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ARTICLE INFO ABSTRACT

Keywords: The antiepileptic sodium channel blocker, carbamazepine, has long been known to be able to attenuate cAMP
Epilepsy signals. This could be of clinical importance since cAMP signaling has been shown to be involved in epilepto-
CAMP genesis and seizures. However, no information on the ability to affect cAMP signaling is available for the mar-
AC8 s . . . . o .

Carbamazepine keted structural derivatives, oxcarbazepine and eslicarbazepine acetate or their dominating metabolite,
Oxcarbazepine licarbazepine. Thus, we employed a HEK293 cell line stably expressing a cAMP biosensor to assess the effect of
Eslicarbazepine these two drugs on cAMP accumulation. We find that oxcarbazepine does not affect cAMP accumulation whereas

eslicarbazepine acetate, surprisingly, is able to enhance cAMP accumulation. Since the transcription of ADCY8
(adenylyl cyclase isoform 8; AC8) has been found to be elevated in epileptic tissue from patients, we subse-
quently expressed AC8 in the HEK293 cells. In the AC8-expressing cells, oxcarbazepine was now able to attenuate
whereas eslicarbazepine maintained its ability to increase cAMP accumulation. However, at all concentrations
tested, licarbazepine demonstrated no effect on cAMP accumulation. Thus, we conclude that the effects exerted
by carbamazepine and its derivatives on cAMP accumulation do not correlate with their clinical efficacy in
epilepsy. However, this does not disqualify cAMP signaling per se as a potential disease-modifying drug target for
epilepsy since more potent and selective inhibitors may be of therapeutic value.

1. Introduction

The classic antiepileptic drug (AED) carbamazepine (CBZ) has mul-
tiple mechanisms-of-action but the one thought to be relevant for its
therapeutic effect in epilepsy is stabilization/inhibition of voltage-gated
sodium channels (Ambrosio et al., 2002). In addition to epilepsy, CBZ
has also proven valuable in the treatment of neuropathic pain and af-
fective disorders (Spina and Perugi, 2004). Interestingly, we have
known for decades that CBZ (and other AEDs) is able to affect cAMP
signaling in cells and brain tissue (e.g. Chen et al., 1996; Ferrendelli and
Kinscherf, 1979; Mann et al., 2009; Palmer et al., 1979) and that cAMP
signaling likely plays a somewhat complex role in both epileptogenesis
and propagation of seizures (review, Mertz et al., 2020). However, the
potential therapeutic role of this mechanism-of-action of CBZ has not
been fully established nor has any AEDs specifically targeting the cAMP
signaling system been developed. Substantiating the potential role of
cAMP in epilepsy, we recently found a number of genes related to the
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cAMP signaling system to be differentially transcribed in the hippo-
campus of patients suffering from drug-resistant mesial temporal lobe
epilepsy (Guelfi et al., 2019; Kjaer et al., 2019). The etiology related to
this observation remains to be established; however, this and other ev-
idence (as reviewed recently by Mertz et al., 2020) strongly suggests a
role of cAMP signaling in epilepsy yet to be exploited for drug discovery.

One key step towards evaluating cAMP signaling as a novel drug
target is to perform back-translational studies to map the existing AEDs’
effect on the cAMP signaling system and the potential contribution of
this to the therapeutic effects. To begin to address this, we here test the
ability of CBZ and its structural derivatives oxcarbazepine (OXC) or
eslicarbazepine acetate (ESL), as well as the dominating active metab-
olite of OXC and ESL, (R)- and (S)-licarbazepine (LIC), to attenuate
cAMP accumulation in a cell-based model system (chemical structures
are shown in Fig. 1). OXC and ESL were developed with the purpose of
obtaining a more preferable adverse effect profile as compared to CBZ
while retaining the desired therapeutic effects (Ambrosio et al., 2002).
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Further, we specifically evaluate the ability of CBZ, OXC, ESL or LIC to
affect cAMP accumulation driven by the enzyme adenylyl cyclase iso-
form 8 (AC8). We previously found that this AC isoform was the only one
of the nine isoforms of plasmamembrane-bound ACs whose transcrip-
tion was up-regulated in the hippocampus of patients with
drug-resistant mesial temporal lobe epilepsy (Kjaer et al., 2019) sug-
gesting that AC8 could be at least partly responsible for increased cAMP
signaling in epileptogenesis and/or for driving seizures. Finally, we
discuss the complex pharmacology of the drugs in relation to their
molecular structures and putative targets within the cAMP signaling
system.

2. Materials and methods
2.1. Materials

Carbamazepine (CBZ; cat. no.. C4024), oxcarbazepine (OXC;
03764), eslicarbazepine acetate (ESL; B5435), 3-isobutyl-1-methylxan-
thine (IBMX; I5879), mouse anti-vinculin antibody (V9131), mouse
anti-FLAG antibody (F1804), Ponceau-S solution (P7170) and penicillin-
streptomycin (P4333) were purchased from Sigma Aldrich (St. Louis,
MO, USA). Fetal bovine serum was purchased from Invitrogen A/S
(Taastrup, Denmark). Zeocin selective antibiotic (ant-zn-1) was pur-
chased from Invivogen (San Diego, CA, USA). Amersham ECL Prime
Western Blotting Detection Reagent (RPN2232) was purchased from GE
Healthcare Life Sciences (Chicago, IL, USA). Licarbazepine (LIC; racemic
mixture; ab145867), 10X RIPA lysis buffer (ab156034) and rabbit anti-
ADCY8 antibody (AB38336) were purchased from Abcam (Cambridge,
United Kingdom). Mouse anti-CREB antibody (sc-377154) and mouse
anti-p-CREB antibody (sc-81486) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Polyclonal secondary horseradish
peroxidase (HRP)-conjugated goat anti-mouse antibody (P0447) and
swine anti-rabbit antibody (P0217) were obtained from Agilent, former
Dako (Glostrup, Denmark). Thapsigargin (1138), forskolin (FSK; 1099)
and isoprenaline (ISO; 1747) were purchased from Tocris (Bristol,
United Kingdom). Nunc™ F96 MicroWell™ Black Polystyrene plate
(137101), Lipofectamine™ 2000 Transfection Reagent (11668-019),
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Halt Protease/Phosphatase Inhibitor Cocktail 100x (78442), Micro BCA
Protein Assay Kit (23235), 4x NuPAGE MOPS LDS sample buffer (NP
0007), NuPAGE running buffer (NP 0001), NuPAGE antioxidant (NP
0005), NuPAGE transfer buffer (NP 0006), MagicMark™ XP Western
Protein Standard (LC 5602), NuPAGE® 4-12% Bis-Tris gel (NP 0322)
Pierce™ ECL Western Blotting Substrate (32209) and SuperSignal™
West Femto Maximum Sensitivity Substrate (34095) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Precision Plus
Protein™ Dual Color standards (1610374) was purchased from Bio-Rad
(Hercules, CA, USA). All other chemicals were used of appropriate purity
from commercial sources.

2.2. Cell culturing

HEK293 cells stably expressing the Forster resonance energy transfer
(FRET)-based cAMP biosensor, Epacl149 (hereafter simply designated
HEK293 cells), a kind gift from Dr. Jesper M. Mathiesen (University of
Copenhagen, Denmark, and Zealand Pharma, Glostrup, Denmark), were
utilized for all experiments. HEK293 cells were maintained in DMEM
supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin
and 2 mM L-glutamine at 37 °C with 5% CO2/95% air, later referred to
as culture medium. 60 pg/ml Zeocin was employed for selection and
maintenance of the HEK293 cells, and the cultures were employed for
experiments at approximately 80-90% confluency and between 2 and
23 passages from the batch obtained from Dr. Mathiesen.

2.3. Transient expression of AC8

HEK293 cells were transfected at ~80-90% confluency using a lipid-
based transfection method. A FLAG-tagged rat AC8 pcDNA3.0 construct,
a kind gift from Dr. Michelle Halls (Monash Institute of Pharmaceutical
Sciences, Monash University, Melbourne, Australia), was transfected
into HEK293 cells with a DNA (pg):Lipofectamine® 2000 Reagent (ul)
ratio of 1:6. Transfection took place for 6 h before transfection medium
was replaced with culture medium and the transfected cells were
employed for experiments 36-48 h post-transfection. Successful trans-
fection was verified by western blotting utilizing mouse anti-FLAG
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Fig. 1. Chemical structures of carbamaze-
pine (CBZ) and its structural derivatives,
oxcarbazepine (OXC) or eslicarbazepine ac-
etate (ESL). OXC is reversibly converted into
(R)-licarbazepine and  (S)-licarbazepine
while ESL is only converted into (S)-licar-
bazepine; however, a small amount un-
dergoes chiral inversion to (R)-licarbazepine
through oxidation to OXC. Therapeutic
range (TR) is expressed as concentration in
plasma for CBZ or (S)-licarbazepine only
since no data were available for the other
compounds due to extensive metabolism.
Differences between the molecular struc-
tures are highlighted in blue. See text for
details and references.
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antibodies. FLAG-AC8 transfected cells will later be referred to as AC8-
HEK293 cells.

2.4. Real-time plate-based cAMP assay

To investigate the effects of CBZ, OXC, ESL or LIC on accumulation of
cAMP in HEK293 cells, three different protocols were applied. Following
a 10-min preincubation with the drug under investigation, synthesis of
cAMP was stimulated for 30 min with either ISO, FSK or, for AC8-
HEK293 cells, by inducing store-operated Ca®* entry (SOCE) as elabo-
rated below. The accumulation of cAMP was monitored employing a
fluorescence-based assay in a 96-well plate reader-format at 37 °C.
Accumulation of cAMP was calculated as the area under the curve
during the 30-min period and expressed as FRET ratio x min for statis-
tical analysis.

2.5. FSK/ISO-mediated cAMP accumulation

Black 96-well plates with a clear, flat bottom were prepared with
CBZ, OXC, ESL or LIC diluted in HBS buffer (1 mM MgCl,, 4 mM KCl, 20
mM HEPES, 11 mM glucose, 140 mM NaCl, 1 mM CaCl,, pH 7.4) to
reach final concentrations of 1, 10 or 100 pM. FSK or ISO were also
diluted in HBS buffer to reach final concentrations of 5 or 0.1 uM,
respectively. HEK293 cells resuspended in HBS buffer were added to the
plate and incubated with the drug under investigation for 10 min prior
to addition of FSK or ISO to induce cAMP accumulation.

2.6. Ca®"-mediated cAMP accumulation

Black 96-well plates with a clear, flat bottom were prepared with
CBZ, OXC, ESL or LIC diluted in Ca®*-free HBS buffer supplemented with
0.1 mM EGTA to reach final drug concentrations of 1, 10 or 100 pM.
CaCl, were diluted in Ca?"-free HBS buffer and thapsigargin were
diluted in Ca2*-free HBS buffer +0.1 mM EGTA to reach final concen-
trations 1.8 mM and 1 pM, respectively. Approximately 20 min before
AC8-HEK293 cells were employed for experiments, the culture medium
was replaced with Ca®*-free HBS buffer +0.1 mM EGTA to remove
extracellular unbound Ca?*. AC8-HEK293 cells resuspended in Ca®*-
free HBS buffer +0.1 mM EGTA were added to the plate and incubated
with the drug under investigation for 4 min prior to addition of thap-
sigargin for 6 min to deplete endoplasmic reticulum Ca?* stores. After a
total of 10 min of incubation with the drug under investigation, Ca®*
(final concentration; f.c. 1.8 mM) were added to the wells to induce
SOCE and thus cAMP accumulation catalyzed by AC8.

2.7. FRET-based cAMP measurement

Immediately after addition of ISO/FSK/! Ca2*, the plates were placed
in a SpectraMax i3x microplate reader (Molecular Devices, CA, USA) to
measure real-time changes in cAMP dynamics expressed as changes in
fluorescence intensity (settings: 37 °C; fluorescence readings every 2
min for 30 min; excitation for mCer was set at 430 nm; emission for
mCer and mCit were read at 470 nm and 535 nm, respectively). Fluo-
rescence intensity at 470 nm increases while fluorescence intensity at
535 nm decreases with increasing levels of cAMP. Thus, the FRET ratio
decreases upon cAMP accumulation; however, to obtain traces which
reflect the direction of change in cellular cAMP levels, the inverted FRET
ratio was calculated by dividing fluorescence intensity at 470 nm with
fluorescence intensity at 535 nm. To exclude data points caused by
technical variation, FRET ratios below 0.85 and above 1.45 were
excluded from the data analysis (based on baseline and maximum FRET
ratios, respectively).
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2.8. Validation of transient transfection of AC8 in HEK293 cells
employing western blotting

36-48 h after transfection, the cells were briefly washed with PBS
before being detached with 1 mM EDTA. Following centrifugation (200
g x 5 min), the pellet was resuspended in TNE lysis buffer (10 mM Tris,
150 mM NaCl, 1 mM EDTA, 5% Triton X-100, pH 8) with HALT prote-
ase/phosphatase inhibitor and the cells were lysed by repeatedly passing
the cell suspension through a 23-gauge needle. The cell lysate was
centrifuged at 20,000 g x 30 min x 4 °C, and the supernatant was
transferred to a new tube and kept on ice for 30 min. The amount of
protein was determined using a Micro BCA Protein Assay Kit according
to the manufacturer’s instructions. Samples were treated with NuPAGE
MOPS LDS sample buffer and 50 mM dithiothreitol, vortexed and briefly
spun down. Extracted proteins were separated on a NUPAGE® 4-12%
Bis-Tris gel in a XCellSureLock™ mini-electrophoresis system (200 V,
80 min; Thermo Scientific, Waltham, MA, USA) in NuPAGE running
buffer containing 1% antioxidant. The separated proteins were visual-
ized using Ponceau-S staining prior to being transferred onto a 0.45 pm
polyvinylidene difluoride (PVDF) membrane (30 V, 150 min) in
NuPAGE transfer buffer containing 10% methanol and 0.1% NuPAGE
antioxidant. To prevent non-specific binding of antibodies, the PVDF
membrane was blocked at 4 °C overnight in 2% nonfat dried milk
powder in a buffer containing 50 mM Tris, 100 mM NacCl, 2% Tween-20,
pH 7.2. Subsequently, the membrane was incubated with monoclonal
mouse anti-FLAG antibody (1:2000) at 4 °C overnight. The following
day the membranes were incubated at room temperature for 90 min
with polyclonal goat anti-mouse antibodies (1:2000) conjugated to
horseradish peroxidase. The protein bands were visualized with Amer-
sham ECL reagent according to the manufacture’s instructions and
detected on a Syngene Pxi camera (Biocon, Bangalore, India).

2.9. Assessment of CREB phosphorylation by western blotting

HEK293 cells were treated with 100 pM CBZ for 10 min followed by
incubation with FSK (f.c. 5 pM) for 30 min to assay for drug effects on
phosphorylation of the endogenous transcription factor CREB. The
treatments were terminated by removal of incubation buffer and
HEK293 cells were lysed by addition of 100 pl ice cold 1x RIPA buffer.
Cell lysates were boiled for 5 min at 95 °C, briefly sonicated and spun
down at 12,500 g x 15 min x 4 °C. The amount of protein was deter-
mined using a Micro BCA Protein Assay Kit according to the manufac-
turer’s instructions. Samples containing approximately 7.5 pg protein
were treated with NuPAGE MOPS LDS sample buffer and 50 mM
dithiothreitol and boiled at 95 °C for 10 min to denature and reduce
proteins. The separation, transfer and blocking were performed as
described above with slight alterations in running time (60 min) and
transfer time (120 min). Subsequently, the membrane was cut at 75 kDa
and the lower part was incubated with monoclonal mouse anti-CREB
antibodies (1:500) or mouse anti-p-CREB antibodies (1:1000), while
the upper part was incubated with monoclonal mouse anti-vinculin
antibody (1:1000) at 4 °C overnight prior to being incubated at room
temperature for 90 min with polyclonal goat anti-mouse (1:1000) an-
tibodies conjugated to HRP. The protein bands were visualized with
West femto (CREB and P-CREB) or Pierce ECL reagent (Vinculin) ac-
cording to manufactures’ instructions and detected on a Syngene Pxi
camera. Band intensity was quantified using ImageJ (RRID:
SCR_003070). The quantified bands of interest were normalized to the
respective vinculin band. The data are presented as the ratio between
phosphorylated protein and total protein, and each n represents indi-
vidual experiments performed on individual batches of cells. Linearity
between loaded cell lysate (in the range 4-12 pg protein) and band in-
tensity was verified for vinculin, CREB and phosphorylated CREB (data
not shown). Furthermore, vinculin was compared to total protein
staining by Ponceau-S which revealed that the treatment had no effect
on the expression of vinculin (data not shown).
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2.10. Data analysis

Statistical significance was assessed by repeated measures ANOVA
with Dunnett’s multiple comparisons post-test (for the FRET-based
cAMP measurements) or by repeated measures ANOVA with Tukey’s
multiple comparisons post-test (for the CREB phosphorylation quanti-
fication). P<0.05 is considered to be statistically significant. Details on
the ANOVA including P-values and degrees of freedom for the cAMP
accumulation experiments are given in supplementary Table T1. In all
cAMP accumulation experiments performed, the degrees of freedom for
the Dunnett’s multiple comparisons post-test are 4 and for the statistical
analysis of the western blots presented in Fig. 3, the degrees of freedom
for the Tukey’s multiple comparisons test are 3. For all data derived from
the HEK293 cell line, n indicates the number of biological replicates
defined as an independent experiment performed on a separate day with
freshly made solutions, reagents and drugs in accordance with Lazic
et al. (2018). Data were analysed and presented using Microsoft Excel
(RRID:SCR_016137) and GraphPad Prism v.8 software (RRID:
SCR_002798).

3. Results

To investigate the effects of the drugs under investigation on cAMP
accumulation, a HEK293 cell line stably expressing a FRET-based cAMP
biosensor was employed as model system (Vedel et al., 2015). Native
HEK293 cells express the necessary components for studying cAMP
accumulation and has previously been employed for this purpose (Uhlén
et al., 2015; Vedel et al., 2015). Furthermore, the genotypic and

European Journal of Pharmacology 886 (2020) 173413

phenotypic profiles of HEK293 cells are heterogenous and not consistent
with their supposed nephrological origin; in fact, they express several
proteins normally associated with neurons and may thus be considered a
reasonable pseudo-CNS model system (Shaw et al., 2002; Supplemen-
tary Fig. S1). Following a 10-min preincubation with either one of the
four compounds, accumulation of cAMP was induced by addition of
forskolin (FSK; direct activator of AC catalytic activity; 5 pM) or
isoprenaline (ISO; unselective p receptor agonist; 0.1 pM) and the
accumulation of cAMP was monitored for 30 min and quantified as the
area under the curve (FRET ratio x min; see the Materials and methods
section and Fig. 2A,B). The effect on cAMP accumulation of the four
compounds were all tested at three different concentrations, 1, 10, or
100 pM. We decided on these concentrations based on previous studies
investigating the effects of CBZ on cAMP accumulation in similar in vitro
systems (Chen et al., 1996; Ferrendelli and Kinscherf, 1979; Mann et al.,
2009) and on the clinically relevant plasma levels of CBZ (17-76 uM;
calculated from Arroyo and Sander, 1999). FSK was employed to pro-
duce a global cellular rise in cAMP by activating the ACs present
whereas ISO was employed to produce G-protein-coupled
receptor-linked cAMP accumulation (Ellisdon and Halls, 2016; Halls,
2018). We based the employed concentrations of FSK or ISO on previous
work in similar cell-based systems (Mathiesen et al., 2013; Miiller et al.,
2014) and subsequently adjusted to concentrations which did not
saturate the biosensor while still producing a potent cAMP signal. The
representative response kinetics of the two different AC-activation
protocols are shown in Fig. 2B and the traces represent basal levels of
cAMP in HEK293 cells or cells treated with either 20 pM FSK +100 pM
3-isobutyl-1-methylxanthine (IBMX; reflects saturation of the biosensor,

A
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Fig. 2. Induction of cAMP accumulation in HEK293 cells. A The 96-well plates were prepared with the drugs under investigation prior to addition of cells. Reading of
the plate was initiated upon addition of forskolin (FSK; activates adenylyl cyclases) or isoprenaline (ISO; B receptor agonist) following 10 min of preincubation and
the plate was read for 30 min with 2 min intervals. B In principle, the FRET ratio decreases upon increasing cAMP levels. However, to display a trace that reflects the
direction of changes in cAMP levels, the inverted FRET ratio was calculated and depicted instead (Mathiesen et al., 2013; Vedel et al., 2015). See the Materials and
methods section for further details. Baseline cAMP levels are shown along with the maximal (MAX) cAMP response induced with a cocktail of 20 pM FSK plus 100 pM
3-isobutyl-1-methylxanthine (IBMX; blocks phosphodiesterases) reflecting saturation of the biosensor. cCAMP responses mediated by 5 pM FSK or 0.1 pM ISO are
shown in blue and green, respectively. The data are presented as means + S.D. of a representative experiment with 12 technical replicates.
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Fig. 3. Carbamazepine (CBZ) attenuates cAMP accumulation in HEK293 cells. The cells were pre-treated with 1 pM, 10 pM or 100 uM CBZ and then stimulated with
either 0.1 pM isoprenaline (ISO; panel A) or 5 pM forskolin (FSK; panel B) for 30 min. See the text, the Materials and methods section and Fig. 2 for further
experimental details. 100 pM CBZ significantly (P<0.05) attenuated both ISO- and FSK-mediated cAMP accumulation. Data are presented as comparisons of non-
treated and CBZ-treated cells (n = 5 with each data point representing the average of 6-12 technical replicates). Means are shown as red dotted lines and data
were analysed employing repeated measures ANOVA with Dunnett’s multiple comparisons post-test. C Under identical assay conditions, western blot analysis
revealed that FSK treatment significantly increased phosphorylation of CREB (P<0.05) while CBZ (100 pM) had no effect on this. Data are presented as the ratio
between CREB-P and CREB after the band intensities were normalized to the respective vinculin bands (loading control; n = 4). Means are shown as red lines and data
were analysed employing repeated measures ANOVA with Tukey’s multiple comparisons post-test.

MAX), 0.1 uM ISO or 5 pM FSK, respectively. The two latter both pro-
duced a level of cAMP accumulation showing no saturation of the
biosensor meaning that we would be able to detect both increases and
decreases in cAMP accumulation as a consequence of the presence of the
four drugs under investigation. All data presented below are analysed
and presented according to good practices for analyzing and presenting
pharmacological data and western blots (Fosang and Colbran, 2015;
Lew, 2007; Weissgerber et al., 2017).

3.1. CBZ inhibits cAMP accumulation in HEK293 cells confirming the
validity of the assay

It has previously been demonstrated that CBZ is able to attenuate
cAMP accumulation (e.g. Chen et al., 1996; Mann et al., 2009). To test if
we could reproduce these findings in our HEK293 model system, the
cells were pretreated for 10 min with three different concentrations of
CBZ (1, 10 or 100 pM) and then treated for 30 min with either 5 pM FSK
or 0.1 pM ISO to induce cAMP accumulation (as explained above and in
the Materials and methods section). 100 pM CBZ (FSK, P = 0.0182; ISO
P = 0.0001), but not 1 (FSK, P = 0.9416; ISO, P = 0.3362) or 10 yM
(FSK, P = 0.1969; ISO P = 0.2418), significantly attenuated both ISO-
and FSK-mediated cAMP accumulation (Fig. 3A,B). Thus, we were able
to confirm that CBZ attenuates cAMP accumulation showing that our
assay is able to report changes in cAMP accumulation as shown with
orthogonal methods in other studies. To test if downstream

cAMP-mediated events are activated in the HEK293 cells by the level of
cAMP accumulation induced, we investigated the ability of FSK to
stimulate phosphorylation of the transcription factor cAMP response
element-binding protein (CREB; Mertz et al., 2020). We employed a
protocol similar to the one employed for the cAMP accumulation assay
and probed the phosphorylation ratio of CREB by western blotting. We
find that FSK significantly increases the phosphorylation ratio of CREB
(P = 0.0323; Fig. 3C). However, the additional presence of CBZ (100
pM) does not attenuate the FSK-induced phosphorylation of CREB (P =
0.9795) under the conditions investigated suggesting that CBZ does not
attenuate the cAMP signal sufficiently to affect downstream CREB
signaling (Fig. 3C). Thus, the cAMP assay conditions employed here are
able to reproduce earlier findings meaning that we may employ the
assay to investigate the effects of the structural derivatives of CBZ on
cAMP accumulation. However, any downstream effects on CREB phos-
phorylation may not be detected in this model system and was thus not
further explored.

3.2. OXC, ESL and LIC show distinct effects on cAMP accumulation in
HEK293 cells

Despite the fact that we have known about CBZ’s effect on cAMP
signals for decades, the potential of the newer structural derivatives,
OXC or ESL, to affect cAMP accumulation have not been investigated.
We therefore questioned, based on the similar structures, whether OXC,



S. Krarup et al.

ESL or their common metabolite, LIC, would exert similar effects as CBZ
or if the hydrophilic substitution on the heterocyclic ring would disrupt
a potential hydrophobic interaction with the ACs (see Fig. 1). Employing
a similar experimental setup as above, we saw no significant effects of
OXConISO- (1 pM, P =0.5370; 10 pM, P = 0.3273; 100 pM, P = 0.2435)
or FSK-mediated (1 pM, P = 0.4592; 10 pM, P = 0.4757; 100 pM, P =
0.0504) cAMP accumulation at any concentration (Fig. 4A). Surpris-
ingly, and in contrast to CBZ, 100 pM ESL (P = 0.0075) significantly
enhanced ISO-mediated cAMP accumulation while 1 (P = 0.9128) and
10 pM (P = 0.4047) had no effect (Fig. 4B). ESL also significantly
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enhanced FSK-mediated cAMP accumulation; however, in a reversed or
U-shaped concentration-response relationship with 1 (P = 0.0092) and
10 pM (P = 0.0132) significantly enhancing cAMP accumulation
whereas 100 pM (P = 0.8047) exhibited no significant effects (Fig. 4B).
Finally, the active metabolite LIC displayed no significant effects on
neither ISO- (1 pM, P =0.7101; 10 uM, P = 0.9848; 100 uM, P = 0.8314)
nor FSK-mediated (1 pM, P = 0.4879; 10 pM, P = 0.5786; 100 pM, P =
0.8178) cAMP accumulation (Fig. 4C) despite the structural resem-
blance to both CBZ, OXC and ESL. Thus, the structural derivatives of CBZ
show diverse effects on cAMP accumulation in HEK293 cells with ESL
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Fig. 4. Oxcarbacepine (OXC), eslicarbazepine acetate (ESL) or licarbazepine (LIC) show distinct effects on cAMP accumulation in HEK293 cells. The cells were pre-
treated with 1 pM, 10 uM or 100 pM OXC (A), ESL (B) or LIC (C), respectively, and then stimulated with either 0.1 uM isoprenaline (ISO) or 5 uM forskolin (FSK) for
30 min. See the text, the Materials and methods section and Fig. 2 for further experimental details. OXC showed no significant effects on ISO-mediated cAMP
accumulation whereas 100 pM OXC exhibited a trend (P<0.075) towards attenuating FSK-mediated cAMP accumulation. 100 pM ESL significantly (P<0.05)
increased ISO-mediated cAMP accumulation. When stimulating cAMP accumulation with FSK, 1 pM and 10 pM ESL significantly increased cAMP accumulation
whereas 100 pM had no significant effect. The active metabolite LIC demonstrated no effects on neither ISO- nor FSK-mediated cAMP accumulation. Data are
presented as comparisons of non-treated and drug-treated cells (n = 5 with each data point representing the average of 6-12 technical replicates). Means are shown
as red dotted lines and data were analysed employing repeated measures ANOVA with Dunnett’s multiple comparisons post-test.
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showing not only a surprising increase in cAMP accumulation but also a
complex dose-response relationship. It is important to note that OXC and
ESL are metabolized rapidly to LIC (Almeida and Soares-da-Silva, 2007;
Ambrésio et al., 2002; Bialer and White, 2010; May et al., 2003) leaving
circulating amounts of OXC and ESL low at steady-state.

3.3. CBZ, OXC, ESL or LIC show distinct effects on cAMP accumulation
in AC8-expressing HEK293 cells

In a previous study, we found that transcription of AC isoform 8
(AC8; ADCY8), as the only one of the nine plasmamembrane-bound AC
isoforms, was upregulated in brain tissue from patients suffering from
drug-resistant mesial temporal lobe epilepsy suggesting that this isoform
could play a role in cAMP-driven epileptogenesis and/or propagation of
seizures (Guelfi et al., 2019; Kjaer et al., 2019). Thus, we next decided to
investigate if CBZ, OXC, ESL or LIC affects AC8-driven cAMP accumu-
lation, specifically. We did not determine the exact endogenous
expression of AC isoforms in the native HEK293 cell line; however, ac-
cording to the literature, HEK293 cells express no endogenous AC8
(Uhlén et al., 2015; Supplementary Fig. S1). AC8, along with AC1 (low
expression in HEK293 cells; Uhlén et al., 2015) are the only two isoforms
of AC that are activated by Ca2?"/calmodulin (CaM) and responding
selectively to Ca®* entering via plasmamembrane channels such as that
occurring during store-operated Ca2" entry (SOCE), a process that
operates to replenish the endoplasmic reticulum of Ca®* via activation of
Orail or/and TRP channels (Halls and Cooper, 2011). To investigate the
effects of the four drugs on Ca®"-driven, AC8-mediated cAMP accumu-
lation, we transiently expressed a FLAG-tagged AC8 in the HEK293 cells
using a conventional lipid-based transfection method (hereafter
AC8-HEK293 cells). To activate AC8, we employed a protocol to induce
SOCE that we have used previously in a different setting (Miiller et al.,
2014) briefly consisting of exposing the cells to thapsigargin (blocks
reuptake of Ca" into the endoplasmic reticulum; 1 pM; 6 min) in the
absence of extracellular Ca2+; when Ca®* (f.c. 1.8 mM) is re-introduced
in the buffer solution, SOCE is activated (see the Materials and methods
section for details and Fig. 5A). This protocol induced accumulation of
cAMP in AC8-HEK293 cells but not in the parent HEK293 cells, sug-
gesting no endogenous AC8 (or AC1) expression in the parent cells
(Fig. 5B). We further confirmed AC8-expression by western blotting
(Fig. 5C). FLAG-AC8 was visualized as several diffuse bands; the bands
~120 kDa were slightly lower than the expected molecular weight of
140 kDa of AC8. The bands at ~140 kDa are presumably a glycosylated
form of AC8, while the bands above 220 kDa suggest a dimeric form of
AC8 - both in the non-glycosylated and glycosylated form. Previous
studies have shown that dimeric forms of AC8 can persist during gel
electrophoresis (Pagano et al., 2009). Dimeric/oligomeric forms of AC8
might be a consequence of overexpression of AC8; yet, studies have
shown that dimeric forms of AC8 are also observed in an endogenous
setting (Gu et al., 2002; Pagano et al., 2009). Dimeric/oligomeric forms
of AC8 should in principle not be detected since the protein samples
were both reduced and denatured before loading onto the gel. However,
to limit aggregation of the hydrophobic AC8 molecules, the protein
samples were not boiled before loading onto the gel which could mean
that complete reduction and denaturing were hampered. As expected,
no FLAG signal was detected in the negative control. As before, the
AC8-HEK293 cells were pretreated for 10 min with three different
concentrations of either CBZ, OXC, ESL or LIC (1, 10 or 100 pM). Similar
to what was observed in the parent HEK293 cells 1 (P = 0.9999) and 10
pM CBZ (P = 0.9454) showed no effect on cAMP accumulation while it
was lowered by 100 pM (P = 0.0166; Fig. 6A). In contrast to what was
observed in the parent HEK cells OXC 1 (P = 0.0212) and 10 pM (P =
0.0423) were able to attenuate cAMP accumulation mediated by AC8
while 100 pM (P = 0.2375) had no effect (Fig. 6B). ESL at 10 (P =
0.0271) and 100 pM (P = 0.0164) increased cAMP accumulation while
1 pM (P = 0.1760) had no effect (Fig. 6C). LIC showed no effect on AC8
mediated cAMP accumulation (1 pM, P = 0.9739; 10 pM, P = 0.9999;
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100 pM, P = 0.7024). In general, the data show the same overall trend as
in the parent HEK293 cells with one significant difference; OXC is able to
attenuate cAMP accumulation mediated by AC8 at 1 and 10 pM but not
at 100 pM (Fig. 6B). This finding is in contrast to activation by FSK/ISO
in the parent HEK293 cells where only a near-significant attenuation is
seen for the FSK-induced signal at 100 pM OXC (Fig. 4A). This shift in
sensitivity between the parent HEK293 cells and AC8-HEK293 cells to
the action of OXC suggests that OXC, like ESL, show a complex phar-
macological profile with regards to AC8 possibly exhibiting a U-shaped
dose-response relationship.

4. Discussion

The underlying molecular mechanism of epileptogenesis is poorly
understood but is believed to be a process progressing over several years
providing a wide window for antiepileptogenic intervention (Devinsky
et al.,, 2018) and both short-term effects (phosphorylation of proteins
implicated in immediate neuronal excitability) and long-term effects
(altered gene expression profiles) of cAMP signaling have been sug-
gested to be involved (review, Mertz et al., 2020).

4.1. No correlation between clinical efficacy and effects on cAMP
accumulation

Increased cAMP levels are associated with enhanced epileptiform
activity (Higashima et al., 2002; Zhang et al., 2017). Thus, the ability of
CBZ or OXC to inhibit cAMP accumulation, for the latter the potential
pathologically relevant AC8-mediated signals (Mertz et al., 2020), could
theoretically bring about alterations in both immediate and long-term
neuronal excitability (Vazquez-Lopez et al., 2005; Zhu et al., 2015,
2012). Yet, OXC and ESL display similar clinical efficacies in the treat-
ment of epilepsy (Almeida and Soares-da-Silva, 2007; Ambrésio et al.,
2002; May et al., 2003). One possible explanation for this is that at
steady-state, OXC or ESL predominantly exist in the circulation as the
common active metabolite, LIC, which showed no effects on cAMP
accumulation. First-pass metabolism of OXC or ESL to LIC is extensive
(Bialer and White, 2010) and the therapeutic range for LIC corresponds
to total plasma concentrations (not considering the significant protein
binding) ranging from 8 to 220 pM (Arroyo and Sander, 1999; Bring and
Ensom, 2008). For CBZ, the attenuation of cAMP accumulation is only
reached at 100 pM which is above the therapeutic range for CBZ,
determined to be at total plasma concentrations ranging from 17 to 76
MM (Arroyo and Sander, 1999; Bring and Ensom, 2008).

In summary, three observations presented here suggest that there is
no simple or direct correlation between the drugs’ effect on cAMP
signaling and their clinical efficacy in epilepsy: i) The three parent
drugs, CBZ, OXC or ESL, have distinct effects in terms of the direction in
which they manipulate cAMP accumulation; ii) LIC, the dominating
active metabolite of OXC and ESL, have no effect on cAMP accumula-
tion; iii) CBZ only works at concentrations outside the clinically relevant
range.

This conclusion, however, does not discredit cAMP signaling per se as
a putative disease-modifying drug target in epilepsy. Drugs with
improved affinity for proteins of the cAMP signaling pathways and/or
targeting specific cAMP signals such as that generated by AC8, might
prove to be able to modify relevant downstream events (Mertz et al.,
2020). Interestingly, D’antuono et al. (2010) found that in rat hippo-
campal slices where epileptiform activity was induced with the
non-selective voltage-dependent potassium channel blocker 4-AP, 50
uM CBZ inhibited ictal-like events but had no effect on the interictal-like
discharges. However, when the concentration was raised to 200 pM, a
level where effects on cAMP signaling are likely to occur (cf. our data),
the frequency of the interictal-like discharges was decreased (D’ Antuono
et al., 2010). Thus, it is tempting to speculate that this change in fre-
quency could be due to the effects on cAMP signaling and not effects
related to voltage-gated sodium channels.
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Finally, both CBZ and OXC have been shown effective in the treat-
ment of affective disorders (Spina and Perugi, 2004) raising the possi-
bility that the attenuation of cAMP accumulation could contribute to the
therapeutic effects in the treatment of these conditions. Another possi-
bility, of course, is that the effects on cAMP signaling contribute to the
adverse rather than the therapeutic effects.

4.2. The effects of CBZ or OXC are probably mediated via direct
interaction with ACs whereas ESL might act through interaction with PDEs

Despite the non-existent correlation to the clinical efficacy in epi-
lepsy, it is of interest to learn the exact molecular mechanism by which
the drugs under investigation here exert their effects on cAMP accu-
mulation since this could be important for developing cAMP-directed
therapeutics. We did not address this experimentally but several
studies have investigated the mechanism-of-action for the inhibitory
effect of CBZ on cAMP accumulation which might serve as a template for
explaining the effects of OXC and ESL.

For CBZ, the effect appears to be at the level of cAMP production, not
degradation, since attenuation of cAMP accumulation have been
demonstrated in the presence of the non-selective phosphodiesterase
(PDE)-inhibitor IBMX (Chen et al., 1996; Mann et al., 2009). AC activity
is regulated in multiple ways with regulation by G protein-coupled re-
ceptors (GPCRs) being the best known. Thus, either inhibition of Gog- or
activation of Gaj-coupled receptors could be one mechanism-of-action
by which CBZ attenuates cAMP accumulation. Indeed, CBZ has been
suggested to interact with the G protein-coupled adenosine receptors
(Ambrosio et al., 2002; Fujiwara et al., 1986). From our study, an effect
on adenosine receptors cannot be ruled out since HEK293 cells express

mRNA for adenosine receptors (Uhlén et al., 2015). However, a study by
Chen et al. showed that uncoupling of the Gaj-proteins from the re-
ceptors and thus inactivation of Ga-mediated signaling, had no effect on
the inhibitory properties of CBZ on cAMP accumulation in C6 glioma
cells (Chen et al., 1996). This suggests that the inhibitory effect of CBZ is
independent of adenosine receptors or any other Goj-coupled receptor.
Furthermore, to attenuate cAMP production via inhibition of
Gag-coupled adenosine receptors, CBZ must be an antagonist/partial
agonist. Since an antagonist/partial agonist needs the presence of an
agonist, and there is no such in our experimental setup, inhibition of
Gag-coupled adenosine receptors seem unlikely. Another possible
mechanism-of-action by which CBZ inhibits cAMP accumulation is
through direct action on ACs. Indeed, the study by Chen et al. reported
that CBZ inhibits activity of purified ACs from rat cerebral cortex sug-
gesting a direct interaction with AC (Chen et al., 1996). Further, CBZ
does not seem to compete for the FSK binding site within the C1/C2
interface of the ACs (Chen et al., 1996); rather, a study by Mann et al.
suggests that CBZ interacts with a hydrophobic catechol-estrogen
binding pocket in the ACs thereby attenuating cAMP production
(Mann et al., 2009). This hydrophobic patch is conserved among all
mammalian transmembrane AC isoforms with both conserved and var-
iable residues (Steegborn et al., 2005), and since CBZ is primarily hy-
drophobic in nature, a hydrophobic interaction seems highly possible.
Due to structural similarities, OXC, ESL and LIC could interact with
the same hydrophobic binding pocket as CBZ. Yet, despite the structural
similarities, they appear to exert complex and even opposing effects on
cAMP accumulation. Since they only vary in a hydrophilic side group on
the heterocyclic ring one would expect this substitution to be the reason
for the observed distinct effects — unless, of course, they have distinct
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targets. Due to the direct opposite effect of ESL compared to CBZ and
OXC, it seems possible that ESL either stabilizes an active conformation
of AC or affect a different target such as PDEs; ESL could inhibit PDE
activity and thereby increase cAMP accumulation. There is no PDE in-
hibitor present in our experimental setup why an inhibitory effect on
PDEs cannot be excluded.

Thus, the inhibitory properties of CBZ and OXC on cAMP accumu-
lation is likely mediated via direct interaction with ACs whereas the
ability of ESL to increase cAMP accumulation could be mediated via
inhibition of PDEs.

4.3. The distinct effects can be explained by dissimilar polarity of the
variable side-chain

Assuming that CBZ binds to the suggested hydrophobic catechol-
estrogen binding pocket on the ACs, addition of a hydrophilic group
to CBZ could potentially disturb a hydrophobic interaction and hence
change the affinity/potency of the drugs. The structures of CBZ and OXC
differs in a small hydrophilic side group, namely a ketone, on the het-
erocyclic ring (Fig. 1). That OXC only displays a trend towards
decreasing FSK-mediated cAMP accumulation and had no effect on ISO-
mediated cAMP accumulation could be an indication of the ketone
moiety slightly, but not completely, disturbing a hydrophobic interac-
tion between OXC and the endogenously expressed ACs in HEK293 cells.
Surprisingly, it seems that the presence of the ketone leads to increased
affinity for AC8 since the potency of OXC was higher than that of CBZ in
AC8-HEK293 cells. ESL differs from CBZ in a methyl ester moiety located
at the same place as the ketone on OXC. An ester moiety is less polar than
a ketone (and a hydroxyl group) favoring a hydrophobic interaction
compared to a ketone moiety. However, an ester moiety is also some-
what larger compared to a ketone. Thus, the ester moiety could create
steric hindrance and thereby make the ESL-AC interaction less favorable
than the OXC-AC interaction. It seems peculiar that two structurally
similar molecules, only differing in a hydrophilic side group, would bind
to the same place and induce opposing responses in an activated cCAMP
generating system. Regardless, CBZ and ESL exerted opposing effects.
The study by Mann et al. suggests that CBZ has the potential to bind in
several orientations within the hydrophobic catechol-estrogen binding
pocket (Mann et al., 2009). Thus, in contrast to the above suggestion
that ESL inhibits PDEs, the possibility does exist that the ester moiety
favors a different orientation of ESL within the binding pocket letting the
ester moiety interact with amino acid residues stabilizing a more active
conformation of the ACs.

LIC has a hydroxyl group located at the same site as the ketone/ester
on OXC/ESL, respectively. Compared to a ketone or an ester, a hydroxyl
moiety is the more polar. Furthermore, the size of a hydroxyl moiety is
somewhere between an ester and a ketone moiety. LIC demonstrated no
effects on cAMP accumulation which could be explained by the size and
the polar hydroxyl moiety making a hydrophobic interaction unfavor-
able and thus interrupting the hydrophobic interaction with the target.

In conclusion, the presence of the ketone in OXC seems to favor an
inhibitory interaction selectively with AC8 over the endogenously
expressed ACs. On the other hand, the ester moiety in ESL might provide
it with the ability to stabilize an active conformation of AC, whereas the
polarity of the hydroxyl group on LIC prevents it from binding to the
ACs.

5. Conclusion

Our major novel finding is that there is no correlation between the
clinical efficacy in epilepsy of CBZ, OXC or ESL and their ability to affect
cAMP signaling in vitro. Thus, the effects on cAMP signaling is not likely
to contribute to the therapeutic effects as it pertains to epilepsy. As
discussed, the distinct effects on cAMP signaling of CBZ, OXC, ESL, or
LIC are likely to be explained by differences in binding to the catechol-
estrogen binding pocket on the ACs or, in the case of ESL, possible
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inhibition of PDEs. Clearly, more investigations are needed to elucidate
the molecular pharmacology as this is could be important for further
drug discovery efforts.

Our findings, however, do not discredit the notion of cAMP signaling
per se as a viable drug target to treat epilepsy, as discussed here and as
we have argued in detail in Mertz et al. (2020). Thus, we encourage the
field to revisit cAMP as a drug target exploiting the knowledge about
AC-based signaling hubs generated over the last decade or so (e.g. Calejo
and Tasken, 2015; Cooper and Tabbasum, 2014; Dessauer, 2009; Ellis-
don and Halls, 2016; Mertz et al., 2020; Reuschlein et al., 2019).
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