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Abstract

The neuroactive steroid (NAS) tetrahydrodeoxycorticosterone (THDOC) increases protein kinase
C (PKC) mediated phosphorylation of extrasynaptic GABAp receptor (GABAAR) subunits
leading to increased surface expression of a4/B3 subunit-containing extrasynaptic GABAARS,
leading to a sustained increase in GABAAR tonic current density. Whether other naturally
occurring and synthetic NASs share both an allosteric and metabotropic action on GABAARS is
unknown. Here, we examine the allosteric and metabotropic properties of allopregnanolone
(ALLO), and synthetic NASs SGE-516 and ganaxolone. ALLO, SGE-516, and ganaxolone all
allosterically enhanced prototypical synaptic and extrasynaptic recombinant GABAARS. In dentate
gyrus granule cells (DGGCs) all three NASs, when applied acutely, allosterically enhanced tonic
and phasic GABAergic currents. In separate experiments, slices were exposed to NASs for 15 min,
and then transferred to a steroid naive recording chamber followed by > 30 min wash before tonic
currents were measured. A sustained increase in tonic current was observed following exposure to
ALLO, or SGE-516 and was prevented by inhibiting PKC with GF 109203X. No increase in tonic
current was observed with exposure to ganaxolone. In agreement with the observations of an
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increased tonic current, the NASs ALLO and SGE-516 increased the phosphorylation and surface
expression of the B3 subunit-containing GABAaRs. Our studies demonstrate that neuroactive
steroids have differential abilities to induce sustained increases in the efficacy of tonic inhibition
by promoting GABAAR phosphorylation and membrane trafficking dependent on PKC activity.
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1. Introduction

v-Aminobutyric acid type A receptors (GABAaRS) mediate both phasic and tonic inhibitory
neurotransmission in the CNS and are the sites of action of benzodiazepines, barbiturates,
general anesthetics and neuroactive steroids (NAS). GABAARS containing the a4 subunit
are located primarily extrasynaptically in the dentate gyrus of the hippocampus, neocortex,
striatum and the thalamus where they are persistently activated by low concentrations of
GABA. They have distinct pharmacological properties that distinguish them from synaptic
GABAARs (Glykys and Mody, 2007). Extrasynaptic GABAARS are responsible for
mediating the tonic inhibition that determines the gain and offset of the neuronal output, thus
regulating the excitability of neurons and the activity of neuronal circuits (Belelli et al.,
2009; Semyanov et al., 2004). In addition to regulating neuronal activity, a4/8 subunit-
containing GABARs are implicated in a multitude of neurological disorders including
epilepsy, neurodevelopment disorders and anxiety disorders (Belelli et al., 2009; Brickley
and Mody, 2012; D’Hulst and Kooy, 2007).

The endogenous NASs ALLO, and THDOC, and the synthetic NAS ganaxolone, are potent
positive allosteric modulators (PAMs) of GABAARs. Consistent with their role as GABAAR
PAMs, NASs have dose dependent anxiolytic, anti-convulsant, hypnotic and sedative actions
(Mitchell et al., 2008; Paul and Purdy, 1992). The ability of NASs to allosterically potentiate
both phasic and tonic inhibition makes them attractive anticonvulsants however, despite
these favorable properties the therapeutic potential of NASs is very limited because of their
low bioavailability, and rapid clearance preventing the concentration in the brain to reach
therapeutic levels (Rupprecht, 2014). Recently, Botella et al. (Botella et al., 2015) developed
a series of synthetic NASs with modification that highly improves their pharmacokinetic
properties yet retain similar pharmacological profile as ALLO. Among those compounds,
SGE-516 was developed with improved bioavailability, and pharmacokinetic properties.

In addition to their actions as PAMs, recent studies have demonstrated that THDOC has a
metabotropic mechanism of action on GABAaRs. THDOC increase the PKC-dependent
phosphorylation of S443 in a4 subunits and S408/9 in B3 subunits. Upon THDOC exposure,
enhanced phosphorylation at S443 and S408/9 leads to a sustained increase in GABAaR
tonic current density due to increased receptor insertion into the plasma membrane and
decreased receptor endocytosis (Abramian et al., 2014; Abramian et al., 2010; Adams et al.,
2015). In this study we sought to examine if the PKC-dependent metabotropic pathway
previously identified with THDOC exposure is stimulated by another endogenous NAS,
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ALLO, the first generation synthetic NAS, ganaxolone, and a more recently developed
synthetic NAS, SGE-516.

2. Methods
2.1. Recombinant GABA Pharmacology

Cellular electrophysiology was used to measure the pharmacological properties of ALLO,
ganaxolone and SGE-516 in heterologous cell systems. Compounds were tested for their
ability to affect GABA mediated currents at a submaximal agonist dose (GABA ECy; =
2uM).

LTK cells were stably transfected with the a1p2y2 subunits of the GABA receptor and
CHO cells are transiently transfected with the a.4p36 subunits via the Lipofecatamine
method. Cells were passaged at a confluence of about 50-80% and then seeded onto 35mm
sterile culture dishes containing 2 ml culture complete medium without antibiotics or
antimycotics. Cells were cultivated at a density that enabled the recording of single cells
without visible connections to other cells.

Whole-cell currents were measured with HEKA EPC-10 amplifiers using PatchMaster
software. Bath solution for all experiments contained (in mM): NaCl 137, KCI 4, CaCl, 1.8,
MgCl, 1, HEPES 10, D-Glucose 10, pH 7.4 with NaOH. Intracellular (pipette) solution
contained (in mM): KCI 130, MgCl, 1, Mg-ATP 5, HEPES 10, EGTA 5, pH 7.2 with KOH.
During experiments, cells and solutions were maintained at room temperature (19°C-30°C).
For manual patch-clamp recordings, cell culture dishes were placed on the dish holder of the
microscope and continuously perfused (1 ml/min) with bath solution. After formation of a
Gigaohm seal between the patch electrode and the cell (pipette resistance range: 2.5 MQ-6.0
MQ; seal resistance range: >1 GQ) the cell membrane across the pipette tip was ruptured to
assure electrical access to the cell interior (whole-cell patch configuration).

Cells were voltage-clamped at a holding potential of —80 mV. GABA receptors were
activated by 2 uM GABA and compounds were sequentially applied at increasing
concentrations for 30s prior to a 2s application of GABA. GABA and compounds were
applied to cells via the Dynaflow perfusion system (Cellectricon, Sweden). Test compounds
were dissolved in DMSO to form 10 mM stock solution and serially diluted to 0.01, 0.1, 1,
and 10 pM in bath solution. There was no effect on GABA currents when DMSO was
applied to cells at its maximal concentration in solution (0.1%). All concentrations of test
compound were tested on each cell. The relative percentage potentiation was defined as the
peak amplitude in response to GABA ECyq in the presence of test compound divided by the
peak amplitude in response to GABA ECyq alone, multiplied by 100.

2.2. Hippocampal Slice preparation
Brain slices were prepared from 3- to 5-week-old male C57 mice. Mice were anesthetized
with isoflurane, decapitated, and brains were rapidly removed and submerged in ice-cold
cutting solution containing (mM): 126 NaCl, 2.5 KCl, 0.5 CaCl,, 2 MgCls, 26 NaHCOs3,
1.25 NaH,POy, 10 glucose, 1.5 sodium pyruvate, and 3 kynurenic acid. Coronal 310 pm
thick slices were cut with the vibratome VT1000S (Leica Microsystems, St Louis, MO,
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USA). The slices were then transferred into incubation chamber filled with prewarmed (31—
32°C) oxygenated artificial cerebro-spinal fluid (ACSF) of the following composition (in
mM): 126 NaCl, 2.5 KClI, 2 CaCls,, 2 MgCl,, 26 NaHCO3, 1.25 NaH,POy,, 10 glucose, 1.5
sodium pyruvate, 1 glutamine, 3 kynurenic acid and 0.005 GABA bubbled with 95% O,-5%
COo». Slices were allowed to recover at 32°C for at least 1hr before recording. Exogenous
GABA was added in an attempt to standardize ambient GABA in the slice and provide an
agonist source for newly inserted extrasynaptic GABAARS.

2.3. Electrophysiology Recordings

After recovery, a single slice was transferred to a submerged, dual perfusion recording
chamber (Warner Instruments, Hamden, CT, USA) on the stage of an upright microscope
(Nikon FN-1) with a 40x water immersion objective equipped with DIC/IR optics. Slices
were maintained at 32°C and gravity-superfused with ACSF solution throughout
experimentation and perfused at rate of 2 ml/min with oxygenated (O,/CO, 95/5%) ACSF.

Whole-cell currents were recorded from the dentate gyrus granule cells (DGGCs) in 310-
um-thick coronal hippocampal slices. Patch pipettes (5—-7 MQ) were pulled from borosilicate
glass (World Precision Instruments) and filled with intracellular solution of the composition
(in mM) as follows: 140 CsCl, 1 MgCl,, 0.1 EGTA, 10 HEPES, 2 Mg-ATP, 4 NaCl and 0.3
Na-GTP (pH = 7.2 with CsOH). A 5 min period for stabilization after obtaining the whole-
cell recording conformation (holding potential of —60 mV) was allowed before currents were
recorded using an Axopatch 200B amplifier (Molecular Devices), low-pass filtered at 2 kHz,
digitized at 20 kHz (Digidata 1440A; Molecular Devices), and stored for off-line analysis.

2.4. Electrophysiology Analysis

For tonic current measurements, an all-points histogram was plotted for a 10 s period before
and during 100 pM picrotoxin application, once the response reached a plateau level.
Recordings with unstable baselines were discarded. Fitting the histogram with a Gaussian
distribution gave the mean baseline current amplitude and the difference between the
amplitudes before and during picrotoxin was considered to be the tonic current. The negative
section of the all-points histogram which corresponds to the inward IPSCs was not fitted
with a Gaussian distribution (Kretschmannova et al., 2013; Nusser and Mody, 2002). Series
resistance and whole-cell capacitance were continually monitored and compensated
throughout the course of the experiment. Recordings were eliminated from data analysis if
series resistance increased by >20%.

Spontaneous inhibitory post-synaptic currents (sIPSCs) were analyzed using the mini-
analysis software (version 5.6.4; Synaptosoft, Decatur, GA). Minimum threshold detection
was set to 3 times the value of baseline noise signal. To assess sIPSC kinetics, the recording
trace was visually inspected and only events with a stable baseline, sharp rising phase, and
single peak were used to negate artifacts due to event summation. Only recordings with a
minimum of 200 events fitting these criteria were analyzed. sIPSCs amplitude, and
frequency from each experimental condition was pooled and expressed as mean + SEM. To
measure sIPSC decay we averaged 100 consecutive events and fitted the decay to a double
exponential and took the weighted decay constant (z,). Statistical analysis was performed
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by using Student t-test (paired and unpaired where appropriate), where p<0.05 is considered
significant.

2.5. Metabolic Labeling and Biotinylation

Slices were labeled with 0.5 mCi/mL [32P]orthophosphoric acid for 1-4 hr in phosphate-
free DMEM before lysis. The B3 subunit was isolated using immunoprecipitation with $3
antibodies, after correction for protein content and the specific activity of labeling. Results
were attained by SDS/PAGE followed by autoradiography (Abramian et al. 2010). For
biotinylation experiments hippocampi were dissected out of acute slices from 8-12 week old
C57/BI6 mice and incubated in artificial cerebrospinal fluid (ACSF) described above at 30°C
for 1 hr for recovery befor e experimentation. Slices were then placed on ice and incubated
for 30 min with 1 mg/mL NHS-SS-biotin (Pierce). Excess biotin was removed by a 50 mM
glycine quenching buffer, followed by washing of slices three times in ice-cold ACSF. The
tissue was snap frozen on dry ice for 5 minutes, thawed at 4°C and lysed. The lysates were
solubilized with 2% Triton at 4°C on a rotating wheel for 1 hr. The insoluble material was
removed by centrifugation, and 350-500 g of protein lysate were incubated with
NeutrAvidin beads (Pierce) for 18-24 h at 4°C. Bound material was eluted with sample
buffer and subjected to SDS/PAGE and then immunoblotted with the indicated antibodies.
Blots were then quantified using the CCD-based ChemiDoc XRS+ system. Antibodies
against the B3 subunit and the phospho- B3 antibody were generated and verified by the
laboratory of S.J.M. (Vien et al., 2015).

3. Results

3.1. Comparing the effects of endogenous and synthetic neurosteriods on the activity of
recombinant GABARS

ALLO and ganaxolone are known PAMs of both synaptic and extrasynaptic GABAAR-
mediated currents. The ability of SGE-516 to act as a PAM was compared to ALLO and
ganaxolone using the whole-cell recordings of recombinant human GABA receptors
expressed in mammalian cells. The a1p2y2 or a4p36 subunit combinations were chosen as
representatives of typical synaptic and extrasynaptic GABA receptors respectively. Similar
to previous reports (Botella et al., 2015), ALLO, ganaxolone and SGE-516 allosterically
potentiated currents induced by EC,q concentration of GABA in a concentration-dependent
manner in both synaptic- and extrasynaptic-type GABAARS. ALLO potentiated a1p2y2
receptors with an ECgq of 115 nM and Ena 0f 229% and potentiated a4p36 receptors with
an ECsp of 57 nM and Ea 0of 426%. SGE-516 potentiated a1p2y2 receptors with an ECsgq
of 61 nM and E s 0f 219%. Likewise, SGE-516 potentiated a4p36 receptors with an ECgg
of 193 nM and E3x of 400%. Ganaxolone potentiated a1p2y2 receptors with an ECsg of
256 nM and E 5 of 307% and potentiated a4p36 receptors with an ECsg of 94 nM and
Emax 0f 225% (Table 1). To confirm the presence of the -y2 subunit in a1p2y2 receptors, we
also checked the effects of diazepam, a well-known benzodiazepine PAM specifically for
synaptic GABARSs (data not shown). It was observed that diazepam potentiates the GABA
evoked currents in a1p2y2 receptors with an ECsq of 69 nM and Ep,ax 0f 184%. In contrast,
it did not alter GABA evoked currents in a 438 receptors. The results indicate that like
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ALLO, and ganaxolone, SGE-516 is a potent and efficacious PAM for both synaptic and
extrasynaptic type GABAARS.

3.2. Acute exposure to NASs allosterically potentiates tonic current in the dentate gyrus
granule cells

The results from the above experiments with synaptic-, and extrasynaptic-like GABAaRS
expressed in HEK293 cells demonstrated the ability of ALLO, SGE-516, and ganaxolone to
potentiate sub-maximal GABA-mediated currents. We next examined the ability of acute
application of these NASs to allosterically modulate phasic and tonic currents in dentate
gyrus granule cells (DGGCs) in hippocampal slices from 3-5 weeks old male C57/BI6 mice.
As would be expected, both ALLO, and SGE-516 modulated the tonic holding current in
DGGCs in hippocampal slices (Fig. 1). At 100nM, ALLO modulated the tonic current from
31.8 £ 5.9 pA, t0 58.3 + 13.0 pA, (n=5) and 100nM SGE-516 modulated the tonic current
from 34.2 £ 11.1 pA, to 49.2 + 8.9 (n=7). The only significant modulation was observed
with 100 nM ganaxolone which modulated DGGC tonic current from 42.1 + 17.5t0 78.8

+ 23.2 pA (n=6; p=0.004 paired t-test).

3.3. Comparing the acute effects of NASs on phasic currents in DGGCs

We also compared the properties of inhibitory synaptic currents in DGGCs before and
during exposure to NASs (Fig. 2). It was observed that there was no significant difference in
the mean sIPSC amplitude before and during exposure with 100 nM ALLO (p=0.85, n=5),
100 nM SGE-516 (p=0.46, n=7) and 100 nM ganaxolone (p=0.07, n=6) (Table 2). However,
the mean sIPSC decay time significantly increased in the presence of ALLO, SGE-516, and
ganaxolone (p=0.03, p=0.01, and p=0.04 respectively, Table 2).

3.4. Exposure to NASs metabotropically enhances tonic current in DGGCs

Recently we have shown that, in addition to the allosteric modulation of GABA, receptors,
THDOC, exert sustained effects on GABAergic tonic current by enhancing the PKC-
dependent phosphorylation of the a4 and 3 subunits, leading to enhanced insertion and
stability of GABAARS into the membrane and a long lasting increase in tonic current
(Abramian et al., 2014; Abramian et al., 2010).

Here, we analyzed the sustained effects of ALLO, or the new synthetic NAS SGE-516 on
the tonic current in DGGCs in hippocampal slices from 3-5 week old C57 male mice.
Hippocampal slices were incubated for 15 min in a chamber containing NASs dissolved in
ACSF. Slices were then transferred to the recording chamber of the microscope followed by
a wash period between 30 to 60 mins of continuous perfusion of NAS-free ACSF before
recordings were started (Fig. 3A).

Slices exposed to ALLO, or SGE-516 demonstrated a concentration-dependent increase in
the tonic current measured by the addition of picrotoxin with the maximal effects at 1 uM.
Control, vehicle-treated slices had a tonic current of 43.9 £ 5.7 pA (n=12), whereas the tonic
currents for slices treated with SGE-516 (1 uM) was 123.0 £ 22.2 pA, (n=6, p= 0.0003), or
ALLO (1 uM) was 95.8 + 10.8 pA (n=4, p= 0.0005, Fig. 3B&C).
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In addition, we also examined if the synthetic NAS, ganaxolone, also had a metabotropic
effect following 15 min incubation. In contrast to the naturally occurring NASs THDOC,
and ALLO, and the synthetic NAS, SGE-516, ganaxolone (1 uM) did not significantly alter
the magnitude of tonic current in DGGCs (57.4 + 6.3 pA, n=7, p=0.14, Fig. 3D).

To assess if the effects of NASs are dependent upon PKC, hippocampal slices were treated
with the established PKC inhibitor GF 109203X (GFX 50 uM) for 15 min followed by co-
exposure of to ALLO, or SGE-516 and GFX for 15 mins. When tonic current was measured
following =30 min washout, there was no significant difference to the tonic current
measured in ALLO/GFX, or SGE-516/GFX treated slices with vehicle treated slices (Fig. 3).

We measured the tonic current by blocking extrasynaptic GABAARS with picrotoxin.
Because picrotoxin also inhibits glycine receptors we examined if glycine receptors
contributed to tonic current by using the specific glycine receptor inhibitor, strychnine.
There was no difference in tonic current measured under control conditions in the absence or
presence of strychnine (100nM). Similarly, there was no difference in the increase in tonic
current following a 15 minute exposure to 100 nM ALLO in the absence or presence of
strychnine (Fig. 4). These results suggest that glycine receptors have an undetected
contribution to tonic current in DGGCs and that the metabotropic increase in tonic current
by NAS exposure do not involve glycine receptors.

Collectively, these results suggest that the exposure of hippocampal slices to SGE-516 and
ALLO has a strong sustained metabotropic effects on tonic current. In contrast, ganaxolone
produce major effects via allosteric mechanism as compared to metabotropic effects.

3.5. The metabotropic effects of NASs on phasic current in DGGCs

In parallel with our measurements on tonic current we assessed the effects of prior exposure
of NASs on sIPSC properties. The amplitude of sIPSCs was significantly increased after
incubation with 100 nM SGE-516 compared to vehicle control (control 39 + 0.9 pA, n=12;
SGE-516 58 + 1.9 pA, n=6, p=0.0001). This increase in sIPSC amplitude following
exposure to SGE-516 was significantly reduced following co-exposure with SGE-516 and
GFX (Fig. 5C). No change in sIPSC amplitude was observed following exposure with 100
nM ALLO or 1 uM ganaxolone (Fig. 5B&D). In contrast to the changes observed with the
allosteric modulation of IPSC decay time, no metabotropic-mediated changes in sIPSC
decay time was observed following exposure to ALLO, SGE-516, or ganaxolone (Fig. 5).

3.6. SGE-516 and ALLO increase the phosphorylation and cell surface stability of

GABAARS

We have previously shown that the naturally occurring NAS, THDOC, increased tonic
current in part through phosphorylation of S408/409 of the B3 subunit (Abramian et al.,
2014; Vien et al., 2015). To further our understanding of the NAS-mediated increase in tonic
current we measured the effects of ALLO, SGE-516, on the phosphorylation and membrane
expression of B3 subunits in hippocampal slices. Twenty min exposure to 100nM ALLO, or
SGE-516 increased phosphorylation of B3 subunits at S408/409 to 141 + 10% of control
(n=10, p<0.01), and 143 + 14% of control (n=4, p<0.05) respectively (Fig. 6A&B).
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In parallel with modulating phosphorylation, exposure to 100 nM ALLO, or SGE-516
increased the cell surface expression levels of receptors containing B3 subunits to 166 + 22%
of control (n=8, p<0.05), and 180 + 29% of control (n=4, p<0.05) respectively (Fig. 6C&D).
Therefore, in parallel with inducing sustained effects on GABAergic inhibition ALLO and
SGE-516 enhance the cell surface levels and phosphorylation of the GABAARS containing
(3 subunits dependent upon PKC activity.

4. Discussion

We have previously shown that the endogenous NAS, THDOC, exerts a sustained increase
on GABAergic tonic current in cultured neurons. The THDOC-mediated increase in a4/p3
subunit-mediated current is independent of the allosteric potentiation typically described of
NASs. Rather, we described a metabotropic signaling mechanism by which THDOC
induced a PKC-mediated phosphorylation of a4 and B3 subunits with a subsequent increase
in the insertion of GABAARS, and a reduction in their endocytosis (Abramian et al., 2014;
Abramian et al., 2010; Adams et al., 2015). Here we have assessed this putative regulatory
mechanism for other endogenous and synthetic NASs in the dentate gyrus.

To do so, hippocampal slices were exposed to NAS for 15 min followed by =30 min wash in
a separate recording chamber before the start of the experiment. Both ALLO and SGE-516
significantly enhanced the tonic current compared to vehicle treated slices via a
metabotropic mechanism. This is in contrast with the non-significant allosteric enhancement
of tonic current we observed with ALLO and SGE-516. However, we also examined the first
generation synthetic NAS, ganaxolone, and although it significantly produced an allosteric
potentiated tonic current it failed to metabotropically modulate tonic current. This result
demonstrates that the metabotropic pathway that increases the PKC-mediated
phosphorylation of a4 and B3 subunits can be stimulated by both endogenous and synthetic
NASs but is not universally stimulated by all steroids.

Ganaxolone, ALLO, and SGE-516 all allosterically prolonged the decay of sIPSCs, and
allosterically potentiated recombinant GABARS demonstrating their recognized role as
GABAARs PAMs. However, in our metabotropic studies only SGE-516 significantly altered
sIPSC properties, with an increase in sSIPSC amplitude. Our previous data has demonstrated
the link between PKC-mediated phosphorylation of B3 subunits with a subsequent reduction
in GABAAR endocytosis and an increase in IPSC amplitude (Jovanovic et al., 2004; Kittler
et al., 2005; Vien et al., 2015).

In DGGCs, from mice that are 3 weeks and older the predominant extrasynaptic
combination is thought to be a4Bné or even just a4pn (Bencsits et al., 1999; Chandra et al.,
2006; Mortensen and Smart, 2006). Extrasynaptic GABAARS in hippocampal CAl
pyramidal neurons have the a5 subunit whereas, extrasynaptic GABAARS in hippocampal
interneurons are comprised of a1pné subunits (Caraiscos et al., 2004; Glykys et al., 2007).
We have previously shown that with NAS exposure, a5 and a1 subunits are not
phosphorylated nor is there an increase in a5 and a1 subunit trafficking to the membrane
surface (Abramian et al., 2014). We have only observed the NAS-evoked PKC-dependent
increase in tonic current through the phosphorylation of a4 and B3 subunits and this
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phosphorylation occurs independently of the presence of & subunits (Abramian et al., 2014),
suggesting a brain region selective change in extrasynaptic GABAR trafficking.
Extrasynaptic GABAARS in dentate gyrus granule cells have been suggested to be a mix of
a4p26 and a4p36 subunits (Herd et al., 2008). GABAARS comprised of a4p26 have been
shown to undergo increased endocytosis upon PKC phosphorylation of p2 S410 (Bright and
Smart, 2013). A hypothetical consequence of NAS-mediated increase in PKC
phosphorylation of GABA subunits would be the predominance of extrasynaptic
GABAARs comprised of a4p36 subunits.

Reduced expression of extrasynaptic GABAARS has been demonstrated in human and
rodent models of postpartum depression, schizophrenia, epilepsies, Angelman, Rett, and
Fragile X syndromes (Curia et al., 2009; D’Hulst and Kooy, 2007; Gantois et al., 2006;
Maguire and Mody, 2008; Maldonado-Aviles et al., 2009). We have previously described a
decrease in phosphorylation of residues S408/409 of the B3 subunit following status
epilepticus leading to an increase in GABAAR endocytosis and increased excitation
(Terunuma et al., 2008). Thus, by increasing the phosphorylation of the 3 subunit by
exposure to NAS the expression and trafficking of these extrasynaptic GABAAR subunits
could be manipulated and may provide novel therapeutic areas for these difficult to treat
disorders.

The NAS-mediated increase in phosphorylation and surface levels of extrasynaptic
GABAARs leading to an increase in tonic current is a further mechanism by which NASs
can increase the inhibitory tone in the brain in addition to the more commonly described
allosteric effect. While the allosteric modulation only exists while the NAS is present, the
PKC-mediated metabotropic enhancement can cause a prolonged increase in inhibitory tone.
We have noted before that other positive allosteric modulators such as the intravenous
general anesthetic, propofol, do not have the ability to metabotropically enhance
extrasynaptic GABApRs (Abramian et al., 2014). Here, we have demonstrated that not all
steroidal modulators (ganaxolone) have the ability to increase tonic current through this
metabotropic mechanism either. However, the metabotropic pathway seems to be activated
by various NAS including endogenous THDOC, and ALLO and the synthetic NAS,
SGE-516. The activation of this pathway increases phosphorylation of the f3 subunit,
leading to increased surface expression of the receptor and an increase in tonic current. All
of which leads to an interesting area of potential therapeutic targets aimed at modulating the
trafficking of a particularly important subset of GABAARS.
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Highlights
. Short exposure to ALLO or SGE-516 produces long lasting
enhancement of tonic current.
. Exposure to ganaxolone failed to produce long term enhancement of

tonic current.

. Enhancement was dependent upon PKC.
. Exposure to ALLO or SGE-516 increased phosphorylation of p3
subunits.
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Figure 1. NASs allosterically modulate DGGC tonic currents
A. Scheme demonstrating experimental protocol. Hippocampal slices from p21-35 (C57/

BI6) mice were allowed to recover for at least 1 hr following slicing. Slices were transferred
to the recording chamber of the microscope. After achieving the whole-cell configuration
approximately 10 minutes was allowed for membrane currents to stabilize. Hippocampal
slices were acutely exposed to 100nM ALLO, SGE-516, or ganaxolone (Ganax) for 10 min
followed by 100 uM picrotoxin (PTX). B. Example of current recordings from DGGCs
showing modulation of tonic currents by acutely applied NASs (left panel). Bars above
current recordings represent application of NAS and picrotoxin. Bar graphs summarizing the
average tonic current (mean + SEM) before and during acute exposure with ALLO,
SGE-516, or ganaxolone (right panel). * = significantly different to control (p=0.004; t-test),
n=4-12 cells.
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Figure 2. Allosteric modulation of phasic currents by acutely applied NASs
Recordings of sIPSCs from DGGCs before and during acute exposure to 100nM ALLO,

100nM SGE-516, or 100 nM ganaxolone for 10 min. Example of current recordings from
DGGCs showing phasic currents before and during acutely applied NASs (left panel). Bar
graphs summarizing the effects of acute exposure of ALLO, SGE-516, or ganaxolone on the
amplitude and decay of sIPSCs (right panel). *** p=0.01, ** p=0.03, * p=0.04, paired t-test,
n=5-7 cells.
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Figure 3. NAS-mediated metabotropic enhancement of tonic inhibitory current in DGGC
neurons

A. Scheme demonstrating experimental protocol. Hippocampal slices were allowed to
recover for at least 1 hr following slicing. Slices were then incubated for 15 min in a
chamber containing NASs dissolved in ACSF. Slices were then transferred to the recording
chamber of the microscope followed by a wash period between 30 to 60 min of continuous
perfusion of NAS-free ACSF before recordings were started. Recordings were made from
DGGCS in hippocampal slices from p21-35 C57 mice in the presence of 5 uM GABA
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followed by 100 uM picrotoxin and the difference in holding current was then determined.
Left panel B, C, D. Example tonic currents from slices following exposures to vehicle
(control) or 100 nM ALLO (B), 100 nM SGE-516 (C), or 1 uM ganaxolone (D) for 15 min.
No change in tonic current was observed in slices pre-incubated for 15 min with GFX
followed by ALLO, or SGE-516. Bar above current represents application of picrotoxin (100
uM). Right panel B, C, D. Bar graph shows average tonic current was significantly
enhanced following exposure to different concentrations of ALLO and SGE-516. No
significant change in tonic current was observed following exposure to 1 uM ganaxolone for
15 min. In all panels * = significantly different to control (p<0.05; un-paired t-test, n=4-12
cells).
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Figure 4. Glycine receptors do not contribute to tonic current in DGGCs
Hippocampal slices were incubated for 15 min with 100 nM ALLO or vehicle dissolved in

ACSF then transferred to the recording chamber and washed for 30 to 60 min with NAS-free
ACSF before recordings were started. Tonic current was measured by applying 100 pM
picrotoxin in the absence or presence of the glycine receptor, strychnine (100 nM). Exposure
to ALLO caused a significant increase in tonic current. Addition of strychnine did not alter
the tonic current measured with picrotoxin. * p=0.01, unpaired t-test, n=4-12 neurons).
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Figure 5. sIPSC amplitude and decay was largely uncharged following exposure to NASs
A. IPSC recordings were made from DGGCS in hippocampal slices from p21-35 C57 mice.

The slices were exposed to vehicle (control, n=6 neurons from 3 mice), B. 100 nM ALLO
(n=4 neurons from, 2 mice), C. 100 nM SGE-516 (n=5 neurons from 2 mice), or D. 1 yM
ganaxolone (n=5 neurons from 2 mice) for 15 min and then washed for >30 min prior to
measurement of sSIPSCs. Bar graphs shows average sIPSC decay and amplitude. Only sIPSC
amplitude was significantly enhanced following exposure to 100nM SGE-516 but GFX (n=5
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neurons from 2 mice) significantly reduced SGE-516 enhancement. * = significantly
different to control (p<0.05; unpaired t-test).
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Figure 6. NAS exposure increases phosphorylation and surface expression of B3 subunits
A. Exposure to 100 nM of the NASs, ALLO or SGE-516, for 20 min increases p3 S408/409

phosphorylation in acute hippocampal slices. B. The ratio of p-g3/T-$3 was measured and
values were normalized to those in control (100%). Asterisks represent a significant
difference from control (ALLO: p <0.01, Student’s t test, n=10 slices, from 10 mice;
SGE-516: p<0.05, Student’s t test, n=4 slices, from 4 mice). C. Exposure to 100 nM ALLO
or SGE-516 for 20 min increases GABAa-B3—-containing receptors at the plasma membrane
in acute hippocampal slices. D. The ratio of surface B3/T-p3 was measured and values were
normalized to cell surface levels in control treated slices (100%). Asterisks represent a
significant difference from control (ALLO: p <0.05, Student’s t test, n=8 slices; SGE-516:
p<0.05, Student’s t test, n=4 slices).
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Table 1

Properties of neuroactive steroids on recombinant GABAARS.

alp2y2 a4p3s
Compound ECs Emax = S.E.M. ECsg Emax £ S.E.-M.
(PECsg £ S.E.M.) (%) (PECsg £ S.E.M.) (%)
ALLO 115 229+ 19 57 426 + 42
(6.9+0.2) (7.2+£0.3)
SGE-516 61 219+ 21 193 505+ 19
(7.2+0.3) (6.7+£0.1)
Ganaxolone 256 400+ 27 94 225+ 8
(6.6+0.2) (7.0+£0.1)

ECs5 values are given in nM with -pECg( + S.E.M., n=3 for all.
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