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In the immature brain the neurotransmitter y-amino butyric acid (GABA) mediates a membrane depolarization
and can contribute to both, inhibition and excitation. Therefore the consequences of a positive modulation of
GABA(A) receptors by neurosteroids on epileptiform activity are hard to predict. In order to analyze whether
neurosteroids attenuate or exaggerate epileptiform activity in the immature brain, we investigated the effect of
the neurosteroid allopregnanolone on epileptiform activity in an in-toto hippocampus preparation of early
postnatal mice (postnatal days 4-7) using field potential recordings. These in-vitro experiments revealed that
0.5 pmol/L allopregnanolone had no effect on ictal-like epileptiform activity, but increased the occurrence of
interictal epileptiform events. The allopregnanolone-induced enhancement of interictal epileptiform activity
could be blocked by a selective inhibition of synaptic GABA4 receptors. In contrast, allopregnanolone had no
effect on interictal epileptiform activity upon enhanced extrasynaptic GABAergic activity. Patch-clamp experi-
ments demonstrated that allopregnanolone prolonged the decay of GABAergic postsynaptic currents, but had no
effect on tonic GABAergic currents. We conclude from these results that allopregnanolone can enhance excit-
ability in the immature hippocampus viaprolonged synaptic GABAergic currents. This potential effect of neu-
rosteroids on brain excitability should be considered if they are applied as anticonvulsants to premature or early
postnatal babies.

1. Introduction

(Farrant and Kaila, 2007). Antiepileptic pharmaca influence the GA-
BAergic system by inhibiting GABA reuptake or degradation (e.g tia-

Epileptic seizures are a common neurological disorder and a severe
burden for the affected patients (Kerr et al., 2011; Stafstrom and
Carmant, 2015). Several pharmacological strategies have been devel-
oped to treat epilepsies, however, still up to 30% of the epilepsy pa-
tients are resistant to common pharmacological therapies and need
further therapeutic options (Wahab et al., 2010). One commonly used
target for antiepileptic and anticonvulsant therapies is the GABAergic
system (Greenfield, 2013). GABA (y-amino butyric acid) is a non-pro-
teinogenic amino acid and the main inhibitory neurotransmitter in the
adult nervous system (Farrant and Kaila, 2007). It acts on ionotropic
GABA, receptors and metabotropic GABAp and inhibits the post-
synaptic neurons by hyperpolarizing the membrane and/or increasing
the membrane conductance and thereby shunting excitatory inputs
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gabine or vigabatrin), by activating GABA, receptors (e.g. barbiturates),
or by acting as positive modulators of GABA, receptors (e.g. benzo-
diazepines) (Rho and Sankar, 1999; Greenfield, 2013). A positive-
modulation of GABA, receptors is also mediated by neurosteroids
(Farrant and Kaila, 2007; Carver and Reddy, 2013). Neurosteroids are
lipophilic molecules that are generated from circulating steroid hor-
mone precursors within the CNS by neurons and or glial cells (Reddy
and Estes, 2016; Reddy, 2010). They act in general as positive mod-
ulators of GABA, receptors and interact with allosteric binding sites
(Reddy, 2010; Belelli et al., 2006; Alvarez et al., 2018). Thus neuro-
steroids comprise an interesting therapeutic target for antiepileptic
strategies and are already used for the treatment of specific forms of
epilepsies (Biagini et al., 2010; Rogawski et al., 2013; Vaitkevicius
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Fig. 1. Effect of allopregnanolone on GABAergic transmission in immature hippocampal CA3 neurons. A) Typical current traces recorded at —60mV in the con-
tinuous presence of 10 uM CNQC and 60 uM APV to isolate GABAergic postsynaptic currents (PSCs). The right traces represent the average PSC shape. Note that the
decay phase of GABAergic PSCs is prolonged in the presence of 0.5 uM allopregnanolone (red traces). B) Statistical analysis of the effect of 0.5 uM allopregnanolone
on frequency, amplitude, rise time, and decay time of GABAergic PSCs. C) Typical current traces recorded in the continuous presence of CNQX, APV and 1 uM
gabazine upon bath application of 1 uM THIP (blue trace), in the presence of 1 uM THIP and 0.5 pum allopregnanolone (red trace) and after application of 100 uM PTX
to this solution (green trace). D) All-data-point-histograms (bin size 0.2 pA) of holding currents of the experiment shown in C. Note that THIP enhances the holding
currents and the variance, while allopregnanolone has no additional effect. Inhibition of extrasynaptic GABA, receptors with high PTX dose reduced the holding
current. Bars represent mean *+ S.E.M, number of experiments are displayed in the bars (* = p < 0.05).

et al., 2017; Sperling et al., 2017).

Treatment of epilepsies in young children is a particularly relevant
problem, since epileptic seizures occur in young children with a higher
incidence as compared to adults (Glauser, 1995; Cowan, 2002). On the
other hand, it is mandatory to treat seizures as early and complete as
possible, to avoid persistent maladaptive changes during further brain
development (Liu et al., 1999; Khalilov et al., 2003; Kouis et al., 2014;
Pawluski et al., 2018) and to prevent adverse cognitive and/or beha-
vioral consequences (Holmes and Ben-Ari, 1998; Painter et al., 2012).
However, pharmacological antiepileptic treatment in infants is often
complicate because in this age group seizures are characterized by a
substantial refractoriness to standard pharmacological therapies
(Painter et al., 1999; Scher et al., 2003; Booth and Evans, 2004;
Silverstein and Jensen, 2007; Loscher et al., 2013). Therefore several
studies addressed the question whether neurosteroids may be a valid
therapeutical option for antiepileptic therapies in children (Brunson
et al., 2002; Yawno et al., 2017; Gonzalez-Giraldo et al., 2018).

However, all therapeutic strategies that address the GABAergic
system in young children have to consider the seminal observation that
GABA is a depolarizing neurotransmitter in the immature brain
(Yamada et al., 2004; Ben-Ari, 2006; Silverstein and Jensen, 2007; Ben
Ari et al., 2012b; Kilb, 2012). Because the GABAergic inhibition de-
pends on both, membrane hyperpolarization and shunting of excitatory
inputs (Khalilov et al., 1999; Kolbaev et al., 2012), it is hard to predict
whether GABA acts as inhibitory or excitatory neurotransmitter in the
immature brain (Dzhala et al., 2005; Abdelmalik et al., 2005; Glykys
et al., 2009; Kolbaev et al., 2012; Kirmse et al., 2015; Valeeva et al.,
2016; Flossmann et al., 2019). This complexity of GABAergic actions is
exemplified by observations in the immature hippocampus, where sy-
naptic GABAergic transmission is required to suppress epileptiform
discharges, while an enhanced extrasynaptic GABAergic drive promotes
epileptiform activity (Kolbaev et al., 2012). On the other hand, it has
been shown that that §-subunit expressing GABA, receptors, which are
involved in extrasynaptic GABAergic transmission, are particularly
modulated by neurosteroids (Mihalek et al., 1999; Wohlfarth et al.,
2002; Spigelman et al., 2003). Therefore it has been questioned whe-
ther premature infants can be efficiently treated with neurosteroids
(Yawno et al., 2017). Few studies already addressed the question
whether neurosteroids promote an anticonvulsive effect in the im-
mature CNS and observed in general that neurosteroids promote an

anticonvulsive effect in immature rodents between postnatal day (P)7
and P21 (Mares, 2005; Mares et al., 2006, 2010; Dhir and Chopra,
2015). However, these in-vivo studies did not address the first postnatal
week, which is roughly corresponding to the brain of preterm infants
(Clancy et al., 2007), and also did not discriminate between synaptic
and extrasynaptic effects.

To evaluate, whether neurosteroids attenuate or exaggerate epi-
leptiform activity in the immature hippocampus in the first postnatal
week and to elucidate how synaptic and extrasynaptic GABAergic
transmission contribute to this effect, we examined the impact of the
neurosteroid allopregnanolone on spontaneous epileptiform discharges
in an intact in-vitro preparation of the immature (P4-7) mouse hip-
pocampus (Khalilov et al., 1997) using field potential recordings with
tungsten microelectrodes. These experiments revealed that allo-
pregnanolone slightly enhances interictal epileptiform activity in the
immature hippocampus and that this effect is mediated by synaptic
GABA, receptors, while extrasynaptic receptors are not involved.

2. Methods
2.1. Ethical approval

All experiments were conducted in accordance with EU directive
86/609/EEC for the use of animals in research and the NIH Guide for
the Care and Use of Laboratory Animals, and were approved by the
local ethical committee (Landesuntersuchungsanstalt RLP, Koblenz,
Germany). All efforts were made to minimize the number of animals
and their suffering.

2.2. Preparation

For this study in total 176 hippocampal preparations were used. The
in-toto hippocampal preparations were isolated according to the pro-
cedures described in detail before (Luhmann and Kilb, 2012). Briefly,
mice pups of postnatal days (P) 4-7, obtained from time pregnant
C57Bl/6 N mice delivered by Janvier (Saint-Berthevin, France), were
deeply anesthetized with enflurane (Ethrane, Abbot Laboratories,
Wiesbaden, Germany). Mice were subsequently decapitated, the brains
were quickly removed and immersed for 2-3 min in ice-cold standard
artificial cerebrospinal fluid (ACSF, composition see below). The
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Fig. 2. Effect of allopregnanolone on epileptiform activity induced by the application of 10 uM 4-AP in Mg>*
-free solutions. Under the original registration (top trace) the amplitude of all events (middle graph) and

typical epileptiform activity induced by 10 uM 4-AP in Mg?*

-free solutions. A) Field potential recordings of the

the occurrence of burst-like discharges (bottom graph) are displayed. Note that this condition induces initial ictal-like discharges that soon transform into recurrent
interictal-like discharges with a stable occurrence for > 3 h. B) Effect of 0.5 uM allopregnanolone on recurrent discharges in 10 uM 4AP/Mg>* -free conditions. Note
the slight increase in the occurrence of recurrent discharges. The red and green data points indicate the intervals used for statistical analysis, the dashed lines indicate
the mean occurrence during these intervals. C, D) Representative intervals of recurrent discharges under control conditions and in the presence of allopregnanolone
as indicated in B. E) Statistical analysis of all experiments. Note that the occurrence of recurrent discharges increases, while the number of spikes per burst decreases
in the presence of allopregnanolone. Bars represent mean * S.E.M, number of experiments are displayed in the bars (* = p < 0.05).

preparation of the intact hippocampus was performed in oxygenated
ice-cold ACSF and lasted <5 min. The frontal parts of the cortex, brain
stem, cerebellum and all diencephalic structures were removed and the
hemispheres were separated. Subsequently the hippocampi were care-
fully isolated from the remaining preparation using two fine spatula.
Four isolated hippocampi were transferred to a fully submerged
chamber, where they were fixed by entomological needles. The sub-
merged chamber was perfused with equilibrated ACSF at 30 = 1°C at
a flow rate of ca. 5 ml/min. Hippocampi were allowed to recover for 1 h
before experiments. For patch-clamp experiments we prepared hippo-
campal slices as previously described in detail (Sharopov et al., 2014;
Lombardi et al., 2018). Horizontal slices (400 um thickness) including
the hippocampus were cut on a vibratome (Microm HM 650 V, Thermo
Fischer Scientific, Schwerte, Germany) and stored in an incubation
chamber filled with oxygenated ACSF at room temperature for =1h
before they were transferred to the recording chamber.

2.3. Data acquisition and analysis

Extracellular field potentials were recorded with tungsten micro-
electrodes (impedance 4-5 MQ, FHC, Bowdoinham, ME) in the stratum
radiatum of the hippocampal CA3 region as described previously (Kilb
et al., 2007). Signals were amplified by a purpose built amplifier, low-
pass filtered at 3 kHz and stored on a PC using an AD/DA board (ITC-
16, HEKA, Lamprecht, Germany) using TIDA software (HEKA). Popu-
lation spikes in epileptiform discharges were identified by threshold
crossing algorithms established in the Matlab environment (MATLAB
R2006a, Mathworks, Natic, MA) and Excel-scripts were used to extract
the properties of epileptiform discharges from these identified popula-
tion spikes.

Whole-cell patch-clamp recordings were performed as described
previously (Chen et al., 2014; Sharopov et al., 2012) at 31 + 1°Cina
submerged-type recording chamber attached to the fixed stage of a
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Fig. 3. Effect of allopregnanolone on interictal epileptiform activity induced by an inhibition of GABA, receptors with 100 uM picrotoxin (PTX) in Mg?*-free
solutions. A) Field potential recordings of the typical epileptiform activity induced by 100 uM PTX in Mg?>*-free solutions. Under the original recording (top trace)
the amplitude of all events (middle graph) and the occurrence of recurrent interictal-like discharges (bottom graph) are displayed. Note that this condition induces
recurrent discharges with a stable occurrence for > 3h. B) Effect of 0.5uM allopregnanolone on recurrent discharges in PTX/Mg>*-free conditions. Note that
amplitude and occurrence are unaffected in the presence of allopregnanolone. The red and green data points indicate the intervals used for statistical analysis. C, D)
Representative intervals of recurrent discharges under control conditions and in the presence of allopregnanolone as indicated in B. E) Statistical analysis of all
experiments. Note that allopregnanolone did not affect the occurrence of recurrent discharges under this condition, whereas the number of spikes per burst de-

creased. Bars represent mean * S.E.M, number of experiments are displayed in the bars (*** = p < 0.001).

microscope (BX51 WI, Olympus). Pyramidal neurons in the stratum
pyramidale of the CA3 region were identified by their location and
morphological appearance in infrared differential interference contrast
image. Patch-pipettes (5-12MQ) were pulled from borosilicate glass
capillaries (2.0 mm outside, 1.16 mm inside diameter, Science Products,
Hofheim, Germany) on a vertical puller (PP-830, Narishige) and filled
with the pipette solution (composition see below). Signals were re-
corded with a discontinuous voltage-clamp/current-clamp amplifier
(SECO5 L, NPI, Tamm, Germany), low-pass filtered at 3 kHz and stored
and analyzed using an ITC-1600 AD/DA board (HEKA) and TIDA
software. All voltages were corrected post-hoc for liquid junction po-
tentials of —6mV for 50mM [Cl"], and —3mV for the high
Cl pipette solution (Achilles et al., 2007). GABAergic postsynaptic
currents were detected and analysed according to their amplitude and
shape by appropriate settings using Minianalysis Software (Synaptosoft,
Fort Lee, NJ).

2.4. Statistics

Data were presented as mean *+ standard error of the mean (SEM).
For statistical analysis paired Students t-test was performed using re-
lated data pairs as indicated in the results section. Significance was
assigned at levels of 0.05 (*), 0.01 (**) and 0.001 (***).

2.5. Solutions and drugs

Standard ACSF consisted of (in mM) 126 NaCl, 26 NaHCO3, 1.25
NaH,POs, 1 MgCl,, 2 CaCl,, 2.5 KCl, 10 glucose (pH 7.4, osmolarity
306 mOsm). For low-Mg2" solutions MgCl, was replaced by 1 mM
CaCl,. All extracellular solutions were equilibrated with 95% O, / 5%
CO,, at least 1h before use. The pipette solution for patch-clamp ex-
periments consisted of (in mM) 133 KCl, 1 CaCl,, 2 MgCl,, 11 EGTA,
and 10 K-HEPES for recording tonic currents and 86 K-Gluconate, 50
KCl, 1 CaCl,, 2 MgCl,, 11 EGTA, and 10 K-HEPES for recording phasic
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Fig. 4. Effect of allopregnanolone on interictal epileptiform activity upon inhibition of synaptic GABAergic transmission with 1 uM gabazine (GBZ). A) Effect of
0.5 uM allopregnanolone on recurrent discharges in GBZ/Mg? " -free conditions. Under the original recording (top trace) the amplitude of all events (middle graph)
and the occurrence of recurrent discharges (bottom graph) are displayed. Note that amplitude and occurrence are unaffected by allopregnanolone. The red and green
data points indicate the intervals used for statistical analysis. B, C) Representative intervals of repetitive discharges under control conditions and in the presence of
allopregnanolone as indicated in B. D) Statistical analysis of all experiments. Note that allopregnanolone does not affect any parameter of the recurrent discharges
under this condition. E) Occurrence plot of epileptiform activity induced in the presence of 1 pM GBZ under control conditions (red) and in the presence of 0.5 pM
allopregnanolone (green). F) Statistical analysis of the experiments displayed in E. Note that allopregnanolone does not affect any parameter of the recurrent

+

discharges under this condition. Bars represent mean

currents. In both solutions pH was adjusted to 7.4 with KOH and os-
molarity to 306 mOsm with sucrose. 4-aminopyridine (4-AP), 6-Imino-
3-(4-methoxyphenyl)-1(6 H)-pyridazinebutanoic acid hydrobromide
(gabazine, SR-95531), picrotoxin, 4,5,6,7-tetrahydroisoxazolo[5,4-C]-
pyridin-3-ol (THIP) and alloprenganolone (3a,50-
Tetrahydroprogesterone) were purchased from Sigma (Taufkirchen,
Germany), DL-2-Amino-5-phosphonopentanoic acid (APV) and 6-
Cyano-7-nitroquinoxaline-2,3-dione (CNQX) from Biotrend (Cologne,
Germany). 4-AP, gabazine, picrotoxin, THIP, CNQX, APV and allo-
pregnanolone were used from stock solutions prepared in di-
methylsulfoxide (DMSO, Sigma). All substances were added to the final
solutions shortly before the experiment. The DMSO concentration of the
final solution never exceeded 0.1%.

3. Results

3.1. Effect of allopregnanolone on synaptic and extrasynaptic GABAergic
transmission

In an initial set of experiments we investigated whether the neu-
rosteroid allopregnanolone affects GABAergic transmission in the im-
mature hippocampus. For this purpose we performed whole-cell patch-
clamp recordings from visually identified neurons in the CA3 region of
hippocampal slices obtained from P4-7 mice pups. First we analyzed the
effect of 0.5 pM allopregnanolone on spontaneous GABAergic post-
synaptic currents (PSCs), isolated in the presence of 10 uyM CNQX and
60 UM APV (Fig. 1A). These GABAergic PSCs had an average amplitude
of 24 + 3.9pA, a rise time of 8.1 = 1.5ms, decay time constant of

S.E.M, number of experiments are displayed in the bars.

19.2 * 2.9ms and occurred at a frequency of 2.8 + 0.8 Hz (n = 9898
events from 15 cells). In the presence of 0.5uM allopregnanolone the
average decay time constant was significantly (p = 0.042) prolonged to
47.7 + 17 ms, corresponding to 202 *+ 46% (n = 7575 events from
15 cells, Fig. 1A and B). Other properties of GABAergic PSCs were not
significantly altered (amplitude: 105 * 5.3%, p = 0.296; rise time:
98.3 + 3.7%, p = 0.249; frequency 134.7 = 35.8%, p = 0.499,
Fig. 1B). These results indicate that allopregnanolone delays the decay
of GABA, receptors.

To analyze the effect of allopregnanolone on tonic GABAergic cur-
rents we first applied 1 uM THIP, a specific agonist of extrasynaptic as ¢
and §-subunit containing GABA, receptors (Lindquist et al., 2003), to
activate tonic GABAergic currents and subsequently added 0.5 uM al-
lopregnanolone to identify its effect on tonic currents (Fig. 1C). These
experiments were performed in the continuous presence of 10 uM
CNQC, 60 uM APV and 1 uM gabazine, which block glutamatergic and
phasic GABAergic currents, while tonic GABAergic currents are un-
affected under this conditions (Kolbaev et al., 2012). Addition of 1 uM
THIP significantly (p = 0.0005) enhanced the holding current by

+ 0.6 pA (n = 6 cells). If 0.5 pM allopregnanolone was added to
this solution, the holding current remained unaffected (AI = 0.45 =
3.5 pA, n =5, p = 0.91), suggesting that allopregnanolone has no ef-
fect on tonic GABAergic currents in immature CA3 pyramidal neurons.

3.2. Effect of allopregnanolone on epileptiform activity patterns

Next we investigated the effect of allopregnanolone on interictal
epileptiform activity induced by the application of 10 uM 4-AP in low
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Fig. 5. Effect of allopregnanolone on interictal epileptiform activity upon enhancement of extrasynaptic GABAergic transmission with 1 pM THIP. A) Field potential
recordings of the typical epileptiform activity induced by 1 pM GBZ under control conditions and upon the sequential addition of 1 uM THIP and 0.5 pM allo-
pregnanolone. The blue, red and green data points indicate the intervals used for statistical analysis. B, C) Representative intervals of recurrent discharges in the
presence of THIP before and after the addition of allopregnanolone as indicated in A. D) Statistical analysis of all experiments. Note that in the presence of THIP the
occurrence of interictal epileptiform discharges is increased, while the amplitude is decreased. Addition of allopregnanolone has no additional effect on occurrence
and amplitude of interictal epileptiform discharges. Bars represent mean + S.E.M, number of experiments are displayed in the bars (* = p < 0.05, ** = p < 0.01).

Mg®* solution in isolated in-toto hippocampus preparations.
Application of this solution induced repetitive interictal epileptiform
events, which occurred at a rate of 14 *+ 0.8 events per minute (n = 38
preparations) and consisted on average of 7.1 + 0.8 spikes with an
amplitude of 1.47 = 0.1 mV and a frequency of 12.9 + 1.3 Hz. The
high and constant rate and the regular appearance of these repetitive
epileptiform discharges allows the quantification of even small effects
in the network excitability (Kilb et al., 2006, 2007). In the presence of
0.5uM allopregnanolone the occurrence of interictal epileptiform
events was significantly (p = 0.031) enhanced by 24.1 * 8.3%
(n = 23 preparations) (Fig. 2B-E). In addition, the number of spikes per
epileptiform event was significantly (p = 0.015) reduced by
11.7 = 7.5% (Fig. 2C-E). Amplitude (94.9 * 5.2%, p = 0.352) and
the frequency of spikes within an epileptiform event (111.6 * 7.6,
p = 0.098) were not significantly altered (Fig. 2E). These results in-
dicate that allopregnanolone increases interictal epileptiform activity,
suggesting that allopregnanolone may enhance the excitatory effect of
the GABAergic system in the immature hippocampus (Kolbaev et al.,
2012; Ben Ari et al., 2012a; Khazipov et al., 2015; Flossmann et al.,
2019).

3.3. Effect of allopregnanolone on interictal epileptiform activity patterns
during global GABAergic blockade

Therefore we next investigated whether the allopregnanolone effect
on interictal epileptiform activity was prevented in the presence of 100
UM picrotoxin, which at this concentration blocks both synaptic and

extrasynaptic GABA, receptors (Marchionni et al., 2007; Kolbaev et al.,
2012). Addition of 100 uM picrotoxin to low Mg2+ solution led to in-
terictal epileptiform events that occurred at a rate of 9.1 = 0.5 events
per min (n = 24 preparations) and consisted of 10.2 + 0.8 spikes per
event with an average amplitude of 1.95 = 0.13mV at a frequency of
16.1 + 0.9 Hz (Fig. 3A). Under this condition 0.5 pM allopregnanolone
significantly (p < 0.001) reduced the number of spikes per epilepti-
form events by 13.2 + 3.3% (n = 24 preparations), while the occur-
rence of epileptiform events (102.7 = 3.2%, p = 0.7445), the ampli-
tude of spikes (95.1 = 2.7%, p = 0.0817) and their frequency
(100.1 = 3.1%, p = 0.7290) were not significantly altered (Fig. 3B-F).
In summary, this result suggests that the allopregnanolone-induced
increase in the occurrence of interictal epileptiform activity relies on
GABA, receptors.

3.4. Effect of allopregnanolone on interictal epileptiform activity patterns
upon inhibition of synaptic GABAergic transmission

To elucidate whether the effect of allopregnanolone on interictal
epileptiform activity is mediated by synaptic or extrasynaptic receptors,
we next investigated whether a specific inhibition of synaptic
GABAergic currents with 1 pM gabazine (Marchionni et al., 2007;
Kolbaev et al., 2012) is sufficient to prevent the effect of allopregna-
nolone on epileptiform activity. Application of 1 uM gabazine to low-
Mg?* solutions led to epileptiform events with an occurrence of
9.5 = 0.5 epileptiform events per min (n = 28 preparations). Each
epileptiform event consisted of 7.9 = 0.5 spikes with average
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Fig. 6. Effect of allopregnanolone on ictal-like epileptiform activity induced by Mg?* -free solutions. A) Field potential recordings of the typical epileptiform activity
observed in Mg?* -free solutions. Note the sparse occurrence of epileptiform bursts. B) Typical epileptiform discharge pattern, as indicated in A, in higher temporal
resolution. Note that this event resembles the properties of ictal-like events. C) Effect of 0.5 uM allopregnanolone on ictal-like discharges in Mg?*-free conditions.
Note that amplitude and occurrence are unaffected by allopregnanolone. The red and green data points indicate the intervals used for statistical analysis. D, E)
Representative intervals of repetitive discharges under control conditions and in the presence of allopregnanolone as indicated in B. F) Statistical analysis of all
experiments. Note that allopregnanolone does not affect the ictal-like epileptiform discharges under this condition. Bars represent mean + S.E.M, number of

experiments are displayed in the bars.

amplitude of 1.5 + 0.16 mV and a frequency of 18 + 1.2Hz. This
interictal epileptiform activity was not altered in the presence of 0.5 uM
allopregnanolone. Neither the occurrence of epileptiform events
(107.1 £ 6.2%, n = 28, p = 0.4024) nor the number of spikes per
epileptiform event (97.6 = 4.4%, p = 0.6561), their amplitude
(101.7 = 3.4%, p = 0.4304), or their frequency (103.3 * 3.2%,
p = 0.9703) was significantly affected (Fig. 4A-D).

In addition, we investigated the effect of 0.5uM allopregnanolone
on epileptiform discharges induced by the application 1 uM gabazine
(GBZ) in ACSF (Kolbaev et al., 2012). Addition of 1 uM GBZ to ACSF
induced interictal epileptiform discharges consisting of 8.4 + 1 spikes
(n = 12 preparations) with an amplitude of 3.4 + 0.5mV and a fre-
quency of 19.6 + 1.1 Hz occurred at a rate of 6.5 + 0.6 events per
min, in accordance with previous studies demonstrating that GA-
BAergic inhibition is required to suppress epileptiform activity already
in the immature hippocampus (Marchionni et al., 2007; Kolbaev et al.,
2012). This interictal activity was also not significantly affected by bath
application of 0.5 pM allopregnanolone. Neither occurrence
(114.8 = 14.3%, n = 12 preparations, p = 0.343), nor the number of
spikes per epileptiform event (133.2 + 42.9%, n = 12, p = 0.462),
their amplitude (108.5 * 8.2%; n = 12, p = 0.1497), or their fre-
quency (92 * 4.5%, n =12, p =0.117) was significantly altered
under this condition (Fig. 4E and F).

In summary, the results of these experiments suggest that the slight
enhancement of interictal epileptiform activity by allopregnanolone in
was most probably mediated viasynaptically activated GABA, re-
ceptors.

3.5. Effect of allopregnanolone on epileptiform activity viaextrasynaptic
GABAergic transmission

In the next set of experiments we addressed the question whether

allopregnanolone can influence epileptiform activity viamodulation of
extrasynaptic currents. Unfortunately there are no specific blockers
available that inhibit only extrasynaptic receptors without influencing
synaptic transmission (Semyanov and Kullmann, 2002; Kolbaev et al.,
2012). Therefore we addressed this question by enhancing extra-
synaptic, tonic GABAergic currents using THIP. These experiments were
performed on interictal epileptiform discharges induced by the selective
inhibition of synaptic GABAergic transmission with 1 pM GBZ in ACSF
(Kolbaev et al., 2012). Enhancing tonic GABAergic currents under this
condition slightly enhanced the interictal epileptiform activity (Fig. 5A
and D). Addition of 1 uM THIP significantly (p = 0.032) increased the
occurrence of gabazine-induced epileptiform activity from 6.8 = 0.6
per min to 8.8 * 0.9 per min, corresponding to 137.2 = 13.8%
(n = 19 preparations). In contrast, the amplitude of epileptiform dis-
charges was reduced to 81.4 = 3.8% (n = 19). The number of spikes
per epileptiform events (115.6 = 13%, p = 0.261) and their frequency
(100.5 *= 4.6%, p = 0.775) were not significantly affect by the THIP
application (Fig. 5D). Addition of 0.5 uM allopregnanolone to this
condition failed to additionally affect interictal epileptiform activity
(Fig. 5A-C). Neither the occurrence (141.1 = 19.9% of precontrols in
1uM GBZ, n =18, p=0.278), nor amplitude (82.4 + 4.9%,
p = 0.963), number of spikes per epileptiform event (126.8 + 22.8%,
p = 0.549) and their frequency (99.4 * 6.2%, p = 0.898) were sig-
nificantly different from the values in THIP alone (Fig. 5D). In sum-
mary, these results suggest that activation of extrasynaptic GABAergic
currents can enhance interictal epileptiform activity, but that this effect
was not further modulated by allopregnanolone.

3.6. Effect of allopregnanolone on ictal-like epileptiform activity patterns

Finally, we addressed the question whether ictal-like epileptiform
activity can be affected by allopregnanolone. For this purpose we
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investigated the effect of allopregnanolone on spontaneous activity
induced by Mg?*-free solutions in immature hippocampal prepara-
tions. In line with previous publications (Kilb et al., 2007) removal of
Mg?* induced ictal-like busts of activity. These ictal-like burst occurred
at a rate of 0.07 + 0.02 events per minute (n = 35 preparations), and
consisted on average of 96.3 = 22.3 spikes with an amplitude of
1.43 = 0.09mV and a frequency of 12.4 = 1.9Hz (Fig. 6A). As this
ictal-like activity transforms into recurrent discharge patterns after
some time, only in five preparations we were able to complete the in-
vestigation of the effect of allopregnanolone on ictal-like discharges.
These experiments revealed that in the presence of 0.5 puM allo-
pregnanolone neither the occurrence (110.7 * 15.8%, n =5 pre-
parations, p = 0.771), nor the number of spikes (104.2 + 33%,
p = 0.661), their amplitude (116.1 * 7.3%, p = 0.19), or their fre-
quency (73.7 = 13.8%, p = 0.079) were significantly affected
(Fig6C-F). In summary, this result indicates that allopregnanolone does
not affect the ictal-like epileptiform activity induced under this condi-
tion.

4. Discussion

In the present study we investigated the effect of the neurosteroid
allopregnanolone on epileptiform activity in slices and in an in-toto
hippocampus preparation of early postnatal mice pups. These experi-
ments revealed that (i) allopregnanolone increased the occurrence of
recurring epileptiform discharges, (ii) that this effect could be blocked
by a selective inhibition of synaptic GABA, receptors as well as by an
inhibition of synaptic and extrasynaptic GABA, receptors, (iii) that the
proconvulsive effect of enhanced extrasynaptic GABAergic activity was
not augmented by allopregnanolone, (iv) that ictal-like epileptiform
activity was unaffected by allopregnanolone and (v) that allopregna-
nolone prolonged the decay of GABAergic postsynaptic currents, but
had no effect on tonic GABAergic currents. We conclude from these
results that allopregnanolone may enhance excitability in the immature
hippocampus viaprolonged synaptic GABAergic currents. This potential
effect of neurosteroids on hippocampal excitability must be considered
if they are applied as anticonvulsants to premature or early postnatal
babies.

A variety of animal studies proved that the neurosteroid allo-
pregnanolone has a consistent anticonvulsant effect in the mature
nervous system (Reddy et al., 2004; Levesque et al., 2017; Zolkowska
et al., 2018) and, accordingly, allopregnanolone and related derivatives
are used for anticonvulsant therapies in humans (Biagini et al., 2010;
Rogawski et al., 2013; Vaitkevicius et al., 2017; Sperling et al., 2017).
However, the depolarizing action of GABA, receptor-mediated re-
sponses in the immature CNS (Ben-Ari, 2006; Silverstein and Jensen,
2007; Ben Ari et al., 2012b; Kilb et al., 2013) requires that the effects of
allopregnanolone on epileptiform activity must be studied at this de-
velopmental age to predict the outcome of neurosteroids on neonatal
seizures (Yawno et al., 2017).

One major observation of the present study is that allopregnanolone
augments the occurrence of interictal epileptiform discharges in P4-7
hippocampi. The recurrent discharges of this interictal epileptiform
activity occurred with a high frequency and had a very homogenous
appearance, which enables to quantify even subtle changes in the ex-
citation/inhibition balance from these epileptiform patterns (Kilb et al.,
2006, 2007). This finding is in line with our central hypothesis, which
predicts that allopregnanolone should enhance the excitability in the
immature hippocampus. This hypothesis derived from the observations
that neurosteroids augment extrasynaptic GABA4 receptors (Carver and
Reddy, 2016) and that enhanced extrasynaptic GABAergic activity in-
duces epileptiform discharges (Kolbaev et al., 2012). An initial phar-
macological experiment demonstrated that the augmenting effect of
allopregnanolone on the occurrence of interictal epileptiform activity
was completely abolished upon a global inhibition of GABA, receptors
with picrotoxin, indicating that GABA, receptors are indeed essential
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for the enhanced hippocampal excitability in allopregnanolone. How-
ever, in contrast to our main hypothesis further pharmacological ex-
periments revealed that the increase in interictal epileptiform activity
by allopregnanolone could be completely suppressed by low doses of
GBZ, which specifically inhibits synaptic GABA, receptors (Bai et al.,
2001; Kolbaev et al., 2012). This result demonstrated that the enhanced
hippocampal excitability in allopregnanolone is mediated by an inter-
action with synaptically located GABA, receptors. Our whole-cell
patch-clamp experiments demonstrated that allopregnanolone indeed
prolonged the decay time constant of GABAergic PSCs, suggesting that
this longer duration of postsynaptic currents and/or the larger GA-
BAergic charge transfer may underlie the enhancement of hippocampal
excitability by allopregnanolone.

The observation that the enhancement of hippocampal excitability
by allopregnanolone was abolished upon inhibition of synaptic GABAA
receptors already indicates that an interaction of allopregnanolone with
extrasynaptic receptors is most probably not involved in this allo-
pregnanolone effect. In line with this, the enhanced occurrence of in-
terictal epileptiform activity after pharmacological stimulation of ex-
trasynaptic GABA, receptors with THIP (Kolbaev et al., 2012) was
unaffected by allopregnanolone. In addition, our whole-cell patch-
clamp experiments indicate that THIP-induced tonic currents were
unaffected by allopregnanolone.

Few animal studies previously addressed the question whether
neurosteroids promote an anticonvulsive effect in the immature CNS.
Allopregnanolone and allopregnanolone-analogues reliably attenuates
the pentylenetetrazol-induced seizure in P9 rats (Dhir and Chopra,
2015), P12 rats (Mares et al., 2010) and in rats between P12-P90
(Mares et al., 2006). In addition, allopregnanolone pretreatment pro-
longed the latency for onset of kainate-induced seizures in P12 rats
(Dhir and Chopra, 2015), but has only at high concentrations a partial
effect on 4-AP induced seizures (Dhir and Chopra, 2015). These ex-
periments thus all revealed a clear anticonvulsive effect of allo-
pregnanolone.

However, in P7 rats low allopregnanolone doses increased the in-
cidence for minimal PTZ-associated seizures (Mares et al., 2006), sug-
gesting that allopregnanolone can have a proconvulsive effect at this
developmental stage. Increasing the allopregnanolone concentration
eliminated this proconvulsive effect of PTZ on minimal PTZ-associated
seizures, but reliably attenuated PTZ-induced ictal-like activity (Mares
et al., 2006). This biphasic sequence of effects is reminiscent to the dual
effect of GABA agonists in-vitro, with an excitatory effect at low and an
inhibitory effect at high doses of GABA, receptor agonists (Khalilov
et al.,, 1999). Our results replicate and extend these observations to
early postnatal animals (P4-7) and indicate that allopregnanolone in-
deed can enhance hippocampal excitability in the early postnatal brain
at stages < P7, representing preterm infants (Clancy et al., 2007).

Interestingly the anticonvulsive effect of allopregnanolone on kai-
nate-induced seizures in P12 rats could be enhanced by a pretreatment
with bumetanide (Dhir and Chopra, 2015). This observation suggests
that the attenuating effect of allopregnanolone on epileptiform activity
is mediated by ionotropic GABA receptors and depends on the balance
between GABAergic inhibition viashunting (which is unaffected by
bumetanide) and an excitatory component by depolarizing GABAergic
responses (which is affected by bumetanide) (Kolbaev et al., 2011). The
question to which extend depolarizing GABAergic responses contribute
to the enhanced seizure susceptibility in the developing brain has not
been finally solved yet. Several in-vitro studies demonstrated that it
depends on cell types, the synaptic/extrasynaptic location of receptors,
and on the amount of GABAergic stimulation whether depolarizing
GABAergic responses mediate excitatory or inhibitory effects (Dzhala
et al., 2005; Glykys et al., 2009; Kolbaev et al., 2012). Although in-vivo
studies indicate that GABA mediates depolarizing but inhibitory re-
sponses in the perinatal rodent neocortex (Kirmse et al., 2015; Valeeva
et al., 2016), the situation may be different in the immature hippo-
campus. In-vivo recordings of the immature hippocampus revealed that
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attenuating GABAergic depolarization blocked spontaneous sharp-wave
ripples activity (Sipila et al., 2006), which represent in-vivo correlates
of giant-depolarizing potentials (GDPs), early network events that rely
on excitatory GABAergic activity (Sipila et al., 2005; Ben-Ari et al.,
2007; Cherubini et al., 2011; Lombardi et al., 2018). In addition, recent
in-vitro experiments demonstrated that the somatostatin-positive sub-
population of GABAergic neurons can directly drive excitation in pyr-
amidal neurons (Flossmann et al., 2019). Finally, the observation that
barbiturates can exaggerate seizures or seizure-associated consequences
in neonates (Torolira et al., 2017) implies that GABA, receptors can
contribute to excitation. In summary, these findings suggest that it
cannot be excluded that excitatory actions of GABA can contribute to
ictogenesis, poor pharmacological responses to GABA acting anti-
epileptic drugs or even to the paradoxical actions of such drugs in
premature or perinatal human babies. In particular, the net effect of
GABA in immature networks and thus the consequences of a positive
modulation of GABA, receptors are hard to predict.

When considering putative clinical implications of the augmented
interictal activity in the presence of allopregnanolone, it is also neces-
sary to consider that interictal activity in the hippocampus proper has
been shown to suppress the generation of ictal activity in the entorhinal
cortex (Barbarosie and Avoli, 1997). This effect most probably relies on
a reduction of GABA-mediated transients in the extracellular K* con-
centration ([K*].) (Avoli et al., 2013; Avoli and De Curtis, 2011),
which are critical for the initiation of ictal events (De Curtis and
Gnatkovsky, 2009). However, such GABA-associated [K*]. transients
depend on the activity of the K*-Cl~-cotransporter (KCC2) (Viitanen
et al., 2010) and since the KCC2 expression is low in the immature
hippocampus (Wang et al., 2002; Stein et al., 2004), it is hard to predict
whether a similar suppressive effect of interictal activity on the gen-
eration of ictal activity may also occur in the immature hippocampus.

5. Conclusion

While in general there is little evidence, based on placebo-controlled
studies, for the use of anticonvulsive in infants and premature babies
(see e.g. Booth and Evans, 2004; Gayatri et al., 2007; Mehta et al.,
2015), for specific forms of childhood seizures (infantile spasms) the
use of corticosteroids for the treatment has been recommended
(Wheless et al., 2005, 2007; Tibussek et al., 2016). While some animal
studies indeed suggest that an inhibitory, putative anticonvulsive effect
of neurosteroids dominates after P12 in rodents (Mares et al., 2006;
Mares et al., 2010), the results of the present study indicate that neu-
rosteroids may enhance hippocampal excitability in the early postnatal
rodent brain. Therefore the use of neurosteroids in premature babies
should be carefully reflected.
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