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Abstract

Using the patch-clamp technique in the whole-cell configuration combined with intracellular dialysis of the fluorescent dye
Lucifer yellow (LY), the membrane properties of cells in slices of the lumbar portion of the frog spinal cord (n = 64) and the filum
terminale (FT, n = 48) have been characterized and correlated with their morphology. Four types of cells were found in lumbar
spinal cord and FT with membrane and morphological properties similar to those of cells that were previously identified in the
rat spinal cord (Chvatal, A., Pastor, A., Mauch, M., Sykova, E., Kettenmann, H., 1995. Distinct populations of identified glial
cells in the developing rat spinal cord: Ion channel properties and cell morphology. Eur. J. Neurosci. 7, 129—142). Neurons, in
response to a series of symmetrical voltage steps, displayed large repetitive voltage-dependent Na* inward currents and K*
delayed rectifying outward currents. Three distinct types of non-neuronal cells were found. First, cells that exhibited passive
symmetrical non-decaying currents were identified as astrocytes. These cells immunostained for GFAP and typically had at least
one thick process and a number of fine processes. Second, cells with the characteristic properties of rat spinal cord oligodendro-
cytes, with passive symmetrical decaying currents and large tail currents after the end of the voltage step. These cells exhibited
either long parallel or short hairy processes. Third, cells that expressed small brief inward currents in response to depolarizing
steps, delayed rectifier outward currents and small sustained inward currents identical to rat glial precursor cells. Morphologically,
they were characterized by round cell bodies with a number of finely branched processes. LY dye-coupling in the frog spinal cord
gray matter and FT was observed in neurons and in all glial populations. All four cell types were found in both the spinal cord
gray matter and FT. The glia/neuron ratio in the spinal cord was 0.78, while in FT it was 2.0. Moreover, the overall cell density
was less in the FT than in the spinal cord. The present study shows that the membrane and morphological properties of glial cells
in the frog and rat spinal cords are similar. Such striking phylogenetic similarity suggests a significant contribution from distinct
glial cell populations to various spinal cord functions, particularly ionic and volume homeostasis in both mammals and
amphibians. © 2001 Elsevier Science Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction

Morphological and cytoarchitectural analysis of the
frog spinal cord has revealed that the gray matter of the
spinal cord contains somata of both neurons and glial
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cells (Sasaki, 1977; Sasaki and Mannen, 1981; Miller
and Liuzzi, 1986; Maier and Miller, 1995). Sub-popula-
tions of neurons in the gray matter have a distinct
spatial localization: neurons with small rounded cell
bodies, i.e. microneurons, occupy the dorsal region as
well as the region around the central canal, while
neurons with large cell bodies are present only in the
ventral regions (Sasaki, 1977). Similarly, a distinct dis-
tribution of glial cell populations within the spinal cord
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has also been observed. In contrast to mammalian
spinal cord, where cell bodies of astrocytes and oligo-
dendrocytes are present in the gray as well as white
matter (Liuzzi and Miller, 1987), in the amphibian
spinal cord all astrocytic cell bodies are located in the
gray matter and only oligodendrocytes have their cell
bodies located in white matter (Miller and Liuzzi,
1986). Examination of cells by light and electron mi-
croscopy revealed that astrocytic cell types in the frog
spinal cord express typical radial morphology: astrocyte
somata located in gray matter extend their processes
radially through the cord tissue up to the pial surface
(Sasaki and Mannen, 1981; Miller and Liuzzi, 1986). It
was shown that the cellular constituents of the filum
terminale (FT), the terminal portion of the spinal cord,
are markedly different from those of the other regions
of the spinal cord (Gonzalez-Robles and Glusman,
1979; Chesler and Nicholson, 1985). Studies performed
by light and electron microscopy and horseradish-per-
oxidase staining in adult frogs revealed that astroglial
cells are the predominant element in this portion of the
spinal cord, where abundant myelinated fibers and very
few neurons and oligodendroglial cells are observed.

Neuronal activity in the frog spinal cord is accompa-
nied by an increase in the extracellular K+ concentra-
tion (Sykova et al., 1976; Chvatal et al., 1988; Sykova,
1992, 1998). Electrophysiological investigation of am-
phibian glial cells in the optic nerve revealed that their
membrane potential is more negative than that of neu-
rons and can be predicted by the Nernst equation for
K* (Kuffler et al., 1966; Orkand et al., 1966). However,
in the isolated frog spinal cord or FT, glial cells display
a sub-Nernstian response to changes in extracellular
K* (Sykova and Orkand, 1980; Biihrle and Sonnhof,
1983; Chesler and Nicholson, 1985). This most proba-
bly results from K™ uptake, since it has been shown
that glial cells in the FT of the frog accumulate K+
during incubation in high K* (Ritchie et al., 1981b).

In the present study, we compared the properties of
cells of the lumbar region of the frog spinal cord with
those of the FT, which consists mainly of astrocytes
with a sparse though functional neuropile. In addition,
we compared the morphological and membrane proper-
ties of cells in slices of the lumbar region with those of
cells in the rat spinal cord (Chvatal et al., 1995; Pastor
et al., 1995). The use of acute slices of the central
nervous system has enabled investigation of the mem-
brane currents of neurons and glial cells in situ by
means of the patch-clamp technique (Edwards et al.,
1989). Patch-clamp recordings from glial cells in the
spinal cord slice in situ have so far only been performed
in the rat. The cells were characterized according to
their membrane properties, morphology and immunos-
taining as either neurons or one of three classes of glial
cells, i.e. astrocytes, oligodendrocytes or glial precursor
cells (Chvatal et al.,, 1995, 1999; Pastor et al.,, 1995;
Ziak et al., 1998).

2. Materials and methods

2.1. Preparation of spinal cord slices and patch-clamp
setup

Frog spinal cord slices were prepared similarly to the
method previously described for the rat spinal cord
(Chvatal et al., 1995). In brief, adult frogs (Rana pipi-
ens, WM. A. Lemberger Inc., Oshkosh, WI) were de-
capitated under ether anesthesia. The spinal cords were
quickly dissected out and washed in artificial cere-
brospinal fluid (ACF) at 8-10°C. A 10 mm long seg-
ment of the lumbar cord and FT was embedded in 1.7%
agar at 30°C (Purified Agar, Oxoid Ltd., UK) and
quickly cooled to 17-19°C. Transverse 200 um thick
slices of the lumbar enlargement and FT were cut using
a vibroslice (752 M, Campden Instruments, UK). FT
slices used for patch-clamp experiments were cut 2—3
mm below the last spinal root. Slices were placed in a
chamber mounted on the stage of a fluorescence micro-
scope (Axioskop FX, Carl Zeiss, Germany) and held
with a U-shaped platinum wire with a grid of nylon
threads (Edwards et al., 1989). The chamber was con-
tinuously perfused with oxygenated ACF (95% O, and
5% CO,, pH 7.3). All experiments were carried out at
17-19°C. Cell somata were approached by the patch
electrode, using an Infrapatch system (Luigs and Neu-
mann, Ratingen, Germany). One cell per slice was
examined; individual slices were used up to 60 min.

The cells in the slice and the recording electrode were
imaged with an infrared-sensitive video camera (C2400-
03, Hamamatsu Photonics, Hamamatsu City, Japan)
and displayed on a standard TV/video monitor. Se-
lected cells with a membrane potential more negative
than — 50 mV for glial cells and — 40 mV for neurons
had a clear, dark membrane surface and were located
5—-10 um below the slice surface. Membrane currents
were measured with the patch-clamp technique in the
whole-cell recording configuration (Hamill et al., 1981).
To ensure that experiments were performed in healthy
conditions, recordings were performed only in slices
where neurons exhibited spontaneous activity and
repetitive inward currents during depolarization. Cur-
rent recordings from glial cells revealed no, or very
little, leakage currents, therefore they were not sub-
tracted from membrane currents. Currents were am-
plified with an EPC-9 amplifier (HEKA Elektronik,
Lambrecht/Pfalz, Germany), filtered at 3 kHz and sam-
pled at 5 kHz by an interface connected to an AT-com-
patible computer system, which also served as a voltage
step generator.

2.2. Solutions and electrodes

The artificial cerebrospinal fluid (ACF) contained (in
mM): NaCl 114.0, KCI 3.0, CaCl, 2.0, MgCl, 2.0,
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NaHCO; 20.0, D-glucose 10.0, osmolality 275 mmol/kg.
The solution was continuously gassed with a mixture of
95% O, and 5% CO, (Linde Technoplyn, Prague, Czech
Republic) to maintain a pH of 7.3. The perfusion rate
of the ACF in the recording chamber ( ~ 2 ml/volume)
was 5 ml/min.

Recording pipettes (4—-6 MQ) were pulled from
borosilicate capillaries (Kavalier, Otvovice, Czech Re-
public) using a Brown-Flaming micropipette puller
(P-97, Sutter Instruments Co., Novato). The internal
pipette solution had the following composition (in
mM): KCI 130.0, CaCl, 0.5,, MgCl, 2.0, EGTA 5.0,
HEPES 10.0. The pH was adjusted with KOH to 7.2.
The pipette contained 1 mg/ml Lucifer yellow dilithium
salt (Sigma). As a result of the different ionic composi-
tion of the electrode solution and the intracellular and
extracellular solutions, there is a varying liquid junction
potential at the electrode tip of a few mV. This intro-
duces a small error in the measurement of resting
potentials.

2.3. Intracellular staining of cells and
immunohistochemistry

During electrophysiological measurements, cells were
filled with Lucifer yellow (LY) by dialyzing the cyto-
plasm with the patch pipette solution. After recording,
the LY-filled cell was photographed in the unfixed
spinal cord slice using a fluorescence microscope (Ax-
ioskop FX, Zeiss) equipped with a fluorescein isothio-
cyanate filter combination (band pass 450-490 nm,
mirror 510 nm, long pass 520 nm). For immunohisto-
chemical analysis of LY-injected cells, 200 pm spinal
cord and FT slices were fixed with 4% paraformalde-
hyde in 0.1 M phosphate-buffer (PB; pH 7.5) for 4 h,
washed and kept in 0.1 M PB. Astrocytes were iden-
tified by the presence of glial acidic fibrillary protein
(GFAP) using monoclonal mouse-anti-GFAP coupled
to CY3 (Sigma). Antibodies to GFAP were diluted
1:200 in PB saline (PBS) containing 1% bovine serum
albumin (BSA, Sigma) and 0.5% Triton X-100 (Sigma).
After overnight incubation, the slices were examined
with a fluorescence microscope (Axiophot, Zeiss)
equipped with filter 09 (band pass 450-490 nm for
LY-injected cells) and 15 (H 546 for GFAP
immunostaining).

Immunohistochemical analysis of astrocytic and
oligodendrocytic morphology and density in spinal cord
and filum terminale slices was performed using poly-
clonal rabbit antibodies to GFAP and Rip, respectively.
GFAP antibodies were diluted to 0.4 pg/ml in PBS
containing 1% BSA (Sigma) and 0.2% Triton X-100.
The partially purified Rip supernatant was diluted 1:50
in PBS with 1% BSA and 0.2% Triton X-100 added.
After overnight incubation in the primary antibodies
(GFAP or Rip) at 4°C, the floating sections were

washed and processed by using secondary antibodies
and the peroxidase-labeled avidin—biotin complex
method (Vectastain Elite, Vector Laboratories). Im-
mune complexes were visualized using 0.05% 3.3'-di-
aminobenzidine tetrachloride (Sigma) in PBS and
0.02% H,0..

3. Results

3.1. Immunohistochemistry

It was shown in previous studies that the frog filum
terminale is predominantly composed of glial cells,
myelinated and unmyelinated fibers, but occasionally
contains degenerated neurons (Gonzalez-Robles and
Glusman, 1979). Our immunohistochemical investiga-
tion revealed a higher density of cellular elements in the
spinal cord section in comparison to filum terminale
(Fig. 1). GFAP staining for astrocytes in the filum
terminale, particularly in its intermediate zone, showed
that the astrocyte bodies were larger than in spinal
cord. Astrocytic processes in filum terminale were
short, densely stained and thick (Fig. 1A), while in the
spinal cord gray matter long astrocytic processes
formed a fine and dense network (Fig. 1B). Similarly,
Rip staining revealed oligodendrocytes with short pro-
cesses in the filum terminale (Fig. 1C), while oligoden-
drocytes in the spinal cord were characterized by fine
and long processes (Fig. 1D).

3.2. Identification of neurons and glial cells

Electrophysiological recordings were obtained from
64 cells in the gray matter of frog spinal cord slices and
48 cells in FT slices. Cell somata visible with the
infrared optics were approached below the slice surface
with the patch-clamp electrode without any morpholog-
ical preference. For distinguishing cell types in the frog
spinal cord and FT, the electrophysiological criteria of
immunohistochemically identified glial cells, described
in rat spinal cord slices, were used (Chvatal et al., 1995;
Pastor et al., 1995). Electrophysiologically examined
astrocytes were identified by positive staining for
GFAP. The locations of randomly accessed cells were
plotted on a sketch of the spinal cord and FT (Fig. 2).
All cell types were found in all regions of the spinal
cord gray matter and FT. However, in contrast to the
FT, the probability of successfully recording from a cell
in the spinal cord gray matter was higher in the inter-
mediate region and around the central canal. Most
likely due to the different physical properties of the cell
membranes in cold-blooded animals, the probability of
successfully recording from a cell was lower than in
mammals. For electrophysiological studies of the cells,
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membrane currents were recorded in the voltage-clamp
mode from a holding potential of —70 mV to values
ranging from — 160 to + 20 mV. This pulse protocol
distinguished neurons and three main types of glial cells
based on their distinct membrane current patterns (see
below). We did not observe differences in the electro-
physiological properties of neurons and glial cells
patched in spinal cord and FT regions of the frog spinal
cord. Electrophysiologically characterized cells were di-
alyzed with the intracellular pipette solution and there-
fore, filled with Lucifer yellow (LY). In this way, it was
possible to correlate membrane currents with cell mor-

phology. It was very rare that we were able to im-
munostain the LY-filled cells (see below).

3.3. Neurons

A large population of cells, with resting membrane
potentials from —42 to —45 mV and with input
resistances from 1442 to 1496 MQ (Table 1), was
identified as neurons (Fig. 3A,B). They had resting
potentials more positive than those seen in glial cells,
spontaneous action potentials upon cell penetration,
repetitive inward Na* currents with small depolariza-

Fig. 1. Astrocytes stained for GFAP (A,B) and oligodendrocytes stained with Rip (C,D). GFAP staining in the intermediate part of the filum
terminale (A) and dorsal spinal horn (B). Note the thicker and more densely stained processes in the filum terminale, but forming a less dense
network than in the spinal dorsal horn. The oligodendrocytes in the filum terminale have shorter processes and are present mostly in the peripheral
part (C). The oligodendrocytes in the gray matter of the ventral horns are densely stained and reveal several fine processes (D). Scale bar denotes

50 pm.



A. Chvatal et al. / Neuroscience Research 40 (2001) 23-35 27

Spinal cord

4 Astrocyte
“w, Oligodendrocyte
o Oligo-iike cell Filum terminale

~~ Glial precursor
# Neuron

0.2 mm

Fig. 2. Summary diagram of the location of randomly accessed cells
plotted on a sketch of the spinal cord (top) and filum terminale
(bottom). The entire surface of the slices was examined to find cell
bodies with a dark clear membrane 10—30 um below the surface. The
cells indicated were those in which the recordings were sufficiently
stable to enable cell identification based on the current pattern in
response to the standard voltage protocol. The typical current pat-
terns of the cell types are illustrated in Figs. 3—7 and described in
Section 3.3, Section 3.4, Section 3.5 and Section 3.6. Note that the
diameter of the spinal cord is about three times larger than that of the
filum terminale. Oligo-like cells are oligodendrocyte-like cells. The
morphology of the spinal cord is indicated as central gray matter
surrounded by peripheral white matter. The filum terminale appears
uniformly gray.

tions and little or no inward current in response tohyper-
polarizing voltage steps. The observed resting potentials
were more positive than those reported in previous
studies (Sykova and Orkand 1980; Chesler and Nichol-
son 1985; Fulton and Walton, 1986; Yoshimura and
Nishi, 1993) and may be caused by the cutting of
neuronal processes during the preparation of the 200 pm
thick spinal cord slices used in the present study. The
neuronal current pattern, including repetitive Na™ cur-
rents, was previously observed in the rat spinal cord slices
(Chvatal et al., 1995) and was the most common type of
patch-clamp recording in both the spinal cord and the
FT of the frog. LY dialysis revealed that these cells had

one long process accompanied by a small number of
poorly branched processes and, in addition, they were
often dye-coupled to nearby cells. The glia/neuron ratio
in spinal cord was 0.78 (n =28, n =36, respectively),
while in FT it was 2.0 (n =32, n= 16, respectively).

3.4. Cells with voltage-activated currents

In a small population of the total number of cells
recorded in the spinal cord (9%) as well as in the FT (4%),
depolarizing and hyperpolarizing steps evoked voltage-
activated currents (Fig. 3C,D). The resting membrane
potential of these cells ranged from — 50to — 76 mV and
input resistance varied from 358 to 458 MQ (Table 1).
Further analysis of the currents revealed the presence of
voltage-gated current components, identified as delayed
outwardly rectifying A-type and inwardly rectifying K+
currents. These currents were, in some instances, pre-
ceded by an inward, presumably Na™* current that was
smaller than that in neurons. There was no sign that the
membranes were capable of producing regenerative or
repetitive inward currents, as was observed in neurons
(Fig. 3A,B). Therefore, these cells were classified as
precursor cells. The same types of membrane currents
were recorded in immunohistochemically identified rat
spinal cord glial precursors (Chvatal et al., 1995). Mor-
phologically, these cells were characterized by round cell
bodies with a number of finely branched processes and
usually were dye-coupled to nearby cells (Fig. 3D).

3.5. Astrocytes

In some cells with resting potentials more negative
than — 70 mV, a series of hyperpolarizing and depolar-
izing voltage steps evoked symmetrical non-decaying
inward and outward currents (Fig. 4A,C). Such cur-
rents are characteristic of mammalian astrocytes
(Miiller et al., 1992; Chvatal et al., 1995; Pastor et al.,
1995). The resting membrane potential of these cells
varied from — 68 to — 79 mV and the input resistance
from 49 to 69 MQ (Table 1). These cells were more
often found in spinal cord (22%) than in FT (10%).
Superfusion of astrocytes with 50 mM K* evoked an
inward current at a holding potential of — 70 mV (Fig.
5A). The reversal potential of the currents shifted from
the holding potential in 3 mM K* (K* equilibrium
potential —94.5 mV) to —20 mV at 50 mM K* (K*
equilibrium potential/ — 24 mV), thus following the K*
equilibrium potential (n = 8). The depolarizing and hy-
perpolarizing steps applied from the holding potential
of — 70 mV before, during and after the application of
50 mM K* showed that the inward and outward
conductance transiently increased (Fig. 5). A 20 ms
depolarizing prepulse up to + 20 mV evoked a shift of
the membrane reversal potential (V) to —62.0 +1.7
mV (n=4)in FT andto —63.4+1.4mV (n=7) in the
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spinal cord (Fig. 6A,C). Increasing the amplitude or
duration of the depolarizing prepulse did not evoke a
significant shift in V., of the astrocytic membrane (Fig.
6D,E). Cell morphology, as represented by the LY
images, was variable. The majority of such cells had at
least one thick process (Fig. 4A) and a number of finer
processes, while others (Fig. 4C) had two to three
thicker processes and a number of fine processes. Dye
coupling was observed in both the FT and the spinal
cord. In five cells, we tried to positively identify the cells
as astrocytes, after recording and LY injection, using a
monoclonal mouse antibody specific for GFAP. On
two occasions (Fig. 4B), cells with symmetrical non-de-
caying membrane currents filled with LY were found to
be GFAP-positive.

3.6. Oligodendrocytes and oligodendrocyte-like cells

In both the spinal cord (13%) and the FT (52%), we
observed a number of cells with decaying currents
during depolarizing and hyperpolarizing voltage steps
and with large tail currents after the end of the voltage
step (Fig. 7). Morphological observations revealed that
these cells might be from two distinct subpopulations.

The first subpopulation consisted of cells with typical
oligodendrocyte morphological and electrophysiologi-
cal properties (Fig. 7A,B). LY staining revealed long
thin processes, often arranged in parallel (Fig. 7A) and
typical of oligodendrocytes in rat spinal cord (Chvatal
et al., 1995). We failed to stain electrophysiologically
examined cells with RIP; however, RIP-stained oligo-
dendrocytes in frog spinal cord (Fig. 1C,D) also re-
vealed similar morphology as that observed using LY.
The resting membrane potential of these cells ranged
from — 65 to —68 mV and the input resistance from
402 to 648 MQ (Table 1).

In the second subpopulation, the currents decayed
even more rapidly and the cells were much more com-
pact with short hairy processes (Fig. 7C,D). These cells
were classified as oligodendrocyte-like because their
current pattern resembled that of the typical oligoden-
drocyte. The resting membrane potential of oligoden-

Table 1

drocyte-like cells was — 61 mV and the input resistance
varied from 1317 to 1773 MQ (Table 1).

Current decrease in oligodendrocytes during a depo-
larizing or hyperpolarizing pulse has previously been
described in mouse and rat corpus callosum (Berger et
al., 1991; Chvatal et al., 1997), mouse hippocampus
(Steinhéuser et al., 1992) and rat spinal cord (Chvatal et
al., 1999). It has been suggested that the current decay
results from the transmembrane shift of K* during a
depolarizing pulse. In contrast to astrocytes, a depolar-
izing prepulse evoked in oligodendrocytes a shift of the
membrane reversal potential to — 14.5+2.1 mV (n=
4) in FT and to —34.6 +£9.2 mV (n=3) in the spinal
cord. To further test this property of frog oligodendro-
cytes, we analyzed the reversal potential of the mem-
brane following a depolarizing or hyperpolarizing pulse
with variable amplitude and duration (Fig. 6D,E). V..,
of cell membranes shifted from —113.0 +4.6 mV (n=
3) after a — 160 mV prepulse to —5.4+3.5mV (n=3)
after a + 20 mV prepulse (Fig. 6D). The V., of the
oligodendrocyte membrane was also dependent on the
duration of a depolarizing prepulse to +20 mV. V.,
shifted from —31.8+5.1 mV (n=3) after a 3 ms
depolarizing prepulse to 4.5 + 1.1 mV (n = 3) after a 50
ms depolarizing prepulse (Fig. 6E). It is evident that
oligodendrocytes and oligo-like cells are the most abun-
dant population of cells in the FT, while in the spinal
cord, neurons and astrocytes dominate.

4. Discussion

Identical current patterns were observed in immuno-
histochemically, morphologically and electrophysiologi-
cally identified neurons and glial cells of both frog and
rat spinal cord slices (Chvatal et al., 1995; Pastor et al.,
1995; Chvatal et al., 1999). We can therefore use the
same criteria for the identification of cells in the frog
spinal cord as in rat spinal cord. In addition, the
majority of cell types in the present study were charac-
terized by a distinct input resistance. The electrophysio-
logical properties of neurons were clearly different from

Membrane potentials and input resistance of neurons, precursors, astrocytes, oligodendrocytes and oligodendrocyte-like cells in spinal cord and

filum terminale of frog spinal cord slices®

Membrane potential (mV)

Input resistance (MQ)

Spinal cord

Filum terminale

Spinal cord Filum terminale

Neurons —45.1+ 1.1 (n=36) —420+14 (n=16)
Precursors —64.5+7.1 (n=06)
Astrocytes —73.6+ 1.5 (n=14) —744425 (n=>5)

—654+42 (n=5)
617494 (n=23)

Oligodendrocytes
Oligo-like cells

—50.0; —76.0 (n=2)

—68.6+2.6 (n=14)
—61.5+3.0 (n=15)

1496 + 161 (n = 12)
358+ 50 (n=6)
4946 (n=12)
402+ 74 (n=>5)
1773 + 430 (n=3)

1442 + 139 (n="7)
391; 459 (n=2)
69+ 10 (n=>5)
648 + 51 (n=8)
1317 + 188 (n="7)

@ The values of membrane potential and input resistance are expressed as the mean + S.E.M.



A. Chvatal et al. / Neuroscience Research 40 (2001) 23-35 29

Neurons

Spinal cord

Precursor cells

Spinal cord

Fig. 3. Membrane current patterns and morphology of neurons (A,B) and precursor cells (C,D). Membrane current patterns were recorded during
a symmetrical series of nine depolarizing and hyperpolarizing 10 mV voltage steps for 50 ms from a holding potential of — 70 mV (inset) using
the whole-cell patch-clamp technique in this and subsequent figures. The pipette contained 1 mg/ml of Lucifer yellow (LY) that diffused into the
cells. Photographs (negative image) of typical LY images, corresponding to the adjacent current pattern, were obtained by photographing the slice
after removing the pipette. Neurons display repetitive inward currents with small depolarizations in response to depolarizing pulses and little or
no inward current in response to hyperpolarizing pulses. Precursors display brief inward currents and inactivating outward currents with smaller
inward currents in response to hyperpolarizing voltage steps. They are frequently dye coupled to nearby cells (out of the focal plane). The cases

illustrated show clear LY coupling to nearby cells. Bar denotes 30 pm.

those of glial cells. The resting membrane potential of
neurons was less negative than of glial cells and, in
addition, neurons expressed repetitive spike-like in-
ward currents riding on large outward currents in re-
sponse to depolarizing voltage steps and little or no
inward current in response to hyperpolarization.
Immunohistochemically identified astrocytes in our
experiments expressed the same electrophysiological
properties as astrocytes in rat spinal cord gray matter
(Chvatal et al., 1995) or in mouse cerebellum (Miiller
et al., 1992; Kirischuk et al., 1996). In the present
study, two cells out of five were positive for GFAP
(Fig. 1C), a specific marker for mammalian as well as
for amphibian astrocytes (Dahl, 1976; Szaro and
Gainer, 1988; Bodega et al., 1990). Such a small per-
centage of successfully stained cells was not surpris-
ing, since it was shown that intact astrocyte cell
bodies located in gray matter regions of the CNS
stain for GFAP less intensely than those in white
matter (Ludwin et al., 1976). Moreover, diluting the
intracellular contents of glial cells with the artificial
intracellular solution in the patch electrode may also
alter the conformation of proteins and decrease the
immunoreactivity of GFAP. The electrophysiological
properties of astrocytes in situ in frog spinal cord

gray matter were more similar to those in mammalian
spinal cord than to those in other cold-blooded ani-
mals, e.g. astrocytes in the trout optic tectum in situ
or cultured astrocytes from the trout or frog. For
example, radial glial cells in trout and frog optic
nerve expressed inward Na* and delayed outwardly
rectifying K* currents (Marrero and Orkand, 1993;
Rabe et al., 1999). Cultured astrocytes from frog op-
tic nerve expressed very small passive currents and
were characterized by inward and outward rectifying
K™* currents (Philippi et al., 1996), while cultured as-
trocytes from the rainbow trout expressed voltage-ac-
tivated Na* currents and inwardly rectifying, delayed
outwardly rectifying and A-type K* currents (Glass-
meier et al., 1994) and most likely represent an imma-
ture developmental stage.

The current pattern of oligodendrocytes in our study
was similar to that observed in identified oligodendro-
cytes in mouse or rat corpus callosum (Berger et al.,
1991; Chvatal et al., 1997) and in rat spinal cord
(Chvatal et al., 1995, 1999). Both the decay during the
voltage step and the tail currents apparently result from
the rapid accumulation or depletion of K™ in the
narrow extracellular space around oligodendrocytes
(Chvatal et al., 1999). The findings that the tail currents
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may be abolished by the application of Ba’*, a K+
channel blocker (Chvatal et al.,, 1995) and that the
V. of the oligodendrocyte membrane in situ depends
on the duration and amplitude of the preceding
voltage step (Berger et al.,, 1991; Steinhduser et al.,
1992; Chvatal et al.,, 1997, 1999), also supports a
potassium origin of oligodendrocyte tail currents (for
review see Chvatal and Sykova, 2000). The first popu-
lation of these cells showed typical oligodendrocyte-
like morphology, as was found in the rat spinal cord
(Chvatal et al., 1995), i.e. long processes, often ori-
ented in parallel. The second population of oligoden-
drocyte-like cells had morphological properties similar
to premyelinating oligodendrocytes found in the frog

spinal cord (Yoshida, 1997) or in rodent brain (Trapp
et al., 1997). However, in contrast to frog oligoden-
drocytes in situ, cultured trout oligodendrocytes ex-
press voltage-activated currents, namely A-type and
delayed outwardly rectifying K* currents (Glassmeier
et al., 1992). The overall density of Rip-stained oligo-
dendrocytes was lower than the density of astrocytes
immunostained with GFAP, even when the number of
electrophysiologically identified oligodendrocytes, e.g.
in FT, was higher than that of astrocytes (Fig. 1).
Such an observation is not, however, surprising, since
it was shown in a study performed on the rat spinal
cord in situ that the use of Rip identified only certain
types of oligodendrocytes (Friedman et al., 1989).

Astrocytes

A Spinal cord

Lucifer Yellow GFAP
C Filum terminale
 * v @
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Fig. 4. Membrane current patterns and morphology of astrocytes in spinal cord gray matter (A,B) and filum terminale of the frog (C). The left
panel illustrates the membrane current pattern recorded with the voltage protocol as in Fig. 2 and the right panel the corresponding LY image.
Dye-coupling was observed, but is not apparent as the coupled cells are out of the focal plane. (B) Positive GFAP staining in a LY-injected cell
with a symmetrical non-decaying current. Left, the cell photographed using filters optimal for viewing LY. Right, photograph of the same slice
using filters optimum for CY3-labeled anti-GFAP. The arrows point to corresponding areas of the field. Bar denotes 30 um.



A. Chvatal et al. / Neuroscience Research 40 (2001) 23-35 31

A 50 mM K*

.

1 (nA)

6
5
4
3
2

20-100-80_a—" 4

[ nA

10s

/ -60 07-20 )

-2
-3

20 40 60 80 100

100
60
02040
V(mV) _40-20
-70
-105

Fig. 5. Membrane properties of astrocytes. An astrocyte was clamped at — 70 mV and subsequently stepped for a series of voltage jumps to de-
and hyperpolarizing potentials (A) as indicated in the inset. This voltage protocol was applied repeatedly every 3.7 s. [K™] in the bathing solution
was increased from the control level (3 mM) to 50 mM, as indicated by the bar. From two series of voltage steps in normal (filled circle) and
elevated [K ] (open circle), current—voltage curves were constructed and are shown in (B). The reversal potential in normal [K*] was about — 73

mV and in 50 mM [K*] about —20 mV.

Precursor cells in frog spinal cord and FT were
sparse, with only two cells (4%) found in FT, and were
characterized by voltage-activated currents. Cells that
expressed similar voltage-activated currents were previ-
ously identified as glial precursors in mouse corpus
callosum and cerebellum (Berger et al., 1991; Miiller et
al.,, 1994), in mouse hippocampus (Steinhduser et al.,
1992) and in rat spinal cord and corpus callosum
(Chvatal et al., 1995, 1997). It was also shown that
trout oligodendrocytes in culture express voltage-acti-
vated currents, namely delayed outwardly rectifying
and A-type K* currents and Na* currents, which
decrease with time and are not detectable after 8 days
in culture (Glassmeier and Jeserich, 1995). In contrast
to neurons, the amplitude of Na* currents in these cells
was at least one order of magnitude smaller and none
of these cells showed the ability to generate repetitive
Na* currents during a depolarizing voltage step. Simi-
lar types of GFAP positive cells distinguished by the
presence of Na* currents were observed in the mouse
and rat corpus callosum and in rat spinal cord slices
(Berger et al., 1991; Chvatal et al., 1995, 1997).

The morphology of neurons and glial precursor cell
populations, as revealed by LY staining, was not differ-
ent between spinal cord and FT and, in addition, was
similar to that described in rat spinal cord (Chvatal et
al., 1995; Pastor et al., 1995). In contrast, astrocytes
and oligodendrocytes in the FT were characterized by

shorter processes than those observed in spinal cord
(Fig. 1). There are, however, a number of experimental
data indicating that the cell morphology revealed by
LY staining in frog spinal cord and in FT is different
than that seen by horseradish peroxidase (HRP) stain-
ing (Sasaki and Mannen, 1981; Chesler and Nicholson,
1985; Miller and Liuzzi, 1986). The morphology of
HRP-labeled astrocytes revealed that they have their
somata located in the gray matter of the spinal cord
and radial processes extend from the soma through the
gray and white matter to the pial surface of the cord
(Sasaki and Mannen, 1981; Miller and Liuzzi, 1986).
Similar observations were made in the FT of the frog
spinal cord (Chesler and Nicholson, 1985), where astro-
cytes displayed extensive radial arborizations, which
terminated as subpial endfeet. Such morphology was
not observed in our study using a LY staining proce-
dure, suggesting that glial processes could have been
cut during the slicing process. It is most likely, however,
that differences in cell morphology revealed by either
HRP or LY staining account for the different staining
quality obtained by their use. It was shown in the study
of Takato and Goldring (1979), performed on the
cerebral cortex of the cat, in which electrophysiologi-
cally identified glial cells and neurons were stained by
LY and HRP under the same conditions, that the
staining quality of the glial cells labeled with HRP was
superior to that of cells injected with LY. HRP staining
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revealed greater lengths of individual processes, which study in which injections of LY into frog lumbar mo-
ended on the walls of vessels with expanded perivascu- toneurons revealed intra- and intersegmental dye-cou-
lar endfeet. Surprisingly, neurons were stained much pling (Brenowitz et al., 1983). However, a much lower
better by LY than by HRP in the same study and it percentage of dye-coupled glial cells was observed in
was, therefore, proposed that the quality of staining by our experiments than in those reported in other am-
either LY or HRP is affected by the resting membrane phibian brain tissues. For example, in experiments per-
potential of the stained cell (Takato and Goldring, formed in the intact isolated frog optic nerve, 52% of
1979). injected glial cells were dye coupled (Marrero and

LY dye-coupling in the rat spinal cord gray matter Orkand, 1996), and in Necturus optic nerve, coupling
and FT was observed in neurons and in all glial popula- was found in all injected astrocytes (Tang et al., 1985).
tions. Our findings are in agreement with a previous The lower incidence of coupling observed in frog spinal
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Fig. 6. Changes of the reversal potential in astrocytes and oligodendrocytes evoked by a depolarizing prepulse. (A,B) For the current analysis, the
membranes of astrocytes and oligodendrocytes were clamped from a holding potential of — 70 mV to + 20 mV for 20 ms. After this prepulse,
the membrane was clamped for 20 ms to increasing de- and hyperpolarizing potentials (pattern of voltage commands in inset) ranging from — 130
to +20 mV, in 10 mV increments. The corresponding current traces are superimposed. (C) From traces as shown in astrocytes (A) and
oligodendrocytes (B) currents (I) were measured 5 ms after the onset of the de- and hyperpolarizing pulses (dashed lines) and plotted as a function
of the membrane potential (V). Reversal potentials (V) determined in astrocytes and oligodendrocytes are indicated in the graphs by the
arrows. In the oligodendrocytes, in contrast to the astrocytes, the depolarizing prepulse shifted the reversal potential from about — 65 mV to
about — 38 mV. V., of astrocytes and oligodendrocytes after clamping from a holding potential of — 70 mV to hyperpolarizing ( — 80, — 100,
— 120, — 140 and — 160 mV) and depolarizing ( — 60, —40, —20, 0 and + 20 mV) prepulses for 20 ms are plotted in the graph as a function
of the prepulse voltage (D). V.., of astrocytes and oligodendrocytes in recordings with 3, 5, 10, 20 and 50 ms prepulses are plotted in the graphs
as a function of the prepulse duration (E).
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Oligodendrocytes

A Spinal cord

Oligodendrocyte-like cells

C Spinal cord

Fig. 7. Membrane current patterns and morphology of oligodendrocytes (A,B) and oligodendrocyte-like (C,D) cells. (A) and (C) are from spinal
cord, (B) and (D) from the filum terminale. The left panel illustrates the membrane current pattern recorded with the voltage protocol, as in Fig.
2 and the right panel the corresponding LY image. In the oligodendrocytes, the current traces decay with a fast and slow component. In the
oligodendrocyte-like cells, the slow component is much less obvious. In both sub-populations of cells, large tails are present after the end of the

stimulation pulse. Bar denotes 30 um.

cord and FT can be explained by the fact that in
contrast to neurons, glial cells are more sensitive to
changes of intracellular pH, which was shown to un-
couple glial cells in the isolated mudpuppy optic nerve
or frog spinal cord (Tang et al., 1985; Sykova et al.,
1988) and which may occur during the slicing and
perfusion procedure.

We conclude that it is evident that the cellular com-
position of frog spinal cord gray matter and FT is
different. Although the FT is not formed exclusively by
glial cells, as was previously reported in some studies
(Gonzalez-Robles and Glusman, 1979; Glusman et al.,
1979; Ritchie et al., 1981a), we found the glia/neuron
ratio in spinal cord and in FT to be 0.78 and 2.0,
respectively. Our study shows that the spinal cord is
composed of & 56% neurons and 22% astrocytes, while
the FT is composed of 52% oligodendrocytes and 33%
neurons and that the FT contain neurons as well as
astrocytes, oligodendrocytes and glial precursor cells. In
our previous study, immunostaining for neurons using
antibodies against 200 kD neurofilaments and staining
for astrocytes and oligodendrocytes (Fig. 1) revealed
that the total density of cells in the frog spinal cord
gray matter is higher than in the FT and that neurons
and oligodendrocytes are sparse, while astrocytes are
the most abundant elements in the FT (Prokopova-Ku-
binova and Sykova, 2000). The present study also
shows that the membrane and morphological properties

of spinal cord cells in rat and frog are similar. This
striking phylogenetic similarity suggests the significant
contribution of distinct cell populations to various
spinal cord functions, i.e. ionic and volume homeosta-
sis, in both mammals as well as amphibians.
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