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Summary. The electrophysiological properties of the two
major glial cell types in cultures from the regenerating
goldfish optic nerve/tract were studied with patch-clamp
techniques. Spindle-shaped cells express myelin proteins.
These oligodendrocyte-like cells possess outwardly rectifying currents, do not show glutamate activated currents
and are rarely electrically coupled to neighboring cells.
Cells of epitheloid morphology probably represent astrocytes. They are GFAP-positive and do not exhibit
myelin proteins. These cells have glutamate activated
currents, display a linear current to voltage relationship
and are extensively electrically coupled thus displaying
properties similar to mammalian astrocytes.
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Introduction
Glial cells are important companions of neurons. The
glial cell environment for instance can promote or interfere with axonal growth. Central nervous system (CNS)
fiber tracts in mammals fail to regenerate upon injury
while severed peripheral nerves regrow successfully. Failure of axonal regeneration in the mammalian CNS is
attributed to oligodendrocytes and CNS myelin which
express axon-growth inhibiting molecules (Schwab 1990)
as well as to reactive astrocytes which also interfere with
axonal regrowth (reviewed in Franklin 1990). Schwann
cells on the other hand, the glial cells of the mammalian
peripheral nervous system (PNS) lack these inhibitors
and promote the growth of axons (Fawcett and Keynes
1990).
In contrast to mammals some axon tracts in the CNS
of fish regenerate successfully. A well known example are
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the retinal ganglion cell (RGC) axons in the fish optic
nerve. Myelin of the optic nerve and other tracts of the
fish CNS is not inhibitory but permissive for the growth
of axons (Caroni and Schwab 1988; Bastmeyer et al.
1991). To characterize the glial cells of the fish optic
nerve and to study axon/glial cell interactions, we have
recently raised these cells in culture and identified oligodendrocyte-like cells and candidate astrocytes immunohistochemically (Bastmeyer et al. 1989; Bastmeyer et al.
1991). In co-culture experiments with retinal explants,
the oligodendrocyte-like cells but not the candidate astrocytes proved to be growth promoting substrates for
regenerating R G C axons (Bastmeyer et al. 1991). Thus,
in their influence on axons the fish oligodendrocyte-like
cells resemble mammalian Schwann cells rather than
mammalian oligodendrocytes. To obtain further criteria
for the classification of the fish optic nerve glial cells and
to be able to compare them to mammalian glial cells we
explored the electrophysiological characteristics and studied voltage and ligand-gated channels of these fish cells.
In mammals, astrocytes, oligodendrocytes and
Schwann cells exhibit a characteristic pattern of in- and
outward currents activated by de- or hyperpolarizing
voltage steps (e.g. Bevan et al. 1986, 1987; Gray et al.
1986; Sontheimer and Kettenmann 1988). Moreover,
astrocytes and oligodendrocytes, but not Schwann cells
express glutamate receptors which show characteristics
of neuronal n o n - N M D A receptors (Sontheimer et al.
1988; Hoppe and Kettenmann, unpublished results).
Our present results show that the electrophysiological
properties of fish oligodendrocyte-like cells differ from
those of mammalian oligodendrocytes, but that fish astrocytes resemble mammalian astrocytes.

Material and methods
Glial cell culture

Glial cells were obtained from the optic nerves and tracts of adult
goldfish as described earlier (Bastmeyer et al. 1989). In brief, small
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Fig. 1A-G. Morphological and immunocytochemical characterization. Phase contrast micrograph of living goldfish glial cells after 3
weeks in vitro (A). Cells ofepitheloid morphology (arrows in A) and
spindle-shaped cells (arrowheads in A) occupy separate territories
on the coverslip. Epitheloid cells (B) are not positive for Mab 6D2

(C), specific for myelin proteins, but express the astrocytic marker
GFAP (D) (B--D, identical fields). In contrast, spindle-shaped cells
(E) express myelin proteins on their surface (F) and do not contain
GFAP-positive fibrils (G) (E-G, identical fields). Bar in A: 200
gm; Bar in G: 50 gm applies to B-G
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pieces of regenerating optic nerves and tracts (2 weeks after optic
nerve section) were attached to a nylon filter (Hybond, Amersham),
cut into 200 ~tm wide segments, explanted onto polylysine/laminin
coated coverslips and kept in F-12 medium (Ham's F-12 medium
(Gibco), supplemented with 10% fetal calf serum and 0.4% methyl
cellulose) at 28~ C. After one day in culture cells emigrate from the
nerve segments and multiply.
Glial cells were identified immunocytochemically after 2-3
weeks in vitro with the monoclonal antibody (Mab) 6D2 against the
fish myelin proteins IP1 and IP2 (Jeserich et al. 1990, kindly
provided by G. Jeserich) and a polyclonal rabbit serum against
fish-GFAP (Nona et al. 1989, kindly provided by S. Nona). Cells
were fixed with methanol ( - 2 0 ~ C, 5 rain) and formaldehyde (2%
in PBS, 5 min), rinsed in PBS (3 x ) and incubated simultaneously
for lh at 37~ C with Mab 6D2 (hybridoma supernatant diluted 1 : 3
in PBS) and anti-fish-GFAP (diluted 1 : 1000 in PBS). Following
three rinses in PBS the secondary antibodies (Rhodamine-coupled
goat-anti-mouse and Fluorescein-isothiocyanate-coupled goatanti-rabbit antibodies, diluted 1 : 200 in PBS) were applied simultaneously for lh at 37~

Electrophysiologicalprocedures
Whole cell currents were recorded applying the patch-clamp technique (Hamill et al. 1981). Currents were amplified with an EPC-7
(List, Darmstadt, F.R.G.). Data were digitized by an interface card
connected to an AT-compatible computer. A Pascal program developed in our laboratory (H.K.) was used to analyze and to display
the recorded traces. The computer was also connected to the
stimulus input of the patch-clamp amplifier and performed
sequences of voltage steps and voltage ramps during recording.
Cells were maintained in a recording chamber on the stage of
an inverted microscope at 25~ C (Kettenmann 1988). The chamber
was continuously perfused with a standard salt solution: [in raM]
KC1 3.0, NaC1 134.0, CaClz 2.2, MOPS 10.0. The pH was adjusted
to 7.4. Bath solutions were altered by changing the whole perfusate.
Recording micropipettes were fabricated using a Narishige puller
and fire-polished prior to use. The patch pipette contained [in raM],
KC1 117.4, MgC12 2.0, CaClz 1.0, EGTA 10.0, HEPES 10.0. The
pH was adjusted to 7.4.
4-AP (4-amino-pyridine) (1 mM) and glutamate (1 raM) were

Fig. 2A-D. Lucifer Yellow injected cells. Corresponding phase contrast (A, C) and fluorescence micrographs (B, D) of Lucifer Yellow injected
cells. Epitheloid cells (A, B) are coupled to a large number of surrounding cells. Spindle-shaped cells are either uncoupled or coupled to
one adjacent cell (C, D). Bars in B and D : 50 ~tm
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added to the standard salt solution. NaC1 was replaced by KC1
to increase [K + ] from 3 to 50 raM. For activating currents
by a change in pHo solutions were applied via an electronically
operated fast-switch multichannel superfusion system (Davies et al.,
1988). This solution contained [in mM], NaC1 120.0, glucose 10.0,
KC13.0, CaC12 1.5, MgC12 1.0, buffered with 10 mM HEPES to pH
7.3. The pH was adjusted to the desired level by adding N a O H or
HC1.
To test coupling between glial cells, 0.4% Lucifer Yellow was
added to the electrode filling solution. After establishment of a
whole cell recording, the cell was dialyzed within less than five
minutes. The dye distribution was inspected at the stage of the
recording microscope by using the appropriate filter set (Stewart
1981).

Cell coupling

Coupling between glial cells was tested by injecting the
gap junction permeable dye Lucifer Yellow into individual cells via the patch-clamp pipette. We selected
cells which were in physical contact to at least five neighbouring cells. The oligodendrocyte-like cells (spindle
shaped cells) were coupled to one or two adjacent cells
(Fig. 2C, D) or uncoupled (3 out of 6) such that stained
cells were surrounded by unstained cells of the same type.
Epitheloid cells, the candidate astrocytes, however, were
always coupled to a large number of surrounding cells
(N= 5) (Fig. 2A, B) much like cultured astrocytes from
rat cortex (Kettenmann and Ransom 1988).

Results

Morphological and immunocytochemical characterization
offish glial cells

Membrane potential and voltage activated currents

The glial cells that emigrate from small pieces of regenerating fish optic nerves and tracts multiply in vitro
and occupy the entire coverslip after 1-2 weeks. Two
major cell types forming separate territories are identified
by morphological and immunocytochemical criteria
(Fig. 1). Cells of the first type are of epitheloid morphology and form a confluent monolayer (Fig. 1 A, B). Cells
of the other type are bi- or multipolar and of spindleshaped morphology. Cells of this type form a networklike array (Fig. 1A, E).
When exposed to the antibodies anti-GFAP and Mab
6D2 against fish myelin proteins (Jeserich et al. 1990), the
epitheloid cells were found to contain GFAP-positive
fibrils (Fig. 1D) and to be negative for Mab 6D2 (Fig.
1C). The vast majority of the spindle-shaped cells (90%)
were Mab 6D2-positive which identifies them as oligodendrocyte-like cells (Fig. 1F). Only a few of these 6D2positive cells contained GFAP.

The resting membrane potential was determined after
establishment of the whole cell recording configuration.
Spindle-shaped cells had a mean resting potential of
- 1 8 mV (SD= 8; N = 21), epitheloid cells of - 5 6 mV
(SD = 9; N = 22). The membrane currents were characterized by clamping cells to a holding potential of
- 7 0 mV and jumping to a series of de- and hyperpolarized potentials ranging from - 150 to 50 mV. The
spindle-shaped cells showed either no apparent membrane currents with both de- and hyperpolarizing voltage
steps or small outward currents activated by depolarizing
voltage steps (Fig. 3). This outwardly rectifying behavior
is also reflected in the steady state current to voltage
curve obtained with voltage ramps ranging from - 150
to 50 mV (2 s duration). The epitheloid cells had in- and
outward currents activated by hyper- and depolarizing
voltage steps. The currents were activated rapidly with
no apparent delay and slightly decayed in some cells.
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Fig. 3A-C. Membrane currents of
epitheloid and spindle-shaped
cells. Membrane currents were recorded with the patch-clamp
technique from a epitheloid cell
(A) and two different spindleshaped cells (B, C). In the upper
traces, membrane currents were
activated by six de- and four
hyperpolarizing voltage steps from
a holding potential of - 7 0 mV
with 20 mV increments. Below,
steady state current (I) to voltage
(V~) curves are displayed from
ramps with 2 s duration
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Fig. 4. Current recording during application of glutamate. During
recording of membrane current from an epitheloid cell (left trace),
glutamate (1 raM) was applied as indicated by bar. The membrane
potential was clamped at - 70 mV. A similar recording pattern was
obtained from a spindle-shaped cell (right trace)
Glutamate activated membrane currents

Glutamate (1 mM) was applied by bath perfusion while
recording membrane currents with the membrane potential clamped at - 7 0 inV. In epitheloid cells, glutamate
activated inward currents (Fig. 4; N = 13) with a similar
time course as the glutamate-activated current in cultured astrocytes from rat cortex (Sontheimer et al. 1988
b). In the spindle-shaped cells, application of glutamate
did not elicit a detectable membrane current ( N = 10).

pH-activated Na + current

Mammalian cells of the oligodendrocyte lineage, but not
mammalian astrocytes or Schwann cells exhibit pHactivated currents (Sontheimer et al. 1989a). The
presence of pH-activated Na + currents (Konnerth et al.
1987) was tested by performing a rapid change in pHo
during the recording of membrane currents according to
the protocol used for mammalian glial cells (Sontheimer
et al. 1989a). There was no detectable change in the
resting current upon the pH step, either in spindleshaped
cells ( N = 9), or in epitheloid cells ( N = 7).
Discussion
The two morphologically and immunocytochemically
distinct glial cells of the goldfish optic nerve/tract exhibit
cell type specific electrophysiological properties.
The GFAP-positive epitheloid fish cells were considered as candidate astrocytes. Their astrocytic nature
is supported here by the finding that these cells are dyecoupled like mature mammalian astrocytes (Fischer and
Kettenmann 1985). Furthermore the fish optic nerve
candidate astrocytes share physiological properties with
cultured astrocytes from rat and mouse cortex in exhibiting large in- and outward currents activated by de- and
hyperpolarizing voltage steps and linear current to voltage-relationship (e.g. Sontheimer et al. 1988). We did not
use isolation solutions to detect small Na § or Ca §247
currents which are described for cultured mammalian
astrocytes (Bevan et al. 1986; MacVicar 1984). After
application of glutamate inward currents were elicited in
the fish astrocyte-like cells with a similar time course as

described for mammalian cortical astrocytes. In mammalian astrocytes the current is caused by the activation
of a kainate/quisqualate type of glutamate receptor (Sontheimer et al. 1988). Thus, fish astrocyte-like cells may
possess similar receptors. Like mammalian astrocytes the
fish astrocyte-like cells lack pH-activated currents. The
spindle-shaped cells, the fish oligodendrocyte-like cells,
express myelin proteins but differ in their electrophysiological properties from mammalian oligodendrocytes.
Unlike mature mammalian oligodendrocytes and glial
precursor cells they lack pH-activated currents and glutamate responses (Gilbert et al. 1984; Sontheimer et al.
1989a). Another difference to differentiated mammalian
oligodendrocytes is the earlier observation that these fish
oligodendrocyte-like cells do not express the O 1 antigen
(Bastmeyer et al. 1991). Most oligodendrocyte-like cells
are characterized by a marked outward rectification,
which is not seen in mammalian oligodendrocytes (Soliven et al. 1988; Sontheimer and Kettenmann 1988).
Such outward rectifications, however, exist in mammalian precursor cells of the oligodendrocyte lineage
(Bevan et al. 1987; Sontheimer et al. 1989b) and in
cultured mammalian Schwann cells (Gray et al. 1986).
Fish oligodendrocyte-like cells resemble in several respects to mammalian Schwann cells. They show little
current responses like myelinating Schwann cells or outward rectification like non-myelinating Schwann cells
(Chiu 1988; Wilson and Chiu 1990) and lack pH- and
glutamate activated currents. Furthermore they heavily
proliferate in culture, another property that these cells
share with mammalian Schwann cells. In mammalian
Schwann cells K § channels play an important role in the
control of cell proliferation. Myelinating, non proliferative cells lack somatic K § channels, while non-myelinating, proliferative cells are characterized by these channels
(Chiu and Wilson 1989). Moreover, proliferation can be
halted by blocking these K § channels. It is reasonable to
assume that the outward rectifying properties of a subpopulation of the spindle-shaped cells are based on the
expression of these delayed rectifying K + channels. They
could then, like in mammalian Schwann cells also play
a role in the control of proliferation in these cells.
Fish oligodendrocyte-like cells are axon growth promoting and share a large number of other properties with
mammalian Schwann cells. However, these fish glial cells
are isolated from the goldfish optic nerve/tract, which
belongs to the CNS and has no Schwann cells. Moreover,
the mode in which fish retinal axons in vivo are myelinated is clearly that of oligodendrocytes and not that of
Schwann cells (Jeserich and Waehneldt 1986).
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