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ABSTRACT It is well established that neurons regulate the properties of both

central and peripheral glial cells. Some of these neuro-glial interactions are modulated
by the pattern of neuronal electrical activity. In the present work, we asked whether
blocking the electrical activity of dorsal root ganglion (DRG) neurons in vitro by a chronic
treatment with tetrodotoxin (TTX) would modulate the expression of the T-type Ca2*
channel by mouse Schwann cells. When recorded in their culture medium, about one-half
of the DRG neurons spontaneously fired action potentials (APs). Treatment for 4 days
with 1 pM TTX abolished both spontaneous and evoked APs in DRG neurons and in
parallel significantly reduced the percentage of Schwann cells expressing Ca2* channel
currents. On the fraction of Schwann cells still expressing Ca?* channel currents, these
currents had electrophysiological parameters (mean amplitude, mean inactivation time
constant, steady-state inactivation curve) similar to those of control cultures. Co-
treatment for 4 days with 1 pM TTX and 2 mM CPT-cAMP, a cAMP analogue that induces
the expression de novo of Ca?* channel currents in Schwann cells deprived of neurons,
maintained the percentage of Schwann cells expressing Ca2* channel currents, showing
that TTX does not directly affect the expression of Ca?* channel currents by Schwann cell. We
conclude that blocking spontaneous activity of DRG neurons in vitro downregulates Ca2*
channel expression by Schwann cells. These results strongly suggest that DRG neurons
upregulate Ca?* channel expression by Schwann cells via the release of a diffusible factor
whose secretion is dependent on electrical activity. GLIA 29:281-287, 2000. o 2000 Wiley-Liss, Inc.

INTRODUCTION

Neurons regulate central and peripheral glial cells
properties through different mechanisms, involving
adhesion signals or diffusible molecules. Some of these
neuro-glial interactions are modulated by the pattern of
the electrical activity fired by the neurons. For ex-
ample, the expression of functional inwardly rectifying
K* channels (Kig ") in nonmyelinating Schwann cells of
sural and sympathetic nerves in mice is upregulated by
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electrical activity (Konishi, 1994). Myelination of CNS
neurons by oligodendrocytes is inhibited when action
potential (AP) propagation is blocked with tetrodotoxin
(TTX) both in vitro and in vivo, whereas stimulat-
ing neuronal electrical activity with «-scorpion toxin
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(a-ScTX) increases the myelination rate in vitro (Deme-
rens et al., 1996). Modulating the frequency of the
electrical activity of dorsal root ganglion (DRG) neu-
rons in vitro differentially regulated N-cadherin, N-
CAM and L1 mRNAs and consequently the rate of
adhesion of Schwann cells to their neurites (Itoh et al.,
1995, 1997).

Schwann cells in organotypic culture of mouse DRG
express the T-type Ca2* channel current (Amédée et al.,
1991). This current is present on about one-half of
Schwann cells, both those that are apposed to neurites
and those that are isolated, but it disappears from
almost all Schwann cells within 2 days when the
neurons are removed and the neurites degenerate. We
have shown that the current was maintained by the
presence of neurons on the ¢rans side of a porous
membrane above the Schwann cell culture, but that
daily transfer of medium from a neuronal culture to a
Schwann cell culture did not. We therefore suggested
that the diffusible factor released by the neurons is
rapidly degraded, which may make identification more
difficult (Beaudu-Lange et al., 1998). The subject of the
present study is the mechanism of release of the factor
by the neurons.

We ask whether altering the electrical activity of
DRG neurons in vitro would modulate the functional
expression of Ca2™ conductances by isolated Schwann
cells. We report that chronic treatment with TTX
downregulated Ca?* channel current expression by
Schwann cells in vitro. We show that TTX was acting
neither via a long-term neuronal toxic effect, nor di-
rectly on the Schwann cell Ca?" conductances, but
specifically by blocking spontaneous electrical activity
of DRG neurons. It is therefore proposed that the
neuronal diffusible signal that causes upregulation of
Ca2* channel current expression by Schwann is re-
leased by neurons in an electrically dependent way.

MATERIALS AND METHODS
Organotypic Cultures of Dorsal Root Ganglia

DRG were cultured from OF1 E19 mouse embryos as
described in detail by Amédée et al. (1991) and Beaudu-
Lange et al. (1998). Ganglia were cultured in a-modi-
fied Eagle’s medium («MEM; Gibco, Cergy-Pontoise,
France) containing nerve growth factor (NGF; 20 ng/ml,
Chemicon, Temecula) and complemented with NaHCOs,
26 mM; Hepes, 15 mM,; glucose, 28 mM; and N2
(insulin, 5 mg/L; transferrin, 100 mg/L; putrescine, 16
mg/L; progesterone, 6 pg/L; and sodium selenite, 8
pg/ml, all from Sigma).

Electrophysiology
Currents were recorded from cells cultured for 2-8

weeks by using the whole cell configuration of the
patch-clamp technique at room temperature (20-24°C).

BEAUDU-LANGE ET AL.

The standard external solution was 140 mM NaCl, 10
mM CaCl,, or 10 mM BaCls, 2 MgCl,, 10 mM HEPES,
11 mM glucose, and 4 mM NaOH (pH 7.4). Patch
pipettes were pulled from borosilicate glass capillaries
(GF 150 TF-10, Clark Electromedical Instruments,
Pangbourne, UK) and filled with 120 mM CsCl, 2 mM
MgCl;, 10 mM Hepes, 11 mM ethylene glycol-bis(B-
aminoethylether)-N,N’-tetraacetic acid (EGTA), 11 mM
glucose, and 30 CsOH (pH 7.4). In control conditions,
patch pipettes had resistances of 5—10 M(). Voltage-
clamp protocols were applied from a holding potential
of —70 mV, using a L/M-EPC-7 patch-clamp system
(List-Electronic, Darmstadt, Germany). Signals were
stored on a digital audio tape recorder (DTR-1200,
Biologic, Grenoble, France) at a sampling frequency of
48 kHz and displayed on a chart recorder. Whole cell
currents were sampled at 125 kHz by a TL-1 interface
(Axon Instruments, Foster City, CA). The time constant
of inactivation of the Ca?* channel currents was calcu-
lated by fitting an exponential using the least-squares
method of the Clampfit program of p-Clamp 5.5 (Axon
Instruments).

Intracellular potentials were recorded through single
microelectrodes using an Axoclamp-2A (Axon Instru-
ments). Recording microelectrodes were pulled from
borosilicate glass capillaries (GS 150F-10, Clark Electro-
medical Instruments) and filled with 3 M KCl. In
reference conditions, microelectrodes had resistance
within the range 80-100 M(). Experiments were car-
ried out at 37°C and signals were digitized (Neurodata)
and stored on a videotape recorder and chart recorder.
Neurons whose resting potential was more positive
than —45 mV and/or whose membrane resistance was
lower than 50 M) were discarded from the analysis.
Results in the text are expressed as means *s.d. and
significance between mean values in different condi-
tions was tested by means of Student’s ¢-test. The
x2-test was used to compare the number of cells display-
ing Ca?" channel currents between control and TTX-
treated cultures. For each set of experiments, different
organotypic cultures have been used in order to mini-
mize possible batch artifacts. Electrical activity of DGR
neurons recorded in standard external solution, three
cultures; recorded in culture medium, two cultures.
Electrical activity of DRG neurons in TTX-treated
cultures, two cultures. Ca%* channel currents of
Schwann cells in TTX-treated cultures, four cultures.

Drug Treatment

TTX (Sigma, Saint Quentin Fallavier, France) was
first dissolved at 1 mM in distilled water as a stock
solution and kept at —20°C. The day of the experiment,
aliquots of stock solution were added to culture medium
to a final concentration of 1 uM (for recording neuronal
electrical activity) or in the standard external solution
at a final concentration of 2 uM (for recording Ca2*
channel currents in Schwann cells) for acute treatment.
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Fig. 1. Electrical activity of mouse dorsal root
ganglion (DRG) neurons. A: (a) An action poten-
tial (AP) is triggered by a depolarizing current
pulse (400 pA, 100 ms) from a membrane poten-
tial of —55 mV (b) the AP is blocked by tetrodo-
toxin (TTX) (1 pM) (c) the blockade is reversible
on wash out of TTX (10 min). B: (a) spontaneous
electrical activity recorded from a membrane
potential of —52 mV. The mean firing frequency
is 0.6 Hz; (b) single spontaneous AP on an
expanded time scale. All records are made in
culture medium at 37°C.

For chronic treatment, TTX was added to the culture
medium at a final concentration of 1 uM and replaced
daily.

RESULTS
Electrical Activity of DRG Neurons in
Organotypic Cultures

In a first series of experiments, DRG neurons were
recorded in the standard external solution used for
electrophysiological experiments (see under Materials
and Methods). The mean resting membrane potential
was —55.5 £1.2mV (n = 51). About 60% of the recorded
neurons did not give successful impalements for more
than 5 min and were therefore discarded from this
study. On the remaining 40 % (21 neurons), APs with
overshoots ranging between +20 and +30 mV were
triggered by depolarizing current pulses in almost all
neurons. Only five neurons spontaneously fired APs
from a threshold of around —50 mV. The frequency of
this spontaneous firing was low and irregular, ranging
from 0.1 to 1 Hz (mean value: 0.3 = 0.2 Hz, n = 5).

When neurons were recorded in their culture me-
dium instead of the standard external solution, the
mean resting membrane potential was not significantly
modified (=58.1 = 3.1 mV, n 14). Depolarizing
current pulses triggered APs (Fig. 1Aa), which were
blocked in five of six neurons tested by 1 uM TTX, a
specific antagonist of TTX-sensitive Na* channels (Fig.
1Ab), and the remaining neuron displayed purely TTX-
resistant APs. Of the five neurons displaying TTX-
sensitive APs one neuron displayed also TTX-resistant
APs, which were blocked by 1 mM Cd?* and therefore
involved Ca?*-dependent regenerative responses. The
wash out of TTX for 1-3 min allowed the recovery of

control +TTX IuM wash out 100 ms

10 ms

evoked APs in five of six neurons (Fig. 1Ac). The
occurrence of spontaneous activity was encountered
much more frequently when recordings were made in
culture medium compared with the standard external
solution and was observed in about 55% (6 of 11)
neurons. Figure 1B shows a typical spontaneous electri-
cal activity in a DRG neuron recorded in culture
medium. The firing frequency ranged from 0.1 to 2 Hz
(mean value 0.6 = 0.3 Hz, n = 6). We noticed that stable
recordings (i.e., when the membrane potential or the
amplitude of the AP remained stable for more than 5
min of impalement) were obtained more often when
neurons were recorded in their culture medium. There-
fore, we used these experimental conditions in the rest
of this study.

Electrical Activity of DRG Neurons in
TTX-Treated Organotypic Cultures

TTX (1 pM) was added to the culture medium for 4
days. Such chronic treatment did not noticeably alter
the morphology of the ganglia, neurites, and Schwann
cells under phase-contrast microscopy (not shown). We
then looked at the effects of TTX treatment on the
electrical activity of DRG neurons. The mean resting
membrane potential recorded in the culture medium
was —58.1 = 1.6 mV (n = 12). Depolarizing current
pulses failed to trigger APs in all neurons tested (n =
12), and none of these neurons showed spontaneous
electrical activity. After wash out of TTX for 1 h, evoked
APs were recorded in five of six neurons; recovery of
spontaneous electrical activity was observed in one
neuron.
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Fig. 2. Ca?* channel currents in mouse
Schwann cells. Histogram showing the percent-
age of Schwann cells expressing Ca?* channel
currents in control cultures (white column, n =
71), in tetrodotoxin (TTX) -treated cultures (black
column) (4 days treatment, n = 45), and after
wash out for 4 days of the drug (hatched column
n = 24). **P < 0.01 x2 test. The insets show
representative currents elicited by voltage steps
from a holding potential of —70 mV. The currents
in control conditions correspond to steps to —30,
-20, —10, 0, 10, 20, and 30 mV. The current in a
TTX-treated culture was elicited by step to
—20mV.
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Ca2* Channel Currents of Schwann Cells in
TTX-Treated Organotypic Cultures

Ca2?" channel currents were recorded from isolated
Schwann cells, i.e. those not contacting neurites, in
K*-free solutions using Ca2* or Ba?* as a charge carrier
as in previous work (Amédée et al., 1991; Beaudu-
Lange et al., 1998). In control organotypic cultures,
T-type Ca?t channel currents of at least 5 pA in
amplitude were expressed by 46.5% (n = 71) of isolated
Schwann cells (Fig. 2). Chronic treatment of organo-
typic cultures for 4 days with 1 pM TTX significantly
reduced the percentage of Schwann cells expressing
T-type Ca?* channel currents to 20% (n = 45, P < 0.01)
(Fig. 2). Four days after wash out of TTX, the percent-
age of Schwann cells expressing T-type Ca?* channel
currents had increased again to 34% (n = 24, Fig. 2).

On the fraction of Schwann cells still expressing
T-type Ca?* channel currents (Fig. 3A), the mean
amplitude of the currents (10.9 = 2.1 pA, n = 9) was

|
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Fig. 3. Lack of direct effect of TTX on Ca2*
currents in mouse Schwann cells. A: representa-
tive Ca%* current recorded from a Schwann cell
treated for 4 days with tetrodotoxin (TTX) (1
pM). The holding potential was —70 mV, and the
cell membrane potential was stepped to —20 mV
for 200 ms. B: Current-voltage relationships of
the cell shown in A (white circles) and a control
cell shown in Fig. 2 (black circles). Note that both
curves have similar shapes. C: Activation and
steady-state inactivation curves of representa-
tive Ca?" channel currents in control conditions
(black symbols) and in TTX-treated Schwann
cells (white symbols). D: Histogram showing the
percentage of Schwann cells expressing Ca2*
channel currents cultured for 4 days in the
absence of neurons either in the presence of 2
mM CPT-cAMP for 4 days, (white column, n = 19)
or in the presence of 2 mM CPT-cAMP and 1 pM
TTX (black column, n = 12).
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similar to that (9.8 = 1.1 pA, n = 10) in control
conditions. The time constants of the currents were not
significantly affected by TTX treatment (mean: 20.2 =
2.8 ms, n = 5 compared with 16.5 = 2.2 ms, n = 8 in
control conditions). Moreover, activation and steady
state inactivation curves were similar in TTX-treated
Schwann cells and Schwann cells in control conditions
(Fig. 3C).

TTX Does Not Act Directly on Ca2* Channel
Currents in Schwann Cells

We tested first the possibility of an acute direct effect
of TTX on T-type Ca2* channel currents in organotypic
cultures of Schwann cells. The acute addition of TTX (2
pM) to the standard extracellular solution did not
change the percentage of Schwann cells expressing
T-type Ca?" channel currents (54.5%, n = 77). More-
over, the current-voltage (I/V) curve in the presence of
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TTX was not different from an I/V curve obtained in
control conditions (Fig. 3B).

We then tested whether TTX interfered in some way
with the genomic expression of Ca?* channels in
Schwann cells. When cultured in the absence of neu-
rons, only a small percentage of mouse Schwann cells
express Ca?* channel currents, but their expression
can be induced by treatment for 4 days with CPT-cAMP
(2 mM), a nonhydrolyzable cAMP analogue, (Beaudu-
Lange et al., 1998). When this was done, it was found
that the presence of 1 ptM TTX did not alter the
percentage of Schwann cells expressing de novo Ca2*
channel currents (Fig. 3D).

DISCUSSION

In this article, we show that DRG neurons in organo-
typic cultures fired spontaneous APs with low and
irregular frequencies. Both evoked and spontaneous
APs were blocked by micromolar concentrations of TTX.
In parallel, a chronic treatment of organotypic cultures
with TTX significantly reduced the percentage of
Schwann cells expressing detectable Ca2* channel cur-
rents. TTX downregulates the expression of Ca2" chan-
nel currents by Schwann cells only in organotypic
cultures (i.e., in the presence of DRG neurons), while in
the absence of neurons it has no acute or long-term
effect on Ca?* channel currents. Taken together, these
results strongly suggest that TTX downregulates the
expression of Ca2" channel currents by Schwann cells
by acting on neuronal activity.

Effects of TTX on the Electrical Activity
of Mouse DRG Neurons

Acute application of TTX in the micromolar range
blocked APs in the vast majority of DRG neurons and
chronic treatment blocked both spontaneous and trig-
gered APs in all neurons tested. However, few DRG
neurons displayed APs which were resistant to TTX.
The expression of TTX-resistant Na* channels have
been reported in mouse DRG neurons (Yoshida et al.,
1978; Matsuda et al., 1978). These channels are mainly
expressed by small (<25 pm) and medium (25-40 pm)
DRG neurons, while TTX-sensitive channels prevailed
in large (>40 pm) DRG neurons (Scholz et al., 1998).
Because of the limited access to neurons within the
ganglion, mostly largest neurons have been impaled in
this work and this could explained the apparent low
proportion of TTX-resistant APs that we have recorded .

Spontaneous electrical activity of DRG neurons has
been reported in vivo (Fitzgerald, 1987; Miletic and Lu,
1993) but usually is not reported in vitro (Varon and
Raiborn, 1971; Yoshida et al., 1978; Matsuda et al.,
1978; Fields et al., 1992). In our organotypic culture,
DRG neurons fired spontaneously and the occurrence of
this activity was favored when DRG neurons were
recorded in their culture medium at 37°C. We have no
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firm explanation for such discrepancies in vitro, but we
believe that differences in cell dissociation procedure,
bathing solution (e.g., standard salt solution versus
culture medium) and embryonic stage of development
(see below) could well be involved.

TTX Does Not Act Directly on Schwann Cells

TTX has been reported to block Ca%* channels on
human atrial cells (Lemaire et al., 1995). However,
acute application of TTX did not block Ca2* channel
currents displayed by Schwann cells. We also investi-
gated possible long term effects of TTX on Ca2* channel
currents in Schwann cells by looking at some basic
electrophysiological parameters (mean amplitude, acti-
vation and inactivation curves, time constant of inacti-
vation) of T-type Ca2" channel currents. None of these
parameters was altered by a 4-day treatment with TTX
on the fraction of Schwann cells still expressing Ca?*
channel currents.

Schwann cells in organotypic cultures have been
reported to express Na* channels (Beaudu-Lange et al.,
1998), so we considered the possibility of an action of
TTX on Schwann cells properties by its binding on Na*
channels. However, we consider this hypothesis very
unlikely because Na*t channels are expressed by less
than 3% of Schwann cells in our mouse organotypic
cultures , and moreover are only weakly sensitive to
TTX (see Fig. 9B, Beaudu-Lange et al., 1998). There-
fore, although we cannot rule out completely that DRG
neurons in some way induced functional TTX binding
sites on Schwann cells, a much simpler explanation is
that TTX acted only on neurons.

TTX Does Not Induce Neuronal Death in
Organotypic Cultures

As Ca2?" channel currents expressed by Schwann
cells disappeared within two days when neurons were
caused to degenerate (Beaudu-Lange et al., 1998), we
also asked whether TTX was not simply acting on
Schwann cells through a long term toxic effect on
neurons. We consider it highly unlikely, as neurons
after a 4-day treatment with TTX were still able to fire
APs upon stimulation after wash out for 1 h of TTX.
However, we failed to record spontaneous electrical
activity in these conditions suggesting that the cellular
mechanisms responsible for the regenerative activity
were more sensitive to chronic treatment by TTX than
triggered APs. However, a much longer wash out of TTX
(4 days) seemed to allow a partial recovery of the
downregulation of Ca2* currents in Schwann cells. A
simple explanation of this phenomenon would be that a
partial recovery of neuronal spontaneous activity would
induce de novo the expression of Ca2?" channels by
mouse Schwann cells.
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Fig. 4. Model of neuronal regulation of Ca2* channel expression by
Schwann cells. Diagram illustrating the upregulation of Ca?* channel
expression by a Schwann cell induced by a spontaneously active dorsal
root ganglion (DRG) neuron (upper) and the downregulation in the
presence of tetrodotoxin (TTX) (lower). It is hypothesized that sponta-
neous APs trigger the release of a diffusible factor (@) either along the
axon or at the axonal tip, or both. This factor will bind on Schwann cell
membrane receptors and will upregulate the genomic expression of
the T-type Ca2* channel. The intracellular pathways that link the
membrane receptor and the genomic expression are unknown. When
the spontaneous electrical activity is blocked by TTX, the factor is not
released, and this pathway is not activated.

Model of Neuronal Regulation of Ca2* Channel
Expression by Schwann Cells

On the basis of our results, we propose the following
scheme (Fig. 4). The spontaneous electrical activity
fired by DRG neurons in vitro is responsible for the
release of a diffusible factor which acts at a distance on
Schwann cells. Our results do not identify the nature of
the diffusible factor that upregulates Ca?* channel
expression by Schwann cells. Nevertheless, it is conceiv-
able that it could be a neurotransmitter or a neuropep-
tide, whose secretion and or synthesis is regulated by
electrical activity. The localization of its release could
be along the axon and/or at the axonal tip. By acting on
Schwann cell membrane receptors, the neuronal factor
would upregulate Ca2* channel expression by Schwann
cells. Altering the neuronal electrical activity by TTX
would suppress or strongly decrease the release of the
factor and would lead to the downregulation of the
genomic expression of Ca2* channels.

Physiological Relevance of the Neuronal
Regulation of Ca2* Channel Expression
by Schwann Cells

Spontaneous electrical activity of rat embryonic DRG
neurons activity starts in vivo when the axon terminals
reach the periphery and its occurrence is developmen-
tally regulated, being recorded in 33% of DRG neurons
at E17, 58% at E18, 37% at E19, and 21% at E20
(Fitzgerald, 1987). The frequency of the activity was
low and irregular (<0.5 Hz) at early stages and in-
creased with later stages of development (1-10 Hz at
E19) (Fitzgerald and Fulton, 1992). Hence, spontane-
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ous electrical activity described in vivo is similar to the
activity we have recorded in vitro.

Low frequencies of electrical activity are known to be
effective in regulating the expression of different genes
and ion channels in DRG neurons in vitro. For example,
stimulation at 0.5 Hz for 24 h causes prolonged down-
regulation of T-type Ca?" channel currents in DRG
neurons (Li et al., 1996). Furthermore, regulation of the
expression of glial voltage-dependent ionic channels by
neuronal activity has been recently reported. The ex-
pression of Kig* is upregulated by neuronal activity in
satellite glial cells in mouse superior cervical ganglion
(Konishi, 1996) and in nonmyelinating Schwann cells of
sural and sympathetic nerves (Konishi, 1994). The
author suggests that this regulation is linked to the
clearance of K released in the extracellular space
during neuronal activity.

It is therefore of interest to examine what could be
the physiological relevance of a neuronal modulation of
the expression of Ca2* channels by Schwann cells. The
functional relevance of Ca?* channels in Schwann cells
remains unclear but, assuming that their expression is
regulated in vivo by DRG neurons, one function of these
channels could be the role of a “sensor” of changes of
neuronal electrical activity that occurs during embry-
onic development. The expression of Ca2* channels by
Schwann cells would permit significant elevation of
intracellular calcium resulting in the initiation of my-
elination (Kirishuk et al., 1995, Demerens et al., 1996)
or release of excitatory amino acids (Jeftinija and
Jeftinija , 1998).
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