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Developmental Changes in the Membrane Current Pattern, K- Buffer
Capacity, and Morphology of Glial Cells in the Corpus Callosum Slice
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Department of Neurobiology, University of Heidelberg, 6900 Heidelberg, Germany and ?Department of Neuroanatomy,
Max Planck Institute for Brain Research, 6000 Frankfurt am Main 71, Germany

Recent studies indicated that glial cells in tissue culture can
express a variety of different voltage-gated channels, while
little is known about the presence of such channels in glial
cells in vivo. We used a mouse corpus callosum slice prep-
aration, in which after postnatal day 5 (P5) more than 99%
of all perikarya belong to glial cells (Sturrock, 1976), to study
the current patterns of glial cells during their development
in situ. We combined the patch-clamp technique with intra-
cellular labeling using Lucifer yellow (LY) and subsequent
ultrastructural characterization. In slices of mice from P6 to
P8, we predominantly found cells expressing delayed-rec-
tifier K+ currents. They were similar to those described for
cultured glial precursor cells (Sontheimer et al., 1989). A-type
K+ currents or Na* currents were not or only rarely observed,
in contrast to cultured glial precursors. LY labeling revealed
that numerous thin processes extended radially from the
perikaryon of these cells, and ultrastructural observations
suggested that they resemble immature glial cells. In slices
of older mice (P10-13), when myelination of the corpus cal-
losum has already commenced, many cells were character-
ized by an almost linear current-voltage relationship. This
current pattern was similar to cultured oligodendrocytes
(Sontheimer et al., 1989). Most processes of LY-filled cells
with such a current profile extended parallel to each other.
Electron microscopy showed that these processes surround
thick, unmyelinated axons. We suggest that cells with oli-
godendrocyte-type electrophysiology are promyelinating
oligodendrocytes. In contrast to cultured oligodendrocytes,
membrane currents of promyelinating oligodendrocytes in
the slice decayed during the voltage command. This decay
was due not to inactivation, but to a marked change in the
potassium equilibrium potential within the voltage jump. This
implies that, in the more mature corpus callosum, small mem-
brane polarizations in a physiological range can lgad to ex-
tensive changes in the K+ gradient across the glial mem-
brane within a few milliseconds.
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Cultured glial cells express a variety of different ion channels
and thus can no longer be regarded as electrically passive ele-
ments of the nervous system. Na* channels, Ca?* channels, and
different types of K+ channels are found (for review, see Barres
etal., 1990). While such studies in culture have greatly advanced
our knowledge on the biophysical properties of these channels,
they have added little to our understanding of their functional
role. Glial channels are speculated to play a role in the control
of ion homeostasis (Orkand et al., 1966; Newman, 1986) or
proliferation (Chiu and Wilson, 1989). To establish more clearly
their functional roles, these channels need to be studied in their
natural environment, namely, in intact brain tissue.

Recently, Edwards et al. (1989) have succeeded in applying
the patch-clamp technique to brain slices and were able to record
whole-cell and single-channel currents from neurons in situ. In
the present study, we have adopted this approach to a slice
preparation of the mouse corpus callosum. In this part of the
CNS, at 5 d postnatally more than 99% of all somata are thought
to be of glial origin (Sturrock, 1976). In contrast to other parts
of the CNS of mice, the corpus callosum “matures” relatively
late. Five days after birth, only immature glial cells are detect-
able; myelination commences 11 d after birth and continues
during the following 8 months (Sturrock, 1980).

The corpus callosum could thus serve as a model to address
the following questions: What kind of voltage-gated currents do
glial cells express in situ? Can currents be detected that are
similar to those expressed by cortical oligodendrocytes in vitro?
Is it possible to demonstrate that a developmental regulation of
currents takes place in glial cells in situ that has been shown so
far only for in vitro glial cells (Sontheimer et al., 1989)?

Therefore, we recorded membrane currents from glial cells in
corpus callosum slices obtained from postnatal mice. These glial
cells express voltage-gated channels that resemble in part those
expressed in vitro; that is, their expression is developmentally
regulated. In addition, we can correlate these electrophysiolog-
ical changes to structural changes of these cells.

Materials and Methods

Preparation of brain slices and electrophysiological setup. Young mice
[postnatal days 6-13 (P6-13)] were killed by decapitation, and their
brains were dissected out. The forebrain hemispheres were cut into 150
um-thick slices in frontal orientation using a vibratome (FTB, Plano,
Marburg, Germany). The corpus callosum was cut parallel to its axonal
fascicles (Fig. 1). Slices were placed in a recording chamber at about
25°C mounted on the stage of a Zeiss microscope and fixed in the
chamber using a U-shaped platinum wire with a grid of nylon threads
(Edwards et al., 1989). The chamber was continuously perfused with a
salt solution, and substances were added by changing the perfusate. Cell
somata in the corpus callosum were visible in normal water-immersion
optics and could be approached by the patch electrode.
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Figure 1. The preparation. 4, Schematic drawing of the slice preparation used in this study: frontal section through the mouse brain at the level
of the corpus callosum (CC; V, ventricle). The boxed area indicates the area of the slice seen in B. B, Slice of a P10 mouse brain. The arrow points
to an LY-filled glial cell located in the corpus callosum. C, Higher magnification of the same LY-filled glial cell. Scale bars: B, 50 um; C, 25 ym.,
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Figure 2. Currents from cells of P6-8. 4, A cell in a corpus callosum slice from a P8 mouse was clamped from a holding potential of —70 mV
to increasing de- and hyperpolarizing potentials (voltage pattern, see inset). The current responses for potential jumps to —160, —120, —60, —40,
—20, 0, and 20 mV are shown. While hyperpolarizing pulses did not activate currents of significant amplitude, voltage- and time-dependent currents
with slow activation were recorded with membrane depolarization. The current decayed with a time constant of 15 msec. In this figure, and in the
following ones, leakage and capacitance currents were not subtracted. B, The steady state current (/) to voltage (V) relation was determined by a
rampwise change of the holding potential from —120 to 120 mV (duration 1 sec), which induced a marked outward rectifying current response.
C, A similar recording as described in 4 was obtained from another cell in a slice from a P6 mouse. In response to depolarizing pulses, a voltage-
and time-dependent outward current without inactivation was observed. D, Transient inward currents were activated after jumps to —20, —10, O,
and +10 mV from a holding potential of —70 mV (voltage pattern, see inset) in a cell from a slice from a P7 mouse. A jump to 0 mV elicited the

largest inward current.

Cells with a rounded and pale appearance located near the surface of
the slice were not selected for recording, while cells having a clear, dark
membrane surface and lying around 30 um deep in the tissue were
analyzed. In contrast to the method described by Edwards et al. (1989),
a separate pipette was not used to blow off cellular debris, as axonal
bundles could not be removed. Instead, positive pressure was applied
to the pipette while it was lowered under microscopic control. The
axonal bundles were blown aside, and the pipette tip could be placed
onto the surface of a cell soma.

Membrane currents were measured with the patch-clamp technique
in the whole-cell recording configuration (Hamill et al., 1981). Current
signals were amplified with conventional electronics (EPC-7 amplifier,
List Electronics, Darmstadt, 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.

Solutions and electrodes. The standard bathing solution contained (in
mm) NaCl, 150; KCl, 5.4; CaCl,, 2; MgCl,, 1; HEPES, 5; and glucose,
10. The pH was adjusted with NaOH to 7.2, and the solution was gassed
with O,. In some experiments, 10 mm NaCl was replaced by an equi-
molar amount of BaCl, to block potassium currents. Recording pipettes
were fabricated from borosilicate capillaries (Hilgenberg, Malsfeld, Ger-
many), with resistances ranging from 3 to 5 MQ, coated with Sigmacote
(Sigma). The pipette contained (in mm) KCl, 130; CaCl,, 0.5; EGTA,
5; MgCl,, 2; HEPES, 10; ATP, 3; and GTP, 0.4. Ca> activity was
calculated to be approximately 11 nM. The pH was adjusted with NaOH
to 7.2. The pipette always contained 1 mg/ml Lucifer yellow (LY).

Intracellular staining of cells. During recording, cells were filled with
LY by dialyzing the cytoplasm with the patch pipette solution. To avoid
destruction of the cell as the pipette was pulled off after recording, the
seal was destroyed by a large hyperpolarizing current injection. Follow-
ing recording, slices were fixed for 3-5 hr at room temperature in 4%
paraformaldehyde, 0.25% glutaraldehyde in 0.1 m phosphate buffer, pH
7.2. Slices were then transferred to phosphate buffer. LY -filled cells were
examined in a microscope equipped with the appropriate filter com-
bination (BP 400440, FT 460, LP 470).

Electron microscopy. For electron microscopic observation, LY flu-
orescence was replaced during a photooxidative process by an electron-

dense 3,3’-diaminobenzidine (DAB) reaction product. The method fol-
lowed closely that described by Maranto (1982) with the modifications
reported by Sandell and Masland (1988). Slices were rinsed in 0.1 M
Tris buffer (pH 8.2), placed on a microscopic slide, and incubated in a
DAB solution (1.5 mg DAB/mI Tris buffer, supplemented with 1.0 mg
potassium cyanide/ml to reduce background labeling). The injected cells
were illuminated for about 15 min on a microscope stage using a 25 x
objective and blue light (BP 400-440). Thus, it was possible to observe
the fading of the LY and the formation of the brown DAB reaction
product. The tissue was rinsed in Tris buffer and transferred to phos-
phate buffer, then to 0.1 M cacodylate buffer, pH 7.4. Slices were post-
fixed in 2% glutaraldehyde in cacodylate buffer for 2 hr. Small pieces
of the slices containing the labeled cells were osmicated (2% osmium
tetroxide in cacodylate buffer), dehydrated, flat embedded in Epon, and
polymerized. The region containing the labeled cell was mounted on
prepolymerized Epon blocks. Horizontal semithin (1 um thick) sections
were cut parallel to the axon fascicles and mounted on glass slides. As
soon as the first traces of the DAB reaction product were detected, a
series of ultrathin sections alternating with a semithin section was pre-
pared. Ultrathin sections were stained with lead citrate and examined
with an electron microscope (Zeiss EM 10),

Resuits

We investigated glial cells in frontal brain slices of the corpus
callosum from mice between P6 and P13. Using water-immer-
sion optics, cell somata located in the corpus callosum were
readily recognized and could thus be approached by patch-clamp
electrodes. After establishment of the whole-cell recording mode,
the cell was dialyzed and thereby filled with LY. This enabled
us to visualize the morphological appearance of the cells and
simultaneously record the membrane currents. Figure 1 illus-
trates the location and shape of a LY-filled glial cell in the corpus
callosum of a P10 mouse; this cell revealed electrophysiological
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Figure3. Identification of K* currents
from cells of P6-8. A, A tail current
protocol was used to determine the re-
versal potential of the delayed outward
current from a cell in a slice from a P6
mouse. In the upper traces, currents were
activated with a voltage step from the
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and morphological properties of an oligodendrocyte (for details,
see below). Dye coupling was never observed, either in cells
from P6-8 mice or in those from P10-13 mice. After replacing
LY fluorescence by an electron-dense product, we could obtain
ultrastructural details of the same cell and its environment.
Subsequently, the properties of the membrane currents are the
morphological features of the cells described.

Membrane currents of cells from P6 to P8

We recorded membrane currents from 46 cells in slices from
P6-8 mice. The entrance potential after establishing the whole-
cell mode averaged —54 mV (range, —31to =77 mV; N =41).
Applying a standardized pulse protocol, the membrane potential
was held at —70 mV and jumped for 50 msec to increasingly
de- or hyperpolarizing potentials ranging from 20 to ~160 mV.
We could distinguish between three types of cells showing a
distinct current pattern upon depolarization. One type was char-
acterized by strongly outward rectifying currents (69%); another,
by large inward currents (11%). In the third group of cells, no
time- and voltage-dependent currents were recorded (20%).
The majority of cells showed a characteristic pattern of mem-
brane currents: Depolarizing voltage steps activated an outward
current that decayed during the voltage step (N = 26; Fig. 24).
The peak current for a voltage jump to 20 mV averaged 632
pA (range, 148-1457 pA; N = 26) after 5.9 msec (range, 3.3
10.5 msec; N = 26). The peak conductance had a mean of 6.32
nS. The steady state current component extrapolated from the
fit of the current decay was 71% of the peak in cells exhibiting
decay (450 pA; range, 39-1132 pA; N = 26). The current decay
was fit in a time range between 5 and 25 msec after the start of
the voltage command by a single exponential, yielding a mean
time constant of 19 msec (range, 842 msec; N = 21) for a
voltage jump to 20 mV. With hyperpolarizing voltage jumps,
only minute, passive currents were observed, most likely re-
flecting leakage currents. The strongly outward rectifying be-
havior of the membrane currents is also reflected in the steady

+10 mM Ba

msec, the voltage command was
switched to a series of more negative
potentials (voltage pattern, see inser),
and the family of current traces was su-
perimposed. The current amplitude at
the time marked by the arrow was de-
termined and plotted in the lower graph
as a function of the membrane poten-
tial. The reversal potential (E..,) of the
current was at —62 mV. B, Currents
were activated as described for Figure
2A from a cell in a slice from a P6 mouse.
Control currents (upper family of trac-
es) were compared to those in the pres-
ence of 10 mm Ba?* in the bath (lower
family of traces). The almost complete
blockade of currents in the presence of
Ba** indicated that the current was car-
ried by K*.

}-_ holding potential to 20 mV. After 20

state current—voltage relation obtained with voltage ramps rang-
ing from —120 to 120 mV (1 sec duration; Fig. 2B).

In six cells, an outward rectifying current pattern with no
decay was observed (Fig. 2C). The current peaked after 6.2 msec
(range, 4.2-9.2 msec; N = 4) with an average amplitude of 544
pA (range, 216-755 pA; N = 4).

To determine the ionic specificity of the outward current, the
current reversal potential was determined using a tail current
protocol (Hille, 1984). The membrane was clamped to 20 mV
to activate the outward current and consecutively clamped to
less depolarized values ranging from 10 to ~ 130 mV. The cur-
rent amplitude was determined 2 msec after the voltage jump
and reversed at about —60 mV, close to the potassium equilib-
rium potential (Ex. = —80 mV; Fig. 34). Application of Ba*",
which is known to block K* channels, also significantly reduced
the outward current (N = 2; to 6% and 15% of the control value,
respectively; Fig. 3B). This blockade could not be reversed with-
in the remaining recording time of up to 12 min.

We tested for the presence of A-type K+ currents by applying
the standard pulse protocol for the isolation of this current type
(Connor and Stevens, 1971). Therefore, the membrane potential
was clamped to increasingly depolarized values, starting from
two different holding potentials, —110 mV and —-70 mV, re-
spectively. Subtracting these two families of current traces did
not reveal an additional current component selectively activated
by jumping from the more negative holding potential. We thus
could not detect A-type K+ currents in these cells.

In two of the cells described above, a transient inward current
was observed that activated with depolarizing voltage jumps.
This inward current had a peak amplitude of 83 and 240 pA,
respectively, and kinetics similar to voltage-activated Na* cur-
rents (Fig. 2D). In the current-clamp mode, cells were depolar-
ized by a brief current pulse (90 pA) to test the capacity of the
cell to generate action potentials. No action potentials could be
detected.

The second group of cells observed in P6-8 corpus callosum
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Figure 4. Currents from cells of P10-13. 4, The voltage-clamp protocol described for Figure 24 was applied to a cell in a slice from a P10 mouse.
The upper family of traces illustrates the current responses to a series of depolarizing voltage steps to —40, — 10, and 20 mV from a holding potential
of —70 mV; the lower family of responses, to hyperpolarizing voltage steps to —100, —130, and — 160 mV. Note that an inward current is activated
after switching from the depolarized potentials to the holding potential, and that an outward current is activated after switching from the hyper-
polarized potentials. B, The time constant of the current decay was analyzed by monoexponentially fitting current traces of 25 msec duration
starting 5 msec after a voltage step (analyzed time is indicated by arrows in the inser). Current traces after a voltage step from the holding potential
to de- or hyperpolarized values (triangles) were compared to those for which the membrane potential was clamped back to the holding potential
(circles) from the de- or hyperpolarized values. The time constants were plotted as a function of the de- or hyperpolarized potentials imposed during
(triangles) or prior to the analyzed traces (circles). The time constants were not significantly different, and the means are denoted as horizontal
dotted lines for traces during (12 msec; upper line) and after the voltage steps (10 msec; lower line). C, The steady state current (/) to voltage (V)
relation was obtained as described for Figure 2B, from the same cell as displayed in 4.

slices was characterized by large inward currents (about 1 nA)
activated by depolarizing voltage jumps that inactivated within
5 msec (5 out of 46 cells). In addition, these cells showed delayed
rectifying outward currents. In the current-clamp mode, action
potentials could be elicited following current injection (not
shown), indicating that they were most likely neurons.

The third type of cells in P6-8 slices consisted of 9 out of the
46 cells analyzed. In this group, no voltage-activated currents
could be activated by de- or hyperpolarizing voltage steps.

Membrane currents of cells from P10 to P13

The entrance potential of cells from P10 to P13 after establishing
the whole-cell mode averaged —51 mV (range, —31to —68 mV;,
N = 35). Celis in slices obtained from P10-13 mice exhibited
a current pattern different from those from younger animals. In
the majority of cells, both de- and hyperpolarizing current pulses
activated outward and inward currents, respectively (28 out of
41 cells from 20 animals; Fig. 44). The current decayed, and
peak and steady state currents were linearly related to the hold-
ing potential. These passive properties are reflected in the almost
linear steady state current—voltage relation, determined with a
voltage ramp of 1 sec duration (Fig. 4C). Application of 10 mm
Ba>* to the bath completely blocked the decaying component
of the inward and outward currents, indicating that it is carried
by K+ (Fig. 5).

In the remaining group, eight cells (i.e., 20%) showed a current

pattern as described for the majority of cells from P6 to P8
(delayed-rectifying outward current). As observed in the slices
obtained from younger animals, the outward current inactivated
(N = 4) in some cells; in others, no apparent inactivation was
observed (N = 4). In one of the cells with noninactivating cur-
rents, an A-type K+ current could also be isolated using the
pulse protocol described above (not shown). Seven percent (N
= 3) of cells did not show any voltage- or time-dependent cur-
rents. Two cells (4%) expressed only slowly decaying inward
currents in response to hyperpolarizing commands. In none of
the cells from that age were inward currents observed with de-
polarizing voltage steps, and thus it was not possible to elicit
action potentials.

Analysis of the current decay of cells from P10 to P13

We have further analyzed the properties of the currents that are
characteristic for the majority of cells recorded from slices of
P10-13 mice (Fig. 44). The inward and outward currents, ac-
tivated with hyperpolarizing or depolarizing voltage steps, de-
cayed with time constants ranging from 10 to 40 msec. This
variability of the time constant was apparent when comparing
values obtained from different cells. In contrast, the time con-
stants obtained from one cell were independent of the membrane
potential (Fig. 4B). Moreover, when the membrane potential
was switched back from the depolarized value to the holding
potential, an inward current was elicited that decayed with a
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time course similar to the outward current elicited with the
depolarizing voltage step. Conversely, stepping back from hy-
perpolarized potentials (which activated decaying inward cur-
rents) elicited an outward current. In the following, we have
analyzed these tail currents in more detail.

The decaying component of the inward tail currents after a
depolarizing voltage step, and surprisingly, also of the outward
tail currents after a hyperpolarizing voltage step, was almost
completely blocked by adding Ba?* to the bath, indicating that
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Figure 5. Effect of Ba2' on currents
from a cell of P11. Currents were ac-
tivated and displayed as described for
Figure 2, in standard bathing solution
(control; left traces) and in the presence
of 10 mm Ba?* (middle traces). The Ba**-
sensitive current component was ob-
tained by subtracting the family of cur-
rent traces in the presence of Ba?* from
those in standard solution (right traces).
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the current was carried by K+ (Fig. 5). The finding that a K*
inward and a K+ outward current can be activated at the same
membrane potential suggests that the equilibrium potential is
shifted during the preceding voltage step. To test this assump-
tion, the current reversal potential was determined (with the
above-described tail current analysis) after a depolarizing volt-
age step to 20 mV (Fig. 64). As can be seen in Figure 6B, the
reversal potential is closer to the assumed E. (based on [K"]
of the extracellular solution and the pipette solution) if the pre-

Figure 6. Dependence of the current
reversal potential on the duration of a
depolarizing pulse. 4, The tail current
protocol as described for Figure 34 was
used to determine the reversal potential
of outward currents. The membrane was
clamped from a holding potential of
—70 mV to 20 mV for 1 msec (middle
traces) and 5 msec (lower traces). The
pattern of voltage steps is indicated in
the upper trace, and the time interval ¢
was varied. B, From the recordings
shown in 4, the current amplitudes were
determined briefly after the voltage step
to 20 mV at the time indicated by the
arrow in A. Currents () were plotted as
a function of the membrane potential
Y (V) for traces preclamped to 20 mV for
1 msec (triangles), 3 msec (circles), and
5 msec (squares). The current reversal
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potential (E,,) for recordings pre-
clamped for | msec is indicated. C,
Current reversal potentials as deter-
mined in B were plotted as a function
of the prepulse duration (indicated as ¢
in A). The data points were fit by an
exponential function. The theoretical
reversal potential at ¢ = 0 msec (no pre-
vious voltage jump) was at —56 mV,
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Figure 7. Properties of the inward

current activated after a depolarizing

voltage jump. A4, As described above, A
inward currents were activated after
clamping from a depolarized potential
(20 mV) to the holding potential (—70
mV). The dependence of the inward
current on the duration of the depolar-
ized voltage step was analyzed. Current
recordings are superimposed that were
first clamped for variable times ¢ to 20
mV and, subsequently, to the holding
potential. The step to the holding po-
tential was synchronized to illustrate the
difference in the superimposed traces of
inward currents. B, From recordings as
shown in A, the peaks of the inward
current (1) were plotted as a function of
the prepulse duration (¢). The inset il-
lustrates a sample record of the inward
current after the prepulse. C, The time 1
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constants of the current decay mea- )
sured 5-30 msec after the prepulse were At
plotted as a function of the prepulse L
duration (#). D, The integral of the de- 0.5
caying current between the offset of the

prepulse and 30 msec thereafter, yield-

ing the charge Q, was plotted as a func- T T

tion of the prepulse duration (¢). 10 20 30

ceding voltage step is short (1 msec; Fig. 6 B). With longer voltage
steps, the reversal is shifted to more positive values. The plot
of the duration of the prepulse versus the reversal potential
indicates that a plateau is reached after about 20 msec. The
extrapolated reversal potential at ¢ = 0 msec is about —60 mV
(Fig. 6C), indicating a [K*], of 14 mM according to the Nernst
equation. Since the bath solution contained 5.4 mm K*, an
additional decrease in intracellular [K*] during the voltage step
cannot be excluded. We conclude that, because of current ac-
tivation, the transmembrane K* gradient is shifted to more
positive values with depolarizing voltage steps and to more
negative values with hyperpolarizing voltage steps.

We varied the time of a prepulse to study the peak amplitude
and the time constant of the decaying tail current after the clamp
command back to the holding potential (Fig. 74). The peak
amplitude increased with increasing prepulse duration (Fig. 7B),
while the time constant of decay was not affected (Fig. 7C).
From the integral of the decaying tail current, the charge trans-
ferred across the membrane could be determined. This value
increased with increasing time of the prepulse and reached a
plateau after about 20 msec (Fig. 7D).

Morphological properties of cells from P6 to P8

Light microscopy

Cells with the outward rectifying current pattern (69% of the
electrophysiologically studied cells) revealed characteristic mor-
phological features when filled with LY. They had a round to
oval-shaped perikaryon from which numerous thin processes
extended. By focusing, these processes were seen to extend ap-
proximately radially from the cell body, with no preferred di-

[ 1 T [ 1
40 50 t[mg] 10 20 30 40 50 t[ms]

rection. Many of their thin processes revealed numerous “swell-
ings” reminiscent of (neuronal) varicosities. Figure 8 shows a
typical cell with outward rectifying properties (Fig. 84; cf. Fig.
2A). Figure 8B and C, shows the corresponding LY -filled cell;
the micrographs were taken at different focal depths. The “swell-
ings” of the processes are clearly visible.

These “swellings were again seen in 1 um-thick Epon sec-
tions that were prepared after replacing LY fluorescence by an
insoluble electron-dense product (Fig. 8D,E). In the micro-
graphs shown in Figure 8, D and E, arrows point to labeled
“swellings” and short processes. The labeled cell body is not
visible, because it is not present in this section.

Handling of the slices during electrophysiology as well as
during the photooxidation process required protocols that were
not optimal for electron microscopy. Thus, the preservation of
the tissue processed for electron microscopy was not always
satisfactory. Five DAB-labeled P6 glial cells characterized elec-
trophysiologically in slices could be evaluated ultrastructurally.

Ultrastructural observation at P6

The corpus callosum of P6 mice is composed of loosely arranged
unmyelinated axons, characterized by the presence of few mi-
crotubules, and scattered glial cells. Although more than 100
glial cells were evaluated in this material, only one cell could
unequivocally be identified as astrocyte, due to the presence of
intermediate filaments in its perikaryon. All other cells could
not be classified at this early stage of development, for the fol-
lowing reasons. They contained no detectable amounts of in-
termediate filaments or glycogen, which are features of more
mature astrocytes. This is in accord with the observation that

—

Figure 8. Electrophysiological and morphological properties of a cell from a P6 mouse corpus callosum. 4, Voltage-activated potassium currents
displayed as described for Figure 24. B and C, LY-filled P6 glial cell. Both micrographs represent the same frame but were taken at different focal
depths. Radially oriented processes extending from the perikaryon bear numerous ““swellings.” D and E, One micron—-thick Epon sections, Nissl
stained: LY -filled P6 glial cell, photoconverted to an electron-dense diaminobenzidine (DAB) reaction product. The micrograph shown in D was



The Journal of Neuroscience, October 1991, 17(10) 3015

derived from a section close to the cell body; E was taken about 15 um apart from the cell body. Arrows point to the DAB-labeled “swellings.”
Scale bars, 50 pm.
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Figure 9. Electron micrograph showing an undifferentiated glial cell present in a P6 corpus callosum. The perikaryon is rich in mitochondria
(mit), rough endoplasmic reticulum (ER), and free ribosomes (r). The broad processes extending from the cell body are loaded with microtubules
(m) and free ribosomes. Scale bar, 1 um. The inset shows one of these processes at higher magnification. Scale bar, 0.5 um. Nuc, nucleus; Ax,

unmyelinated axons.

antibodies to glial fibrillary acidic protein stained only few cells
in the corpus callosum of P6 mice using indirect immunoflu-
orescence (J. Schnitzer, unpublished observation). The vast ma-
jority of somata in the corpus callosum resembled undifferen-
tiated glial cells or glioblasts (see Sturrock, 1976; but see also
Peters and Vaughn, 1967; Vaughn and Peters, 1967; Skoff et
al., 1976). Their cytoplasm was rich in rough endoplasmic re-
ticulum (ER), mitochondria, and free ribosomes. Some cells had
broad processes emanating from the perikaryon, with numerous
microtubules and free ribosomes, and some scattered mito-
chondria. Figure 9 shows a typical cell from a P6 corpus cal-
losum. One should keep in mind that, although the abundance
of microtubules is characteristic for mature oligodendrocytes,
immature astrocytes have the same feature (Peters et al., 1976).
The cytoplasm of some glial cells was darker than that of others,
but no perikaryon could be defined unequivocally as being that
of an oligodendrocyte.

Electron microscopy of DAB-labeled cells from P6 to P8

The reaction product in the DAB-labeled cells was so dense that
cellular organelles were difficult to resolve. It was, however, easy
to follow the course of their labeled cellular processes. Some of

them were aligned parallel to the axons building the corpus
callosum (Fig. 104); other processes from the same cell extended
orthogonally to axons. The apparent “swellings™ of the processes
that were seen in the light microscope turned out to be due to
mitochondria, some of which were considerably larger than the
remainder of the labeled processes (Fig. 10B). The presence of
large mitochondria in otherwise rather thin cellular processes
was a characteristic feature of DAB-labeled cells. In some cases,
DAB-labeled processes were found that “enwrapped” several
axons (Fig. 10C). In the same material, we found few unlabeled
glial processes (characterized by the abundance of free ribo-
somes) that “enwrapped” axons (Fig. 10D).

Morphological properties of cells from P10 to P13

Light microscopy

We investigated the morphological profile of cells from P10 to
P13 that exhibited the predominant current pattern, the decay-
ing inward and outward currents as described above (see also
Figs. 114, 124). The morphology of the LY-filled cells from
that age was different to that seen in P6-8 cells. The processes
were not radially oriented, but were oriented predominantly in
a single direction, and most processes of a single cell extended
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Figure 10. Electron micrographs from a P6 corpus callosum: LY-filled processes from a P6 glial cell, photoconverted (4-C), and unlabeled
processes (D). A, A photoconverted DAB-labeled process follows the course of the unmyelinated axons (4x) that run from top to bottom in this
micrograph. B, Some parts of the photoconverted DAB-labeled P6 glial cell processes contain numerous large mitochondria (mit). C, A photo-
converted P6 glial cell process “enwrapping” axons. D, An unlabeled glial cell process characterized by the presence of numerous free ribosomes

(r; cf. Fig. 9, inset) surrounds unmyelinated axons. Scale bar: 4 and B, | ym; C and D, 0.5 pm.

parallel to each other (Figs. 1C; 11B,C; 12B). After photocon- )
version, it was possible to see in semithin sections that the  Ultrastructural observation at P10

nucleus of these cells had an excentric location in the perikaryon; Preservation of the tissue was again not always satisfactory, but
their DAB-labeled processes were easy to identify (Fig. 12C). the glial cell perikarya seen at P10 in the electron microscope
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Figure 11. Electrophysiological and morphological properties of a P10
glial cell present in the corpus callosum. 4, Voltage-activated potassium
currents displayed as described for Figure 24. B and C, LY-filled P10
glial cell. Most of its processes extend parallel to each other. Both mi-
crographs represent the same frame but were taken at different focal
depths. Arrows point to parallel processes. Scale bar, 50 um.

were usually preserved well enough to allow the classification
of some of them. At this stage, astrocytes that had plenty of
intermediate filaments and short, wide-bore cisternae of rough
ER (Fig. 13; see also inset) were more frequently seen compared
to P6. Other cells had well-developed Golgi cisternae, numerous
mitochondria, and stacks of narrow-bore cisternae of rough ER,
which might represent the first few oligodendrocytes seen at that

stage (not shown). Many perikarya could still not be classified
unequivocally at this stage.

At P10, the vast majority of the callosal axons were unmy-
elinated. Many processes defined to be of glial origin because
of their cellular components (free ribosomes, mitochondria, mi-
crotubules or intermediate filaments, and rough ER) were seen
to be intermingled with callosal axons (Fig. 14). Similar to glial
cell processes of P6 mice, at P10 some glial processes had large
mitochondria (Fig. 14C,D). In a few cases the presence of fila-
ments suggested an astrocytic nature (Fig. 14D). However, in
most instances ribosomes and few microtubules were the only
cellular organelles present in addition to mitochondria. The
presence of these components was not sufficient to determine
the nature of the glial cell processes (Fig. 14C).

Very few myelinated axons were present in the corpus cal-
losum at P10 (Fig. 15; arrows point to DAB-labeled processes).
All myelinated axons were considerably larger compared to un-
myelinated axons in their neighborhood.

Electron microscopy of DAB-labeled cells at P10

In contrast to most unlabeled glial cell perikarya present in the
corpus callosum material, the cytoplasm of the DAB-labeled
cells was usually not well preserved. The only cellular organelles
that could be identified were mitochondria (Fig. 16, upper third
of the micrograph). Labeled processes were seen to *“‘surround”
axons. These axons tended to have a larger diameter than the
majority of the unmyelinated callosal axons present at that stage
(Figs. 13, 16, dark reaction product in apposition to larger ax-
ons). None of the electrophysiologically characterized, LY-la-
beled cells examined had established a myelin sheath.

Discussion

Comparison of currents from glial cells in vitro and in situ
This study provides the first tight-seal patch-clamp recordings
from glial cells in situ. Using the loose-patch technique, Marrero
etal. (1989) have recorded Na* and K+ currents from the surface
of the frog optic nerve. The origin of these currents was most
likely from surface astrocytes. In our study, we have shown that
the majority of glial cells of the corpus callosum obtained at a
single developmental stage, that is, P6-8, have similar electro-
physiological properties. These were different from the prop-
erties of most cells recorded in P10-13 slices. The morphological
data that will be discussed below suggest that cells from P6 to
P8 are glioblasts and cells from P10 to P13 are promyelinating
oligodendrocytes. A comparison of our study with recordings
of cortical oligodendrocytes and their precursors studied in cell
culture (Sontheimer et al., 1989) shows similarities in the cur-
rent-pattern expression during development. Glial precursor cells
in culture identified with the stage-specific antibodies A2B5 and
04 express delayed-rectifying K+ currents. Moreover, these cells
are characterized by a strong outward rectification of the mem-
brane currents. Such a current pattern was found in the majority
of cells of the P6-8 corpus callosum.

In culture, two stages of precursor cells were distinguished:
immature precursors, characterized by the expression of A2B5
antigen and the lack of expression of O4 antigen, showed in
addition to the delayed-rectifying K* currents also Na* currents
and in minor cases A-type K* currents. The later stage, the O4-
positive precursors, expressed Na* currents in 26% and A-type
K* currents in 45% of the cells tested (Sontheimer et al., 1989).
Cells from the corpus callosum of P6—-8 mice did not exhibit
A-type K* currents and rarely Na* currents. They can thus be
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Figure 12. Electrophysiological and morphological properties of a P10 glial cell present in the corpus callosum. 4, Voltage-activated potassium
currents displayed as described for Figure 24. B, LY-filled P10 glial cell. Arrows point to processes seen in C. C, This micrograph shows parts of
the LY-filled cell and its processes after photoconversion in a | ym-thick Epon section. Scale bars, 50 um.

best compared to late precursor cells in cell culture. In this study,
cells with Na* currents have not been extensively characterized
on electrophysiological and morphological bases. They are prob-
ably more abundant in earlier developmental stages, which we
intend to study in the future.

With the expression of the Ol antigen and the commitment
of the cell to the oligodendrocytic lineage, the cultured cells
markedly change their channel pattern: they express an only
slightly voltage-dependent K* channel (Sontheimer and Ketten-
mann, 1988; Sontheimer et al., 1989). A similar current pattern
is found in the majority of cells from P10-13 corpus callosum
slices. The whole-cell currents measured in this study are in
perfect agreement with the properties of single K* channels re-

corded from oligodendrocytes of mouse spinal cord explant cul-
tures (Kettenmann et al., 1984). Only few cells of P10-13 slices
show a current pattern reminiscent of that seen in P6-8 slices.
The cause of the current decay during de- and hyperpolarizing
voltage jumps that is seen in most P10-13 glial cells in the slice
is not as pronounced in culture and will be discussed below.
Thus, the pattern of channel development is similar in cultured
cells and in the intact corpus callosum.

Morphological properties of the electrophysiologically studied
cells

We have shown that LY-filled glial cells from P6-8 slices were
morphologically different from those cells from P10-13 mice.
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Figure 13. Electron micrograph of the corpus callosum of a P10 mouse brain. Cells with features characteristic of astrocytes [i.e., numerous
intermediate filaments (f), short wide-bore cisternae of rough endoplasmic reticulum (ER), free ribosomes, and few mitochondria (mif); see
also inset at higher magnification] are readily seen. The dark labeling (top of the micrograph) that *“‘surrounds” axons (4x), characterized by the
presence of microtubules, represents LY-filled photoconverted P10 glial cell processes. Note that the axons surrounded by these processes are
considerably larger compared to most of the unmyelinated axons in the corpus callosum seen at this stage. Nuc, nucleus. Scale bars: 1 upm; inset,

0.5 ym.

At P6, they had numerous thin processes extending approxi-
mately radially from their soma, while most processes of cells
at P10-13 extended parallel to one another. We will discuss
below why we suggest that most of the electrophysiologically
characterized cells from P6-8 slices are by morphological cri-
teria glioblasts, while most of the cells from P10 to P13 are by
morphological criteria promyelinating oligodendrocytes.
Handling of the tissue during electrophysiology and pho-
tooxidation was not ideal for the preservation of the ultrastruc-
ture, but most unlabeled glial somata were preserved well enough
to examine their cytological properties. This is in contrast to
many LY-labeled photoconverted cells. Their cytoplasm was

often disrupted to such an extent that it was impossible to dis-
cover characteristic cytoplasmic features. In addition, the pho-
tooxidation product was so dense that it masked cytological
details.

In the corpus callosum of P6 mice, the majority of the somata
represent immature glial cells (Sturrock, 1976). We found that
at this stage most glial cells contained organelles that are char-
acteristic of immature glia, that is, numerous mitochondria,
single cisternae of rough ER, and free ribosomes (Skoff et al.,
1976; Sturrock, 1976; Skoff, 1990). Microtubules that are char-
acteristic for oligodendrocytes (Peters et al., 1976) but also for
glioblasts (Peters and Vaughn, 1967; Vaughn and Peters, 1967;



Skoff et al., 1976: Sturrock, 1976; Skoff, 1990) were frequently
seen. Thus, by P6 most glial cells lacked features characteristic
of mature astrocytes (i.e., filaments or glycogen granules) or
mature oligodendrocytes (i.e., dark cytoplasm, stacks of rough
ER)(see Petersetal., 1976). At P5, only about 5% ofall perikarya
were defined as being young astrocytes (Sturrock, 1976), which
is in accord with our observation that very few cells with glial
filaments were seen at P6. Thus, cells at P6 could either comprise
young astrocytes, which are rare, or more likely glioblasts, which
make up more than 95% of all cells at that stage.

At P6, LY-labeled and unlabeled glial cell processes were seen
that “‘enwrapped” several unmyelinated axons. Numerous free
ribosomes but no further organelles were seen in those *“‘en-
wrapping” processes. It was thus not possible to decide un-
equivocally whether they belonged to astrocytes that lacked fil-
aments in their finest processes or to immature glial cells.
However, since astrocytes have only few free ribosomes com-
pared to immature glial cells (Sturrock, 1976), we suggest that
the cellular processes that “enwrap” axon bundles more likely
belong to immature glia than to young astrocytes. In conclusion,
we suggest that the glial cells from P6-8 slices that possess
electrophysiological properties of cultured O4-positive precur-
sor cells are by morphological criteria glioblasts. Interestingly,
polyribosomes were observed in oligodendrocytic processes, in
the proximity of the forming myelin sheaths (Waxman and Sims,
1984). Since oligodendrocytes are not present at P6, we can only
speculate as to whether the glioblasts “enwrapping” axon bun-
dles at this stage are already determined to differentiate into
oligodendrocytes. We have no evidence of whether these glio-
blasts are bipotential progenitor cells (Raff et al., 1983) like the
O4-positive precursor cells in vitro (Trotter and Schachner, 1989).
Electrophysiological studies on developing type 1 astrocytes (Raff
etal., 1983) have to be performed in situ to understand whether
astroblasts are similar to or different from glioblasts differen-
tiating into oligodendrocytes.

Another feature of LY-filled glioblasts was the presence of
numerous “swellings” of their thin processes, which turned out
to be large mitochondria. We cannot exclude the possibility that
these mitochondria are artificially swollen due to the handling
of the slices, since immature corpus callosum tissue is very
fragile and sensitive to fixation conditions (Berbel and Inno-
centi, 1988). We have also seen them, however, in unlabeled
glial cell processes, which suggests that it is neither the LY-
filling nor the electrophysiological recording that might cause a
swelling.

At P10, undifferentiated glial cells were still the dominant cell
type found in the corpus callosum; astrocytes and oligodendro-
cytes were rare, and few axons had acquired a myelin sheath.
This is in accordance with Sturrock (1976). Many glial cells
showed electrophysiological properties reminiscent of oligoden-
drocytes in vitro (Sontheimer et al., 1989). A first hint that these
cells might be oligodendrocytes was the excentric location of
their nucleus, which is a characteristic feature of oligodendro-
cytes (Petersetal., 1976; Skoffetal., 1976). Electron microscopic
observations showed that their processes surrounded single ax-
ons. These axons were considerably thicker compared to the
mean diameter of the unmyelinated axons in their neighborhood
and were thus in the range of the mean diameter of the first few
myelinated axons present at that stage. In the corpus callosum
of mice, where even by the end of the eighth postnatal month
only 28% of the axons are myelinated, it was described that the
myelinated axons always have a larger mean axon diameter
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Figure 14. Electron micrographs of glial cell processes in the corpus
callosum of a P10 mouse brain. A, Glial cell processes with numerous
free ribosomes (r) running parallel to callosal axons (4x). B, Broad glial
cell process with numerous microtubules (m), mitochondria (mit), rough
ER, and free ribosomes. C, Nonclassified glial cell process with few
microtubules, ribosomes, and a large mitochondrium. D, An astroglial
process with filaments (f), rough ER, and large mitochondria. Scale
bars, 0.5 pm.

compared to unmyelinated axons (Sturrock, 1980). In the optic
nerve, itis known that axons increase in size prior to myelination
(Arees, 1978). It is therefore likely that the processes of the LY-
filled, photoconverted cells from P10 slices that surround rather
thick axons represent the first loop of an oligodendrocytic pro-
cess surrounding a promyelinated axon (Sturrock, 1975). We
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Figure 15. Electron micrographs of the corpus callosum of a P10 mouse brain. In A4, arrows point to a LY-filled, converted P10 glial cell process
that is in the proximity of three myelinated axons (4x). 4 and B, The diameters of myelinated axons are usually larger than those of unmyelinated

axons. Scale bars: 4, | um; B, 0.5 um.

suggest that the glial cells from P10-13 slices that possess elec-
trophysiological properties of O1-positive oligodendrocytes in
culture are by morphological criteria promyelinating oligoden-
drocytes.

By injecting LY and HRP into glial cells of the adult rat optic
nerve, Ransom and co-workers demonstrated the three-dimen-
sional and ultrastructural features of oligodendrocytes in situ
(Butt and Ransom, 1989; Ransom et al., 1991). These oligo-
dendrocytes had longitudinally oriented processes that were 150-
200 um long. In our study, promyelinating oligodendrocytes
had longitudinally oriented processes as well, but their length
was shorter, being about 50-70 um long (Figs. 1; 1158,C, arrows).
This suggests that the processes of oligodendrocytes as they
establish their first loop around axons have not reached their
final length, and that they will become longer with further mat-
uration.

None of the LY-labeled photoconverted glial processes were
in contact with myelinated axons. This is not unexpected since
less than 0.2% of the callosal axons are myelinated around P10
(Sturrock, 1980). The chance to “select” for electrophysiological
studies one of the few oligodendrocytes that have already es-
tablished a number of myelin lamellae is probably low.

The observation that by P10 some glial cells revealed elec-

trophysiological properties of cultured glial precursors is in
accord with the fact that at P11 about 70% of the glial somata
in the corpus callosum are undifferentiated glial cells (Sturrock,
1976). Even at adulthood, some immature glial cells that are
capable of division are present in the corpus callosum of mice
(McCarthy and Leblond, 1988).

The presence of neurons in the early corpus callosum

Neurons and neuroblasts are migrating through the corpus cal-
losum on their way from the subependymal zone to their target
in the cortex (Altman, 1966). Thus, based on morphological
studies, 15% of cells in the newborn mouse are neurons, de-
creasing to less than 1% 5 d after birth (Sturrock, 1976). In our
electrophysiological study, 11% of cells from P6 to P8 were able
to generate action potentials, thus identifying them as neurons,
while no such cell was detected 10 d after birth. These cells were
not characterized on their ultrastructural basis.

K* movements are the reason for current decay during a
voltage jump in P10-13 mice

In oligodendrocytes of slices of P10-13 corpus callosum, out-
ward and inward currents corresponding to de- and hyperpo-
larizing voltage jumps showed a marked decay. Such a behavior
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Figure 16. Electron micrograph of a LY-filled, photoconverted P10 glial cell in the corpus callosum. The corresponding LY-filled cell is shown
in Figure 12, B and C. The upper third of the micrograph shows part of the dark, “granulated” oligodendrocyte cytoplasm, which is rather disrupted.
Numerous mitochondria (mit) are the only cellular organelles that can be identified clearly. Close to the perikaryon, labeled processes “surround”
callosal axons (4x), which are considerably larger compared to most axons seen at that stage. Scale bar, 1 um.

was not observed in oligodendrocytes from cultures of mouse
cortex (Sontheimer et al., 1989). A slight decay was observed
in oligodendrocytes of 4-6 week—old spinal cord cultures (Sont-
heimer and Kettenmann, 1988). We infer from several obser-
vations that the current decay is due not to inactivation, but to
a shift of the K+ gradient across the membrane.

(1) After a voltage jump, the reversal potential has shifted. It
is more positive with depolarizing voltage jumps and more neg-
ative with hyperpolarizing voltage jumps. This is compatible
with a outward movement of K+ during depolarization and an
inward movement during hyperpolarization.

(2) The time constant of decay is independent of voltage, but
varies markedly from cell to cell. Moreover, the time constant
of current decay after the voltage jump shows a similar behavior.
Since the cell is dialyzed by the pipette solution, and since the
extracellular space is smaller than the intracellular compart-
ment, it seemed more likely that changes in [K*] occur extra-
cellularly. Our results cannot exclude, however, that the change
in the transmembrane potassium gradient could also partially
be caused by a decrease in [K*],.

The capacity of these promyelinating oligodendrocytes to move
large amounts of K+ across the membrane indicates that these
cells can efficiently buffer [K*], by spatial buffer currents. These
cells can thus serve as efficient regulators of [K*],, as previously
inferred from data on cultured glial cells. Cells from P6 to P8
did not show a shift in the transmembrane K+ gradient. The
reason could be that in immature tissue [K+] is not building up
in the extracellular space, suggesting that this space is not yet
as condensed as after P10. This is in line with the observation
that in culture, where the extracellular space is almost infinite,
such decaying currents were not or only marginally observed.

Advantages of the corpus callosum slice for the study of glial
cell function

In this study, we have used the corpus callosum slice preparation
to study membrane properties of oligodendrocytes in situ with
patch-clamp recording techniques. This structure, in addition
to the optic nerve, offers the unique advantage of easily recog-
nizable glial cells, since in the corpus callosum after PS5 99% of
the cell bodies are glial. Moreover, this preparation can be easily
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used to study membrane properties during the development of
oligodendrocytes. Since the formation of myelin in the mouse
corpus callosum occurs late after birth, a comparison of slices
obtained from animals of different postnatal ages will yield a
comparison of oligodendrocytes at different developmental
stages. This preparation can also be used to study a signal trans-
fer between neurons and glial cells with electrophysiological
methods, since neuronal fiber tracts can be easily stimulated.
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