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ABSTRACT
Epilepsy is often treated with a combination of antiepileptic drugs. Although neurosteroids are
potent anticonvulsants, little is known about their combination potential for the treatment of
refractory epilepsy. Here we investigated the combination efficacy of neurosteroids
allopregnanolone (AP, brexanolone) and ganaxolone (GX) with the GABA-reuptake inhibitor
tiagabine (TG) or the benzodiazepine midazolam (MDZ) on tonic inhibition in dentate gyrus
granule cells (DGGCs) and seizure protection in the hippocampus kindling and 6-Hz seizure
models. Isobolographic analysis indicated that combinations of GX and TG, or AP and TG at
three standard ratios (1:1, 3:1 and 1:3) displayed significant synergism in augmenting tonic

effects in mice (ED50 = 1.46, 4.20, and 0.20 mg/kg, respectively). The combination of GX and
TG at the fixed-ratio of 1:1 exerted the greatest combination index (CI = 0.53), indicating
strong synergistic interaction in seizure protection. In addition, combination regimens of AP
and TG showed robust synergism for seizure protection (CI = 0.4). Finally, combination
regimens of GX and MDZ elicited synergistic (CI = 0.6) response for seizure protection.
These results demonstrate striking synergism of neurosteroids and TG combination for
seizure protection, likely due to their effects at extrasynaptic GABA-A receptors from TGinduced elevation in GABA levels. Super-additive antiseizure activity of neurosteroid—
midazolam combinations may stem from their actions at both synaptic and extrasynaptic
GABA-A receptors. Together, these findings provide potential mechanistic basis for
combination potential of neurosteroids with TG or benzodiazepines for the management of
refractory epilepsy, status epilepticus, and seizure disorders.

Significance: This paper investigates for the first time the potential synergistic interactions
between two neurosteroids with anticonvulsant properties, allopregnanolone (brexanolone)
and the very similar synthetic analog, ganaxolone, and two conventional antiepileptic drugs
active at GABA-A receptors, the GABA reuptake inhibitor, tiagabine, and a benzodiazepine,
midazolam. The results demonstrate a synergistic protective effect of neurosteroid-tiagabine
combinations, as well as neurosteroid-midazolam regimens in seizure models.
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inhibition. In pharmacological studies, GX, AP, and TG produced dose-dependent antiseizure
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Introduction
Antiepileptic drugs (AEDs) are the mainstay for the treatment of epilepsy, a chronic
neurological disorder that affects nearly 65 million people worldwide (Thurman et al., 2011;
Hesdorffer et al., 2013). AEDs are the most effective interventions to suppress the
occurrence of seizures; however, approximately 30% of epilepsy patients are unresponsive to
current AEDs when used in monotherapy. Consequently, a polypharmacy with combination of
two or more AEDs is used to improve seizure control in persons with refractory epilepsy.
Drugs given in combination may produce effects that are additive or synergistic that is
and Czuczwar, 2004; Kwan and Brodie, 2006; Łuszczki, 2008a; b). Neurosteroids are
developed as novel AEDs for epilepsy (Reddy and Estes, 2016). Combination of a
neurosteroid with GABAergic AED may enhance seizure control in refractory epilepsy.
GABA (-aminobutyric acid) type A receptors are the prime targets of AEDs such as
benzodiazepines, neurosteroids and indirectly tiagabine. There are two subtypes of GABA-A
receptors in the brain, namely synaptic and extrasynaptic receptors (Chuang and Reddy,
2018a). Synaptic GABA-A receptors generate a transient inhibitory postsynaptic current,
whereas extrasynaptic GABA-A receptors generate a tonic inhibitory current that regulates
neuronal network excitability. Extrasynaptic GABA-A receptors typically contain either  or 5
subunits, in combination with 2 or 3 subunits and elicit the basal inhibitory tone referred as
tonic inhibition (Bianchi and Macdonald, 2003; Coulter and Carlson, 2007; Glykys et al.,
2008). Extrasynaptic GABA-A receptors are expressed in a cell-type specific fashion in key
brain areas such as hippocampus, thalamus, cerebellum, and amygdala (Jutila et al., 2002;
Mortensen et al., 2011). Tonic inhibition plays a critical role in epilepsy (Carver et al., 2014;
Reddy, 2018; Reddy et al., 2019). Neurosteroids such as allopregnanolone (AP), which is
renamed recently as brexanolone, are potent allosteric agonists of GABA-A receptors,
especially extrasynaptic GABA-A receptors (Chuang and Reddy, 2018a). AP has been
shown to have robust anticonvulsant and anxiolytic activity (Rupprecht, 2003; Belelli and
Lambert, 2005; Carver and Reddy, 2013; Brown et al., 2015; Porcu et al., 2016; Chuang and
Reddy, 2018b). In 2019, brexanolone has been approved by the FDA for post-partum
depression (Meltzer-Brody et al., 2018).
4
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Ganaxolone (GX), a synthetic analog of AP, is a broad-spectrum anticonvulsant agent.
Like AP, GX is a powerful allosteric modulator of synaptic and extrasynaptic GABA-A
receptors (Carter et al., 1997; Chuang and Reddy, 2018b). GX is undergoing clinical trials for
refractory epilepsy, pediatric genetic epilepsies, and status epilepticus (SE) (Nohria and
Giller, 2007; Pieribone et al., 2007; Reddy and Rogawski, 2010; 2012; Porcu et al., 2016;
Ligsay et al., 2017). However, the antiepileptic potential of GX or other neurosteroids in
combination with current AEDs has not yet been widely investigated. It is suggested that a
combination therapy utilizing pair compounds with distinct GABAergic mechanism might
provide additive or synergistic therapeutic efficacy in epilepsy with minimal off-target side

GABA-reuptake inhibitor, increases GABA level in the synaptic cleft by selective blockade of
the GABA transporter GAT-1 (Adkins and Noble, 1998; Meldrum and Chapman, 1999). The
major limitations of TG include lack of robust antiseizure efficacy and adverse effects such as
dizziness, nervousness, seizures, and tremors. It is suggested that a combination of TG with
neurosteroids might be an effective antiseizure regimen as TG basically would be expected
boost the pharmacodynamic efficiency of neurosteroids in augmenting GABAergic inhibition.
To evaluate the effect of neurosteroids and TG combinations, we utilized the
isobolographic analysis, a well-accepted approach for the assessment of drug interactions
(Grabovsky and Tallarida, 2004; Łuszczki, 2008a; b). It typically includes two types: type I is
used to evaluate drugs that are fully active, while type II is used when one of the drugs tested
has no effects (Berenbaum 1989). Drug combination analysis with isobologram is a valuable
strategy to differentiate the exact type of interactions among drugs tested as synergistic,
additive or antagonistic (Grabovsky and Tallarida 2004; Tallarida 2006; 2007).
In this study, we sought to investigate the combination interactions between neurosteroids
and tiagabine or neurosteroid and midazolam on tonic inhibition in hippocampus slices and
antiseizure effects in mouse seizure models. We tested the synergistic interaction between
allopregnanolone (brexanolone, FDA-approved drug) and tiagabine regimens. Our studies
demonstrate a synergistic protective effect of neurosteroidTG combinations, as well as
neurosteroidmidazolam (MDZ) regimens in seizure models.
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effects. Tiagabine (TG) is an adjunct AED for partial seizures (Goldenberg, 2010). TG, a
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Materials and Methods
Animals. Experiments were conducted in young adult male mice (2  3 month-old) with
C57BL/6 background strain. Mice were housed four per cage under standard laboratory
conditions with a 12 h light/dark cycle. The animals were cared for in compliance with the
guidelines in the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Animal procedures were conducted in compliance with a protocol approved by the
Institutional Animal Care and Use Committee. The current study was conducted in male mice
only. Female groups were not incorporated in the study design to limit the complex

differences in antiseizure activity of neurosteroids (Wu et al., 2013; Reddy et al., 2019).
Tonic Current Recordings in Hippocampus Slices. Tonic currents were recorded by
standard patch-clamp electrophysiology methods as described previously (Maguire et al.,
2005; Mtchedlishvili and Kapur, 2006; Maguire and Mody, 2008; Wu et al., 2013; Carver et
al., 2014; Carver and Reddy, 2016; Chuang and Reddy, 2018b). Adult male mice were
anesthetized with isoflurane and the brains were rapidly excised and placed in ice-cold
artificial cerebrospinal fluid (aCSF) buffer composed of (in mM): 0.3 kynurenic acid (Tocris
Bioscience, Bristol, UK), 126 NaCl, 3 KCl, 0.5 CaCl2, 5 MgCl2, 26 NaHCO3, 1.25 NaH2PO4,
11 glucose (pH adjusted to 7.35  7.40 with 95% O2  5% CO2, 305  315 mOsm/kg).
Transverse slices (320 μm thickness) of the hippocampus were obtained with a Vibratome in
3.5˚C aCSF (model 1500 with 900 Refrigeration System; Leica Microsystems, Inc.,
Bannockburn, IL). Hippocampal dentate gyrus granule cells were identified with an Olympus
BX51 microscope with a 40x water-immersion objective, infrared-differential interference
contrast optics, and video camera. Hippocampus slices were incubated at 28 oC and
recordings were conducted at room temperature (2224 °C) with a holding potential of -65
mV as described by other groups (Vicini et al., 2002; Scimemi et al., 2006; Nani et al., 2013;
Gong and Smith, 2014). The physiological bath solution was composed of (in mM): 124 NaCl,
3 KCl, 1.5 MgSO4, 2.4 CaCl2, 1.25 NaH2PO4, 26 NaHCO3 and 10 glucose (pH adjusted to 7.4
with NaOH, osmolarity, 295  305 mOsm/kg). The pipette tips were filled with a cesium
pipette solution containing (in mM): 124 CsCl, 20 tetraethylammonium-chloride, 2 MgCl2, 10
EGTA, 10 HEPES, 0.1 GTP, 4 ATP, and 5 lidocaine N-ethyl bromide (QX-314), (pH adjusted
6
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to 7.2 with CsOH, osmolarity, 295  305 mOsm/kg). Currents were acquired with an Axopatch
200B amplifier (Molecular Devices, Sunnyvale, CA). The membrane capacitance, series and
input resistance of the recordings were recorded by applying a 5-mV (100-ms) depolarizing
voltage. Signals were Low-pass filtered at 2 kHz and digitized at 10 kHz with Digidata 1440A
system. Tonic currents recorded from a single neuron were normalized to membrane
capacitance as tonic current density (pA/pF). Drugs were allowed 4 min to perfuse into the
bath chamber and slice before measurements were obtained. The perfusion rate was
maintained at 2 ml/min. Tonic current was measured and averaged in 100 ms each epoch
with 1 s interval between 30 epochs. Four to six mice were used to obtain adequate sample

6-Hz Seizure Model. The 6-Hz mouse model of partial seizures was used as previously
described (Reddy et al., 2015). Mice were electrically stimulated via cornea for 0.2millisecond-duration monopolar low-frequency rectangular pulses at 6-Hz for 3 seconds
(World Precision Instruments, Sarasota, FL). Current value causing seizures in 50% of
animals (CC50 value) was determined by administering different current intensities in the
range of 6 – 44 mA to a group of control animals. Current intensity at 38 mA was determined
to elicit seizures in 100% population of male mice and delivered as the standardized intensity
for the in vivo studies of combination therapy. The ocular anesthetic tetracaine (0.5%) drops
were applied to each eye 10 minutes before stimulation. The corneal electrodes were wetted
with 0.9% saline solution immediately prior to stimulation. Animals were manually restrained
for stimulation and immediately released into a chamber for behavioral observation. Test
drugs were administered 15 min before stimulation. The duration of seizure activity ranged
from 20 to 60 seconds in vehicle-treated mice. Animals were considered to be protected if
they resumed normal exploratory behavior within 10 seconds of the stimulation. Six to 8
animals were used for each dose of treatment.
Hippocampus Kindling Seizure Model. Experimental procedures and drug treatment
protocols in the hippocampus kindling model were conducted as described previously (Reddy
and Mohan, 2011; Reddy et al., 2015). Mice displayed consistent generalized (stage 5)
seizures were used for drug testing. The electrographic afterdischarge (AD) was recorded
using the Grass CP511 preamplifier system (Astro-Med, West Warwick, RI). The behavioral
7
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seizure stages were scored based on the Racine’s scale (Racine, 1972): stage 0 = no
response or behavior arrest; stage 1 = chewing or facial twitches; stage 2 = chewing and
head nodding; stage 3 = forelimb clonus; stage 4 = bilateral forelimb clonus and rearing;
stage 5 = bilateral forelimb clonus/ rearing and falling. Test drugs were given 15-min before
kindling stimulations.
Isobolographic Analysis of Drug-Drug Interactions. Interactions between neurosteroids
and TG or MDZ against 6-Hz-induced seizures were examined using established
methodology as described previously (Łuszczki, 2008a, b). Briefly, the median effective dose

using log-probit linear regression analysis (Litchfield and Wilcoxon, 1949). Next, the
theoretical additive ED50 add values ± standard error of mean (SEM) for the mixtures of tested
drugs at three fixed ratio of 1:1, 1:3, and 3:1 (the most commonly used drug-dose ratio
combinations for the evaluation of drug interactions) were calculated. The ED50 add value is a
total additive dose of the two drugs in the mixture, exerting theoretically a 50% protection
against 6-Hz-induced seizures. The ED50 mix values are experimentally determined total doses
of a mixture of two tested drugs administered at a fixed-ratio combination sufficient for 50%
protection against 6-Hz-induced seizures and were derived from the seizure protection
exerted by each mixture at 1:3, 1:1 and 3:1 (Fig. 4F; Table 3).
For the analysis of electrophysiological tonic currents, the isobologram method was
adapted to study the interactions between neurosteroids and TG or MDZ on the tonic
inhibition. We utilized the EF2-fold values that represent the effective functional concentration
of drug (nM) required to double the basal tonic response in DGGCs. Briefly, the EF2-fold values
of tested drugs were deduced from their concentration-response curves. The theoretical EF2fold

(EF2-fold add) values for mixtures were calculated and tested in DGGCs to quantify the

contribution of each drug to the overall effects. The experimental EF2-fold (EF2-fold mix) values
were derived from the tonic current modulation of each mixture. The isobolograms were
plotted and the theoretical and experimental-determined EF2-fold values of mixtures were
compared (Fig. 2 – 3; Table 2).
Here, the isobolographic analysis was performed to ascertain the effect of combination,
which is based on the concept of “dose equivalence”. This isobologram method is the ‘gold
8
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standard’ for the evaluation of interactions between drugs, which allows their stratification as
supra-additive (synergistic), additive, and sub-additive (antagonistic) drugs (Tallarida, 2006).
In isobolography, it is accepted that half of the ED50 dose of a first drug plus half of the ED50
dose of a second drug, should be as therapeutically effective as a full dose of each drug
administered separately. This concept of adding fractions of the effective doses of AEDs is
the fundamental rule underlying the isobolographic analysis (Loewe, 1953; Berenbaum,
1989; Tallarida, 2000). The interaction of two or more drugs to produce a combined effect is
described by the interaction index I (Berenbaum 1977).

where, D1 and D2 are concentrations of drug 1 and 2 that produce a certain effect if applied
together; M1 and M2 are the median concentrations that produce the same effect when given
alone. Consequently, for deriving the 50 % seizure protection, then equation 1 can be
expressed as:
I = D1/ED50,1 + D2/ED50,2 ---------- (2)

Here, ED50,1 and ED50,2 are the ED50 values of drug 1 and drug 2 alone. D1 and D2
are the doses of drug 1 and 2, respectively, which also produce 50 % protection when given
together. This general method has been developed based on the analysis of each drug alone
and the simulation of the combined action response, based on the Loewe additivity theory
(Loewe, 1953). For drugs showing an interaction, equation (1) is adapted and advanced into
defining a combination index (CI), indicating type and amount of interaction between two
drugs with target experimental outcome (Chou and Talalay, 1983).
CI = D1/M1 + D2/M2 -- (3)

> 1 for antagonism; = 1 for additivity; and < 1 for synergy

The CI can take values between 1 and infinity for antagonism, and runs between 0 and 1
for synergy. The interaction index underlies one of the most widely used graphical
representations of drug synergism and antagonism, the isobologram (Fig. 1). The
isobolograph illustrates typical sub-additive (antagonistic) and super-additive (synergistic)
isoboles. The doses of drugs A and B give abscissa and ordinate, respectively, and the effect
9
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of drug combinations is plotted as graph (Fig. 1). The effects of each drug alone (ED50) can
be read from the axes. The isobologram shows an effect, such as anticonvulsant ED50 and
which drug concentration is needed to achieve this effect. Overall, to simplify the notation of
interactions in isobolography, the drug doses were administered in fixed ratio combinations
(1:3, 1:1, and 3:1) and reflect fractions of ED50 values denoted for the drugs used separately.
The isobologram-based CI calculations were obtained to identify additive from synergistic
interactions
Drugs and Reagents. All chemicals utilized in the study were acquired from Sigma-

prepared as 2 mM stock solutions in dimethyl sulfoxide for electrophysiology experiments.
Stock solutions were diluted in the external perfusion solution to the desired concentration for
electrophysiological use. The concentration of dimethyl sulfoxide in final solution was less
than 1%. AP was purchased from Steraloids (Newport, RI), and GX was purchased from
Tocris. TTX was acquired from Calbiochem (Billerica, MA). Midazolam was purchased from
Akorn (Lake Forest, IL). AP and GX were made in 15% -cyclodextrin solution for in vivo
study. Drugs were given subcutaneously in a volume equivalent to 1% of the body weight of
the animals.
Statistical Analysis. In electrophysiology studies, data were expressed as the mean ±
SEM. In slice electrophysiology studies, concentration-response curves were subjected to
non-linear, logistic fitting. A curve fitting was applied for concentration-responses that
achieved a plateau at maximal levels. Comparisons of statistical significance of data were
made using a Student’s t-test. In pharmacological studies, the percent protection of mice
against 6-Hz-induced seizures and subsequently, dose-response relationship lines were fitted
using log-probit linear regression analysis according to Litchfield and Wilcoxon (Litchfield and
Wilcoxon, 1949). The ED50 values with their 95% confidence limits were calculated by
computer-assisted log-probit analysis according to Litchfield and Wilcoxon procedure. First,
the dose-response relationships of test drugs for target outcomes were subjected to the test
for parallelism, an essential condition for characterizing AED interactions with isobolography.
Since the dose-response relationship for GX and TG were parallel in this study, the type I
isobolographic analysis for parallel dose-response relationship lines was used. Statistical
10
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evaluation of isobolographic interactions was performed by the use of Student’s t-test in order
to detect the differences between the experimentally derived (ED50 mix) and theoretical
additive (ED50 add) values (Tallarida, 2000; Łuszczki, 2008a,b). Comparison of the differences
in behavioral seizure stage between groups was made with the nonparametric Kruskal-Wallis
test followed by the Mann-Whitney U-test. The differences in means of the AD duration
between groups were compared with one-way analysis of variance, followed by Student’s ttest. The criterion for statistical difference was p<0.05.

Synergistic Effects of GX and TG Coapplication on Extrasynaptic GABA-A
Receptor-mediated Tonic Inhibition in Hippocampal DGGCs. To characterize the
interactions of neurosteroids with clinical GABAergic agent tiagabine (TG) on extrasynaptic
GABA-A receptor-mediated tonic currents, we first recorded tonic current potentiation by AP,
GX, or TG alone (0.1 – 1 M) in DGGCs from hippocampus slices. Tonic currents were
isolated in the presence of the NMDA receptor antagonist (APV, 40 M), the AMPA receptor
antagonist (DNQX, 10 M), and the sodium channel blocker (TTX, 0.5 M) in the bath
solution by using whole-cell patch clamp electrophysiology. Four minutes after the application
of test drugs, a GABA-A receptor antagonist (gabazine, 50 M) was perfused to determine
the total tonic current shift. Current density (pA/pF) of each cell was obtained by normalizing
the tonic current shift with the cell capacitance. The basal level of tonic currents in DGGCs
was 10.8 ± 1.6 pA (Table 1). As shown in Fig. 2A – C, AP (0.1 – 1 M), and GX (0.1 – 1 M)
elicited direct tonic current activation in DGGCs in a concentration-dependent manner, as
consistent with previous report (Chuang and Reddy, 2018b). The Hill slope of the
concentration-response curve of AP is 2.25. Whereas, the Hill slopes of the concentrationresponse curves of GX and TG+GX are 1.57 and 1.33, respectively. AP at 1 M elicited
greater tonic current response than GX, which is consistent with its greater relative potency
than GX. Synaptic currents observed during tonic inhibition studies are also greater
especially after the application of AP. These differences are typical of the experimental
findings with GX and AP, especially due to their apparent differences in efficacy at activating
11
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the extrasynaptic GABA-A receptors (Carver et al., 2016; Chuang and Reddy, 2018b). The
tonic current potentiation by TG (0.1 – 1 M), in the absence of GABA, was shown in Fig. 2B
– C. We then co-applied GX (0.1 – 1 M) with TG at 0.1 M and recorded the combination
effects of GX and TG on tonic inhibition. The potentiation of tonic currents by GX + TG was
significantly greater compared to GX alone, indicating possible additive or synergistic effects
of combination regimen (tonic current shift: 0.1 M or 0.3 M GX + 0.1 M TG, p = 0.018 and
0.020, respectively; current density, 0.1 M or 0.3 M GX + 0.1 M TG, p = 0.019 and 0.024,
respectively; n=6–8 cells per group).

analysis, a commonly used method to classify drug interactions as antagonistic, additive, or
synergistic by utilizing fixed drug ratio combinations in preclinical studies (Tallarida, 2006,
Wojda et al., 2009). We first examined the EF2-fold values that represent the effective
functional concentration of drug (nM) required to double the endogenous basal tonic
response in DGGCs (Fig. 2D – F). According to the concentration-response curves of GX and
TG, we deduced the EF2-fold values of GX and TG as 250 nM and 220 nM, respectively (Fig.
2D, F). Commonly used fixed ratio drug combinations at 1:3, 1:1, and 3:1 were tested in
DGGCs to quantify the contribution of each drug to the overall effects. Theoretically, if their
interactions are purely additive, half of the EF2-fold value of a first drug plus half of the EF2-fold
value of a second drug should exert 2-fold potentiation of the basal tonic response as a full
EF2-fold concentration of each drug administered separately. The theoretical EF2-fold (EF2-fold
add)

values for mixtures of GX and TG at three fixed ratio of 1:3, 1:1 and 3:1 are shown in

Table 2. The experimental EF2-fold (EF2-fold mix) values were derived from the tonic current
modulation of each mixture. The tonic current shift (pA) and current density (pA/pF) exerted
by each mixtures of drug combinations are shown in Table 1. The isobologram was plotted,
and the theoretical and experimental EF2-fold of mixtures were compared (Fig. 3; Table 2). In
the isobologram, the EF2-fold for GX (250 nM) is plotted graphically on the X-axis, whereas the
EF2-fold for TG (220 nM) is plotted graphically on the Y-axis. The distances between opensquare points on the X- and Y-axes represent the 95% confidence limits (CLs) for the drugs
treated alone. The straight line connecting these two EF2-fold values on the graph represents
the theoretical line of additivity for a continuum of different fixed concentration ratios, whereas
the dashed lines represent the theoretical additive 95% CLs of EF2-fold values. All three
12
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combination regimens of GX and TG were located below the additivity line (Fig. 3B),
indicating their synergistic interactions.
Log-probit Dose-Response Analysis of Anticonvulsant Effects of GX and TG. In
seizure protection studies, GX and TG administered alone reduced seizures in a dosedependent fashion in both 6-Hz and kindling seizure model in mice (Fig. 4A, C, D). GX
displayed a significantly faster peak response time than TG, with similar rates of disposition
for each (Fig. 4B). Administration of GX with TG at 0.25 mg/kg caused a leftward shift of GX
dose response in the 6-Hz model (Fig. 4A); similar protection trend of reduced seizure stage
GX + TG combination in mouse seizure models (Fig. 4C – D). To study the interactions of GX
with TG on seizure protection, a mouse 6-Hz model of epilepsy was utilized. First, we
determined the median effective dose (ED50) of each drug by using log-probit linear
regression analysis (Litchfield and Wilcoxon, 1949). GX was given at the increasing doses
(0.5  10 mg/kg) and the percent protection against 6-Hz-induced seizures was calculated.
The dose response relationship for GX administered alone was determined as y = 5.30092x
+ 5.30092 [r2 = 0.92463], where y denotes probit of response, x denotes logarithm of the drug
dose 10, and r2 denotes coefficient of determination (Fig. 4E). The ED50 value for GX was
1.46 (0.74  2.88) mg/kg. Similarly, TG was administered at various doses (0.1  1 mg/kg)
and the percent protection exerted by these doses was calculated. The dose-response
relationship for TG was y = 4.71065x + 3.03345 [r2 = 0.95594]. The ED50 value for TG was
0.20 (0.10  0.39) mg/kg. The chi-square analysis revealed that the points creating the logprobit dose response relationship lines for GX and TG were not heterogeneous and thus
good-to-fit as the experimentally denoted 2 values (GX = 2.370; TG = 1.193) were lower
than the tabular 2 values (GX = 7.815; TG = 5.991). The parallelism test for two log-probit
dose-response curves showed that the slope function ratio was lower than the factor for the
slope function ratio, confirming that the lines are parallel to another.
Synergistic Anticonvulsant Effects of GX and TG Combinations in the 6-Hz Seizure
Model. In the isobolographic analysis, the theoretical ED50 add values for a mixture of GX and
TG at three fixed ratio of 1:3, 1:1 and 3:1 were calculated as (in mg/kg) 0.514 (0.260 
1.012), 0.829 (0.420  1.634), and 1.145 (0.580  2.255), respectively (Fig. 4, Table 3). The
13
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experimental ED50 mix values were derived from the seizure protection exerted by each
mixture at 1:3, 1:1 and 3:1 as 0.484 (0.282  0.833), 0.437 (0.219  0.870), and 1.049 (0.535
 2.057), respectively. The mixture of GX and TG at the fixed ratio of 1:1 exerted the greatest
synergism (combination index, CI = 0.53; Table 4), whereas CI’s for the mixture of GX and
TG at 3:1 and 1:3 combinations were 0.94 and 0.96, respectively. In addition, combinations
tested between GX and TG at 1:3 and 3:1 are plotted in the theoretical line of additivity while
the combination at 1:1 was plotted below the additive line in the isobologram (Fig. 4F),
indicating synergistic (supra-additive) interaction.

Hippocampal DGGCs. To further characterize the combination interactions between
neurosteroids and TG on tonic currents, we also examine the interactions of the endogenous
neurosteroid AP and TG by using isobolographic analysis (Fig. 5A – B). The EF2-fold value of
AP was 290 nM (Fig. 2E). Fixed ratio drug combinations at 1:3, 1:1, and 3:1 were examined
in DGGCs to quantify the contribution of each drug to the overall effects. The theoretical EF2fold

(EF2-fold add) values for mixtures of AP and TG at three fixed ratio of 1:3, 1:1 and 3:1 were

shown in Table 5. The experimental EF2-fold (EF2-fold mix) values were derived from the tonic
current modulation of each mixtures. In the isobologram, the EF2-fold for AP (288 nM) is plotted
graphically on the X-axis, whereas the EF2-fold for TG (220 nM) is plotted graphically on the Yaxis. The plots of test combinations of AP and TG appeared below the additive line (Fig.5B),
indicating a plausible synergistic interaction (Fig. 5).
Log-probit Dose-Response Analysis of Anticonvulsant Effects of AP and TG. Next,
we examined the interactions of AP and TG in the 6-Hz seizure model. AP was given at the
increasing dosing of 1, 3, 5, and 10 mg/kg, and the percent protection against 6-Hz-induced
partial seizures was 10, 38.9, 60, and 99.7, respectively. The equation of dose response
relationship for AP administered alone was determined as y = 9.28311x + 1.69977 [r2 =
0.97008], where y denotes probit of response, x denotes logarithm of the drug dose 10, and
r2 denotes coefficient of determination (Fig. 6A). The ED50 value for AP was 4.20 (2.7  5.8)
mg/kg. The equation for TG was y = 4.71065x + 3.03345 [r2 = 0.95594] and the ED50 value
for TG was 0.20 (0.1  0.39) mg/kg. The experimentally denoted 2 values (AP = 0.740; TG =

14
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1.193) were lower than the tabular 2 values (AP = 7.815; TG = 5.991), signifying that the logprobit curves for AP and TG were not significantly heterogeneous and thus good-to-fit.
Synergistic Anticonvulsant Effects of AP and TG Combinations in the 6-Hz Seizure
Model. In the isobolographic analysis, the theoretical ED50 add values for mixtures of AP and
TG at three fixed ratio of 1:3, 1:1 and 3:1 were determined as (in mg/kg) 1.199 (0.75  1.74),
2.199 (1.4  3.1), and 3.2 (2.05  4.45), respectively (Fig. 5B, Table 6). The experimental
ED50 mix values were derived from the seizure protective effects exerted by each mixture at
1:3, 1:1 and 3:1 as 2.464 (1.70  4.06), 0.835 (0.56 1.25), and 0.436 (0.24  0.79),

interactions against 6-Hz-induced seizures as the combination index (CI) of each mixture are
less than 1 (CI = 0.38, 0.39, and 0.79 at 1:1, 3:1, and 1:3 ratios, respectively, Table 7). All
combination regimens of AP and TG at 1:3, 1:1 and 3:1 are all plotted below the additive line
(Fig. 6B), indicating synergistic anticonvulsant interactions of AP and TG.
Combination Efficacy of GX and MDZ on Tonic Current Potentiation in Hippocampal
DGGCs. The benzodiazepine midazolam (MDZ) is an allosteric agonist of synaptic GABA-A
receptors through sites distinct from the neurosteroid binding site (Nusser et al., 1997).
Therefore, it is plausible that neurosteroid+MDZ exerts a synergistic response on GABA-A
receptor function through a mechanism involving distinct sites and thereby may be more
effective for refractory seizures; however this hasn’t widely investigated in seizure models.
Here, we tested if coapplication of neurosteroids with MDZ elicits additive or synergistic
effects on tonic inhibition in hippocampal DGGCs (Fig. 7). Like GX+TG coapplication
experiments, we have simulated isobolograms for two allosteric drugs (GX and MDZ)
combined. The results (Fig. 7D) demonstrate that coapplication of GX and MDZ produces a
curvilinear isobole; however, the curvature is less pronounced due to limited efficacy of MDZ
at extrasynaptic receptors (Fig. 7D). Nevertheless, combinations of GX and MDZ at three
fixed ratio exerted synergistic potentiation of tonic currents as they are plotted below the
theoretical line in the isobologram (Fig. 7D, Table 8). These results are highly consistent with
a recent study on the potentiating effect of alfaxolone resulting from the addition of a second
GABAergic drug diazepam is greater due to their distinct binding sites on the GABA-A
receptors (Shin et al., 2019).
15
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Anticonvulsant Activity of GX and MDZ Combination Regimens in the 6-Hz Seizure
Model. In the 6-Hz seizure model, MDZ was given at the increasing doses (0.05  3 mg/kg)
and the percent protection was derived from the analysis. The dose-response relationship for
MDZ administered alone was determined as y = 4.69735x + 6.90629[r2 = 0.92273], where y
denotes probit of response, x denotes logarithm of the drug dose 10, and r 2 denotes
coefficient of determination (Fig. 8A). The ED50 value for MDZ was 0.40 (0.11  0.69) mg/kg.
The equation for GX was y = 5.30092x + 5.30092 [r2 = 0.92463] and the ED50 value for GX
was 1.46 (0.74  2.88) mg/kg. The experimentally denoted 2 values (GX = 2.370; MDZ =
10.118) were lower than the tabular 2 values (GX = 7.815; MDZ = 11.07), signifying that the

heterogeneous and thus good-to-fit. In the isobolographic analysis, the theoretical ED50 add
values for mixtures of GX and MDZ at three fixed ratio of 1:3, 1:1 and 3:1 were determined as
(in mg/kg) 0.665 (0.268  1.237), 0.930 (0.624  1.784), and 1.195 (0.538  2.330),
respectively (Fig. 8B, Table 9). The experimental ED50 mix values were derived from the
seizure protective effects exerted by each mixture at 1:3, 1:1 and 3:1 as 0.910 (0.608 
0.364), 0.550 (0.368  0.823), and 0.404 (0.259  0.631), respectively. All combinations
tested between GX and MDZ showed strong synergistic interactions for seizure protection as
CIs of each mixture are less than 1 (CI = 0.76, 0.59, and 0.61 at 1:1, 3:1, and 1:3 ratios,
respectively, Table 10). In addition, combinations tested between GX and MDZ at 1:3, 1:1
and 3:1 are all plotted below the additive line (Fig. 8B), indicating synergistic anticonvulsant
interactions between GX and MDZ in the 6-Hz seizure model.

Discussion
The main finding of the present study is the demonstration of synergistic effects of
neurosteroids and tiagabine (TG) combinations in potentiating tonic inhibition in the
hippocampus slices and protecting against acute seizures. This synergistic effect is likely due
to a greater potentiation at extrasynaptic GABA-A receptors by neurosteroids through TGinduced elevated levels of extracellular GABA. The potential pharmacodynamic synergistic
interaction between neurosteroids and the benzodiazepine midazolam (MDZ) provides better
protection against acute seizures (Fig. 9). Together, these findings provide pharmacological
16
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basis for synergistic therapeutic potential of neurosteroids with TG or MDZ for epilepsy
therapy, with reduced doses and possibly reduced side effects.
Neurosteroids can interact with other GABAergic drugs within the receptor milieu or at the
receptor complex (Fig. 9). The molecular mechanisms of action of neurosteroids on GABA
neurotransmitter system include allosteric and direct agonism on GABA-A receptors (Hosie et
al., 2007). GX and AP potentiate phasic and tonic currents by acting at synaptic and
extrasynaptic -rich receptors in DGGCs, respectively. GX and AP exhibit comparable
allosteric and direct effects on GABA-gated chloride currents (Chuang and Reddy, 2018b,

neurons and glial cells, resulting in the elevation of GABA concentration in the synaptic cleft
and extracellular milieu (Czuczwar and Patsalos 2001). Therefore, it is predictable that
combination treatment of TG and neurosteroids (AP or GX) exerts synergistic effects on
extrasynaptic GABA-A receptor-mediated tonic inhibition in dentate gyrus since the allosteric
potentiating actions of neurosteroid on GABA-A receptors were GABA dependent. However,
the relationship between the extent of extrasynaptic GABA-A receptor-mediate tonic inhibition
within various circuits vs. in vivo seizure protection after tiagabineneurosteroid combination
is mechanistically complex. In contrast to direct application of test drugs in the brain slice
studies, systemic administration of drug combinations immerses the entire brain, affecting
various brain regions and circuits, causing widespread effects. Tiagabine blockade of GABA
uptake on the GABAergic terminals and glial cells may have effects on both glutamatergic
cells and a range of different GABA neurons with distinct projections to different circuits
(Patel et al., 2015). Nevertheless, it is likely that the in vivo seizure protection outcomes may
reflect the net circuit consideration in the underling synergistic interaction between tiagabine
and neurosteroids.
This study was conducted in male mice to limit the complexity of ovarian hormone
influences on neurosteroid actions in females (Wu et al., 2013; Reddy et al., 2019). In the
future, we will consider replicating these studies in female cohorts. In addition, the recording
temperature can affect drug interactions at GABA-A receptors in brain slices (Jenkins et al.,
1999). In this study, the slices were incubated at 28 oC and recordings were made at room
temperature as described previously (Carver and Reddy, 2016). Although such condition has
17
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little impact on neurosteroids (non-volatile lipophilic molecules), the overall outcomes of the
current study are still valid for assessing the neurosteroid combination regimens tested under
similar conditions. Test drugs enhanced the mIPSCs in brain slice studies. These currents
were potentiated 1 to 2 fold by TG and GX (Fig. 2), except for AP (brexanolone) that elicited
strikingly greater potentiation of 3 to 4 fold increase in amplitude from the control level (Fig.
2B – C). We attribute this effect due to its high efficacy at extrasynaptic GABA-A receptors,
which are highly sensitive to activation by certain neurosteroids (Carver and Reddy, 2016).
The extent of the current is comparable to the data published earlier with other related
neurosteroids (Chuang and Reddy, 2018b). This effect is consistent with neurosteroid effects

greater potentiation of GABA-gated currents in dissociated granule cells or cultured neurons
(Carter et al., 1997; Wu et al., 2013; Carver et al., 2014). Nevertheless, it is likely that AP can
interact with other neurosteroid binding sites at higher levels (Chen et al., 2019).
Recently, Akk and colleagues proposed a concerted transition model to predict the
interactions of drug combinations at GABA-A receptors (Akk et al., 2018). They utilized the
EC50 for activation by GABA and basal activity of recombinant receptors in Xenopus oocytes.
They found that the interactions of GABA with test drugs (propofol, pentobarbital and
alfaxolone) are additive and have no free energy changes detected as predicted by their
model. This model successfully predicts the drug interactions as their recombinant system is
relatively simple and does not have any complicated neuronal circuits or connections as in
the slice recording. In addition, their results reflect the relationships between GABA and test
drugs in GABA-gated currents recorded from constructed GABA-A receptors. In the present
study, we examined tested combinations of ganaxolone and TG on extrasynaptic GABA-A
receptor-mediated tonic currents from dentate gyrus granule cells in brain slices with intact
circuits and network connections. We utilized the gold standard isobolographic analysis to
better assess their interactions. Our animal model results demonstrate synergistic effects of
drug combinations in protecting against 6 Hz-induced seizures. Despite such complex
interactions, the major outcome of our study points to the clinical potential of a combination of
neurosteroid with TG for better control of seizures.
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The 6-Hz-induced partial seizure model is one of the most sensitive models for the
evaluation of seizure protective effects of AEDs that act on GABA system (Kaminski et al.,
2004; Reddy et al., 2015). Neurosteroids and benzodiazepines exhibit powerful
anticonvulsant activity in the 6-Hz model. In the present study, our results show that both AP
and GX have robust anticonvulsant effects in this model, supporting for that concept.
Interestingly, in the combination studies, we found strong synergistic enhancement of
anticonvulsant activity of AP when co-administered with TG. Both neurosteroids in
combination with TG produced synergistic potentiation of tonic inhibition in the hippocampal
dentate gyrus neurons. However, there are some striking differences between GX and AP.

in the 6-Hz test. GX has greater bioavailability and fewer side effects than AP (Carter et al,
1997). Some pharmacodynamic differences may arise due to pharmacokinetic changes
between GX and TG when administered simultaneously. Another possibility is the differences
in the permeability of the drugs across the blood brain barrier. TG is a lipophilic agent that
effectively and competitively inhibits the GAT-1 in the brain. TG has been used in the
treatment of partial seizures as an add-on drug. However, its utility is limited because of its
adverse profile and limited spectrum of seizure protection. Combined treatment of
neurosteroids with TG largely reduces the dosages of each drug, providing better therapeutic
outcomes. Some previous studies have shown the synergistic therapeutic potentials of TG
with other AEDs in other seizure models, including genetic epilepsy and Dravet Syndrome,
supporting the benefits of combination therapies (Łuszczki and Czuczwar, 2004; Madsen et
al., 2009; Oakley et al., 2013).
The benzodiazepine MDZ is widely used for controlling acute seizures and SE, but it is not
highly effective for delayed therapy or refractory SE. MDZ is an allosteric agonist of synaptic
GABA-A receptors through sites distinct from the neurosteroid binding site (Nusser et al.,
1997). A previous study has shown that the combination of GX and MDZ exerts synergistic
anxiolytic effects (Gunter et. al., 2016). In the present study, we found that neurosteroid
exerts a synergistic response with MDZ on GABA-A receptor. The interactions between
neurosteroids and MDZ on GABA-A receptor function are complex and several possible
mechanisms could explain their synergistic effects on the antiepileptic activity. MDZ is a highaffinity, preferential positive allosteric agonist of synaptic -containing GABA-A receptors that
19
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potentiates transient phasic IPSCs. Combined with low-affinity neurosteroids whose actions
mainly lie on the potentiation of extrasynaptic -containing GABA-A receptor-mediated tonic
currents, the overall inhibitory GABA neurotransmitter system in the hippocampus is strongly
enhanced and thus contributes to greater antiseizure activity. In addition, a recent study
shows a crosstalk between phasic and tonic inhibition in DGGCs as GABA-A receptors also
contribute to phasic inhibition that can effectively shunt excitatory postsynaptic potentials
(Sun et al., 2018). MDZ also interacts with TSPO, a translocator protein that plays a crucial
role in the synthesis of neurosteroids (Papadopoulos et al., 2006). However, MDZ at
therapeutic dosage does not influence the level of endogenous neurosteroid AP in plasma

neurosteroid levels in the brain.
The precise mechanisms underlying the synergic protective response of neurosteroids are
unknown. In general, the potential mechanisms underlying synergistic and additive effects on
GABAergic tonic inhibition may result from a variety of pharmacodynamic effects from a
combination of two drugs, including both competitive and noncompetitive interactions at the
receptor sites (Earp et al., 2004). The recent analysis of GABA-A receptor activation by
combinations of agonists acting at the same or distinct binding sites has led to an interesting
premise for predicting the efficacy of GABAergic drug mixtures in combination therapy (Shin
et al., 2017; 2019; Cao et al., 2018). Co-application of two GABAergic agents typically results
in potentiation of the inhibitory current response. Direct activation of the GABA-A receptor
and potentiation of GABA-gated receptors underlie the clinical actions of neurosteroids. The
extent of current potentiation and thereby the in vivo anticonvulsant efficacy of a neurosteroid
depends on the type of co-drug. Combination of two agonists acting at the same sites can
result in potentiation due to concentration additivity based on their individual efficacies and
concentration (Shin et al., 2019). In contrast, GABAergic drug combinations where the
individual drugs interact with distinct sites may produce potentiation via energetic additivity,
such as co-application of propofol with GABA or co-administration of alfaxolone with
diazepam (Cao et al., 2018). Co-application of two allosteric agonists that interact with
distinct sites would result in additivity of free energies for the open state of receptor channels
(Shin et al., 2017). Thus, neurosteroid combination with MDZ that interact with distinct sites
may produce greater potentiation via energetic additivity and yield supra-additive or
20
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synergistic response, as evident from a curvilinear isobole (Fig. 8). It has been shown
previously that co-application of the synthetic neurosteroid alfaxolone enhances the
GABAergic effects of etomidate (Li et al., 2014) and diazepam (Cao et al., 2018). In the
present study, we show that GX, which acts on the same sites as alfaxolone, exhibits
synergism with MDZ on tonic current potentiation (Fig. 7). The indirect acting agents such as
TG elevate the levels of GABA. Consequently, TG is predicted to be highly synergistic when
combined with the neurosteroid AP (Fig. 5) or GX (Fig. 3) because they interact with distinct
target sites. Such agonist combinations have significant clinical implications when
combination therapies are desired for refractory epilepsy, pharmacoresistant SE, and other

drug interactions. Neurosteroids provide as viable adjuncts for combination therapy with
AEDs for both increasing seizure control and reducing side effects associated with high
doses of AEDs.
In conclusion, these results demonstrate marked synergistic effects of neurosteroid and
TG combinations in protecting against acute seizures. This synergic antiseizure efficacy is
likely involve hippocampal extrasynaptic GABA-A receptors, which mediate tonic inhibition. It
is also likely to involve various other neural circuits that are influenced by tonic inhibition.
These findings provide a pharmacological basis for clinical potential of neurosteroidTG
combination for refractory epilepsy and other neuronal excitability conditions involving defects
in tonic inhibition. Similarly, the synergism between GX and MDZ offers a viable path for their
combination therapy for SE, such as the benzodiazepine-refractory SE following
organophosphate and chemical nerve agent exposures.
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FIGURE LEGENDS

Fig. 2. GX and TG combination significantly potentiates tonic currents in the hippocampal
DGGCs compare to GX alone, indicating a possible synergistic interaction. (A)
Representative whole-cell, voltage-clamp recordings of tonic currents in DGGCs in response
to GX, AP, or TG. Concentration responses for tonic current shift (B) and tonic current density
(C) in response to GX, AP, TG, or GX+TG combination in DGGCs. (D  F) Concentrationresponse curves illustrating the EF2-fold values of GX, AP, and TG. *p < 0.05 vs. GX alone (n=
6  8 cells per group).
Fig. 3. Synergistic interactions between GX and TG of all combinations tested on tonic
current potentiation. (A) Representative whole-cell recordings of tonic currents in DGGCs in
response to combinations of GX and TG. (B) Isobologram showing interactions between GX
and TG in tonic current potentiation in DGGCs. The EF2 for GX (250 nM) is plotted graphically
on the X-axis, whereas the EF2 for TG (220 nM) is plotted graphically on the Y-axis. The
distances between open-square points on the X- and Y-axes represent the 95% confidence
limits (CLs) for the drugs treated alone. The straight line connecting these two EF 2 values on
the graph represents the theoretical line of additivity for a continuum of different fixed
concentration ratios, whereas the dashed lines represent the theoretical additive 95% CLs of
EF2 values. EF2 denotes concentration needed to achieve 2-fold potentiation of endogenous
basal tonic current (10.8 ± 1.6 pA; 0.31 ± 0.06 pA/pF). The black circles depict the
experimentally derived EF2 values (with 95% CLs as error bars) for the total concentration
expressed as the proportion of GX and TG that produced 2-fold potentiation of basal tonic
currents. The experimental EF2 values of the mixture of GX+TG for the entire fixed ratio are
placed below the theoretical line of additivity, indicating the tendency towards synergism.
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Fig. 1. Isobologram-based characterization of drug combinations. The isobologram is
considered a gold-standard procedure for studying drug combination analysis (Tallarida,
2000; 2006; 2007). The X and Y axis units are the doses of drugs A and B. The solid black
line connects doses that produce the same effect of certain examined response (ED 50 line),
such as seizure protection. From additivity (A), the combination of drug A with drug B would
produce 50% protection (point A). If, 50% protection is achieved at lower doses of the two
drugs, the drugs would exhibit synergism (point B). If the observed effect by the combination
is less than 50%, drug A and B would interact in an antagonistic way (point C). The dashed
lines are drawn to enhance the recognition of symmetry for additive isobole responses. In
practical terms, fixed drug dose ratios are tested in the standard combinations (1:3, 1:1, 3:1)
and ED50 values are determined for the mixture.
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Fig. 5. Synergistic interactions between AP and TG of all combinations tested in the tonic
current potentiation. (A) Representative whole-cell recordings of tonic currents in DGGCs in
response to combinations of AP and TG. (B) Isobologram showing interactions between AP
and TG in tonic current potentiation in DGGCs. The EF2 for AP (288 nM) is plotted graphically
on the X-axis, whereas the EF2 for TG (220 nM) is plotted graphically on the Y-axis. The
distances between open-square points on the X- and Y-axes represent the 95% confidence
limits (CLs) for the drugs treated alone. The straight line connecting these two EF2 values on
the graph represents the theoretical line of additivity for a continuum of different fixed
concentration ratios, whereas the dashed lines represent the theoretical additive 95% CLs of
EF2 values. EF2 denotes concentration needed to achieve 2-fold potentiation of endogenous
basal tonic current (10.8 ± 1.6 pA; 0.31 ± 0.06 pA/pF). The black circles depict the
experimentally derived EF2 values (with 95% CLs as error bars) for the total concentration
expressed as the proportion of AP and TG that produced 2-fold potentiation of basal tonic
currents. The experimental EF2 values of the mixture of AP+TG in all three-fixed ratio are
placed below the theoretical line of additivity, indicating the tendency towards synergism.
Fig. 6. Synergistic anticonvulsant interactions between AP and TG in the 6-Hz test in mice.
(A) Log-probit dose-response relationship lines for AP and TG administered alone in the 6-Hz
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Fig. 4. Additive and synergistic anticonvulsant interactions between GX and TG in acute
seizure models in mice. (A) The percentage of seizure protection by GX, TG, or GX+TG. GX
and TG reduced seizures in a dose-dependent fashion in the 6-Hz model. Combination
therapy of GX and TG (0.25 mg/kg) shifted the response curve of GX toward left, indicating
possible synergism. (B) Efficacy timeline for GX (5 mg/kg) and TG (0.25 mg/kg) in 6-Hz
model. GX displayed significantly faster peak response time than TG, with similar rates of
decay for each. GX and TG reduced the seizure stage (C) and afterdischarge (AD) duration
(D) in a dose-dependent fashion in fully-kindled mice. Combination therapy of GX and TG
(0.25 mg/kg) shifted the dose-response curves toward left, indicating possible synergism. (E)
Log-probit dose-response relationship lines for GX and TG administered alone in the 6-Hzinduced partial seizure model. (F) Isobologram showing interactions between GX and TG in
the 6-Hz seizure model. The dose GX is plotted graphically on the X-axis, and the dosing for
TG is plotted graphically on the Y-axis. The straight line represents the theoretical line of
additivity for a continuum of different fixed concentration ratios, whereas the dashed lines
represent the theoretical additive 95% CLs of ED50 values. ED50 denotes dose needed to
achieve seizure protection in 50% of animals. The experimental ED50 values of the mixture of
GX+TG for fixed ratios fall at or below the theoretical line of additivity. *p<0.05 vs control (n=6
– 10/ group). Behavioral seizure data was analyzed by the non-parametric Kruskal-Wallis test
followed by the Mann-Whitney U-test.
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partial seizure model. (B) Isobologram showing interactions between AP and TG in the 6-Hz
seizure model. The dose AP is plotted graphically on the X-axis, and the dosing for TG is
plotted graphically on the Y-axis. The straight line represents the theoretical line of additivity
for a continuum of different fixed concentration ratios, whereas the dashed lines represent the
theoretical additive 95% CLs of ED50 values. ED50 denotes dose needed to achieve seizure
protection in 50% of animals. The experimental ED50 values of the mixture of AP+TG for fixed
ratios fall at or below the theoretical line of additivity.
Fig. 7. Synergistic interactions between GX and MDZ in the tonic current potentiation. (A)
Representative whole-cell recordings of tonic currents in DGGCs in response to MDZ (0.01 

Fig. 8. Synergistic anticonvulsant interactions between GX and MDZ in the 6-Hz model in
mice. (A) Log-probit dose-response relationship lines for GX and MDZ administered alone in
the 6-Hz-induced partial seizure model. (B) Isobologram showing interactions between GX
and MDZ in the 6-Hz seizure test. The dose GX is plotted graphically on the X-axis, and the
dosing for MDZ is plotted graphically on the Y-axis. The straight line represents the theoretical
line of additivity for a continuum of different fixed concentration ratios, whereas the dashed
lines represent the theoretical additive 95% CLs of ED50 values. ED50 denotes dose needed
to achieve seizure protection in 50% of animals. The experimental ED50 values of the mixture
of GX+MDZ for fixed ratios fall at or below the theoretical line of additivity.
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0.1 M). (B) Representative whole-cell recordings of tonic currents in DGGCs in response to
combinations of GX and MDZ. (C) Concentration response curves of GX and MDZ alone in
the potentiation of tonic currents (pA). (D) Isobologram showing interactions between GX and
MDZ in tonic current potentiation in DGGCs. The EF2 for GX (250 nM) is plotted graphically
on the X-axis, whereas the EF2 for MDZ (33 nM) is plotted graphically on the Y-axis. The
distances between open-square points on the X- and Y-axes represent the 95% confidence
limits (CLs) for the drugs treated alone. The straight line connecting these two EF2-fold values
on the graph represents the theoretical line of additivity for a continuum of different fixed
concentration ratios, whereas the dashed lines represent the theoretical additive 95% CLs of
EF2 values. EF2 denotes concentration needed to achieve 2-fold potentiation of endogenous
basal tonic current (10.8 ± 1.6 pA; 0.31 ± 0.06 pA/pF). The black circles depict the
experimentally derived EF2 values (with 95% CLs as error bars) for the total concentration
expressed as the proportion of GX and MDZ that produced 2-fold potentiation of basal tonic
currents. The experimental EF2 values of the mixture of GX+MDZ for the entire fixed ratio are
placed fall at or below the theoretical line of additivity, indicating the tendency towards
additivity.

JPET Fast Forward. Published on December 16, 2019 as DOI: 10.1124/jpet.119.261735
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #261735

Fig. 9. An overview of potential molecular pathways of synergistic interactions between
neurosteroids and the GABAergic drugs tiagabine or midazolam. GABA-A receptors are
pentameric GABA-gated chloride channels formed from 19 different subunits. Channels
made from different combinations of subunits produce receptor subtypes with distinct
functional properties. GABA-A receptors are classified into two major groups based on their
location: synaptic and extrasynaptic receptors. Synaptic (-containing) receptors generate
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transient inhibitory phasic current, whereas extrasynaptic (-containing) receptors generate
persistent inhibitory tonic current that regulates basal neuronal excitability. The GABA
reuptake inhibitor tiagabine-induced elevation in GABA levels is suggested to augment the
allosteric responses of neurosteroids at synaptic and extrasynaptic GABA-A receptors,
possibly due to greater additivity of free energy for the open state of receptor channels. When
the benzodiazepine midazolam is co-administered, a pharmacodynamic interaction is
predicted to result in super-additive or synergism between neurosteroids and midazolam,
possibly due to energetic additivity as they interact with distinct sites on receptor complex.
However, there is some limitation to this mechanistic model due to multiple circuit disruptions
with the application of tiagabine for blocking GABA update at multiple terminals. The
underlying circuit-specific effects may complicate such simple correlation between the extent
of tonic inhibition and in vivo seizure protection with drug combinations.
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TABLE 1
The values of current (pA) and current density (pA/pF) potentiation by each mixtures of drug
combinations. The symbol n denotes cell number of each group and concentration.
Current density
(pA/pF)
0.31  0.06
0.62  0.12
1.28  0.25
1.38  0.20
0.70  0.09
1.37  0.30
1.22  0.17
3.12  0.78
0.66  0.17
0.66  0.18
1.08  0.23

Sample size
(n)
12
7
7
8
6
6
6
6
6
6
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Basal
EF2-fold
GX:TG = 1:3
GX:TG = 1:1
GX:TG = 3:1
AP:TG = 1:3
AP:TG = 1:1
AP:TG = 3:1
GX:MDZ = 1:3
GX:MDZ = 1:1
GX:MDZ = 3:1

Current shift
(pA)
10.8  1.6
21.6  3.2
59.9  12.8
61.3  10.4
30.2  4.3
56.5  15.5
51.2  9.0
129.5  32.1
31.5  8.6
32.0  8.4
51.1  11.3
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TABLE 2
Isobolographic analysis showing theoretical (EF2-fold add) and experimental determined (EF2-fold mix)
values of GX and TG combinations on tonic current potentiation in DGGCs. nadd denotes total cell
numbers used to calculate the theoretical line of additivity; nmix denotes total cell numbers in each
mixtures of drug combinations.
+

TG = EF2-fold mix
(nM)

Fixed
Ratio

GX

GX+TG

1:3

22.6

59.6

82.224.2

7

227.540.8

62.5

165

6

GX+TG

1:1

44.1

38.8

83.018.5

7

23538.5

125

110

6

GX+TG

3:1

134.3

39.4

173.620.5

8

242.536.3

187.5

55

6

EF2-fold add
(nM)

=

GX

+

TG

add
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TABLE 3
Isobolographic analysis showing theoretical (EF50 add) and experimental determined (EF50 mix) values of
GX and TG combinations against the 6-Hz-induced seizures. nadd denotes total cell numbers used to
calculate the theoretical line of additivity; nmix denotes total cell numbers in each mixtures of drug
combinations.
+

TG

= ED50 mix
(mg/kg)

Fixed
Ratio

GX

GX+TG

1:3

0.341

0.143

0.484
(0.282-0.833)

32

0.514
(0.26-1.012)

0.365

0.149

32

GX+TG

1:1

0.385

0.052

0.437
(0.219-0.870)

40

0.829
(0.42-1.634)

0.73

0.099

40

GX+TG

3:1

0.999

0.05

1.049
(0.535-2.057)

32

1.145
(0.58-2.255)

1.095

0.050

32

EF50 add
(mg/kg)

=

GX

+

TG

add
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TABLE 4
Combination (CI) index of the combinations of GX and TG in the antiseizure activity.

ED50
alone
GX+TG = 1:3
GX+TG = 1:1
GX+TG = 3:1

GX

TG

1.46 0.198
0.341 0.143
0.385 0.052
0.999 0.05

CI
0.96
0.53
0.94

Outcome
additivity/synergy
synergy
additivity/synergy
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TABLE 5
Isobolographic analysis showing theoretical (EF2-fold add) and experimental determined (EF2-fold mix)
values of AP and TG combinations on tonic current potentiation in DGGCs. nadd denotes total cell
numbers used to calculate the theoretical line of additivity; nmix denotes total cell numbers in each
mixtures of drug combinations.
AP

+

TG

= EF2-fold mix
(nM)

EF2-fold add
(nM)

=

AP

+ TG

AP+TG

1:3

27.6

63.2

90.8  28.2

6

237  35.3

72

165

6

AP+TG

1:1

60.8

46.5

107.3  20.6

6

254  27.5

144

110

6

AP+TG

3:1

36.1

9.2

45.3  15.6

6

271  19.8

216

55

6
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TABLE 6
Isobolographic analysis showing theoretical (EF50 add) and experimental determined (EF50 mix) values of
AP and TG combinations against 6-Hz-induced seizures. nadd denotes total cell numbers used to
calculate the theoretical line of additivity; nmix denotes total cell numbers in each mixtures of drug
combinations.
+

TG

= ED50 mix
(mg/kg)

1.05

0.149

32

2.199
(1.40-3.10)

2.1

0.099

32

3.200
(2.05-4.45)

3.15

0.050

32

AP

EF50 add
(mg/kg)

AP+TG

1:3

2.422

0.042

2.464
(1.705-4.058)

32

1.199
(0.75-1.74)

AP+TG

1:1

0.797

0.038

0.835
(0.559-1.247)

32

AP+TG

3:1

0.377

0.059

0.436
(0.24-0.791)

32

=

AP +
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TABLE 7
Combination index (CI) of the combinations of AP and TG in the antiseizure activity.

ED50

AP

TG

CI

alone
AP+TG = 1:3
AP+TG = 1:1
AP+TG = 3:1

4.2
2.422
0.797
0.377

0.198
0.042
0.038
0.059

0.79
0.38
0.39

synergy
synergy
synergy
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TABLE 8
Isobolographic analysis showing theoretical (EF2-fold add) and experimental determined (EF2-fold mix)
values of GX and MDZ combinations on tonic potentiation in DGGCs. nadd denotes total cell numbers
used to calculate the theoretical line of additivity; nmix denotes total cell numbers in each mixtures of
drug combinations.
+ MDZ = EF2-fold mix
(nM)

62.5

24.8

6

141.521.3

125

16.5

6

195.827.6

187.5

8.3

6

GX

EF2-fold add
(nM)

GX+MDZ

1:3

43.0

17.0

60.024.0

6

87.314.9

GX+MDZ

1:1

84.6

11.2

95.831.0

6

GX+MDZ

3:1

79.4

3.5

82.921.7

6

=

GX

+
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TABLE 9
Isobolographic analysis showing theoretical (EF50 add) and experimental determined (EF50 mix) values of
GX and MDZ combinations against the 6-Hz-induced seizures. nadd denotes total cell numbers used to
calculate the theoretical line of additivity; nmix denotes total cell numbers in each mixtures of drug
combinations.
+ MDZ = ED50 mix
(mg/kg)

GX

EF50 add
(mg/kg)

=

GX

+ MDZ

GX+MDZ

1:3

0.834

0.076

0.910
(0.608-0.364)

32

0.665
(0.268-1.237)

0.365

0.3

32

GX+MDZ

1:1

0.432

0.118

0.550
(0.368-0.823)

32

0.93
(0.426-1.784)

0.73

0.2

32

GX+MDZ

3:1

0.223

0.181

0.404
(0.259-0.631)

32

1.195
(0.583-2.330)

1.095

0.1

32
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TABLE 10
Combination index (CI) of the combinations of GX and MDZ in the antiseizure activity.

ED50

GX

MDZ

alone
1.46
0.4
GX+MDZ = 1:3 0.834 0.076
GX+MDZ = 1:1 0.432 0.118
GX+MDZ = 3:1 0.223 0.181

CI
0.76
0.59
0.61

Outcome
synergy
synergy
synergy
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