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The influence of astrocytic cell networks on neuronal network activity is an emerging

issue in epilepsy. Among the various mechanisms by which astrocytes modulate

neuronal function, synchronization of astrocytes via gap junction channels is widely

considered to be a crucial mechanism in epileptic conditions, contributing to the

synchronization of the neuronal cell networks, possibly inducing recurrent epileptiform

activity. Here, we explored whether modulation of astrocytic gap junctions could

alter epileptic seizures in different types of epilepsy. Opening of gap junctions by

trimethylamine intensifies seizure-like events (SLEs) in the low-[Mg2+] in vitro model of

temporal lobe epilepsy, while alleviates seizures in the in vivo WAG/Rij rat model of

absence epilepsy. In contrast, application of the gap junction blocker carbenoxolone

prevents the appearance of SLEs in the low-[Mg2+] epilepsy model, but aggravates

seizures in non-convulsive absence epilepsy, in vivo. Pharmacological dissection of

neuronal vs. astrocytic connexins shows that astrocytic Cx43 contribute to seizure

formation to a significantly higher extent than neuronal Cx36. We conclude that

astrocytic gap junctions are key players in the formation of epileptiform activity and we

provide a scheme for the different mode of action in the convulsive and non-convulsive

epilepsy types.

Keywords: epilepsy, temporal lobe epilepsy, absence epilepsy, astrocytes, gap junctions, neuro-glia interaction,

astrocyte synchronization, astrocyte network

INTRODUCTION

Epilepsy is one of the most common neurological disorder affecting 1–2% of the population
worldwide. It is considered to be an enhanced neuronal activity characterized by spontaneous
recurrent seizures, which can be prevented by appropriate medication only in 70% of patients, but
one-third remains pharmacoresistant (Eadie, 2012). The epilepsy-associated genes identified so far
encode mostly ion channels and ligand gated glutamate (Glu) and γ-amino-butyric acid (GABA)
neurotransmitter receptors, which are the main targets of anti-epileptic drugs developed up to
date (Verkhratsky and Steinhäuser, 2000; Steinlein, 2004; Mulley et al., 2005; Berkovic et al., 2006;
Weber and Lerche, 2008). Due to the high incidence of pharmacoresistance and serious side effects,
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however, disclosing potential new target mechanisms is crucially
important in order to serve more effective anti-epileptic drug
development campaigns.

Glial cells have so far been ignored in epileptogenesis,
but many recently revealed mechanisms support the notion
that besides neurons, glial cells (predominantly astrocytes) are
also significant contributors of epileptic activity (Verkhratsky
et al., 2013; Héja, 2014; Kékesi et al., 2015). In addition to
classical functions, like K+ buffering through Na+/K+ pumps,
Na+/K+/Cl− cotransporters and Kir channels (Kofuji and
Newman, 2004; Wallraff et al., 2006; Seifert et al., 2009; Bedner
and Steinhäuser, 2013; Mukai et al., 2018), water regulation by
aquaporin-4 channel (Binder et al., 2012; Hubbard et al., 2015) as
well as glutamate uptake via two astrocytic excitatory amino acid
transporter subtypes, EAAT1 and EAAT2 (Watanabe et al., 1999;
Héja, 2014; Eid et al., 2018), astrocytes can directly modulate
synaptic activity. They can dynamically interact with neurons by
releasing various neurotransmitters (Glu, GABA, D-serine, ATP)
in response to intracellular Ca2+ concentration changes triggered
by ionotropic and metabotropic receptor activation (Seifert et al.,
2009; Héja, 2014; Steinhäuser et al., 2016; Robin et al., 2018).
Moreover, astrocytes can even turn glutamatergic excitation
into tonic inhibition by the Glu/GABA exchange mechanism
(Héja et al., 2009, 2012).

Furthermore, astrocytes are able to establish direct physical
contacts through gap junction channels, composed of connexin
proteins (Héja, 2014; Beyer and Berthoud, 2018; Beyer et al.,
2018). These transmembrane channels can synchronize
electric and metabolic activities of astrocytes by the direct
exchange of ions and small molecules, like Ca2+, IP3, cyclic
AMP, and oligonucleotides (Beyer et al., 2018). In addition
to forming intercellular coupling, connexin hemichannels
can also release ATP that consequently activates purinergic
receptors on neighboring astrocytes, thereby establishing
indirect synchronization routes as well (Guthrie et al., 1999;
Bennett et al., 2003). Utilizing these pathways, gap junction
proteins participate in the propagation of Ca2+ waves (Cotrina
et al., 1998; Rouach et al., 2008) that are associated with
the long-range coupling of the astrocytic syncytium and the
synchronization between astrocytes and neuronal populations
in epilepsy (Héja, 2014; Kékesi et al., 2015). We have previously
confirmed that this long-range synchronized Ca2+ signaling
might have proepileptic effects, since it contributes to the
appearance of seizure-like events (SLEs) (Kékesi et al., 2015).
Increased glucose uptake associated with the inhibition
of gap junction coupling also supports this assumption
(Tabernero et al., 2006), because intercellular trafficking of
glucose and other energetic metabolites maintains synaptic
transmission under pathophysiological conditions such as
epilepsy (Rouach et al., 2008; Seifert et al., 2009; Bedner
and Steinhäuser, 2013). These findings confirmed the fact
that besides their abovementioned antiepileptic actions, such
as Glu uptake and K+ redistribution, astrocytes may also
significantly contribute to the formation of seizures. Moreover,
Glu, released by hemichannels can activate extrasynaptic
Glu receptors, eventually increasing overall excitation level.
To ensure more effective anti-epileptic drug development,

it is important to examine the role of astrocytes in different
epilepsy models.

Excessive neuronal synchronization and excitability have a
role in the generation of mechanistically different epilepsy types,
like the temporal lobe epilepsy (TLE) and absence epilepsy
(Coenen and Van Luijtelaar, 2003; Avoli, 2014). As astrocytic
synchronization may be one of the main seizure initiating
factors, and may have a role in the neuronal synchronization,
we hypothesized that alterations in astrocytic synchronization
by modulation of gap junction channels may affect epileptiform
activity in both TLE and absence epilepsy.

Accordingly, our aim was to investigate the role of gap
junctions and the astrocytic syncytium in two different epilepsy
models, the in vitro low-[Mg2+] model (in vitro model of
TLE) and in vivo in the animal model of human absence
epilepsy Wistar Albino Glaxo/Rijswijk (WAG/Rij) rats (Coenen
and Van Luijtelaar, 2003). In contrast to the convulsive TLE,
WAG/Rij rats show non-convulsive type of epilepsy, developing
secondary generalized seizures, the bilaterally synchronous spike-
wave discharges (SWDs) (Coenen and Van Luijtelaar, 2003;
Kohmann et al., 2016). Convulsive and anticonvulsant effects of
gap junction opener and blocker trimethylamine hydrochloride
(TMA) and carbenoxolone hemisuccinate (CBX), respectively,
have already been demonstrated in TLE models in vivo (Gajda
et al., 2003). Therefore, we asked if gap junction communication
shaping TLE could also be pharmacologically isolated by
comparing effects of TMA and CBX in the low-Mg2+ model
of TLE in vitro. Inhibitory CBX effects have been reported
in human (Gigout et al., 2006) and animal absence epilepsies
(Gareri et al., 2005) as well. However, we have no data on
TMA effects in the absence epilepsy; thus, measurements on
epileptic activity of WAG/Rij rats have been performed with
and without TMA application. By comparison, CBX effects have
also been measured.

MATERIALS AND METHODS

Animals
Animals were kept and used in accordance with standard ethical
guidelines and approved by the local Animal Care Committee,
the Government Office for Pest County (Reference Nos.
PEI/001/3671-4/2015 and PE/EA/3840-4/2016), the Hungarian
Act of Animal Care and Experimentation (1998, XXVIII, section
243), European Communities Council Directive 24 November,
1986 (86/609/EEC) and EU Directive 2010/63/EU on the use
and treatment of animals in experimental laboratories. The
experiments on WAG/Rij rats were approved by the Animal
Care and Experimentation Committee of the Eötvös Loránd
University (Savaria University Centre) and National Scientific
Ethical Committee on Animal Experimentation (Hungary) under
License No. VA/ÉBNTF02/85-8/2016. All efforts were made to
reduce animal suffering and the number of animals used.

Animals were housed in groups of 3–4 under standard
laboratory conditions (free access to water and food; 12:12 h
light–dark cycle, light was on from 08.00 AM to 08.00 PM;
air-conditioned at 22 ± 2◦C).
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Solutions
Artificial cerebrospinal fluid (ACSF) contained in mM: 129 NaCl;
3 KCl; 1.6 CaCl2; 1.8 MgSO4; 1.25 NaH2PO4; 21 NaHCO3;
10 glucose. To induce epilepsy, MgSO4 was eliminated and
2 mM KCl was added (low-[Mg2+] ACSF). In the in vitro
experiments, CBX (200 µM), TMA (5 mM), quinine (100 µM)
and La(NO3)3 were diluted in ACSF or low-[Mg2+] ACSF.
The pH value of 7.4 was not affected by the applied TMA
concentration. All solutions were continuously oxygenated (95%
O2, 5% CO2). In the in vivo experiments on WAG/Rij rats, both
CBX (100 mg/kg) and quinine (40 mg/kg) was dissolved in saline,
whereas TMA (200 mM) in aseptic ACSF (Tocris, Germany).
Unless otherwise stated, all drugs were purchased from Sigma-
Aldrich, Budapest, Hungary.

Slice Preparation
Transverse, 400 µm thick, hippocampal-entorhinal slices from
11 to 14 day old Wistar rats (Toxicoop, Budapest, Hungary)
were prepared in modified ACSF (75 mM sucrose; 87 mM NaCl;
2.5 mM KCl; 0.5 mM CaCl2; 7 mMMgSO4; 1.25 mM NaH2PO4;
25 mM NaHCO3; 25 mM glucose) at 4◦C. Slices were incubated
in an interface-type chamber in continuously oxygenated ACSF
for 1 h at 37◦C followed by incubation in room temperature
before performing the experiments.

In vitro Electrophysiology
The electrophysiological field potential (FP) recordings were
performed at 31◦C. For FP recordings glass microelectrodes (1
to 4 M�) were filled with ACSF solution and were inserted
in the CA3 stratum pyramidale. Signals were recorded with
Multiclamp 700A amplifiers (Axon Instruments, Foster City, CA,
United States), low-pass filtered at 2 kHz and digitized at 10 or
20 kHz (Digidata 1320A, Axon Instruments). Recordings were
analyzed after high pass filtering at 1 or 2 Hz.

In vitro Drug Application
Epileptiform activity was induced by switching the perfusing
solution (ACSF) to low-[Mg2+] ACSF (ACSF with no added
MgSO4 andKCl elevated to 5mM). Drugs were applied according
to two different protocols. To test the effect of the drugs on the
appearance of SLEs, they were continuously present in the ACSF
and low-[Mg2+] ACSF solutions. First, normal ACSF solution
was applied for 20 min as control condition. Then normal ACSF
solution with 5 mM TMA or 200 µM CBX was applied for
further 20 min. Finally, low-[Mg2+] ACSF, containing the same
concentration of drugs was applied. Another protocol was used
to identify the connexin form involved in the modulation of
epileptiform activity. In these experiments, drugs were applied
after the detection of two fully developed SLEs. The drugs were
present either during the next two SLEs or at least for 10 min
(in case, the drug abolished further SLE appearances). To avoid
excessive consumption of the Cx43 antibody (Abcam, #ab11370)
it was applied according to a special protocol: perfusion of ACSF
was stopped after the second SLE and Cx43 antibody was added
to the chamber at a relatively high concentration (7.5 µg/ml,
1:100 dilution). After 10 min, the perfusion was restarted, and

the antibody was washed out. In control measurements, the
same protocol was applied without adding Cx43 antibody after
perfusion was stopped. In these control measurements, SLE
occurrence was not affected by the interruption of perfusion.

Implantation of Rats for EEG Recording
and Intracerebroventricular Treatment
Female WAG/Rij rats were used for in vivo experiments (11–
12 months old, 195–210 g; breeding colony of WAG/Rij rats
at ELTE Savaria University Centre, Szombathely, Hungary).
Isoflurane-air mixture (2.0–2.5%) anesthesia was used for
electrode implantation. Screw electrodes were implanted into
the bone above two cortical areas of all rats for EEG recording
(frontal cortex, AP: 2.0 mm and L: 2.1 mm; parietal cortex,
AP: −6.5 mm and L: 2.1 mm) (Paxinos and Watson, 2007).
A ground (screw) electrode was placed above the cerebellar
cortex whereas the reference electrode (a stainless steel plate,
3 mm × 4 mm with one side insulated) was implanted under
the skin and over the masseter muscle. The plate and electrodes
were soldered to a 10-pin socket, which were glued to the skull by
dentacrylate cement (Ivoclar, Liechtenstein). Lidocaine ointment
(5%; EGIS, Hungary) was used for post-operative pain relief
(Kovács et al., 2006).

One stainless steel guide cannula (27G) was inserted into the
lateral ventricle (AP: −0.8 mm, L: 1.4 mm and V: 3.5 mm) to
i.c.v. injection of TMA by infusion pump (WPI, Germany). The
location of the cannula tip in the third ventricle was verified by
the free outflow of cerebrospinal fluid (CSF) through the guide
cannula. Patency of guide cannula was maintained with a sterile
stainless steel dummy stylet (Kovács et al., 2011).

After implantations, all rats were allowed to
recover for 2 weeks.

In vivo Electrophysiology
Electroencephalogram (EEG) was recorded by a differential
biological amplifier (Bioamp4, Supertech, Ltd., Pécs, Hungary).
The amplifier was attached to a CED 1401 mkII (Cambridge
Electronic Design, Ltd., United Kingdom) data capture and
analysis device. The bandwidth of the EEG recording was 0.16
to 150 Hz and the sampling rate was 1 kHz (Kovács et al., 2014).
As handling may evoke stress-induced changes in behavior for
about 30 min, which can modify SWD number (Coenen and
Van Luijtelaar, 2003; Kovács et al., 2015), evaluation of SWD
parameters were carried out between 30 and 270min of recording
period between 3:00 and 7:00 PM. After the drug administration
and the connection of rats to the biological amplifier, normal
grooming and behavior were observed in all animals.

In vivo Drug Application
To adapt the WAG/Rij rats to the experimental procedures,
all animals were handled daily for 4 days, which adaptation
period was started 2 weeks after surgery (for example rats
were gently restrained by a towel and were connected to the
biological amplifier).

Animals were separated into three groups. The first group
of WAG/Rij rats (n = 8) was intraperitoneally (i.p.) injected
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by 0.5 ml/100 g body weight saline for 3 days (3-day control
period) to establish average control SWD number and SWD
time. On the 4th day, animals of group 1 were injected i.p. by
0.5 ml/100 g body weight saline containing CBX (100 mg/kg).
The second group of animals (n = 5) received the i.c.v. TMA
injection after the 3-day control period. The TMA solution
(200 mM TMA in 5 µl aseptic ACSF/rat) was injected into the
lateral ventricle through the guide cannula. At the beginning of
the i.c.v. injection the animals were gently restrained by a towel.
The dummy stylet was removed from the guide cannula and a
stainless steel needle (which was connected to an infusion pump
by a polyethylene tube) was inserted. The injection flow rate was
0.5 µl/min. The i.c.v. administration of 5 µl ACSF alone had no
effect on SWD number (Kovács et al., 2011). The third group
of animals (n = 7) were injected similar to animals of the first
group by saline for 3 days (3-day control period) whereas they
were injected i.p. by 0.5 ml/100 g body weight saline containing
quinine (40 mg/kg) on the 4th day.

Data Processing
The Clampfit (Axon Instruments) program was used to evaluate
electrophysiological data. Recordings were analyzed after high
pass filtering at 1 or 2 Hz. SLE onset was determined by the
negative FP deflection and a high-frequency oscillation at the
start of discharges. This is the paroxysmal initiation period,
which is followed by the tonic and clonic periods of paroxysmal
spike discharges (Lasztóczi et al., 2004). The interictal period
was determined as the time from the end of a given SLE to the
beginning of the next SLE. Being not fully developed, the first SLE
in each slice (SLE0) was discarded from data evaluation. Data are
shown as mean ± SEM and were analyzed with one-way analysis
of variances (ANOVA, OriginPro 2018). Statistical significance
was considered at p < 0.05.

In vivo EEG recordings were split into 30 min sections
and were evaluated separately (Kovács et al., 2006). Spike-wave
discharges can be characterized by 7–11 Hz discharge frequency
within SWDs, 1–50 s duration and 0.2–1.0 mV amplitude
(Coenen and Van Luijtelaar, 2003). Moreover, SWDs contain a
train of asymmetric spikes and slow waves starting and ending
with sharp spikes and the average amplitude of SWDs is at least
twice as high as the basal EEG activity. These features of SWDs
were used for automated separation of SWDs in the EEG files,
confirmed by manual supervision. All results are expressed as
means ± SEM and data analysis was performed similar to the
in vitro results.

RESULTS

Astrocytic Gap Junction Opening
Increases Incidence of Recurrent
Seizure-Like Events in vitro
We monitored the contribution of astrocytic gap junction
channels to in vitro epileptiform activity in the CA3 region
of juvenile rat acute hippocampal slices in the low-Mg2+

in vitro epilepsy model. Epileptiform discharges were induced

by applying nominally Mg2+ free ACSF. Recurrent SLEs
have been characterized by paroxysmal depolarization shifts
before the onset of SLEs appeared in the presence of low-
Mg2+ ACSF (Figure 1A). In control conditions (low-Mg2+

ACSF) recurrent SLEs appeared in 27 of 37 slices (73%).
The average onset of the first SLE was 17.0 ± 1.0 min.
Under these circumstances the average duration of SLEs were
decreasing (SLE1: 149.7 ± 16.7 s, SLE2: 116 ± 11.3 s; SLE3:
124.1 ± 14.1 s; SLE4: 92.8 ± 9.2 s, SLE5: 95.7 ± 17.9 s).
The interictal intervals during these recurrent SLEs were
gradually declined (SLE 1–2: 245.2 ± 21.9 s; SLE 2–
3: 212.7 ± 20.2 s; SLE 3–4: 187.4 ± 18.2 s; SLE 4–5:
158.7 ± 19.1 s) indicating a growing incidence of seizure
propagation (Figures 1A,D).

We first explored the effect of the astrocytic gap junction
opener TMA on the onset, duration and interictal interval of
SLEs. The physiological activity (in normal ACSF) was not
affected by the gap junction opener TMA (5 mM) (Figure 1B).
However, TMA significantly decreased the onset and interictal
interval of SLEs (Figure 1D). Interictal intervals significantly
decreased to 162.9 ± 13.1 s (SLE 1–2); 143.1 ± 10.6 s (SLE
2–3); 119.1 ± 11.8 s (SLE 3–4) (p < 0.05 compared to the
control period; n = 15). The onset of SLEs also diminished from
17.0 ± 1.0 to 10.6 ± 1.0 min compared to control condition
(Figure 1E), increasing the incidence of recurrent seizure-like
activity in vitro. These findings suggest that TMA application has
a pro-epileptic effect.

However, the duration of SLEs also decreased to 83.6 ± 7.7 s
(SLE1); 87.4 ± 8.1 s (SLE2); 100.3 ± 17.5 s (SLE3); 67.2 ± 9.2 s
(SLE4); 73.4 ± 9.8 s (SLE5) (p = 0.01 for SLE1, p > 0.05 for
ongoing SLEs compared to the control period; n = 15), showing
that TMA also has a slight antiepileptic effect.

Gap Junction Inhibition by
Carbenoxolone Suppresses Seizure-Like
Events in vitro
Next, we aimed to explore the effect of astrocytic gap junction
inhibition on SLEs. We applied the gap junction blocker CBX
(200 µM). In accordance with our previous reports (Kékesi
et al., 2015), we observed that CBX treatment either inhibited
or completely prevented SLE formation. SLE appearance was
observed in only 2 of 12 slices (17%) (Figures 1C,F). Even in these
two slices where CBX did not completely prevent SLE generation,
it still reduced SLE duration. In the presence of CBX the average
duration of the first SLE was 61± 18 s compared to 149.7± 16.7 s
in control condition.

Unfortunately, neither CBX nor TMA are specific to gap
junctions. TMA may induce intracellular calcium mobilization
from ER calcium stores (Willoughby et al., 2001) or, as a
weak base, may be responsible for the intracellular alkalization-
induced calcium rise in a dose-dependent manner, a mechanism
that is behind the gap junction opening effect as well
(Willoughby et al., 2001; Nassiri-Asl et al., 2008; Medina-
Ceja and Ventura-Mejía, 2010). CBX also has considerable
influence on synaptic transmission with direct action on
neuronal membrane conductances, as it reduces AMPA, NMDA,
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FIGURE 1 | Gap junction activation enhances, gap junction inhibition suppresses epileptiform activity in vitro in the low-[Mg2+] TLE model. (A) Extracellular field

potential (FP) recording of recurrent seizure-like events (SLEs) induced by low-[Mg2+] ACSF in the CA3 region of a hippocampal slice (top left). SLE2 is shown in

higher temporal resolution (top right). (B) Extracellular FP recording of SLEs in the presence of 5 mM trimethylamine (TMA). (C) Extracellular FP recording in the

presence of 200 µM carbenoxolone (CBX). CBX was applied either before the application of the low-[Mg2+] medium (top) or following the fully developed SLEs in

the presence of 5 mM TMA (bottom). (D) Average duration of SLEs (top) and interictal periods (bottom) in control conditions (black) and in the presence of 5 mM

TMA (red). Asterisks denote significant differences (p < 0.05) between control conditions and TMA application. (E) Onset of first SLE in control conditions and in the

presence of 5 mM TMA. Application of TMA significantly decreases SLE onset. (F) Percentage of slices in which low-[Mg2+] ACSF induced SLEs.
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and GABAA receptor-mediated excitatory and inhibitory post-
synaptic currents (Vessey et al., 2004; Tovar et al., 2009; Connors,
2012) and inhibits voltage-gated Ca2+ channels (Rouach et al.,
2003; Vessey et al., 2004). To confirm that their observed
effects on SLEs was mediated by gap junctional interactions, we
examined whether CBX can antagonize TMA-induced responses.
In doing so we confirmed that 200 µMCBX in combination with
5 mM TMA suppressed the appearance of SLEs in 11 of 12 slices
(92%) (Figure 1F). CBX was also found effective in reversing the
pro-epileptic effect of TMA when it was applied after two fully
developed SLEs (Figure 1C). In situ application of CBX typically
resulted in the appearance of a single SLE followed by complete
blockade of epileptiform activity in 7 of 12 slices (Figure 1C),
suggesting that CBX and TMA shares a common target through
which they affect epileptic activity.

Furthermore, we compared the incidence of SLEs in the
control condition and in the three different treatments. When
TMA was added, the incidence of recurrent SLEs increased to
100% (n = 15) compared to the control periods where it was
only 72.97% (n = 37). In the remaining two treatments SLE
formation was significantly declined. In the presence of CBX only
16.6% of slices generated SLEs (n = 12), while simultaneously
applying TMA and CBX induced SLEs only in 8.3% of slices
(n = 12) (Figure 1F).

Astrocytic Connexin Channels Are
Responsible for the Modulation of
Seizure-Like Events
Although we confirmed that TMA and CBX share a common
target in regard to their modulatory activity on SLEs, the
molecular identity of this target was not fully resolved. First, to
differentiate between the neuronal and astrocytic connexins, we
compared the effects of a Cx43- and a Cx36-specific inhibitor.
To specifically block the astrocytic Cx43 subtype, we used an
antibody that was raised against the gating peptide segment of
Cx43 (Sosinsky et al., 2007), which we previously demonstrated
to block Cx43 function (Molnár et al., 2011; Kékesi et al.,
2015; Szabó et al., 2017). The specific Cx43 antibody completely
eliminated SLEs in 5 of 5 slices – although a residual, non-
epileptiform activity was usually observed (Figure 2A).

To further confirm the connexin subtype-specificity of the
gap junction-related anti-epileptic effect, we also investigated the
contribution of the neuronal Cx36 subtype, which is known to
be involved in neuronal synchronization (Allen et al., 2011).
Cx36 was specifically inhibited by 100 µM quinine. In contrast
to Cx43 inhibition, however, application of quinine did not
eliminate the appearance of seizures (Figure 2B). SLEs continued
to be generated in 7 of 11 slices in the presence of quinine
(Figure 2D), demonstrating the major role of astrocytic Cx43 in
the contribution of connexin isoforms to epileptiform activity.

Finally, we explored whether connexin hemichannels may
play a role in the modulatory effects of gap junction proteins
on epileptiform activity. To achieve this, we applied lanthanum
(La3+), which is supposed to selectively block hemichannel
function (Contreras et al., 2002; Braet et al., 2003; Anselmi et al.,
2008). SLEs have been completely abolished in 5 of 5 slices in

the presence of 100 µM La3+ (Figures 2C,D), demonstrating
that hemichannels are involved in the regulation of epileptiform
activity. It is to note, however, that despite the indisputable
efficiency of La3+ on hemichannels SLEs, only a small number
of direct studies (Contreras et al., 2002; Anselmi et al., 2008)
explored its effect on full gap junctions and no experimental data
is available in complex tissues, like acute brain slices or in vivo
brain. Therefore, the inhibition of SLEs by La3+ does not exclude
the involvement of full gap junctions.

Gap Junctions Have Distinct Effect on
Absence Epileptic Activity
The gap junction blocker CBX showed anticonvulsant
characteristics as opposed to the convulsive attributes of
the gap junction opener TMA in the in vitro TLE model. To
explore whether this seemingly pro-epileptic gap junction activity
is a general hallmark of epilepsy or it is rather a feature of only
convulsive seizures, we determined the effects of gap junction
blockade and opening in the genetically epileptic WAG/Rij rats,
a model of the non-convulsive human absence epilepsy.

In WAG/Rij rats, intracerebroventricular injection of TMA
(200 mM) significantly decreased the SWD number in all 30-
min segments compared to controls (Figures 3A,B and Table 1).
Parallel with decreased SWD number, the length of interictal
interval significantly increased (Figure 3B). As average SWD
duration did not change after TMA administration, the total
time of SWDs decreased in parallel with the reduction in SWD
number (Figure 3B).

In contrast to TMA, i.p. administration of 100 mg/kg CBX
significantly increased the SWD number and total time of
SWDs. The length of interictal intervals significantly decreased
(Figures 3C,D and Table 2).

In addition, we investigated the connexin isoform-specificity
in the in vivo absence epilepsy model as well. Similar to CBX, i.p.
administration of the Cx36-specific inhibitor quinine (40 mg/kg)
also increased the number and total time of SWDs and decreased
the length of the interictal intervals (Figures 3E,F and Table 3).
The magnitude of these changes, however, were inferior to
CBX treatment. Compared to the average 132% increase in
the SWD number in the first 4 h following CBX treatment,
quinine induced only 51% increase in the same period. Since
the Cx36-specific inhibitor quinine mimicked CBX effect only to
a minor extent, we conclude that the majority of gap junction-
related modulation of seizure activity is performed through the
astrocytic Cx43 isoform.

Overall, although a common gap junctional target may
be conjectured in the in vitro and in vivo models, opposite
effects of TMA and CBX demonstrated on absence epileptic
activity in WAG/Rij rats compared to the in vitro TLE model
suggests different role of gap junctions in convulsive and non-
convulsive epilepsies.

DISCUSSION

We have observed that in the in vitro low-[Mg2+] model and
in the WAG/Rij rats in vivo, gap junction openers and blockers
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FIGURE 2 | Gap junctional control over epileptiform activity is mediated specifically by the astrocytic gap junctions in vitro in the low-[Mg2+] TLE model.

(A) Representative extracellular field potential (FP) recording of recurrent seizure-like events (SLEs) under control conditions and in the presence of a Cx43-specific

antibody specifically blocking astrocytic connexin channels in the CA3 region of a hippocampal slice. (B) Representative extracellular FP recording of recurrent SLEs

under control conditions and in the presence of the Cx36-specific quinine specifically blocking neuronal connexin channels in the CA3 region of a hippocampal slice.

(C) Representative extracellular FP recording of recurrent SLEs under control conditions and in the presence of the hemichannel-specific La(NO3)3 in the CA3 region

of a hippocampal slice. (D) Percentage of slices in which SLEs persisted in the presence of gap junction inhibitors applied after two fully developed SLEs in

low-[Mg2+] ACSF. SLEs were considered to be persisted if at least two SLEs appeared during the application of the given inhibitor.
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FIGURE 3 | Gap junction activation suppresses, gap junction inhibition enhances the appearance of spike-and-wave discharges in the in vivo absence epilepsy

model WAG/Rij rat. (A) EEG recordings of WAG/Rij rats after i.p. saline injection (control) and TMA administration (i.c.v. 200 mM TMA in 5 µl aseptic ACSF/rat) (left).

A typical SWD is shown in higher resolution (above). (B) Effect of TMA on SWD number, total SWD time (time spent in SWD), average SWD duration and length of

interictal interval (control: black; treated with TMA: red) (n = 5 animals). (C) EEG recordings of WAG/Rij rats after i.p. saline injection (control) and CBX administration

(i.p. 100 mg/kg). (D) Effect of CBX on SWD number, total SWD time (time spent in SWD), average SWD duration and length of interictal interval (control: black;

treated with CBX: red) (n = 8 animals). (E) EEG recordings of WAG/Rij rats after i.p. saline injection (control) and quinine administration (i.p. 40 mg/kg). (F) Effect of

quinine on SWD number, total SWD time (time spent in SWD), average SWD duration and length of interictal interval (control: black; treated with quinine:

red) (n = 7 animals).
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showed distinct effects on epileptiform activity. In the low-
[Mg2+] model, which is a model of the convulsive TLE (Mody
et al., 1987) gap junction opening by TMA significantly increased
the prevalence of SLEs, while the gap junction inhibitor CBX
almost completely prevented the appearance of SLEs. Therefore,
gap junction activity appears to be pro-epileptic in this model.
Pharmacological dissection of the molecular target identified
that the major contributor of the gap junctional control over

epileptiform activity is the astrocytic Cx43. Although the in vitro
and in vivo environments can be attributed to the different
effects, it is of outmost importance that TMA and CBX showed
pro- and anticonvulsant properties, respectively, also in in vivo
TLE models (Gajda et al., 2003, 2006). Also, in agreement
with our in vitro results, the supposedly Cx36 specific quinine
only slightly affected epileptogenesis in the same TLE model
(Gajda et al., 2005). Therefore, the differential outcomes in the

TABLE 1 | Synchronous spike-wave discharge (SWD) parameters in WAG/Rij rats (n = 5) in control conditions and after i.p. administration of 200 mM

trimethylamine (TMA).

Time (min) SWD number Time spent in SWD (s) SWD duration (s) Interictal interval length (s)

Control TMA Control TMA Control TMA Control TMA

30–60 13.33 ± 1.90 2.00 ± 1.05 63.67 ± 10.91 12.81 ± 9.83 5.34 ± 0.40 4.41 ± 1.43 177.41 ± 26.57 1251.99 ± 323.34

60–90 13.27 ± 1.66 2.40 ± 1.21 64.64 ± 8.71 12.24 ± 9.27 4.81 ± 0.26 3.54 ± 1.16 171.55 ± 30.58 788.83 ± 178.72

90–120 13.53 ± 0.87 5.40 ± 0.81 69.95 ± 7.19 22.90 ± 5.24 5.05 ± 0.33 4.09 ± 0.46 148.74 ± 9.19 495.46 ± 68.40

120–150 17.80 ± 3.04 3.80 ± 0.97 74.42 ± 9.63 16.42 ± 4.82 5.58 ± 0.34 4.01 ± 0.39 135.10 ± 20.82 585.00 ± 109.46

150–180 14.60 ± 1.92 6.20 ± 1.50 78.70 ± 14.67 30.70 ± 10.57 5.00 ± 0.34 4.93 ± 1.21 163.36 ± 24.63 384.28 ± 57.93

180–210 13.27 ± 2.29 6.20 ± 1.07 69.66 ± 13.17 27.71 ± 2.85 5.09 ± 0.34 4.79 ± 0.61 150.43 ± 18.00 361.95 ± 65.15

210–240 14.20 ± 2.22 7.80 ± 0.92 58.99 ± 8.16 37.65 ± 4.65 4.58 ± 0.30 5.01 ± 0.78 154.00 ± 17.98 306.93 ± 52.46

240–270 12.93 ± 1.99 8.80 ± 1.25 57.25 ± 8.44 47.86 ± 11.05 4.99 ± 0.37 4.93 ± 0.68 206.43 ± 42.96 348.79 ± 96.80

TABLE 2 | Synchronous spike-wave discharge (SWD) parameters in WAG/Rij rats (n = 8) in control conditions and after i.c.v. administration of 100 mg/kg

carbenoxolone (CBX).

Time (min) SWD number Time spent in SWD (s) SWD duration (s) Interictal interval length (s)

Control CBX Control CBX Control CBX Control CBX

30–60 13.92 ± 1.59 22.00 ± 2.85 80.23 ± 9.48 92.67 ± 14.23 5.71 ± 0.20 4.18 ± 0.25 207.12 ± 30.89 91.21 ± 11.46

60–90 12.29 ± 1.40 41.63 ± 4.04 69.15 ± 7.67 191.10 ± 23.59 5.39 ± 0.22 5.13 ± 0.44 205.79 ± 26.71 44.92 ± 6.39

90–120 13.58 ± 1.16 42.13 ± 4.98 83.46 ± 7.62 218.08 ± 26.33 6.08 ± 0.29 5.57 ± 0.39 184.46 ± 26.98 42.55 ± 6.43

120–150 16.58 ± 1.56 37.75 ± 6.12 93.51 ± 9.39 189.8 ± 32.01 5.66 ± 0.23 5.63 ± 0.32 154.48 ± 25.33 54.82 ± 11.08

150–180 15.58 ± 1.16 37.63 ± 4.87 93.77 ± 8.31 217.11 ± 28.40 5.96 ± 0.24 5.76 ± 0.31 157.46 ± 27.48 50.23 ± 8.16

180–210 13.92 ± 1.57 28.25 ± 4.49 73.31 ± 8.81 141.07 ± 21.19 5.21 ± 0.19 5.76 ± 0.46 170.03 ± 20.25 72.04 ± 10.10

210–240 14.04 ± 1.30 22.25 ± 4.37 76.90 ± 9.31 109.96 ± 26.25 5.40 ± 0.27 4.76 ± 0.30 182.25 ± 28.23 130.72 ± 28.21

240–270 14.33 ± 1.16 17.63 ± 2.20 74.48 ± 7.14 103.27 ± 12.57 5.12 ± 0.18 5.95 ± 0.31 155.00 ± 15.13 133.39 ± 28.14

TABLE 3 | Synchronous spike-wave discharge parameters in WAG/Rij rats (n = 7) in control conditions and after i.p. administration of 40 mg/kg quinine.

Time (min) SWD number Time spent in SWD (s) SWD duration (s) Interictal interval length (s)

Control Quinine Control Quinine Control Quinine Control Quinine

30–60 11.05 ± 1.64 25.17 ± 7.03 70.79 ± 13.26 224.47 ± 57.15 6.00 ± 0.40 7.45 ± 0.47 214.23 ± 37.68 69.38 ± 24.02

60–90 7.95 ± 1.00 17.00 ± 4.73 53.47 ± 7.16 128.63 ± 33.94 6.34 ± 0.42 7.57 ± 0.77 306.30 ± 38.26 131.46 ± 22.60

90–120 8.71 ± 1.14 16.00 ± 5.60 51.14 ± 8.46 106.61 ± 39.73 5.39 ± 0.37 6.66 ± 1.09 309.84 ± 37.89 229.18 ± 64.44

120–150 8.10 ± 1.06 13.29 ± 3.52 45.60 ± 6.96 79.04 ± 24.82 5.56 ± 0.31 5.69 ± 0.47 325.82 ± 36.12 190.37 ± 37.45

150–180 8.05 ± 1.23 13.29 ± 2.31 37.39 ± 5.12 88.87 ± 20.49 5.18 ± 0.33 6.14 ± 0.67 315.98 ± 33.56 189.73 ± 42.43

180–210 8.62 ± 0.85 6.57 ± 1.59 42.69 ± 5.45 35.34 ± 9.62 5.09 ± 0.31 4.99 ± 0.57 249.53 ± 21.85 312.32 ± 53.84

210–240 8.29 ± 0.75 8.86 ± 2.02 43.50 ± 5.11 54.92 ± 14.08 5.14 ± 0.27 5.87 ± 0.50 279.50 ± 31.61 266.60 ± 42.83

240–270 8.29 ± 1.16 7.14 ± 0.80 42.23 ± 6.66 36.56 ± 6.34 4.85 ± 0.25 4.92 ± 0.42 335.88 ± 54.46 296.79 ± 32.31
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FIGURE 4 | Proposed model for differential role of astrocytic gap junctions in

seizure spreading in temporal lobe and absence epilepsies. The astrocytic

connexin Cx43 has a dual role in temporal lobe and absence epilepsies. It

performs an anti-epileptic action by spatial distribution of Glu and K+. On the

other hand, connexin hemichannels release Glu and D-serine that increases

neuronal excitation, therefore contributes to seizure generation and

maintenance. The weight of the two pathways, however, are distinct in

temporal lobe and absence epilepsies, because the expression level of

neuronal (extrasynaptic) Glu receptors is significantly higher in temporal lobe

epilepsy. Consequently, the final outcome of connexin activation is an

anti-epileptic effect in absence epilepsy, but a pro-epileptic effect in temporal

lobe epilepsy.

two epilepsy models may not be attributed to the in vitro vs.
in vivo environment, but rather to the different epilepsy types
they model, i.e., the convulsive TLE and the non-convulsive
absence epilepsy.

Proposed Model for Differential Role of
Astrocytic Gap Junctions in Seizure
Spreading
The experimental findings outlined above clearly demonstrate
that astrocytic hemichannel activity is indispensable for the
appearance of recurrent epileptiform activity in the low-
[Mg2+] model, since CBX, the Cx43-specific antibody and the
hemichannel blocker La3+ could completely eliminate SLEs.
In the absence epilepsy model WAG/Rij rats, gap junctions
appeared to play an opposite role, they had to be activated to
inhibit (but not completely block) SWDs. These results reflect the
dual role of gap junctions in epilepsy. Intercellular gap junctions
play a pivotal role in K+ buffering and Glu clearance, since
they contribute to the spatial distribution of these excitatory
agents (Seifert et al., 2012). Therefore, intercellular gap junctions
primarily play an anti-epileptic role. On the other hand, they
also promote synchronization (Gigout et al., 2006) by which
they exert pro-epileptic effect. Importantly, hemichannels mostly
contribute to the pro-epileptic action by releasing Glu and the
NMDA receptor co-agonist D-serine (Abudara et al., 2018). The
final outcome of gap junction blockade or activation, therefore,
depends on the relative weights of the anti-epileptic and
pro-epileptic pathways.

We propose that the differential effects observed in the
TLE and absence epilepsy models can be attributed to the
distinct weights of anti-epileptic and pro-epileptic gap junction-
mediated routes (Figure 4). There is no data available about
specific changes in the capacity or speed of Glu and K+

clearance in TLE and absence epilepsy. There is, however, a
significant disparity regarding the consequences of hemichannel-
mediated release. In response to the reduced extracellular [Ca2+]
during seizures (Heinemann et al., 1986; Kovács et al., 2000),
hemichannels increase opening probability (Stout and Charles,
2003) and release various substances, including Glu, D-serine,
and ATP (Xing et al., 2019). Amongst these, the extent of
response generated by Glu and D-serine is markedly different
in TLE and absence epilepsy. One of the hallmarks of absence
epilepsy is the significantly reduced expression of Glu receptors.
Both AMPA and NMDA receptors (van de Bovenkamp-Janssen
et al., 2006), especially the major extrasynaptic NR2B subunits
(Karimzadeh et al., 2013) display a significantly lower expression
level in WAG/Rij rats compared to non-epileptic strains. In
contrast, Glu receptor expression was found to be even higher
in TLE patients than in non-epileptic control (Mathern et al.,
1997). Therefore, Glu and D-serine release results in significantly
higher excitatory drive in TLE than in absence epilepsy that
have the potential to counteract the anti-epileptic action of
Glu and K+ clearance.

Moreover, the differential effect of gap junction inhibitors
on epileptiform activity may also be attributed to regional
differences in connexin composition. The primary brain region
affected by TLE is the hippocampus, while absence epilepsy
is mostly attributed to the thalamo-cortical network. While
hippocampal astrocytes are dominated by the Cx43 isoform,
the major connexin in thalamic astrocytes is Cx30 and many
thalamic astrocytes do not even express Cx43 (Griemsmann
et al., 2015). Cx43 expression have been reported to increase
after seizures by several groups (Samoilova et al., 2003;
Mylvaganam et al., 2010). In contrast, Cx30 mRNA is even
downregulated during generalized seizures (Akbarpour et al.,
2012). Consequently, connexin channel-mediated pathways may
produce stronger pro-epileptic responses in TLE than in
absence epilepsy.

Overall, our findings suggest that astrocytic and/or neuronal
gap junctions have a different role in the modulation of
absence epileptic activity compared to TLE. Further studies
are needed to reveal the specific action mechanisms linked to
astrocytic and/or neuronal gap junctions on different types of
epileptic activities.
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