Journal of Neuroscience Research 49:98-106 (1997)

Rapid Communication
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Whole cell patch-clamp recordings of K currents
from oligodendrocyte precursors in 10-day-old rats
(P10) and, following myelination, in mature oligoden-
drocytes from 20-day-old rats (P20) were correlated
with extracellular space (ECS) diffusion parameters
measured by the local diffusion of iontophoretically
injected tetramethylammonium ions (TMAT*). The
aim of this study was to find an explanation for the
changes in glial currents that occur with myelination.
Oligodendrocyte precursors (P10) in slices from cor-
pus callosum were characterized by the presence of
A-type K* currents, delayed and inward rectifier
currents, and lack of tail currents after the offset of a
voltage jump. Mature oligodendrocytes in corpus
callosum slices from P20 rats were characterized by
passive, decaying currents and large tail currents
after the offset of a voltage jump. Measurements of the
reversal potential for the tail currents indicate that
they result from increases in [K*]. by an average of 32
mM during a 20 msec 100 mV voltage step. Concomi-
tant with the change in oligodendrocyte electrophysi-
ological behavior after myelination there is a decrease
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glial membrane. As a result of the reduced extracellu-
lar volume and increased tortuosity, the membrane
fluxes produce larger changes in [K]. in the more
mature myelinated corpus callosum than before my-
elination. These conclusions also account for differences
between membrane currents in cells in slices compared to
those in tissue culture where the ECS is essentially infinite.
The size and geometry of the ECS influence the mem-
brane current patterns of glial cells and may have conse-
guences for the role of glial cells in spatial buffering.
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INTRODUCTION
Glial cells are most permeable to"Kand this ion

carries most of the transmembrane current when the

membrane potential is displaced from thé &quilibrium

in the ECS of the corpus callosum. ECS volume Contract grant sponsor: Grant Agency of the Czech Republic (GACR);

Contract grant numbers: 309/96/0884 and 309/96/0881. Contract grant
0 _ 0, _
decreases from 36% (P9-10) to 25% (P20-21) of total sponsor: Internal Grant Agency of Ministry of Health of the Czech

tiss_ue volume. E_CS _tortUOSitY_}\.= (D/IADC)5, Where Republic (IGA MZ); Contract grant number: 3423-3. Contract grant
D is the free diffusion coefficient and ADC is the sponsor: Ministry of Education, Youth and Sports of the Czech Republic

apparent diffusion coefficient of TMA™ in the brain, (VS); Contract grant number: 96 130. Contract grant sponsor: NIH; Contract
increases as measured perpendicular to the axonsdrant numbers: POI-NS07464, RR-03051, and MH48190. Contract grant

_ sponsor: NSF; Contract grant number: EHR-9108775. Contract grant
Erom é)5:§|_"—'\;|292 (n=6, n’fanitSlEM()kt)O 1-70"—'_ 0(;2 sponsor: Deutsche Forschungsgemeinschaft; Contract grant numbers: Be
n=o0). non-specific uptake was signifi-

1859 and SFB 317. Contract grant sponsor: Bundesministefiufofsch-
cantly larger at P20 (5.2+ 0.6 X 1073571, n = 6) than

ung und Technologie.
at P10 (3.5+0.4% 1073s%, n=6). It can be con- *Correspondence to: Dr. Eva SykqvBepartment of Neuroscience,
cluded that membrane potential changes in mature Institute of Experimental Medicine ASCR, d&fska 1083, 142 20
oligodendrocytes are accompanied by rapid changes Praha 4, Czech Republic. E-mail: sykova@biomed.cas.cz
in the K+ gradient resulting from K * fluxes across the Received 22 January 1997; Revised 31 March 1997; Accepted 1 April 1997

© 1997 Wiley-Liss, Inc.



Glial Cells and Extracellular Space 99

potential, & (Orkand et al., 1966; Gardner-Medwincorrelated the changes in the electrophysiological proper-
1983; Hounsgaard and Nicholson, 1983; Kettenmanntets of glial cells of the oligodendrocyte lineage with
al., 1983, 1987; for review see SyKqvip92). Berger et changes in ECS diffusion parameters in the rat corpus
al. (1991) studied K currents of glial cells of the callosum during postnatal development, i.e., prior to and
oligodendrocyte lineage in the mouse corpus callosutiuring myelination and maturation of nervous tissue.
slice using the whole cell patch-clamp technique. They

found, in slices taken at postnatal days 6—8 (P6-8), that

oligodendrocyte precursor cells expressed primarily dMIATERIALS AND METHODS

layed rectifier and occasionally A-type outward® K Preparation of Brain Slices

currents while mature oligodendrocytes (P10-13) diand Electrophysiological Setup

. o R _
played only passive symmetrical'Kcurrents (Berger et Rat brain slices were prepared as previously de-

al., 1991). A comparison between these postnatal time%}?ribed for the mouse (Berger et al., 1991). In brief,

of special interest because myelination in the mouse br Bung Wistar rats (P10 and P20) were decapitated and
begins around P11 (Sturrock, 1980). The currents of t%?e

o i ir forebrain hemispheres cut into frontally oriented
precursor ceIIs_were similar to _those described f9r20—170-pm-thick slices. The corpus callosum was thus
precursor cells in culture (Sontheimer et al., 1989); it parallel to its axonal fascicles. Slices were placed in a
contrast to cultured cells, where symmetrical currents ‘Fé?cording chamber mounted on the stage of an upright
not inactivate during a volta_ge step (Spntheimer a’?ﬁicroscope (Zeiss, Oberkochen, Germany) and main-
Kettgnmann, 1988), currents in mature oligodendrocytesned at room temperature (about 20°C). The chamber
in slices markedly decayed during the voltage step apghs continuously perfused:; the bath solution contained
large tail currents appeared when the membrane potenfjgl mm): NaCl 150, KCI 5.4, CaGl2, MgCh 1, HEPES
was clamped back to the holding potential. It wa§ ang glucose 10. The pH was adjusted with NaOH to
suggested that this decay was due to a rapid ranSmefly_ The solution was gassed with.@ell somata in the
brane shift of K (Berger et al., 1991) and its accumulagorpys callosum were visible in standard water imsiuer

tion in the compact extracellular space (ECS). Cells froghtics and could be approached by the patch electrode.
P6 to P8 in the slice did not exhibit either a prominenbositive pressure was applied to the pipette to blow axonal
decay during a voltage step or prominent tail currenfgndles aside and to permit the pipette tip to be placed

presumably because the ECS was less compact in immgto the surface of a cell soma to form a tight seal.
ture animals (Lehmerikuler et al., 1993).

The ECS is the microenvironment of brain cells; it
is an important communication channel between neurofgtch-Clamp Recordings
and between neurons and inaI cells (NiChOlSOI’I and Rice, Recording pipettes were made from borosilicate
1991; Sykoval991, 1992, 1997). It has been recognizeghpillaries (Hilgenberg, Malsfeld, Germany) with resistances
in both morphological and physiological studies that thground 5 M) and coated with Sigmacote (Sigma). The
volume of the ECS in the brain is significantly larger irpipette contained (in mM): KCI 130, CaCl, EGTA 10,
immature animals and progressively decreases with aggCl, 1, and HEPES 10. G4 activity was calculated to be
(Vernadakis and Woodbury, 1965; Bondareff and Pysipproximately 11 nM. The pH was adjusted with KOH to 7.2.
1968; LehmenkKhler et al., 1993). The constraints for the Membrane currents were recorded with the patch-
diffusion of substances through the ECS are the volunaeamp technique in the whole cell recording configuration
fraction ()—the restricted volume of the nervous tissugHamill et al., 1981). Current signals were amplified with
which is available for diffusion—and tortuositx¥—the conventional electronics (EPC-7 amplifier, List Electron-
effective path length for the diffusion of particles betweeits, Darmstadt, Germany), filtered at 3 kHz, and sampled
two points due to various obstacles in the ECS whicdt 5 kHz by an interface connected to a computer system
slow down diffusion of ions and molecules in the brainvhich also served as a stimulus generator.
Tortuosity is a geometric factor calculated as=
(D/ADC)%5, where D is the free diffusion coefficientand
ADC is the apparent diffusion coefficient of tetramethylPiffusion Measurements
ammonium (TMA') in the brain. In addition, the diffu- Diffusion measurements were performed on 12 rat
sion of substances can be affected by non-specifimyps (Wistar) from P9-10 (& 6) and P20-21 (= 6).
concentration-dependent cellular uptaké (icholson Animals were anesthetized with urethane (1.6-2.5 g/kg
and Phillips, 1981; Nicholson, 1992). body weighti.p.) and placed in a rat headholder. The body

In the present study, we used both patch-clampmperature was maintained at 36—37°C and the animals
electrophysiology and real-time measurement of EG&ere spontaneously breathing. A hole, 2 mm in diameter,
diffusion parameters. With this combined approach weas made 2 mm lateral from the midline and 1 mm (P10)
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or 2 mm (P21) caudal from the bregma (P10) and the duaad z-axes (Vagek et al., 1996), while at P20-21

was removed. The exposed brain tissue was batheddiffusion is easier along the axons (x-axis) of the corpus

warmed (36—37°C) artificial cerebrospinal fluid (Nicholeallosum and the value of is higher across the axons

son and Phillips, 1981). (y-axes). In this anisotropic case we determineftom
lontophoresis electrodes were made from doubl#ie relationo = ((\, - N\,)/ \?)oy (for details see Rice et

barreled theta glass tubing (Clark Electromedical Instrat., 1993). For this calculation we assume diffusion in the

ments, Pangbourne, England). Double-barreled iop-and z-axes to be equal as they are both at right angles to

selective microelectrodes (ISMs) for TMAwvere prepared the direction of the axons (Vi&@ek et al., 1996).

by a procedure previously described (for details see Results of the experiments were expressed as the

Sykovaet al., 1994). The ion-exchanger was Corninghean = SEM. Statistical analysis of the differences

477317 and the ion-sensitive barrel was back-filled withetween groups was evaluated using the one-way analy-

100 mM TMAT chloride. The reference barrel containegis of variance (ANOVA) test. Values &f < 0.05 were

150 mM NacCl. Electrodes were calibrated using theonsidered significant.

fixed-interference method before and after each experi-

ment in a sequence of flowing solutions. Calibration data

were fitted with the Nikolsky equation to determindRESULTS

electrode slope and interference (Nicholson and Phillipgoltage-Activated Currents in Glial Cells

1981). The shank of the iontophoresis electrode was bent, 14 compare the electrophysiological properties of

so that it could be aligned parallel to that of the ISM. Ayjig| precursor cells with those of mature oligodendro-
iontophoresis pipette and a TMASM were glued ¢yte5 we studied voltage-activated currents in glial cells
together with tip separation of 120170 um. 1ontophorgsm the P10 and P20 rat corpus callosum using the whole
sis parametersvere: +20 nA bias current (CONtinUOUSIY ca|| hatch-clamp technique. These developmental stages were
apphed to maintain a constant transport numbegi0 NA * gajected because myelination in the rat is delayed, relative to
main current step of 60 seduration to generate theyne moyse, At P10 axons in the corpus callosum are uniformly
diffusion curve. thin and naked, and myelination begins at P12 (Bjartmar

TMA™ diffusion curves were recorded with &g 5| 1994: Bjartmar, 1996; Hamano et al., 1996).
PC-based Pentium computer and analyzed by fitting the Symmetrical 10 mV voltage steps from a holding

data to a solution of the modified diffusion equationiantial (\) of —70 mV elicited different current
(Nicholson and Phillips, 1981) using the VOLTORQegnonses in oligodendrocyte precursors and mature
program (Nicholson, unpublished). TMAconcentra- qigodendrocytes (Fig. 1). At P10, all cells exhibited a

tiqns VS. time.curves were firsF recorded in 0.3% agar gt?élayed rectifier K current (Fig. 1A, top) activated at
(Difco, Detroit, MI) made up in 150 mM NaCl, 3 mM anials positive te-50 mV and inactivating during 50

KCI, and 0.3 mM TMA" in a cup that was placed justsec voltage steps. The conductance of this delayed
above the brain. The array of electrodes was then 'O"Vert%%tifying current was 3.3+ 0.5 nS (n= 10

through the cortex to appropriate depths (1.5-1.9 mm jRoan+ SEM). Seven of these cells expressed an addi-

P9-10 and 2.0-2.6 mm in P20-21) to reach the Corpli§na| A-type current that was isolated with a subtraction

callosum as measured in unfixed, rapidly frozen brains 70| as described by Connor and Stevens (1971).
and confirmed by the striking difference in the diffusioi~qnquctance of A-type of K current was 3.4- 0.8 nS

parameters between gray and white matter (Lehmepr— 7y Seven cells with a delayed rectifier keurrent

kihler etal., 1993). also expressed an inward rectifier Kurrent that had a
] o voltage- and time-dependent inactivation (not shown).

Analysis of the Diffusion Measurements The reversal potential of the currents evoked by de-

The diffusion curves in brain were analyzed to yieldnd hyperpolarizing voltage steps was determined from
a, \, and the uptake term, ks~1) as previously described the amplitude 3 msec after the onset of the voltage step
(Nicholson and Phillips, 1981; Sykovat al., 1994). (see dashed vertical line in Fig. 1A, top). This delay was
These three parameters were extracted by a non-lineaed to avoid contaminating the ionic current with the
curve fitting simplex algorithm operating on the diffusiortapacitative current. Then, a current voltage (I/V) relation
curve as described by Nicholson (1992). When thgas constructed (Fig. 1A, bottom). In all cells the reversal
experimental medium is agar, by definitian,= 1 = A  potential (Me,) was at the holding potential 670 mV. As is
and K = 0 and the parameters n (iontophoretic electrodgparent from Figure 1A, in these oligodendrocyte precursor
transport number) and D (TMAdiffusion coefficient) cells only small tail currents ) were recorded when the
are extracted from the curve fitting. Knowing n, D, andells were clamped back to the holding potential.
the distance between the electrodes (r), the parameters Eight glial cells in the corpus callosum of P20 rats
\, and K can be obtained when the experiment is repeatagre examined with the same stimulation protocol as
in the brain. Diffusion at P9-10 is isotropic in the x-, y-described for the P10 cells. Voltage steps in the de- or
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Fig. 1. Membrane properties of oligodendrocyte precurséjsafd mature oligodendrocytes

(B). Membrane currents were recorded in response to voltage steps from a holding potential of
—70 mV. To activate voltage-gated currents, the membrane was clamped for 50 msec to
increasing de- and hyperpolarizing potentials (pattern of voltage commaidginranging from

—160 to+20 mV, at 10 mV increments. The corresponding current traces are superimposed. From the
traces shown in Aand B (top), currents (I) were measured 3 msec after the beginning of voltage pulse
(dashed lines) and plotted as a function of the membrane potengia(lfgttom). The reversal
potentials (Ve), —70 mV in Aand B, are indicated in the graphs by the arrows.

hyperpolarizing direction from a holding potential ofn = 7) in precursor cells ang31.5+ 6.3 mV (n= 9) in
—70 mV elicited in all these cells symmetrical passivenature oligodendrocytes.

non-rectifying outward and inward currents, with a linear In another series of experiments, the effect of
I-V relationship (see Fig. 1B). These currents decayethanging the duration or amplitude of a prepulse on the
during the voltage step. The reversal potential was alsoratersal potential for the membrane currents in mature
the holding potential of-70 mV. As is readily apparent in oligodendrocytes was studied. Figure 3 illustrates results
Figure 1, in contrast to the P10 precursors, laggenere from one of three cells subjected to complete analysis.
recorded when the mature oligodendrocytes were clampgghen the duration of the prepulse 30 mV was
back to the holding potential. The properties of these tg{{creased from 1 to 50 msec (Fig. 3A, B), the reversal

currents were analyzed in more detail. potential of |,; became more positive as the duration
increased. When the amplitude of the 20 msec prepulse
Tail Current Analysis was varied from+5 to +100 mV (Fig. 3C), the reversal

Tail currents were measured from a series of 10 mRetential also shifted to more positive values. In another
test pulses from-100 to+30 mV following a depolariz- Set of experiments, the outward tail currents after a 100
ing voltage step of 100 mV, i.e., by changing the holdin§'V hyperpolarizing 20 msec prepulsetd 70 mV were
potential from—70 to +30 mV, for 20 msec (Fig. 2, Studied. After this step the reversal potential of the tail
inset). Ve, Of the tail currents was determined from th&€urrents was-105= 16 mV (n= 3, Fig. 3D).
current voltage (I/V) relation measured 3 msec after the  For a perfectly K-selective membrane, the mem-
onset of the test pulses. Figure 2 shows how, uf the brane potential and the reversal potential for thé K
tail currents was determined for a mature oligodendreurrent are given by the Nernst equation,V= (RT/
cyte. Ve, Was shifted to more positive values in matur€)In([K*]J/[K*];). Thus, with [K*]; = 130 mM (in the
oligodendrocytes than in oligodendrocyte precursomgipette) a reversal potential for the tail currents-c66
even when comparable outward currents were evokeudV for the precursor cells indicates that{K = 12 mM
Following this protocol, Ve, Of Iy was—55.9+ 1.2 mV at the end of the 100 mV depolarizing step. In the mature
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Fig. 2. Analysis of tail currents in oligodendrocyte precurséisgnd mature oligodendrocytes

(B). The membranes of glial cells of P10 and P20 rat corpus callosum were clamped from a
holding potential of—70 to +30 mV for 20 msec. After this prepulse (indicated by the bar
below the traces), the membrane was clamped for 20 msec to increasing de- and hyperpolariz-
ing potentials (pattern of voltage commandéniset) ranging from—100 to+30 mV, at 10 mV
increments. From the traces shown in Aand B (top), currents (I) were measured 3 msec after the
prepulse (dashed lines) and plotted as a function of the membrane potepjial (i reversal
potentials (Vey), —52 mVin Aand—20 mV in B, are indicated in the graphs by the arrows.

oligodendrocytes from P20 rats the reversal potential amplitude of the diffusion curve in the corpus callosum of

—31.5 mV corresponds to an [ of 37 mM, while the the P10 rat is larger than in agar, but is much smaller than
hyperpolarizing step of 100 mV appeared to reducg][K that in the P20 rat. This indicates that the ECS volume is
from 5.4 to 2 mM. As the currents were comparable igreater in the younger animals. The calculated average

oligodendrocyte precursor cells and in mature oligodediffusion parameters in P9—10 animals were, at x-axis,
drocytes, one possible explanation for the difference ys= 1.49+ 0.03 and k= 3.6+ 0.2x 10-3s"% (n = 6), and
that the K', extruded during the depolarizing prepulse, igt y-axis,\ = 1.53+ 0.02 and k= 3.5+ 0.4 X 1035}
injected into a more compact ECS in corpus callosum g{ = g). In animals at P20-21 the estimates of diffusion
P20 rats than in P10 rats and thus accumulates OUtSide;SQPameters were different: at x-axis,= 1.46 + 0.03 and
membrane to a higher concentration. To test this hypoi»- — 59 + 06 x 103s! (n = 6), while at y-axis\ =
esis, we measured the ECS diffusion parameters, i.e., voluir_}go + 0.02and k=52 = 0.6 X 1031 (n=6). The

fraction (), tortuosity ¢), and non-specific uptake’k \oyme fraction, was determined using the measurements

in the x- and y-axes. The derived (see Materials and
ECS Volume Fraction, Tortuosity, Methods) at P9—10 was 0.360.01 (n= 6) and at P20—24&
and Non-Specific Uptake was 0.25+ 0.01 (n= 6). Thus, with increased age the

After the TMA™ diffusion coefficient and the trans-Vvolume fraction decrease® (< 0.0001) and the tortuos-
port number for the iontophoresis pipette had bedfy increased in the y-axisP(< 0.0001), but was not
determined in 0.3% agar (see Materials and Methods), gsignificantly changed in the x-axis. In addition, non-
diffusion curves were recorded from the corpus callosupecific uptake was larger in the older anim&s< 0.02).
The microelectrode array was either oriented along the ~ The same values af, A, and K as given in Figure
axons (x-axis) or along the body axis at a right angle #B were used to construct isoconcentration plots in x-y
the axons (y-axis) (Fig. 4A, inset). Superimposed on eaplane representing diffusion in agar and brain. The
experimental curve is the theoretical curve, plotted usirspheres illustrate a concentration of TM£0.1-1.0 mM)
the extracted parameters, A, and K (Fig. 4B). The as calculated after 60 sec of iontophoretic application in
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Fig. 3. Analysis of tail currents in mature oligodendrocytes after prepulses with variable time
duration @, B) and amplitude@, D). A: Mature oligodendrocytes of P20 rat corpus callosum
were clamped from a holding potential 6f70 to +30 mV for 1 msec (top traces). After this
prepulse, the membrane was clamped for 20 msec to increasing de- and hyperpolarizing
potentials (pattern of voltage commandsrieet) ranging from—2100 to+30 mV, with 10 mV
incrementsB: From the traces shown in A, currents (1) were measured 3 msec after the prepulse
(dashed line) and reversal potential of these currents was estimated. The reversal potentials
(Vrey in recordings with 1 msec (open circle) and 3, 5, 10, 20, and 50 msec (filled circles)
prepulses are plotted in the graph as a function of the prepulse duration (indicated by the arrows
in the inset in A).C: The membranes of mature oligodendrocytes of P20 rat corpus callosum
were clamped from a holding potential 6f70 to —65 mV for 20 msec (top traces). After this
prepulse, the membrane was clamped to test pulses as describdat iRdm the traces shown

in C, currents (I) were measured 3 msec after the prepulse (dashed line) and the reversal
potential of these currents was estimated. The reversal potentigly ifV recordings with
depolarizing prepulses to65 mV (open circle) and-55, —30, —10, +10, and+30 mV and with
hyperpolarizing prepulses te75, —85, —110,—130,—150, and—170 mV (filled circles) are plotted

in the graph as a function of the prepulse voltage (indicated by the arrowsiimstitén C and D).

agar, and in P10 and P21 animals (Fig. 4C). In agar andliMA * and K*, released from any source (e.g., iontopho-

P10 corpus callosum, where no anisotropy was founmdtic pipette or active neuron) in the ECS is more

isoconcentration plots are represented by circles. hindered in the more mature animal.

contrast, in P21 corpus callosum, where tortuosity is

increased across .the fibers, isoconcentration plpts YR cuUssION

represented by ellipses. Isoconcentration circles in agar ] )

are significantly smaller in contrast to those in brairomparison of Glial Cells From Corpus Callosum

because volume fraction is 100% and tortuosity ilices of Mice and Rats

assumed to be zero. The area in which the respective In this study, we have made patch-clamp recordings

TMA* concentration (0.1-1.0 mM) was reached wasom glial cells of the rat corpus callosum at two ages

larger at P21 than that at P10 (Fig. 4C). during postnatal development, namely at P10 and P20.
To conclude, the ECS volume fraction was abouthese developmental stages in the rat compare to about

45% larger in animals from P9-10 than in animals frol®8 and P13 in the mouse. In the rat corpus callosum,

P20-21. There was an increase in tortuosity perpendicayelination begins at about P12-14 (Bjartmar et al.,

lar to myelinated fibers. Non-specific TMAuptake into 1994; Hamano et al., 1996). The electrophysiological

cells was significantly larger in P20-21 animals. Theriteria established in the study of the mouse corpus

results show that the diffusion of small ions, such a=llosum (Berger et al., 1991) were used to identify the



104 Chvaal et al.

rat glial cells. Mouse oligodendrocyte precursor cells,
i°”:m”§1§3'5 between P3 and P8, expressed a dominant delayed
rectifying K* current and the same current was found in
the rat at P10. In contrast to the mouse, 7 of 10 cells at
P10 expressed an inward rectifier iKurrent. Cells from
P20 rats exhibited passive decaying currents similar to
mice mature oligodendrocytes at P10-13. These currents
were identified as K currents in mice as they were
blocked by B&" and reversed close to the Ehen tested
with brief pulses (for details see Berger et al., 1991).
It appears that rat cells from P10 correspond to
B P 10 P 21 mouse cells at P8 and are most likely immature oligoden-
drocyte precursor cells, whereas rat cells from P20 correspond
to mouse cells at P13 and are mature oligodendrocytes.

COTpUS o
callosum "

corpus callosum

Oligodendrocytes Can Rapidly Shift K+
Across the Membrane

In both the mature and immature corpus callosum,
under resting conditions Emeasured from the mem-
brane currents in response to an initial voltage step is the
same as the holding potential-{0 mV, Fig. 1). This
indicates that K can readily move across the membrane
and distribute according to the transmembrane voltage
and the Nernst equation for'K

In mature oligodendrocytes of the rat corpus callo-
sum, we observed characteristic inward and outward tail
currents after voltage steps, previously seen in mature
oligodendrocytes in the mouse. As discussed in Berger et
100 ym al. (1991), these tail currents are likely caused by a
change of the K gradient (k) across the membrane
during the preceding voltage step. Such steps lead to a
shift in the Kt gradient so that the newHs close to the
clamped membrane potential. Thus the observed changes

) . . e
Fig. 4. Measurement of diffusion parameters in the corplllg Ex are likely to result from changes in [, as [K"]; is

callosum from P10 and P21 ratA: Schematic drawing of a CO'Ercd.led l%ééhe '&)Ipette Solutr|10n (I;rank_enhae_user %nd
section of the rat brain cut in a sagittal plane 2.0 mm lateral {30 IgKin, n )- oreover, when the pipette Is made
the midline and the experimental setup. Three-dimensiorf2®Sitive, K currents flowing out of the cell are matched

view of a section of the corpus callosum (axes are indicated By K™ current flowing out of the pipette into the cell
arrows) is shown in thinset. B: TMA + was applied iontopho- interior. The time course of the decay of the tail currents,

retically with the main current-200 nA for 60 sec. Curves which is voltage-dependent (Berger et al., 1991), reflects
represent recording of the TMAconcentration in the corpus the time course of the Kshift across the cell membrane
callosum at x- and y-axes and in agar. Each data curvegad thus the relationship between the intracellular and
superimposed with the theoretical diffusion curve. Note th@itracellular environment. For the pulse protocol used in
there is no difference between curves at x- and y-axes at PEyre 2, the Nernst equation indicates accumulations to
while such dlfferen(;e Was'four)d in corpus callosum at P21 anﬁ mM K* in P10 and 37 mM in P20 corpus callosum
represents the anisotropic diffusion. The values of VOIurT]:ECS. These estimates are consistent with the observation

fraction () and tortuosity X) are shown with each recording in - . . .
the brain. The depth to which the arrays were lowered, arr at superfusion of the rat spinal cord slices with 55 mM

spacing, and the electrode transport number n were, in the B0 Shifted the reversal potential té23 mV in precursor
rat, 1.8 mm, 159 pum, and 0.203, and in the P21 rat, 2.4 m@S Well as in mature glial cells (Chtzd et al., 1995).

161 pm, and 0.207, respectivey: Two-dimensional isocon-
centration plots of TMA concentrations ip agar, angl in Pl.OECS Volume Decreases and Tortuosity Increases
and P21 corpus callosum after 60 sec of iontophoretic appllc'&- the Onset of Mvelinati
tion. Ten gray densities represent different concentrations OFter e Unset of Myelination

TMA* from 0.1 to 1.0 mM, as shown on the scale. For further ~ The diffusion parameters obtained in the present
explanation see text. study differ in important details from a previous study in

0.5 mM [TMA]
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the rat corpus callosum (Lehmeéitkar et al., 1993). In tive permeability for K. Spatial buffering functions to
the current study, the parameters for P9-10 are the sapagialize [K']e and prevent its local accumulation. The
but in the older animals the volume fraction is smallenetwork of glial cells, coupled by low resistance gap
There is an increase in tortuosity, i.e., decrease junctions and K selective membranes, is largely respon-
apparent diffusion coefficient of TMA along the fibers. sible for spatial buffering (Orkand et al., 1966; Coles and
In these experiments, tortuosity was evaluated by meastrkand, 1983; Gardner-Medwin, 1983). In the paranodal
ing the diffusion of TMA" not only in parallel to the regions, oligodendrocytes have intimate contacts with
axons as in the previous study (Lehméhlar et al., parts of the axonal membrane containing the highest
1993), but also across the axons. As tortuosity affects tbencentration of potassium channels (Kocsis et al., 1986).
ease of diffusion, it appears that the measurement acréstocal increase in [K]. after neuronal activity would
the axons is more sensitive to the tighter packing whidhduce spatial buffer K currents at the paranodal loops.
accompanies myelination. To calculate the extracellul&his would move K into the oligodendrocyte at the area
volume, Lehmenkiler et al. (1993) assumed diffusionof the increase and out of the oligodendrocyte at distal
was the same in all directions and our results show thaarts. The efficiency of that process depends on the length
this is not the case in myelinated white matter. Taking trewnstant of the oligodendrocyte membrane and the extent
anisotropy into account raises the estimate af P20-21 of electrical coupling to other oligodendrocytes or astro-
from 0.19 to 0.24 (see Materials and Methods). Theytes (Massa and Mugnaini, 1982). Oligodendrocytes
increase in non-specific uptake of TMAn older animals could be therefore highly efficient Kbuffer elements in
could be indicative of an increase in permeability of ththe myelinated tissue and in the corpus callosum. In the
cell membranes to ions. immature brain, the ECS is larger and there should be a

The large ECS in developing rat brain will affect thgyreater ion flux across unmyelinated axons. Moreover,
accumulation of ions, metabolites, and neuroactive sutmany of the precursor cells had a higher resistance to
stances in the ECS. When the ECS volume fractionward than outward current, whereas such rectification
diminishes, any substance present in, or released to, tes lacking in the oligodendrocyte. Itis therefore difficult
ECS undergoes a corresponding increase in its concentmapredict whether there will be moretKaccumulation
tion (Rice and Nicholson, 1987). Diffusion can bend spatial buffering in the corpus callosum of immature
effective for delivering soluble components to cells, witlor mature animals. In gray matter of the spinal cord it was
transport distances of the order of hundreds of micromiund that stimulation of dorsal roots increasedtIK
ters, and is likely to be an efficient form of transportnore at P7 than in P14 and in adult animals (Jendelova
before extensive growth of the neurites, dendrites, aadd Sykoval991).
glial cells, and prior to the development of vascularization.

In this study, the glial currents were examined in
brain slices, while the diffusion parameters were me@ONCLUSIONS

sured in the intact animal. The reason for performing the  The membrane potential changes in mature oligo-

diffusion measurements in vivo is that the diffusioRengrocytes which are produced by the activation of
anisotropy would be impossible to study in thin slice§ontropic receptors are accompanied by rapid changes in
which are suitable for patch—plan_wp studies. However, the, k+ gradient resulting from transmembrané Huxes.
measurements of_ ;he EC_S d|ﬁu5|on_parameters show thale K+ fluxes produce larger changes in‘[K in the
there are no significant differences in @nd\ values o6 mature myelinated corpus callosum than before
obtained in rat cortex in slices (Rz-PinZa et al., 1995) 1,y qlination because the extracellular volume is less and
and in vivo (Lehmenkiler et al., 1993; Vdgek and he hindrance to diffusion is greater. The coincidence of
Sykova 1997). This suggests that the differences ke appearance of largeKail currents in glial cells and
bathing solution and temperature in our experimeni§e changes in extracellular diffusion parameters in the
between the in situ slice and the intact rat do NQhapyre rat raise the question as to whether the decrease in
invalidate our conclusions. volume and increase in tortuosity cause the increases in
) . ) [K*]e. All of the results are consistent with such a
Consequences for Spatial Buffering by Glial Cells conclusion. However, as the currents were studied in
The driving force for spatial buffering of Kby brain slices and the diffusion parameters in the intact
glial cells is the difference between the membraranimal and the geometry of the cells is so complex, it is
potential and K equilibrium potential. Current flows not possible to make a quantitative comparison based on
inward where [K] is raised and outward elsewherdhe independent measurements of the two phenomena. In
where [K*] is low. The “spatial” current is driven by the addition, the diffusion measurements were made over a
membrane potential difference between regions of threlume of the order of 1 mm?, whereas the measure-
glial syncytium. The process is facilitated by a lownents of K reversal potential consider the {k not in
internal resistance, high membrane resistance, and setbe-bulk of the tissue but in the immediate vicinity of the
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glial membrane. These considerations help account f&csis JD, Gordon TR, Waxman SG (1986): Mammalian optic nerve
differences between membrane currents in cells in slices ~ fibers display two pharmacologically distinct potassium chan-

. . L nels. Brain Res 383:357-361.
\?vrhg;g tlﬁéaétcks)r?s,lnescsoemntF;ZIrlye/Oilnf‘ic;]i:zose in tissue cultug, - viler A, Sykovak, Svoboda J, Zilles K, Nicholson C (1993):

Extracellular space parameters in the rat neocortex and subcorti-
cal white matter during postnatal development determined by
diffusion analysis. Neuroscience 55:339-351.
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