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Carbenoxolone blockade of neuronal network activity in
culture is not mediated by an action on gap junctions
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Spontaneous activity in the central nervous system is strongly suppressed by blockers of gap
junctions (G]Js), suggesting that GJs contribute to network activity. However, the lack of selective GJ
blockers prohibits the determination of their site of action, i.e. neuronal versus glial. Astrocytes are
strongly coupled through GJs and have recently been shown to modulate synaptic transmission, yet
their role in neuronal network activity was not analysed. The present study investigated the effects
and site of action of the GJ blocker, carbenoxolone (CBX), on neuronal network activity. To this
end, we used cultures of hippocampal or cortical neurons, plated on astrocytes. In these cultures
neurons display spontaneous synchronous activity and GJs are found only in astrocytes. CBX
induced in these neurons a reversible suppression of spontaneous action potential discharges,
synaptic currents and synchronised calcium oscillations. Moreover, CBX inhibited oscillatory
activity induced by the GABA, antagonist, bicuculline. These effects were not due to blockade of
astrocytic GJs, since they were not mimicked nor occluded by endothelin-1 (ET-1), a peptide known
to block astrocytic GJs. Also, these effects were still present in co-cultures of wild-type neurons
plated on astrocytes originating from connexin-43 (Cx43) knockout mice, and in neuronal cultures
which contain few isolated astrocytes. CBX was not likely to exert its effect through neuronal GJs
either, as immunostaining for major neuronal connexins (Cx) as well as dye or electrical coupling,
were not detected in the different models of cultured neurons examined. Finally while CBX (at
100 xM) did not modify presynaptic transmitter release and postsynaptic responses to glutamate, it
did cause an increase in the action potential threshold and strongly decreased the firing rate in
response to a sustained depolarising current. These data demonstrate that CBX does not exert its
action on network activity of cultured neurons through astrocytic GJs and suggest that it has direct
effects on neurons, not involving GJs.
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Spontaneous synchronised depolarisations, detectable in the
form of burst firing or as intracellular calcium oscillations,
reflect typical network activity that characterises neurons
during normal physiological or pathological states. The
mechanisms underlying synchronisation of neuronal
activity are not entirely elucidated but several non-synaptic
mechanisms, including electrical field effects, ionic changes
in the extracellular space and electrical coupling through gap
junctions channels (GJs) have been suggested (Dudek et al.
1999; McCormick & Contreras, 2001). Indeed, GJs provide
the morphological basis for network organisation. They are
formed by intercellular channels composed of 12 subunit
proteins, called connexins (Cxs), which constitute a
multigene family (Willecke et al. 2002) whose members are
distinguished according to their molecular mass (Bruzzone
et al. 1996). GJ permeability to ions and molecules with
molecular masses of up to 1.2 kDa is controlled by several
classes of endogenous and exogenous compounds including
neurotransmitters, cytokines, growth factors (Rouach et al.

2002) and other bioactive substances, such as carbenoxolone
(CBX), a potent GJ channel blocker, which is an aglycone of
glycyrrhizic acid obtained from the licorice root Glycyrrhizia
glabra (Rozental et al. 2001b). Neuronal GJs are proposed to
play a crucial role in synchronised activity (Perez Velazquez
& Carlen, 2000) since : (1) the presence of neuronal GJs has
been demonstrated in slices of several brain structures
(Connors et al. 1983; Lo Turco & Kriegstein, 1991; Yuste et
al. 1995; Rorig et al. 1996; Venance et al. 2000); (2) neural
network activity is abolished by GJ channel inhibitors in
acute slices from different brain regions (Ishimatsu &
Williams, 1996; Ross et al. 2000; Kohling et al. 2001;
Margineanu & Klitgaard, 2001) and in culture (Fujita et al.
1998); (3) theoretical models of neuronal networks have
suggested the importance of GJs in the synchronisation of
neuronal ensembles (Perez Velazquez & Carlen, 2000); (4)
finally, knockout mice for Cx36, the major Cx in
interneurons, have impaired gamma oscillations (Hormuzdi
et al. 2001; Buhl et al. 2003), high-frequency network
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oscillations  (ripples) and 4-aminopyridine-induced
epileptiform discharges in the hippocampus (Maier et al.
2002), and they were reported to lack synchrony in the
inferior olive (Long et al. 2002). However, how electrical
coupling between neurons can influence network activity is
still an open question, especially as other types of network
activity such as ultrafast (200-600 Hz) oscillations in the
hippocampus (Buzsaki, 2001) and complex spike
synchronisation in the inferior olive (Kistler e al. 2002) are
still present in the Cx36 knockout mice. In addition, most
uncoupling agents, extensively used in studies involving
neuronal GJs in network activity, target different cell types
connected through GJs and generally affect other ionic
channels and receptors, as no natural toxin or specific
inhibitor of GJs has been identified yet. In particular in the
CNS, GJ channel inhibitors act on neurons but also on
astrocytes, that is the major brain cell population coupled
through GJs (Giaume & McCarthy, 1996; Spray et al. 1999).

Interestingly, astrocytes have been recently suggested to be
required for the synchronous oscillatory and epileptiform
activity of cultured hippocampal neurons (Verderio et al.
1999; Bacci et al. 2002). Indeed, astrocytes interact actively
with neurons since they can sense and respond to
synaptically released neurotransmitters with changes in
intracellular calcium concentration, that in turn can affect
synaptic transmission in culture (Araque et al. 1998a,b) or
in slices (Kang et al. 1998). Spontaneous calcium
oscillations in astrocytes have also been shown to drive
neuronal excitation in situ through NMDA receptors (Parri
etal. 2001). Furthermore astrocytic GJ communication and
calcium wave propagation are regulated by neuronal
activity (Rouach et al. 2000; Rouach & Giaume, 2001).
Taken together, these data suggest a role for astrocytic GJ
communication in neuronal network activity. However due
to the lack of selective GJ blockers, in terms of the Cx and cell
type targeted, it is not possible in situ to distinguish their site
of action, either neurons or astrocytes.

The present study took advantage of pharmacological and
molecular approaches in co-cultured neurons and
astrocytes, where neurons display spontaneous synchronous
activity and GJs are thought to be present primarily among
astrocytes, to investigate the effect and potential site of
action of the well-known GJ channel blocker, CBX, on
neuronal network activity. We report here that CBX
inhibits spontaneous and bicuculline-induced network
activity as well as reducing excitability in neurons.
However, these effects are not likely to be mediated by
blockade of astrocytic or neuronal GJs.

METHODS

Tissue culture

All experimental procedures involving animals and their care
were conducted in conformity with INSERM and Weizmann
Institute guidelines.
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Primary cultures of hippocampus were prepared from 19-day-old
Wistar rat embryos as previously described (Papa et al. 1995).
Briefly, pregnant females were killed by rapid cervical dislocation.
The hippocampi were dissected, mechanically dissociated with a
fire-polished Pasteur pipette and cells were resuspended
(4% 10°ml™) in the plating medium composed of minimal
essential medium (MEM)-Earl salts (Biological Industries),
enriched with 0.6% glucose, 20 ggml' gentamicin, 2 mMm
glutamax and 10 % fetal calf serum (FCS). Cells were seeded on
poly-ornithine-coated coverslips in 24-well plates and left to grow
in the incubator at 37°C, 5% CO,. When cells reached
confluency, after approximately 10 days in vitro (DIV), a mixture
of 5-fluoro-2-deoxyuridine and uridine (FUDR-U) (20 ug and
50 ugml™', respectively, Sigma) was used to block glial
proliferation. After a few days, neurons were plated on astrocytes
in a similar medium, replacing 5 % FCS with 5 % heat-inactivated
horse serum (HS). Co-cultures of neurons and astrocytes were left
to grow for 4 days. The medium was changed to 10% HS in
enriched MEM containing FUDR-U. Four days later, the medium
was changed once again to 10% HS in enriched MEM, and no
further changes were made. Cultures were used during the second
week in vitro.

A similar protocol was followed for mice cortical co-cultures,
except that 16-day-old embryos were used and the medium was
changed 24 h after neuronal plating for an enriched MEM
medium containing FUDR-U. Partial medium changes were
made twice a week.

To obtain rat hippocampal-enriched neuronal cultures, containing
only a few scattered astrocytes, 1 X 10° cells ml™" were resuspended
in a serum-free medium consisting of MEM—Earl salts (Biological
Industries) enriched with 0.6% glucose, 20 ugml™" gentamicin,
2 mM glutamax and a mixture of salt and hormones containing
insulin (25 ugml™), transferrin (100 gg ml™"), progesterone
(20 nm), putrescine (60 um) and sodium selenite (Na,SeOs, 30 nm).
One day after plating, the cells were treated with FUDR-U. These
cultures were used after 8—11 DIV.

Enriched neuronal cultures were also prepared from cerebral
cortex of E16 mice. Cells were plated at 1.5 X 10° cells cm™ on
35 mm dishes or 15 mm coverslips in 24-well plates. The culture
medium consisted of MEM-Earl salts supplemented with
10uml™” penicillin, 10 ggml" streptomycin, 0.3 mgml™
glutamine, 0.6% glucose, pyruvate 110 mgml™”, 5 ugml™
insulin, 3% HS and 1% Ultroser-G and cells were treated with
FUDR-U 1 day after plating.

Cx43-deficient and wild-type astrocytic cultures were prepared
from the cortex of newborn Cx43-deficient mice (Reaume et al.
1995). Cells (4 x 10°) were seeded on 35 mm dishes in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% FCS,
10 u ml™ penicillin and 10 ug ml™" streptomycin. The medium
was changed twice a week. When cells reached confluency, after
approximately 10 DIV, they were harvested with trypsin-EDTA
and plated as secondary cultures in the same medium. After one
week, AraC (107> M) was added. Co-cultures were obtained by
plating neurons on astrocytic monolayers as previously described.
Cells were used for experiments during the second week of co-
culture.

Immunocytochemistry

Cells were fixed at room temperature with either 2%
paraformaldehyde for 30 min at room temperature or acetone for
10 min at —20 °C (for Cx36 detection), washed several times with
PBS and incubated for 1h with PBS containing 10% non-
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immune goat serum (Zymed, San Francisco, CA, USA) and 0.1 %
Triton X-100. Cells were incubated overnight at 4 °C with primary
antibody against glial fibrillary acid protein (GFAP) (monoclonal
mouse, 1/500, ICN) for astrocytes detection and microtubule-
associated protein 2 (MAP2) (monoclonal mouse, 1/500, Sigma)
for neuron detection. In addition, connexin immunostaining was
performed in the same cultures using primary antibodies against
Cx32 (polyclonal rabbit, 1/200, Zymed), Cx36 (polyclonal rabbit,
1/1000, Zymed) or Cx26 (monoclonal mouse, 1/200, Zymed).
Secondary antibodies were applied in appropriate combinations
for 1-2 h at room temperature and included TRITC-conjugated
goat anti-mouse IgG (1/250, Molecular Probes, Eugene, Oregon,
USA), FITC-conjugated goat anti-rabbit IgG (1/500, Southern
Biotech, Birmingham, Alabama, USA). After staining, coverslips
were mounted in Mowiol (Calbiochem) and examined with an
upright microscope equipped with epifluorescence (Labophot,
Nikon) or a confocal laser-scanning microscope (Zeiss 510 or
Leica).

Determination of number of astrocytes

To determine the ratio of astrocytes/neurons in enriched neuronal
cultures, cells were doubly immunostained for GFAP and MAP2.
Fluorescent labelling was examined under a microscope with the
appropriate filters at a magnification of X 10. About 70 field images
per coverslip were captured with a CCD camera connecting the
microscope to the computer. In each field, the respective numbers
of GFAP-positive and MAP2-positive cells were counted using an
image analysis software (Lucia).

Electrophysiology

The cultures were transferred to the recording chamber and
placed in a Zeiss Axioscope equipped with Nomarski optics, a
water immersion objective and an infrared camera or an inverted
Nikon microscope. Single or double whole-cell patch recordings
from hippocampal neurons were performed at room temperature
using micropipettes containing (mm): potassium gluconate 140,
NaCl 2, Hepes 10, EGTA 0.2, Na-GTP 0.3, Mg-ATP 2, and
phosphocreatine 10, pH 7.4, having a resistance in the range of
6-12MQ. In order to identify the recorded cell after
immunocytochemistry and also for dye-coupling experiments,
either LY or biocytin was added to the internal solution.
Experiments were performed in the presence of a continuous
perfusion atarate of 1 ml min™" at room temperature or in a static
bath, except for the fast perfusion of CBX. Standard recording
medium contained (mm): NaCl 129, KCl 4, MgCl, 1, CaCl, 2,
glucose 10, and Hepes 10, pH was adjusted to 7.4 with NaOH, and
osmolarity to 320 mosmol I with sucrose. In some voltage-
clamp experiments, QX314 (2 mM, Alomone Labs, Israel) was
added to the recording pipette solution to block sodium channels
and hence prevent unclamped action potentials. Current- and
voltage-clamp recordings were performed using Axoclamp 2 and
Axopatch amplifiers (Axon Instruments, Foster City, CA, USA),
respectively. Voltage-clamped neurons were held at —60 mV and
signals were filtered at 5 kHz. Cells in current clamp were held at
—60 mV. In experiments performed to test basic membrane
properties, 0.5 uM tetrodotoxin (TTX) was added to the bath to
block sodium channels in order to record miniature postsynaptic
currents (mPSCs). To test electrical coupling between neurons,
current clamp recordings were performed simultaneously in pairs
of cells, using the double whole-cell recording technique. In this
configuration, when the cells are connected by GJs, injection of a
current step in one cell should be detected in the other cell. Signals
were stored in a PC using Axon Instruments software. Data were
analysed off-line using pCLAMP8 (Axon Instruments), Mini
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Analysis (Synaptosoft) and software written in Matlab
(MathWorks). The threshold of an action potential was blindly
and manually measured according to the highest change in the
derivative of the potential. To evaluate the spontaneous synaptic
activity of a cell, the mean current area (charge transfer) above a
threshold was measured in a block of 15s. The threshold was
automatically calculated in Matlab according to the mean and
standard deviation of the portion of trace not containing events.
After the automatic detection every portion of the trace and its
threshold were checked.

Determination of gap junctional dye coupling

Dye was injected into individual neurons or astrocytes during
recording of the cell in the whole-cell configuration for at least
10 min with a patch pipette filled with Lucifer yellow (LY, 0.2%
dipotassium salt, Sigma Chemicals) or biocytin (0.2 %, Sigma).
The pipette was then withdrawn and the microscopic field around
the recorded cell was directly photographed under epifluorescence
illumination when LY was used. For biocytin detection, cells were
fixed in 2 % paraformaldehyde after pipette removal, washed and
incubated with fluorescein isothiocyanate (FITC)-conjugated
streptavidin (Vector). After several washes, cells were mounted in
Mowiol for microscopic examination. GJ communication
between astrocytes was also studied using the scrape-loading
technique, as previously described (Rouach et al. 2000).
Experiments were performed by incubating cultures for 10 min in
Hepes buffer solution (mm: NaCl 140, KCl 5.5, CaCl, 1.8, MgCl, 1,
glucose 10 and Hepes 10, pH 7.3). Cells were then washed in a
Ca’*-free Hepes solution, to prevent uncoupling of the cells
during the scrape procedure, and loading was achieved with a
razor blade in the same solution containing a dye (LY (0.1%
dilithium salt) or biocytin, 1 min). When pharmacological
treatments were performed, tested compounds were present in all
the solutions used. Astrocytic G] communication was assessed
8 min after scraping. Cells were either processed for biocytin
detection as described above or directly examined (for LY) with an
inverted microscope (Diaphot, Nikon, Tokyo, Japan) equipped
with a camera where five successive photomicrographs per trial
(Kodak TMAX, 400 ASA) were captured. Negatives were digitised
and data were quantified by measuring diffusion of the dye
between astrocytes by computation of the fluorescence areas
(arbitrary unit, a.u.) in control and treated conditions with an
image analyser system (NIH Image).

Calcium imaging

Measurements of [Ca*']; in cultured rat hippocampal cells were
made under single emission microfluorimetry using the cell-
permeant fluorescent calcium probe, Fluo-4 AM (3 uM, Molecular
Probes). The indicator was loaded into cells by incubation for 1 hat
room temperature in a shaking bath containing the standard
recording medium. Cells were transferred to the recording chamber
of an upright microscope (Zeiss Axioscope) allowing continuous
perfusion of solutions at a rate of 1 ml min™" at room temperature.
Fluo-4 was excited at 488 nm through a monochromator
(Polychrome II, Till Photonics, Planegg, Germany) with integrated
xenon lamp (75 W), controlled by the Axon Imaging Workbench
software (AIW, Axon Instruments). Fluorescent emission of
labelled cells at 510 nm was detected with a CCD camera (Sensicam,
PCO). Images were taken through a 40 x 4 water immersion
objective and stored on a PC. Cells were exposed to drugs either by a
general perfusion system described above or by local pressure
application through a micropipette. In the latter case, a pressure
pipette with a tip diameter of 2 gm was placed 50-100 um away
from the cell and three consecutive 10 ms pressure pulses were
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Figure 1. Dye coupling and immunostaining of Cx in hippocampal co-cultures

A, representative fluorescence micrograph of a neuron stained with LY in co-culture. Dialysis of LY was
performed by patch-clamp recordings with a pipette solution containing 0.2 % LY. Calibration bar: 20 gm.
No dye coupling was observed in neurons. B, representative fluorescence micrographs of LY spread between
hippocampal astrocytes in the absence (Control) and presence of carbenoxolone (CBX, 100 #M, 10 min).
The level of dye coupling between astrocytes was evaluated using the scrape-loading dye transfer technique

] Physiol 553.3
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applied at time intervals of 100 ms, using a programmable pulse
generator (Master-8, AMPI, Jerusalem, Israel). When glutamate
was applied, TTX (0.5 uM) was added into the external medium to
pharmacologically isolate the cells. Off-line analysis of images was
processed with AIW imaging software and software written in
Matlab (MathWorks). Care was taken to avoid saturation of the dye
or the detection system by staying away from the maxima for the
fluorescence settings. Data are expressed as a change in fluorescence
over baseline (AF/F), %) and activity of cells was compared before
and after perfusion with drugs. In some experiments, cell calcium
imaging and electrophysiological recordings, in current-clamp
mode were performed simultaneously.

Statistical analysis

When results from a single experiment were composed of
different values (such as in the calcium imaging experiments or in
the measurement of activity of a cell in voltage clamp), the
Wilcoxon test was applied in each experiment for nonparametric
statistical analysis to compare activity before and after a
treatment, and the median of values was taken as a representative
value for the experiment. Data were then expressed as
means * S.EM. and n refers to the number of independent
experiments. Mean statistical analysis was performed on raw data.
Student’s paired and unpaired ¢ tests were used for comparison
between two groups, while for multiple comparisons, ANOVA
followed by post hoc Bonferroni’s multiple comparison was
performed. Statistical significance was established at * P < 0.05
and*™* P < 0.01.

RESULTS

Astrocytic, but not neuronal or heterotypic gap
junctions, are detected in co-cultures of neurons and
astrocytes

The existence and level of GJ communication were
investigated in both neurons and astrocytes. A high level of
astrocytic dye coupling was observed in hippocampal or
cortical neuron—astrocyte co-cultures, as revealed by both
patch-clamp and scrape-loading dye transfer techniques.
Indeed, while LY loading of a single astrocyte with a patch-
clamp pipette induced dye spread into more than
40 astrocytes, scrape-loading of astrocytes resulted in the
staining of a large area covering several contiguous
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microscopic fields of astrocytes (fluorescence area:
32+1.7a. u, n=3) (Fig. 1B). GJs between neurons,
cultured for more than a week, were previously reported to
be absent (Welsh & Reppert, 1996; Blanc et al. 1998; Fujita et
al. 1998). The existence and functionality of GJ channels in
neurons were further investigated in our co-cultures using
dye coupling, electrical coupling and immmunostaining
assays. Dye coupling between neurons or between neurons
and astrocytes was never observed when single neurons were
recorded with a patch-clamp pipette containing either LY,
biocytin or calcein (LY, n=12 and biocytin, n=7, for
calcein; E. Korkotian & M. Segal, unpublished observations)
(Fig. 1A). To further explore possible electrical coupling
among neurons, double whole-cell patch-clamp
experiments were conducted. In none of the pairs studied
was there any sign of electrotonic coupling (#n = 8, data not
shown). Finally, no specific staining for the three main
neuronal Cxs (Cx26, Cx32 and Cx36) was detected in either
enriched cultured neurons (data not shown) or
neuron—astrocyte co-cultures, while labelled cells were
detected in mouse brain sections (Fig. 1), as previously
reported (Meier ef al. 2002). Consequently, the existence of
GJs and functional coupling was only detected between
astrocytes but not neurons in our cultures; hence the use of
GJ blockers in this model enables to assess the contribution
of astrocytic GJ communication in their effect. While the
most widely used GJ blocker, CBX, a derivative of
glycyrrhetinic acid, has been shown to inhibit GJ channels in
a variety of cells, we verified that it effectively inhibited GJ
communication in our co-cultures. CBX (10-20-100 uM,
10 min) caused a rapid, and dose-dependent inhibition of
astrocytic dye coupling, as assessed by the scrape-loading
technique (-71+4%, n=3, —-85%+4%, n=3 and
—92 + 2%, n=3, respectively, P=0.045, ANOVA test)
(Fig. 1B). This effect was reversible within minutes after CBX
removal (70 £ 6% of control for CBX 100 uM, n = 3).
Moreover, CBX (100 um) also inhibited electrical coupling
in pairs of astrocytes within 1 min of application in a
reversible manner (W. Méme, personal communication). In

and was totally prevented by CBX (100 xM, 10 min). Calibration bar: 250 gm. Immunofluorescent labelling
of Cx36 (C), Cx32 (D) and Cx26 (E) in brain tissue and in neurons co-cultured with astrocytes for 14 DIV.
C1, distribution of Cx36 immunoreactivity (green) in adult mouse brain section doubly labelled with anti-
MAP2 (red). Note staining of hippocampal pyramidal cells is particularly bright in the proximal dendrites as
well as the presence of some immunoreactive puncti in the cortex. This distribution is similar to the one
described by Meier et al. (2002), although part of it was reported to be aspecific; C2, double staining of
cultured neurons for Cx36 and MAP2 does not allow detection of Cx36 immunoreactive material in the
extensive network of neurons brightly labeled with anti-MAP2. D1, distribution of Cx32 (green) in adult
mouse brain section doubly labelled with anti-MAP2 (red) to detect neuronal dendrites. Note that small cell
soma scattered in the grey matter are stained while processes are less visible as shown by Oguro et al. (2001);
C2, Cx32 immunoreactivity (green) is not detectable in cultured neurons stained in red with anti-MAP2. E1,
distribution of Cx26 (red) in an adult mouse brain section doubly labelled with anti-GFAP (green) to detect
astrocytes in vivo. Note the labelling in the plexus choroid (GFAP-negative) and in astrocytes enwrapping
blood vessels (arrow), reminiscent of Cx26 distribution previously reported in adult rat brain parenchyma
(Mercier & Hatton, 2001); E2, Cx26 immunoreactivity (red) is not detectable in neurons doubly labelled
with anti-gamma-enolase (green) to visualise the neuronal network. Similar results were obtained in
enriched neuronal cultures (data not shown). Calibration bar: 40 gm.
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contrast, the CBX precursor glycyrrhizic acid (GZA) did not
block GJs, when used at the same concentration (100 um),
(n = 3). We then investigated the action of CBX on neuronal
network activity.

Carbenoxolone strongly reduces neuronal
spontaneous firing, synaptic activity and calcium
oscillations in co-cultures of rat hippocampal
neurons and astrocytes

Rat hippocampal neurons cultured in the presence of
astrocytes displayed spontaneous network activity consisting
of mixed excitatory and inhibitory synaptic currents that
developed over 12—-15 DIV into individual events as well as
coordinated rhythmic bursts of activity (Fig. 2C). CBX
(100 M, 10 min) strongly reduced spontaneous neuronal
activity, measured as action potential frequency (from
0.67 £0.22Hz to 0.12+0.04 Hz, —-82+ 8%, n=9) and
mean charge transfer (from 2.9+0.61fCms”’ to
0.56 £ 0.17 fCms™, =81 £ 6%, n=14) (Fig. 2D and E).
Bursting events completely disappeared in the presence of
CBX and the activity became less organised, consisting of
individual postsynaptic currents (PSCs). However CBX,
during the first minute of its application, induced a high
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bursting activity that preceded the neurons’ silencing
(Fig. 2A). After washout of CBX (10 min), the activity
became again organised in bursts and action potential
frequency and mean charge transfer showed a partial
recovery (46 £ 16%, n=7,and 44 + 11 %, n = 7, of control,
respectively) (Fig. 2D and E). Similar results were obtained
with a lower dose of CBX (20 #M, 10 min) (mean charge
transfer decrease of —89 + 2%, n =3, P=0.004, ANOVA
test), while intermediate effects were observed in the
presence of 10 umM CBX (10 min), as action potential
frequency and mean charge transfer were reduced by
62+4% (n=16) and 67+8% (n=14), respectively
(P=0.038, ANOVA test). In contrast, application of
glycyrrhizic acid (GZA, 100 gM, 10 min), did not affect
spontaneous neuronal firing (90 = 6% of control, n=>5)
(Fig. 2D) or mean charge transfer (117 + 9% of control,
n = 6) (Fig. 2E).

To determine the effect of CBX on synchronous neuronal
activity, we used calcium imaging, which allows the
monitoring of spontaneous activity in a population of cells.
Simultaneous calcium imaging and whole-cell current-
clamp recordings revealed the occurrence of spontaneous

Figure 2. Carbenoxolone strongly reduces
neuronal spontaneous firing and synaptic
activity in hippocampal co-cultures of neurons
and astrocytes

A-C, traces recorded in current clamp (A and B) and in
voltage clamp (C) from neurons co-cultured with
astrocytes in control condition (Control), during
carbenoxolone application (100 xM, 10 min, CBX) and
after wash (10 min, Wash). D and E, summary diagram
of action potential frequency and mean charge transfer,
which were used to quantify neuronal firing activity and
spontaneous synaptic activity, respectively. During CBX
treatment, both parameters were reduced, by 82 £ 8 %
(n=9)and 81 £ 6% (n = 14), respectively. Application
of glycyrrhizic acid (GZA, 100 M, 10 min), a precursor
of CBX, did not affect spontaneous activity (n = 6).

*P < 0.05and ** P < 0.01 compared with control values
(treatment/control and wash/treatment) (ANOVA
followed by post hoc Bonferroni’s multiple comparison
(CBX) or Student’s paired t test (GZA)).
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Table 1. Characteristics of neuronal spontaneous calcium oscillations in co-cultures

Control 100 um CBX Wash Control 100 uM GZA
Frequency of events (min™") 33+0.3(3) 0.2 £0.1%* (3) 2.31+0.6 (3) 3.1+0.3(3) 32+0.1(3)
Baseline (F,) (a.u.) 737 £44 (3) 773 £ 22 (3) 868 + 87 (3) 786 + 81 (3) 771 £51(3)
Peak normalised amplitude (AF/F,) 42+ 10(3) 16 + 2% (3) 37+0.14 (3) 56 + 24 (3) 69 +23(3)
Decay time (s) 244 +0.05 (3) 205+0.04* (3)  2.49+0.16 (3) 2.85+0.5(3) 3+02(3)
Coefficient of correlation 0.86 +0.04 (3) 0.22 £0.08** (3) 0.58 +0.27 (3) 0.87 £ 0.05 (3) 0.88 £ 0.05 (3)

Data are expressed as mean + S.E.M. and are sampled from neurons recorded before (control), after perfusion with carbenoxolone
(CBX, 100 #M, 10 min) and wash or after glycyrrhizic acid (GZA, 100 gM, 10 min). ANOVA followed by post hoc Bonferroni’s multiple
comparison (CBX) or Student’s unpaired ¢ test (GZA) were applied for statistical analysis (*P <0.05, **P<0.01). Numbers in

parentheses are the number of independent experiments.

[Ca*"]; oscillations, correlated temporally with long bursts
of closely associated action potentials (Fig. 3A). This activity
occurred synchronously in neurons present in the same
microscopic field (Fig. 3A) at an average frequency of
334203 min"', and was mediated by activation of
glutamate receptors, as it was abolished by the AMPA
receptor antagonist NBQX (2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7sulphonamide disodium;
5uM, n=3, data not shown). CBX (100 M, 10 min)

Figure 3. Carbenoxolone strongly reduces
neuronal spontaneous calcium oscillations in
hippocampal cultures

A, calcium imaging performed with Fluo-4 AM to
monitor changes in [Ca*"]; from a cell population.
Simultaneous patch clamp recording in current clamp
(e) shows a tight correlation between membrane
potential and [Ca®*]; oscillations (d). Aa, phase image of
the field with the patch pipette. Ab and ¢, fluorescence
images during high (red arrow) and low (blue arrow)
calcium levels. Calibration bar (a—c), 10 um; colour bar,
397-1887 (arbitrary fluorescence units, 12 bit
resolution). B, calcium imaging recordings in two
representative cells in control condition, during
application of CBX (100 #M, 10 min) and after wash. C,
summary diagram of event frequency showing that CBX
application strongly reduced the oscillation frequency
(n = 3). Application of GZA did not affect neuronal
[Ca®"]; oscillation frequency (n = 3). For each
experiment, changes in oscillation frequency induced
by the treatment were normalised against the oscillation
frequency obtained under control conditions.

*P < 0.05and ** P < 0.01 compared with control values
(treatment/control and wash/treatment) (ANOVA
followed by post hoc Bonferroni’s multiple comparison
(CBX) or Student’s unpaired t test (GZA)).

strongly diminished the mean frequency (=93 % 4%,
n=3), amplitude (—60+4%, n=3) and decay time
(=16 £ 3%, n = 3) of calcium oscillations, without altering
the basal [Ca*']; levels in neurons (Tables 1 and 2). It also
decreased correlation between cells (=73 = 11%, n=3),
although this effect was mostly due to the loss of the events.
These effects of CBX were reversible within 10 min of
washout. As observed with electrophysiological recordings,
a lower dose of CBX (10 gM, 10 min) also induced a
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Table 2. Characteristics of neuronal bicuculline-induced discharges in co-cultures

Control 100 M CBX Wash Control 100 uM GZA
Frequency of events (min™") 2.1+0.2(8) 0.5+ 0.2%* (8) 1.4%+0.3(5) 2004 (4) 1.7+ 0.2 (4)
Baseline (F,) (a.u.) 890 + 109 (8) 954 + 105 (8) 810+ 101 (5) 875+ 77 (4) 982 + 109 (4)
Peak normalised amplitude (AF/F,) 126 +25 (8) 81 +28%(6) 119+37(5) 191+ 33 (4) 160 + 80 (4)
Decay time (s) 487+052(7)  3.34+035*(6) 4224021 (4) 5.45+0.89 (4) 5.06+0.3 (4)
Coefficient of correlation 0.96 £ 0.01 (8) 0.66 £ 0.09** (8) 0.73+0.1(5) 0.98 +0.01 (4) 0.98 +0.01(4)

Data are expressed as mean + S.E.M. and are sampled from neurons recorded before (control), after perfusion with carbenoxolone
(CBX, 100 gM, 10 min) and wash or after glycyrrhizic acid (GZA, 100 gM, 10 min). ANOVA followed by post hoc Bonferroni’s multiple
comparison (CBX) or Student’s unpaired ¢ test (GZA) were applied for statistical analysis (*P <0.05, **P <0.01). Numbers in

parentheses are the number of independent experiments.

significant decrease in [Ca™]; oscillation frequency
(—42 £ 8%, n =3, P =0.027, ANOVA test), although it did
not significantly modify the amplitude or decay time of the
events or correlation between cells (data not shown). In
contrast, GZA (100 g™, 10 min) did not affect any
parameter of these [Ca®']; oscillations (Table 1, Fig. 3C).

Carbenoxolone disrupts bicuculline-induced
neuronal burst discharges in rat hippocampal co-
cultures

Since CBX affected synchronous activity, we investigated
whether it could also alter a more robust form of neuronal
network activity, such as the one induced by the GABA,
antagonist, bicuculline. Synchronous discharges appeared a
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few minutes after bicuculline (10 um) application with a
mean frequency of 2.5+ 0.2 min~' (n = 18). Compared to
spontaneous bursts, they were less frequent but more
prolonged and associated with higher calcium increases
(Tables 1 and 2), and, as for the spontaneous bursts, they
were blocked by NBQX (5 uM, nn = 4, data not shown). CBX
(100 pm, 10 min) strongly reduced the frequency of the
discharges in all neurons recorded either in current clamp
(—62+9%, n=8 cells,) or with calcium imaging
(=78 £ 6%, n=28 experiments) (Fig. 4A and B). As
observed for spontaneous activity, correlation between cells
decreased in the presence of CBX (=30 £ 9 %, n = 8) and the
remaining calcium bursts displayed a significant decrease in
amplitude (=29 £ 7%, n = 6) and decay time (—38 + 9 %,

Figure 4. Carbenoxolone disrupts neuronal
bicuculline-induced discharges in hippocampal
co-cultures

A and B, bicuculline application (10 M) induced neuronal
synchronous epileptiform discharges in current clamp (A)
and calcium recordings (B) in two separate experiments.
Application of CBX (100 M, 10 min) reduced neuronal
discharges frequency, duration (current clamp) and
amplitude (calcium signal); Cand D, summary diagram of
neuronal bicuculline-induced discharge mean frequency,
during application of CBX and after wash in current clamp
(n = 8 cells; C) and calcium recordings (n = 8 experiments;
D). Application of the GZA did not affect the discharge
frequency in current clamp (n = 5 cells) and calcium
recordings (n = 4 experiments). * P < 0.05and ** P < 0.01
compared with control values (treatment/control and
wash/treatment) (ANOVA followed by post hoc Bonferroni’s
multiple comparison (CBX) or Student’s paired ¢ test
(GZA)).
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n = 6) (Table 2). After CBX was washed out, the frequency  effect (Table 2). Indeed, 10 um CBX (10 min) decreased
of synchronised bursting recovered almost completely  calcium burst frequency (=64 + 11 %, n = 3 experiments,
(92+£9% of control, n=5 cells in current clamp P =0.004), eventamplitude (—49 + 12%,n = 3, P = 0.025),
recordings; 78 £ 15% of control in calcium imaging and decay time (—22+8%, n=3, P=0.04; Student’s
recordings, n = 5 experiments) (Fig. 4). As already observed =~ unpaired ¢ test applied for all parameters). These findings
for spontaneous network activity, a lower dose of CBX  show that CBX blocks the oscillatory firing of the excitatory
affected the discharges, while GZA (100 #M, 10 min) hadno  network induced by bicuculline.
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Figure 5. Carbenoxolone still exerts its action in co-cultures, where astrocytic GJs are
pharmacologically blocked, and in enriched neuronal cultures

A, endothelin-1 inhibits dye coupling between mouse cortical astrocytes in co-cultures, assessed by the
scrape-loading dye transfer technique; representative fluorescence micrographs of LY spread between
astrocytes in the absence (Control) and presence of endothelin (ET-1, 100 nmM, 10 min). Calibration bar:
250 pm. B and C, endothelin-1 does not mimic or occlude the effect of CBX. B, traces recorded in voltage
clamp from the same neuron in co-cultures from mouse cortex. ET-1 (200 nM) does not alter neuronal
activity and does not prevent the effect of CBX (20 uM, 5 min), although the dose is sufficient to block GJs in
astrocytes. C, burst frequency of the neuron shown in A plotted against time. Each bar represents the number
of bursts recorded during 1 min. Cand D, carbenoxolone reduces burst activity in enriched neuronal culture.
D, double labelling for GFAP (red) and biocytin (green) in enriched neuronal culture shows that in this
model few isolated astrocytes are present. Calibration bars: 40 xm. E, traces recorded in the biocytin-injected
neuron shown in D during control, CBX (20 xM) application and after wash.
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738 N. Rouach and others

Carbenoxolone effect on neuronal activity is not
mediated by inhibition of astrocytic gap junctions
We have shown that CBX rapidly and reversibly abolished
neuronal network activity. To test whether the effect of
CBX was mediated by blockade of astrocytic intercellular
communication, CBX was applied onto three different
models of mice cortical cultures, in which astrocytic GJ
channels were not functional or lacking. As described
above for rat hippocampal co-cultures, neurons from mice
cortical co-cultures displayed spontaneous network
activity that was abolished by CBX.

In one series of experiments the effect of endothelin-1
(ET-1), a peptide known to inhibit GJ channels in
astrocytes (Giaume et al. 1992), was investigated. As with
CBX, ET-1 (200 nM, 10 min) inhibited G] communication
in astrocytes assessed by the scrape-loading technique
(=92 £2%, n=3, P=0.001, Student’s unpaired ¢ test;
Fig. 5A). However, ET-1 neither mimicked nor occluded
the effect of CBX on neuronal network activity in co-
cultures (Fig. 5B and C). Indeed the frequency of synaptic
current bursts was not affected by ET-1 (200 nM, 10 min)
(11.6 + 1.6 in control vs. 11.3 + 1.5 min' after ET-1
application, n = 4) while it was drastically and reversibly
reduced by CBX (20 gM, 5 min) applied either in the
absence of ET-1 (from 12.2 +0.9 min™' in control to
0.8+ 0.2min "', n =5, P=0.001, ANOVA test) or in the
presence of ET-1 (to 0.6+ 0.2min"', n=5, P<0.01,
ANOVA test). Also the recovery after CBX wash was
similar (9.0 1.8min"' (#=5), and 9.1 +1.5min™*
(n =4), in the absence and presence of ET-1 respectively).

] Physiol 553.3

In another set of experiments the effect of CBX was
assessed in enriched neuronal cultures. In this model, only
few astrocytes were present, since their proliferation was
prevented by application of FUDR-U 24 h after neuronal
plating. Indeed, the ratio of astrocytes/neurons was less
than 1% (on 72 + 2 fields counted per coverslip, 25 + 10
did contain astrocytes (n = 3) and 2 % 0.16 astrocytes for
138.96 £9.77 neurons were counted in the fields
containing astrocytes). The few astrocytes present
displayed a different morphology as they were bigger and
remained mainly isolated (Fig. 5D). In this type of
cultures, neurons displayed shorter and more frequent
bursts of spontaneous synaptic activity (13.9 = 1.0 min ")
(Fig. 5). However CBX did still reversibly reduce the burst
frequency to 3.9 + 0.2 min' (27.8 + 6 % of control, n = 4,
P=0.023, ANOVA test), although its effect was less
prominent than in co-cultures (Fig. 5E).

Finally the activity of neurons from wild-type mice plated
on astrocytes originating from either wild-type or
knockout mice for Cx43, the major Cx expressed in
astrocytes, was compared. In co-cultures of wild-type
neurons plated on Cx43 knockout astrocytes, Cx43 was
not expressed as revealed by the lack of immunostaining
with Cx43 antibodies (Fig. 6A right) and astrocytic dye
coupling was not detectable as assessed by the scrape-
loading technique, using either LY or biocytin as
intracellular tracer molecules (Fig. 6B right): indeed, in all
the samples tested, dye diffusion (0+ 0% of control,
n =4) to an astrocyte not directly involved in the scrape-
loading was never observed, in contrast with the large dye
spread occurring in cultures obtained from Cx43-

Control
CBX '
-
Wash
i W Y r[
J 200pA

Figure 6. Carbenoxolone reduces burst activity in co-cultures containing astrocytes from

Cx43 knockout mice

A, double labelling for GFAP (red) and Cx43 (green) in astrocytes cultured from wild-type (left) and Cx43
(—=/—) mice (right). Calibration bar: 80 um. B, dye coupling of astrocytes in wild-type (left) and Cx43 (—/—)
mice (right). In wild-type cultures, Lucifer yellow taken up by the cells involved in the scrape is transferred to
other cells through GJ channels. In contrast, in astrocytes from Cx43-deficient mice, only the cells involved in
the scrape are stained. Calibration bar: 100 gm. C, traces recorded in voltage clamp in wild-type neuron co-
cultured with astrocytes from the Cx43 (—/—) mice. Burst activity was still present and CBX (20 M, 10 min)
strongly reduced it despite the absence of Cx43 and astrocytic coupling.
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expressing astrocytes obtained from the same littermate
(control, n = 4) (Fig. 6B). However in co-cultures of wild-
type neurons plated on Cx43 knockout astrocytes, both
types of network activities, spontaneous (Fig. 6C) and
bicuculline-induced (data not shown), were still present.
This indicates that gap junctional communication in
astrocytes was not essential for this kind of activity.
Moreover, CBX (20 gMm) did still reversibly reduce the
frequency of spontaneous bursts (10.3 +2.4 min™' in
control, 1.1 £0.2min™' after CBX application and
9.1 + 1.5 min " after CBX wash, n = 4, P = 0.026, ANOVA
test). These data show that Cx43, the major GJ channel-
forming protein in cultured astrocytes, is not involved in
the generation of neuronal network activity.

Carbenoxolone does not modify presynaptic
transmitter release and postsynaptic responses to
glutamate

We further investigated whether CBX had any effect on
neuronal properties involved in bursting activity in rat
hippocampal co-cultures. To determine whether CBX
modified basic properties of synapses, mPSCs were
recorded in the presence of TTX (0.5 um), to block action
potentials. No significant difference was found during
CBX application (100 M, 10 min) in mPSCs frequency
(12.6 + 6.2 min ' in control vs. 16.6 + 6.8 min ' after CBX
application, n = 14), amplitude (27 + 2.5 pA in control vs.
22.8 £ 1.7 after CBX application, n = 14) or decay time
(2.7+£0.2ms in control vs. 2.5+ 0.2ms after CBX

Carbenoxolone and neurotransmission 739

application, n=14; P> 0.05, Student’s paired ¢ test
applied for all parameters) (Fig. 7A). These data indicate
that CBX does not affect basic properties of synaptic
transmission in these neurons.

We also examined whether CBX impaired glutamate
postsynaptic responses in neurons. For this purpose,
neuronal calcium responses to L-glutamate puffs were
measured in the presence of TTX (0.5 #m). CBX (100 pM,
10 min), like GZA (100 M, 10 min), did not affect basal
intracellular calcium concentration ([Ca®'];) nor the
amplitude or rise time of neuronal responses to pressure-
applied glutamate (500 xm) (Table 3, Fig. 7B). However
CBX induced a significant increase in half-decay time
(6.6 £ 0.2 sin control vs. 9.7 1.1 s after CBX application,
n = 4), while GZA had no effect (Table 3, Fig. 7). The effect
of CBX on decay time was probably mediated by astrocytes
since neuronal responses to glutamate were not affected by
CBX in enriched neuronal cultures, containing few
astrocytes (Table 3). Altogether, these data suggest that
CBX does not act directly on the functionality of
postsynaptic glutamate receptors.

Carbenoxolone modifies intrinsic properties and
excitability of neurons

Finally, potential effects of CBX on intrinsic neuronal
properties and excitability were analysed. While CBX
(100 xM, 10 min) had no effect on mean resting membrane
potential, although cell recordings became less stable, it
significantly and reversibly decreased neurons’ input

A Control CBX
s e
g £
p £
S 15. g
= 0]
Q 3
5 g

CBX CBX

Control
Cocultures [l Treatment
*

1 X Wash
CcBX GZA CBX

Neuronal cultures

=)

half time decay (s)

Figure 7. Carbenoxolone does not modify presynaptic transmitter release and postsynaptic
responses to glutamate

A, miniature excitatory and inhibitory postsynaptic currents (mPSCs) in the presence of TTX (0.5 M) from
a representative neuron in co-culture showing that CBX had no effect on neurotransmitter release. Right:
summary diagram of mPSCs mean amplitude and frequency before and during CBX application (n = 14,
P> 0.05, Student’s paired ¢ test). B, neuronal calcium responses to focal glutamate application (indicated by
the arrow, 500 uM, TTX 0.5 uM) from a representative neuron loaded with Fluo-4 in co-cultures in control
conditions (Control), during application of CBX (100 M, 10 min) and after wash. Similar observations were
observed from 202 neurons recorded from four independent experiments. Right: summary diagram of
calcium response half-decay time showing that CBX application increased the half-decay time in co-cultures
(n = 4) but notin neuronal cultures (n = 5). * P < 0.05 compared with control values (treatment/control and
wash/treatment) (ANOVA followed by post hoc Bonferroni’s multiple comparison (CBX) or Student’s
unpaired ¢ test (GZA)).
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740 N. Rouach and others J Physiol 553.3
Tables 3. Glutamate-induced calcium responses in neurons
Co-cultures Control 100 xMm CBX Wash Control 100 uMm GZA
Baseline (F,) (a.u.) 899 + 45 971 + 46 921+76 870 + 32 848 + 36
Peak normalised amplitude (AF/F,) 190 + 20 180 +20 160 £ 10 220+ 10 230+ 10
Rise time (s) 1.48 £ 0.16 1.57+£0.11 1.38+£0.17 0.98 +0.12 1.08 £ 0.13
Half-decay time (s) 6.48 +0.25 9.69 + 1.18** 7.55+0.68 6.38 +0.22 6.58 +0.20
Enriched neuronal cultures Control 100 xMm CBX Wash
Baseline (F,) (a.u.) 810 + 28 808 + 32 802 + 28
Peak normalised amplitude (AF/F,) 200+ 10 190 + 10 180+ 10
Rise time (s) 0.79 £ 0.05 0.80 = 0.05 0.76 £ 0.07
Half-decay time (s) 7.25+0.58 6.38 +0.46 6.03 +0.61

Data are expressed as mean *+ S.E.M. and were obtained from 4 and 5 independent experiments in co-cultures and enriched neuronal
cultures, respectively. Neurons were recorded before (control), after perfusion with carbenoxolone (CBX, 100 xM, 10 min) and wash
or after glycyrrhizic acid (GZA, 100 M, 10 min). ANOVA followed by post hoc Bonferroni’s multiple comparison (CBX) or Student’s
unpaired ¢ test (GZA) were applied for statistical analysis (** P < 0.01).

resistance in six out of eight cells (=38 = 9%) (Table 4). In
addition, when used at this concentration, CBX had a
drastic effect on neuronal excitability. Action potential
threshold was reversibly increased (+23+6%, n=7)
(Table 4), and the number of action potentials elicited by
depolarising current pulses (1 s from a holding potential of
—60 mV) was strongly decreased (—87.2+6.3%, n=7)
(Fig. 8, Table 4). The effects on input resistance and
excitability seem to be independent since a decrease in
excitability was observed even in the absence of change in
input resistance. In contrast, GZA (100 M, 10 min, n = 4)
or alower dose of CBX (20 M, 10 min, # = 7), that blocked
network activity, had no effect on neuronal excitability.
Indeed the action potential threshold was—5.4 = 2.0 mV in

control versus —37.1+14mV during 20 M CBX
application (n = 8), while the number of spikes elicited from
step current were 6.4 £ 0.7 and 6.1 £ 0.6 in control and
during CBX application (n = 5; P > 0.05, Student’s paired ¢
test for both parameters), respectively. These observations
indicate that at least for high doses, CBX has a direct effect
on intrinsic properties and neuronal excitability.

DISCUSSION

To assess the effect and identify the site of action of the GJ
blocker CBX on neuronal activity, we used in vitro models
of hippocampal and cortical co-cultures, where only
astrocytes are found to be connected through GJs and to
express Cxs. Using both pharmacological and molecular
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A, individual and superimposed traces of action potential recorded
Mﬂ J UJMJ M from a representative neuron in hippocampal co-culture in control
/ “ and during CBX application. B, action potentials elicited by two
- different current pulses (1 s duration; left, 30 pA; right, 40 pA) from
CBX ‘ aholding potential of —60 mV from a representative neuron in
JJ/U control, during application of CBX (100 M, 10 min) and after wash
N e e “ when GABAergic and glutamatergic synaptic transmission were
inhibited by bicuculline (5 uM), DNQX (10 M) and APV (20 uM). C
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Table 4. Basic membrane properties and action potential characteristics in neurons

Control 100 um CBX Wash
Resting membrane potential (mV) —-58.9+2.2 —58.4+3.1 -59.2+2.7(12)
Input resistance (MQ) 348.5 + 100.6 186.5 + 44.3% 298.8 +63.2 (6)
AP amplitude (mV) 828+5 83+6 823+6(7)
AP threshold (mV) ~304+1.9 —23.8 +2.9* —293+ 2.1(7)
Elicited AP s™ 6.6+0.5 0.8 + 0.5%* 44+05 (7)

Data are expressed as mean + S.E.M. and are sampled from neurons recorded before (Control), after
perfusion with carbenoxolone (CBX, 100 uM, 10 min) and after CBX wash (Wash, 10 min). ANOVA
followed by post hoc Bonferroni’s multiple comparison was applied for statistical analysis (*P < 0.05,
**P < 0.01). Numbers in parentheses are the number of cells. AP, action potential.

approaches to disrupt GJ communication, this study
provides several lines of evidence indicating that CBX
alteration of neuronal network activity is not mediated by
blockade of astrocytic GJs and is unlikely to be related to
neuronal GJs either. Indeed, neuronal Cxs or functional
coupling between neurons were not detected in these
cultures. Moreover, spontaneous and bicuculline-induced
network activity occurred in neurons co-cultured with
either Cx43 knockout astrocytes or less than 1% of
isolated astrocytes. Finally, CBX altered intrinsic neuronal
properties and excitability, suggesting that CBX may exert
its action through direct mechanisms other than GJs.

Astrocytic gap junctions are not involved in
neuronal network activity in co-culture

Recent experimental evidence presented by several
laboratories suggests that neurons and astrocytes function
as interdependent networks that have established a close
bi-directional communication (Fields & Stevens-Graham,
2002). However, an important finding of this study is that
astrocytic GJs are not involved in neuronal network
activity in co-culture, since: (1) ET-1, a peptide that
inhibited GJs in astrocytes, did not mimic or occlude the
effect of CBX on network activity in co-cultures; (2) in
enriched neuronal cultures, containing less than 1% of
isolated astrocytes, neurons displayed bursts of spontaneous
synaptic activity and CBX did still reversibly reduce the
burst frequency; (3) in co-cultures of wild-type neurons
plated on Cx43 knockout astrocytes, burst activity,
whether spontaneous or bicuculline-induced, was still
present and CBX did still reversibly reduce the frequency
of spontaneous bursts.

The present conclusion that astrocytic GJs are not involved
in neuronal network activity, differs from the one
proposed in a pharmacological study performed on rat
cortical co-cultures (Fujita et al. 1998), although the
primary observations were identical. Indeed since it was
also observed that GJ blockade inhibited neuronal
spontaneous calcium oscillations and dye coupling was
absent in neurons, GJ blockers were believed to exert their
effect via astrocytic GJs (Fujita ef al. 1998). However, the
use of combined pharmacological and molecular
approaches, to specifically disrupt astrocytic GJ

communication, clearly demonstrates that CBX can still
exert its effect when astrocytic GJs are non-functional
(ET-1) or absent (Cx43 knockout mice). In addition, by
showing that neuronal network activity is still present in
co-cultures of wild-type neurons plated on Cx43 knockout
astrocytes, our data extend previous observations made in
organotypic brain slice cultures from embryonic Cx43
knockout mice (Perez Velazquez et al. 1996), in which
neuronal development assessed morphologically and
electrophysiologically appeared normal. Altogether, these
data demonstrate that although astrocytes have been
shown to modulate neurotransmission (Araque et al.
1998a,b; Verderio et al. 1999; Parri et al. 2001; Bacci et al.
2002), their intercellular communication is not essential
for neuronal network activity in co-culture.

Carbenoxoloneblockade of neuronal network
activity may not involve neuronal gap junction
channelsin co-culture

A number of reports have shown that GJ blockers, such as
CBX, inhibit several kinds of neuronal network activity,
driven by excitatory (Ishimatsu & Williams, 1996; de
Curtis ef al. 1998; Ross et al. 2000; Kohling et al. 2001;
Margineanu & Klitgaard, 2001) as well as inhibitory inputs
(Yang & Michelson, 2001), in acute slices from different
areas of the brain. These studies suggested a prominent
role for neuronal GJs in the synchronisation of
epileptiform activity (Perez Velazquez & Carlen, 2000;
Traub et al. 2002). This is supported by the presence of GJs
between neurons, which has been demonstrated in slices of
the developing cortex (Connors et al. 1983; Lo Turco &
Kriegstein, 1991; Yuste et al. 1995; Rorig et al. 1996;
Venance et al. 2000) and adult cortex (Galarreta & Hestrin,
2002; Meyer et al. 2002), as well as in defined areas of
juvenile and adult brain (inferior olive, retina, olfactory
bulb, locus coeruleus, hippocampus) (Bennett, 2000; Rash
et al. 2000; Venance et al. 2000; Devor & Yarom, 2002;
Meyer et al. 2002). However, in most areas of the CNS, the
number of neuron to neuron GJs was found to be low,
compared to the ones between astrocytes (Sotelo & Korn,
1978; Venance et al. 2000; Rash et al. 2001). Heterotypic
coupling between astrocytes and neurons has also been
recently described in young embryonic co-cultures (24 to
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72 hours) (Froes et al. 1999) and in acute brain slices of
locus coeruleus (Alvarez-Maubecin et al. 2000) or
developing cortex (Bittman et al 2002), but no
ultrastructural evidence of such coupling was found in the
adult rat brain (Rash et al. 2001). In hippocampal and
cortical neuron—astrocyte co-cultures used in this study,
GJ channels in neurons were not detected, using three
different assays: dye coupling, electrical coupling and
immmunostaining for three major neuronal Cxs (Cx26,
Cx32 and Cx36). In addition, no heterotypic coupling
between neurons and astrocytes, investigated by dye
coupling experiments, was found, suggesting that
astrocytes are the only population highly coupled by GJ in
our co-cultures. These data are in agreement with several
studies performed in co-cultures from either the
hippocampus (Blanc et al. 1998), cortex (Fujita et al. 1998)
or suprachiasmatic nucleus (Welsh & Reppert, 1996).
Indeed GJs between embryonic neurons, cultured for
more than a week, are usually reported to be absent, except
for dopaminergic midbrain neurons (Leung et al. 2001)
and fetal human hippocampal neurons (Rozental et al.
2001a). Therefore, CBX is not likely to inhibit neuronal
network activity by acting on neuronal GJs in co-cultures.
However we cannot totally rule out the expression of other
neuronal Cxs (although we tested the major ones), or a
very low level of dye or ionic coupling between neurons, as
recently described for pyramidal cells from CA1 and CA3
hippocampal slices (Kohling et al. 2001; Margineanu &
Klitgaard, 2001; Schmitz et al. 2001), that could not be
detected by our assays. Nevertheless our findings strongly
suggest that CBX exerts its action on cultured neurons
through direct mechanisms other than GJs.

Multiple sites of action of carbenoxolone

In contrast to most ionic channels, no natural toxin or
specific inhibitor of GJs has been identified yet and most
uncoupling agents generally affect other ionic channels
and receptors. For instance, some GJ blockers (octanol,
halothane) interfere directly with excitatory synaptic
transmission (Puil & el-Beheiry, 1990; Puil et al. 1990;
Pocock & Richards, 1993; Rorig et al. 1996) or block
spontaneous neuronal firing and decrease spike
amplitudes (halothane) (Travagli et al. 1995). Up to now,
CBX was commonly used to block GJs, since it was
believed to be devoid of major side effects, although the
literature is controversial. CBX has been reported to have
no effect on evoked synaptic responses (Ishimatsu &
Williams, 1996; Ross et al. 2000; Kohling et al. 2001),
postsynaptic responses to neurotransmitters such as
GABA (GABA; receptor-mediated) (Yang & Michelson,
2001), intrinsic neuronal properties (Travagli et al. 1995;
Osborne & Williams, 1996; Kohling et al. 2001; Schmitz et
al. 2001; Yang & Michelson, 2001), neuronal excitability
(Kohling et al. 2001; Margineanu & Klitgaard, 2001;
Schmitz et al. 2001) and cell conductances (Travagli et al.
1995; Osborne & Williams, 1996). Conversely, substantial
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effects of CBX on neuronal membrane properties have
been described in respiratory neurons of the pre-Botzinger
complex, where the input resistance and firing properties
were reversibly reduced by CBX application (Rekling et al.
2000). Moreover effects of CBX on antidromic responses
of CA3 pyramidal cells have been found (Gladwell &
Jefferys, 2001), but these results were interpreted as
evidence supporting the prediction of a low incidence of
GJs between pyramidal cell axons, rather than on the
excitability of the neurons themselves.

An important finding of the present study is that the effects
of CBX on cultured neurons are unlikely to be mediated by
GJ block. Indeed, while CBX did not modify presynaptic
transmitter release and postsynaptic responses to glutamate,
italtered intrinsic neuronal properties, increasing the action
potential threshold and decreasing the input resistance
and firing rate in response to depolarising stimuli. In
particular, two specific effects of CBX identified in this
study, the high bursting activity induced during the first
minute of CBX application and the decrease in input
resistance, cannot be the consequences of GJ blockage.
However these effects of CBX on cultured neurons may
not necessarily be present in acute slices or in vivo, as under
the latter experimental conditions, membrane currents
may respond differently to CBX. Identification of other
potential targets of CBX, and in particular ionic
conductances, will require further investigation. Preliminary
results suggest direct effects of CBX on K* channels, since
disappearance of the typical sag associated with hyper-
polarising pulses was often observed. Furthermore
dramatic side effects of CBX are also suggested by the
massive neuronal death induced by long exposure (24 h)
of cultures at low doses of CBX (10 M) (N. Rouach & A.
Koulakoff, unpublished observations).

However, several already known targets of CBX can be
considered with respect to their potential effect on
neuronal network activity. Indeed, although CBX is
known to be a mineralocorticoid agonist, the use of
spironolactone, a mineralocorticosteroid antagonist, does
not alter the ability of CBX to depress spontaneous
epileptiform activity in hippocampal slices (Ross et al.
2000). CBX, like other glycyrrhizin derivatives, has also
been shown to inhibit the Na*—K"™-ATPase (Zhou et al.
1996). However since partial inhibition of Na*-K'-
ATPase reversibly induces neuronal epileptiform bursting
activity in the rat CA1 hippocampus (Vaillend et al. 2002),
it is unlikely that this effect mediates CBX blockade of
network activity, although we speculate that it may
account for the increase in bursting activity observed
during the initial phase of CBX application. Finally, 18-4-
glycyrrhetinic acid (#GA, 40 uM), from which CBX is
synthetically derived, completely blocked the CI
conductances in confluent primary cultures of rat
hepatocytes, while leaving Na* and K* conductances intact
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(Bohmer et al. 2001). This is of particular interest, as it has
been shown that a chloride conductance participates in the
subthreshold behaviour and membrane potential of rat
sympathetic neurons and may possibly control neuronal
excitability (Sacchi et al. 1999). Alternatively, potential
effects of CBX on K" and Ca** conductances, may mediate
CBX alteration of neuronal network activity.

The role of GJs in synchronisation of neuronal activity is
still debated. In fact, how low coupling can affect so
dramatically a network remains an open question. Indeed,
the lack of the neuronal Cx36 in transgenic knockout mice
does not affect ultrafast (200-600 Hz) oscillations in the
hippocampus (Buzsaki, 2001) and complex spike
synchronisation as well as normal motor performance in
the inferior olive (Kistler et al. 2002). In addition the
importance of GJs in neuronal oscillatory activity differs
according to the theoretical model of interneuron network
used (Bartos et al. 2001; Traub et al. 2001). Although our
data do not exclude a role for neuronal GJs in network
activity in other experimental models, such as acute brain
slices, where functional neuronal GJs have been clearly
demonstrated, they strongly suggest that caution should
prevail when using CBX as a specific GJ blocker. More
generally, they question the specificity of most GJ blockers
extensively used in studies to examine the involvement of
GJs in neuronal network activity. Thus direct evidence for
a possible role of GJs still awaits the development of
specific GJ blockers that do not otherwise affect neuronal
excitability.
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