, Japan). Pipettes had
resistances of 4-7 MQ when filled with the following solutions (in
mm): KCI 140 or CsCl 140 or KGluconate 140 when noted; CaCl,
1.0; MgCl, 1.0; ethylene glycol-bis (-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid (EGTA) 10; HEPES 10; Na,ATP 4, pH adjusted to
7.2 with NaOH. The osmolarity of the intracellular and extracel-
lular solutions were 295-300 and 305-310 mOsm, respectively. The
osmolarity of all solutions was measured with a vapor pressure
osmometer 5500 (Wescor) and was adjusted by addition of water

(decreasing osmolarity) or sucrose (increasing osmolarity). To label
cells for later morphological identification and antigenic identifi-
cation, 0.1% Lucifer Yellow (LY, dilithium salt) was added to the
pipette solution. Whole-cell and cell-attached recordings were
performed using an Axopatch-200B amplifier (Axon Instruments).
Current signals were low-pass filtered at 1 kHz and 3-5 kHz for
single-channel and whole-cell recordings, respectively, and digitized
on-line at 5-20 kHz using a Digidata 1320 digitizing board (Axon
Instruments) interfaced with an IBM-compatible computer system.
Data acquisition, storage and analysis were done using PClamp
version 8 (Axon Instruments). For all measurements, capacitance
compensation and series resistance compensation (60-70%) were
used to minimize voltage errors. Settings were determined by
compensating the transients of a small (5 mV) 10-msec hyperpo-
larizing voltage step. The capacitance reading of the amplifier was
used as the value for the whole-cell capacitance. Membrane resis-
tance (R,,) was evaluated from the average response to 50 hyper-
polarizing (10 mV) current pulses (20 msec). The conductance was
calculated using the equation: G = I/(V—Ex) where V is the
membrane potential, Ex is the Nernst equilibrium potential for K™
(Ex = —96 mV). Unless indicated otherwise, capacitive and leak
conductances were not subtracted. Peak currents were determined
using Clampfit (Axon Instruments), and statistical values
(mean + sp, with n being the number of cells tested) were evalu-
ated with a statistical graphing and curve-fitting program (Origin,
MicroCal). For single-channel analysis, the analysis routines used
PClamp (version 8) to determine the amplitudes and the open and
closed times for channel events with threshold for detection set at
50% of a full opening. Peaks of the open and closed current levels
were determined by eye, using a cursor. The duration histogram did
not include events with duration less than 1 msec. Only data re-
corded from patches with the activity from only one channel were
analyzed. The fraction of time a channel was in the closed or open
state was determined by measuring the area under the amplitude
histogram for that state and dividing by the total time at a specified
holding potential. Currents were binned in intervals of 0.02 to 0.05
PA.

CELL IDENTIFICATION

Images of cells visually chosen for recordings were archived using
an LGS frame grabber (Scion Corporation, Maryland) for later
(off-line) comparison to LY fills. After recordings, slices were
transferred to a fixation medium containing 4% paraformaldehyde
in phosphate-buffered saline (PBS). The next day, slices were wa-
shed three times in Tris-buffered saline (TBS) 2x for 1 hour, were
incubated for 15 min with 1.25% Triton X-100, 5% normal goat
serum (NGS, Sigma) in TBS 2x and then were incubated for 1 hour
in the blocking solution 0.2% Triton X-100, 5% NGS in TBS. Slices
were then incubated for 24 hours at 4°C with the rabbit primary
polyclonal antibody to myelin basic protein at 1:50 (AB980,
Chemicon) in the blocking solution. Slices were washed three times
with TBS for 5 min and incubated with the secondary antibody
(goat anti-rabbit IgG), conjugated to Texas Red (dilution 1:200,
Vector) for 2 hours at room temperature. Slices were then mounted
on glass coverslips with fluorescent mounting medium (Vector) and
were viewed on an epifluorescence microscope using standard
procedures. For glial fibrillary acidic protein (GFAP) immuno-
staining, slices were similarly washed in TBS, permeabilized with
Triton X-100 and incubated with a Cy3-conjugated antibody
against GFAP (Sigma, dilution on 1:500) for 2 hr at room tem-
perature in the same solution as for MBP staining. Slices were then
washed in TBS and mounted on coverslips. LY labeling and MBP
or GFAP staining were visualized on an Olympus microscope
(BX51). Images were captured with a DVC color camera and
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printed on an Epson color printer. Some cells were imaged on a
confocal scanning laser microscope (Biorad MRC600). High
magnification (40x) serial optical sections were taken at consecutive
focal levels of 1-2 pm apart. Addition of data from all section series
enabled the 3-dimensional morphology of the cell to be represented
in a 2-dimensional image. No bleed-through was observed between
the Texas Red/Cy3 and FITC fluorescence channels in control
experiments.

Chemicals were purchased from Sigma (St. Louis, MO) unless
otherwise noted.

Results

Whole-cell recordings were obtained from 63 visually
identified oligodendrocytes located in the corpus
callosum of 17-36-day-old rats. The approximate
location for each cell was documented through a
low power fluorescence image after recordings. In
KCIl- and KGluconate-based intracellular media,
recorded cells had a mean resting membrane poten-
tial (Vr) of —79.8 =+ 4.7 mV (mean + sp, n = 53)
and an input resistance (R,) of 58.4 + 21.0 MQ.
Because no significant difference for these para-
meters was observed between the two intracellular
media, values were pooled. These values were deter-
mined in the first 3 min of whole-cell recording. The
remaining 10 cells were recorded in CsCl-based in-
tracellular medium. Cells that exhibited >10%
change in series resistance (R;) and whole-cell mem-
brane capacitance (Cy,), indicative of a whole-cell
closure, were disregarded. Cells exhibiting a C,,
smaller than 30 pF were also disregarded. Recorded
cells had a mean Cp, of 56.2 + 24.8 pF (n = 63) and
a mean Ry of 13.9 £ 4.3 MQ before applying a
63.3 £ 5.7% compensation.

CELL MORPHOLOGY AND IDENTIFICATION

Infrared optics allowed us to choose oligodendro-
cytes over astrocytes for recordings. OLG cell bo-
dies were large (20-25 pm long) and were usually
elongated (Fig. 14, left panel) or triangular. Once
filled with Lucifer Yellow (LY), long parallel pro-
cesses following the axonal tracts could be observed.
Perpendicular processes were observed in 11 of 33
cells, numbered 3 + 2 per cell, and correlated with
visualized axons crossing over the corpus callosum.
The mean number and length of the parallel pro-
cesses were 152 + 3.7 and 1322 + 36.0 pm
(n = 35), respectively. Figure 14 illustrates a rep-
resentative example of a LY-filled cell at 25 days,
showing a morphology typical of differentiated
OLGs (Remahl & Hilderbrand, 1990; Bjartmar,
Hildebrand & Loinder, 1994; Butt et al., 1997). All
of the OLGs showing this typical morphology were
negative for glial fibrillary acidic protein (GFAP), a
marker of astrocytes (Eng, 1985) (Fig. 14, right
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panel, same field as that of LY-fill). In addition,
myelinated fibers in the corpus callosum stained
positive for myelin basic protein (MBP) at the age
studied (data not shown). Occasionally, recorded
cells displayed a stellate shape reminiscent of NG2-
positive oligodendrocytes (Nishiyama, Chang &
Trapp, 1999; Butt et al., 1999; Dawson, Levine &
Reynolds, 2000) and did not stain positive for MBP
(data not shown). These cells had longer processes
than astrocytes, which also display a stellate shape
(Bordey & Sontheimer, 2000). Neurons were also
occasionally recorded in the splenium of the corpus
callosum and the cingulum bundle, but were easily
identified morphologically and electrophysiolo-
gically. Under normal recording conditions, LY
coupling was never observed, as previously reported
for OLGs in mouse corpus callosum (Berger et al.,
1991).

BiorHYSICAL AND PHARMACOLOGICAL PROPERTIES OF
WHOLE-CELL CURRENTS

Whole-cell currents were activated in voltage-
clamped cells by applying ramp protocols from
—140 to +100 mV, and hyperpolarizing and depo-
larizing steps from a holding potential of —70 or
—80 mV. Typical ramp-activated currents are illus-
trated in Fig. 14 and correspond to the LY-filled
cell displayed on the left. Ramp currents are char-
acterized by large inward currents at hyperpolarized
potentials and an almost linear appearance between
—80 and +80 mV, with occasionally some apparent
voltage-dependence between —25 and +80 mV. 20
mV-increment voltage steps were applied from —160
mV to +60 mV for 400 msec from a holding po-
tential of —80 mV (Fig. 1B). Figure 1B displays
typical current traces from an OLG from a P21
animal. These traces illustrate the presence of large
transient currents followed by smaller inward and
outward currents. At hyperpolarized potentials, a
small inactivation of the inward currents can be
observed and will be further described below. Figure
1C displays the current-voltage (/-V) relationships
of the peak (empty squares) and steady-state (filled
squares) currents for the traces shown in Fig. 1B.
The I-V curves of the peak currents are strictly
linear, illustrating the voltage-independence of the
transient currents. The I-V curves of the steady-state
currents illustrate the inactivation at hyperpolarizing
potentials and the voltage-dependence at potentials
more positive than —50 mV, as observed by devia-
tion from the straight line (dashed line). This I-V
curve gives a reversal potential (Ergy) of the steady-
state currents of —80 mV (mean of —75.9 + 3.8
mV, n = 20), showing a major contribution of K"
channels to these currents (Nernst equilibrium po-
tential for K equals —96 mV).
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Fig. 1. OLG morphology. (4) A Lucifer Yellow-filled OLG (left
panel) and anti-GFAP antibody labeling (right panel) of the same
field. The recorded OLG stained negative for GFAP and displays
longitudinally orientated processes. The images in (A4) are confocal
reconstructions from 16 sections. (B) Whole-cell current traces

TEA-Sensitivity of Whole-Cell Outward Currents
Reveals the Presence of Delayed Rectifying
Outward K" currents

Figure 24 shows that TEA (40 mm) (n = 15)
blocked an outward voltage-dependent current
(control: dashed lines; TEA: solid lines). Such volt-
age-dependent currents were detectable in 78% of
the records. To better characterize TEA-sensitive
outward currents, OLGs were held at —70 mV and
depolarizing voltage steps were applied following a
200-msec conditioning pre-pulse to —50 mV. Volt-
age-dependent outward currents that showed de-
layed activation and slow inactivation were observed
(Fig. 2B). Neither the amplitude nor the kinetics of
these currents was affected by the application of a
hyperpolarizing pre-pulse potential (—110 mV; data
not shown), suggesting that transient, A-type cur-
rents are absent in mature OLGs. Bath application
of TEA (20 mm) reversibly and selectively reduced

from a P21 oligodendrocyte. Voltage steps were applied from -160
to +60 mV for 400 msec from a holding potential of -80 mV. (C) I-
V curves of the peak transient currents (empty squares) and steady-
state currents (filled squares) of the traces in (B).

the sustained currents without affecting the transient
capacitive currents (Fig. 2Bb and inset; squares and
circles, respectively). Point-by-point subtraction of
the sustained currents in the presence (Fig. 2Bb) and
absence of TEA (Fig. 2Ba) isolated TEA-sensitive
currents that resembled delayed rectifying K cur-
rents observed in other cell types (Fig. 2C). The I-V
relationship of TEA-sensitive currents suggests an
activation threshold between —50 and —40 mV (Fig.
2D, n = 6). 40 mm TEA reversibly and completely
blocked outward K currents (data not shown). 40-
mM TEA-sensitive currents measured at 20 mV aver-
aged 7.6 =+ 2.7 pA/pF (n = 15). The mean density of
conductance (conductance divided by the membrane
capacitance) was 65.6 + 23.6 pS/pF, which repre-
sents an estimation of the delayed rectifying K™
conductance in OLGs in our recording conditions.
Current amplitudes are given as a density of currents,
which are the currents divided by the cell capacitance
to eliminate cell-to-cell variability. Whole-cell cur-
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Fig. 2. TEA-sensitive outward K™ currents. (4) Control current
traces (dotted lines) and traces in the presence of 40 mm TEA (solid
lines) for voltage steps to —160 and +20 mV from a holding po-
tential of —80 mV. (B) Voltage steps from —70 mV to 20 mV from
a holding potential of —70 mV evoked voltage-dependent sustained
outward currents (Ba) that are reduced by application of TEA (20
mM) (Bb). Inset: I-V curves of the peak transient currents (circles)

rents were further characterized based on their phar-
macological properties. Application of TEA (20 mm)
did not significantly alter the input resistance and Vg
of the cells (Vg equal —78.6 = 3.2 mV in the presence
of TEA, n = 11) nor did it affect Ergy of the steady-
state currents (—76.0 £ 3.8 mV in control and
—75.8 = 3.7 mV in the presence of TEA, n = 11).

and of the voltage-dependent outward currents (squares) in control
(empty symbols) and in the presence of TEA (filled symbols). (C)
Point-by-point subtraction of the currents in TEA (Bb) from the
control currents (Ba) resulting in the isolation of the TEA-sensitive
currents. (D) I-V curve of the TEA-sensitive current displayed in

(©).

Cs ™" - and Ba*" -Sensitivity of Whole-Cell Inward
Currents Reveals the Presence of Inwardly
Rectifying K© Currents

Bath application of Cs™ (5 mm + TEA 40 mm)
(n = 15) reversibly blocked inward currents (control:
dashed lines; Cs™ + TEA: solid lines) without af-
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a: control
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Fig. 3. Cs™-sensitive inward K© currents. (4) Control current
traces (dotted lines) and traces in the presence of 5 mm Cs* and 20
mm TEA (solid lines) for voltage steps to —160 and +20 mV from a
holding potential of —80 mV. (B) Inward currents were activated
by depolarizing the cell to 0 mV for 100 msec before giving hy-
perpolarizing voltage steps from —180 to +50 mV. Currents re-

fecting the transient components of inward currents
(Fig. 34). 100 um Ba>" (n = 3) had effects similar to
Cs ™ (data not shown). To further characterize these
Cs " -sensitive inward currents, whole-cell recordings
were obtained in which the membrane was stepped
from a pre-pulse potential of 0 mV to potentials
ranging from —180 to + 50 mV (Fig. 3B). This pro-
tocol activated large inward currents. The I-V curve
of the currents measured at the end of the pulse reveal
that these currents reverse direction at —75 mV,
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corded in control (@) and in the presence of 5 mm Cs™ and 40 mm
TEA (b). (C) I-V curves of the currents in control (filled squares)
and in the presence of TEA/Cs™ (empty squares). (D) Subtracted
(Cs™ +TEA) -sensitive currents. (E) I-V curves of the peak (filled
circles) and steady-state (empty circles) (Cs™ +TEA) -sensitive in-
ward currents.

suggesting the activation of K conductances (Fig.
3C). Both Cs* (5 mm + TEA 40 mwm, Fig. 3Bb) and
Ba®™ (100 pm, data not shown) blocked inward cur-
rents that averaged —11.4 £ 5.2 pA/pF (n = 15)
and —12.2 £ 2.8 pA/pF (n = 3), respectively, when
measured at the peak of the current at —160 mV.
Point-by-point subtractions of the currents in the
presence of 5mm Cs ™ (traces b) from those in control
(traces a) isolated Cs*-sensitive currents (Fig. 3D).
At potentials more negative than —130 mV, Cs™-
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sensitive currents show a time- and voltage-depen-
dent inactivation that is characteristic of inwardly
rectifying K™ currents, including those observed in
cultured OLGs (Soliven et al., 1988; Hertz et al.,
1990; Gaillard & Bossu, 1995). I-V curves for the
peak (filled symbols) and steady-state (empty sym-
bols) current components show the inactivation at
hyperpolarized potentials (Fig. 3E). Steady-state
current I-V curves gave Ergy of —81.2 = 1.8 mV
(n = 15) for Cs*- and Ba’ " -sensitive currents. Cs "
or Ba®" induced positive shifts in Vg of ~13 mV
(—82.3 £ 2.9 in control and —69.3 £ 4.1 mV in the
presence of Cs* or Ba’", n = 15, p<0.001; data
were pooled for Cs* and Ba”>"). Consistent with this
value, the mean Vi of OLGs recorded with intra-
cellular CsCl and extracellular TEA (40 mm) was
—49.6 + 6.6 mV (n = 10). Extracellular
TEA + Cs* also significantly shifted Eggy of the
steady-state currents to more depolarized potentials
(=758 £ 4.0 mV in control and —69.7 £ 6.2 mV
with Cs* or Ba>", n = 15, p<0.02).

Ba*" (1 mum )-Sensitivity of Whole-cell Currents
Reveals the Presence of Voltage-independent Currents

Ba®" at 1 mm blocked both inward and outward
components of the whole-cell currents (n = 5) (con-
trol: dashed lines; Ba?": solid lines) without affecting
the amplitude of the transient currents (Fig. 44). To
better characterize Ba®" -sensitive outward currents,
OLGs were depolarized from —160 to + 50 mV from
a holding potential of —80 mV in control (Fig. 4Ba)
and in the presence of 1 mm Ba®" (Fig. 4Bb). Ba®"
completely blocked inward currents and reduced
outward currents (Fig. 44 and C, filled symbols)
without affecting the transient current component
(Fig. 44 and C, open symbols). Voltage-dependent
outward currents are revealed in the presence of Ba® ™"
(Fig. 4B, traces b). Point-by-point subtractions of the
currents in the presence of 1 mm Ba”™ (traces b) from
those in control (traces @) isolated Ba>™-sensitive
voltage-dependent currents that show an inward
rectification of the peak currents and inactivation at
hyperpolarized potentials that are reminiscent of in-
wardly rectifying K * currents (Fig. 4D and E). Ba*>"
induced positive shifts in Vg of ~23 mV
(—81.7 £ 5.5 mV in control and —58.3 £ 1.5 mV
with Ba>", n = 5, p<0.001) and significantly shifted
Egrgy of the steady-state currents to more depolarized
potentials (—68.7 = 42 mV with Ba®", n = 51).
This shift is likely due to blockade of both inwardly
rectifying K" currents and steady-state passive cur-
rents.

None of the above pharmacological treatments
significantly affected the peak amplitude of the
transient components of the whole-cell currents.
Similarly, when recorded with a CsCl-based intra-
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cellular solution and extracellular TEA (40 mwm),
records display large transient currents at the onset
of the voltage steps. These transient components of
the currents are likely uncompensated capacitive
currents due to the extensive myelin membrane that
behaves like a capacitor. In fact we found a good
correlation between the amplitudes of the transient
currents measured at —140 mV and +20 mV and
the cell capacitances (r = 0.73 and 0.69, respective-
ly) (data not shown). No fast inward currents could
be detected when OLGs were depolarized from —70
to +60 mV following a pre-pulse to —110 mV,
commonly used to activate Na ™ currents, Similarly,
TTX did not block any inward currents in OLGs
(data not shown).

SINGLE-CHANNEL PROPERTIES OF
INwARDLY RECTIFYING K CURRENTS

Figure 54 shows an example of single-channel ac-
tivity in the cell-attached configuration at various
holding potentials from an OLG recorded with a
pipette solution containing 140 mm KGluconate.
Current fluctuations increased in amplitude as
holding potentials became more negative, and did
not reverse at positive potentials, demonstrating that
the channel rectifies inwardly. Inward single-channel
currents were observed in 75% of the recorded cells,
as regularly tested by applying a ramp protocol from
—140 to +140 mV (applied potential in the patch
pipette, Vprp). In only one out of 40 cells we ob-
served more than one active channel in a patch,
which indicates a relatively low channel density on
the cell soma. The amplitude histogram in the inset
of Fig. 5B illustrates the presence of only one
channel per patch. Outward single-channel currents
were never observed in membrane patches, suggest-
ing that such channels are not present on the cell
soma (Fig. 54 at +30 mV). Single-channel conduc-
tance (y) was determined by measuring the slope of
the linear portion of the single-channel I-V rela-
tionship (Fig. 5B) and averaged 31.8 £ 2.4 pS
(n = 4, including two OLGs recorded with 140 mm
KGluconate and two with 140 mm KCI). An accu-
rate way to measure Ergy in this case is to apply a
voltage ramp and determine the voltage at which the
open and closed current levels intersect (Fig. 5C).
When Egrgyv was measured in this way, it was found
to be close to Ex in all the tested cells (n = 22). Ex
was between 3-7 mV for each patch (assuming an
intracellular K* concentration of 105-125 mwm;
Ballanyi, 1995; Stys et al., 1997). An example of
single-channel currents recorded with a KGluconate
pipette solution measured in response to a ramp
stimulus is given in Fig. 5C. To determine whether
single channels inactivate, we recorded currents in
response to voltage steps in the cell-attached con-



208 K. Gipson and A. Bordey: Oligodendrocyte K* Current Profile in situ

A Ba?* 1 mM
BD a. Control o b. Ba?*

b-a. Ba**-sensitive

D

L

L pA 1500- P

1000+

/
O ——@—
/050 - *~e

¢

60 ms

Fig. 4. 1-mm Ba® " -sensitive voltage-independent K ¥ currents. (A4)
Control current traces (dotted lines) and traces in the presence of 1
mm Ba>" (solid lines) for voltage steps to —160 and +20 mV from
a holding potential of —80 mV. (B) Currents were activated by
applying voltage steps from —160 to + 60 mV for 300 msec from a
holding potential of —80 mV. Currents recorded in control (a) and

figuration (Fig. 6). OLG patches were recorded at a
Vpip of 0 mV and stepped to more positive pipette
potentials (equivalent to hyperpolarized patch po-
tentials Vp). Upon stepping to more hyperpolarized
patch potentials (—160 versus —90 mV, Fig. 64 right
and left panels, respectively) the channel did not
strongly inactivate during the recording, although
the channel was more frequently in the closed state.

; oo

-500+

-1000

-1500-

in the presence of 1 mm Ba>" (b). (C) I-V curves of the peak (empty
symbols) and steady-state (filled symbols) currents in control
(squares) and in the presence of Ba>* (circles). (D) Subtracted
Ba’ " -sensitive currents. (E) I-V curves of the peak (empty circles)
and steady-state (filled circles) Ba®>" -sensitive inward and outward
currents.

When many sweeps were averaged, the resulting
current trace showed little inactivation at —160 mV
and no inactivation at —90 mV, as illustrated in Fig.
64 and B, respectively (bottom traces). The steady-
state open probability of the inwardly rectifying
channel declines as potentials become more hyper-
polarized. The dependence of open probability on
Vp is shown in Fig. 6B. The data were fitted by a
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V,, mV
-150
o

Fig. 5. Single-channel conductance (y). (4) Cell-attached patch
recordings of single-channel currents at various holding potentials
from a P19 OLG. The potentials on the left represent the potentials
across the patch of membrane under the pipette (Vp) given as
Vr—Vprip, Vprp being the potential applied to the patch pipette. Vi
was —75 mV in this cell. O and C represent open and closed states,
respectively. (B) Single-channel /- relationship for the cell record
shown in (A). The solid line is a least-squares fit of the linear

sigmoid equation over the potential range studied
(dotted line). The inflection point occurred at —120
mV. Maximum and minimum open probability were
87% at —80 mV and 47% at —150 mV, respectively.

Discussion

Our data show that in situ OLGs possess more types
of ion channels than previously thought, and, in
particular, for the first time we show the presence of
delayed rectifying and inwardly rectifying K" chan-
nels in mature OLGs.

# events/1000
O =~ N W OO

4 3 2 -1 0 1
I, pA at V,=-130mV

Lo i

portion of the data and gave y of 29.8 pS. The dotted line was
drawn by eye to pass through Ex, which was near 0 mV. Inset
shows an amplitude histogram of 400 sec of data recorded at Vp of
—130 mV. (C) Channel fluctuations elicited by a voltage ramp from
a different cell than the one shown in (4). For all the recordings the
pipette solution contained 140 mm K*. The dotted line represents a
linear fit to the single-channel currents during the ramp protocol.

MORPHOLOGY

LY-filled OLGs recorded in our study from P17-36
rats showed typical morphological features of mature
OLGs in situ (Butt & Ransom, 1989; Bjartmar et al.,
1994). OLGs had a mean process length of 132 um,
which is similar to that described by Butt & Ransom
(1989) in rat optic nerve (150-200 pm) and longer than
those of promyelinating OLGs recorded in mouse
corpus callosum (6070 um) (Berger et al., 1991). This
suggests that most of the recorded OLGs are close to
their final length and have already established several
myelin loops around axons. Recorded OLGs stained
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Fig. 6. Single-channel inactivation and open probability. (4) Cell-
attached patch records of currents elicited in response to different
voltage steps. The patch was held at a Vp of =75 mV (Vprp = 0
mV and Vg = —75mV) and stepped to —160 mV (left traces) and -
90 mV (right traces). Beneath each group of sweeps is the averaged
current record for that potential. 25-30 sweeps were applied with

positive for myelin basic protein that is synthesized
only by mature OLGs. In addition, ensheathment of
axons begins at P12 in rat corpus callosum and for-
mation of compact myelin has clearly been initiated at
P17 (Bjartmar et al., 1994). The mean number of en-
sheathed or myelinated axons was 15 (number of par-
allel processes; range 11 to 25), which was similar to the
number of parallel processes previously reported in the
corpus callosum (Bjartmar et al., 1994).

K™ CHANNEL EXPRESSION IN SITU AND FUNCTIONAL
IMPLICATIONS

OLGs displayed voltage-dependent TEA-sensitive
outward K" currents, Cs*- and 100 pm Ba®*-sen-

3-sec intervals. Leak and capacitive currents recorded in response
to equal and opposite steps were averaged and subtracted from
each record. (B) Graph of open probability versus Vp. Records
were 240 to 400 msec in duration and were obtained at different
potentials applied in a random sequence.

sitive inward K channels (K;g) and 1 mm Ba’*-
sensitive K" currents.

Voltage-dependent K+ Currents

Outwardly rectifying, non-inactivating currents were
sensitive to TEA, activated between —50 and —40
mV, and resemble delayed rectifier currents present in
mature OLGs in vitro (Barres et al., 1988; Soliven
et al., 1988; Soliven et al., 1989; Attali et al., 1997).
We observed outwardly rectifying K™ currents in
78% of the recorded OLGs, which was more than in
previous in situ reports (Berger et al., 1991; Chvatal
et al., 1997). The reason for this discrepancy is not
clear and might be due to technical differences, in-
cluding, for instance, the amount of electrical cou-
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pling and the intracellular medium used (amount of
ATP, different pH). Interestingly, outward single-
channel currents were not observed on the soma. This
finding suggests that these channels are located on
OLG processes as observed in Schwann cells (Mi
et al., 1995), which could render their electrophysio-
logical detection more difficult. This could also
account for the small amplitudes of the TEA-sensitive
currents that we recorded. Alternatively or addi-
tionally the small amplitudes of delayed rectifying
K™ channels in mature OLGs could be explained by
the outward K" channel downregulation due to the
switch from the progenitor proliferating phenotype to
the post-mitotic myelinating phenotype (Attali et al.,
1997; Chittajallu et al., 2002). In immature OLGs
delayed rectifier K" channels have been shown to
play a role in OLG proliferation/differentiation and
myelination (Soliven et al., 1989; Attali et al., 1997,
Chittajallu et al., 2002), while in mature OLGs their
role remains elusive.

Inwardly Rectifying K= Currents

Our data show that mature OLGs express typical
Cs"- and 100 um Ba? " -sensitive inwardly rectifying
K™ channels, which is consistent with previous in
vitro reports (Barres et al., 1988; Gaillard & Bossu,
1995; Attali et al., 1997) and in situ immunostaining
of K;r channel subunits in adult OLGs (Poopala-
sundaram et al., 2000). In addition, K;g channels
have been shown to be necessary for the maintenance
of myelin (Soliven et al., 1994), which strongly sug-
gests their presence in mature OLGs in situ (Neusch
et al., 2000). The presence of K;g channels was not
investigated in previous in situ studies that either did
not use pharmacological blockers (Chvatal et al.,
1997) or used a higher Ba®" concentration (10 mm)
(Berger et al., 1991), which does not selectively block
Kir channels. Inwardly rectifying single-channel
currents were observed in 75% of patches. These
currents were carried by K ions because the open
and closed state of the single-channel currents inter-
sect near 0 mV, which is close to the Fx (3-7 mV) and
not close to the Nernst equilibrium potential of Cl™
ions (E¢y). Ec; was between +31 and +46 mV with a
KGluconate-based pipette or between —44 and —58
mV with KCIl (assuming an intracellular ClI~ con-
centration of 14-25 mm; Ballanyi, 1995; Stys et al.,
1997). The mean single-channel conductance of 30 pS
in 140 mmM K™ similar to that reported for K;g
channels in the rat optic nerve, whole brain bovine
and human OLGs in vitro (Barres et al., 1988;
McLarnon & Kim, 1989a; 1989b). Similarly, as pre-
viously reported, the open probability was voltage-
dependent and K;r channels were open 87% of the
time at V. As reported for K;g channels in bovine
OLGs (McLarnon & Kim, 1989b), in our study, Kig
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channels showed strong inward rectification but little
inactivation at hyperpolarized potentials. Thus, Kg
channels in OLGs display the appropriate features to
allow influx of K* into OLGs at rest. In addition,
K;r channels participate in the maintenance of 'k as
shown by the ~13 mV shift in V' after blocking K;r
channels.

Inward and Outward Time-dependent K= Currents

Mature OLGs display inward and outward time-de-
pendent components of the whole-cell currents that
are blocked by 1 mm Ba®". A similar effect using 10
mM Ba’" was previously reported (Berger et al.,
1991). In our study, voltage-independent K" chan-
nels significantly contributed to the establishment of
the cell resting potential, as shown by positive shifts
in Vg in the presence of 1 mm Ba”". This large K*
permeability of the OLG membrane is likely impor-
tant in the passive regulation of K~ movement across
the glial membrane, as previously suggested by Ber-
ger et al. (1991).

Overall, these data reconcile conflicting results
obtained from previous in vitro and in situ studies
on mature OLG ion-channel expression. In particu-
lar our findings show that mature oligodendrocytes
in the corpus callosum do possess delayed rectifying
K™ channels and inwardly rectifying K" channels
and that these latter channels participate in the
maintenance of the cell resting membrane potential
and are likely important for K" buffering in these
cells.

We thank Dr. C. A. Greer for providing us with a scanning
confocal microscope. This work was supported by NIH POI-
NS39092-03.
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